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Plenary Lectures
PL1. ZEOLITES AND WATER - IMPACT ON SORPTION AND CATALYSIS
J.A. Lercher
Institute for Integrated Catalysis, Pacific Northwest National Laboratory, Richland, WA
Catalysis Research Center and Department of Chemistry, Technische Universität
München, Garching, Germany
The dramatic changes required by the transition of the energy and chemical industry to
carbon neutrality requires to consider catalysis by zeolites under conditions that have been
not dominating in the last decades. One of the dominating aspects is the use of
environmentally benign solvents and diluents such as water or light biogenic solvents in
catalysis related to energy conversion processes. To understand the impact on the zeolite
itself and the reacting species is critical for modifying existing and developing new
processes.
Water and other polar molecules self-organize in microporous materials influencing
sorption and catalysis by changing thermodynamic properties of hosted molecules. While
all molecules have the tendency to have abundancies in pores that deviate markedly from
the unconstrained gas or liquid, only water does not fill the pores in a largely homogeneous
way. Water forms well-defined hydrated hydronium ions at Brønsted acid sites in
micropores of all sizes. The size of these clusters depends on the pore size and shape and
is limited by the entropy loss compared to condensation outside the micropores. The
remaining pore space is largely empty in the sole presence of water. Other molecules sorb
in the space between hydronium clusters and small polar molecules may also partly
substitute for water in the cluster forming the hydrated hydronium ion or grouping around
metal cations. These metal cations cause additional organization patterns, which depend
on their chemical nature.
The concentration and thermodynamic state of adsorbed and reacting molecules is
determined by the nature of the interacting sites, the steric environment and the density of
the charged species. The complex environment leads to unexpected stabilization of ground
and transition states, enhancing and retarding rates of catalytic pathways. The examples
discussed reach from changes in the adsorbed concentrations, shifts in reaction pathways
for gas phase reactions to impressive enhancements of catalytic rates in liquid phase acidbase and metal catalyzed reactions.

PL2. RE-ENGINEERING OF ZEOLITE SYNTHESIS
Tatsuya Okubo
Department of Chemical System Engineering, The University of Tokyo
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okubo@chemsys.t.u-tokyo.ac.jp
Green transformation (GX) is a global task for sustainable future. There is no doubt that
zeolites should play an indispensable role in the global GX toward a carbon neutrality.
Zeolites have been widely utilized as catalysts, adsorbents and ion-exchangers. Recently,
application has been expanded to automobiles, medical uses, nuclear waste management
and others. Toward GX, further improvement as well as game-changing innovation are
highly anticipated.
The production of zeolites is not environmentally benign enough, still consuming obnoxious
chemicals and a lot of energy with a long production period. The wastes should be
minimized and recycled. The ongoing production highly depends on the state-of-the-art
synthesis of zeolite.
Zeolite synthesis has been exclusively carried out based on the tradition of employing
autoclaves under batch operation since the first synthesis in the 1940s. It was like
traditional cooking, where a specialized cooker (autoclave) was used with a unique and
secret recipe. So far, the synthesis and production have not been re-examined yet.
Before joining the zeolite community, I investigated other nanomaterials and their
processes for about 5 years immediately after Ph.D. in chemical engineering. Then, in the
early stage of my research in the zeolite field, we tackled on the formation mechanism of
zeolites. Based on the research background, we have focused on the rational synthesis of
zeolite for the green production. We have made the following achievements for the past
10+ years.

 Seed-assisted, organic structure-directing agents (OSDA)-free synthesis of
zeolites that has been exclusively synthesized with OSDAs and beyond [1-4].
 Ultrafast synthesis and production of zeolite on the order of seconds to minutes
[5-8].
 Introduction of informatic approach to zeolite synthesis [9-12].
 Design of the starting materials and the aging control with an understanding of
the aluminosilicate structure [13].
 Novel post-synthetic treatments for further introduction of superior functions
[14,15].
In this plenary lecture, based on the review of the state-of-the-art technology, the direction
of re-engineering of the zeolite synthesis and production will be discussed.
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PL3. THE IMPACTS OF NEW ELECTRON CRYSTALLOGRAPHIC TECHNIQUES ON
DEVELOPING NANOPOROUS MATERIALS
X. Zou
Department of Materials and Environmental Chemistry, Stockholm University, SE- 106 91
Stockholm, Sweden
xzou@mmk.su.se
Knowing the structures of nanoporous materials is essential for understanding their
properties and designing new materials for desired applications. Many nanoporous
materials, such as zeolites, metal-organic frameworks (MOFs), covalent organic
frameworks (COFs) and hydrogen-bonded organic frameworks (HOFs), are synthesized as
polycrystalline and multiphasic mixtures. It has been challenging to use conventional single
crystal and powder X-ray diffraction to characterize such materials. Electron crystallography
has unique advantages in studying nano- and micrometer-sized crystals that are too small
for single crystal X-ray diffraction. All polycrystalline powders are seen as single crystals on
a transmission electron microscope (TEM). During the past decade, various new electron
crystallographic techniques, e.g. three-dimensional electron diffraction (3D ED), serial
electron diffraction (SerialED) and integrated differential phase contrast (iDPC) STEM
imaging have made important breakthroughs in the development of nanoporous materials,
especially zeolites, MOFs and COFs.[1]
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The most important impacts of electron crystallography has been structure elucidation of
novel porous materials (Figure 1). During the past 10 years, the majority of newly
discovered zeolite structures have been solved by 3D ED [1-5]. The combination of 3D ED
and iDPC-STEM made it possible to solve the structures of low dimensional zeolitic
materials, for example the first zeolitic nanotube with mesoporous channel along the tube
and microporous windows on the wall [6]. Using 3D ED, heteroatoms (e.g. Ge and B) in
zeolites can be located. By combining 3D ED and atomic resolution imaging, structures of
disordered zeolites could be solved, and defects and disorders could be elucidated, as
demonstrated in 12-ring borosilicate SSZ-43 [7] and 10-ring aluminosilicate PST-24 with
varying channel systems, from 2D to 3D [8].
3D ED has also been applied for structure determination of MOF, COF and HOF crystals
too small to be determined by X-ray diffraction [1, 9-15] (Figure 1). Using the continuous
rotation electron diffraction (cRED), a complete 3D ED data can be collected in a few
minutes, making it posible to collect high quality atomic resolution data on electron beamsensitive materials. Detailed structural features such as disorders and linker motions in
MOFs could by identified [12] (Figure 1). Even the structure of a more beam-sensitive HOF
ABTPA-2 could be solved from cRED data [14] (Figure 1).
In order to understand the role of organic structure directing agents (OSDAs) on the
formation of zeolites and the sorption properties of nanoporous materials, it is crucial to
locate guest species in the pores. By rapid sample cooling and applying low electron dose,
it is possible to preserve the guest molecules in the pores and obtain high quality cRED
data for direct location of non-hydrogen atoms of the guest species in zeolites and MOFs
[15]. The iDPC-STEM imaging technique has shown to be powerful for visualization of
individual guest species in the pores, especially to identify where the guest species are
located and whether they are ordered and uniformly distributed through the crystal [16-17].
Today, the structure determination by cRED is as feasible and accurate as that by single
crystal X-ray diffraction. A complete 3D ED dataset can be obtained in less than a minute
on a standard TEM. The data processing, structure solution and refinement are performed
using standard X-ray crystallography software. The refined structural models can reach
better than 0.05 Å in accuracy for all non-H atoms and in many cases H-atoms could also
be located. Using dynamical refinement, more accurate structures and finer structural
details can be obtained, including hydrogen location and chirality of the crystal. To further
speed up and automate data collection, we have developed serial electron diffraction
(SerialED), which can automatically screen thousands of particles/hour.[18] We have also
developed high-throughput automated data collection and data analysis for 3D electron
diffraction.[19] Serial electron diffraction (SerialED) makes it possible not only for studying
extremely beam-sensitive crystals, but also for phase analysis and for detection of minor
phases invisible by X-ray diffraction [20]. The developments of new 3D ED and SerialED
techniques have revolutionized crystallography, and provided new opportunities for
discovering novel structures and new materials, and exploring their properties and
applications.
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Figure 1 Structures of novel nanoporous materials solved using 3D ED. (Top) Zeolites (16-ring ITQ-51 [2],
22-ring EMM-23 [3], 8x8x8-ring ZSM-25 [4], 16x16x16-ring ZEO-1 [5]). The first zeolite nanotube with
mesoporous channels and microporous inner- and outer-walls resembling zeolite ZSM-5 and beta,
respectively [6]. (Bottom) Al-MOF PCN-333 [10], Bi-MOF SU-101 [11], Zr-MOF MIL-140C [12], the first
COF single crystal structure COF-320 with open and closed forms [13], a 2D HOF ABTPA-2 obtained by
activation of ABTPA-1 [14]. The structure refinement revealed significantly larger motion of the linker 1
compared to linker 2 [12].
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Williams, M. O’Keeffe, L. Öhrström, T. Willhammar, P. Horcajada, I.A. Ibarra, A. K. Inge, J. Am.
Chem. Soc. 142, 16795 (2020).
[12] L. Samperisi, A. Jaworski, G. Kaur, K.P. Lillerud, X. Zou, Z. Huang, J. Am. Chem. Soc. 143, 17947
(2021)
[13] Y. Zhang, J. Su, H. Furukawa, Y. Yun, F. Gándara, A. Duong, X. Zou, O. Yaghi, J. Am. Chem. Soc.
135, 16336 (2013).

7

[14] P. Cui, E. S. Grape, P.R. Spackman, Y. Wu, R. Clowes, G.M. Day, A. K. Inge, M.A. Little, A.I. Cooper,
J. Am. Chem. Soc. 142, 12734 (2020)
[15] B. Wang, T. Rhauderwiek, A.K. Inge, H. Xu, N. Stock, X. Zou, Chem. Eur. J. 66, 17429 (2018).
[16] B. Shen, X. Chen, H. Wang, H. Xiong, E.G.T. Bosch, I. Lazic, D. Cai, W. Qian, S. Jin, X. Liu, Y. Han,
F. Wei, Nature 592, 541 (2021).
[17] J. Cho, Y. Yun, H. Xu, J. Sun, W. Wan, A. Burton, K.G. Strohmaier, G. Terefenko, H. Vroman, M.
Afeworki, G. Cao, X. Zou, T. Willhammar, Chem. Mater. 33, 4146 (2021)
[18] S. Smeets, X. Zou, W. Wan, J. Appl. Cryst. 51, 1262 (2018).
[19] B. Wang, X, Zou, and S. Smeets, IUCrJ, 6, 854-867 (2019).
[20] Y. Luo, B. Wang, S. Smeets, J. Sun, W. Yang, X. Zou, ChemRxiv, doi: 10.33774/chemrxiv-202134v44 (2021).

Acknowledgment
This work was supported by the Swedish Research Council and the Knut and Alice Wallenberg
Foundation, ExxonMobil Research Engineering, Chevron Co. and China Petrochemical
Corporation (Sinopec Group). I would like to thank the former and current group members who
contributed to the method developments and structural characterizations, and collaborators who
provided interesting and challenging samples.

PL4. FROM FUNDAMENTAL UNDERSTANDING TO NOX REMOVAL IN AUTOMOTIVE
APPLICATIONS
Peter N. R. Vennestrøm
Umicore Denmark ApS, DK-280 Lyngby, Denmark.
Peter.Vennestrom@eu.umicore.com
One of the largest growing uses of synthetic specialty zeolites in the last 10 years have
been for automotive diesel applications. Copper exchanged small-pore zeolites catalyze
the selective catalytic reduction of nitrogen oxides using ammonia as the reductant under a
broad range of conditions and with extraordinary activity and hydrothermal stability.
CHA is one of the preferred framework types being used. Its structure is relatively simple
(only one crystallographic T-site) leading to a limited number of configurations for Al
substitution and extra-framework ions. The simplicity of the structure offers an
unprecedented opportunity to study a widely used industrial catalyst as though it was a
model system. As a consequence, reaction cycles can be constructed with atomistic
precision describing reaction kinetics as well as deactivation behavior, and single sites can
even be interrogated experimentally. What is realized is that active sites are not static.
Instead copper ions are continuously moving inside the pore system forming and dissolving
active sites where oxygen is activated in order to reduce NO and thus represents a new
category in the field of heterogenous catalysis.
Although a great leap of understanding has been made, the challenges moving ahead are
still encouraging. Upcoming legislations requirements (e.g. EU and CN VII) are stricter than
ever before, but also applications are changing. In passenger and light duty vehicles
electrification is happening fast, but for heavy duty applications the need for improved
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zeolite-based exhaust abatement systems remains. Not only the active material, but also
the formulation into final catalysts is important. The innovations being made in these areas
help to ensure clean mobility.

PL5. MOLECULAR DIFFUSION AS KEY FOR THE UNDERSTANDING OF GAS
SEPARATION THROUGH MOF MOLECULAR SIEVE MEMBRANES
J. Caro1,2, J. Kärger1,3
1Saxon

Academy of Sciences and Humanities, Leipzig, Germany
University Hannover, Germany. juergen.caro@pci.uni-hannover.de
3Leipzig University, Germany. kaerger@physik.uni-leipzig.de
2Leibniz

The separation of short chain olefin/paraffin pairs like ethylene/ethane and
propylene/propane is a hot topic in chemical industry. The common technology is cryogenic
distillation, but adsorption and especially membrane permeation processes would be much
more energy-efficient separation technologies. However, the existing polymers do not allow
the fabrication of powerful membranes for the olefin/paraffin separation.
Since the olefin molecules ethylene and propylene are slightly smaller than the
corresponding paraffins, molecular sieve membranes with a pore size exact between the
olefin and paraffin molecules could be applied. So far, zeolite molecular sieve membranes
could not achieve a real breakthrough. At first sight, MOFs appear to be the disruptive
material that could enable the construction of such molecular sieve membranes. However,
MOFs show considerable framework flexibility, so that they cannot exhibit a clear molecular
sieving effect. Therefore, theoretical calculations predicting the membrane selectivity turned
out as inaccurate. Following the trial-and-error principle, hundreds of zeolite or MOF
membranes have been developed and experimentally tested in the olefin/paraffin
separation.
The lecture will address (i) the prediction of MOF membrane performance based on
diffusion and adsorption data, recent experimental progress in (ii) preparation and (iii)
testing of MOF membranes, prepared as supported layer or as Mixed Matrix Membrane
(MMM). It will be shown that the molecular diffusion [1] in the nanoporous top layer or the
filler in MMMs is fundamental for the design and operation of such membranes in gas
separation.
Prediction of MOF membranes in olefin/paraffin separation based on diffusion and
adsorption data
The 1st Fickian Law can be applied to predict gas separation through a MOF membrane
based on independent experimental diffusion and adsorption data [2]. The flux density of
component A is described by
𝑗𝐴 = −𝐷𝑇𝐴

𝜕𝑐
𝜕𝑥

(1)
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with jA as the flux density in mol of A per time and area. DTA is the transport diffusivity of A,
and ∂c/∂x is the concentration gradient of component A across the membrane. As a rough
estimate, we substitute the concentration gradient by the concentration difference over the
membrane divided by the thickness of the membrane. Further, due to the presence of
vacuum or a sweep gas on the permeate side of the membrane, the concentration of A at
the desorption side of the membrane is considered zero. The concentration c on the feed
side of the membrane is due to the adsorption isotherm. Thus, the ideal selectivity of the
membrane for the gas pair A/B is the ratio of the fluxes jA and jB acc. to eq. (1),
𝛼𝐴,𝐵 =

𝑗𝐴
𝑗𝐵

=

𝐷𝑇𝐴 𝑐𝐴
𝐷𝑇𝐵 𝑐𝐵

(2)
To predict the selectivity of a membrane, we need independent data for the transport
diffusivities DTA and DTB as well as adsorption data cA and cB. Infrared microscopy is an
excellent novel method to determine transport diffusivities [3]. The following table shows
that the MOF membrane of structure type ZIF-8 should be very promising in
propylene/propane separation but not suitable for the ethylene/ethane separation.
Experimental permeation studies on supported ZIF-8 membranes have exactly confirmed
this prediction.

DT from ref. [4] in m2/s
c at 1 bar in mmol/g
Predicted selectivity acc. (2)
Measured selectivity

Ethylene
410-11
1.5 from [5]

Ethane
110-11
2.3 from [5]

2.6
2.4 from [7]

Propylene
210-13
4.2 from [6]

Propane
410-16
4.5 from [6]

470
> 200 from [8]

Advanced preparation of supported MOF membranes and Mixed Matrix Membranes
The above table shows that high propylene/propane selectivities but low ethylene/ethane
selectivities can be obtained for supported thin ZIF-8 films. Further, this C3 olefin/paraffin
selectivity can be switched by using electric fields as an external stimulus [9]. The applied
fields of about 500V/mm switches the ZIF-8 structure into the metastable polymorph ZIF8_Cm with a stiffened lattice. Interestingly, this stiffened ZIF-8_Cm polymorph can be
obtained as a pure and stable phase through electro-synthesis of supported ZIF-8
membranes [10]. Very promising for the preparation of ZIF-8 membranes with high
propylene/propane selectivities is the combination of electro-synthesis and mixed linker
strategy [11].
An elegant concept for the preparation of thin supported molecular sieve membranes with
high fluxes is the deposition of nanosheets: zeolites [12,13] or MOF stacks without [14] or
with [15] polymer as binder between the sheets.
However, the production of supported membranes requires much handwork and is difficult
to scale up, the supports are expensive. These problems are avoided in the Mixed Matrix
Membrane (MMM) concept. MMMs contain a certain amount (10 … 30%) of MOF or
zeolite powder dispersed in a polymer matrix. Thus, large-area membrane production
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through hollow fiber spinning and slip casting becomes possible. However, the
improvement of the polymers permeation performance through the nanoporous filler is
predicted to be moderate. Surprisingly, due to the molecular interaction between the filler
and the continuous polymer phase, the polymer prevents framework flexibility of a MOF
filler and vice versa the filler changes the polymer structure near to its surface. MMMs are
thus found to be better than predicted and unexpected high selectivities are attained.
Critical evaluation of experimental methods to evaluate diffusion and permeation
In 1941 Wicke and Kallenbach studied the surface diffusion of CO2 on coal by measuring
the CO2 permeation under a CO2 concentration gradient using a sweep gas [16].
Nowadays, this Wicke-Kallenbach technique, originally developed for the study of surface
diffusion, is widely used to characterize the membrane performance. This improper use of a
diffusion technique for membrane characterization gives excessive selectivities and
suppressed fluxes since the concentration gradient of the sweep gas over the membrane
causes counter diffusion and mixed gas adsorption at the permeate side of the membrane.
Best membrane testing is to avoid any sweep gas which is also practice-relevant. There
are ongoing IUPAC activities, therefore, to clearly define theory and practice of diffusion
measurements [17].
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PL6. DESIGNING ZEOLITES WITH REDUCED DIFFUSION LIMITATIONS THROUGH
KNOWLEDGE AND MANIPULATION OF DIVERSE CRYSTALLIZATION PATHWAYS
J.D. Rimer
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A common objective of zeolite catalyst design is to overcome the inherent mass transport
limitations of nanopores, often through the design of nanosized or hierarchical materials [1];
however, the complex pathways of zeolite crystallization make it difficult to control their
physicochemical properties [2]. This talk will highlight key advancements in our research
group over the past several years with respect to understanding zeolite crystallization and
developing new synthetic methods to achieve materials with enhanced internal diffusion for
applications in catalysis. Our group has used tools such as in situ atomic force microscopy
(AFM) to elucidate mechanisms of zeolite crystallization, from which we have identified a
broad range of pathways that utilize diverse precursors [3]. Our most recent AFM studies of
zeolites surface growth will be highlighted along with studies characterizing the structural
evolution of precursors [4] and generalizable methods that can be used to control zeolite
nucleation [5]. We will discuss approaches of seeding and interzeolite transformation as
methods to achieve optimal materials, including the synthesis of pillared zeolites with
exceptional catalytic performance compared to conventional analogues [6]. This talk will
also cover synthesis strategies using secondary growth to markedly reduce mass transport
limitations with and without the addition of inorganic growth modifiers. Examples include
methods to passivate external sites via epitaxial growth of coreshells. Our findings also
reveal that coreshell (or zoned) zeolites with Si-rich exterior surfaces can dramatically
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reduce diffusion limitations, thereby resulting in catalysts that are far superior to analogues
with homogeneous distributions of acid sites [7]. As additional examples of zeolite crystal
engineering, we will describe structure-performance relationships of various hierarchical
materials. Lastly, we will introduce a new class of catalysts, referred to as finned zeolites
[8,9], which are prepared by seeded growth to introduce fin-like protrusions (size α) with
identical crystallographic registry as the interior crystal (size β). Examples of both 2- and 3dimensional zeolites will be discussed using catalytic testing and state-of-the-art
characterization techniques such as high-resolution electron tomography, operando
spectroscopy, novel acid titration methods, and molecular modelling to correlate structural
features of finned zeolites and their diffusion properties with enhanced catalyst
performance.
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Back in 2014, together with professor Pierre Jacobs (now emeritus) and Dr. Michiel
Dusselier (now Professor) I wrote an assay – bearing the same title version 1.0 - about the
future of zeolites in biorefinery schemes, on the occasion of the centenary of the Max
Planck Institute für Kohlenforschung.1 The assay started with a brief summary of the major
successes – still today - of zeolites in the current petrorefinery such as in cracking,
hydrocracking and hydrotreatment, to arrive at perspectives of using zeolites in biomass
related conversions, at that moment a pioneering adventure given the general view that
biomass utilization was a sole biology related business.
One may still say that the zeolite’s unique acid properties together with its ability to govern
shape selective conversions due to its molecular-sized pore system are the basis of the
zeolite’s successes. In this lecture, I would like to take the opportunity to relive the original
perspectives of zeolites in biomass conversion that were announced in that assay, and
focus and articulate together with you the great progress and advancements we all have
made to realize beneficial usage of zeolites in biorefinery schemes, despite unforeseen
challenges encountered along the way.
Given the different challenges of biomass conversion chemistry such as catalysis in
condensed phase (instead of vapor), including water, with highly functional, often very
bulky molecules, creative solutions to adapt the zeolites properties were necessary, while
still holding as much as needed to the unique zeolite properties with regard to hosting the
catalytic active site in a confined space. With several recent examples of published and
unpublished work, this lecture tends to illustrate new concepts, strategies and chemistries
with zeolite catalysis, to be able to conclude realizations far beyond our original
expectations.

References
[1] PA Jacobs, M Dusselier, BF Sels, Angewandte Chemie International Edition, 53 (33), 8621-8626
(2014).

14

Key Notes
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e-mail : christian.serre@espci.psl.eu
At our Institute in Paris, we are mainly focused on the discovery of new functional water
stable MOFs based on high valence transition metal cations (Al, Fe, Ti, Zr). This led so far
to series of robust Al, Fe, Ti- or Zr based MOFs with different pore sizes or
dimensionalities, tunable hydrophilic/hydrophobic balances, and promising properties in
relation to environmental, energy transition or health issues.[1-5]
In addition to a continuous effort dedicated to their synthesis optimization, shaping and
scale-up under green conditions, important pre-requisites for their industrial production, we
have begun recently to assess the economic viability of several benchmark MOFs including
their cost estimations, relying on a complete economical assessment of their production
cost. This concerns first the bio-derived Al- MOF, MIL-160(Al),[1] that exhibits promises for
heat reallocation or gas phase separation, [1, 4-6]. It was demonstrated that this MOF
could be produced at a reasonable cost if the bioligand’s large scale price decreases
significantly.[8] We have then extended this methodology to the case of the prototypical
MIL-100(Fe), [9-10] one of the most promising MOF reported so far in terms of potential for
real applications due to its fascinating properties (drug delivery, catalysis or heat
reallocation etc…), low toxicity as well as its potential cheap cost due this its simple
composition and green ambient preparation conditions.[11] This presentation will finally
give a rapid overview of the situation of a few other benchmark MOFs in terms of green
synthesis scale-up and shaping.
We finally believe that MOFs are now getting closer to meet the conditions (stability,
performance, scale-up, shaping, cost…) required for their integration into large scale
industrial processes.
[1] A. Cadiau et al., Adv. Mater., 2015, 27(32), 4775–4780.
[2] S. Wang et al, Nat. Comm., 2018, 9, 1660.
[3] S. Wang et al, Matter 2020, 2, 440-450.
[4] C. Chen et al, Cell Reports Physical Science 2022, https://doi.org/10.1016/j.xcrp.2021.100730.
[5] S. Wang, et al, Nat. Comm., 2022, 13, 1284.
[6] P. Brandt, et al., ACS Appl. Mater. Interfaces, 2019, 11(19), 17350–17358.
[7] X. Wu, et al., Angew. Chemie - Int. Ed., 2017, 57(47), 15354–15358.
[8] F. Nouar, M. L. Pinto, C Serre, Faraday Discussions, 2021, 231, 326 – 341.
[9] T. Simon-Yarza et al Angew. Chem. Int. Ed., 2017, 56(49), 15565–15569.
[10] S. Cui et al, Scientific Reports, 2018, 8, Article Number: 15284.
[11] M. I. Severino, et al., in preparation.
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KN.02. ADVANCES IN STRUCTURE – CATALYTIC PERFORMANCE RELATIONSHIPS
OF ZEOLITES
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In principle there is only a limited number of physicochemical parameters that influence the
catalytic performance of zeolites. However, their exact determination and the complex
interdependence between them often remain uncovered. The advances in understanding
structure and catalytic performance relationships of zeolites are therefore directly linked to
the development of analytical tools that allow to shed light on these critical parameters.
This lecture provides some highlights of the more recent advances in analytical tools to
obtain sensitive structure information that can be used to explain the catalytic performance
of zeolites. Often, the tools are based on classical characterization methods such as X-ray
diffraction, nuclear magnetic resonance and vibrational spectroscopy, resurrected by new
methods of data generation or novel analysis algorithms. Sometimes more advanced
techniques or in-situ and operando methods must be applied to obtain the structureperformance information.

KN.03. THE SURPRISING ROOM TEMPERATURE LABILITY OF ZEOLITES IN
CONTACT WITH LIQUID WATER: WHAT DOES IT MEAN FOR HOW WE VIEW
ZEOLITES?
Russell E. Morris
School of Chemistry, University of St Andrews, St Andrews, KY16 9ST. rem1@standrews.ac.uk

We have a very well established picture of what a zeolite looks like: the picture (Figure 1) is
of a perfectly ordered, static material and is something you will see at this conference many
times. Of course, we know that zeolites contain defects and they also vibrate, so they are
neither perfect nor static in real life.
We also know that at high temperature exposure to water can lead to changes in the zeolite
structure and composition (for example when a zeolite is steamed [1]). However, as we
move towards the use of renewables as feedstocks in reactions that we would like zeolites
to catalyse, we are becoming much more interested in how they interact with liquid water.
Recent work on the interaction between zeolites and hot liquid water [2,3] has shown that
there can be a reaction that causes degradation of the structure, and that this is correlated
with the number of defects.
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In the work that I will describe here we have shown that even at room temperature there is
a ‘reaction’ between liquid water and zeolites that leads to exchange of the oxygen atoms
in the Si-O-Si and Si-O-Al units. We have followed this process using isotopic enrichment
experiments using H217O followed by solid-state NMR. The experiments show that
enrichment is relatively fast as we can show that it is clearly measureable after one hour to
one day (Figure 2), and that the enrichment occurs at the level well beyond the number of
defects in the material [4,5]. The zeolites tend not to degrade during the experiments. In
this presentation I will explain how we came to suspect that this effect was possible, sarting
from our studies on the ADOR mechanism. I will then discuss the experiments we have
carried out to determine whether the process is toplogy and/or composition dependent.

Figure 1. The structure of zeolite
CHA as drawn on the IZA website

Figure 2. MAS (a,c) and triple-quantum MAS (b,d) 17O NMR spectra
for a CHA zeolite (Si/Al = 11) after exposure to enriched water for one
(a,b) and 28 days (c,d). The Si-17O-Si and Si-17O-Al regions are
highlighted in orange and yellow respectively.

The facile isotopic exchange that these experiments show could have some interesting
implications for how we view zeolites. Importantly, to get isotopic enrichment bonds must
be broken and reformed. This means the static view of a zeolite needs to be modified to
ensure we understand that the framework is always fully connected, and that as a
consequence pores and windows could change size and shape. I will discuss what I think
this means for our understanding of adsorption of substrates by zeolites under these
conditions.
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KN.04. DATA LEARNING APPROACHES TO IDENTIFYING OUTSTANDING POROUS
MATERIALS FOR CHEMICAL TRANSFORMATIONS AND SEPARATIONS
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A perennial problem in materials science is optimizing existing materials or targeting new
materials for a particular application [1]. Historically, optimisation by experiment has been
done by trial and error relying upon a degree of serendipity. Laterly it has become feasible
to explore different material compositions and modifications of structure through computer
simulation. However, to predict structure reliably and properties with “chemical accuracy”,
one needs to use very expensive quantum-mechanical computations. Generally, for
catalytically relevant systems, it is simply not feasible to carry out thousands upon
thousands of quantum mechanical calculations, the computational cost is simply to
prohibitive and so we need alternative methods in order to explore material composition. A
solution to this problem is to use machine learning [2] techniques that are computationally
inexpensive yet have the required precision to make chemically accurate predictions. In this
talk, I will show a selection of examples where we have used machine learning to explore
and to identify new materials (zeolites and metal-organic frameworks) that perform
extremely well at particular chemical separations. Figure 1 shows the leading material
identified from more than 2 million known and hypothetical zeolites, which performs
extremely well at separating of xylene isomers. In particular, it is highly selective for metaxylene and outperforms the leading existing material ZSM-5 by several orders of magnitude
[4]. Although this material is currently yet to be synthesised, We hope that synthetic groups
will be motivated to synthesize this material because of its potential to save tremendous
amounts of energy for this key separation process. In this particular study we were able to
save approximately 100 years of CPU time by the use of machine learning methods [4]. If
time permits, I will talk about some new work that we are undertaking using the concept of
transfer learning in machine learning. Using this method, we have been able to leverage
tiny amounts of data and make very accurate predictions on uptake measurements, with
just a few observables.
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Figure 1

An interactive rotatable structure map, showing the position of silicon (blue), oxygen (red) and
adsorption sites for meta-xylene in the top performing hypothetical zeolite structure, which out
performs ZSM-5 for selectivity by more than order of magnitude. To peruse the structure, and the
adsorption points for the other xylene isomers, examine https://github.com/d4n-hewitt/d4n-hewitt.
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KN.05. COPPER SPECIATION IN CU-ZEOLITES THROUGH THE EYE OF A
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S. Bordiga
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Cu-zeolites, where copper interconverts between Cu(I) and Cu(II) have been the subject of
important research efforts in the past years mainly in respect to two processes: (i) the
reduction of environmentally harmful NOx by NH3, i.e. selective catalytic reduction (SCR)
and (ii) the direct conversion of methane to methanol (MTM, sometimes indicated in the
literature as partial methane oxidation, PMO) (Figure 1) . These two reactions have very
different requirements but in both, copper speciation in terms of its oxidation state and local
structure, is extremely relevant and has been investigated by an extensive variety of
experimental and modeling approaches. Zeolites topology, Al loading and distribution, copresence of strong Brønsted sites combined with reactions conditions play a role in the
overall processes, making difficult and at the same time intriguing the complete
understanding of the processes and reactions control. In this contribution, copper
speciation in Cu-zeolites will be illustrated and discussed with the help of recent studies,
trying to show what are the strength points and the limits of the different spectroscopic
approaches.
For instance, even if the quantification of CuII/CuI interchange is mainly done by X-ray
Absorption Near-Edge Structure (XANES) spectroscopy, an almost exclusively
synchrotron-based technique, often requiring large amounts of time and resources to be
performed, complementary and additional insights can be obtained by in situ RDS- UV-VisNir and IR (with the help of probe molecules able to monitor the accessibility of the sites).

Figure 1
Cu-zeolites in NH3 DeNOX and M2M catalysis
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Zeolites are nanoporous aluminosilicate materials with broad applications in catalysis and
separations. They are extremely versatile because of their topological diversity, with over
250 known polymorphs and thousands more predicted to be possible. However, managing
polymorphism and phase competition in zeolite synthesis is a high-dimensional
combinatorial problem that typically requires intensive trial and error in the lab.
We propose a big-data approach to understand and predict the molecular drivers of zeolite
polymorphism in templated synthesis. High-throughput computational tools, built on a
combination of theoretical and data-driven approaches, were used to evaluate the
templating ability of organic structure-directing agents (OSDAs). Using an automated
pipeline (from molecular library enumeration, to conformer generation, to docking and
quantifying affinity with molecular mechanics) we evaluated more than 5 million interactions
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between zeolite pores and templating molecules. This exhaustive approach quantifies not
only the affinity of molecules towards desired frameworks but also the promiscuity of the
OSDA and its ability to template undesired frameworks. We propose novel aggregate
metrics for selectivity and validate retrospectively against computer-extracted literature,
obtaining scientific insights and quantitative predictions for controlling these phases.
Some computer-ranked molecules were synthesized and evaluated in the lab. Novel simple
OSDAs were found selectively synthesize AEI and CHA zeolites that outperform state-ofthe-art methanol-to-olefin (MTO) catalysts multiple fold. In addition, we predicted and
demonstrate an aluminosilicate CHA/AEI intergrowth using a single bi-selective OSDA. [1]
The principles behind those experimental validations have been further extended, into
additional experimentally-validated templates for CHA/AEI intergrowth, and to highthroughput prediction of aluminum sites in zeolites as a function of templating molecule.
Furthermore, the computational tools have been generalized to predict other possible biselective templates for intergrowths.[2] The large dataset available of zeolite-molecule
interaction energies can act as robust training data to screen novel OSDAs with machine
learning and allowed the screening one million hypothetical OSDAs for many known
frameworks.

The computational results
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KN.07. ORGANOFUNCTIONALIZATION OF SAPO-5 IN DRY AND WET
ENVIRONMENTS: DOES IT MAKE A DIFFERENCE IN ITS CATALYTIC BEHAVIOR?
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Abstract: In this study, SAPO-5 was modified by functionalization with sulfonic acid
groups using 3-mercaptopropyltrimethoxysilane (MTPS) as a precursor. The effect of
water on the process using SAPO-5 either dehydrated under vacuum (S5-SO3H/Vac)
or without any thermal pretreatment (S5-SO3H) was of interest. The results showed
that S5-SO3H has a Si:S molar ratio five times larger than that of S5-SO3H/Vac. 29Si
MAS-NMR indicated that the organic pending groups are bonded covalently to the SiOH groups in the SAPO-5. Both materials were tested for their catalytic oleic acid
esterification ability. Conversion on S5-SO3H/Vac after five sequential cycles dropped
from 97.4 to 28.3% while S5-SO3H yielded a conversion of 84.4%, starting from 99.4
%, after the same number of cycles.
Introduction:
Because of the moderate acidity of SAPO-5, structural modification, such as the
introduction of metals [1] and functionalization [2], have been investigated to expand its use
in acid-catalyzed reactions. In addition, synthetic methods to increase the silica content,
especially those aiming at obtaining Si species dispersed throughout the network, have
been heavily explored because a high silicon content results in an increase in the number
of acidic sites. However, an excessive amount of silicon can prompt the agglomeration of
the silicon, yielding islands having acidic sites only at their edges. An advantage of silicon
islands is that they also result in the formation of a large number of silanol groups, which
are available for chemical modification by organofunctionalization [3,4]. With that feature in
mind and remembering that sulfonic acid groups (-SO3H) are widely used in catalytic
processes that require strong Brønsted acidity the organofunctionalization of SAPO-5 with
sulfonic groups was envisaged. Despite the fact that the pending group can be introduced
into porous structures using several precursors [5,6]; the most common is 3mercaptopropyltrimethoxysilane (MTPS) [7]. The functionalization of materials with this
organic compound results in the presence of a thiol group (-SH), which allows the formation
of SO3H groups after the oxidation stage [8].
In this study, a new modification method for SAPO-5 was investigated. In one procedure,
water was eliminated from the SAPO-5 starting material through thermal pretreatment
under vacuum, and, throughout the functionalization process, dried solvents and
atmospheric control were used. In the other procedure, no thermal pretreatment or control
of the presence of water in the reaction system was performed. The resulting materials
were also evaluated as catalysts for the esterification of oleic acid with methanol to
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determine the acidity efficiency of sulfonic acid groups in the SAPO-5 structure prepared by
both procedures.
Experimental procedures:
Synthesis of SAPO-5 [9]
An aqueous and homogeneous aluminum suspension was mixed with phosphoric acid with
constant stirring for 1 h at room temperature. The silica source and triethylamine were then
slowly added, and agitation continued for another hour. The final molar composition of the
reaction mixture was 1.0 Al2O3:1.1 P2O5:0.8 SiO2:1.6 TEA:100 H2O. The mixture was
transferred to a stainless-steel autoclave with Teflon lining and heated at 200 °C for 48 h.
The solid obtained was filtered, washed with distilled water, dried at 110 °C for 12 h, and is
named S5-S. Calcination began under an inert atmosphere until 550 °C and, then, the gas
was exchanged for dry air for 6 h. The calcined SAPO-5 is named S5-C.
Preparation of the organic–inorganic hybrid catalyst: For each gram of the calcined SAPO5, 5 mmol of MTPS and 30 mL of toluene were used (molar ratio S/Sifram = 2). The mixture
was then refluxed for 4 h. The solid was recovered by filtration and washed with 50 ml of
toluene, 500 mL of distilled water, and 100 ml of ethanol, and dried at 70 °C for 12 h.
Oxidation of the thiol group was performed with 17 mL of hydrogen peroxide (30%, molar
ratio H2O2/S = 30) for 12 h under constant agitation at room temperature. The hybrid
material was recovered by filtration, extensively washed with distilled water until a neutral
pH was reached, and then washed with 100 mL of ethanol. The solid was dried at 60 °C for
12 h and is denoted S5-SO3H. For the reaction in the absence of water, S5-C was treated
under vacuum (~ 5 x 10-2 mbar) for 24 h at room temperature. Then, the temperature was
increased to 200 °C for 3 h to eliminate any moisture in the material. The obtained dry solid
was functionalized and oxidized as described above for S5-SO3H, using dry toluene, under
N2 atmosphere. The material is denoted S5-SO3H/Vac (where Vac indicates the vacuum
thermal treatment)
Results and discussion:
The materials prepared, S5-S, S5-, S5-SO3H and S5-SO3H/vac, displayed the XRD
patterns typical of the AFI structure, with no indication of contaminating phases. The
functionalization of the SAPO-5 network was evaluated by solid-state NMR because the Si
nuclei in silicoaluminophosphate structures are sensitive to neighboring atoms, resulting in
variable chemical environments [Si(OX)n(OSi)4-n, where X = Al or Al and H)] which yield a
characteristic chemical shift [27].
According to the literature, the 29Si-NMR signals for SAPO-5 at approximately -89 ppm are
characteristic of Q0 species (i.e., [Si(AlO)4]), which are isolated Si centers formed by the
substitution of P for Si (SM2 mechanism) [28], whereas the signals at -109 ppm indicate
species Q4 (i.e., [Si(SiO)4]), indicating the formation of Si islands generated from the
combination of mechanisms SM2 and SM3 [29] Signals close to these positions were
observed for S5-C. The presence of silicon islands caused the appearance of signals
corresponding to different silica species, such as Si(OSi)(OAl)3, Si(OSi)2(OAl)2, and
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Si(OSi)3(OAl), which are denoted Q1, Q2, and Q3, respectively and appear between the two
signals corresponding to the extremes.

Table 1.
Catalytic oleic acid esterification results using sulfonic
acid-modified SAPO-5.
Samp
S5S5-SO3H
S5-SO3H/vac
les
C
TO
TO
b/ TO
b/ TO
Fd
Fd
a
c
N
Nc
%
%
-1
-1
(h )
(h )
1°
71. 55. 27. 69. 203 101 29.4
Cycle
1
9
9
1
.6
.8
%
5°
56. 44. 22.
0.0 0.0 0.0
Cycle
1
5
3
Figure 1. XRD patterns of SAPO-5 and hybrid
materials; that of AFI-IZA is the profile for SAPO-5 from
the literature.[25]

a
2 h, b  = total conversion – blank, blank conversion= 28.3% cTON =
moles of substrate converted/moles of acid site of catalyst (estimated by
CHNS elemental analysis). d TOF = TON/reaction time (h).

When used in the acid catalysed esterification reaction of oleic acid, the samples presented
similar conversions on the first cycle while the turnover frequency for S5-SO3H/Vac was
more than three times the TOF of S5-SO3H. However, S5-SO3H/Vac deactivated much
faster than S5-SO3H, as shown in Table 1 for the first and fifth cycles.
This effect was probably due to elimination of a part of the functional groups during the
catalytic reaction.
Conclusion
In this work, it was demonstrated that the presence or absence of water molecules in the
organofunctionalization process has a direct impact on the final material obtained. In humid
organofunctionalization conditions, the formation of a polymeric network by the organic
compounds in the silicoaluminophosphate was favored, giving this material a high loading
of functional groups, as shown by the presence of Tm sites in the 29Si MAS-NMR spectrum
and by the chemical composition; the opposite trend was observed for S5-SO3H/Vac, which
showed a low degree of functionalization.
Due to the relative sizes of oleic acid and the openings of the SAPO-5 channels, the oleic
acid molecules could not access the internal acidic sites of the silicoaluminophosphate
catalyst; therefore, the esterification reaction occurs on the external surfaces of these
crystals; thus, the hybrid materials synthesized in this work, were highly active for the
esterification of oleic acid with methanol. Further, even with a low concentration of organic
pendant groups, S5-SO3H/Vac showed a higher TOF in the first reaction cycle than those
previously described in the literature. However, during reuse, the yield was significantly
reduced. In contrast, S5-SO3H proved to be a promising catalyst, reaching 84.4%
conversion after five consecutive cycles, indicating the possibility of using SAPO-5 as a
catalyst support in reactions involving large molecules.
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As the world is transitioning towards a net zero future, Carbon Capture Utilization and
Storage provides a series of possibilities once energy optimization and carbon avoidance
has been achieved. Indeed, there are several options on the table with the use of hydrogen
as a low-carbon fuel as well as the growing use of renewable electricity. However, there will
remain the question of what circular carbon economy we develop and how we can integrate
the use of bio-sources of carbon, and even CO2 captured directly from the atmosphere.
TotalEnergies has set an ambition of reaching carbon neutrality (net zero emissions) by
2050, from the production to the use of the energy products sold to its customers, together
with society. CCUS is a key element to this ambition.
It is well recognized that the capture phase represents a significant cost in a CCS chain.
However, the transformation of CO2 equally represents an energy cost which is not trivial.
These two bricks are key to the energy transition and circularity, with several key questions
that need to be addressed.
The first question is what CO2 do we capture and transform ? The source of CO2, whether
from remaining fossil emissions, from processes that emit CO2 (e.g., cement process is
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most well-known), from bio-sources (algae, waste organic matter ...) or from the
atmosphere. Each source has a capture cost and one can equally argue a certain ‘value’.
There is a spectrum of approaches that can be taken to capture CO2, and this will depend
on numerous factors, including where we capture and how much CO2 needs to be
recovered. Today, no clear winner in terms of capture technology can be identified.
However, there are some emerging capture technologies which may be of interest, and
some have been chosen to be highlighted. The use of porous materials and adsorptionbased capture may provide such cost reductions if the right materials and optimized
process is in place. Adsorption-based technologies can equally answer the question of
emissions that amine-based solvent capture poses.

The conversion of CO2 opens questions of what molecules to aim for, as well as what
routes should be chosen. The company explores both thermo-catalytic and electro-catalytic
routes to convert CO2 into key molecules. Should these molecules be the final target, or
could they be used as platform molecules for further valorization – into sustainable air fuels
for example?
The energy transition will be complex but some simple ‘back of the envelope’ calculations
may provide some elements for discussion as we, and society, move forward.

KN.09. APPROACH FOR THE SITE-SELECTIVE INTRODUCTION OF TI ATOMS INTO
MSE AND YFI ZEOLITE FRAMEWORKS AND THE FRAMEWORK STABILIZATION
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Understanding the atomic position in the zeolite framework is important to design high
performance catalyst based on microporous crystals. In the field of fine-chemicals
synthesis, there is a persistent demand for zeolite catalysts that have large-pores and
multi-dimensional channel systems. However, the number of such zeolites is still limited.
We focused on two 3-dimensional, large-pore zeolite framework types. One is YNU-2 (MSE
topology) with a pore system of 12-10-10-ring [1,2], and the other is YNU-5 (YFI topology)
with a pore system of 12-12-8-ring as well as an isolated 8-ring channel [3] (Figure 1).
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MSE

YFI

Figure 1 MSE and YFI frameworks with a 12ring emphasized.

Figure 2 TEBOP2+ and Me2Pr2N+
used for the synthesis of MSE and YFI
frameworks
as
the
OSDA,
respectively.

The properties of zeolites depend on the method of preparation including starting gel
composition and synthesis conditions. For example, the synthesis using organic structuredirecting agent (OSDA) usually gives high-silica zeolites while organic SDA-free synthesis
gives materials with much lower silica contents. In both cases, some post-synthetic
modifications are necessary for preparing catalysts that have suitable amount of active
sites, proper hydrophobicity and stability. In this work, we used relatively hydrophilic
OSDAs, TEBOP2+ and Me2Pr2N+, as shown in Figure 2
Site defects (vacancies; silanol nests) are useful in the light of heteroatom substitutions,
whereas too many site defects lead to framework collapse. Thus the control of the site
defects is a main issue in the post-synthetic modification of zeolite towards catalyst
preparation. In this presentation, some examples of the modification of zeolite frameworks
will be given: (1) preparation of high-performance titanosilicate Ti-YNU-2 from YNU-2P that
is a highly defective, zeolitic framework-OSDA composite;
(2) preparation of novel titanosilicate Ti-YNU-5 from YNU-5 zeolite that is originally an
aluminosilicate with Si/Al = 9. The dealumination by careful acid-leaching enables
framework stabilization. If there are too many framework Al sites and the Al atoms are
removed without repairing the newly generated vacancies, then the framework is unstable
and collapses along with the dealumination.
In both MSE and YFI cases, Si-migration played important roles to stabilize the frameworks
by repairing the site defects. The Si-migration is supported by several characterization
results such as 29Si MAS NMR. Computational modeling based on DFT helped understand
the preference for the formation on silanol nests and the replacement of Si by Ti or Al in
different crystallographic positions of the MSE framework [4]. A TEM study is in progress as
a powerful support.
These results could afford new insights into the understanding of structural stability of highsilica zeolites towards preparation of high-performance catalysts.
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There is wide-ranging interest in the development of stable porous materials for removal
and conversion of toxic gases such as SO2[1] and NO2[2] from the air, or for storage and
purification of fuel gases such as CO2,[3] NH3,[4] CH4[5] and hydrocarbons[6] with fast kinetics
and high reversibility over multiple cycles. Porous co-ordination framework compounds
have enormous potential in this regard. The lecture will focus on the synthesis, structural
characterization and gas adsorption studies of a range of metal-organic materials derived
from stable carboxylate-linked complexes that exhibit permanent porosity coupled with high
storage capacities and selectivities. Of particular interest are in situ structural and dynamic
studies of gas-loaded materials that define the binding of substrates within pores at a
molecular level, and breakthrough experiments under dry and humid conditions confirming
practical separations.
The synthesis, structure and properties of a unique series of non-amine-containing porous
materials, MFM-300(M) (M = Al, Bi, In V, Sc, Cr, Fe; MFM = Manchester Framework
Materials) and related analogues that bind and separate CO2, NO2, NH3, SO2, acetylene,
ethylene, ethane and xylenes will be discussed. In situ powder X-ray diffraction (PXRD),
neutron diffraction, inelastic neutron scattering (INS) and in situ synchrotron micro-FTIR
spectroscopy, combined with density functional theory (DFT) modelling, reveal and
visualise a range of host-guest and electrostatic C-H, O-H and π-π interactions within the
pores. These build our understanding of structure-property relationships to design and
prepare further generations of functional materials.
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This knowledge has been applied to the design and development of new heterogeneous
MOF catalysts for the reduction of CO2[3] and NO2,[7] and the activation of CH4.[5]
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Sustainable development in chemical and petrochemical companies depends upon the
development of innovative processes that use more efficient materials and energy.
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Adsorption processes, especially pressure swing adsorption (PSA), have the potential to
consume less energy as compared to conventional cryogenic-based distillation processes.
PSA can be incorporated with a rapid cycle operation with minutes or less due to the
possibility of rapid pressure reduction, providing a significant advantage to reduce size,
weight, footprint and energy demand if the fast system kinetics can be achieved. Most gas
separation by PSA is accomplished by selective adsorption (equilibrium separation), but
only a few cases are achieved through differences in the diffusion rates of different
molecules into an adsorbent (kinetic separation), which is usually dictated by the structure
and properties of the adsorbents. When combined with new materials, kinetic separation
could offer advantages for some challenging separations that cannot be separated costeffectively by equilibrium separation, such as N2/O2, N2/CH4 1, and C2H6/C2H83, among
others. Despite its immense potential, the kinetic separation has only one commercial
application due to a lack of knowledge about the kinetic process.3 As a result, a holistic
strategy could help to develop kinetic separation processes, integrating the discovery of
new adsorbents, a better understanding of adsorption kinetics, and technological processes
for rapid cycle PSA. In this presentation, we will use kinetic air separation as an example
to show the synergy of new materials, fundamentals, and rapid cycle process development
for advanced separation.

Air separation is one of the most important applications of pressure swing adsorption (PSA)
technology. Nitrogen molecules are more preferentially adsorbed versus oxygen in
zeolites, hence O2 is generated. Because no commercially viable equilibrium selective
adsorbents for oxygen are currently available, kinetic separation has to be used to provide
N2 products by virtue of the fast diffusion rates of O2 than N2 into the carbon molecular
sieve (CMS), which is crucial for the commercialization of the PSA processes for nitrogen
production from air. A novel zeolite ITQ-55, which has a unique structure comprised of
twinned, heart-shaped cages joined by a common 8-ring with a ring aperture of 5.9 by 2.1Å,
has been found to possess a remarkably flexible framework to have an unprecedented
selectivity of ~ 100 for ethane/ethylene.4 We continued to investigate this new zeolite ITQ55 for other kinetic separations and discovered that this flexible framework could kinetically
separate air shown in Figure 1, with faster oxygen kinetics versus nitrogen, despite that fact
that their equilibrium selectivity were nearly unity.

In order to compare the performance of ITQ-55 with the commercial CMS, we applied a
pressure-swing frequency response (PSFR) method to investigate N2 and O2 mass transfer
mechanism and rates over a wide range of temperatures for both materials. PSFR is a
unique technique to discriminating between multi-kinetic mechanisms in microporous
materials for separation and catalytic process, with recent development to study relative
fast kinetics with small crystals.5 The ITQ-55 transport mechanism was found to be different
from that of commercial CMS for this separation. CMS materials control the mass transfer
of nitrogen and oxygen, mainly through barrier resistance from carbon deposition on the
external surface of pellets. As such, reducing pellet size is detrimental for kinetic
selectivity.6 In contrast, ITQ-55 shows that the parallel diffusion dominates for both nitrogen
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and oxygen, which is consistent with the bimodal distribution of crystals sizes from SEM in
Figure 2. This suggests tuneable operating kinetics through the crystal size optimization.
By synthesis of uniform micron size crystals, we further confirm that faster kinetics can be
achieved to allow rapid cycle design. More surprisingly, we found that the kinetic selectivity
of O2/N2 increases with decreasing temperature, exhibiting exceptional performance at subambient temperatures, demonstrating both greater capacities and kinetic selectivity than
commercial carbon molecular sieve. This unique characteristic of flexible ITQ-55 for air
separations was demonstrated through dynamic breakthrough experiments conducted at
multiple temperatures.
ExxonMobil has been developing the RapAdsorbTM platform, via monolith-structured
adsorbents and fast-acting valves, to allow rapid cycle applications operated in minutes or
less, as proven recently for deep dehydration applications with capacities of 20-40
MMSCFD.7 It is possible to use ITQ-55 in a monolith contactor with minimal pressure drop
for rapid cycle kinetic air separation to increase throughput and improve performance
(versus commercial CMS materials), especially after optimizing both crystal size and
operational temperature for the separation. Cycle simulation was carried out based on the
fundamentals obtained to evaluate separation performance in comparison to commercial
CMS. Other kinetics separations, such as N2/CH4 and CO2/CH4 separation, will be briefly
reviewed.
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Figure 1 - Description of the kinetic air separation using flexible zeolitic structure of ITQ-55.
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Figure 2 – Kinetic studies for N2 and O2 in ITQ-55 by a pressure swing frequency response. (A)
SEM; (B) FR curves show diffusion dominance; (B) Increasing kinetic selectivity with decreasing
temperatures
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Two research frontiers in the efforts to tailor MFI morphology at the nm-scale are the
preparation of high aspect ratio 2D nanosheets (i.e., nanosheets with single-unit-cell
thickness) and single-unit-cell zeolite nanoparticles. These morphologies are desirable
because they could enable high-flux membranes and the design of hierarchical catalysts.
Despite progress on both fronts, these morphologies have not yet been achieved. Here,
recent developments in this direction will be presented.
We reported recently a modified direct synthesis method for novel zeolite MFI nanosheets
exhibiting improved thickness and structure uniformity compared to previously reported
ones, and the resulting separation performance of membranes fabricated using these
nanosheets. [1] This was achieved on the basis of seeded hydrothermal growth using a
diammonium-cation [bis-1,5(tripropyl ammonium) pentamethylene diiodide and nanosheet
fragments as seeds. Rectangular nanosheets emerge as epitaxial outgrowths on the facets
of fragmented nanosheets attaining basal dimensions of several nanometers with
predominant peripheral thickness of 7 nm increasing up to ca. 50 nm at the center of the
nanosheet (Figure 1a). This new morphology and the corresponding membrane
microstructure and performance will be contrasted with earlier reports on exfoliated and
directly synthesized nanosheets.
We have also reported the synthesis of a pentasil-type zeolite with ultra-small few-unit-cell
crystalline domains, which we call FDP (few-unit-cell crystalline domain pentasil), using bis1,5(tributyl ammonium) pentamethylene cations as structure directing agent.
Characterization indicates hierarchical micro-/meso-porous aggregates (with particle size
that can be up to ca. 5 μm) exhibiting mesoscopic order and consisting of ca. 10 nm
crystalline domains (Figure 1 b).[2] The hypothesized role of the SDA will be discussed
along with catalytic performance in methanol-to-hydrocarbon and glucose isomerization
reactions.
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Figure 1 – New MFI Morphologies with nm-scale dimensions.
(a) AFM height images of zeolite MFI nanosheets. The height profiles at the bottom of the image
were extracted from the red dotted lines (scale bar in top AFM image is 1 μm).
(b) Low magnification SEM image of Si-FDP (top) and Wiener-filtered HRTEM of individual MFInanoparticle with corresponding FFT inset (bottom) (scale bars are 2 μm (top), and 5 nm (bottom)
with 1 nm-1 for inset FFT).
References
[1] Kim, D., Ghosh, S., Akter, N., Kraetz, A., Duan, X., Gwak, G., Rangnekar, N., Johnson, J. R.,
Narasimharao, K., Malik Maqsood, A., Al-Thabaiti, S., McCool, B., Boscoboinik, J. A., Mkhoyan, K. A.,
Tsapatsis, M. Twin-free, Directly Synthesized MFI Nanosheets with Improved Thickness Uniformity and
their Use in Membrane Fabrication. Sci. Adv. 8, eabm8162 (2022) https://doi.org/10.1126/sciadv.abm8162
[2] Lu P., Gosh S., Dornelles de Mello M., Sharbini Kamaluddin H., Li X., Kumar G., Duan X., Abeykoon
M., Boscoboinik A., Qi L., Dai H., Al-Thabaiti S., Narashimharao K., Khan Z., Rimer J.D., Bell A.T.,
Dauenhauer P., Mkoyan A., Tsapatsis M. Few-Unit-Cell MFI Zeolite Synthesized Using a Simple Diquaternary Ammonium Structure-Directing Agent. Angew. Chem. Int. Ed. 60(35), 19214-19221 (2021)
https://doi.org/10.1002/anie.202104574

Aknowledgment The authors extend their appreciation to the Deputyship for Research &
Innovation, Ministry of Education in Saudi Arabia for funding this research work through the
project number (721). Membrane synthesis and permeation measurements are based upon
work supported by the U.S. Department of Energy's Office of Energy Efficiency and Renewable
Energy (EERE) under the Advanced Manufacturing Office Award Number DE-EE0007888.
Partial support for this work (certain catalysis experiments and characterizations) was also
provided by the Catalysis Center for Energy Innovation, an Energy Frontier Research Center
funded by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences
under Award No. DE-SC0001004. Additional acknowledgments for support of this work is
provided in cited references 1 and 2.

35

Oral Communications
T1: Synthesis of porous solids: zeolites, mesoporous, MOFs and hybrid
materials
O01.01. Rational Design and Targeted Synthesis of Zeolites with the Assistance of
Molecular Modeling, Structural Analysis, and Synthetic Chemistry
D. Xie
Chevron Technical Center, 100 Chevron Way, Richmond, California 94801, United States
dan.xie@chevron.com

Zeolites are a class of microporous materials that are well suited for applications in the
fields of catalysis, adsorption, and separation [1]. A small change in the dimension of the
zeolite pore architecture (i.e., channels or cavities in the zeolite framework structure)
sometimes can make the difference between success and failure in an adsorption or
catalytic conversion application. This is why significant efforts have been made to
synthesize novel zeolites (either new framework structures or new compositions) for the
best possible performance [2-4]. Traditionally, novel zeolites are discovered in a form of
trial-and-error experimentation combined with chemical intuition, and in many cases,
organic structure-directing agents (OSDAs) are employed in the synthesis process to guide
zeolite formation. Although it is generally accepted that the zeolite crystallization process
and phase selectivity are controlled by both thermodynamics and kinetics, where the latter
tends to be a more dominant factor in the majority of cases, the mechanism of zeolite
nucleation and crystallization is still not well understood. As a result, the rational design and
targeted synthesis of zeolites remain a great challenge. Nevertheless, exciting
developments toward overcoming this challenge have been made over the years on (1)
finding thermodynamically favorable OSDA candidates by modeling van der Waals (vdW)
interaction between the zeolite framework and OSDA; (2) identifying kinetically favorable
synthetic conditions and gel compositions by applying data mining and machine learning
techniques on the experimental data set; and (3) establishing zeolite synthesis-structure
relationships by framework structure analysis, design, and enumeration [3, 5-10].

In this study, some of our recent targeted syntheses in small-pore [11], medium-pore [12,
13], and large-pore zeolites [14-16] will be reported. We’ll demonstrate how we combine
molecular modeling and structural analysis techniques to guide the zeolite synthesis so that
specific types of cage, channel and/or composite building unit in the structure can be
controlled. We’ll also demonstrate how we use such combinatorial tool for rational
synthesis of zeolites with intergrowth structural features. Finally, catalytic performance of
these novel zeolites will be discussed.
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The catalytic use of aluminosilicate zeolites in chemical industry is one of the major
accomplishments in the heterogeneous catalysis of the 20th century. In particular,
zeolite Y (framework type FAU) with large cages interconnected by four 12-ring (7.4 ×
7.4 Å) windows is nowadays responsible for over 40 % of oil conversion [1]. On the
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other hand, EMC-2 (EMT), its hexagonal polytype, is the only other thermally stable
aluminosilicate zeolite with large cages and three-dimensional (3D) 12-ring channels
[2]. Thus, finding new multidimensional zeolite structures with effective cage diameters
comparable to or larger than that of the FAU structure has long been of industrial
importance, as well as of scientific interest.
The SBS and SBT framework types, first described as UCSB-6 and UCSB-10 in 1998
[3], are attractive because the connection sequences in SBS and SBT comprised of
can ([4665]) cages as a basic building unit are essentially equivalent to those in EMT
and FAU, respectively. However, the latter pair consists of sod ([4668]) cages, so there
are intriguing differences in the 12-ring window size and shape, as well as in the cage
structure and volume (Figure 1). Thus, SBS and SBT are of major importance as
potential catalysts, especially for refining and petrochemical processes that use zeolite
Y. Nonetheless, their inherent thermal instability has precluded any catalytic application
so far.
Here we report the synthesis of PST-32 and PST-2, a thermally stable aluminosilicate
version of UCSB-10 and the hypothetical SBS/SBT intergrowth family member, by
using multiple inorganic cation and charge density mismatch approaches, respectively
[4]. This study suggests that many hypothetical 3D structures with large cages
interconnected by 12-ring windows or even larger, which have important industrial
implications, can be synthesized as thermally stable aluminosilicate compositions by
promoting the synergistic cooperation between inorganic and organic structuredirecting agents. Indeed, our preliminary catalytic results indicate that PST-32 and
PST-2 can be potentially useful for refining and petrochemical applications where
zeolite Y is now serving as the key catalytic component. Details of the synthesis and
crystal growth mechanism of PST-2 will be further discussed.

Figure 1 Cross-sectional views of (a) SBT and (b) SBS and their large cages
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1. Introduction

Metal-organic frameworks (MOFs) consist of highly porous 3D structures, formed
through the self-assembly of metals or metal clusters (SBU) and organic ligands [1]. Due to
their unique properties, such as high specific areas and flexible design, the study of MOFs
has grown exponentially since their discovery in the 1900s [2]. MOFs have been applied in
areas such as CO2 capture and storage, sensors, optical and magnetic materials, drug
delivery, and catalysis [1]. MOFs have been used in several catalytic applications, such as
hydrogenations, oxidations, photocatalysis, among others [1]. Recently, they have received
attention as pre-catalysts in the oligomerization of olefins [3]. The oligomerization of
ethylene is a catalytic reaction, mainly employed to obtain α-olefins (C4-C8), which are
important added value products used as co-monomers in the polyethylene industry [3].
However, most industrial oligomerization processes occur through homogeneous catalysis,
which makes it difficult to separate the products and reuse the catalyst [4]. Several studies
applying Ni-MOFs have shown promising results for the oligomerization of ethylene in a
heterogeneous media, therefore, eliminating the drawbacks of the current industrial
processes [5]. In addition, the synthesis of bimetallic MOFs has obtained significant results
in applications such as energy storage, gas adsorption and catalysis. The presence of two
metals in the SBU can result in a synergistic effect contributing positively to the material
properties when compared to monometallic structures [1]. Accordingly, the present work
aimed to carry out the synthesis and characterization of the bimetallic MOF Ni2xZnx(BDC)2(DABCO) for further application in the oligomerization of ethylene to selectively
obtain 1-butene.

2. Experimental Section
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The MOFs were synthesized using a solvothermal method, according to Manian and
Stock [6]. The metal sources were Ni(NO3)2.6H2O and Zn(NO3)2.xH2O, for Ni and Zn,
respectively. The organic ligands used were H2BDC (terephthalic acid), and DABCO (1,4diazabicyclo[2.2.2]octane). The synthesis was conducted according to the following molar
ratio: 1 metal nitrate: 0.33 H2BDC : 1 DABCO. The synthesis method consisted of adding
DMF solutions of the metal sources and organic ligands into a boiling flask. The mixture
was kept at 110 °C for 48 h in a reflux system. The obtained materials were filtered and
dried under vacuum at room temperature for approximately 5 h. Three materials were
synthesized: Ni-MOF, Ni/Zn-MOF and Zn-MOF, and further characterized through X-ray
diffraction (DRX), X-ray Absorption Spectroscopy (XAS), Thermogravimetric Analysis
(TGA), Field Emission Scanning Electron Microscopy with Energy Dispersive X-ray
Analysis (FESEM-EDX), Inductively Coupled Plasma - Atomic Emission Spectrometry
(ICP-AES), Elemental analysis (CHN) and N2 physisorption isotherms.

3. Results

X-ray diffractograms (Figure 1a) showed that the peaks obtained for bimetallic
Ni/Zn-MOF correspond to the peaks presented by their monometallic counterparts and
respective theoretical standards, which indicates the success in obtaining the desired
structure. According to the N2 physisorption isotherms (not shown) obtained for Zn-MOF,
Ni/Zn-MOF and Ni-MOF, all samples present type I isotherms, which are typical of
microporous materials. Furthermore, Zn-MOF showed a Type H4 hysteresis, usually found
in microporous materials with interparticle mesopores. All synthesized MOFs displayed
high specific surface areas and micropore volumes (>2000 m2/g and ~0.7 cm3/g,
respectively). ICP-AES analysis showed 9.5 wt% of Ni and 7.0 wt% of Zn in the bimetallic
MOF, showing that, in fact, different rates of crystallization can be present during MOF
preparation. Elemental analysis (CHN) showed similar results to the reference materials
for all elements evaluated in the analysis. The thermal stability of MOFs was determined by
thermogravimetric analysis (TGA). According to the results, all MOFs are thermally stable
up to about 300 °C. X-ray absorption spectroscopy measurements were carried out in the
Spanish synchrotron ALBA. The XANES spectra (Figure 1b) at Ni and Zn K-edges show
that the average oxidation state of both Ni and Zn atoms is 2+, in good agreement with the
crystallographic data of the MOF. The absence of Ni and Zn oxidic or metallic features in
XANES confirms the bimetallic MOF is well crystallized and impurities, if present, must be
in very low concentration. FESEM-EDX (Figure 1c) was employed to determine the
material’s morphology and components distribution, which indicate the homogeneous
distribution of the organic components and metals through the solids. It also highlights that
the length of crystals varies between less than 1 µm up to 20 µm.
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Figure 1- XRD patterns (a), XANES spectra at Ni and Zn K-edges (b), FESEM images (c) and EDS mappings (d)
of Ni/Zn-MOF and its monometallic counterparts.

Our research group has started testing the obtained paddle-wheel MOFs on the
oligomerization of ethylene. Currently, the most suitable reaction conditions are being
defined.

4. Conclusions

A bimetallic paddle-wheel Ni/Zn metal-organic framework was synthesized and studied
by a set of spectroscopic and structural characterization techniques. The XRD and
elemental analysis results indicated the success in obtaining the desired bimetallic paddlewheel Ni/Zn-MOF, besides the monometallic materials, Ni-MOF and Zn-MOF. In addition,
according to the XANES results, the oxidation state of Ni and Zn within the MOFs structure
is 2+, as expected from crystallographic information for this MOF. According to TGA and N2
physisorption results, all materials showed high thermal stabilities and high specific areas,
which are crucial properties for catalytic applications. The following steps of the project
include testing the materials on the oligomerization of ethylene, evaluating their activity and
selectivity for 1-butene as well as their stability during reaction conditions.
References
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Industrial separation processes account for 10-15% of the global energy
consumption.[1] The energy cost of large-scale gas and liquid separation processes
like distillation could be significantly reduced by moving towards adsorption processes.
An example of an inorganic adsorbent is porous boron nitride (BN): this material
exhibits high surface area and porosity, and benefits from greater oxidative and thermal
stability than carbonaceous adsorbents.[2] Recently, our group developed a new
method to produce porous BN with enhanced surface area, tunable porosity and
promising liquid and gas separations performance at laboratory scale.[3][4] We are
now exploring the potential of porous BN as an efficient and moisture-resistant
adsorbent for molecular separations at industrial scale by addressing two questions: 1)
“How does porous BN form and what are the controlling synthesis parameters?” and 2)
“How can one enhance the water stability of this material?”. We explored the former
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question in a recent publication in which we proposed a detailed formation mechanism
for porous BN.[5]
In this presentation, we will cover our approach to answering the latter question. For
this study, we developed two alkylsilane functionalisation routes to modify the surface
of porous BN and enhance its hydrophobicity and resistance to moisture (Figure 1).
The first route involves direct silylation of porous BN powder followed by pelletisation,
while the second route uses chemical vapour deposition on porous BN pellets. Using a
range of analytical and spectroscopic techniques including Fourier transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), X-ray fluorescence
(XRF) and thermogravimetric analysis (TGA), we analyzed the samples before and
after functionalisation to confirm the grafting of the silane. In addition, we used N 2
sorption at 77 K and mercury intrusion porosimetry (MIP) to assess the impact of
functionalisation on the textural parameters. We estimated the kinetics of our pure and
functionalised samples with an experimental set-up coupling an adsorption cell and a
mass spectrometer (MS). We then devised a set-up to expose samples to varying
humidity levels mimicking storage and sorption testing conditions, and we
characterised the samples before and after moisture exposure and compared the two
functionalisation routes. We then tested the N2 and CO2 sorption capacities of the
pristine and functionalised samples, and we determined the CO2/N2 selectivity for a
post-combustion carbon capture scenario. Finally, we assessed via process modelling
the potential of our functionalised adsorbents for CO2/N2 separation. Specifically, we
estimated CO2 purity and CO2 recovery based on the CO2 and N2 sorption isotherm
data obtained at three different temperatures.[6] Our results point to the efficiency of
the approach to produce BN-based adsorbents with enhanced hydrolytic stability,
especially via the chemical vapour deposition route. Functionalisation allows to
maintain a good balance between CO2 uptake and CO2/N2 selectivity prior to moisture
exposure and it enhances CO2/N2 selectivity in high relative humidity environments.

Figure 1 – Causes of the hydrolytic instability in porous boron nitride (BN).
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Water is undoubtedly the most important substance on earth. It is ubiquitous in nature and
a necessary liquid for the emergence of life. Although by far the most classic liquid
encountered in everyday life, water presents many unusual physical properties, which are
not yet fully understood. A large number of studies have highlighted the crucial role of
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hydrogen-bonding interactions between water molecules in determining the peculiar liquid
structure and physicochemical
properties of water. In most frequent situations, water is found as spatially confined or in an
interfacial state rather than forming a bulk phase. From a fundamental point of view,
confining water at the nanoscale in prototypical porous solids has turned out to be
particularly adequate in order to better understand the unusual behavior of interfacial water.
For pore diameter d < 2.5 nm, crystallization of confined water is suppressed by inhibition
of the nucleation process, which is considered as an opportunity to study anomalous
physical properties of liquid water in a wide temperature range.
Among several types of confinement, including clays, graphite oxide, zeolites, or porous
silica glasses, the mesoporous SBA-15 and MCM-41 Silicas are particularly suited hosts
due to their well-defined porous geometry formed by ordered cylindrical channels. While
MCM-41 and SBA-15 provided an adjustable pore size and can address the geometrical
aspect of the nanoconfinement, the evaluation of the effect of surface interaction on the
water properties is limited due to the unchanged chemical composition. In order to extend
current knowledge, which has so far been based on a few studies on grafted silicas, we are
contemplating new opportunities offered by the molecular scale imprint of the
water−surface interaction.
Periodic mesoporous organosilicas (PMOs) are particularly well-suited, though barely used
in water studies so far. In contrast to the MCM-41 silica the PMOs can contain organic
bridging units within the quasi-crystalline pore walls and therefore a periodically modulated
surface polarity [1]. Unlike post-synthetically surface-grafted nanoporous silicas, PMOs
allow a stoichiometric control of a periodically alternating surface chemistry along the pore
channel (i.e., one organic bridge per silica inorganic unit) in the 0.7-1.3 nm range.
Here we present the results of various studies dealing with the behavior of nanoconfined
water in different polar PMOs and MCM-41 silicas (pore diameters between 2-4 nm) at
different temperatures with respect to its location and dynamics (rotation, vibration and
translation) in the pores. The methods (NMR, QENS, Raman and dielectric relaxation
spectroscopy) used in these studies probe different time scales accompanied with different
structural resolutions which allow a comprehensive view at the dynamics of the water
molecules and their H-bridges network.
1D and 2D HETCOR NMR (29Si-/13C-1H) solid state MAS NMR measurements could show
that the water is much closer localized to the inorganic regions of the pore wall than to the
organic because of the different surface polarities and the non-wetting properties [2].
In case of relaxation processes attributed to the rotational motions of non-freezable water
located in the vicinity of the pore surface two distinct situations were achieved depending
on the hydration level: at low relative humidity (33% RH), water formed a non-freezable
layer adsorbed on the pore surface. At 75% RH, water formed an interfacial liquid layer
sandwiched between the pore surface and the ice crystallized in the pore center. In these
two cases, the study revealed different water dynamics and different dependence on the
surface chemistry [3].
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Raman spectroscopy could reveal that in capillary filled pores the OH stretching region is
dominated by the contribution from liquid water situated in the core part of the pore. It
adopts a bulk-like structure that is modestly disrupted by confinement and surface
hydrophobicity. For partially filled pores, the structure of the non-freezable adsorbed film
radically differs from that found in capillary filled pores. A first remarkable feature is the
absence of the Raman spectral fingerprint of low-density amorphous ice, even at a low
temperature (−120 °C). Second, additional bands reveal water hydroxyl groups pointing
toward the different water/solid and water/vapor interfaces [4].
Finally, the intrapore liquid water was studied at regularly spaced temperatures ranging
from 300 K to 243 K combining time-of-flight and backscattering quasielastic neutron
scattering providing complementary energy resolutions. In all systems, the molecular
dynamics could be described consistently by the combination of two independent motions
resulting from fast local motion around the average molecule position and the confined
translational jump diffusion of its center of mass. All the molecules performed local
relaxations, whereas the translational motion of a fraction of molecules was frozen on the
experimental timescale. This study provides a comprehensive microscopic view on the
dynamics of liquid water confined in mesopores, with distinct surface chemistries, in terms
of non-mobile/mobile fraction, self-diffusion coefficient, residence time, confining radius,
local relaxation time, and their temperature dependence. Importantly, it demonstrates that
the strength of the water/surface interaction determines the long-time tail of the dynamics,
which we attributed to the translational diffusion of interfacial molecules, while the water
dynamics in the pore center is barely affected by the interface hydrophilicity [5].
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Small-pore zeolites with 8-membered ring windows and large cavity, such as CHA, AEI,
LEV, and AFX zeolites, have received a gained attention. Also, their excellent catalytic
abilities in the selective catalytic reduction of NOx by ammonia (NH3-SCR) and light olefin
production (such as methanol to olefin, MTO) have attracted the interest in their synthesis
development. Thermal and hydrothermal resistances of the small-pore zeolites are crucial
features because these catalytic processes are conducted at high reaction temperatures in
the presence of steam. The impregnation of phosphorus (P) compounds such as H3PO4 is
effective for the enhancement of the thermal/hydrothermal stability of zeolites. The
condensed polyphosphate species introduced into zeolite pore bound to the framework Al
suppresses the crystal structure collapse caused by dealumination. In addition, the mild
acidity obtained by the P modification prevents excess oligomerization and coke deposition,
prolonging catalytic life time. However, the narrow pore size of small-pore zeolites is a
bottleneck for such post-modification due to the limited diffusion of the P species.

Figure 1. Direct phosphorus modification
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We have investigated zeolite synthesis using zeolite as a starting silica/alumina source [1],
zeolite hydrothermal conversion or interzeolite conversion (IZC), as an alternative method
for obtaining highly-stable zeolite materials [2, 3]. Recently, we developed the direct P
modification by using alkylphosphonium as a phosphonium modifying agent (P-MA). Figure
1 illustrates the scheme of the direct P modification. During the zeolite hydrothermal
conversion, P-MA is introduced into the zeolite pore system. After calcination, P-MA was
decomposed and oxidized into the phosphoric acid or phosphorus oxide interacted with the
zeolite framework [4, 5]. The obtained P-modified small-pore zeolites retained high catalytic
activity in the NH3-SCR even after the severe hydrothermal treatment at 900 °C for 8 h in
the presence of 10 vol% of H2O. The role of the introduced P species for improving stability
was studied by theoretical and spectroscopic methods [6, 7].
Interestingly, the zeolite topology obtained in this P-modification can be altered according
to the multiple-templating strategy appropriate selecting P-MA and co-existing organic
structure directing agent (OSDA). Herein, we introduce the recent synthetic progress of the
P-modified small-pore zeolites and their
catalytic applications. Table 1 shows Table 1. Zeolite materials obtained by the direct phosphorus
the zeolite materials obtained in this modification using P-MA.
direct
P
modification
and
the
Zeolite topology
P-MA
OSDA
Ref.
corresponding P-MA and OSDA
employed. The P-modified AEI zeolite
AEI
TEP
4,8
was
obtained
by
using
AEI
TEP
DEDMP
9,10
tetraethylphosphonium (TEP) hydroxide
CHA
TEP
5
[4, 8], whereas the excess amounts of
the P species introduced (P/Al ratio of
CHA
TEP
TMAda
5,10,11
around above 1) partially blocked
MEI
TMP
5
zeolitic pore. When we performed the
dual templating method using N,NLEV
TMP
5
diethyl-2,6-dimethylpiperidinium
LEV
TMP
DMP
10
(DEDMP) and TEP cations as OSDA
and
P-MA,
respectively,
the
AFX
TEP
Dab-4
12,13
homogeneous distribution of modified P
TMP,
TEBOP,
species was achieved [9]. By changing
AFX
16
TEP
TMA
the presence ratio of the DEDMP and
AFX/CHA
TEP
Dab-4,
TEP cation in the synthesis gel, the P
15
intergrowth
TMAda
modification degree can be easily
controlled. Further, the micropore
GME
TEP
DMDMP
14
volume of the AEI zeolite improved by
MFI
TBP
5
this
dual
templating
method
demonstrated that the homogeneous P
distribution eliminated the pore blocking
by localized P species. As a comprehensive synthetic study, we performed FAU zeolite
hydrothermal conversion using various alkylphosphonium cations [5]. When we used
tetramethylphosphonium (TMP) cation as a sole OSDA, MEI and LEV zeolites were
obtained. CHA and AEI zeolites were obtained by using TEP cation. Bulky
tetrabuthylphosphonium (TBP) cation leaded to form MFI zeolite topology.
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The dual templating method can be adapted to CHA and LEV zeolites [10]. The Pmodified small-pore zeolites with different P modification degrees and framework structures
(CHA, AEI, and LEV) were successfully obtained. The N,N,N-trimethyl adamantyl
ammonium (TMAda) hydroxide and N,N-dimethylpiperidinium (DMP) hydroxide were
suitable co-existing OSDAs for dual-templating CHA and LEV zeolites, respectively. In the
catalytic test for NH3-SCR reaction and alcohol conversion reaction of ethanol to olefin
(ETO), an increase in the degree of P modification resulted in an increase in the catalytic
durability and thermal stability by the suppression of the dealumination of zeolite
framework. However, in the case of the catalyst for NH3-SCR, an optimized degree of P
modification was required for showing high NO conversion even after severe hydrothermal
treatment. When we tested the MTO reaction over the P-modified CHA zeolites, the P
modification effectively prolonged the catalyst lifetime while hardly affecting the ethene and
propene selectivities [11]. The relative amount of non-aromatic hydrocarbons retained in
the zeolite catalysts with respect to those of the aromatic ones increased with increasing
degree of P modification. This phenomenon revealed that the suppression of excess
oligomerization of the hydrocarbon species results in a prolonged lifetime in the P-modified
catalyst.
By selecting the appropriate OSDA, the direct P modification could be used even if the PMA didn’t have a structure-directing ability, where the co-existing OSDA improved the
phase selectivity of the object zeolite. When 1,1'-(1,4-butanediyl)bis(1-azonia-4azabicyclo[2,2,2]octane) (Dab-4) and TEP cation were used as a OSDA and P-MA,
respectively, highly crystalline P-modified AFX zeolite was obtained [12]. Although the TEP
cation had no structure-directing ability because of the large amount of TEP cation required,
P-modification improved thermal stability of zeolite. In contrast, the impregnation of the TEP
hydroxide into the starting FAU zeolite before hydrothermal treatment promoted the
efficient crystallization of P-modified AFX zeolite. TEP/Si ratio required for AFX
crystallization was dramatically reduced to around 0.035 [13]. GME zeolites with Si/Al ratio
of ~ 3 were also obtained via FAU zeolite hydrothermal conversion with a mixture of TEP
and N,N-dimethyl-3,5-dimethylpiepridinium (DMDMP) cations [14].
Use of three kinds of OSDA and P-MA (triple templating system) can build the complex
zeolite synthesis appropriately considering the size of organic template and the
corresponding zeolite cage. Combination of the TEP, Dab-4 and TMAda cations induced
the P modification into the intergrowth material composed of CHA and AFX frameworks
[15]. The study suggested that Dab-4 cation acted as a template for the larger cage (aft) in
AFX zeolite while TEP and TMAda cations acted for small cha cage. Further, we
successfully controlled the local structure of modified phosphorus species when we added
the P-MA with different molecular size into the synthesis system of the AFX zeolite. The
large TEP cation and small TMP cations were selectively incorporated into aft and gme
cages during the hydrothermal synthesis, respectively. As a result, phosphorus oxide with
different polymerization degrees were formed by calcination treatment according to the size
of the cage occupied by the P-MAs [16].
By changing the combination of the OSDA and P-MA, the method of the phosphorus
modification would be applied to a wide variety of zeolite syntheses. Thus, this multiple
templating concept will be a valuable tool for controlling the distribution of phosphorus
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species in zeolite and related catalytic and adsorption properties, diversifying the zeolite
synthesis.
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Introduction
One of the most frequent challenges in the industrial use of zeolites is to improve their
thermal and hydrothermal stability. For example, in the selective catalytic reduction of
nitrogen oxides (NOx) with ammonia (NH3-SCR) for automotive exhaust gas treatment, the
catalyst must be resistant to the water vapor present in the exhaust gas [1]. The thermal
and hydrothermal stability of zeolites is affected by structural defects (Si-OH) in addition to
the type of their crystal structures and Si/Al ratios [2,3], as the structural collapse of zeolites
is due to hydrolysis of T-O-T bonds (T=Si, Al) catalyzed by protons. For optimizing the Si/Al
ratio in the zeolite framework, therefore, processes such as steaming and acid treatment
have been developed to remove Al atoms from structure (dealumination) and increase the
Si/Al ratio. However, the control of Si/Al ratio of small-pore zeolites such as AFX and CHA,
which are characterized by their 8-rings (8R) as the largest pores, has still been a
challenging problem. Direct synthesis of small-pore zeolites with high Si/Al ratio requires
expensive organic structure-directing agents (OSDAs) or highly poisonous and corrosive
hydrofluoric acid. On the other hand, dealumination by post-synthetic treatments of smallpore zeolites has also been difficult, resulting in remaining extra-framework Al species
(EFAl) or collapse of zeolite structure [4]. This can be attributed to the fact that the size of
EFAl species (>4.4 Å) is larger than the size of 8R (3–4 Å). This fact forced us to seek the
way to dealuminate small-pore zeolites without using steaming treatment. In this work,
acid-treatment of as-made zeolites containing organic molecules in zeolitic pores as the
stabilizing agent was employed for successful dealumination with preserved crystal
structure. Furthermore, liquid-mediated stabilizing treatment was conducted on the acidleached zeolite to heal the defects formed during dealumination.
Experimental Section
For acid treatment, 0.5 g of AFX-type zeolite synthesized with an reported recipe[5] was
treated with 10 mL of 0.5 M sulfuric acid at 80 °C for 2 hours. In the defect repair
treatment[6], 1 g of NH4F, 25% tetraethylammonium hydroxide (TEAOH) solution, and pure
water were mixed in a composition 1 NH4F : 1 TEAOH : 150 H2O. The solution was then
mixed with 0.5 g of zeolite and heated at 170 °C for 24 hours. Hydrothermal endurance
tests were conducted by circulating air containing 10 vol% of steam at 700–800 °C for 3
hours. Before the test, organic matter was removed by calcination at 550 °C for 5 hours
and ion-exchanged to yield a protonated form. NH3-SCR tests were conducted on Cuexchanged AFX zeolite (Cu-AFX). The hydrothermal durability of Cu-AFX catalyst was
evaluated by hydrothermal treatment at 800 °C for 7 hours.
Results and Discussion
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Firstly AFX zeolite was calcined at 550 °C for 5 hours to remove the OSDA molecules from
zeolite pores and then dealuminated by acid treatment. Though the Si/Al ratio increased
from 3.6 to 12, the XRD pattern in Figure 1(a)(ii) shows a large decrease of crystallinity
after acid treatment for 2 hours, indicating the importance of structural stability for
successful dealumination with a preserved crystallinity. This is why we conceived to employ
the framework stabilizing effect of OSDA molecules [7] occluded during zeolite synthesis.
Figure 1(a)(iii) illustrates the XRD pattern of acid-leached AFX zeolite containing OSDA
molecules. No significant decrease of crystallinity was observed during the dealumination.
The micropore volume of the AFX zeolites before and after acid treatment was 0.15 cm3g-1
and 0.17 cm3g-1, respectively, also confirming preserved porous crystal structure. On the
other hand, the Si/Al ratio increased from 3.6 to 9.1 by acid treatment for 2 hours.
Dealumination of small-pore AFX zeolite with the preserved crystallinity was enabled by the
employment of OSDA molecules as a framework stabilizing agent.
The high-energy X-ray total scattering (HEXTS) measurement revealed the change of ring
structure during acid treatment. The pair distribution function, calculated by Fouriertransformation of scattering patterns, is shown in Figure 1(b). The peak corresponding to TO2nd correlation in 6-rings or larger (3.9–4.5 Å, painted with bright purple) [8] showed a
significant change, while the peak corresponding to T-O2nd correlation in 4-rings (3.6–3.9 Å,
painted with light yellow) did not change significantly. Moreover, argon adsorptiondesorption measurement showed a significant shifts to higher pressures in the lowpressure region (P/P0 < 0.01), which corresponds to adsorption via micropore filling in
ultra-micropores with a pore diameter < 7 Å. Because the pressure at which micropore
filling occurs depends on the pore sizes, the shift to higher pressures in this range
corresponds to larger micropores.
Based on these results, a novel process named pore-opening migration process (POMP)
was suggested as the proposed mechanism to rationalize the successful dealumination
(Figure 1(c)). To ensure that the EFAl species can be transported through the small pores,
the 8Rs should be partially opened and micropores of zeolite should be widened.
Simultaneously, migration of EFAl species broke the crystal frameworks through
interactions with the surrounding atoms of zeolite structures. Without the stabilization effect
of OSDA cations occluded in the cavities, the cleavage of T-O-T bonds and loss of porefilling EFAl species lead to the destruction of the crystal structures.
Next, to heal defects formed during the removal of framework Al atoms, the acid
dealumination was followed by another liquid-mediated treatment in the presence of NH4F
and TEAOH. 29Si MAS NMR and FT-IR results demonstrated the formation of silanol
defects during acid treatment and decrease of them during liquid-mediated treatment. The
hydrothermal stability of AFX zeolites were assessed by steaming at 700–800 °C in the
protonated form. After steaming at 750 °C, relative crystallinity of the acid-leached AFX
zeolite was around 76%, while that of as-synthesized one decreased to 18%. The defect
healing treatment even enhanced the hydrothermal stability: relative crystallinity of the AFX
zeolite after acid dealumination followed by defect healing was 79% after the steaming.
Finally, the stability of Cu-AFX catalyst was evaluated by NH3-SCR tests. The NO
conversion is plotted in Figure 1(d). Although the Cu-AFX catalyst prepared from as52

synthesized AFX zeolite significantly degraded after steaming, one prepared from AFX
zeolite after acid treatment and defect healing treatment showed >90% NO conversion
even after steamed at 800 °C for 7 hours.
From above results, it was found that the dealuminated AFX zeolite obtained in this work
could be a promising catalyst for the detoxification of automobile emission gas. Moreover,
the framework stabilization effect of organics and the POMP scheme described herein will
also facilitate other post-synthetic treatment of zeolites (e.g., framework atom substitution)
for the precise tuning of properties, such as hydrophobicity, solid acidity, and ion-exchange
ability [9].

Figure 1
(a) XRD patterns of as-synthesized, calcined followed by acid-leached, and acid-leached AFX zeolite. (b) PDF analysis
results from HEXTS measurement on as-synthesized and acid-leached AFX zeolite. (c) Illustrative scheme of proposed
pore-opening migration process. (d) Results of NH3-SCR tests on Cu-exchanged AFX zeolites.
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The synthesis of small pore zeolites continues to offer
new framework topologies for catalytic reactions and
adsorptive separations. Frameworks built from the
stacking of 6Rs in the ABC-6 family have been a fruitful
source of important materials, including SSZ-13. As well
as aluminosilicates, the family includes AlPO4-based
zeotypes, some without zeolite analogues, which
constitute a promising source of target frameworks for synthesis. Seven such topologies
have been prepared initially as SAPOs, but only two of
FIGURE 2 – THE SWY TOPOLOGY SHOWN WITH SI-SI
CONNECTIONS AND THE ABC-LAYERS STACKING
these have subsequently been synthesised as

SEQUENCE (LEFT) AND THE STRUCTURE OF STA-30
SHOWN WITH K OCCUPYING CAN CAGES AND DIDABCOC8 OCCUPYING THE SWY CAGE, AS WELL AS
HIGHLIGHTING THE PRESENCE OF THE UNTEMPLATED GME
CAGE (RIGHT)
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aluminosilicates, AFX – SAPO-56/SSZ-16 [1,2], and recently AFT – AlPO-52/SSZ-112
[3,4]. Here we present an addition to this group of ABC-6 type zeolites in the form of STA30, an aluminosilicate material with the SWY topology [5], which had been observed
previously only as the SAPO, STA-20 [6].

STA-30 has been prepared by a designed synthesis that took into account both inorganic
and organic cations as structure directing agents (SDAs), and involved molecular modelling
of the family of 1,n-(1,4-diazabicyclo[2.2.2]octane)alkyl (diDABCO-Cn) molecules to inform
our choice of templates for the swy cage. Synthetic results, including product crystallinity,
can be related to the computational study. In Figure 1, the structure of STA-30 is shown
with the modelled position of diDABCO-C8, the organic SDA that showed the best fit in the
swy cage, along with the inorganic SDA used for the can cages.

Other experimental variables
have been optimised to enable
scale-up using economically
sensible reagents and to allow
variation in framework Si/Al
ratio. The synthetic method
has been used on various
scales with high reproducibility,
which is desirable for a
material with potential
industrial applications. The asprepared STA-30 is stable to
calcination, ion exchange and
activation, giving a 3D small
pore structure with micropore
volume of 0.31 cm3 g-1.

FIGURE 3 27AL MAS NMR SPECTRA OF ACTIVATED AND NH4+-EXCHANGED STA-30 (LEFT), 29SI SHIFTS
PREDICTIONS FROM CASTEP NMR CALCULATIONS (MIDDLE) AND THE DECONVOLUTED 29SI MAS NMR
SPECTRUM OF ACTIVATED STA-30

In-depth NMR characterisation has revealed some structural characteristics of STA-30 that
have been observed only in a handful of materials so far. Upon hydration of the activated
proton form, a portion of the Al adopts octahedral geometry, as demonstrated by two
resonances at -2.0 ppm and -3.1 ppm in the 27Al MAS NMR. These octahedral species can
be converted back to tetrahedral Al by ammonium exchange (Figure 2) and are interpreted
as hydrated framework Al sites [7]. Furthermore, through a series of experiments, it was
possible to calculate accurately the Si/Al ratio of STA-30 based on its 29Si MAS NMR,
which was challenging because the framework exhibits different chemical shifts for distinct
T-sites (Figure 2) [8].
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1

H MAS NMR
has shown that
STA-30 can act
as
an
acid
catalyst.
We
have shown that
STA-30 is active
for
selective
catalytic
reduction of NO
with NH3 under
realistic
conditions when
prepared in the
Cu-exchanged
form (Figure 3).
Further
operando UVVis results have
shown
that
STA-30 shows
some activity in
the methanol-toolefins (MTO) reaction (Figure 3). FIGURE 4 (ABOVE) THE CATALYTIC PERFORMANCE OF ACTIVATED CUSTA-30 AS IN THE SCR OF NOX TO NH3 (VS. CU-ERI), (BELOW) MASS
These results closely relate STA-30
SPECTROMETRY DATA OF H-STA-30 RECORDED DURING THE MTO
REACTION AT 350°C (VS. H-SSZ-13)
with the other members of the ABC-6
family and show a promising area of development.
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Zeolites are three-dimensional microporous crystalline solids widely applied as industrial
adsorbents and catalysts. Despite this, there is still a need for novel zeolite structures and
compositions to improve current technologies and to develop entirely new ones. The
excess fluoride approach, one of the synthetic strategies developed by our group, has
allowed us to find several unprecedented zeolite structures [1]. Up to now, we have been
able to synthesize three aluminosilicate (Si/Al ~ 10) zeolites PST-21 (PWO), PST-22
(PWW), and PST-30 (PTY) and one pure-silica zeolite intergrowth PST-24,using diazoliumbased OSDAs under excess fluoride conditions (HF/OSDA ≥ 2.0) [2-4].
Here we report the synthesis of PST-35, a new medium-pore germanosilicate (Si/Ge = 2.1
– 6.6) zeolite with one large and smaller cages of unusual shape, using an imidazoliumbased OSDA at HF/OSDA = 2.0. Single X-ray diffraction analysis reveals that PST-35
contains a zig-zag 10-ring channel system that consists of strictly alternating, 28-hedral
([48586882102]) and 18-hedral ([46546482102]) cages (Figure 1). This germanosiilcate zeolite
structure is formed through the interconnection of pst-35 layers by d4r units, and the
existence of d4rs further allowed us to imagine two hypothetical structures which fit the
local interatomic distances criteria. Our efforts to stabilize the PST-35 framework will be
also presented.
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Figure 1 ‘Modified’ natural tiling of PST-35
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The development of chiral solids able to discriminate between
enantiomers of chiral compounds represents a fundamental
challenge in chemistry, having a decisive potential impact on
the pharmaceutical industry. Since the discovery that zeolites
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Scheme 1. Molecular structure
of (1S,2S)-N,N-ethyl-methylpseudoephedrinium (EMPS)

can display chiral frameworks, they have been traditionally proposed as ideal candidates to
achieve such active chiral solids [1]. The straightforward strategy to achieve chiral zeolites
is through the use of chiral organic structure-directing agents (OSDA) in an attempt to
transfer their molecular chirality into the nascent zeolite framework. However, despite
intensive efforts, such transfer of chirality has remained elusive, leading in the best case to
chiral frameworks but in racemic form [2]. Only recently, a chiral enantio-enriched zeolite
with STW medium-pore framework has been attained by using a rationally-designed chiral
OSDA assisted by molecular simulations [3], which was able to perform adsorption and
catalytic processes in an enantioselective fashion.
In our group we have been working for some time with (1R,2S)-ephedrine and (1S,2S)pseudoephedrine as chiral precursors for building up chiral OSDAs. In the course of these
investigations, we have found that N,N-ethyl-methyl-pseudoephedrinium (EMPS) (Scheme
1) is able to direct the crystallization of the chiral ITV framework [4] in an enantioselective
fashion, yielding GTM-3, a remarkable new chiral zeolite material that combines an
extremely high porosity with enantioselective properties, enabling the asymmetric catalytic
processing of very large chiral molecules [5].

Results and Discussion
GTM-3 was discovered when an ethyl and a methyl groups were attached to the chiral
precursor (1S,2S)-pseudoephedrine to build the corresponding OSDA with two chiral
centres (EMPS, see Scheme 1). GTM-3 was prepared with Si/Ge ratios in the gel of 2 to 5,
using a crystallization temperature of 100 ºC; XRD patterns evidenced that it had the ITV
chiral framework structure originally reported by Corma et al. [4]. Temperatures as low as
60 ºC did also enable the formation of GTM-3, whilst temperatures higher than 110 ºC led
to amorphous materials, probably as a consequence of the thermal degradation of the
OSDA. Such low crystallization temperatures are crucial since energy differences between
different host-guest diastereomeric pairs are expected to be low, and could be cancelled if
high thermal energies are available.
GTM-3 was stable against calcination as long as it was kept under dry atmosphere, giving
a very high micropore volume of 0.31 cm3/g and external surface area of 866 m2/g.
Importantly, synthesis of the two enantiomers of EMPS cations was easily achieved by
starting from the two ((1R,2R)- or (1S,2S)) enantiomers of pseudoephedrine, allowing to
prepare GTM-3 from the two EMPS enantiomers (RR-GTM-3 and SS-GTM-3), what is
crucial to have a proper control over the chiral properties of the material.
Apart from the extra-large pores of the ITV framework with 30-ring windows, the main
interest of GTM-3 comes from its chiral framework structure, which comprises a gyroidal
channel system with spiral staircase-like units that crystallizes in two enantiomorphic
polymorphs
of
opposite
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Seeds(5%): GTM-3/RR-EMPS; SDA: RR-EMPS
handedness,
P4132
and
P4332. Hence, the use of
enantiopure chiral OSDAs in
the synthesis opens the
possibility of a transfer of
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Figure 1. XRD patterns of samples prepared with SS-EMPS (left) or RR-EMPS (right) as
OSDA in the gel, using 5 % of GTM-3 seeds previously prepared with SS-EMPS (red lines) or
RR-EMPS (blue lines). Crystallization was carried out at 100 C for 72 hours with Si/Gegel = 8.

chirality from the OSDA to the zeolite. For this to occur, the first requirement is that the
OSDAs maintain their enantiopurity during the hydrothermal treatment. This was confirmed
by measuring the optical activity of the extracted OSDAs after dissolution of the RR- and
SS-GTM-3 zeolites in HF (-58 and +68º), which were similar in sign and magnitude to those
of the original EMPS cations (-64 and +66º).
The next step was to analyse if such transfer of chirality had occurred in the form of an
enantio-enrichment in one of the enantiomorphic ITV polymorphs as a function of the
EMPS enantiomer used in the synthesis. This would require determining the absolute
configuration of GTM-3 through diffraction techniques. However, the very small crystal size
(around 100 nm) and the very low stability of the material under the electron beam
prevented this type of studies. Therefore, in order to analyse the potential transfer of
chirality, we devised a strategy consisting of enantioselective crystallization experiments
with chiral seeds. First, we confirmed that the addition of GTM-3 seeds to the gel notably
accelerated the crystallization rate when low Ge contents were used (Si/Gegel = 8). Then
we prepared SS- and RR-GTM-3 seeds by using SS- and RR-EMPS as OSDA,
respectively. Finally, we prepared new synthesis gels with the two enantiomers of the
EMPS cations, and seeds obtained with the same and with the opposite enantiomer were
added. Interestingly, the effect of adding seeds on accelerating the crystallization rate was
only apparent when the same enantiomer was used in the seeds and in the gel (Figure 1),
what confirms that the new growing zeolite recognized the chirality of the seeds, and hence
that GTM-3 is enantio-enriched and that a transfer of chirality from the organic EMPS
cation to the ITV framework
Enantiomeric Excess (ee)
structure has occurred. However,
(%)
the absolute configuration of each
Conversion
Zeolite
enantio-enriched zeolite has not
(%)
Inversion (u): Retention
so far been possible to elucidate.
RS/SR
(l): RR/SS
SS-GTM3

50.7

-28.8

+23.8

99.4

-28.5

+17.5

RR-GTM3

60.2

+28.8

-22.3

99.5

+30.3

-19.0

Once evidenced the enantio-enrichment of
GTM-3, we analysed its ability to discriminate
between enantiomers during a catalytic process.
Interestingly, the extremely high porosity of
GTM-3 allowed for carrying out reactions with
very large substrates. Hence, we selected the
asymmetric epoxide ring-aperture of chiral transstilbene oxide with 1-hexanol, which can give
two diastereomeric pairs of enantiomers,
(R,S)/(S,R) inversion products (u, unlike) or
(R,R)/(S,S) retention products (l, like) (Scheme

Scheme 2. Ring aperture of chiral trans-stilbene oxide with 1-hexanol
giving inversion u-products (R,S+S,R) or retention l-products (R,R+S,S).
Species in columns are enantiomers.
Table 1. Enantiomeric excesses obtained for the different chiral
products with GTM-3 catalysts at medium and high conversions.
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2). This reaction can take place upon Brønsted or Lewis catalysis. Indeed, Ge-containing
zeolites have shown Lewis acid-catalytic activity [6]. Hence, GTM-3 materials were tried as
asymmetric catalysts for this reaction, and a notable activity was observed (complete
conversion before 1 hour at 30 ºC and 20 wt % of catalyst). Very interestingly, notably high
enantiomeric excesses (ee) up to 30 % were observed for the main inversion products
(R,S)/(S,R) (with opposite sign when GTM-3 of opposite handedness was used) (Table 1).
Such RS/SR ee was maintained all through the reaction. Slightly smaller ee’s of ~22 %
were found for retention products (R,R)/(S,S), which in this case slightly decreased upon
conversion. Very similar results were found if Al-containing GTM-3 materials were used as
catalysts, with comparable activities and ee’s, suggesting that the Ge centres are
responsible for the enantioselective catalytic properties observed in GTM-3. Interestingly,
when the size of the reactants was reduced, a notable decrease of the enantioselectivity
was observed: the ee of the trans-stilbene oxide aperture with ethanol decreased to ~10 %,
while no enantioselectivity at all was observed if styrene oxide instead of trans-stilbene
oxide was used. This clearly indicates that a proper size-match between the chiral
dimension of the ITV framework and the catalytic process under confinement must occur
for a proper induction of chirality from the zeolite catalyst.
In conclusion, the discovery of GTM-3 represents a fundamental step towards the
implementation of chiral solids as catalysts in the pharmaceutical and fine-chemical
industries since it combines the simultaneous occurrence of extra-large pores with
asymmetric catalytic properties, enabling to process very large molecules in an
enantioselective fashion.
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Zeolites and molecular sieves have a long history of shape-selective catalysis
beginning in the early 1960s [1]. Enantioenriched molecular sieves are of particular
interest for their potential to provide shape- and enantio-selective catalysis, as well as
their heterogeneous nature that offers the advantages of easy separation, recyclability,
and stability. Recently, we provided the first example of asymmetric catalysis using
enantioenriched aluminogermanosilicate molecular sieves having the STW topology
[2]. Using R- and S-STW, we observed equal and opposite ee’s (ca. 10 %) on the ringopening reactions of 1,2-epoxyalkanes with methanol. Subsequently, we reported that
ee’s in the 20 % range could be achieved by using various epoxy-alkanes and alcohols
[3]. These results demonstrated the enantioselectivity enabled by the pore structure
with a long-range chirality, which can further be applied to heteroatom-incorporated
Lewis acidic molecular sieves for biomass-related reactions and green organic
synthesis. In our previous work, however, the chiral STW-type molecular sieves
contained high amounts of Ge (Si/Ge = 0.8), leading to low stabilities of the
frameworks. Although materials with increased Si content (Si/Ge = 2.2) have been
provided by alterations of the synthesis procedure [4], the chiral organic structuredirecting agent (OSDA) was the same as we previously reported, and required tedious
synthetic efforts.
Here, we present the synthesis of Sn-containing STW-type molecular sieves with a
higher Si content using enantiopure OSDAs. First, we show a new synthetic route to
enantiopure di-quaternary OSDAs capable of structure-directing the formation of STW-type
molecular sieves with a higher Si content. The enantiopurity of the OSDA is determined by
the different shift of the 1H NMR resonance near 4.4 and 4.2 ppm of methylene protons
adjacent to the alkyl imidazolium in the presence of (Λ,R)-BINPHAT tetrabutylammonium
salt. Using this new chiral OSDA, we report the synthesis of STW-type molecular sieves
with framework Sn sites. Stanosilicate (Sn-STW) and stanogermanosilicate (Sn,Ge-STW)
molecular sieves are prepared using achiral mono-quaternary and enantiopure diquaternary OSDAs, respectively, and analyzed by powder X-ray diffraction (PXRD) and
energy-dispersive X-ray spectroscopy (EDS) to determine the crystalline phase and
elemental compositions. Sn,Ge-STW shows the highest Si/Ge of 5.1 among STW-type
molecular sieves that have been produced using enantiopure OSDAs. The solid-state 1H13C cross-polarization magic-angle spinning nuclear magnetic resonance (NMR) spectrum
of Sn,Ge-STW shows that the new chiral OSDA remains intact during the synthesis. After
OSDA removal, the Fourier transform Infrared (FT-IR) spectrum indicates that Sn is
incorporated within the STW framework by the presence of the bands at 2315 and 2307
cm-1 that correspond to CD3CN bound to the open and closed Sn sites.
The results from this study extend the range of potential catalystic applications of
molecular sieve-mediated shape-selective, asymmetric catalysis by: (i) improving the
structural stability of the STW framework, and (ii) incoporating Lewis-acidic heteroatom
catalytic sites within the framework.
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A vast body of literature focuses on Al and acid site behavior in catalysis upon postsynthetic treatments. In contrast, little is known on the synthetic origin of acid sites and their
distribution at the sub-nanoscale. Moreover, their behavior upon calcination is often left
unconsidered. This work demonstrates bottom-up rational selection criteria for synthesis of
SSZ-13 (CHA) and ZSM-5 (MFI) with tuned Al and acid site distributions. It is demonstrated
that Al and acid siting are mobile through prolonged synthesis duration and during thermal
activation.

Zeolites have a broad range of applications in catalysis thanks to its flexible and adaptable
nature, enabling a large range of synthetic and post-synthetic modifications. Many recent
findings suggest that zeolite catalysis is influenced by synergistic effects (BAS-BAS or
BAS-LAS) derived from acid site proximity in particular, or Al distribution, in general. [1]
Numerous studies have focussed on adequate post-synthetic treatments, such as steaming
or chemical leaching strategies. [2] On the other hand, delicate engineering of zeolite
crystallization (synthesis) is possible with control over lattice dimensions, crystal
morphology and charge deficit. Hence, synthesis is an important consideration to take into
account when deliberately making application-oriented materials with tuned Al and acid site
proximity.

In our work, five crystallization systems are studied yielding ZSM-5 (MFI) and SSZ-13
(CHA). They are either made via interzeolite conversion (IZC, from FAU) or using
conventional synthesis routes. [3,4] Synthesis evolution is tracked for stoichiometrically
identical synthesis systems, obliviate the used SDA (1Si:0.025Al:0.35SDA+:0.35OH-:~15H2O). This data demonstrates the variable tendencies to assemble Al within the forming
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OSDA-zeolite composites.[4] Overall, aluminum was identified as key component during all
aspects of synthesis: (FAU) dissolution, nucleation, assembly and maturation. The latter
will be further generalized in the talk, through an in-depth comparison with literature
syntheses (published).[5]

Using an established quantification method for Al proximity based on exchange with
aqueous cobalt and denoted as DCC (divalent cation capacity), a variety of synthesis
parameters were examined. Single-parameter variations applied during synthesis of
siliceous SSZ-13 showed that both kinetic and thermodynamic components (OH content,
sodium content, …) influenced Al distribution outcome.[3] Most significantly, it was found
that the internal arrangement of Al in pure SSZ-13 crystals still evolves with synthesis time.
Hence, Al (or T-atoms in general) are mobile to some extent after completion of
crystallization. The extent of synthesis evolution varies dependent on the synthesis system
(OSDA-zeolite) composition, which was previously unreported in literature. Figure 1A
demonstrates that TPA/Na containing ZSM-5 (black, [TPA;Na]IZC) has strongly evolving
DCC, whilst no DCC evolution is detected over time for TMAda/Na containing SSZ-13
(green, [TMAda;Na]IZC). Our work adds novel insights on the synthesis processes that
regulate the final acid site distributions within zeolites by taking into account the mobility of
ionic charge (Al, Na, OSDA, …) and putting them in relation with the specific structural
features of the frameworks. It is proposed that internal rearrangement of Al occurs at the
level of cages towards more thermodynamically favored Al (charge) separation, as depicted
in figure 1B.

Figure 1: Evolution of Al distribution during prolonged hydrothermal synthesis: A) Divalent cation capacity (DCC, Coexchange) for synthesis evolution for two different as-made OSDA-zeolite composites ([TPA;Na]IZC & [TMAda;Na]IZC).
B) Cartoon of proposed Al mobility occurring upon prolonged hydrothermal synthesis, hence after the initial crystal
assembly.

Furthermore, Al distributions are also found to change with the calcination temperature
based on Co-exchange (DCC) analysis. For the latter, we engineered a low-temperature
ozone activation (calcination) process for zeolites [6] enabling us to even further stretch the
DCC-range on a rational basis. In parallel to Al mobility upon prolonged hydrothermal
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synthesis (160⁰C in alkaline water), elevated calcination temperature also seem to affect
the internal Al distributions.The earlier unconsidered effect of synthesis temperature may
not only help to explain contrasting results found in literature, but it may also significantly
enlarge the toolbox for bottom-up rational engineering of future catalysts.
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Introduction
Zeolites are one of the well-known solid acid catalysts in the petrochemical field, and the
acidity is coming from the bridging OH groups between the framework Si and Al atoms.
The location of the framework Al atoms, therefore, is directly related to the position of
Brønsted acid sites. In order to improve the catalytic activity, controlling the location of acid
sites using the direct synthesis method is an effective approach, which is oftentimes
achieved by selecting the OSDA [1] and/or the starting materials [2].
In this study, we have focused on the MSE-type aluminosilicate zeolites. The MSE-type
structure has consisted of a three-dimensional structure with the interconnecting 12-10-10ring channels and the 18-12-ring supercage connected to 10-ring channel. The first
synthesis of MSE-type aluminosilicate, MCM-68, was reported by Mobil researchers [3].
UZM-35, another MSE-type aluminosilicate, was also discovered by UOP LLC researchers
in 2011 [4]. However, only a few reports on the catalysis of UZM-35 so far.
Here, we report on the investigation of the acid site location in the MSE-type zeolites,
UZM-35 and MCM-68, by using 27Al MQMAS NMR and in-situ IR measurements with
probe molecules, where the difference in the distribution of the acid sites between UZM-35
and MCM-68 was clarified. Moreover, we investigated the effect of the acid site location on
the catalytic performance in the cracking of hydrocarbons.

Experimental part
UZM-35 was synthesized using dimethyldipropylammonium hydroxide (DMDPAOH, 40
wt%) as an OSDA according to the reports with a slight modification [5]. The molar
composition of the synthetic gel was 1.0 SiO2: 0.067 Al(OH)3: 0.45 DMDPAOH: 0.15 KOH:
0.05 NaOH: 15 H2O with 5 wt% of calcined MCM-68 as a seed crystal. The obtained final
gel was transferred to a Teflon-lined stainless-steel autoclave, and hydrothermally
treatment was performed at 448 K for 4 days.
N,N,N’,N’-tetraethylbicyclo[2.2.2]oct-7-ene-2,3:5,6-dipyrrolidinium iodide, (TEBOP(I)2), was
used as OSDA for synthesis of MCM-68 [6]. The molar composition of the synthetic gel
was set at 1.0 SiO2: 0.1 Al(OH)3: 0.1 TEBOP(I)2: 0.375 KOH: 30 H2O. The obtained gel
was transferred to an autoclave and hydrothermally treated at 433 K for 16 days.
27Al

MQMAS NMR measurements was conducted in order to clarify the environment and
the location of the framework Al atoms. The number of Brønsted acid sites located at 12and 10-ring in MSE-type zeolites was estimated by IR spectroscopy with pyridine (Py) and
2,6-di-tert-butylpyridine (DTBPy) as probe molecules.
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Results and discussion
Fig. 1(A) shows XRD patterns
and SEM images of the
obtained H+-form UZM-35 and
MCM-68 samples, where the
MSE-type phase was
confirmed in both samples.
Their physicochemical
properties are listed in Table
1. Their Si/Al atomic ratios
were almost similar; it was
estimated at 8 and 9,
respectively. The particle
Figure 1 (A) XRD patterns and (B) SEM images of (a) UZM-35 and (b) MCMmorphologies of USM-35 was
68.
ca. 500–600 nm with a plateFigure 2 Difference IR spectra of Py and DTBPy adsorbed zeolites; (a)
like morphology as secondary
UZM-35 at 423 K and (b) MCM-68 at 278 K.
particles consisted of primary
particles sized 100–200 nm
(Fig. 1(B)(a)). MCM-68 particles were ca. 150 nm with a cubic-like shape (Fig. 1(B)(b)).
The acid strength was characterized by NH3-TPD measurement, and we have concluded
that the acid strength of Brønsted acid sites between UZM-35 and MCM-68 was almost the
same, implying that the acid strength is not affected by the types of OSDAs.
The number of Brønsted acid sites located at 12- and 10-ring in MSE-type zeolites was
estimated by IR spectroscopy with Py and DTBPy as probe molecules; pyridine (Py) can
enter to 10- and 12-ring windows, while 2,6-di-tert-butylpyridine (DTBPy) cannot go to the
10-ring pore. The number of acid sites, therefore, can be distinguished between 10- and
12-ring windows using these molecules. There were no differences in the OH stretching
vibration region between UZM-35 and MCM-68, indicating that the state of the acidic OH
and the isolated silanol groups and the silanol nests (i.e., defect sites) were similar. Fig. 2
shows the difference IR spectra of the adsorbed Py and DTBPy species. At the use of Py
as probe molecule, the bands at 1545 and 1450 cm-1 are attributed to the adsorbed
pyridine species on Brønsted and Lewis acid sites, respectively. It was clarified that UZM35 and MCM-68 have both types of acid sites located at 10- and 12-rings, which is
corresponded to the NMR results. On the other hand, when DTBPy was used as probe
molecule, the bands at 1613 cm-1 can be assigned to the adsorbed DTBPy species on the
Brønsted acid sites in only 12-ring channels. Hence, the numbers of the Brønsted acid sites
located in each size pore were calculated from the integrated intensity of the adsorbed Py
and DTBPy species on Brønsted acid sites using the reported molar extinction coefficients.
Interestingly, the number of Brønsted acid sites located on 12-ring channels of UZM-35
was smaller than that of MCM-68. The types of OSDA might be considered as one of the
origins of the different distribution of the framework Al atoms due to their differences in size,
valence and counter anion.
Finally, the effect of the acid site location on the catalytic activity for 1-octene cracking
reaction at 873 K was studied. The interesting difference in the overall product selectivity
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was observed at the initial stage. In the case of UZM-35, benzene, xylene and toluene, socalled “BTX” products, were hardly formed unlike the MCM-68 at the same conversion
level, because of the diffusibility of BTX in the 10-ring channel is lower than that in12-ring
channel. It should be noted that the external surface area strongly depends on the
formation of BTX during the hydrocarbon cracking reaction. Considering the fact that MCM68 exhibited a higher BTX selectivity even though MCM-68 has a smaller external surface
area than UZM-35, thus unexpected products’ selectivities might be originated from the
difference in acid site location between UZM-35 and MCM-68. Hence, the different location
of the acid sites yielded unique catalytic activities for paraffin and olefin cracking reactions.
Conclusions
The location of Brønsted acid sites in the MSE-type structure was clarified by the
spectroscopic approaches, 27Al MQMAS NMR and in-situ IR measurements with probe
molecules, where the remarkable difference in the acid site distribution was observed
between UZM-35 and MCM-68; 60 and 33% of acid sites could be assigned to the 12-ring
channel for MCM-68 and UZM-35, respectively. Such different distributions of acid sites
yielded the unique catalytic activity for the hydrocarbon cracking.
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In recent years, focus in zeolite synthesis has shifted from controlling parameters such as
𝑆𝑖
𝐴𝑙

-ratio, particle morphology and crystal size towards the incorporation of hetero-atoms,

creation of mesopores and a precise control over the aluminium distribution inside the
crystal. The latter of which can be split up between aluminium zoning, which is an
inhomogeneous aluminium distribution on the scale of a crystal, and aluminium siting,
which tries to look at the crystallographic positions occupied by the aluminium. When two
aluminium atoms are only separated by one (Next Nearest Neighbour) or two (Next Next
Nearest Neighbour) silicon atoms, are in the same ring and thus can counterbalance both
hydrated and dehydrated Co2+-ions, an Al pair is created.[1] The presence of these paired
Al sites have already been shown to have a profound impact on catalysis. Firstly, in acid
catalysis, these nearby protons can cause synergistic effects, and secondly, as these
proximate Al are capable of stabilizing dehydrated divalent (transition metal) cations, which

Figure 5: (A) The Si/Al ratio and (B) DCC of syntheses with different concentrations of alkali cations.
M is either Lithium, Sodium or potasium. The batch composition of the syntheses was 1 SiO2:0.025 AlO2:0.35-X OSDA+:X M+: 0,35 OH-: 16.5 H2O.

are often the active sites in redox catalysis, their presence increases the metal loading and
activity of the zeolite. Control over the amount of proximate Al inside of a zeolite, as probed
by an aqueous cobalt exchange and expressed as a

𝐶𝑜2+
𝐴𝑙

ratio or the Divalent Cation

Capacity (DCC), has mainly been thermodynamic in nature. The use of both organic and
inorganic SDA’s could result in an increased DCC, if the sites of both SDA’s inside the
framework were sufficiently close to stabilize the negative charges of two proximate Al. [12] However, recent advances showed the viability of a kinetic route, namely Interzeolite
Conversion or IZC (sometimes called interzeolite transformation), to steer the DCC in CHA
to high values. This way, Devos et al. were able to produce SSZ-13 (Si/Al=35) zeolites with
up to 70% proximate Al (DCC~0.35).[3]
The goal of this research was to combine both the thermodynamic and kinetic routes by
adding different alkali metals (Li+, Na+ and K+) to a FAU-to-CHA IZC system resembling the
one reported by Devos et al.[3] To assure no interference by other factors, the total
hydroxide concentration was kept constant between trials, whilst varying the

𝑀+
𝑂𝑆𝐷𝐴

-ratio.

The first of these results are displayed in figure 1. Even at low cation ratios, there is a big
difference noticeable between the three systems, as the Si/Al ratio (Figure 1A) decreases
together with the charge density of the alkali cations. At higher alkali concentrations
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(1<

𝑀+
𝑂𝑆𝐷𝐴

<2), the Na+ and K+-systems didn’t show a significant change in Si/Al ratio.

Elemental analysis on the K+-series confirmed this to be caused by the inability of the
zeolite to retain an increasing amount of these alkali metals at higher batch concentrations.
The Li+- system, however, shows a sharp increase in Si/Al ratio, at intermediate
concentrations (0.2<M+/OSDA<0.5). This is thought to be due to lithium’s ability to stabilize
defects, thus negating the necessity of an Al for charge balance. At even higher
concentrations (

𝑀+
𝑂𝑆𝐷𝐴

>1) the presence of Lithium orthosilicate was confirmed by X-Ray

Diffraction.
The DCC displayed in figure 1B, indicates similar trends for the Na+ and K+ systems,
showing a clear decrease in DCC as the alkali concentration increases. This is surprising
for two reasons, first of all, in syntheses starting from amorphous sources, Na+-ions have a
positive effect on the DCC.[2] And second, there is no increase in K+ which is retained in
the zeolite as the batch concentration increases (vide supra), indicating the role of K+ ions
during dissolution and crystal growth must be equally important in controlling Al
distributions in the resulting SSZ-13 zeolite.
Finally, the Li+ series shows by far most interesting results. Even at low concentrations, a
sharp increase in DCC is observed all the way to a value of 0.5, which indicates 100% of
the Al is in a proximate (≈ paired) state. This plateau is held over a range of

𝑀+
𝑂𝑆𝐷𝐴

from 0.15

to 0.5 after which it drops again. The observation that the DCC remains constant over a
range of Li+ concentrations, shows great confidence towards proximate alumina being

Figure 6: The relative crystallinity, Si and Al yield of a synthesis system with a
𝑳𝒊/𝑶𝑺𝑫𝑨 of 0.2 in respect to the synthesis time.

responsible for the Co2+-uptake of this sample, as the amount of lithium inside of the
formed zeolite was also observed to be increasing over this range, excluding defects from
stabilizing Co2+. This beneficial effect of lithium has already been observed in syntheses
from amorphous sources, where it resulted in SSZ-13 with a DCC of 0.20, which is among
the highest non-IZC values mentioned in literature. Lithium’s effect was appointed to its low
polarizability and high charge density.[4]
To get a better understanding in the formation of paired alumina sites, the course of
crystallisation was followed in a system with a

𝐿𝑖 +
𝑂𝑆𝐷𝐴

-ratio 0.2, and the results of these
70

experiments are displayed in figure 2. The figure shows the Si and Al yields and the relative
crystallinity of the system. After two hours, there was no more increase in solid yield and
relative crystallinity was over 65%. This is even faster than IZC without alkali metals, which
takes around 2.5 hours to be completed. This result is not surprising, as it is known that Li+
and Na+ can speed up crystallisation due to them being water structure forming cations as
opposed to K+ which is a water structure breaking cation.[5] Following the Al and Si yields
during synthesis (figure 2), some remarkable observations can be made. During
crystallisation, the Al yield increases first and reaches close to its maximum after 60
minutes, simultaneously the first crystalline peaks are observed. In this period, the Si yield
also experiences a slight increase, yet a second cohort of Si is added between 75 and 90
minutes. It thus seems likely that during IZC of FAU to CHA, the formation of Al rich cages
takes place first, after which a second cohort of Si rich cages gets formed. These results
may have a wider application than only for the discussed systems.
In conclusion, the effect alkali cations of different charge density had on an IZC system was
shown and used to obtain a sub micron SSZ-13 zeolite with a DCC of 0.5. These zeolites
are widely apllicable in different contexts, being ideal supports for transition metals, or in
providing synergystic effects in acid catalysis due to proton proximity. Secondly, a
mechanistical description was given trying to elucidate the formation of pairs and more
broadly, the general course of IZC. This led to unique insights into the thermodynamics and
kinetics at play during zeolite crystallisation. The results of this research are being
sumarized in a paper which should be submitted in the near future.[6]
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In recent years, a number of new organic structure directing agents (OSDAs) have been
shown to successfully direct the synthesis of CHA zeolite. Despite the diversity of OSDAs
used, aluminosilicate CHA is synthesized with either cubic (including truncated or
intergrown cubic) or spheroidal crystal morphology [1-2].
Copper-exchanged SSZ-13 (high silica CHA zeolite) provides excellent hydrothermal
stability and good catalytic activity across a range of feed gas compositions for the NH3SCR reaction, leading to its widespread use. Two types of Cu sites (Z2-Cu or Al2-Cu2+ and
Z-Cu(OH) or Al-[Cu(OH)]+) have been postulated to be present and play an active role in
the NH3-SCR reaction on the Cu-SSZ-13 catalyst [3]. Since the tetrahedral Al site in a
zeolite structure brings an associated negative charge to the framework, various strategies
may be used to manipulate charge distribution or density (or both) during the zeolite
synthesis process to synthesize SSZ-13 with altered Al distribution. The use of different
types and proportions of inorganic cations [4-5] in addition to commonly used OSDAs is
one possibility. Another approach involves the use of amine-stabilized Cu precursors [6] for
in situ synthesis of Cu-SSZ-13. The use of fluoride in the synthesis may also lead to altered
Al distribution as it provides additional negative charge to the framework by associating
with the framework T atoms [7].

Figure 1 - (a) Typical cubic morphology of SSZ-13, (b) Flake-like morphology of SSZ-13 seen in high K-containing
systems.

We have applied mixtures of cations as a general synthesis strategy to make CHA zeolites
with varied Al distribution. One approach involves the use of “+2” charged OSDAs in
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combination with “+1” charged OSDAs. For example, our results using the hexamethonium
diquat, as a mixture with trimethyl adamantammonium (TMAda+), suggest changes in Al
distribution as demonstrated by altered Cu uptake behaviour, as well as varied Cu
siting/speciation in the resulting CHA products. In the K+ and TMAda+-based system, we
find that the ratio of K+/TMAda+ cations in the synthesis gel impacts the K and organic
content of the synthesized zeolite, suggesting altered Al distribution. With increasing K
content of the gel, the as-made zeolite was found to have lower organic contents, indicating
that K+ cations “exclude” TMAda+ from some of the zeolite cages. As this effect is taken to
an extreme K+/TMAda+ ratio of 15 or above, a unique flake-like morphology of SSZ-13
zeolite (Figure 1) is observed. It is interesting to note that this morphology is similar to the
previously reported platy crystals of the isostructural SAPO-34. Detailed analysis of XRD
and SAED (selected area electron diffraction) data, combined with previously published
results on low silica CHA syntheses, will be used to rationalize possible factors contributing
to this unique morphology of SSZ-13.
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Introduction
Metal nanoparticles are promising catalysts because of their high surface-to-volume ratio
that enhances the number of active surface sites compared with the bulk materials.[1] The
activity of metal nanoparticles depends on the number of atoms located at corners and
edges of the particles, and this number decreases with the particle size. However, metal
nanoparticles are thermodynamically unstable due to their high surface energy; thus, they
tend to sinter at high reaction temperatures and in the presence of water. These structural
changes usually result in a decrease in catalytic activity.
Cu-based catalysts play an important role in many industrial processes, such as the watergas shift reaction, hydrogenation of CO2 to methanol, partial oxidation of methanol, or
selective hydrogenation of oils. Methanol obtained from CO2 hydrogenation is a promising
method to achieve carbon neutrality and mitigate the greenhouse effect. In this sense, CO2
has a great potential as feedstock for chemicals and renewable fuels. The commercial
catalyst used in the process is Cu/ZnO/Al2O3 which suffers deactivation due to the
presence of water that is formed in the reduction of CO2.
Enhancing the stability of these materials against water is crucial to slow down the
deactivation of the catalysts. Encapsulation of metal nanoparticles into zeolites allowed to
combine the enhancement in the hydrothermal stability with the shape selectivity of the
zeolites.[2] Direct incorporation of metal cations during zeolite crystallization is highly
desirable to introduce the metal with a uniform distribution in the solid. However, the
synthesis of zeolites usually requires high temperatures under alkaline media that causes
the precipitation of metal oxides and hydroxides resulting in the formation of separated
phases of zeolite and metal agglomeration.
Previously, our group reported the preparation of Pt/Sn nanoparticles encapsulated within
ZSM-5 zeolite by using standard metal precursors.[3] The key to avoiding the precipitation
of the metal hydroxides was the acceleration of the zeolite crystallization. The Pt/Sn
encapsulated ZSM-5 zeolite was obtained in only 5 min of hydrothermal synthesis which
allowed the concerted formation of nanoclusters of 1 nm. The obtained materials showed
high activity and selectivity in the dehydrogenation of propane to propene even after
multiple cycles of reaction and regeneration at high temperatures, which confirms the
enhancement of the thermal stability of the encapsulated nanoclusters.
In this work, Cu and Cu/ZnO encapsulated nanoparticles within ZSM-5 zeolite using the
fast synthesis strategy was applied to prepare active catalysts for the CO2 hydrogenation to
methanol. Metal encapsulated ZSM-5 has been obtained in only 5 min of hydrothermal
synthesis showing small metal nanoclusters of less than 6 nm embedded in the ZSM-5
crystals.
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Experimental part
Cu@ZSM-5 and Cu/ZnO@ZSM-5 zeolites were prepared by hydrothermal treatment of a
synthesis mixture with the following composition 1.0 SiO2: 0.0035 Al2O3 : 0.083 Na2O :
0.067 TPAOH : 10 H2O : x CuO : y ZnO, where x varies from 0.01 to 0.03 and y from 0 to
0.02. In a typical synthesis, 0.020 g of Al(OH)3, 0.481 g of an aqueous solution of NaOH 50
wt% and 1.226 g of tetrapropylammonium hydroxide 40 wt% (TPAOH) were mixed and
stirred for 15 min. Then, 5.400 g of colloidal silica (LUDOX AS-40) was added to the
mixture and stirred for 30 min at room temperature followed by an aging treatment at 90°C
for 15 h. An aqueous solution of 0.144 g of Cu(CO2CH3)2·H2O and 0.079 g of
Zn(CO2CH3)2·2H2O was added to the aged mixture and stirred at room temperature for 10
min and ultrasonicated for 30 min. The blue synthesis mixture was transferred to a sealed
stainless-steel tube and heated at 190°C for 2 - 15 min. The solid product was recovered
by centrifugation, washed with distilled water and dried at 80°C overnight. Selected
samples were calcined at 550°C for 2 h.
For comparison, standard Cu/ZMS-5 and CuZnO/ZSM-5 catalysts were prepared by wet
impregnation method using aqueous solutions of Cu(CO2CH3)2·H2O and
Zn(CO2CH3)2·2H2O followed by drying at 80°C overnight and calcination at 550°C for 2 h.

Results and discussion
XRD patterns of the solids obtained at different synthesis times from mixtures containing 1
wt% of Cu or 2 wt% of Cu and 1 wt% of Zn are shown in Figure 1 a and b, respectively.
Pure ZSM-5 zeolite was obtained after 2 min of hydrothermal treatment when a low metal
content as 1 wt% of Cu was used; however, an increase of the total metal content to 2 wt%
of Cu and 1 wt% of Zn resulted in the formation of ZSM-5 and amorphous phase mixtures
at short times. Nevertheless, pure ZSM-5 zeolite was obtained under all the studied
conditions after 5 min of hydrothermal synthesis. These results suggest that the presence
of Cu and Zn slightly delayed the zeolite crystallization. The absence of diffraction peaks
corresponding to CuO and ZnO species suggests the formation of small and well-dispersed
nanoparticles in the zeolite. The incorporation of metal nanoparticles was confirmed by
TEM microscopy. Visible nanoclusters of less than 6 nm can be observed in the TEM
image of the Cu@ZSM-5 zeolite after calcination shown in Figure 1 c. Metal particle size is
larger than the channels of the ZSM-5 zeolite which indicates that these nanoparticles are
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Figure 1 - XRD patterns of the solids obtained after hydrothermal treatment at 190°C for 2 - 15 min of synthesis
mixtures containing 1 wt% Cu (a), 2 wt% of Cu and 1 wt% of Zn (b), and TEM image of a Cu@MFI zeolite after
calcination at 550°C for 2 h containing 3 wt% of Cu (c).

UV-visible absorption spectroscopy was used to preliminary study the chemical nature of
the Cu species incorporated in the calcined ZSM-5 zeolites. UV-vis spectra showed
absorption bands associated with the presence of isolated Cu2+ cations together with CuO
nanoparticles. While the reduction behaviour of the catalysts after calcination was studied
by temperature-programmed reduction (H2-TPR) analysis. H2-TPR profiles showed
reduction peaks between 200 and 400 °C which are attributed to the reduction of Cu oxide.
However, the maximum reduction peak of the Cu@ZSM-5 zeolite appears at a higher
temperature than that of the Cu/ZSM-5 sample, which indicated the encapsulated Cu
species are more hardly reduced due to the confinement effect.
Preliminary catalytic tests in the CO2 hydrogenation to methanol at 250°C and 2 MPa using
the reduced Cu@ZSM-5 zeolite show moderate CO2 conversion similar to that obtained
with the Cu/ZSM-5 zeolite and a slightly higher methanol selectivity than the impregnated
one. Remarkably, the conversion of CO2 did not change with time up to 4 hours and there
was no deactivation due to thermal aggregation or hydrothermal degradation which
suggests the potential of these series of solids as catalysts.
Conclusions
Cu nanoclusters encapsulated within zeolite ZSM-5 has been prepared by fast
hydrothermal synthesis method allowing the preparation of catalysts active for the CO2
reduction to methanol. This study proved that the ultrafast encapsulation strategy can be
used with different metals, broadening its application in catalysts preparation.
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Zeolites with the faujasite (FAU) framework (i.e., zeolite X and Y) are well-known molecular
sieves used as heterogenous catalyst for numerous reactions including the fluid catalytic
cracking (FCC) process [1], biomass upgrading [2], and more recently also the
depolymerization of plastics into aromatics [3]. This category of zeolites is also widely
employed for gas separation and adsorption processes like oxygen purification and CO2
capture. In order to study intracrystalline diffusion [4] and the role of zeolite-binder
interfaces in catalytic reactions (i.e., inside the FCC catalyst particles), large crystals of
FAU type zeolites are needed as model systems as they can be investigated by various
super-resolution microscopy techniques, often even under in situ conditions. Preparation of
such large crystals of zeolite Y have been previously reported using different complexing or
structure
directing
agent,
including
triethanolamine
(TEA),
bis(2hydroxyethyl)dimethylammonium chloride (TCl), 15-crown-5 ethers [1].
Here, we tried to replace the reported SDAs (i.e., TCL and crown ethers) with a green and
more economical SDA (choline chloride-ChCl) and to prepare this large zeolite crystal
within a short crystallization time. We found that FAU-type zeolite single crystals with
bipyramidal morphology and sizes above 10 microns can be synthesized with a gel
composition of 1 SiO2: 0.6 NaAlO2: 2.13NaOH: 127.2H2O: 1.42TEA :0.34ChlCl after 1 day
of aging and 7 days of crystallization at 95 ℃. Crystal structure, composition and
morphology of obtained particles have been studied using different techniques including
Scanning Electron Microscopy (SEM), Focused Ion Beam Scanning Electron Microscopy
(FIB-SEM) and optical microscopy, powder and single-crystal X-Ray Diffraction (XRD), and
Energy Dispersive X-ray (EDX) analysis. We found that the silica source affects the
morphology of the obtained zeolite particles. The bipyramidal single crystals with the FAUtype structure were preferably formed using low surface area silica sources (i.e.,
AEROSIL® 90 with surface area of 90 m2/g, Fig. 1a), while the spherical multi-crystalline
particles were obtained using high surface area silica or a soluble source of silicon (i.e.,
sodium silicate). For instance, under the same crystallization gel composition and
conditions using LUDOX(R) AS-30 as silica source (surface area source of 220 m2/g), the
spherical particles with a mixture of GIS-P, FAU-Y, and sodalite phases were obtained,
whereas pure zeolite P particles were formed when using sodium silicate as the silica
source or when stirring was applied (Fig. 1 b,c).
These results indicate that having a gradient of Si concentration in the gel and a slow
feeding of Si to the zeolite crystals are necessary for growing large crystals of zeolite Y.
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The average size of the bipyramidal zeolite crystals grown for a week was estimated to be
43 ± 4 µm. We also used Confocal Fluorescence Microscopy (CFM) to evaluate the
diffusion inside the zeolite crystals after staining with resorufin and we observed a
homogeneous diffusion front inside the bipyramid crystals, which confirms the uniformity of
structure in the obtained single crystals (Fig. 1d). Here, resorufin applied as a probe since it
can probe micropores of above 0.4 nm [5]. CFM studies also revealed that dealumination
using conventional steaming and acid leaching does not necessarily increase the
accessibility of these crystals. Blocking of the pores and heterogeneity in the Si/Al ratio can
be detected after the dealumination procedure (Fig. 1e).

Figure 1. (a) Single crystal of zeolite Y with bipyramid morphology formed by using AEROSIL® 90 powder as a silica
source; (b) Spherical multi-crystalline zeolite particle obtained by using LUDOX(R) AS-30 as silica source; (c) zeolite P
spherical particles synthesized by using sodium silicate as Si source; d) homogeneous diffusion of resorufin, a
fluorescent probe molecule, inside the bipyramidal Y zeolite crystal. Note that the spherical particle is also present in
this image, and it is not accessible for the resorufin dye. (e) Non-uniform diffusion inside the dealuminated zeolite Y
crystal.
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New applications in renewable energies, environmental protection, and other advanced
technologies often require that zeolites work out of their traditional comfort zone.
Consequently, synthetic chemistry needs to be reviewed and improved, aiming at improved
structural and surface-chemical properties, to satisfy various demand.
Zeolites synthesis in a strongly acidic medium is an extension of the “fluoride route”. In
acidic hydrogels with lowering pH till ~2, i.e., the isoelectric point of the soluble silicate
species, the paradigm of zeolite crystallization applies, that is, the affinity between the
cationic SDA and anionic silicates initiates the formation of a structured composite, which
will grow to nuclei and crystals [1].
Taking silicalite-1 as an example, when the pH approaches 2, big crystals of double-obelisk
prisms around 0.5 cm in length form in 2-4 weeks, depending on the silica source types.
The big crystals obtained in acidic medium possess unprecedented structural integrity and
high local orders, with all 12 T-atoms being well resolved in 29Si NMR (Figure 1).
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The disadvantages of acidic-medium zeolite synthesis are the slow crystal growth kinetics
and the large crystal size, often in the range of tens of micrometers. Using the seeding
technique allows the crystallization time to be reduced to several days and the ultimate
crystals size to several hundred of nanometers. These results were obtained employing
different seeds, including zeolite embryos in the mother liquor, purified nanosized
crystallites, and non-purified nanozeolite suspensions. The products crystallized with
seeding possess perfect crystal structures, and extreme hydrophobic surfaces.
In the strongly acidic fluoride medium, the incorporation of aluminum into the framework is
restricted due to the low solubility of fluoro-aluminum compounds. The addition of
aluminate precursors into the acidic hydrogels further slows down the crystallization speed,
and the lowest Si/Al ratio is over 50, considering a rational hydrothermal duration. Using
pentasil type zeolites as an aluminum source resulted in ZSM-5 crystallization with higher
aluminum contents (Si/Al~20) in an acidic medium. The products show a higher
concentration of Bronsted acid sites than the counterparts synthesized in the traditional
basic medium because of higher crystallinity.

Figure 1 29Si{1H} CP MAS NMR of Silicalite-1 crystallized at pH ~2.

Moreover, the method of zeolite crystallization in acidic medium is not only applicable to
silicalite-1. It might be employed as a general method for the syntheses of porous
tectosilicates of various framework topologies. In practice, the formation of several other
zeolite materials, as well as cage-like clathrate silica compounds, have been observed,
such as AST, MTN, DOH, and DDR. Generally, a common feature of the acidic medium
products is that they are highly ordered respecting the crystalline structure. Another
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advantage of acidic medium synthesis of the expanded chemistry field is that the usage of
those structure-directing agents or framework components that otherwise decompose or
precipitate in basic media become possible at the acidic conditions. One example is
hexamethylenetetramine that does not work in the traditional basic and neutral systems as
SDA but leads to a successful crystallization of dodecasil 3C under the acidic condition.
Detail information on the zeolite synthesis in acidic medium and the physicochemical
properties of the zeolites obtained under such conditions will be provided in the report.
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The high lattice energy of most theoretically predicted zeolites impedes the finding of
optimal conditions for their direct hydrothermal synthesis under equilibrium conditions. As
an alternative to conventional synthesis, the ADOR strategy for inter-zeolite conversion
(including assembly-disassembly-organization-reassembly steps) benefits from the
irreversibility of the final material-forming step (reassembly) and thus allows the preparation
of new types of zeolites [1]. The success of ADOR was already exemplified for UTL, UOV,
IWW, and *CTH germanosilicates, which were used as starting materials due to the specific
features of their lattices. The frameworks of these zeolites are composed of silica layers
connected with Ge-enriched d4r units that are selectively removable after hydrolysis.
Studies on UTL germanosilicate revealed two key processes operating in the disassembly
step and determining the structure and pore architecture of a zeolite formed upon ADOR
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transformation: deintercalation and rearrangement. Deintercalation consists of breaking of
Ge–O bonds and diffusion of some or all species that left the zeolite framework off the
interlayer space. Rearrangement involves species that do not diffuse out of the interlayered
space but form various interlayer-connecting units in a resulting zeolite. The concentration
of water molecules inside the pores plays a key role in both the breaking and the formation
of the T–O bonds in zeolites during deintercalation/rearrangement and therefore
determines the porosity of the final zeolite [2].
Herein, we report the synthesis of UTL-derived zeolites through a gradual reduction of the
d4r interlayer units (d4r → d4r/s4r → s4r → s4r/-O-), using a mechanism markedly different
from the conventional ADOR mode used so far. HCl-induced, slow UTL deintercalation in a
water-free alcohol medium enabled the preparation of zeolites with the same type of layers
but varied interlayer units, and thus different textural characteristics. In turn, the slow
deintercalation/fast rearrangement regime operating in a water–alcohol medium in the
presence of a framework-building element source promoted the “cycled” structural
transformation of the interlayer units (d4r → s4r → d4r) in the UTL zeolite (Figure 1).

Figure 1
Disassembly/rearrangement cycle for UTL zeolite proceeding with initial shrinkage of the
layers and then expansion

In contrast to classical ADOR, which allows us to control the decrease in the pore size of
daughter zeolites, our approach can be used to adjust the pore architecture of zeolites
toward increasing their micropore size. Moreover, heteroatoms as potential active sites can
be efficiently incorporated into the germanosilicate framework (up to 0.5 mmol/g) along with
structure evolution, thereby highlighting the usefulness of this approach for further catalyst
engineering.
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Using a germanium source for the synthesis of zeolites emerged as an excellent approach
towards highly open structures containing double-four-ring (d4r) and/or double-three-ring
(d3r) units rarely found in Ge-free zeolites [1]. The structure of a number of
germanosilicates synthesized thus far consists of such units (mostly, d4rs enriched with
Ge) connecting silica parts, for example, layers, to form a 3D lattice. The difference in the
characteristic bond angles and non-equivalent distribution of Si and Ge atoms between
different framework positions (belonging to layers or connecting d4r units) leads to the
different hydrolytic stability of these units. This phenomenon was utilized to transform
appropriate germanosilicates into new zeolites frequently inaccessible by direct
hydrothermal synthesis. The reported methods are based on a complex sequence of steps
including
i) controllable
acid-base
catalysed
water-assisted
degradation
of
Ge−O(Si)/Ge−O(Ge) bonds in the zeolite framework followed by ii) reorganisation of the
silica building units formed and iii) their topotactic condensation into a new framework with
a topology closely related to the original one. This sequence of post-synthesis processes,
together with hydrothermal crystallization of the parent germanosilicate (synthesis step–
assembly), constitutes the ADOR strategy [2].

As will be exemplified, the ADOR technique allows to produce a set of zeolites composed
of similar layered structural units connected by different types of linkage (e.g., d4r or s4r
units, oxygen bridges or their combinations), which determines the size of pores in the
resulting zeolite and thus its textural properties (Figure 1). The type of linkage in derived
zeolites strongly depends on the synthesis conditions, such as the relative rates of
leaching, diffusion, and reinsertion of germanate and silicate ions or polyatomic species,
which are affected by the pH and temperature of the treatment.
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In addition to transformations involving alteration of the zeolite topology, adjustment of the
framework composition preserving the zeolite structure can be applied for the same type of
germanosilicates as for ADOR. Such an isomorphous substitution aims at stabilising the
initially “fragile” germanosilicate framework or generating specific active sites. Ge atoms
can be substituted by post-synthesis treatment using a gaseous (volatile heteroelement
compounds), a liquid (solutions with appropriate pH and temperature) or a solid source of
substituting atoms. Besides incorporation of active sites, post-synthesis isomorphous Gefor-heteroelement substitution can be combined with germanium recovery and recycling,

Figure 1
Examples of parent germanosilicates and respective derivative zeolites produced by ADOR

enhancing sustainability of the produced materials taking into account the high cost of Ge.
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With increasing demand for petrochemicals and clean fuels, and the reduction in crude
oil quality, more heavy oils need to be upgraded into high value products. Direct
catalytic conversion of crude oils to chemicals represents a viable and efficient way to
achieve various upgrading targets while reducing carbon-footprint, improving energy
efficiency and adding revenue without excessive capital cost. Large molecules in heavy
oils cannot efficiently diffuse inside the widely used 12MR zeolite based hydrocracking
catalysts, where the majority reaction sites are located. At the same time, fast catalytic
deactivation occurs due to mass-transfer limitation as a result of the long diffusion path
length associated with micro-zeolites. Two main approaches are used to solve the
problem: (1) reduction in zeolite particle sizes, especially to nano dimension to help
shorten the diffusion paths and greatly increase the external surface area [1,2], where
very large molecules in heavy oils are converted to middle distillates and lighter
fractions; (2) increasing zeolite pore sizes by developing hierarchical zeolites with
micro- and mesoporous pore sizes [3,4], where the molecules in VGO or diesel are
converted to naphtha and lighter fractions.
Zeolite beta is 12MR zeolite and widely used in petroleum and petrochemical
industries. Nano-sized zeolite beta are typically synthesized via hydrogel methods,
which could then be followed by post medication steps, such as dealumination or
desilication, to obtain hierarchical nano-zeolite beta. In this communication, hierarchical
nano-sized zeolite beta particles were synthesized in one step by dry-gel method
resulting in the increase in product yields to over 90wt%, compared to only 50 wt% for
zeolites synthesized via the conventional hydrogel approach. This increase is
associated with the further reduction in particle size by 30nm, and the increase in pore
sizes, surface area, and crystallinity by more than 25%, 28%, and 10% respectively.
Table 1 summarizes the main properties of two nano-sized zeolites prepared by hydrogel
and drygel methods. From Table 1, it can be concluded that, compared with hydrogel
method, the nano-sized zeolite by dry-gel method has higher product yield, crystallinity,
surface area, pore volume, and average pore size (5.75 vs 2.83nm) which indicate the
existence of mesoporosity. The typical SEM and TEM results shown in Figure 1 and 2
demonstrate that the zeolite particle sizes in the nano dimension are within average 30nm,
while almost half of the sizes from zeolites via hydrogel synthesis are around 60nm. TEM
image clearly shows the existence of mesopores in the sample. All results demonstrate that
the zeolite synthesized via dry-gel method is hierarchical nano-sized zeolite.

Table 2 summarizes the pilot plant testing results of both zeolites as basis for
hydrocracking catalysts. The catalysts are prepared by Mo-Ni supported zeolite-alumina
support. Compared with hydrogel zeolite-based catalysts, the catalyst with dry-gel
hierarchical nano-sized zeolite beta exhibits higher reaction activity with 100wt% of feed
converted to <350°C fractions, and 7.2 wt% lower gas yield, while the naphtha yield was
18.7 wt% higher. Increasing the production of naphtha is of strategic importance for
downstream industry in the purpose of utilizing more heavy oil for chemical production, as it
is a premium feedstock for steam cracking and reforming processes. Also, the diesel
fraction is excellent blending component for ultra-low sulfur diesel.
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Table 1 - Main properties of nano-zeolites prepared by
hydrogel and dry-gel.

Dry-gel
method

Hydrogel
method

Product yields, wt%

91.5

50

XRD crystallinity, %

110

100

30

60

Surface area, m2/g

756

590

Pore volume, ml/g

1.09

0.83

Average pore size, nm

5.75

2.83

Average particle size,
nm

Figure 1 – Typical SEM image

Table 2- reaction performance comparison in crude
hydrocracking
The feed: HT Arab light crude. Operation conditions: reaction
temperature 390°C, LHSV 1.5h-1, pressure 150 MPa

Catalyst

Figure 2-Typical TEM image

MoNi/hydrogel
MoNi/drygel
based nano-beta based nano-beta

Product properties
Density

0.8053

0.7684

S, wppm

160

12.68

N, wppm

1.3

4.6

C1-C4

41.10

33.93

<180°C

48.90

67.57

180-350°C

9.47

7.89

350-540°C

5.35

0.00

>540°C

0.00

0.00

Product yields FF

86

References
[1] L. Tosheva and V. P. Valtchev, Chem. Mater. 17, 2494-2513 (2005).
[2] L. Ding, Y. Zheng, H. Yang, R. Parviz, Applied Catalysis A: General 353,17–23 (2009).
[3] Ke Zhang, Michele L. Ostraat, Catalysis Today 264 3–15 (2016).
[4] S.V.Donk, A. H. Janssen, J. H. Bitter, and K. P. de Jong, CATALYSIS REVIEWS, 45, 297–319 (2003).

O01.22. EXFOLIATED ZEOLITE NANOSHEETS IN SOLUTION AS PRECURSORS FOR
SYNTHESIS OF NANSCALE COMPOSITES AND HIERARCHCAL MATERIALS BY
DESIGN
W. J. Roth,1 T. Sasaki,2 B. Gil,1 J. Cejka,3 M. Mazur3
1

Faculty of Chemistry, Jagiellonian University, Gronostajowa 2, 30-387 Kraków, Poland.
International Centre for Materials Nanoarchitectonics (WPI-MANA), National Institute for
Materials Science (NIMS), 1-1 Namiki, Tsukuba, Ibaraki 305-0044, Japan.
3 Department of Physical and Macromolecular Chemistry, Faculty of Sciences, Charles
University, Hlavova 8, 128 43 Prague 2, Czech Republic.
Presenting author e-mail: wieslaw.roth@uj.edu.pl
2

Layered zeolites proved to be very difficult to exfoliate into dispersions of monolayers in
solutions [1] contrary to the expectation and behavior of the 2-dimensional solids in general
[2]. The crucial factor was finding and identification of suitable preparations with low levels
of intergrowths [3]. This has been demonstrated with the zeolite MWW and ferrierite-related
layers [4], which showed spontaneous exfoliation in tetrabutylammoium hydroxide
(TBAOH) solutions in high yield. The obtained nanosheets in solution, shown schematically
in Table 1, can be used to prepare various materials especially composites with other
particles that are unimaginable with 3D and even solid 2D materials. Lacking precedents, it
was crucial initially to prove that the obtained dispersions did indeed contain predominantly
monolayered nanosheets without multi-layered impurities. The evidence was obtained by
adopting select combination of special characterization methods including AFM, in situ Xray diffraction, SAXS, in-plane XRD, TEM microscopy and flocculation reactions, for
example with organic compounds yielding intercalated derivatives that could not be
obtained by the conventional intercalation. Specifically, a particular MCM-56 preparation
with the MWW topology and layer thickness 2.5 nm and the material designated FU-1
templated by choline with ca. 2 nm thick layers (related to FER and designated bifer),
showed exfoliation into monolayers with yields approaching 70%. Centrifugations at 10000
rpm ensured predominance of over 90% of monolayers. The layers could be isolated alone
as solids producing mainly face-to-face aggregates, as expected for high aspect ratio
particles. The characterization by FTIR spectroscopy and nitrogen adsorption confirmed
preservation of high acid site concentration and textural characteristics typical for zeolites.
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Table 1. Principal types of zeolite materials, modes of structure modification and examples of novel
zeolite-based products enabled by the availability of exfoliated nanosheets in solution.

Monolayer nanosheets in
solution

Nanoscale mixtures and
composites
Liquid-liquid

2D layered

3D frameworks

Intercalation, expansion
Solid-liquid

Very limited structure modification

Examples of special materials prepared from exfoliated zeolite layers
Left - mixed zeolites MWW and bifer; center - oriented disks; right: house-of-cards MWW layers and 5 nm
TiO2 nanoparticles

The solutions of nanosheets are obtained by initially treating layered zeolite precursors with
a 10% TBAOH solution and centrifugation. After decantation of the supernatant the solid is
stirred with water producing translucent dispersions of the nanosheets, which are purified
by high-speed centrifugation. Alternatively, with lower TBAOH concentrations the
dispersion can be obtained in one step. The usefulness of the obtained dispersions is
illustrated below by several proof-of-principle examples, which can be extended to systems
and compositions that may be desired for particular applications.
Intimate mixed zeolite compositions have been prepared by co-crystallization of the MWW
layers in solutions with suitable zeolite synthesis gels, like tetrapropylammonium silica
mixtures, which afforded MFI-MWW composites. The ratio could be adjusted. Initial tests
with siliceous, i.e. catalytically inactive MFI, indicated that despite dilution of the active
MWW layers up to 50%, the conversion activity in a model reaction (benzylation of
mesitylene) remained unchanged [5]. It suggests that mixing two zeolite phases with
different types of catalytic activity may preserve their original full activity and both can be
functional simultaneously. For comparison we tested MWW nanosheets deposited on MFI
crystals prepared separately and similar effect of maintained activity level was observed. A
really attractive possibility is preparation of mixed zeolite layers, which we investigated with
the two nanosheets available now: MWW and bifer. The exfoliated layer solutions were
prepared separately and mixed without precipitation. The solids were flocculated with the
cationic surfactant hexadecyltrimethylammonium chloride, affording swollen-like materials
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that were pillared with TEOS. TEM images revealed intimate mixture of the layers and
extensive pillaring shown in Table1 (left). Like above, the overall catalytic activity was better
than the sum of each of the components.
Another example of promising application is preparation of films or disks with zeolite layers,
which can be oriented and self-standing. This was confirmed by XRD showing patterns with
00l reflections only. With MWW the interplanar spacing was 2.75 nm as-synthesized and
2.35 nm calcined. The films can be particularly desired with zeolites that have pores
perpendicular to the layers for a membrane-like transport. To that effect, we have
progressed exfoliation of the MFI nanosheets [6], which so far afford lower yields but
nonetheless we were able to produce b-oriented disks.
A particular potential of the zeolite nanosheet solutions lies in obtaining nanoscale mixtures
with nanoparticles, for example metal and metal oxide. One such case was preparation of
MWW layers with Pt nanoparticles, which showed activity comparable to the commercial
catalyst. After preparation for the reaction and activation, there was no agglomeration of the
Pt nanoparticles despite subsequent severe reaction conditions. As an example of metal
oxide nanoparticles TiO2 with approximate diameter of 5 nm was combined with MWW
layers in different ratios. TEM imaging confirmed intimate house-of-cards structures. Zeolite
acid site concentration remained high and preliminary tests show promising activity in
catalytic oxidation.
Zeolite nanosheets also provide a broad area for fundamental studies, which show
similarities and differences in comparison to the other 2D solids. Better understanding is
necessary to fully exploit their practical potential.
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Zeolite is one of the most important commercial catalysts owing to its unique structural
features: well-defined micropores, tunable acidity, chemical compositions, and high
stability. However, the molecule-level channels impose a significant restriction on the
transport of molecules within zeolite crystals, resulting in slow reaction kinetics, an increase
in the secondary reactions as well as the subsequent catalyst deactivation by coking [1]. To
overcome the diffusional limitations, the introduction of secondary (meso-/macro-) pores
into zeolite crystals (i.e. hierarchical zeolites) has been developed [2]. However, the
formation of hierarchical zeolites often requires complex structure-directing agents (SDA)
and/or additional post-treatments. An alternative solution to shorten the diffusion pathway is
the synthesis of zeolites with controlled crystal growth in the direction along with the
channel system of interest [3]. This strategy is of particular importance in the preparation of
zeolites with a biased catalytic performance of different channel systems. For example, MFI
topology contains straight and zigzag channel systems running along the b and a crystal
axis, respectively. Molecule diffusion in the direction of the longitudinal extension of the
crystals shows much slower than in perpendicular directions (Figure 1) [4]. Several
strategies have been successfully developed to regulate the crystal growth preference
including the design of SDA of long-chain molecules or molecules with π–π interactions,
the introduction of F ions, or additives [5]. In spite of remarkable diffusion performance,
there are some drawbacks such as the use of complex and expensive SDA, environmental
unfriendly F ions, and low efficiency of the synthesis.

In this work, we present a methodology for the synthesis of MFI nanosheets with tailored baxis thickness by the introduction of an additive together with a small amount of NH4F. In
contrast to the previous studies requiring additional seeds and F ions to promote the
formation of MFI nanosheets [3,4], MFI zeolites with varied b-axis thickness between 40
and 400 nm were obtained by varying the concentration of F ions and the additive, water
content, crystallization time, and temperature (Figure 1). Detailed crystal growth
mechanism was studied by advanced techniques including XRD, SEM, TEM, solid-state
NMR, physisorption, and IR spectroscopy. The influence of water content on crystallization
kinetics and the formation of small crystals was studied. Twined MFI crystals were formed
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in the absence of both NH4F and additive. In contrast, with urea additive at low temperature
(i.e. 90 °C), plate-like crystals with 300 nm b-thickness were obtained. When additional
NH4F was introduced, the crystallization was facilitated and the b-axis thickness of crystals
was decreased to 170 nm with an increase in NH4F amount. To further reduce the crystal
size, the crystallization temperature was varied, resulting in the formation of nanosized
crystals. Besides, the increase in temperature resulted in a significant reduction of
crystallization time from several days to 3 hours. The same phenomena that decreased the
b-thickness of nanosheets were observed at low concentrations of NH4F. The MFI crystals
with the smallest b-axis thickness of 40 nm were obtained at a defined F/SiO2 ratio. Further
increase in NH4F concentration enlarges the crystal size as well as the b-axis thickness,
which is probably caused by the increased crystallization kinetics. Interestingly, an inverse
trend from nanosheets to twined crystals was observed with an increase of the F/SiO2 ratio,
which is different from the results obtained at low temperatures. These results clearly
demonstrate the capability of formation of MFI nanosheets with controllable b-thickness by
the interplay with the crystal facet modulation agents (additives and NH4F) and reaction
conditions such as water content and synthesis temperatures.

Figure 7. Schematic presentation of the growth mechanism of MFI nanosheets with controllable b-axis thickness.
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Introduction
Since the early days of zeolite sciences zeolite formation invokes curiosity and, even today,
insight into the formation and stability of zeolite precursors is scarce [1]. This gap in
knowledge is in part caused by the commonly applied hydrothermal syntheses, departing
from aluminosilicate gels. In the inherently heterogeneous crystallization medium, the
pathway for nucleation and crystal growth is of dynamic nature and difficult to follow [2].
This heterogeneity also limits experimental accessibility, obscuring molecular level
observation of zeolite precursors and their condensation mechanism. The use of
monophasic synthesis media is one option to study these species in more detail. By
increasing the alkalinity and limiting the water content, zeolite synthesis is brought into the
realm of inorganic hydrated silicate ionic liquids (HSiLs). In contrast to aluminosilicate gels
or sols, these true liquids can be investigated at the molecular scale. This provides the
opportunity to study zeolite formation in a simple model system. In this work, ion-paired
pre-nucleation clusters were identified as precursors for zeolite nucleation and a kinetic
model describing all observations is proposed.
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Experimental
a

Synthesis liquids are prepared by hydrolysis of TEOS (Acros
Organics, 98%) in concentrated alkali metal hydroxide solutions (~2
molar NaOH, Fischer Scientific, 98+%). Spontaneous coacervation
separates the liquid into an ethanolic water phase and a dense,
inorganic hydrated silicate ionic liquid (HSiL). Controlled addition of a
sodium aluminate solution to the HSiL results in optically clear,
homogeneous precursor liquids with molar composition of 0.5 Si(OH)4
: 0.03 Al(OH)3 : 1 NaOH : n H2O. Water contents ranged from n = 2.5
– 300 and will be expressed in terms of molar fraction of NaOH (xNaOH
= 1 / (1.53 + nH2O)). The aluminum content is chosen to be low and
constant, and is therefore the limiting reagent. Synthesis liquids were
characterized by liquid-state 1H, 23Na, 27Al, 29Si MAS NMR
measurements before hydrothermal treatment at 60°C in a rotating
oven for 7 days. Solids are characterized by quantitative powder X-ray
diffraction (XRD) and supernatant liquids are subjected to elemental
analysis using ICP-OES. The conductivity of the samples was
determined in- and ex-situ by moving-electrode electrochemical
impedance spectroscopy (MEEIS) [3].

Crystallisation

Zeolite
formation

measured
in-situ

b

FIGURE 8 - CONDUCTIVITY (A) EX-SITU BEFORE
SYNTHESIS AS A FUNCTION OF WATER CONTENT AND
(B) IN-SITU AS A FUNCTION OF TIME AND
TEMPERATURE.

Results and discussion
Before synthesis, the ionic mobility of the zeolite synthesis liquids was investigated via
conductivity (Fig. 1a). The conductivity curve in
function of composition increases steeply at first,
to decrease with further increase of NaOH. The
initial rise reflects the increasing charge density,
the decrease arises from ion-pairing, caused by
scarcity of solvating water molecules for the
conducting ions. The aluminosilicate oligomer
speciation is identified and quantified via 27Al
MAS NMR measurements. In the more diluted
media,
aluminate
is
present
in
small
aluminosilicate oligomers, but also in nanoaggregates. These nano-aggregates are absent
in the ionic liquid regime, which is dominated by
ion-pairing and where aluminosilicate four rings
are clearly observable (Fig. 2a,b). When these
FIGURE 9 - (A) ALUMINATE SPECIATION, (B) ALUMINATE
FRACTION BUILD INTO FOUR RINGS AND OLIGOMERS AN (C)
synthesis liquids are hydrothermally treated, highZEOLITE FRACTION IN SOLIDS IN FUNCTION OF WATER CONTENT.
quality GIS-type zeolite product forms in the
hydrated ionic liquid domain (XNaOH>0.03), whereas more dilute liquids yielded amorphous
product (Fig. 2c). Combining all these observations shows that zeolites can form
efficiently, when ion-pairing between sodium and aluminosilicate oligomers
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becomes dominant in the synthesis medium. The observations are rationalized by
modern nucleation theory, describing crystal nucleation pathways [6,7].
Literature identified a direct crystallization pathway via the condensation of pre-nucleation
clusters [7], which can be of ion-paired nature. In analogy, we conclude in the here
studied system aluminosilicate four rings serve as ion-paired pre-nucleation
clusters.

FIGURE 10 – SCHEMATIC ILLUSTRATION OF PROPOSED KINETIC MODEL FOR ZEOLITE GROWTH FROM ION-PAIRED PRENUCLEATION CLUSTERS
(PNC)

In-situ monitoring of the crystallization in the ionic liquid regime was performed by MEEIS in
function of temperature (Fig 1a). The crystallization curves could be quantitatively
described by a kinetic model, consistent with the assumption of ion-paired prenucleation
clusters (PNCs). The model consists of an initially reversible attachment of the ion-paired
species to the growing crystal, followed by irreversible final consolidation upon charge
release into the medium. The validity of this model relies on fast liquid dynamics, ensuring
(quasi-)equilibrium among the ion-paired oligomeric species. Type of cation, alkalinity,
water content, silicon to aluminium ratio, and temperature (Fig.3) determine which ionpaired aluminosilicate species reaches its solubility limit and serves as prenucleation
cluster (PNC), which reversibly attaches to the growing surfaces, releasing alkalihydroxide.
(reaction step 1). The attachment becomes permanent only after this alkalihydroxide has
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travelled far enough from the surface (reaction step 2). This proposed model describes the
morphology of the obtained materials in terms of the supersaturation levels of the
crystallizing molecular species.

Conclusions
Zeolite synthesis in hydrated silicate ionic liquids allow molecular investigation of the
formation and stability of zeolite precursors. In this study, it is shown that ion-pairing
stabilized aluminosilicate four rings, acting as ion-paired pre-nucleation clusters for zeolite
crystallisation. The observations are in line with recent advances in nucleation and allow a
concise modelling of the experimental crystallization curves.
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Previous studies of the influence of ball milling on the physicochemical properties of
zeolites showed that the milling causes the change in the size and morphology of the milled
samples, followed by the crystallinity decrease and finally, the formation of an X-ray
amorphous phase. The period of time needed to obtain completely amorphous material
was found to depend on the zeolite framework type and the cations present at the
exchange positions [1, 2]. This finding was employed in tribochemical treating of crystal
seeds and zeolite precursors to reduce the zeolite synthesis time [3]. Likewise, the
combined bead-milling and post-milling recrystallization yielded nanosized zeolites (60 nm)
with high crystallinity [4, 5]. Upon hydrothermal treatment of an amorphous Si-O-Sn
precursor prepared by mechanochemical grinding of initial chemicals, MFI-type zeolite
materials with precise control of the Brønsted and Lewis acid sites have been synthesized
[6]. Similarly, ball milling facilitated the incorporation of Ga and Al in the zeolite lattice [7, 8].
Indeed, there are plethora of advantageous impacts of the mechanochemical treatment
step in materials preparation in general. Hence, understanding the processes taking place
during the milling is imperative for future employment of this technique in materials
engineering. Various avenues have been explored for monitoring milling reactions – in situ
XRD; infrared, UV-Vis, and Raman spectroscopy, as well as real-time temperature sensing
[9]. Herein are presented the results of an investigation of the impact of milling treatment of
zeolite Y in the presence of alkali hydroxides on the formed solid phases and their
properties in terms of the size of the particles, the morphology as well as defects.
The zeolite material investigated in the scope of this study was a FAU-type material (SK40, Ventron GMBH, Linde molecular sieve catalyst, Na-form, Si/Al = 2.4). Proper amounts
of the FAU-type material and KOH/NaOH/CsOH have
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Figure 1 – in situ XRD measurements.
Time resolved X-ray diffractograms of mechanochemical reactions of zeolite Y and potassium hydroxide at 110 °C. A)
Reaction performed in the presence of water; B) Close-up view of the interval 0-2.1 ° 2θ of the reaction A; C) Close-up
view of the interval 3-11 ° 2θ of the reaction A; D) Reaction carried out without water; E) Close-up view of the interval 02.1 ° 2θ of the reaction D; F) Close-up view of the interval 3-11 ° 2θ of the reaction D; constant lines in each diagram at
2.2 ° 2θ correspond to the PFA from which the milling jar is made of.

been subjected to mechanochemical treatment for periods of time 0 – 2 h in the IST636
high-energy mixer mill. The operating frequency was 30 Hz, the temperature 110 °C, while
one zirconium oxide ball was used as the grinding media. Two parallel sets of experiments
were performed, as a small amount of water has been added to one of the system andno
liquid water was introduced to the other. Initial materials and the solids obtained upon the
ball-milling treatment have been characterized by XRD, SEM, laser light scattering, and
solid-state NMR spectroscopy. The ball milling process of some of the systems has been
monitored in situ at the Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany.
For the sake of comparison, the same amount of zeolite Y and the alkali hydroxide was
mixed with nearly 30 times higher amount of water than in the ball-milleed systems and
was subjected to conventional hydrothermal treatment in the PP bottles in a convection
oven preheated at 110 °C.
The in situ XRD patterns of the solids measured at the synchrotron facility, while ball
milling of the zeolite Y samples in the presence of alkali hydroxides (KOH, NaOH or CsOH)
displayed in Figure 1, suggest that the phase change occurs during the mechanochemical
treatment. Due to the interferences with the pattern of the milling jar material (PFA), there
were difficulties in assigning crystalline phases present in the solid phase, yet these in situ
powder XRD monitoring provided information on the reaction periods when the changes of
the XRD patterns occurred. The samples that were obtained from ex situ experiments, i.e.,
have been ball milled for the reaction times determined on the grounds of the synchrotron
data, were employed to ascertain the phase composition of the solid phases recovered
during the course of the mechanochemical treatment. The observed crystalline phases
involve zeolite framework types such as GIS, SOD, ANA, etc., in agreement with the
previous studies performed under hydrothermal conditions in systems of similar chemical
composition [10, 11]. The hydrothermally treated counterpart reactions yielded different
products suggesting diverse pathways of the zeolite syntheses conducted with different
water content. The results demonstrate that the phase composition of the harvested solid
phases differs with respect to the grounded samples. Furthermore, the morphology and the
size distribution of the particles were found to be a function of the reaction time and the
nature of the alkali cation present in the system. The NMR measurements indicate that the
framework of the crystalline materials prepared by means of ball milling presents a few
defects.
The collected set of results clearly illustrates the potential of mechanochemical treatment
for carrying out interzeolite conversion reactions in a rather short period of time and with
significantly reduced water content with respect to conventionally performed reactions of
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this type. Evidently, this makes the ball milling procedure more ecologically sound than the
classic method of interzeolite conversion. Further, the phase composition and the
properties of the formed material arise as an outcome of the subtle interplay of kinetic and
thermodynamic factors. They ensue as a consequence of numerous events (condensation,
(de)polymerization, (de)protonation, etc.) taking place concurrently in the synthesis mixture.
It is expected that the findings reported here will provide guidelines for designing and
conducting further ball milling experiments to achieve even more environment-friendly
process of interzeolite conversion.
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Introduction
Most zeolites with high Si/Al are synthesised in the presence of expensive organic
structure-directing agents (OSDAs) and/or heteroatoms. The OSDA-free synthesis
approach is cost and environmentally beneficial, but it is very challenging to achieve high
Si/Al materials through this method. Consequently, novel ways of synthesising silica-rich
zeolites via OSDA-free synthesis methods are of great importance.
There have been multiple routes reported in the literature for the synthesis of zeolite KFI [14]. A recent OSDA-free inter-zeolite conversion synthesis required a very large amount of
K+, Na+ cations and NO3- anions to be used [3]. The importance of high alkalinity and use of
NO3- salts in this synthesis has not yet been explained in detail. In the present work, zeolite
KFI was synthesised via this non-conventional, high alkalinity route. It was found that
together with K+ cations, NO3- anions act as an inorganic structure directing agents
(ISDAs). The presence of nitrate ions in the KFI structure was confirmed using analytical
and spectroscopic techniques. Upon dehydration and refinement, the position of ions in the
KFI structure was determined. Additionally, this known synthesis was modified and a series
of K,Cs,NO3-KFI samples was prepared with increased Si/Al ratio. The hydrated zeolite
K,Cs,NO3-KFI exhibited a lowering of symmetry. The presence of NO3- anions contributes
to a large cation-exchange capacity due to a very high charge density.

Experimental
The zeolites K,NO3-KFI and K,Cs,NO3-KFI were obtained from synthesis gels having the
following chemical composition: 21-30 SiO2: 1 Al2O3: 37 Na+: 75 (K++Cs+): 6 OH−: 1282
H2O, according to a literature method [3]. Two different commercial zeolites Y with Si/Al
ratio of 6.2 and 16.2 for CBV712 and CBV 720, respectively, were used. The resulting KFI
samples were characterized by powder X-ray diffraction (PXRD) and the Si/Al ratios were
determined by magic angle spinning nuclear magnetic resonance (MAS-NMR)
spectroscopy. The PXRD patterns of the dehydrated samples were obtained from loaded
and sealed capillaries and the structures determined by Rietveld refinement. Energy
dispersive X-ray (EDX) analysis and Raman spectroscopy were used to characterize the
composition of KFI samples.

Results and discussion
The PXRD patterns of K,NO3-KFI and K,Cs,NO3-KFI samples showed highly crystalline and
phase-pure materials (Figure 1a). Low ratios of CBV712/CBV720 required use of the Cs+
cations to eliminate formation of erionite (ERI) impurity. Comparison with PXRD pattern of
K-KFI prepared through established routes showed a difference in peak intensities,
suggesting the presence of additional extra-framework species. To help with identification
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the EDX analysis and Raman spectroscopy were used. The EDX analysis of an extensively
water-washed sample of KNO3-KFI revealed an unexpectedly high K/Al ratio of 3.2
suggesting very high ion exchange capacity for this material (Figure 1b). A small peak was
also observed at energy of 0.39 kV, corresponding to nitrogen. To confirm the presence of
N in K,NO3-KFI Raman spectroscopy was applied. A sharp peak was observed at 1050 cm1 which was assigned to the symmetric stretching mode of NO - ions (Figure 1c) [5].
3

Figure 1 – (a) PXRD patterns of KFI samples, (b) EDX spectra of K,NO3-KFI sample and (c) Raman spectra of KNO3
and KFI samples.

Rietveld refinement of the KFI structure with NO3- occluded in the
pores located the K cations. Extra-framework cations in KFI have
been previously found to occupy three sites: single eightmembered ring (site 1 = S8R site, coordinates (0, 1/4, 1/2)) of the
pau cage, single eight-membered ring of the lta cage (site 2 =
S8R, coordinates (0,y,0), y ≈ 0.35) and single six-membered ring
(site 3 = S6R site, coordinates (x,x,x), x ≈ 0.15) of the lta cages
(Figure 2) [1,6-7]. In the dehydrated K,NO3-KFI all three sites
Figure 2 – Representation of three (site
(sites 1, 2 and 3) were fully occupied with K+ cations. The NO31 - blue, site 2 - pink and site 3 - green)
anions were found in the middle of pau cages and off the middle of
extra-framework cation positions in KFI.
the lta cages indicating that these ions are acting as ISDAs and
are stabilising the structure of KFI (Figure 3a). The additional K+ cations implied by EDX
analysis were required to balance the NO3- anions. The unit cell composition was described
as K33.1(NO3)17.9[Al19.6Si76.4O192] with unit cell parameter a = 18.618(1) Å and cubic 𝐼𝑚3̅𝑚
symmetry.
In the dehydrated K,Cs,NO3-KFI, the Cs+ cations were found to fully occupy site 2 with sites
1 and 3 being fully occupied by K+ cations giving the unit cell composition
K24.2Cs11(NO3)17.7[Al18.1Si77.9O192] with unit cell parameter a = 18.604(1) Å and cubic 𝐼𝑚3̅𝑚
symmetry (Figure 3b). Remarkably, the PXRD pattern of the hydrated K,Cs,NO3-KFI
sample showed splitting of peaks at high 2 theta angles indicating a change of symmetry
(Figure 3c). The structure was successfully refined in tetragonal I4/mmm symmetry with
unit cell parameters of a = b = 18.629(1) Å and c = 18.684(1) Å (Figure 3 d). The
distribution of the ions in the hydrated sample was the same as for the dehydrated sample.
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Furthermore, the Si/Al ratio of K,Cs,NO3-KFI sample yielded higher than for K,NO3-KFI, 4.5
and 3.9, respectively, as measured by deconvolution of the 29Si MAS NMR spectra. To
further demonstrate the importance of nitrate salts in OSDA-free synthesis of zeolite KFI
additional experiments with other K+ and Na+ inorganic salts (SO42- and PO4-3) were
conducted.

Figure 3 – Representation of (a) K,NO3-KFI structure and (b) K,Cs,NO3-KFI structure (K - violet, Cs - pink, O – red, N –
blue, T sites – grey, framework O atoms are omitted for clarity and T–T linkages are represented by grey rods). (c)
PXRD pattern of hydrated K,Cs,NO3-KFI sample.

Conclusions
In depth understanding of the KFI structure with NO3- ions occluded in its pores led to a
better understanding of this type of synthesis. Both the K+ cations and NO3- anions are
acting as ISDAs helping to stabilise the structure of KFI, producing a material with very high
ion exchange capacity. The high alkalinity OSDA-free synthesis gives a different route for
obtaining the zeolite KFI and it may be possible to broaden out this inorganic cation-plusanion approach to other zeolites.
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Metallosilicate materials containing metal species in their own zeolite structure have been
suggested as very effective materials in various applications owing to their high dispersed
framework metal species and sinter-resistance of metal sites. Among two methods to
develop metallosilicate, bottom-up synthesis of framework-incorporated metallosilicate from
the metal-containing mother liquor can provide more stable and uniform metal species
within the framework with maintaining zeolite structure [1]. However, there are challenges
to synthesize metallosilicate via the bottom-up method owing to M(OH)x or MOx species
formed in mother liquor, unmatched rates of zeolite crystallization and incorporation of
metal species, charge unbalance of zeolite framework containing metal species, and
unfavorable M-O bond length in the structure, etc. Among the studies for overcoming those
problems to synthesize metallosilicate zeolite materials, the interzeolite transformation
which converts mother metallosilicate into another daughter metallosilicate has been
suggested up to now owing to its excellent advantages as a synthesis method [2]. In this
study, we prepared nickel silicate beta (Ni-BEA) zeolite within 12 h by interzeolite
transformation of nickel silicate MWW (Ni-MWW) reported in our previous study [3].
The interzeolite transformation of Ni-MWW to Ni-BEA was carried out as follows: The
calcined Ni-MWW and siliceous beta seed (0.1 wt.% with respect to SiO2) were dissolved
TEAOH (35%, Aldrich). Subsequently, NH4F was added to the mixture above. After drying
at 80 oC, the dried mixture was transferred to a Teflon-lined stainless autoclave, and
heated at 190 oC for 1-24 h. We characterized the solid products via powder XRD,
TGA/DTA, N2 sorption, ICP-OES, SEM, STEM-EDS HAADF, H2 chemisorption, IR
spectroscopy, UV-DRS, XPS, 29Si MAS NMR, and H2-TPR. We evaluated Ni-BEA catalyst
in dry reforming of methane (DRM) reaction at 700 oC with GHSV (mL gcat-1 h-1) 30,000 or
60,000 after pre-treatment under flowing H2 or N2 at 700 oC for 3 h.
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Powder XRD patterns of a series of solid Ni-BEA products were shown in Fig. 1a. The solid
product obtained after 0 h of heating exhibited a characteristic peak for the MWW phase
with small X-ray peaks for TEAF. *BEA structure of Ni-BEA was almost crystallized and the
MWW phase was disappeared simultaneously within 2 h of crystallization, and only the
pure *BEA phase remained after 12 h of crystallization. In addition, there are no X-ray
diffraction peaks assignable to metallic Ni and NiO species, which indicates the high
dispersion of Ni species in the structure. Correspondingly, the organic content measured by
TGA/DTA (not shown) relative to crystallization time was consistent with powder XRD
patterns. The organic content of solid product at 1 h was ca. 8 wt.% with low DTA intensity,
however, the content of occluded organic in the fully crystallized Ni-BEA was increased up
to 15 wt.% at longer crystallization time (24 h). BET surface area (not shown) of the solid
product obtained at the initial stage (1 h) was decreased due to the transformation of the
phase into an intermediate state with low crystallinity. On the other hand, the micropore
area of Ni-BEA (12 h) was 481 m2 g-1 which is 22 times higher than the external surface
area (22 m2 g-1) indicating the development of the 3D microporous structure of Ni-BEA.
Furthermore, we also confirmed the successful formation of 3D zeolitic structure of Ni-BEA
because the external surface area of Ni-BEA was lower than that of Ni-MWW (109 m2 g-1),
and H3 hysteresis loop which was existed with type I N2 sorption isotherm of Ni-MWW
owing to microporous solid with plate-like morphology was disappeared. As shown in SEM
images (not shown), the crystal structure of Ni-MWW (spherical agglomerate with ~5.0 μm)
was also converted to irregularly shaped crystals with ~200 nm of Ni-BEA. Therefore, the
change in these morphological properties also indicates the successful interzeolite
transformation of Ni-MWW into Ni-BEA. The IR spectra of Ni-beta, Ni-MWW, and a series
of solid products in structure region of 400-1600 cm-1 (Fig. 1b) showed the interzeolite
transformation of Ni-MWW into the Ni-BEA as well. Ni-BEA (12 h) exhibited the
characteristic peaks of periodic building units (PBUs) of *BEA structure, i.e. six- and fivemembered rings, at 525 and 573 cm-1 and additional peaks corresponding to Si-O-Ni at
1020 cm-1, which means that framework Ni of Ni-BEA remained even after interzeolite
transformation of Ni-MWW at high temperature (190 oC).

Figure 11 (a) Powder XRD patterns and (b) structural IR spectra of a series of Ni-BEA as crystallization time, (c) UVDRS spectra of Ni-MWW, Ni-BEA, and Ni/BEA, (d) (S)TEM-EDS HAADF and EDS elemental Ni mapping image of NiBEA, and (e) H2-TPR spectra of Ni-MWW, Ni-BEA, and Ni/BEA.

We further demonstrated the existence of framework Ni species in Ni-BEA catalyst using
various analytical techniques. As shown in UV-DRS spectra (Fig. 1c), Ni-MWW showed a
sharp UV absorption band at 200 nm with a broad band at 250-300 nm, which were
assigned to framework Ni (the charge transfer transitions from oxygen to Ni2+) and the
electronic transition from the valance band to the conduction band in the NiO, respectively.
Whereas, Ni-BEA exhibited only a UV absorption band at 200 nm which can be assignable
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to framework Ni species, indicating that Ni species formed as NiO were more incorporated
in the structure while interzeolite transformation. On the other hand, Ni/BEA showed only
broad band at 250-300 nm which was assigned to impregnated NiO species. In Ni 2p XPS
spectra (not shown), Ni-BEA showed two Ni 2p3/2 peaks centered at 856.6 and 858.4 eV,
which corresponded to nickel silicate Ni-BEA. In 29Si MAS NMR spectra of Ni-BEA (not
shown), two peaks at downfield, i.e., -107 and -101 ppm, can be coincided with the
chemical shifts of the Q4Si(1Ni) and Q4Si(2Ni) species, respectively. From these
aforementioned results, we can verify that nickel silicate Ni-BEA was well crystallized
during the intezeolite transformation of Ni-MWW. In addition, STEM-EDS images of Ni-BEA
(Fig. 1d) showed the finely distributed Ni species of Ni-BEA crystal.
We confirmed the in-situ formation of Ni species from the Ni-BEA framework via some
analytical methods. H2 chemisorption was carried out on Ni-BEA. Almost no amount of
chemisorbed H2 was evaluated on Ni-BEA before pre-reduction, however, ~22 μmol g-1 of
the chemisorbed H2 on Ni-BEA was determined after pre-reduction under flowing H2 at 700
oC, which indicates the in-situ formation of metallic Ni species after pre-reduction under
flowing H2. STEM-EDS image of Ni-BEA after pre-reduction under the same condition to H2
chemisorption exhibited the highly distributed metallic Ni species smaller than 10 nm in
size. Fig. 1e showed H2-TPR spectra of the Ni-MWW, Ni-BEA, and Ni/BEA catalysts. The
reduction peak of Ni species in Ni/BEA centered at 580 oC was shown owing to the
reduction of NiO into metallic Ni. In contrary to Ni-impregnated Ni/BEA, nickel silicate NiBEA and Ni-MWW showed the reduction peaks of framework Ni centered at around 750
and 700 oC, respectively. Especially, a higher H2 consumption peak of Ni-BEA than Ni/BEA
means that a high temperature exceeding 700 oC is required for the in-situ formation of
metallic Ni species from framework Ni.

Figure 2 (a) CH4 conversion, (b) CO2 conversion, and (c) H2/CO ratio as a function of time on stream over Ni-MWW, NiBEA, Ni/BEA, and Ni/γ-Al2O3 in DRM at 700 oC and 30,000 mL gcat-1 h-1 GHSV. Ni-BEA is the catalyst obtained after 12 h
of hydrothermal crystallization. For comparison, the catalytic data for Ni-BEA and Ni/γ-Al2O3 without pre-reduction are
also added in Fig. 2a-c. (d) IR spectrum in the structural region and (e) (S)TEM-EDS HAADF and elemental Ni mapping
image of Ni-BEA catalyst after DRM at 700 oC and 30,000 mL gcat-1 h-1 GHSV for 12 h.

DRM performance over the four catalysts studied here, i.e. Ni-MWW, Ni-BEA, Ni/BEA, and
Ni/γ-Al2O3, were evaluated. Nickel silicate Ni-MWW and Ni-BEA exhibited higher
conversions of CH4 and CO2 and stability than Ni-impregnated catalysts, Ni/BEA and Ni/γAl2O3 (Fig. 2a, b). Additionally, CH4 conversion of Ni-BEA was 10% higher than that of NiMWW, which can be owing to further active catalytic methane cracking on the rich and
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stable active metallic Ni sites formed during pre-reduction under flowing H2 at 700 oC, which
was supported by a higher H2/CO ratio (Fig. 2c). Furthermore, thanks to the large pore
aperture of *BEA structure, Ni-BEA showed only 3 and 1% deactivation rate of CH4 and
CO2 conversions, and 1 wt.% of coke after DRM at 700 oC with 30,000 mL gcat-1 h-1 GHSV.
Even in DRM reaction at 700 oC with two-fold higher GHSV (60,000 mL gcat-1 h-1), Ni-BEA
showed appreciable stable deactivation supported by 7% and 6% deactivation rates for
CH4 and CO2 conversions and only 1 wt.% of coke. Interestingly, even without the prereduction, Ni-BEA showed considerable initial conversions of CH4 and CO2, ~55% and
67%, in opposite, Ni/γ-Al2O3 exhibited no activity during the initial time on stream, and
continuously increased to ~35% and 47% for conversions of CH4 and CO2, respectively.
Furthermore, we characterized used Ni-BEA after DRM reaction at 700 oC with 30,000 mL
gcat-1 h-1 GHSV. Powder XRD pattern of used Ni-BEA showed peak assigning to metallic
nickel at 2θ = 44o with a pattern of *BEA structure (Fig. 2d), and IR spectra of used Ni-BEA
showed the absence of peak of Si-O-Ni at 1020 cm-1, indicating the in-situ formation of
metallic Ni species from framework Ni during DRM reaction. Even though framework Ni
was extracted from the structure of Ni-BEA, small Ni particles less than 10 nm were finely
distributed over Ni-BEA after DRM reaction as shown in Fig. 2e. From these
aforementioned results in our study, Ni-BEA catalyst can be evaluated as an efficient
catalyst in DRM reaction.
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Adding Germanium to the synthesis medium of the zeolites is a strategy for accessing new
structures, sometimes with extra-large pores. From a structural point of view, these are
strong assets in catalysis. However, a major remaining challenge is the possibility of
substituting Ge by Al to generate structures with compensation cations required for the
reactivity of the zeolites. Also, microporous silicogermanates are often unstable in aqueous
condition after calcination, which limits their application. To stabilize these
silicogermanates, two experimental post treatment approaches are described in the
literature. The first approach allowed the maintain of the initial structure of the parent zeolite
through the direct substitution of Ge for another structural element such as Al (e.g. ITQ-17
zeolite)[1] while the second led to the creation of new stable structures. The IM-12 is a
silicogermanate (UTL structural type)[2] having pore openings with 12 and 14 tetrahedral
atoms. To date, this zeolite could not be synthesized without Ge. Its post treatments led to
the formation of zeolites with new structures and smaller pores[3,4] or to the partial maintain
of the UTL structure with an important loss of microporous volume[5]. The aim of this work is
to stabilize the UTL structure to maintain its high microporous volume and to create
Bronsted acid sites responsible for attractive applications. Our strategy is first to stabilize
the structure by replacing part of the Ge by Si, then to functionalize it by further substitution
of remaining Ge by Al. Chlorides were chosen as substitution agents, motivated by DFT
calculations showing that substitution reactions are possible with chlorides[6].
To reach this goal we first developed a new post treatment unit using gaseous silicon
tetrachloride (SiCl4). This treatment allowed the stabilization of the zeolite by the
substitution of Ge for Si. This substitution was verified by XRF that indicated an increase of
the Si/Ge molar ratio from 4.9 to 9.7. While the XRD proved the maintaining of the initial
UTL structure even after water washing (figure 1). The N2 physisorption indicated that the
initial microporous volume was slightly affected (0.21 to 0.19 mL/g).

Figure 1. XRD of calcined IM-12 silicogermanate before and after water treatment showing a strong cristallinity lost. No
cristallinity lost is observed after the SiCl4 treatment followed by water treatment. XRD of calcined
aluminosilicogermanate IZM-7 (UTL type material).

The obtained stable IM-12 was then functionalized by post-incorporation of Al through a
series of polyaluminum chloride hydroxide treatments and HCl washing. The XRD and the
N2 physisorption confirmed the conservation, after the treatments, of the UTL type structure
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(figure 1) and of the microporous volume (0.184 mL/g). The Si/Ge molar ratio increased to
105. In addition, the pyridine adsorption and FTIR spectroscopy reflected that the obtained
zeolite had small amounts of acid sites: 34 μmol/g of Brønsted acidity and 75 μmol/g of
Lewis acidity. This low acidity was confirmed by the 27Al MAS NMR quantification indicating
a Si/Al (intraframework) ratio of 99. Furthermore, the 27Al MAS NMR spectrum in figure 2
shows a signal around 6 ppm that is characteristic of hexacoordinated Al in zeolites and a
second dominant peak around 55 ppm. The latter is identified as tetracoordinated Al in
zeolites. This aluminosilicogermanate material was named IZM-7[7]. To evaluate the activity
of the IZM-7 in bifunctional catalysis, it was impregnated with an aqueous Pt(NH4)3Cl2
solution to reach a loading of 0.3 wt.% Pt. The resulting bifunctional Pt/IZM-7 catalyst was
tested for the hydroisomerization of decane in a continuous-flow fixed bed reactor. The
reaction products were analyzed using a GC. The results show that this catalyst of low
acidity presents an outstanding activity. With a Si/Al (intraframework) ratio of 100 the
isomers yield is around 40% while a nanosheet MFI with a Si/Al ratio of 50 has a similar
isomerization yield[8] and an USY with a Si/Al ratio of 5.8 has an isomerization yield of
70%[9] (figure 3).

Figure 2. 27Al MAS NMR spectrum of the IZM-7 material showing the presence of hexacoordinated Al (6 ppm signal)
and tetracoordinated Al (55 ppm signal).

Figure 3. a) Conversion of n-decane against reaction temperature, (b) yield of n-decane skeletal isomers and cracked
products against n-decane conversion, of the 0.3 wt.% Pt/IM-12_Si, 0.3 wt.% Pt/IZM-7 and 0.5wt.%Pt/USY catalysts.
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Ongoing studies aim to identify the environment of Si, Ge and Al of the different materials
using 1H; 27Al; 29Si MAS NMR and 2D 1H DQ-SQ MAS NMR combined with the ab initio
calculation of NMR and IR features. This identification will help us understanding the
activity of this catalyst and identify the location of the acid sites. The results reflect a
positive step toward silicogermanates stabilization which can lead to industrial valorization.
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Interzeolite transformation has been used to produce a novel family of hierarchical catalysts
featuring excellent textural properties, strong acidity, and superior catalytic performance for
the Friedel−Crafts alkylation of indole with benzhydrol, the Claisen−Schmidt condensation
of benzaldehyde and hydroxyacetophenone, and the cracking of polystyrene [1].
Intermediate solids of the FAU interzeolite transformation into BEA display both increased
accessibility due to the development of mesoporosity and strong acidity caused by the
presence of ultrasmall crystals or zeolitic fragments in their structure. The use of
surfactants allows for the development of the hierarchical catalysts with very narrow pore
size distribution [2]. The properties of interzeolite transformation intermediates (ITIs) can be
fine-tuned simply by stopping the interconversion at different times (Figure 1b).

Figure 1. a) Schematic representation of the three interzeolite transformation methods evaluated, b) evoluation of the
crystalline and textural properties of the solids (XRD, N2 physisorption isotherns at 77), and c) catalytic evaluation of the
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catalysts for the Friedel−Crafts alkylation of indole with benzhydrol, (center) Claisen−Schmidt condensation of
benzaldehyde and hydroxyacetophenone, and (bottom) polystyrene cracking as a function of the degree of BEA
transformation,

During the presentation, we will we describe a new strategy for the synthesis of superior
hierarchical catalysts, whose properties evolve during interzeolite transformation. They are
composed of zeolitic fragments and display improved accessibility. Because of these
features, they effectively catalyze reactions involving large molecules. We realized this
strategy for the interconversion of FAU into BEA. Additionally, we used quaternary
ammonium surfactants to develop well-defined mesoporosity in the intermediates. By
stopping the interconversion of FAU into BEA at different times, we were able to produce
Interzeolite Transformation Intermediates (ITIs) showing optimized catalytic performance.

A time-resolved study for each one of the three approaches was conducted by interrupting
the interconversion at different treatment times to monitor the evolution of the properties of
the ITI materials, which includes a summary of all the synthesized samples and their
characterization (Figures 1b and 2). The development of the BEA phase was followed by
powder XRD analysis. The alkaline media produces the amorphization and partial
dissolution of the parent FAU zeolite; however, these mesoporous intermediates are
composed of FAU fragments that evolve to produce BEA structural units. The evolution of
the Si/Al ratio of the solids over time supports this liquid-mediated mechanism. The
amorphous material presents the lowest Si/Al ratio of all the ITI samples, yet the solids
recovery was very high in all cases because of the presence of the quaternary amines,
which inhibit desilication. As the interconversion continues, the Si/Al ratio almost recovers
its initial value, indicating the incorporation of the dissolved material into the final zeolite. It
is worth mentioning that this increase in the Si/Al ratio of the samples coincides with the
formation of the BEA zeolite, as evidenced by X-ray diffraction data. Fully crystalline BEA
zeolite was obtained by using any of the three methods, if enough time is allowed.

Figure 2. a) Time-resolved FT-IR spectra, b) time-resolved UV-Raman spectra and c) TEM micrographs of samples
prepared by interzeolite transformation.
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The changes in the morphology and microstructure of the solids during interzeolite
transformation were further studied
by TEM (Figure 2c). A mesoporous sponge-like material, which maintains the initial shape
of the FAU crystals, was obtained during the initial stages of hydrothermal treatment,
indicating that some desilication or partial dissolution occurs, which is consistent with the
decrease in the Si/Al ratio of the samples at short times of treatment as aforementioned.
This porosity is highly homogeneous when the surfactant is present during the interzeolite
transformation. As treatment progresses, BEA nanocrystals start to form on the surface of
the amorphous phase. They grow in size and population over time to finally yield only fully
crystallized BEA zeolite. As evidenced by TEM, the interconversion of FAU into BEA
undergoes
through an amorphous phase, from which BEA nanocrystals develop.
An important advantage of this strategy is that the physicochemical properties and,
therefore the catalytic performance, of the hierarchical catalysts can be finely tuned by
simply stopping the interzeolite transformation at different times. This creates countless
opportunities for the development of hierarchical catalysts [3] with optimized properties and
superior catalytic performance for those reactions in which zeolites present significant
diffusion limitations.
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Introduction
In view of more efficient processes, the control of the physicochemical properties of zeolites
is an important factor when these materials are employed as catalysts. In particular, the
controlled generation of mesoporosity is a key point in reducing diffusion limitation and,
accordingly, increasing the size of substrates to be converted and the range of potential
applications. On the other hand, mesoporosity induction via post-synthesis treatments (topdown strategy) could negatively impact to the zeolite structure, affecting its catalytic
behaviour. In this work, high-silica ZSM-5 zeolites (Si/Al = 100) were synthesised with the
aim of controlling the “native” mesoporous characteristics by properly modifying the gel
composition. In addition, the catalytic behaviour of the zeolite with the most marked
mesoporous character was compared to a desilicated ZSM-5 zeolite in the pyrolysis of real
chlorinated plastic waste of the electric and electronic equipment sector (WEEE).
Materials and Methods
The synthesis of high-silica ZSM-5 zeolites was carried out according to a published
procedure [1], by using the following synthesis gel composition:
1 SiO2 – 0.005 Al2O3 - 0.08 Na2O - x TPABr - y H2O
The stochiometric coefficients of tetrapropylammonium bromide (TPABr, x) and water
(H2O, y) were systematically varied, being the crystallization time dependent upon the x
value (2 days for x = 0.04, 3 days for x = 0.08 and 0.12). Sample label includes two
numbers denoting the TPABr (x) and water (y) content in the gel, respectively. After
crystallization and recovery, the zeolites were characterized by XRD, NH3-TPD, FT-IR with
D3-acetonitrile adsorption, N2-physisorption, and SEM. Mesoporous ZSM-5 zeolite (B_0.820) was also tested in fast-pyrolysis of dechlorinated WEEE plastics, in a downdraft fixedbed stainless steel reactor [2], by using catalyst/feedstock ratio of 0.2 and thermal/catalytic
zones temperatures of 600°C and 450°C, respectively.
Results
All synthesised samples show ZSM-5 structure, with good crystallinity and high purity
(Figure 1A). However, the modification of SDA and water molar ratios led to different
textural properties, as indicated by the N2 - physisorption isotherms (Figure 1B).
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Figure 1 – A) XRD patterns and B) N2 adsorption (solid) - desorption (empty) isotherms at 77 K of the investigated
ZSM-5 zeolites.

Adsorption isotherms of type I/IV were observed in all samples, showing the presence of
intrinsic mesoporosity. A sub-step can be observed at P/P0 below 0.2: this is a typical
feature of high-silica ZSM-5 zeolite and it was attributed to the adsorbate transition from a
lattice fluid-like phase to a crystalline-like solid phase [3]. The pore size distribution
obtained by applying the Non-Local Density Functional Theory (NL-DFT) model denotes
the presence of a multi-level porosity. In particular, the B_0.08-20 sample exhibits several
peaks in the range 5 - 20 nm, indicating the presence of additional families of mesopores.
Thus, the largest mesopore volume has been observed in B_0.08-20 sample, being the
Vmic/Vtot equal to 0.65, compared to the other synthesized materials, for which the ratio
stood in the range 0.72 – 0.80 (Table 1).
Due to its peculiar textural properties, B_0.08-20 was tested in the catalytic pyrolysis of
dechlorinated WEEE plastic, the results being compared to those obtained by using a
hierarchical ZSM-5 zeolite (ZSM-5(25)_Des), in which secondary mesoporosity was
induced by an alkaline post-synthesis treatment [2]. The main textural and acidic properties
of the investigated catalysts and the products distribution obtained from catalytic pyrolysis
reactions are reported in Table 1. Despite the total acidity of B_0.08-20 is lower than that of
ZSM-5(25)_Des, it showed a good cracking activity, leading to a greater oil yield (69 wt.%).
In both cases, the lack of wax among the pyrolysis products must be pointed out, which is
usually the main product in absence of catalyst. Moreover, the B_0.08-20 catalyst led to the
formation of a reduced amount of coke, that can be attributed to the combined effect of low
acidity and improved pores accessibility.

Table 1 - Main acidic and textural properties of the tested ZSM-5 catalysts and products yield of catalytic
pyrolysis of WEEE plastic.
Sample

Catalysts properties

Products yield (wt.%)
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Si/Ala

SBETb

(mol/mol) (m2/g)

SExt-Mesc
(m2/g)

Vmic/Vtot
(%)

Total ASd

B/L

(μmol/gCAT)

ratiod

Oil

Gas

Char

Coke

ZSM5(25)_Des

21.7

407

166

35.2

678

3.4

58.2

33.2

8.1

0.5

B_0.08-20

109.5

455

314

65.4

148

5.4

69.0

21.6

8.9

0.4

a

Determined by ICP-OES. b BET specific surface area. c Calculated by t-plot method.

d

Determined by FT-IR after adsorption of D3-acetonitrile.

By comparing the distribution of hydrocarbons per atom carbon number in oil and gaseous
fractions for the two catalysts (Figure 2), bimodal distributions can be observed in both
cases, with a first peak placed at C3 – C4 and a second one centred in C6 – C8 range. The
first peak is related to end-chain cracking reactions promoted by the strong acid sites of
ZSM-5 zeolite. This finding is an evidence of the higher cracking activity of ZSM-5(25)_Des
compared to B_0.08-20, which is consistent with its greater acid sites concentration. On the
other side, the high concentration of C6 in the oil obtained with B_0.08-20 suggests that
this material also promoted secondary reactions, such as oligomerization and cyclization,
due to both the higher Brønsted to Lewis acid sites ratio and the high proportion of
external/mesopore surface area, which results in catalyst active sites more accessible to
bulky molecules.

Figure 2 – Distribution of hydrocarbons of the gas and oil fractions from catalytic pyrolysis of WEEE plastic.

The obtained results evidence the possibility to control the intrinsic mesoporosity in ZSM-5
by modifying the synthesis parameters. In addition, the high potential of thermo-catalytic
conversion of WEEE plastic over ZSM-5 zeolites with intrinsic mesoporosity has been
demonstrated, since high oil yields can be achieved avoiding further post-synthesis
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treatments, that may affect physicochemical properties of the catalyst itself (extraframework Al, Brønsted to Lewis acid sites ratio, structure defects, pore accessibility, etc.).
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Introduction
Hierarchically-organized systems are commonly encountered in our natural environment
[1]. Such hierarchical systems are related mostly to structural properties (e.g., trunk of
trees, bones) or fluid dynamic properties (e.g., the lung or the blood circle) [1]. The ability of
these systems to maximize the efficiency of transport processes has always been an
inspiration for their implementation in different artificial environments reaching from
watering systems up to catalytic reactors. Zeolites are well-known catalysts. Their crystals
consist of an assembly of miniaturized catalytic reactors where the micropores provide
large specific surface area with a defined environment of active sites as well as shape
selectivity at each single pore entrance [2]. Thus, zeolites belong to the most important
catalytic materials used today. However, their utilization in catalysis is limited due to the
slow transport of the reactants within the micropores. In order to minimize these transport
limitations, it is highly desirable to reduce the diffusion path lengths by the creation of a
hierarchical situation in their crystals itself. In the meantime, a huge variety of methods
leading to hierarchical zeolite containing systems have been developed so far, following
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either top-down or bottom-up approaches [3]. However, systems with a combination of welldefined micro- and macropores are rare and are mostly related to the MFI topology [4,5].
Here, we report on a direct preparation routine of micro-macroporous zeolites with MEL
topology and further focus on their characterization, especially proving the hierarchical
organization of the pore system and the implementation of acidic sites.

Experimental section
The used synthesis pathway for hierarchical ZSM-11 (MEL) with intracrystalline
macropores consist of three steps: (i) the preparation of mesoporous silica particles (MSPs)
[4], followed by (ii) their impregnation with an aqueous solution consisting of the structure
directing agent, tetrabutylammonium hydroxide (TBAOH) solution, and sodium aluminate
and (iii) finally a steam assisted crystallization (SAC) derived from literature [6]. The
standard synthesis conditions were 180 °C for 7 d. The product was calcined for 5 h at 550
°C.
To control the crystallinity and phase purity of the synthesized products, powder X-ray
diffraction (XRD) patterns were collected with a Siemens D5005 (CuKα1 radiation (λ =
154.06 pm, 40 kV; 30 mA; angle range 3° ≤ 2θ ≤ 50°; step size of 0.04°). Nitrogen
physisorption isotherms at 77 K were obtained with a Quantachrome Autosorb-1 instrument
applying BET procedure (degassing 150 °C for 24 h in vacuum). Thermal gravimetric
analyses (TGA) were carried out with a Setaram Setsys 16/18 apparatus. In a typical
procedure, approximately 40 mg of material were heated under air flow from 20 °C to 900
°C with a heating rate of 10 K·min-1. The Si/Al-ratios were analyzed by atom absorption
spectroscopy (AAS) using an instrument from Perkin Elmer (AAnalyst 400). Scanning
electron microscopy (SEM) images were collected with a Jeol microscope (JSM-6490LA).
The samples were sputtered with a thin layer of gold (5 nm) to increase contrast and
thereby also the possible magnification. Nuclear magnetic resonance (NMR-MAS)
measurements were carried out with a Bruker (Ultrashield 500 WB Plus) characterized with
the 4 mm Bruker PH MASDVT 500WB BL4 X/Y/H probe head. Scanning transmission
electron microscopy (STEM), selected area electron diffraction (SAED) and electron
tomography (ET) measurements were carried out using a double aberration-corrected FEI
Titan Themis3 60-300 transmission electron microscope at 300 kV acceleration voltage.
Results and discussion
Powder XRD pattern of the calcined, macroporous ZSM-11 exhibit narrow reflections with
high intensity, which confirm the high crystallinity of the prepared materials. No indications
of phase impurities or amorphous material were observed after the given crystallisation
time. This is further corroborated by SAED patterns of single particles mostly exhibiting
single-crystalline ZSM-11 structure as shown in figure 2b. Moreover, the SEM pictures of
the starting MSP material and the resulting products (depicted in figure 1) clearly indicate
the existence of an additional macroporous system. STEM imaging (figure 2a) and ET
(figure 2c) is employed to further shed light onto the internal macropore structure in 3D.
These measurements unravel the hierarchy of the ZSM-11 particles with spherical,
interconnected macropores of diameters from around 400 to 600 nm which are directly
connected towards the intracrystalline micropores. Interestingly, a trend to smaller crystals
and different crystal geometries with the increasing Al addition is found, as indicated in
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figure 1a-e. In the contribution, further characterization results especially in relation to the
amount of the Al addition will be given.

SEM from the
starting
a) MSP material

Crystals synthesized with different amounts of aluminium in the gel
b: 0.05 M NaAlO2

C: 0.1 M NaAlO2

d: 0.2 M NaAlO2

e: 0.3 M NaAlO2

Figure 1: Scanning electron microscopy (SEM) images of MSPs (a) and from crystals with different Al content (scale
bars are given).

Figure 2: a) Scanning transmission electron microscopy (STEM) image in high-angle annular dark-field (HAADF) mode
of a ZSM-11 sample with 0.05 M NaAlO2 clearly showing macropores of up to 600 nm and unraveling the hierarchical
structure. b) The selected area electron diffraction (SAED) pattern of the right particle in (a) clearly reveals the singlecrystalline ZSM-11 structure oriented in [100] zone axis (ICSD #65354). c) Volume rendering of the electron
tomographic reconstruction of the particle shown in (a), revealing the interconnected and hierarchical macropore
network in 3D.

Conclusions
This contribution reports on the synthesis and characterization of macroporous MEL (ZSM11) crystals with classical morphology, however with an interconnected micro/macroporous pore system. It has been demonstrated that most of the limitations
associated with the existing methods have been overcome with the presented method by
running the dissolution of Al-containing MSPs parallel to the crystallization process of the
MEL phase. Applying this method, materials with a wide range of Si/Al-ratios from about 30
to infinity could be prepared so far. Furthermore, the synthesis of the new macroporous
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ZSM-11 (MEL) type zeolite can be achieved without any phase impurities or amorphous
material. Thus, this route opens up an option for the preparation of hierarchical MEL-based
materials with active centres in the microporous part of framework which are, due to the
macroporosity, easily accessible. Such a material can be useful to overcome transport
limitations in the fields of catalysis, adsorption and separation, immobilization of large
molecules, and many other applications.
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The development of nanozeolites has attracted significant interest over the last decade due
to their properties such as high specific surface area, reduced diffusion path length for
guest molecules, and rich silanol chemistry which allow tailoring of the zeolite properties by
introduction of transition metals. However, the use of organic structure-directing agents
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(OSDAs) to achieve nanozeolites is undesirable due to their relatively high cost and
necessary removal by calcination generating emissions. Understanding the crystallisation
pathway of nanozeolites in order to target a specific framework topology and finely tune
their properties including particle size, morphology, Si/Al ratio, and cation content through a
direct inorganic synthesis approach remains a grand challenge of synthetic chemistry.1
Here we present the synthesis of RHO nanozeolite with Na+ and Cs+ inorganic structural
directing agents to obtain a product with an increased Si/Al ratio of 2 and improved thermal
stability up to 700 °C compared to previous efforts.2, 3 Judicious optimisation of the
synthesis parameters (alkali metal and water content, ageing, Si source) allowed for
increasing of the Si/Al ratio while maintaining the nano-sized dimensions of the discrete
zeolite crystals which possess well-defined morphology (Figure 1). In particular, ageing
plays a critical role as it was found that ageing of the colloidal precursor at room
temperature for 21 days produced crystalline nanozeolite RHO, similar to the synthesis
protocol of BPH nanosheets. Compared to previous RHO nanozeolites, reducing the Cs+
extra-framework cation content to five per unit cell improved the CO2 adsorption in the low
pressure region due to the improved access of CO2 to the zeolite cages.

Figure 1. HRTEM images of the as-synthesised RHO nanozeolite with Si/Al ratio of 2: (a) scale bar = 200 nm, (b) scale
bar = 50 nm

In situ variable temperature XRPD analysis reveals that the new RHO nanozeolite
possesses a single crystalline phase (I-43m) at temperatures between 30 and 740 °C, in
contrast to other nanozeolite RHO samples,2,3 demonstrating that the framework aluminium
content and loading of extra-framework cations can be tuned in order to precisely control
the flexible behaviour of as-synthesised Na,Cs-RHO zeolite. Surprisingly, analysis of the
nanozeolite from 700 to 800 °C revealed a symmetry change from noncentrosymmetric to
centrosymmetric space group between 740 and 760 °C (Figures 2 and 3), behaviour which
had previously only been observed for D-RHO and Cd-RHO at lower temperatures. This
symmetry change was found to be related to the significant displacement of the Cs+ extraframework cations through the D8Rs.
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Figure 2. Plot of the ellipticity ×10 of the D8Rs (blue) and the lattice parameter (black) of the as-synthesised RHO
nanozeolite as a function of temperature in air. The line delineates the adoption of either the non-centrosymmetric
(squares) or centrosymmetric (diamonds) space group as a function of temperature.

Figure 3. Framework structure and extra-framework cations of Na,Cs-RHO-2.0 nanozeolite obtained from Rietveld
analysis of data recorded at (a) 740 °C and (b) 760 °C. The anisotropic atomic displacement parameters for the Cs+
extra-framework cations are shown.
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Abstract
The amount and location of acid sites (strong Brønsted and weak silanols) in zeolites are
crucial for their applications, they play an imperative role in setting their acidity, stability,
lifetime and hydrophobicity. In this work we revealed the enigma of complex H-bonded
silanol networks in pure silica MFI-type zeolites using 1H solid-state NMR and IR
spectroscopy combined with DFT calculations. The spectral signatures of silanol sites in
pure silica zeolites are disclosed. Based on the experimental and theoretical observations
we identified four types of silanols in pure silica zeolites which varied depending on the
crystallite size: (i) isolated (free) silanols, not participating in hydrogen bonds either as
proton-donors nor as proton-acceptors, (ii) proton-acceptor silanols, participating in
hydrogen bonds only as proton acceptors, (iii) proton-donor silanols, participating in weak
hydrogen bonds and (iv) medium and strong hydrogen-bonding silanols, participating as
proton-donors or simultaneously as proton-donors and proton-acceptors. The main factor
determining the strength of the hydrogen bond of a specific silanol group is the possibility of
its proton to approach closer to the oxygen centre of the proton accepting
silanol. This suggested that the flexibility of the zeolite fragment at which the protondonating and proton-accepting silanols are bound is the main factor determining the
formation and strength of hydrogen bonds and their corresponding spectral features.
Hydroxyl groups i.e. silanols and Brønsted acid sites are still intriguing researchers knowing
their utmost importance in determining lifetime and properties of zeolite-based adsorbents
and catalysts and their characterization is of prime importance knowing their influence on
the final properties of matter [1].
A common feature of solids containing hydroxyl groups is hydrogen bonding, the hydrogen
bond (H-bond), discovered at the very beginning of the 20th century, is still a subject of
intense study and despite the appearance of several reviews in the literature, the definition
is still broad because of the complexity and chemical variability of systems studied.
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Various classifications of hydrogen bonds have been suggested based on their strength
assessed in terms of binding energy, hydrogen bonding distance, elongation of the X–H
bond, etc. Three types of H bonds were distinguished: (i) strong H-bonds, which are
considered similar to covalent bonds; (ii) moderate H-bonds, dominated by electrostatic
interactions; and (iii) weak H bonds, accomplished mainly by van der Waals interactions
(VdW). Thus, the energy range for dissociation of hydrogen bonds covers an interval
between 0.2 and 40 kcal.mol-1 [2].
Infrared (IR) and Nuclear Magnetic Resonance (NMR) spectroscopies have both become
key methods to investigate the hydroxyl groups in zeolites since the vibrational modes as
well as the NMR parameters and interactions are very sensitive to hydroxyl group
configurations. The most commonly used parameters to describe hydroxyl groups are the
frequency of the O–H stretching vibration in IR or the associated proton chemical shifts in
NMR. Although these are basic parameters in both techniques, an ambiguity remains in
peak assignments and this is mainly due to hydrogen bonding giving rise to band
overlapping and broadening that prevent detailed analysis [3,4].
Hence, the combination of both spectroscopic techniques with density functional theory
(DFT) calculations brings clarity and induces precise assignments of hydroxyl groups
spectral signatures opening the door understand their features.
In this work, MFI-type framework structures with different particle sizes, i.e. small (50 nm),
average (100 nm) and big (2000 nm) denoted as MFI-50, MFI-100 and MFI-2000 are
investigated. High resolution 1H magic angle spinning (MAS) NMR and IR spectroscopy
combined with DFT modelling give rise to a rational methodology for assignment of
spectroscopic signatures and localization of hydroxyl groups in zeolites. Among other
correlations found, O-H stretching frequencies and 1H NMR chemical shifts are linearly
correlated (Figure 1) [5].

Figure 1 – IR spectra (A) and 1H NMR spectra (C) of MFI-50 (a), MFI-100 (b) and MFI-2000 (c). Correlation between
calculated O–H stretching frequencies and 1H NMR chemical shifts of silanol groups based on DFT calculations (B).
Strong (pink), medium (blue), and weakly (green) hydrogen bonded silanol groups are presented.
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Based on experimental and theoretical observations, the interpretation of 1H NMR spectra
and the OH stretching region in IR spectra even of pure silica zeolites is not
straightforward. The silanols exhibit a very complex hydrogen-bonding network that varies
with the size of the crystals synthesized. The bigger the size of the zeolite nanocrystals, the
higher the total concentration of silanols. However isolated silanols are favoured in the
crystals with decreasing particle size. To reveal
the enigma we used computational modelling based on density functional theory. This
allowed us to assign experimental silanol groups in zeolite nanoparticles. A new
classification of silanols based on their specific spectral behaviour and participation in
hydrogen bonds is suggested: (i) isolated (free) silanols that do not participate in hydrogen
bonds either as proton donors nor as proton-acceptors, (ii) proton-acceptor silanols that
include silanols participating in hydrogen bonds only as proton-acceptors; (iii) proton-donor
silanols participating in weak hydrogen bonds; and (iv) medium and strong hydrogen
bonding silanols as proton-donors or simultaneously as proton-donors and protonacceptors.
The general conclusion is that the main factor determining the formation and strength of the
hydrogen bonds between silanols, as well as the corresponding spectral behaviour, is the
flexibility of the zeolite fragment at which the proton-donating and proton-accepting silanols
are bound.
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During Noble gas capture and purification have proven highly challenging. Xenon
(Xe) is a precious and useful noble gas for semiconductor fabrication, lighting, aerospace,
medical imaging, and anesthesia. Xe possesses a number of desirable properties as novel
anesthetic gas such as favorable hemodynamics, lack of metabolism, and low solubility.
Currently, Xe is merely produced as a by-product from cryogenic distillation of air. Because
of the low abundance in the Earth’s atmosphere (0.087 ppmv), intensive capital investment
and energy consumption lead to an extremely high Xe price ($30,000–$60,000/m3 gas,
STP). Recently, it has been shown that the Deca-Dodecasil 3 Rhombohedral (DD3R)
zeolite exhibits a high selectivity, a good economic feasibility and long-term stability (>300
h) as membrane material for Xe production and recovery [1-3]. In this contribution, we have
investigated the thermal behavior of the DD3R zeolite by in-situ powder diffraction and exsitu single crystal diffraction from room temperature until 900°C. We show that upon initial
heating and release of the trapped guest molecules, the zeolite undergoes a phase
transition from R-3m to R-3 symmetries. The phase change is accompanied by the rotation
of the silicate tetrahedra aligned along the c axis, allowing for a contraction of the cavities
and an overall volume increase. Such situation is also observed for the completely
activated DD3R, whose volume increase with respect to the as-synthesized conditions
amounts to ~ 0.45% while the internal void is lower by ~ 0.8%. In addition, powder
diffraction shows that the DDR zeolite exhibits a small negative thermal expansion of 5.6x10-6 in the initial removal of the guest molecules which drops to -3x10-6 upon heating
the DDR zeolite without the guest molecules. We interpret this very small thermal
expansion as the reason for the long-term stability of the zeolite. Finally, we show evidence
for a lowering of the symmetry from rhombohedral to monoclinic at room temperature for
the zeolite free from the guest molecules [4].
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FIGURE 12: IN-SITU THERMAL BEHAVIOR OF THE DD3R ZEOLITE UPON HEATING AND RELEASE OF THE GUEST MOLECULES
(LEFT) AND CORRESPONDING ROTATION MECHANISM (RIGHT). [4]
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Zeolite Y and its ultra-stabilized hierarchical derivatives (USY’s) are widely used in oil
refining, petrochemistry, and other chemicals manufacturing processes. After almost 60
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years of academic and industrial research, their resilience is unique as no other
catalyst displaced them from key processes such as FCC and hydrocracking. The
three-dimensional FAU structure is built from sodalite cages (cubo-octahedral units of
24 T atoms, t-toc) linked by hexagonal prisms (double-six rings of 12 T atoms, t-hpr),
generating a supercage with a diameter of 1.3 nm. This supercage is accessible
through 12 membered ring windows with a diameter of 0.73 nm [1-2]. Although the
pristine FAU-type structure is one of the most open amongst the known zeolites, only a
third of its active sites, those located in the supercage, are accessible to reactants [3-4].
Its ultra-stabilized forms, USY’s, while containing far fewer active sites than their Y
parent, exhibit a much higher catalytic activity. Numerous studies attribute this superior
performance to a synergy between extraframework aluminum species (EFAl)
generated during the stabilization processes and vicinal Brønsted acid sites [5]. Even
though several papers reported that EFAl species increase some hydrocarbons (iC4H10, n-C5H12 and n-C6H14) cracking rates, they all failed to find a direct correlation
between these species and the catalytic activity of USY catalysts. In a nutshell, the
fundamentals of such an unexpectedly high catalytic activity in USY are still debated.
Highly crystalline samples of zeolite Y and USY (Si/Al =28) were used in this study.
The major differences between Y and USY zeolites are the presence of mesopores
and a much higher Si/Al ratio of the latter. We first show that the addition of
mesoporosity is not the most determining factor to explain the difference in catalytic
activity between the parent Y and a USY derivative in iso-octane cracking by
comparing the activities of the µm-sized parent Y, a 70 nm-sized Y (2x Y) and the USY
(7x Y) with a similar framework composition[6]. The exceptional catalytic activity of
USY zeolite is therefore not due to a shortened diffusion pathlength of the reactant. To
shed more light on this superior activity, a multi-technique study combining advanced
spectroscopies (IR and solid-state NMR) and molecular modeling is performed [7].
First, the accessibility of the active sites in the supercage and sodalite cage, is
investigated by infrared spectroscopy using probe molecules with different kinetic
diameters () and proton affinities (PA) - CO (=0.38 nm, PA=598 kJ/mol), pyridine
(Py: =0.57 nm, PA=912 kJ/mol) and 2,6-Di-tertbutylpyridine (DTBPy: =0.83 nm,
PA=983 kJ/mol). The interactions are further investigated by solid-state NMR
spectroscopy and density functional theory (DFT) modeling.

Figure 1 Infrared spectra of Y a) and USY b) after activation at 723 k under vacuum (black), CO adsorption (red) and
2,6 Ditert-butylpyridine adsorption (green).

Y and USY behave similarly upon CO adsorption: only their bridging hydroxyls in the
supercage (OHsuper) are perturbed.(Figure 1) Upon Py and DTBPy adsorption, the
bridging hydroxyl bands in the supercage (OHSuper) disappear gradually in both Y and
USY. However, the bridging hydroxyls in the sodalite cage (OHSod) behave differently:
Py and DTBPy do not interact with the OHSod in Y after adsorption and evacuation at
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423 K. (Figure 1 a) DFT modeling indicates that on Y zeolite, pyridine and 2,6-ditertbutylpyridine are protonated only by acidic OHSuper with binding energies of -168 kJ
and -222 kJ/mol, respectively.
On the other hand, upon Py and DTBPy adsorption on USY, the OHSod band
disappears, indicating a strong interaction.(Figure 1 b). This is at first glance, surprising
since both molecules cannot penetrate sodalite cages. Both, DFT modeling and IR
spectroscopy, suggest a proton transfer through a “gate-keeper” silanol groups, i.e., a
proton leaves a silanol at the sodalite cage entrance to assume the protonation of the
basic probe molecule. The deprotonated oxygen then accommodates a proton
transferred from the most acidic bridging hydroxyl group inside the sodalite cage
(Figure 1). The increased flexibility of the zeolite framework near the T vacancy after
stabilization processes also facilitates a partial reorientation of this bridging hydroxyl.
This mechanism is confirmed by a set of NMR techniques, 2D CP HETCOR {1H}-29Si
experiments performed at different contact times, Back-to-Back (BABA) SQ-DQ 1H-1H
pulse sequence and 1H-{27Al } TRAPDOR MAS NMR.
Experiments and DFT modelling show that the unique properties of USY zeolite vs its Y
parent result from several inter-related structural modifications combining to increase
catalytic performance:
1. the ubiquitous supercage acid sites, OHSuper, are stronger in USY, as
determined by CO adsorption and modeling. NMR also highlights that USY
possesses stronger isolated Brønsted acidic sites than Y.
2. 2. the OHSOD, spectators in Y, become accessible to bulky probe molecules in
USY via a proton transfer mechanism.
3. The presence of terminal silanols near Brønsted acid sites in USY provides
several advantages as it increases the accessibility of sterically hindered
molecules (Pyridine and 2,6-Di-tertbutylpyridine) in USY vs Y.
Thus, the exceptional catalytic activity of USY zeolite results from the combination of
three types of active sites differing in nature, strength, and location.

Figure 2 Proton transfer mechanism in a USY sodalite cage via a silanol nest (for clarity, only the oxygen atoms in the
highlighted hexagonal facet are represented).
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Zeolites are crystalline microporous aluminosilicate materials, which offer a wide
variety of properties essential in many industrial processes and applications, such as
separation of gases, ion exchange and catalysis. This work is focused on the investigation
of the structural and acidic properties of two MAZ and LTL zeolite. Although these materials
show significant similarities in terms of structure, their acidic properties are quite different,
e.g. the strength and accessibility of the bridging OH-groups.
A sample of mazzite synthesised according the procedure described in [1] was
calcined and ion-exchanged with NH4NO3. A commercial K-LTL material was also ionexchanged using NH4NO3. The obtained NH4-LTL was back-exchanged using metal alkali
salt solutions, including Li, Na, K, Rb and Cs. Once ion-exchanged, the solids were filtered,
washed and dried prior to their characterisation using SEM-EDX, XRD, nitrogen and argon
adsorption-desorption, ammonia TPD and in situ FTIR.
The XRD analysis showed the presence of a pure phase in each of the modified
mazzite and LTL materials. For the LTL zeolites, FTIR revealed the presence of two types
of acidic OH-groups (Figure 1): (i) a narrow absorption band at 3630-3640 cm-1 indicative of
the isolated bridging Al(OH)Si groups located in the 12-MR channels, and (ii) broad infrared
bands at 3200-2000 cm-1 representing bridging OH groups in small cavities which interact
with neighbouring O-atoms forming a hydrogen bond. N2 and Ar adsorption-desorption data
demonstrated that the changes in LTL porosity reflected the size of introduced cations and
the degree of ion-exchange.

128

Figure 1. FTIR spectra of NH4-LTL and Cs-LTL activated at 450oC (top), and Rietveld refinement results for Cs-LTL
zeolite (bottom) obtained using software packages JADE and MAUD.

The cation distribution within the zeolite LTL channels investigated via the Rietveld
refinement method (Figure 1) confirmed the mechanism of cations migration, previously
suggested in [2], through the main 12-MR channel of t-ltl cage to the 8-MR of the t-ste cage
(see Figure 2).

Figure 2. Cations migration mechanism in the LTL zeolite.
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Ammonia temperature programmed desorption was carried out in order to examine
the effective strength of the acid sites (Figure 3). In addition, Py adsorption monitored by
FTIR was utilised to evaluate the accessibility of acid site in MAZ and LTL zeolites.
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Figure 3. Ammonia TPD data for NH4-LTL activated at 150oC (blue) and NH4-MAZ activated at 150oC (red).

It has been concluded that the differences in the effective acid strength and accessibility of
the Brønsted acid sites (BAS) in mazzite and LTL zeolites are related to the presence of a
significant number of defects in the mazzite structure. This leads to the blockage of the unidimensional 12-MR channels causing considerable transport limitations for the Py
adsorption on BAS and ammonia desorption from these sites.
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Introduction
The down-scaling of the size of zeolite particles is an interesting approach for modifying
and improving their catalytic properties due to an increasing external surface and reduced
diffusion pathways of the reactants to the active sites and of the reaction products back to
the catalyst surface. Therefore, numerous research groups are dealing with the synthesis
of nanosized zeolites. Also, many studies of nanosized ZSM-5 materials support their
catalytically interesting properties, but deliver an incomplete and partially inconsistent
picture of their nature. Therefore, it is the aim of the present work to clarify the reasons of
the specific properties of catalytically active Brønsted acid sites of nanosized ZSM-5
materials in comparison with their microsized ZSM-5 counterparts.
Experimental Section
Microsized (m) ZSM-5 zeolites with nSi/nAl ratios of x=31, 48 and 85 were synthesized by
hydrothermal synthesis [1] and denoted as mZSM-5/x. Nanosized (n) ZSM-5 zeolites with
nSi/nAl ratios of y=32, 49 and 88, were synthesized in clear solutions [1] and denoted as
nZSM-5/y. All calcined zeolites were three times ion-exchanged in an aqueous solution of
NH4NO3. Afterwards, the materials were characterized by optical emission spectroscopy
with inductively coupled plasma (ICP-OES), X-ray diffraction, electron microscopy, dynamic
light scattering, N2 adsorption and various methods of quantitative solid-state NMR
spectroscopy. All samples have relative crystallinities referred to the mZSM-5/31 sample of
87 to 100%. The BET surface areas are between 390 and 499 m2 g-1. The average particle
sizes of the microsized samples are between 3 and 9 µm, the ones of the nanosized
samples are 50 to 85 nm.
Results and Discussion
For characterizing the nature and densities of Brønsted acid sites in the microsized and
nanosized zeolites, quantitative 1H MAS NMR spectroscopy of the dehydrated sample gave
the densities of SiOH and Si(OH)Al groups summarized in Table 1. A comparison of the
densities of SiOH groups of the microsized and nanosized zeolites clearly indicates that the
nanosized materials have a factor of 4.5 to 6 higher numbers of these OH groups than the
microsized materials. These results hint at the presence of nanosized particles with surface
layers having a high density of defect sites, such as characteristic for amorphous
aluminosilicates. Accordingly, comparing the densities of Si(OH)Al groups of microsized
and nanosized zeolites with equal or similar nSi/nAl ratios shows that the nanosized
materials have significantly lower Si(OH)Al densities for similar framework Al contents than
the microsized materials. In comparison with the numbers of Al atoms, 86 to 102% of the
tetrahedrally coordinated framework Al in microsized ZSM-5 contribute to the formation of
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Si(OH)Al groups, while these values are only 32 to 34% for the nanosized ZSM-5, which is
why the question concerning function and local structure of the remaining Al species arises.
Therefore, all dehydrated samples were loaded with NH3, often used as probe molecule
also for Brønsted sites with low acid strength [2]. Evaluation of the integral intensities of the
low-field signals hint at a protonation of adsorbed NH3 by Brønsted acid sites leading to
NH4+. The densities of accessible Brønsted acid sites (nacOH) in Table 1 are very similar for
microsized and nanosized materials with similar nSi/nAl ratios. Furthermore, comparison of
the numbers of Brønsted acid sites (nacOH) with those of Al indicate that a similar content of
68 to 78% of the tetrahedrally coordinated framework Al atoms contribute to these
Brønsted acid sites. For the nanosized materials, the numbers of these Brønsted acid sites
are much higher than those, which were determined via the integral intensities of the 1H
MAS NMR signal of Si(OH)Al groups. Thus, it can be assumed that nanosized ZSM-5
contains two types of Brønsted acid sites with very different strength, i.e., (i) Si(OH)Al
groups, like in common microsized H-ZSM-5, and (ii) SiOH groups with an enhanced acid
strength and able to protonate NH3, like in amorphous aluminosilicates. Thus, previous
studies [3] and the results of the present work hint at a nature of nanosized ZSM-5 as
hybrid particles consisting of internal crystalline ZSM-5 domains covered by surface layers
consisting of X-ray-amorphous aluminosilicate (Fig. 1). Since the relative crystallinities of
the nanosized materials are only 76 to 87% as compared to the microsized reference, we
assume that the fraction of crystalline ZSM-5 domains is between 76 and 87%, whereas
the fraction of the X-ray-amorphous surface layers should be between 24 and 13%. These
assumptions also agree with the TEM analysis which shows crystalline domains and
amorphous cauliflower-like surface layers (Fig. 2). In addition, since all 27Al MAS NMR
spectra show no signal at 0 ppm and the BET surface areas of the nanosized samples are
higher than the ones of the microsized samples, we can conclude that the nanosized
samples contain no common amorphous aluminosilicates, which again hints to a strongly
disturbed, x-ray-amorphous surface layer.
The crystalline domains contain the Brønsted acidic bridging groups (Si(OH)Al) of this
material, while the amorphous surface layers contain silanol groups with weakly enhanced
Brønsted acid strength due to tetrahedrally coordinated framework Al in their vicinity
(Si(OH)…Al) (Fig. 1). The Si(OH)Al groups inside the crystalline domains of these particles
have properties like those in common microsized ZSM-5, i.e., they have a high acid
strength as evidenced by their adsorbate-induced 1H resonance shift upon adsorption of
acetonitrile, and these groups are commonly also able to protonate NH3. However, since
the crystalline domains are covered by layers of amorphous aluminosilicate, the Si(OH)Al
groups in these domains can be easily blocked. The tetrahedrally coordinated Al atoms in
the amorphous surface layers, on the other hand, cause an enhancement of the Brønsted
acid strength of neighbouring SiOH groups (Si(OH)…Al) in such a manner that also these
hydroxyl groups are able to protonate strong bases, such as NH3. This property of
Si(OH)…Al groups is very similar to that observed for amorphous aluminosilicates, Alcontaining MCM-41 and SBA-15 [4] with enhanced Brønsted acidity. The weak Brønsted
acidity of the amorphous surface layers is the key for understanding the remarkable
catalytic properties of nanosized ZSM-5 materials in comparison with their microsized
counterparts.
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Table 1
Densities of SiOH and bridging OH groups (Si(OH)Al) at 1H NMR shifts of 2.0±0.2 ppm and 4.2±0.1 ppm,
contents of aluminium atoms contributing to Si(OH)Al groups in relation to the total number of Al atoms (nAl in
Si(OH)Al / nAl), densities of Brønsted acidic OH groups able to protonate ammonia (nacOH), and contents of
aluminium atoms contributing to the latter Brønsted acid sites in relation to the total number of Al atoms (nAl in
acOH / nAl) [1].

Sample
mZSM-5/31
mZSM-5/48
mZSM-5/85
nZSM-5/32
nZSM-5/49
nZSM-5/88

nSiOH 1) in
mmol/g
0.16
0.14
0.11
1.0
0.75
0.51

nSi(OH)Al 1)
in mmol/g
0.45
0.35
0.19
0.16
0.11
0.06

nAl in Si(OH)Al /
nAl 2)
0.86
1.02
0.99
0.32
0.34
0.33

nacOH 3)
in mmol/g
0.37
0.24
0.13
0.37
0.25
0.15

nAl in acOH
/ nAl 2)
0.70
0.71
0.68
0.73
0.74
0.78

1) Determined by quantitative 1H MAS NMR of dehydrated samples (accuracy ±10%).
2) Calculated from the values in columns 3 and 5 of Table 1 divided by nAl determined by ICP-OES.
3) Determined by quantitative 1H MAS NMR of dehydrated and subsequently ammonia-loaded samples
(accuracy ±5%).

Figure 1
Hybrid particles of nanosized ZSM-5 consisting of
internal crystalline ZSM-5 domains covered by
amorphous aluminosilicate surface layers. The
crystalline domains contain Brønsted acidic
bridging OH groups, while the X-ray-amorphous
surface layers contain SiOH groups with
enhanced Brønsted acidity due to tetrahedrally
coordinated framework Al in their vicinity [1].

Figure 2
TEM analysis of nanosized nZSM-5/88
zeolite showing the crystalline domains
and the amorphous surface layer [1].
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Introduction
Defect silanol groups are ubiquitous for most zeolite catalysts [1]. They can contribute to
the adsorption properties [2], or be catalytically active, as for example in the Beckmann
reaction in the production of e-caprolactam [3]. They can also be used for inserting
heteroatoms in the zeolite framework [4], or anchoring catalytically active molecules on the
surface [5]. On the other hand, silanol defects can also destabilize zeolite crystals, which
can lead to structure collapse in catalytic applications. The formation of defect silanols, their
structural properties, and spectroscopic identification are topics with a long history in zeolite
science. An interesting recent paper has studied the spectroscopic properties of external
silanol defects on the surface of small nanoparticles [6]. Nonetheless, the detailed structure
of internal silanol defects in terms of their possible clustering and the long-range
implications of framework defects in zeolites has remained an open problem. While the
Brønsted acidity of zeolites and the problems in quantifying acid strength were often
addressed in the literature [7], the acid strength of silanol groups is elusive to date, which is
in part due to the lack of reliable knowledge of the structural environment.
Here, we address the cooperativity of silanol groups on the local and periodic scale. The
local characterization of various silanol cluster models is achieved by advanced 1H solidstate NMR spectroscopy, which allows to define a classification of the polyad nature of
silanol clusters, often with hydrogen bonds involved. Detailed NMR analyses of 1H-1H
dipolar interactions allow to distinguish between defect site models with different numbers
of silanol groups involved. Experimental examples will be complemented by electronic
structure calculations by DFT methods. Cluster calculations are used to determine the
deprotonation energies (DPEs) of various silanol models. An acidity scale is introduced in
comparison with Brønsted acid sites of bridging OH groups of boro- and aluminosilicates.
Periodic DFT calculations are employed to show that silanol condensation, leading to
silanol dyads from tetrads, does indeed depend on the (periodic) defect site density. This
impacts the zeolite framework flexibility to relax strain induced by the condensation of
silanol groups.
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Experimental
The zeolite samples were dehydrated at 120°C under vacuum. 1H MAS NMR chemical
shifts are relative to TMS. DFT calculations were performed using the software Turbomole.
The RI-DFT approximation along with the PBE functional and the def2-TZVP basis set
were employed for cluster models, whereas periodic calculations (PBE or B3LYP
functionals) employed the pob-DTVP-rev2 basis set, as well as the continuous fast
multipole method (CFMM).

Results and Discussion
Two-dimensional 1H double-quantum-single-quantum (DQ-SQ) MAS NMR spectra were
acquired. Such spectra show only signals for 1H spins that are in dipolar contact with at
least another 1H spin, and the spin pairs must be sufficiently proximal (1H-1H distance
significantly less than 1 nm, typically 0.5 nm or closer). Such close distances for silanol
groups would be within the size of “silanol nest” with four OH groups that consists of six
mutual pairs (six edges of a tetrahedral vacancy). The expected complex 1H DQ-SQ MAS
NMR pattern of six pairs is not observed here. Instead, we find the interaction of two silanol
groups, which appears to be quite common for the materials investigated: ZSM-5 (Si/Al
atomic ratio of 60) [8], deboronated SSZ-70 [5, 9], Al-SSZ-42 [10], deboronated SSZ-55,
calcined B-SSZ-82, and amorphous silica [5]. The 1H chemical shifts of the two interacting
silanol groups indicate hydrogen bonds (3-9 ppm). These results show that silanol pairs
(dyads) are commonly found rather than “nests” of four silanol groups (tetrads).
Such silanol dyads must have formed via condensation of two silanols in a T site vacancy.
Therefore, we have investigated models after the condensation reactions with DFT
methods to obtain further insights into the thermodynamics. The removal of boron from
double zig-zag chains (4-rings) in B-SSZ-55 creates vacancies, where silanol pair
condensation reactions can lead to 3-rings (from the former 4-rings) or 5-rings (from the
former 6-rings adjacent to the 4-rings). The various possible pair condensations were
considered. The lowest reaction energies were found for 3-ring formation. The formation of
5-rings is higher in energy, which is due to the longer distance the T atoms have to move
together, thus creating more strain in the framework. The framework strain caused by the
3-ring does not relax within a finite cluster size of 60 T atoms with frozen boundary atoms.
Therefore, a periodic model was employed with a super cell three times the unit cell along
the c-direction of SSZ-55. This leads to a reaction energy of 167 kJ/mol for the 3-ring
(triclinic cell: 13.23 Å, 20.66 Å, 14.78 Å, 91.1°, 88.3°, 87.1°). Three defects per super cell
are expected (instead of only one), given the packing of charged structure directing agent
in the as-made material [11]. The lowest reaction energy for two defects per super cell is
126 kJ/mol, and for 3 defects we obtained 119 kJ/mol per 3-ring. A vacancy model with 3
defects per super cell for which two undergo a silanol condensation to 3-rings, leaving one
(unreacted) tetrad further reduces the reaction energy per 3-ring to 85 kJ/mol. These data
show the impact of defects on the framework flexibility. The estimated reaction entropy
contribution to the Gibbs energy (-TDS) for T=400 K is -80 kJ/mol for H2O in the gas phase.
That means that the condensation of 2/3 of the tetrads to dyads is at the brink of being a
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thermodynamically spontaneous reaction at 400 K, and the observation of dyads by NMR
can be rationalized. Calculated 1H chemical shifts of the defect models are in good
agreement with experimental ones.

Table 1. Deprotonation energies (DPEs) from DFT cluster
calculations (method: RI-DFT/pbe/def2-TZVP); the
“closed” tetrad model in Figure 1d was obtained by a
periodic cluster calculation. A corresponding cluster
calculation converged to an open-chain tetrad model for
which the DPE is given here. The various silanol models
are compared with the acidity (DPE) of bridging OH groups
in boro- and aluminosilicate models of SSZ-55 at T1 (H+
located at various O atoms).

Figure 1. (a) Silanol monad on external surface, (b) silanol dyad in SSZ55 after 3-ring formation via condensation of two silanols of a “nest”, (c)
cyclic silanol triad in SSZ-70 [9] (d) closed silanol tetrad in SSZ-55.

model

DPE / kJ/mol

monad (Fig. 1a)

1415

dyad (Fig. 1b)

1302

triad (Fig. 1c)

1266

open tetrad (not shown)

1247

B-O(H)-Si

1210-1232

Al-O(H)-Si

1170-1192

Figure 1 shows the various silanol defect site scenarios that are under consideration here.
The monad (Fig. 1a) would not contribute to 1H DQ-SQ MAS NMR spectra as this is an
isolated SiOH group. It has a calculated DPE of 1415 kJ/mol. The dyad model (Fig. 1b),
which is typically observed in our NMR data has a considerably lower DPE of 1302 kJ/mol,
that is the missing bond for the siloxy group formed after silanol deprotonation is partially
compensated by a hydrogen bond to the remaining SiOH group. The triad model that was
found for SSZ-70 (Fig. 1c) has an even lower DPE and the tetrad yields 1247 kJ/mol (Table
1). The DPE decays exponentially as a function of silanols involved in this series. The DPE
for B-O(H)-Si and Al-O(H)-Si Brønsted acid sites are also listed in Table 1 for comparison.
It should be noted that all DPE values were calculated by the same DFT method, which is
important to make them comparable [12].
We conclude that silanol dyads associated with the formation of 3-rings are potentially
important as active sites with a weak acidity. Their formation appears to be a
thermodynamically spontaneous reaction, which may be easily reversed by a change of
reaction conditions, such as those used for inserting heteroatoms into the vacancies.
Silanol condensation and the formation of 3-rings is stabilized by long-range (periodic)
cooperativity to disperse framework strain, whereas the silanol acidity increases with a
stabilizing effect of local hydrogen-bonding for the deprotonated siloxy group (local
cooperativity). The defect density is suggested to be an important parameter for the
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distribution of defect structures in zeolite catalysts, thereby impacting their acidic
properties.
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Producing mesopores is one of the main strategies to combat diffusion limits in zeolitic
materials. One of the biggest challenges is to find methods of hierarchization of zeolites
that will be efficient in creating mesoporosity, but still preserves the microporous
architecture of zeolites. Desilication is a widely known method of modification of zeolite
crystals to create micro-/mesoporous materials.
In this work, ultra-stable zeolite Y (FAU-31) was desilicated using NaOH, TBAOH, and the
mixture of both. It is known that NaOH and the mixture for desilication are efficient
chemicals to develop mesoporosity [1-3]. The main aim of the present experiments was to
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characterize the changes in the structure of the zeolite after TBAOH treatment, which does
not produce much mesoporosity. 129Xe NMR is a very sensitive method for characterization
of changes in the pore structure, and in conjunction with N2 BET, 1H MAS NMR, and 29Si
CP MAS NMR give additional insight into structural and physicochemical changes in these
samples after the chemical treatment.
The samples were examined by 129Xe NMR spectroscopy in the temperature range of 160270 K. The most astounding finding is the difference between the 129Xe NMR spectra of
FAU-31 and TBAOH-treated sample. They clearly show different lineshapes of 129Xe NMR
signals for these samples and a single signal or two of them in the spectra for FAU-31 and
TBAOH-treated sample, respectively (Figure 1). These samples exhibit almost identical
physicochemical properties. N2 BET results show that there are small differences in
porosity between these two samples. The parent material FAU-31 exhibits a narrow
distribution of pores at ca. 30 Å and very wide distribution of bigger pores centered at
around 70 Å. TBAOH-treated sample has almost an identical N2 isotherm and pore size
distribution. The only difference is that in the sample after the treatment, the size of pores is
slightly higher (35 Å). Also, only a small increase in the number of acid sites is detected in
the TBAOH-treated sample. In essence, these two types of samples exhibit very similar
properties and structure, yet very different 129Xe NMR spectra.
The presence of one signal in the parent material indicates that the
penetration is hindered in this sample, therefore Xenon molecules
cannot easily transfer between the two types of pores. It suggests that
there is a blockage between meso- and micropores. A hint on the
nature of this blockage could be seen in 29Si CP MAS NMR spectra.
The peak from terminal defects is more intense in FAU-31 than in the
TBAOH-treated sample. Also, the intensity of the signal from geminal
OH groups at ca. -90 ppm is enhanced. It points out that there is a
bigger amount of silica debris in the FAU-31 than in the sample
TBAOH-treated sample. TEM images show that in the parent sample,
the outer surface of crystals is covered with amorphous material, while
for the TBAOH-treated sample, the outer surface has no visible
deposition of the amorphous phase.

Figure 1 - 129Xe NMR spectra of
samples FAU-31 and TBAOH in
159K and 271 K.

The treatment of the parent zeolite FAU-31 with TBAOH solution hardly changes the
sample’s porosity but washes out the extra-structure debris from mesopores and outer
surfaces of the crystals. Therefore, this treatment “cleans” the sample, but protects the
zeolite framework from dissolution.
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Proton exchange membrane (PEM) fuel cells play an indispensable part in attaining today's
green energy demands. The humidity dependence and high cost of benchmark Nafion
membranes lead scientists to explore new proton-conducting materials. Metal-organic
frameworks (MOFs) as well as non-porous coordination polymers are promising systems in
this regard [1].
Proton conductivity is frequently analyzed by impedance spectroscopy. Most of the time,
the studies are carried out by using powder samples, which bears some pitfalls, such as
grain boundary effects or the impact of surface-adsorbed water. These drawbacks can be
overcome by using a single crystal probe. Most conveniently, this also offers an opportunity
to study anisotropic effects in proton conductance [2,3].
We present impedance spectroscopic studies of proton conduction in various (porous and
non-porous) coordination polymers by using either pellets of polycrystalline material or
single crystals in variable orientation with respect to the electrical potential. Single crystals
are contacted by placing them on interdigitated electrodes (0.02 mm spacing) without the
need of any additives such as conducting pastes. Impedance measurements are
conducted under defined conditions at variable temperature and relative humidity (in a
Faraday cage positioned in a climate chamber, with humidity control by a custom-built gas
mixing equipment using mass-flow controllers). Proton conduction can be correlated with
motifs in the respective crystal structures, such as dangling sulfonic acid groups and H
bond networks [4]. In case of single-crystalline specimens, anisotropic proton conductivity
is observed, which provides further insight in the conduction mechanisms [2,3].

139

Figure 1. Schematic (top) of a coordination polymer (CP) single crystal in
variable orientation to the electrode array; anisotropic proton conductivity is
related to the crystal structure of the CP (bottom) [2].

Figure 2. Nyquist plot (i.e.,
imaginary vs. real part of the
impedance Z) of the CP single
crystal in variable orientation,
showing the lowest resistance along
the channel axis [2].
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The study of the crystalline structure of microporous zeolites by conventional X-ray
diffraction techniques can be challenging since these materials commonly present complex
structures with low symmetries and large unit cell volumes. [1,2] Single crystal X-ray
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diffraction (SCXRD) typically requires crystals larger than 10 µm which are difficult to grow
for many zeolite samples, while powder X-ray diffraction (PXRD) data usually present
strong peak overlapping, which makes it difficult to achieve a satisfactory unit cell
determination and structure solution. The advent of a new Transmission Electron
Microscopy (TEM) based technique called 3D Electron Diffraction (3D ED) provides an
interesting alternative, as it allows the use of any conventional TEM to collect single crystallike diffraction data on nanocrystals of a few nanometers. [3] This method can be combined
with precession electron diffraction (PED), minimizing dynamical effects and integration of
reflections along the excitation error, which enables obtaining the superior quality diffraction
data required for ab-initio structure solution. [4] The combination of 3D ED with beam
precession allows the collection of a large set of 2D diffraction patterns while the crystal is
rotated under the electron beam, enabling the reconstruction of a large fraction of the 3D
reciprocal space in a very short span of time (e.g., in less than half an hour). As zeolites
tend to be beam sensitive materials, a special data collection protocol (data collection time
within few minutes instead of half an hour) has been developed in ITQ to provide a fast
data collection capacity in order to determine complex novel zeolite structures. [5,6,7]

In this work, we have used the ultrafast 3D ED data collection protocol as developed in ITQ
to determine the structure of two zeolitic borosilicates with ITQ-52 structure [8] (IFW
framework type), where phosphonium and aminophosphonium cations has been used as
their respective organic structure directing agents (OSDA). They both present a structure
with monoclinic space group I2/m (No. 12) with unit cell parameters a = 17.3446 Å, b =
17.7129 Å, c = 12.2535 Å, β = 90.628º, and a = 17.4810 Å, b = 17.9008 Å, c = 12.3250 Å, β
= 90.525º respectively, containing 64 TO2 units per unit cell (Figure 1 and 2).
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Figure 1 - Cuts of the 3D ED volume reconstructions from the data collected on the phosphonium cation containing
zeolite ITQ-52 sample. (a) (h00)* plane, (b) (0k0)* plane, (c) (00l)* plane.

Figure 2 – (a) TEM image of the phosphonium cation containing zeolite ITQ-52 crystal used for ultrafast 3D ED data
collection; (b) Silicon framework structure of synthetic ITQ-52 (with phosphonium organic template) solved using
ultrafast 3D ED Data; (c) Difference Fourier map after Silicon framework structure was determined.

As a conclusion, we have confirmed that the ultrafast 3D ED technique can be used to
solve the crystalline framework of complex zeolite structures, even in the presence of
organic moieties occluded inside the channels.
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Zeolites have been widely used in industry as size- and shape-selective catalysts and
adsorbents, because of their ordered microporous structure of molecular dimensions.1 To
date, more than 250 topologically different zeolite structures have been discovered, each
with unique pore size, shape and channel dimension.2 Most zeolites have 3-dimensional
(3D) periodic structures, some materials have been possible to grow into 2-dimensional
sheet like morphologies that are periodic in two dimensions.3,4 In this study we have shown
for the first time a 1-dimensional tubular zeolitic material combining meso- and
microporosity.5
The structure determination of low dimensional materials are highly demanding
compared to materials of 3D periodic structures. Over the last decade methods for 3dimensional electron diffraction (3D ED) have opened up a more accessible route for
structure determination from sub-micrometer sized crystals.6 Using the 3D ED method,
sub-micrometer sized crystals can now be considered to be single-crystals. Low
dimensional materials however still remain a challenge. The lack of 3D periodicity of the
reciprocal lattice limit the possibilities to retrieve a 3D structure ab-initio from the diffraction
data. For these specimens high-resolution (scanning) transmission electron microscopy
(S)TEM methods are of great importance in order to retrieve structural information.
Recent developments on modern electron microscopes are now enabling several
opportunities for real space examination of porous solids. The aberration-correction makes
it possible to obtain STEM images of atomic resolution. The recently developed integrated
differential phase contrast (iDPC) technique opens up for imaging using an electron beam
dose one order of magnitude lower than using in conventional STEM imaging.
Using a bolaform organic structure directing agent (OSDA) with quinuclidinium head
groups in each end enabled the growth of a tubular material with a diameter of ~5 nm. The
OSDA is capable of simultaneously direct the tubular morphology at the mesoscale
plausibly directed by π-stacking of the central biphenyl moiety and simultaneously direct
the formation of a microporous walls using the bulky quinuclidinium SDA head groups at
either end if the C10 alkyl chains.
High-resolution annular dark-field scanning transmission electron microscopy (ADFSTEM) and integrated differential phase contrast (iDPC) images were obtained both
perpendicular to and along the nanotube direction after sectioning the nanotubes by
ultramicrotomy (see Fig. 1a). Ten identical repeating units with square-like features are
frequently observed around the circumference of the nanotubes, and the distance between
the adjacent units is about 12-13 Å. Images acquired perpendicular to the nanotube
direction reveal the microporous nature of the projected wall structure in more detail. Based
on the structures observed in the iDPC STEM images and the periodicity along the tube
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direction obtained by 3D ED, the structural model of the nanotube can be deduced, as
shown in Fig. 1b.

Figure 1. (A) iDPC-STEM image of three fused zeolitic nanotubes. The circumference
of the nanotube is built from a repeating building unit, which mostly repeats 10 times.
(B) Structure model of the zeolitic nanotube. The wall of the tubes are microporous and
penetrated by a 10/12-ring windows. Each node of the net represents a Si or Al-atom,
bridging oxygen atoms are omitted for clarity. Green and purple represent the 12 and
10-rings respectively.

Geometrical optimization of a pure-silica analogue of the nanotube structure was carried
out with the Forcite Module in Materials Studio using the COMPASSII force field, after
termination of the Q3 Si atoms with hydroxyl groups. The model converged to a structure
with reasonable bond geometries. The wall structure allows for structural disorder of
polytypic behaviour, in a similar manner as has been observed for 3D periodic zeolite beta.
The polytypic stacking disorder is based on allowed ±1/3 translations of the 12.65 Å
periodicity along the extended dimension of the tube.
Due to the curvature of the tube, the two wall surfaces have different topological
structures. The outer surface is built from 4-, 5-, and 6-rings leading to 12-ring micropores,
whereas the inner surface is built from only 5- and 6-rings leading to 10-ring micropores.
The outer surface is topologically identical to a layer of zeolite beta. For the case of strictly
consecutive stacking (+1/3, +1/3… or -1/3, -1/3… translations), the inner surface is
topologically identical to a building layer in the ac-plane of zeolite MFI. The nanotube wall
can hence be considered a unique “atomic-scale” hybrid of zeolites beta and MFI. This kind
of hybrid cannot be formed in a 3D or 2D structure, and instead requires curvature into a
cylindrical nanotubular morphology. In order to shed light on the energetics of the zeolitic
nanotube, structural models were constructed and geometry optimized containing 6, 8, 10,
12 and 14 building units around the circumference. Evaluation of the bond geometries
shows that the nanotube built from 10 units has the most favourable geometry in terms of
Si-O distances as well as O-Si-O and Si-O-Si angles. This confirms the observations in
STEM images that 10 units around the circumference is most common.
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Conclusions
By combining high-resolution STEM imaging and electron diffraction it was possible to
determine the atomic structure of a 1-dimensional zeolitic nanotubes. Aberration-corrected
STEM images were essential in order to obtain local structural information despite the lack
of 3D periodicity. The tube is built from a repeating unit which is repeated around the
circumference of the tube. The connectivity of these units introduces a well-defined
curvature inducing the formation of a tube. The curvature of this atomically thin zeolitic
sheet into a nanotube structure results in a nanotube wall whose inner and outer surfaces
are structurally different. The tube wall can be seen as a hybrid between the two wellknown zeolites beta and MFI.
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Advance characterization of zeolites is a key aspect in order to understand their
physicochemical properties as well as to discover new topologies. Among the many
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characterization techniques, Transmission Electron Microscopy (TEM) is of particular
interest as it can provide information hardly accessible by other methods[1]. It provides
direct visualization of the material together with crystallographic data through electron
diffraction as well as chemical information via spectroscopy. The major drawback that has
hampered the use of TEM on zeolites has been the low stability under the electron beam
resulting in a complete disintegration of the structure within seconds of observation.
However, with a careful control of the electron dose (number of electrons per area), the
development of more sensitive electron detectors and with the implementation of the
spherical aberration correctors, images with atomic resolution information are potentially
accessible. In recent years, Scanning TEM (STEM) coupled with an annular dark field
detector (ADF) has been the method most widely used as the contrast in the images is
related to the atomic number of the elements; therefore, heavy metals appear brighter in
comparison with lighter supports such as Si/Al atoms of the framework[2]. The challenge
then is to analyse other species than noble metals such as transition metals, light cations or
oxygen bridges in order to gain information of the location of these species in the
framework and as extraframework cations, which could provide information of the catalytic
properties, ion-exchange capability or atomic occupancy[3].
In here, we will present the results obtained in the three different topologies that have been
selected due to their academic and industrial importance including:

-

-

Na-LTA with Si/Al=1/1, one of the largest open frameworks with the lowest Si/Al
ratio and one of the most electron-beam sensitive zeolites.
MFI framework type, representing one of the most heavily used zeolites in
industry, with infinity of Si/Al ratio (pure SiO2) and with some framework Si
atoms substituted by Fe atoms.
As synthesized and Pb ion-exchanged EMT, the polymorph of the industrial
heavily used FAU framework type.

Results
The structure of Na-LTA (ideal chemical formula Na96Si96Al96O384) determined from singlecrystal XRD by Pluth and Smith is well accepted with Fm-3c space group and unit-cell
constant a = 24.555 Å. This is assuming occupation probabilities (OPs) for Na+ cations: 62
Na (1) in a 64-fold position (along 3-fold axes at the center of single 6-rings (S6Rs)) with
OP=0.972; 23 Na(2) in a 96-fold position with OP=0.240 inside single 8-rings (S8Rs), and 6
Na(3) in a 96-fold position with OP=0.066 close to the double 4-rings (D4Rs). For STEM
observation, the best projection would be [001] since many of the T-O-T bonds as well as
the S8Rs are perpendicular to the incident beam. Figures 1a and 1b correspond to the NaLTA images, observed along the [001] orientation, using annular dark and bright field
detectors (ADF, ABF) respectively. In both cases, the schematic model has been overlaid
to corroborate the perfect matching between the theoretical and the experimental data,
revealing that ADF is not ideal to identify the Na+ cations and O bridges. From figure 1b, it
can be deduced that ABF is a more suitable approach for imaging all T atoms, oxygen
bridges and light cations even for low occupancy.
On the other hand, MFI framework type is a more stable zeolite under the e-beam, it
presents orthorhombic structure with space group Pnma and unit-cell parameters a=20.09
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Å, b=19.73 Å, and c=13.14 Å. In this case, the projection along the b-axis allows the best
visualization of the framework exhibiting: 1) two types 5-membered rings (5Rs) of different
size; a large 5Ra and a small 5Rb, which are alternately arranged along the c-axis; 2)
single 6-membered rings (S6Rs), and 3) the largest pores formed by 10-membered rings
(10Rs). If Fe atoms substitute framework Si atoms, Fe atoms would display a stronger
contrast than Si through atomic number (Z) dependent scattering called “Z-contrast”, which
should be evidences in very thin crystal (where thickness effect would be reduced). Figure
1c exhibits the STEM-ADF micrograph, raw data, of a Fe-MFI crystal, where brighter spots
were observed, red arrow, which could be attributed to the incorporation of Fe into
framework. To corroborate this assumption, image simulations were performed, while
chemical analyses were performed over the region of interest by means of electron energy
loss spectroscopy (EELS), figure 1d, where the Fe-L2,3 signal was clearly present.
Finally, EMT framework type is directly related to FAU type, constructed by the same units
with different layer stacking; it presents P63/mmc space group. The lattice constants that
has been reported are a = b = 17.215 Å, c = 28.082 Å, α = β = 90° and γ = 120°. This
framework is formed by double six rings (d6Rs) and sodalite (sod) cages that when
connected, forming faujasite (fau) layers (layer unit), with 12-membered rings along the b
and c directions. The stacking sequence of these layers allow infinite number of different
stackings and two extremes are EMT and FAU. By AA’ stacking of faujasite sheets, EMT is
obtained, where the adjacent two layers are related to each other through a mirror plane.
Alternatively, in FAU, the stacking sequence is ABC, with each fau layer rotated 60° with
respect to the previous one, and each sod cage related to its partner by an inversion
centre. In here, EMT was ion exchanged with Pb(NO3)2 to finally obtain a partially occupied
Pb-EMT zeolite[4]. The structural solution was then achieved by combining 3-dimensional
electron diffraction tomography (3D-EDT) with atomic resolution observations using both
ADF and ABF detectors. By doing this, the symmetry was reduced from P63/mmc from the
original EMT to P63/mc. Figure 1e corresponds to the structural solution assuming the latter
space group with K+ displayed in pink colour and Pb2+ in green colour. While the ABF data
is presented in figure 1f, which allows the identification all atoms; red arrows indicate the
oxygen bridges, blue arrow indicates the T atoms and yellow and pink arrows point to the
extraframework cations (Pb2+ and K+ respectively).
In conclusion, electron microscopy is advancing towards a full characterization of molecular
sieves even at local level, which is expected to provide information of the aluminum
location, ion-exchange capabilities that will help to explain their physicochemical behavior
and even point defects such as “silanol defects” or hetero-atoms in the framework.
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Figure 1 – Electron microscopy analyses of the materials studied. a) ADF image of Na-LTA. b) ABF micrograph of
Na-LTA. In both cases, the theoretical model has been superimposed with the T atoms in blue and the O in red. c) ADF
image of Fe-MFI, where the red arrow indicates an atomic column with stronger contrast. d) EEL spectrum of the area of
interest. e) Structural solution of Pb-EMT zeolite. Si in blue, O in red, K+ in pink and Pb2+ in green. f) ABF micrograph of
Pb-EMT with the different atomic species marked by arrows. The framework model has been overlaid with the same
colour code.
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The reaction properties of metal-zeolite catalysts strongly depend on the compositions
and nanoscale architectures of the zeolite support, as well as the identities and
locations of metal species and exchangeable cations within the zeolite nanopores,
which are influenced by the catalyst synthesis and treatment conditions. Understanding
the atomic-scale compositions and structures of Pt-zeolite systems is crucial to the
development of strategies to improve and prolong catalyst activity, control metal
dispersion, and reduce the amount of precious metal required. Detailed understanding
of Pt environments in zeolite catalysts have been limited, in part due to the broad
distributions of local Pt environments, and the diverse interactions of Pt species with
different framework sites and exchangeable cations.
A

B

Figure 1 – Distributions of Pt species in zeolite nanopores revealed by solid-state NMR
(A) Schematic diagram of Pt-NaY zeolite showing cation-exchange sites in supercage, sodalite cage, and hexagonal
prism environments; (B) Solid-state 2D 27Al{29Si} J-mediated NMR spectrum of 1 wt% Pt-NaY calcined at 600 oC,
which resolves signal intensity from distinct 29Si sites that are directly bonded to different numbers of framework 27AlIV
atoms and that also manifests the influence Pt guest species.

To overcome these challenges, we used solid-state nuclear magnetic resonance
(NMR) spectroscopy techniques, together with X-ray diffraction (XRD), high-resolution
transmission electron microscopy (HRTEM), extended X-ray absorption fine structure
(EXAFS), and thermal gravimetric analyses (TGA), to obtain detailed insights on the
locations and interactions of Pt species, as functions of treatment conditions. We report
the influences of oxidative processes on the correlated locations of Pt and
exchangeable cations in NaY zeolite (Fig. 1A), which are revealed by powerful twodimensional (2D) 27Al{29Si} (Fig. 1B) NMR measurements [1] that are sensitive to the
interactions of Pt and ions with zeolite framework moieties. Pt(NH3)42+, Pt2+, and Na+
cations compete to charge-balance different anionic framework sites, thereby
influencing their mutual distributions. Distinct Na+ cation sites are sensitively monitored
by solid-state 1D 23Na NMR spectra acquired at very high magnetic field, 35.2 T
(currently the world’s highest for NMR at the U.S. National High Magnetic Field
Laboratory) and by 2D 23Na{29Si} NMR correlation spectra. In addition, the local
chemical environments of Pt species in heterogenous catalysts can be probed directly
by using wideline solid-state 195Pt NMR [2] to distinguish and quantify the Pt species
present following different preparative treatments. In combination with XRD and TEM
results, the analyses enable the resolution, identification and quantification of different
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framework tetrahedral (T) sites, exchangeable cations, and Pt guest species at
different sites within the Pt-zeolite materials and the influences of treatment conditions
on their respective distributions. In particular, the analyses show that the locations of Pt
species in different zeolite cages depend strongly on calcination temperature over the
range 200–600 oC, which influences the subsequent types and locations of Pt species
within the zeolite nanopores. For example, whereas calcination at 673 K results in PtOx
species in Y-zeolite supercages, calcination at high temperatures (873 K) results in a
distribution of Pt2+ cations that are located predominantly in the hexagonal prisms of Yzeolite. The atomic-level understanding of the treatment-dependent compositions and
structures of Pt-zeolite materials yields design criteria for the dispersion of Pt species in
zeolite nanopores and insights on resulting adsorption, reaction properties and
stabilities. More generally, the experimental approach and complementary
spectroscopy and scattering techniques presented here are expected to be broadly
applicable to other zeolite-supported metal systems for use in determining the
composition-structure-function relationships that are central to understanding and
improving macroscopic material properties.
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Understanding the details of the zeolite catalyst at the molecular level under operando
conditions is the key for the design of the optimal process. Detail knowledge of aluminum
distribution in zeolites is perhaps the greatest challenge in the zeolite science today.[1]
Neither the distribution of individual Al atoms among the crystallographically independent
framework sites nor the relative positions of two framework Al atoms can be obtained from
experiments in general (except trivial cases like Al pairs separated by just a single SiO4/2
tetrahedron). Only indirect methods based on numerous assumptions can be used in some
cases and the validity of adopted assumptions is often rationalized based on relevant
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computational investigations. However, experimental conditions are not sufficiently
projected on the computational models which are mostly simplified in several ways:[2-4] (i)
idealized chemical composition is adopted, (ii) temperature and entropy effects are not
considered at all or they are severely approximated and (iii) time-averaged properties are
substituted by single value obtained for the minimum on the potential energy surface
(PES). It is unfortunately in the heard of computational models of zeolites (and many other
system) to simplify the system as much as possible and eliminate the effects of seemingly
less important parts of the investigated system (e.g., presence of water in the zeolite
channel system). While such approach is bringing new understanding and help us to build
the conceptual understanding of the problem, in the same time, it limits the space within
which is our understanding and chemical intuition formed.

The goal of this contribution is to understand the importance of operando conditions in the
computational investigation of Al sites and distribution in zeolite catalysts and, thus, to
bridge the gap between operando and ex situ investigation. The computational operando
conditions [5] are represented by

(i) experimentally relevant composition of the system (Si/Al ratio, presence of extra
framework cations and presence of water in the channels system;
(ii) respecting the temperature of the system and considering the entropy via
sufficiently long molecular dynamics run and by time-averaging of the
shielding and EFG tensors;
(iii) replacing the density functional theory by reactive neural network potentials in
the molecular dynamics and using machine learning to train the structuretensors correlations (double machine learning approach).
While DFT calculations are too expensive to be routinely applied, the proposed double
machine learning approach is computationally cheap and it retains the accuracy of
reference DFT method. We have already shown that highly accurate reactive neural
network potential can be trained using SchNet architecture[6] for even such structurally
complex systems as various forms of silica (Figure 1).[7]
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Results will be presented for three different questions:

1. The performance and reliability of double machine learning approach will be
shown first.
2. The importance of operando conditions for modeling of solid-state NMR in
zeolites will be discussed first based on the comparison of “standard static”
calculations (NMR characteristics calculated for single structure, minimum at
PES, with and without the presence of cations and water) and, second, based
on comparison with experimental data. Results for CHA, FER, MOR and MFI
will be discussed.
3. Finally we will show that the double machine learning approach is not limited to
the description of the tetrahedral aluminum but it can be used also for
octahedral aluminum and anything in between Td and Oh aluminum. This will be
demonstrated on the case of framework-associated octahedral alumina[8] the
kinetic and thermodynamics characteristics of which has been revealed for the
first time.
In summary, reactive neural network potentials can describe the energetics of zeolites with
water with the accuracy of the reference DFT level of theory. A correct description of cation
solvation (Na+ and H+) is essential for the proper description of 27Al NMR and it does
require reactive neural network potentials. Results obtained under operando conditions
indicate that (i) individual framework Al position can be distinguished only in certain cases,
only grouping of Al positions (according to their chemical shieldings) can be safely
assigned; (ii) different Al pairs could be distinguished (at least some) at dry conditions,
however, once the charge-compensating cations are solvated in the channel system, the
differences becomes much smaller.
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Zeolites are catalysts widely applied in the petrochemical industry. It is well known that their
structures allow a high accessibility to their catalytically active sites, improving the
selectivity of numerous processes. However, a major drawback in zeolite-catalysed
reactions is that reactants and products can encounter severe diffusion limitations which
often lead to pore blocking and catalyst deactivation by the formation of coke. The
efficiency of the separation processes in zeolites is strongly influenced by intra-porous
diffusion as well [1]. For this reason, one of the aims of the research in this area is to
improve zeolites performance in terms of catalytic activity and selectivity. One of the formal
approaches in this sense is aimed at reducing the particles size to nanometric dimensions
(about an order of magnitude less than the size of conventional zeolites) to help shorten
diffusion in micropores and also increase the external surface, which should constitute a
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larger fraction of the total surface [2]. It is reported that, when the crystalline dimensions
are reduced to a size equal to 50 nm, up to 20% of the coordinated tetrahedral atoms can
be found on the external surfaces [2].
Therefore, the quantification and localization of catalytic active sites and their distribution is
of crucial importance in the characterization of these materials. In particular, FT-IR
spectroscopy is one of the most used analytic techniques for the characterization of
Brønsted and Lewis acid sites and for the characterization of internal and external silanol
terminal sites. In order to carry out a detailed characterization with FT-IR spectroscopy, in
this work three nanometric zeolites Beta crystals were synthesized from a colloidal
precursor
solution
having
the
following
chemical
composition:
0.35Na2O:4.5(TEA)2O:xAl2O3:25SiO2:295H2O (where x is equal to 0,5; 0,25; 0,125) and a
micrometric Beta type zeolite having the following chemical composition:
6.25(TEA)2O:0.25Al2O3:25SiO2:150H2O:12.5HF.
Nanometric
zeolites,
were
first
characterized from a structural, chemical and morphological point of view by means of Xray diffraction analysis (XRD), microscopy (SEM-EDS), Brunauer-Emmett-Teller (BET) and
chemical analysis (ICP), while the FTIR experiments were performed with different
operating techniques. The bulk ratio revealed by the ICP analysis is 15, 21, 33 for the
nanometer zeolites with theoretical ratio respectively of 25, 50 and 100 and 34 for the
micrometric zeolite. The Si / Al ratio has dropped considerably, but the result is expected
due to the difficulty of synthesizing Beta zeolites with a high Si / Al ratio [3].
The FTIR experiments were performed in situ using CO as the probe molecule, at both 298
K and 77 K for the identification of strong Lewis and Brønsted sites, respectively, by
introducing calibrated aliquots of CO in both cases. In particular, for the characterisation of
the Brønsted sites, the most intense peak measured is positioned at 2175 cm-1 and
represents the CO adsorbed on the protons of the bridged Si-(OH)-Al groups. In parallel,
the changes in the O-H stretching region of the IR spectra were analysed: the 3620 cm-1
peak completely disappears, and a new, very broad, intense feature develops down to
3300 cm-1 (Figure 1a). This feature represents the hydrogen bonding between the bridging
Si-(OH)-Al groups and the CO molecules. The concentration of the bridging Si-(OH)-Al
sites of the nanometric samples under examination was specifically calculated by plotting
the intensity of the growing peak at 2175 cm-1 with the decrease of the peak at 3620 cm-1
(Figure 1b)

Figure 1. FTIR spectra of CO adsorption on one of the analysed catalysts (A). Trend of the integral area of the peaks at
2175 cm-1 and 3610 cm-1 vs. the amount of adsorbed CO (B).
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From the study of pyridine (Py) adsorbed at controlled concentrations, it seems that the
basic probe tends to adsorb more easily on the Brønsted sites of the Beta35 sample than
on those of nanometric size zeolites. From Table 1 it can be remarked that the angular
coefficient of the straight line formed by the correlation between the IR peak area of the
Brønsted acid sites and the amount of Py introduced in the Beta35 sample is double than
that of the nanoBeta15 and nanoBeta21 samples. Concerning Py adsorption on the Lewis
sites, it seems evident that the probe tends to adsorb very easily on the Lewis sites of the
nanoBeta15 and nanoBeta33 samples, suggesting that the defective parts are probably
found on the surface of these catalysts. In addition, in order to study the total contribution of
the acid sites, the sample was saturated with Py. The corresponding concentrations were
calculated for the resulting spectra acquired at 150 °C and under vacuum conditions, using
the integrated area of the peaks. It should be noted that although the Si / Al ratio is very
similar between Beta34 and nanoBeta33 and that the entire amount of adsorbed pyridine
remains almost the same, their B / L ratio is extremely different. This is due to the fact that
nanocrystals show a higher Lewis acidity, which confirms the presence of numerous
defects in small nanocrystals compared to microcrystals. In addition, it is clear that the
number of Brønsted sites capable of protonating Py to form pyridinium ions are above the
values obtained from CO adsorption, which is sensitive only to the Si-(OH)-Al Brønsted
sites.This means that Brønsted sites with different acid strengths coexist in these samples,
and in particular it seems that the internal SiOH groups may show Brønsted acidity, as
suggested by Hoffman and Lobo [4]. To deeper study sites of this nature, a further
investigation was made on the samples under analysis via a peak-fitting procedure on the
OH bands (3750-3600 cm-1) for all the obtained spectra. The area reduction is therefore
represented by:
ΔA=Aact - Aads; where Aads represents the area of the peak after the adsorption of Py at 25
°C, while Aact represents the area of the peak recorded after the activation procedure. By
doing so, the area reduction is proportional to the number of acid sites occupied by the
probe molecule. The deconvolution is aimed at verifying the relative abundance of the
Gaussian components of the peaks (normalized to the weight) at 3745 and 3735 cm-1
corresponding to the external and internal silanols, respectively (Table 1). In all the
samples under analysis, the contribution of both natures of SiOH turns out to be much
greater in the nanometric samples than in the micrometric ones. Specifically, from these
evaluations it seems that the contribution given by the concentration of internal silanols is
about three times higher in all three nanometric analyzed samples than the sample Beta35.
Regarding the contribution of external silanols, it seems to be different: while the
nanoBeta15 and nanoBeta33 samples have respectively 13 and 12 times the content of
external silanols compared to those of the Beta35 sample, the nanoBeta21 sample
presents only 6 times that concentration. The low concentration of Lewis sites, their poor
accessibility and the lowest concentration of SiOH external sites (compared to the other
two nanometric samples), suggests that the nanoBeta21 sample is less defective than the
others and/or have less extra framework sites.

Table 1. Results of the study of Py adsorbed at controlled concentrations: concentration of Brønsted and Lewis
sites, angular coefficient of the line formed by the correlation between the IR peak area and the amount of Py
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introduced and area ratio of Gaussian functions corresponding to the external and internal silanols between the
nanometric and micrometric samples

SiOHint
Brønsted

Sample

angular
µmolPy/g*
coefficient

Lewis

µmolPy/g*

total
acidity

angular
coefficient

SiOHext
-

B/L

µmolPy/g

(3735 cm
(3745 cm-1)
1
)
SiOHcat/

SiOHcat/

SiOHBeta35 SiOHBeta35

Beta35

227,87

0,27

93,41

0,24

321,28

2,44

1

1

nanoBeta15

228,32

0,15

293,37

0,56

521,69

0,78

⁓3

⁓13

nanoBeta21

350,82

0,14

99,42

0,05

450,24

3,53

⁓3

⁓6

nanoBeta33

133,25

0,08

157,76

0,59

291,02

0,84

⁓3

⁓12

* calculated by [5]

Since all the acquired data suggest that the access to cavities and sites can be very
different between micrometric and nanometric zeolites, we have undertaken a more
complete study to localize those sites through their selective poisoning. The co-adsorption
of two probes took place in two steps: in the first step, collidine, a basic probe with a kinetic
radius (7.4 Å) greater than the size of the pores, was adsorbed on the accessible surface
acid sites. Then CO (a basic probe with kinetic radius and pkb much lower than the
nitrogenous base) was adsorbed on the same catalyst at 77K and 298K. The results show
an average decrease in adsorbed CO equal to about 65%, suggesting that the most of the
acid sites are located on the outer surface of the samples.
In addition, we have standardized in situ experiments using the CARROUCELL cell. This
last generation cell is capable of hosting up to 11 samples maintaining the same
experimental conditions for all. Using this system, FTIR spectra were recorded every seven
minutes before and after the adsorption of Py in a temperature range of 303–723 K. This
made possible to evaluate sample behaviour respect to the Py TPD as well, so obtaining
an indication on the strength of the sites. This precise quantitative analysis of the acid sites
present in the investigated samples will allow to correlate their properties with the catalytic
performance under investigation.
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Introduction
In current methane valorization pathways, the methane is first converted into syngas via
steam reforming processes that are only viable on large production scales. The direct
conversion of methane into easily transportable platform molecules such as methanol
would allow for methane upgrading at small-scale and remote natural gas sources [1,2].
Cu-exchanged zeolites are promising candidates for this direct methane oxidation to
methanol. Three zeolite topologies are particularly promising and have dominated literature
since 2005: MFI, MOR and CHA. Our group managed to identify and characterize a mono(μ-oxo) dicopper(II) species ([Cu-O-Cu]2+) in MFI [3] and two slightly different [Cu-O-Cu]2+
species in MOR [4] as active sites for methane oxidation at temperatures around 423-473
K.
Recently, other groups proposed trans-μ-1,2-peroxo dicopper(II) ([Cu-O-O-Cu]2+) and endon or side-on copper(II) superoxo ([Cu-O2•]+) species as the active site for methanol
production on O2 activated Cu-CHA zeolites, solely based on particular resonance Raman
(rR) features [5,6]. However, this limited evidence is not sufficient to draw firm conclusions
on active site structure. As Cu-CHA zeolites are also heavily researched (and
commercialized) for the selective catalytic reduction (SCR) of NOx gasses [7,8] and are
considered a model system for applied redox catalysis [9], it is particularly important to get
a good grasp of the relationship between spectroscopy and copper speciation on these CuCHA materials.
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Materials and Methods
CHA zeolites were synthesized in-house and loaded with copper via ion exchange with
copper(II) acetate. The obtained materials were activated via autoreduction in helium at
elevated temperatures, followed by formation of the active site during an oxidation step with
N2O or O2. After reaction with methane at 473 K, the produced methanol was extracted and
quantified by GC analysis. After every step of the activation-reaction cycle, DR-UV-Vis and
in-situ resonance Raman (rR) spectra were collected. Kinetic parameters of the active site
for methane oxidation were obtained by operando UV-Vis. DFT models (B3LYP) were
constructed in agreement with the experimentally obtained spectroscopic and kinetic
results.
Results and Discussion
After the activation step with N2O or O2 a clear absorption band around 22400 cm-1
emerges in the DR-UV-Vis spectra, which decays upon methane reaction. When the rR
laser is tuned in this absorption band (λex = 458 nm), vibrations similar to literature are
obtained. An analysis of the Raman shifts at higher energies and the 18O isotope shifts
obtained after activation with 18O2 suggests that the active site is a [Cu-O-Cu]2+ species, in
contrast with the discussed literature proposals [5,6]. Both the DR-UV-Vis and rR features
are more intense after activation with N2O than with O2, confirming our assignment as a
mono-oxygen active site.

By monitoring the decay of the 22400 cm-1 absorption band in time during reaction with
methane, we showed that the [Cu-O-Cu]2+ is more reactive on CHA zeolites than on MFI
zeolites. Via a normal coordinate analysis, a 120° Cu-O-Cu bond angle was obtained for
the novel [Cu-O-Cu]2+ on Cu-CHA, smaller than for the [Cu-O-Cu]2+ on Cu-MFI (140°)
(Figure 1A). DFT models constructed in agreement with the spectroscopic and kinetic
results pointed at a second structural difference between [Cu-O-Cu]2+ on Cu-CHA and CuMFI: the relative orientation of the two bidentate ligations of [Cu-O-Cu]2+ to the two lattice
O-Al-O T-sites (Figure 1B). A careful DFT analysis indicates that the higher reactivity on
Cu-CHA is due to this different bidentate coordination to the lattice, and surprisingly not due
to the different Cu-O-Cu bond angle [10].
Additionally, recent experiments of our group indicate that this dinuclear [Cu-O-Cu]2+
species in Cu-CHA has a significantly higher reactivity than a novel mononuclear [CuOH]+
species identified in MOR (characterized with EPR, rR, UV-Vis and XAS). We are in the
process of relating this reactivity difference to their structural differences.
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Figure 1. A) DFT models of the [Cu-O-Cu]2+ active sites on Cu-CHA and Cu-MFI. B) Detailed schemes indicating the
rotation of the two bidentate ligations of [Cu-O-Cu]2+ to the lattice O-Al-O T-sites (in grey plane) relative to the [Cu-OCu]2+ plane itself [10].

Conclusion
By combining an improved activation procedure with N2O and a rigorous spectroscopic
analysis (DR-UV-Vis, rR, 18O shifts, kinetics) we identified the active site on Cu-CHA as a
[Cu-O-Cu]2+ species, settling the discussion that has emerged in recent years. We also
showed that lattice-imposed geometrical constraints enhance the reactivity of the [Cu-OCu]2+ site in Cu-CHA, reminiscent of the entatic state concept in metalloprotein chemistry.
This proves the possibility to further optimize these dimeric active sites by engineering the
support material. In conclusion, this work leads to a further understanding of commercially
relevant copper zeolites that have taken center stage in SCR and selective oxidation of
methane to methanol.
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The reaction properties of zeolites depend on the local compositions and structures of
the nanoporous channels and cations that charge-balance anionic sites on the zeolite
framework. For example, small pore (0.4 nm) chabazite-type zeolites are used for
methanol-to-hydrocarbon conversion in the H+-form and for selective catalytic reduction of
NOx in the Cu2+-form. Properties of these catalysts, including hydrothermal stability and
product selectivity, depend on the distributions of Al heteroatoms in the zeolite framework,
particularly “paired” Al heteroatoms separated by one to three O-Si-O linkages [1]. Recent
work has suggested that the fraction of “paired” Al heteroatoms in aluminosilicate chabazite
can be influenced by judicious selection of structure-directing agents during synthesis [2].
However, direct atomic-level evidence for these paired framework Al sites has been
challenging to obtain, as has been their effects on cation distributions and catalytic reaction
properties.
Direct observation of paired aluminum configurations in zeolites is challenging due to
the absence of crystalline, long-range ordering of Al heteroatom substitutions in most
zeolites. Several methods have recently been proposed to identify and quantify the types
and amounts of second-nearest-neighbor (2NN, i.e., Al-O-Si-O-Al) and third-nearestneighbor (3NN, i.e., Al-O-Si-O-Si-Al) framework Al configurations. Most commonly, these
sites are titrated by divalent cations such as Co2+. However, divalent cations only titrate
specific types of paired aluminum configurations and do not provide direct information on
the types and relative populations of configurations present in a zeolite [3]. In addition,
through-space 2D 27Al-27Al dipolar-correlated NMR experiments have been used to identify
proximate Al atoms in highly siliceous zeolites, although these analyses generally do not
distinguish between framework versus extraframework Al or between 2NN and 3NN
configurations [4]. Recently, X-ray diffraction methods have been developed to identify
tetrahedral sites occupied by aluminum, though similarly not whether they are associated
with 2NN and 3NN configurations [5]. While these advances provide new information on the
distributions of aluminum in zeolites, none directly observe paired Al distributions in zeolite
frameworks.
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Here, we present results based on new through-bond 2D 27Al{29Si} and 29Si{29Si} Jcorrelated NMR analyses that provide direct evidence of paired framework Al atoms in
chabazite zeolite catalysts [6]. Solid-state NMR is a powerful means of probing the
nanoscale proximities of zeolite framework moieties and their interactions with
exchangeable cations or adsorbed species in the zeolite nanopores [7]. The 2D 27Al{29Si} Jcorrelated NMR correlation experiments yield NMR signals only from 29Si and 27Al species
that are covalently linked through a 29Si-O-27Al bond. With this technique, 2NN aluminum
configurations are confidently identified by correlations between 27Al NMR signals from
framework Al and 29Si Q4(2Al) NMR signals which otherwise overlap with 29Si NMR signals
from silanols for many zeolite frameworks. The Qm(nAl) indicates Si species with n Si-O-Al
bonds and m-n Si-O-Si bonds. Similarly, 2D 29Si{29Si} J-correlated NMR correlation
experiments yield NMR signals from pairs of 29Si species that are covalently linked in 3NN
27Al-O-29Si-O-29Si-O-27Al configurations.
2D 29Si{29Si} J-correlated NMR spectra were acquired for two H+-chabazite zeolites, H+CHA-A and H+-CHA-B, that are indistinguishable based on conventional characterization
analyses (e.g., crystallinity, framework Si/Al ratios of 10, etc.), though exhibit significantly
different methanol dehydration activities, as shown in Figure 1A. Nevertheless, the
respective 2D 29Si{29Si} J-correlated NMR spectra reveal differences in the local Al
configurations between the H+-CHA-A and H+-CHA-B catalysts. Figure 1B shows overlaid
2D 29Si{29Si} through-bond NMR spectra for the two H+-CHA catalysts, H+-CHA A in black
and H+-CHA B in red, with correlated signal intensity distributed in three well resolved
regions. The purple box at 29Si DQ -224 ppm corresponds to pairs of Q4(0Al) species linked
through a 29Si-O-29Si bond and represents regions of the framework without a nearestneighbour Al atom. The orange box at 29Si DQ -216 ppm corresponds to Q4(0Al) and
Q4(1Al) species linked through a 29Si-O-29Si bond. Most importantly, the red box at 29Si DQ
-209 ppm corresponds to pairs of Q4(1Al) species linked through a 29Si-O-29Si bond and
represents 3NN 27Al-O-29Si-O-29Si-O-27Al Al configurations. The framework structures
responsible for the three different bands of signal are highlighted on the inset of a chabazite
structure in Figure 1B. Notably, the signal corresponding to 3NN structures is only present
in the spectrum for H+-CHA A, which indicates that H+-CHA A has significantly more 3NN
sites than H+-CHA B. The greater number of 3NN sites in H+-CHA A correlates with the
higher activity for methanol dehydration for this catalyst. The NMR methods we show here
for chabazite materials are expected to be transferable to any zeolite framework, to work on
zeolites with varying degrees of order and disorder, and to be effective at identifying paired
aluminum species at a wide range of silicon to aluminum ratios.
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Figure 1 – Third-nearest-neighbour(3NN) framework aluminum configurations influencing methanol
dehydration activity of CHA catalysts revealed by solid-state NMR
(A) Methanol conversion as a function of time during methanol dehydration over H+-CHA-A (black) and H+-CHA-B (red)
at 125 oC and 150 oC in a batch reactor, as determined from the integrated intensities of the 13C NMR signals for
methanol and dimethyl ether tracked in situ. (B) Solid-state 2D 29Si-29Si{1H} CP-J-mediated NMR spectra of two different
hydrated H+-CHA zeolites H+-CHA-A (black) and (B) H+-CHA-B (red) with different distributions of framework Al
heteroatoms. The signal corresponding to 3NN paired Al configurations is boxed in dark red, signals corresponding to
Q4(0Al)-Q4(1Al) connectivities are boxed in orange, and the signal corresponding to Q4(0Al)-Q4(0Al) connectivities is
boxed in blue. Both spectra were acquired at 9.4 T, 100 K, and 8 kHz MAS. The inset shows a chabazite structure with
a 3NN-paired Al configuration highlighted in red, Q4(0Al)-Q4(1Al) and Q4(0Al)-Q4(0Al) configurations are shown in
orange and blue, respectively. Light blue atoms represent Si, red atoms represent Al, and black connecting lines
represent bridging oxygen atoms.
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A wide variety of zeolite structures and compositions known to date are the basis for their
great success in commercial applications. The shape-selective properties of this class of
microporous materials come largely from the confinement of Brønsted acid sites (BASs;
bridging Si-OH-Al groups). BASs are formed in zeolites when protons counterbalance the
negative framework charges created by Al substitution for Si in crystallographically distinct
tetrahedral sites (T-sites, where T is Si or Al) and act as the main active site in many acidcatalyzed hydrocarbon conversions like cracking, isomerization and alkylation [1].
Most known zeolite structures possess more than one crystallographically distinct T-site,
with equal or unequal multiplicities [2], which is also true for their bridging O atoms. For
example, ZSM-5 (MFI), one of the industrially most important and widely studied zeolite
catalysts, has 12 distinct T-atoms and 26 such O atoms [3]. Thus, a minimum of 240 types
can in principle exist in the ZSM-5 framework, making it practically impossible to accurately
identify all of them using the current analytical techniques. Despite this, however, little
attention has been devoted to the characterization of BASs possessing crystallographically
different framework O atoms in structurally simple zeolites such as zeolite A (LTA) with only
one crystallographically distinct T-atom and three such O atoms [4]. In particular, even less
attention has been directed toward the effect of framework Al content on the type,
concentration, and acid strength of crystallographically different BASs.
Here we report the direct observation of yet unrecognized bridging Si-OH-Al groups in LTA
zeolite whose oxygen atoms are crystallographically different from those of already known
BASs. A combination of OH and NH3 IR, 2D 1H-27Al D-RINEPT and 1H-29Si HETCOR MAS
NMR, NH3 TPD, and DFT calculations clearly shows that the creation of a
crystallographically particular type of bridging OH groups in zeolites and its concentration
and acid strength can vary strongly with the content and spatial distribution of framework Al
atoms, thus being synthetic in nature, which can be successfully rationalized in terms of the
secondary building unit concept.
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Figure 13 Three crystallographically different framework O atoms in the LTA structure (left) and 2D 1H-27Al
D-RINEPT MAS NMR spectrum of dehydrated H-LTA(7.8) (right).
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The location of aluminum in a zeolite framework structure defines the accessibility and
geometry of its catalytically active sites. This is because aluminum introduces a negative
charge into the framework and the balancing extra-framework cation (the active site) will be
nearby. When the extra-framework cation is a proton, the zeolite becomes a solid acid that
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can be active in Brønsted-acid catalyzed reactions. Unfortunately, a proton is too light to be
observed by X-ray diffraction directly.
Although a number of different techniques (e.g. MQMAS NMR [1], X-ray absorption
spectroscopy [2], X-ray standing waves [3]) have been applied to this problem, only indirect
information and a partial resolution could be obtained. There is currently no general or
direct analytical method that can identify which T sites in a zeolite framework structure are
occupied by aluminum. X-ray crystallographic methods are hindered by the fact that the
aluminum substitution for silicon is usually only partial (typical zeolite catalysts have Si:Al
ratios larger than 5) and the scattering power of these two elements is very similar, making
it difficult to distinguish them.
To address this long-standing problem, we have recently developed a method that exploits
the anomalous scattering of an element near its X-ray absorption edge [4]. At X-ray
wavelengths far from the edge, the X-ray atomic scattering factor is primarily a function of
the number of electrons in the element (e.g. 14 for Si and 13 for Al), but as the wavelength
approaches an element's absorption edge, the anomalous contributions to the scattering
factor of that element become significant and its scattering power changes dramatically. At
the Al absorption edge (1.56 keV), the scattered signal for aluminum decreases while that
for all other elements, including silicon, remains unchanged (Figure 1). This difference
affects the structure factors, and thereby the intensities of the Bragg reflections, and allows
the aluminum positions in the structure to be determined.

A

B

Figure 1. A: Visualization of the AXPD phenomenon, where the signal for Al at the Al
absorption edge is strongly reduced. B: X-ray scattering factors for silicon and aluminum. The
approximate wavelengths used for diffraction measurements are indicated.

In contrast to the well-established X-ray absorption spectroscopy technique at the Al edge,
which is a short-range probe that is sensitive to the local environments of all aluminum
atoms, AXPD is a long-range probe that can distinguish between the different T sites and is
sensitive to their Si/Al occupancies. The positions of the aluminum atoms in the framework
can be pinpointed unambiguously. Because the diffraction limit at 1.56 keV corresponds to
a d spacing of only 3.98 Å, only a few reflections with high d spacings can be measured
before the diffraction limit is reached. Therefore, a conventional measurement is used to
refine the full structure initially (assuming a random distribution of aluminum over all T
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sites), and subsequently the AXPD data are added to quantify the aluminum concentration
at each T site.
Using this approach, two FER-type zeolites with identical chemical compositions (|H2.2|
[Si33.8Al2.2O72]), but different catalytic activities, were examined. They were synthesized
under conditions that were specifically tailored to affect the Al distribution. The materials
appeared to be ideal candidates for testing, not only the viability of the method, but also its
limits of detection (Si:Al ratios ca. 15). One sample was reported to be more active and
selective in the isomerization of n-butene to i-butene than the other, but it also deactivated
much faster [5,6]. The results of the structure refinements are presented in Figure 2. One
sample exhibited a fairly even distribution of Al over the four T sites, while the other showed
a clear preference for the T1 and T3 sites.

A

B

Figure 2. A: The FER-type framework structure showing the positions of the four T sites. B:
Distribution of aluminum across these four sites for the two different FER-type samples (one
blue and the other red).

The higher activity and faster deactivation of the first sample can be understood in the light
of the fact that more aluminum is located in the T2 site. The protons associated with the T1
and T3 sites are expected to be in the isolated cavity, where an organic structure directing
agent was located before calcination, and therefore inaccessible for the catalytic reaction in
the main 10-ring channel [7]. The AXPD results are completely in line with previous studies
performed on the same samples, but they are also quantitative.
It can be shown that differences in the structure factors of just 1-2% suffice to determine a
distribution of aluminum over the T sites in a zeolite framework structure. The analyses also
demonstrate that the AXPD method can be applied to zeolites with Si:Al ratios as high as
15. The method yields a quantitative and unambiguous characterization of the catalytically
active sites in a zeolite, and that, in turn, allows the activity of that zeolite to be understood
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and fine-tuned. This constitutes a major advance in our fundamental understanding of the
relationship between zeolite structure and catalytic activity. We believe that AXPD at the Al
X-ray absorption edge could become the technique of choice for zeolite scientists
interested in pinpointing the active catalytic sites in their materials.
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Porous aluminosilicate catalysts find use in pollution abatement, biomass conversion, and
in areas such as refining and petrochemistry. Recent work has demonstrated that X-ray
diffraction (XRD) can be a very powerful tool to probe and monitor the state of a zeolite
catalyst during reaction [1,2]. We have validated strong correlation between the degree of
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coking and distortion in the unit cell dimensions for important catalysts such as ZSM-5 [3]
and SAPO-34 [2] during the conversion of methanol to hydrocarbons (MTH). Embarking on
slightly more advanced analyses, it is possible to use Difference Fourier maps to assign the
positions of dummy carbon atoms representing the coke species. Refining the occupancies
of these dummy atoms makes it possible to determine coke content [1,2].
Zeolite beta is among “the big five” zeolite materials, and has been studied extensively for
application within SCR, cracking/hydrocracking, biomass conversion, as well as MTH.
Detailed analysis of zeolite beta catalysts by XRD, however, is severely hampered by the
disordered crystal structure of the material. In this contribution, we describe major
methodological advancements that allow us to precisely monitor the deactivation of zeolite
beta catalysts using operando XRD.

We have devised a semi-empirical model, where a reduced unit cell based on electron
diffraction is indexed and refined via Pawley fit. We thus ignore the broad, diffuse Bragg
reflections caused by the disorder, to extract accurate unit cell parameters from the few
sharp reflections originating from proper crystal order. Second, we have constructed a
stacking model, where a supercell of 200 randomly faulted stacking layers is refined
against the full diffraction pattern, allowing determination of unit cell dimensions and coke
content through the use of dummy carbon atoms. (see Figure 1 a)).
Experiment
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Figure 1 – H-beta PXRD & XRD descriptors.
Typical diffraction pattern shown in black (a), the calculated curves are also potted for comparison. Dark blue line
is the semi-empirical model fit while orange line corresponds to the stacking model. b) Comparison of deactivation
descriptors of both models for the ex-situ samples at varying degrees of deactivation and hydration.

These two approaches differ in their complexity of use, in their fundamental basis and in
the level of detail in the catalyst characterization, but they both hold great promise as tools
to monitor, understand, and improve zeolite beta as a catalyst. The relationship of the
refined parameters used as XRD descriptors between the models is linear (see Figure 1 b))
and they have been satisfactorily correlated with the catalyst deactivation level by TGA and
N2 sorption for a series of different commercial H-beta zeolites (Figure 2).
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Introduction
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The development of improved zeolite materials for applications in separation and catalysis
requires a thorough understanding of mass transport therein. The influence of the local
pore structure on molecular movement is particularly relevant for zeolites with the MFI
framework topology, constituting a network of perpendicular sinusoidal and straight
channels with distinct geometry and width. To date, mobility through single zeolite channel
types has mainly been studied with pulsed-field-gradient nuclear magnetic resonance
imaging, which provides only limited understanding of molecular motion because of
ensemble-averaging [1]. In this work, we use single-molecule localization microscopy to
directly visualize and study the diffusivity of molecules within each channel type of ZSM-5
zeolite films. Building on previous work in our group, we have developed a unique
approach of single-molecule tracking and trajectory classification [2] in uniformly oriented
ZSM-5 zeolite thin films [3] (Fig. 1a). This allows us to quantify the mobility of molecules in
both the sinusoidal and straight channels as well as the effect of heterogeneities at the
single-molecule level.
Materials and Methods
Preparation of the uniformly oriented ZSM-5 zeolite thin films followed a secondary-growth
method reported previously by our group [3]. Hierarchical zeolite membranes were
obtained by etching with a 40 wt% aqueous NH4F solution [4]. Subsequent single-molecule
tracking experiments were performed using a custom-made epi-fluorescence wide-field
fluorescence microscope setup. The zeolite materials were exposed to furfuryl alcohol in
1,4-dioxane for 2 h prior to the measurement. Trajectories of single molecules were then
recorded using fluorescence microscopy and identified by the DoM plugin for ImageJ [5].
The obtained trajectories were analyzed with “DiffusionLab”, an in-house developed
software package for single-molecule trajectory classification and motion analysis.
Results and Discussion
Subtle differences in zeolite channel geometry dramatically alter diffusivity of the
molecules, illustrated by up to an order of magnitude faster diffusion within the straight
zeolite pores than in their more constrained sinusoidal counterparts (Fig. 1b). An order of
magnitude difference in diffusivity is in line with previous nuclear magnetic resonance
measurements using n-butane [1]. Using our classification-based single-molecule
approach, we find that this difference is due to a higher number of immobile molecules as
well as a lower mobility of mobile molecules in the sinusoidal channels. Thus, the more
tortuous pore geometry of the sinusoidal channels results in dramatically slower local
diffusion.
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Figure 1 a) Formation of fluorescent products (red) from the acid-catalysed oligomerization of furfuryl alcohol (black)
over a Brønsted acid site. The motion of single fluorescent product molecules is tracked selectively within the straight
(crystallographic b-direction) or sinusoidal channels (a-direction) over uniformly oriented zeolite ZSM-5 thin films. The
highlighted channels represent the probed channel type. b) The effective diffusion coefficients for the straight (orange)
and sinusoidal (green) zeolite channels without and with secondary porosity (hatched bars). The error bars indicate the
standard error.

The study of hierarchical zeolites shows that the addition of secondary pore networks
primarily enhances the diffusivity along the sinusoidal zeolite channels (Fig. 1b), thus
alleviating the diffusion limitations of microporous zeolites. More precisely, it both reduces
the number of immobile molecules and doubles the diffusivity of mobile molecules. In
contrast, the average mobility in straight zeolite channels is slightly reduced because a
larger number of molecules is immobile, while the diffusivity of mobile molecules is
unaffected. These results suggest preferential formation of interconnected secondary pore
networks along the sinusoidal channels, which is line with previous work [4].
Conclusions
We have unravelled the channel structure–diffusivity relationships in zeolite ZSM-5 as well
as the mechanism of diffusion enhancement in hierarchical ZSM-5 zeolites with secondary
pore networks. Such knowledge is directly applicable to materials engineering using
controlled channel structures, thereby maximizing and/or suppressing the diffusion of
reactant and product molecules. Depending on the mobility of the desired products, the
straight or sinusoidal pores should be exclusively exposed to the surface to steer the
catalytic and separation selectivity/efficiency.
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Introduction
As diffusion is the main mass transfer mechanism in micro and mesoporous zeolites, its
assessment is essential for any application in separation processes or catalysis [1]. While
intrinsic microporosity of zeolites is the source of their unique properties, it also often leads
to intracrystalline diffusion limitations, particularly when processing molecules with large
kinetic diameter (of the order of or greater than that of the characteristic pore size of
zeolites) [2]–[4]. One way to overcome diffusion limitations is through the generation of a
hierarchical meso-microporous network. Mesopores, when connected to the microporous
network, offer larger pore dimensions for bulky molecules. This enables them to reach
active sites faster and products to leave the active sites before side reactions take place.
Hydrolytic removal of Al atoms from the framework – or dealumination – by steam
treatment is, by far, the most important process used industrially to generate mesoporosity
in acidic zeolites, especially those with low SiO2/Al2O3 ratio (SAR) [5]. Such treatment
generally provides enhanced zeolite performances in terms of activity and stability.
Regarding acidity, steaming leads to a decrease of the concentration of Brønsted acid sites
[BAS] and modifies their environment due to the creation of extra framework Al (EFAL) and
Lewis acid sites.
Steaming of ZSM-5 zeolites is often claimed to reduce diffusion limitations, hence
explaining part of its beneficial effect [6]. However, to date, a very limited number of studies
have actually assessed the impact of steaming on diffusion properties [7]. Modifications
induced by a steam treatment can be expected to induce changes in key parameters
affecting the diffusion, in particular the effective diffusivity (Deff) and the diffusion path length
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(L). In this sense, the creation of larger pores on the one hand, and obstruction of the
microporous network due to EFAL species on the other, could have adverse effects on both
parameters, making hardly predictable the impact of steaming on the diffusion rates.
Moreover, classical macroscopic methods generally provide only a global assessment of
diffusion, but not an insight on the heterogeneity of diffusion domains resulting from the
structural features of the zeolite particles (size distribution, mesoporous volume and
diameter).
Here, we present the development and application of a new experimental methodology
aiming at identifying and quantifying diffusion domains in pristine (calcined) and steamed
zeolites, either powder or shaped zeolite bodies. To this aim, we have used a setup
hyphenating IR spectroscopy and gravimetric analysis (AGIR)[4] and, applied a recently
developed chemometric approach, (IRIS),[8] consisting on inverting the integral equation
that describes the time evolution of IR spectra or uptake curves (TG). With IRIS, the
distribution of the diffusion rate constants (τ-1) of molecular probes in zeolites is obtained,
hence allowing overcoming important limitations of classical approaches.
Experimental
We have analyzed with AGIR the impact of steam treatment at different temperatures on
the diffusion of isooctane (Pp=1.2 KPa in flowing Ar, PTotal= 101 kPa) on a large crystal
zeolite with a low SAR=44. The samples were steamed at three different temperatures: 773
K, 873 K and 973 K under 50/50 vol.% air/water. For studying the adsorption and following
it by IR spectroscopy, isooctane (2,2,4-trimethylpentane), a molecule representative of
hydrocarbons typically processed by such meso-/microporous catalytic systems, was
chosen as probe molecule. Among its advantages to test diffusivity include: i) a kinetic
diameter (~0.62 nm) slightly larger than the pore openings of unmodified ZSM-5 zeolite
(~0.55 nm), and, ii) a very good stability at the diffusion experiment conditions (423 K), i.e.
reversible isooctane adsorption and absence of reaction.
Results and discussion
When samples were submitted to steam treatment, modifications of the textural properties
were observed, indicating that while micropores were qualitatively preserved, a strong
diminution of framework AlIV species linked to Si-OH-Al Brønsted acid sites was found. A
strong decrease of the isooctane mass uptake of the zeolite was found to be highly
correlated with the amount of acid sites [BAS] present on it.
Figure 1 illustrates the methodology to evaluate diffusion in the case of the pristine zeolite.
The IR spectra of the ν-(CH) region (a) are used to establish the uptake curves (b), which
when processed by IRIS lead to a distribution showing two diffusion domains (c)
characterized by a large (slow diffusion domain) and a small (fast diffusion domain) rate
constant (τ-1). Comparison with the distribution obtained from the pristine zeolite IR 𝜈(𝑂𝐻)
region allowed to assign the ‘slow’ diffusion domain to diffusion within the zeolite
micropores (τ-1 = 0.7 10-4 s-1), and the ‘fast’ diffusion domain to diffusion in structural
defects that break the sequence of micropores and that are not connected to the
microporous network (τ-1 = 3.0 10-4 s-1).
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Steaming the zeolite at increasing temperature led to important changes in terms of
diffusion domains. These changes were correlated to an upward shift of the rate constant
distributions (τ-1 = 0.7 10-4 up to 1.8 10-4 s-1, Figure 1(d)) and, the “disappearance” of the
‘fast’ component. This could be interpreted as the fusion of both diffusion domains with
steaming, suggesting improved connection of the microporous with the mesoporous
network is obtained, leading to a better diffusion from the gas phase to the zeolite
micropores.

(a)

(d)

St. 973 K

STEAMING

1,8 10-4 s-1

τ-1/s-1

(b)

(c)

4
10-4

0,7 10-4 s-1

CALCINED

slow
3 10-4 s-1

fast
τ-1/s-1

4
10-4

Figure 14: (a) ν(CH) spectra during uptake on calcined zeolite, (b) uptake curve obtained from IR spectra, (c)
distribution of the diffusion rates on calcined zeolite and (d) distribution of the diffusion rates after steaming at 973 K.
Green: diffusion to the micropores, yellow: diffusion to the macro/mesopores.

Improvement of the catalytic performance and stabilization in ethylene conversion was
observed for sample moderately steamed at 773K, confirming the beneficial effect of
steaming on the zeolites. Nevertheless, it also evidenced that the strong decrease of BAS
due to steaming at higher temperature, impacts in lower catalytic activity of the catalyst.
The cross-effects of shaping with Al2O3 or SiO2 binders and steaming on the diffusion
properties of zeolites were also investigated. Our results show that this methodology allows
to distinguish two types of diffusion regimes in the extruded catalysts, corresponding to
diffusion to the macro-mesoporous network of the binder (~ 10-3 s-1) and to the mesomicroporous of the zeolite (~10-4 – 10-5 s-1). Interestingly, clear and distinctive impacts of
shaping on the diffusion rates to the zeolite micropores were evidenced. While shaping led
to improved diffusion, in certain steamed-shaped samples, the diffusion rates were found
lower.
Conclusions
Following the isooctane adsorption by AGIR and spectroscopic data analysis by IRIS we
obtained the distribution of characteristic diffusion rates in complex systems such as
steamed and/or shaped zeolite bodies. Through this assessment, more adequate
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relationship between textural properties, diffusion properties and catalytic performances
could be established. In particular, it allowed confirming the beneficial effect of steaming of
powdered zeolites on their diffusion properties, evidencing a good connectivity between
meso and microporous networks. More contrasted impacts were found in the case of
shaped zeolite bodies, illustrating the complex interplay between the binder and the zeolite
during steaming.
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Understanding the fundamentals of zeolite crystal growth is of critical importance for
understanding the origins of the chemical and physical properties of these essential
materials. Processes which occur at the nanoscale are crucial to formation of defects and
evolution of crystal habit, which in turn influence diffusional and catalytic properties in
zeolites. With this aim in mind, we present the software CrystalGrower [1-3], which applies
a coarse-grained kinetic Monte-Carlo method to simulate crystal growth. CrystalGrower
partitions crystal structures into small growth units connected by a network of bonding
interactions. The strengths of these interactions are used to determine Monte-Carlo
probabilities for growth and dissolution events at different surface sites, and by iterating
over a large number of such events a three-dimensional representation of the crystal habit
and surface fine structure is generated at each stage of the crystallisation.
In this work, the CrystalGrower approach is applied to zeolitic materials containing a high
level of stacking faults. Models are developed for the crystallisation of zeolite T, zeolite beta
and ZSM-5. Results demonstrate how structural disorder gives rise to a characteristic
rough pattern on certain facets in zeolite T and zeolite beta (Figure 1), and demonstrates
that small amounts of MEL type stacking faults provide a mechanism for twin formation in
ZSM-5 crystals. In zeolite beta, simulations suggest a mechanism for generation of
mesoporosity and suggest different densities of defects should be present in pyramidal
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sub-units of crystals. Computational results are validated through comparison to
experimental data obtained through atomic force microscopy, scanning electron
microscopy and powder x-ray diffraction. General applicability of the software to the
broader field of crystal growth is also discussed.

FIGURE 15 – 1A AND 1B: ZEOLITE BETA CRYSTALS GROWN USING CRYSTALGROWER SIMULATIONS. 1C AND 1D: SCANNING
ELECTRON MICROGRAPHS OF ZEOLITE BETA CRYSTALS.
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Introduction
Zeolites are a class of important porous materials that are widely used in various industrial
fields. Although tons of artificially synthesized zeolites are produced annually, deep
understanding of the amorphous-to-crystalline transformation process at a sub-nanometer
scale involved in the synthesis of zeolites, especially in the early stage where amorphous
solids are the dominant component, are still insufficient, due to the lack of effective
characterization techniques to identify the amorphous structures. Pair distribution function
(PDF) analysis, by which different interatomic distances can be derived from total scattering
data, is an alternative approach to give insights into the structure of materials covering
short-to-medium atomic arrangement, and therefore is particularly useful to analyse the
architecture of liquids, glasses and other amorphous materials. The ex situ PDF analysis
based on high-energy X-ray total scattering (HEXTS) technique using synchrotron X-ray,
featuring improved real space resolution, has been tentatively applied to the researches on
the structural changes in the zeolite precursors [1]. Very recently, in situ PDF analysis has
also been developed, which is expected to be a promising approach to track the structural
evolution of amorphous precursors towards crystalline zeolites under the practical
hydrothermal conditions [2]. Herein, we will introduce two cases regarding the recent
progresses on the elucidation of the structural evolution of the amorphous zeolite
precursors using the advanced ex situ and in situ HETXS-PDF analysis, which helps
deepen the understanding of the crystallization mechanism of zeolites.

Experimental
(1) Synthesis of zeolite X using different Si sources
Fumed silica and dissolved fumed silica (i.e., silicate solution) were used as Si sources.
The reactant composition was fixed as SiO2: 0.2Al2O3: Na2O: 50 H2O. The hydrothermal
synthesis was conducted at 80 °C under static condition.
(2) Synthesis of SSZ-13 zeolite
SSZ-13 zeolite was synthesized with a reactant composition of SiO2: 0.025Al2O3:
0.4TMAdaOH: 16H2O. The reactant was subjected to hydrothermal treatment at 160 °C
either in a conventional Teflon-lined stainless-steel autoclave under rotation, or in a
homemade hydrothermal reactor system.
(3) Ex situ and in situ HEXTS measurements
The ex situ HEXTS measurements were carried out on the BL04B2 high-energy X-ray
diffraction beamline (λ = 0.202 Å) at SPring-8, equipped with a horizontal two-axis
diffractometer. The in situ HEXTS measurements were carried out on the BL08W highenergy X-ray diffraction beamline (λ = 0.1076 Å) at SPring-8, equipped with a flat-panel
detector. The obtained scattering data were processed to calculate the reduced PDF, G(r).
In addition, to highlight the imperceptible structural changes under the in situ condition, a
relative PDF analysis, ΔG(r), was also conducted through subtracting the reference
scattering data. The detailed data processing procedures can be found in the previous
paper [2].
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Results and Discussion
We first investigate the influence of different Si sources, i.e., fumed silica and silicate
solution, on the crystallization of zeolite X [3]. It is found that when silicate solution is used,
it takes a much longer time to complete the crystallization process (50 h) and the particle
size of the zeolite X product is larger (ca. 15 μm), compared with the results in the case of
fumed silica (24 h, ca. 1.2 μm). These results suggest that the nucleation in the case of
silicate solution is more difficult, which is probably because of the characteristic
microstructure of the amorphous precursors. Therefore, ex situ HEXTS-PDF analysis is
conducted on the samples synthesized for different periods in both cases. In the case of
fumed silica, the amorphous solids recovered at 1 h already contain an abundance of Sirich 6Rs with a shape as symmetric as the ones in the FAU framework, as well as Al-rich
4Rs (Figure 1). With the increase in heating time, Al-rich 6Rs related to the sod cage
appear, and more 4Rs are produced probably because of the formation of d6r units via the
connection of two 6Rs. In contrast, in the case of silicate solution, the atomic pair
correlations can hardly be assigned to ordered 6Rs in the first 24 h, which indicates that the
initial amorphous precursors contain a highly disordered structure. Longer synthesis time or
aging time is required to evolve short-range order similar to that in the FAU structure
(Figure 1). The difference in both cases can be attributed to the different reactivity between
two Si sources and Al source. The HEXTS-PDF analysis displays a critical role in revealing
the local structures of the amorphous precursors prepared by different Si sources, and the
results suggest the importance of careful selection of ingredients to the control of the
crystallization behaviour of zeolites.

Figure 1 Effect of local condensation environments on the degree of shortrange order of the aluminosilicate intermediates and the crystallization of
zeolite X.

Figure 2 Illustration of structural model of
SSZ-13 zeolite.

In another study, in situ HEXTS-PDF analysis is conducted during the synthesis of SSZ-13
zeolite to throw more light on the structural changes of the amorphous aluminosilicates
during the induction period while preserving their “real state”. Since the synthetic system
contains a mixture of dissolved silicon and aluminum species, amorphous aluminosilicate
solids and later newly-formed crystalline zeolites, all of which can result in X-ray scatterings,
the difference among the PDF patterns throughout the whole synthesis time can hardly be
identified, which makes the delicate structural changes indiscernible. Therefore, the relative
PDF analysis is further carried out. The scattering profile of the initial state (the moment
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that the synthetic system reached set temperature) is used as a reference and subtracted,
and consequently only the subsequent structural changes will be reflected. It is
demonstrated that ordered 4Rs (Figure 2), rather than cha cage consisting of 6R and 8R,
are dominantly formed in the early stage. These existing ordered 4Rs subsequently
contribute to the formation of d6r and cha composite building units with the assistance of
organic structure-directing agent to construct embryonic SSZ-13 zeolite crystals, which are
believed to further trigger the crystal growth. Such ring structure evolution during the
synthesis of zeolites can hardly be detected by other conventional ex situ characterization
techniques.

Conclusions
We have demonstrated that the ex situ HEXTS-PDF analysis is a promising approach to
reveal the local structure of amorphous zeolite precursors. Furthermore, in situ relative PDF
analysis based on the HEXTS measurement can further highlight the subtle structural
changes involved in the amorphous-to-crystalline transformation during the formation of
zeolites in real time. The combination of HEXTS-PDF analysis with other techniques will
enrich the understanding of the formation mechanism of zeolites at a sub-nanometer scale,
and will definitely stimulate the further researches on other functional materials synthesized
from amorphous precursors.
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Hierarchical zeolites have emerged as a solution for the mass transport limitations of
microporous zeolites in catalytic reactions involving large molecules. The incorporation of
this secondary mesoporous system in zeolites is a successful method for overcoming the
drawbacks related to their limited accessibility, greatly enhancing their performance in the
transformation of bulky molecules. [1] Surfactant-templating, with cationic surfactants, is a
simple and versatile approach to synthesize these hierarchical materials as it preserves the
original properties of acidity, crystallinity and hydrothermal stability of the zeolite. [2] This
method proceeds through different steps: First, the partial cleavage of Si–O–Si bonds
generates negatively charged Si–O– species in the zeolite framework. In a second step, the
individual Cetyltrimethylammonium (CTA+) cationic molecules are attracted to the interior of
the zeolite by the aforementioned SiO– species. Finally, when the local concentration of
CTA+ inside the zeolite is sufficiently high, micelles are formed. This causes the
rearrangement of the zeolite structure to accommodate the micelles, introducing
mesoporosity, which causes the expansion of the crystal. [3] However, up to now the direct
confirmation of the micelle formation inside the zeolite crystals has never been reached, the
micelles formation is a critical step in the introduction of mesoporosity in zeolites by
surfactant-templating, as was abovementioned.

Figure 1. (A)Schematic representation of the surfactant-templating process in faujasite zeolite.(B) FE-SEM image of the
surfactant-templated Y zeolite. Scale bar: 200 nm in both images. (C) Thermogravimetric/difference thermal gravimetry
(TG-DTG) measurements of zeolites The TGA (solid line) is presented along with the DTG data (dashed line). (D) N2
physisorption isotherms at 77 K for the original NaY (black), the pretreated NaY (blue), and the surfactant-templated
zeolites with different bases, NH4OH (red) and NaOH (green), and (E) their corresponding pore size distribution.
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Here we provide unambiguous evidence of the micelles formations inside the zeolite
crystals. The homogeneous presence of these micelles throughout zeolite crystals has
been directly observed by Raman microspectroscopy, confirming the uniform incorporation
of mesoporosity in zeolites by surfactant templating. [4] More specifically, Large NaY
zeolite crystals were synthesized with an average size of 2000 nm (Figure 1B) so that they
could be studied using optical microscopy. This material was mesostructured with CTAB, a
large amount of well-defined secondary mesoporosity was observed by their N2 isotherms
at 77 K (Figures 1D and E).
The micellization of the CTA+ inside the zeolite and its subsequent effect on the zeolite
structure was studied by solid-state 13C and 29Si NMR. The 13C NMR of the hydrothermally
treated sample shows broader resonance peaks and shifts compared with the solid CTAB.
This behaviour suggests a more fluid-like environment similar to a micellar solution of the
surfactant. Similar findings have also been reported for the mesoporous MCM-41 silica,
indicating the presence of micelles in the zeolite crystals. [4] Solid-state 29Si NMR spectra
were carried out to gain new insights into the changes in the zeolite framework caused by
the surfactant-templating treatment (Figure 2C). The hydrothermally treated sample, shows
a new broad peak at a higher field, whereas the Si(0Al) band shifts to a lower field, which
was attributed to the formation of different types of structural defects during the surfactant
templating process, [6] due to the formation of mesoporosity,

Figure 1. A) Solid-state 13C NMR of the surfactant-templated zeolite (red) and the CTA+-containing zeolite before the
hydrothermal treatment (blue). B) Solid-state 29Si spectra of the same samples. C) Raman spectra of CTA+-loaded
zeolite Y crystals before (blue) and after (red) hydrothermal treatment. D) CH-stretching vibrational signatures of both
samples. (E, F) Optical images of representative zeolite Y crystals before and after hydrothermal treatment,
respectively. (G, H) Maps of the Raman signal in the CH-stretching region (2850 cm–1) of pretreated and hydrothermally
treated crystals, respectively. (I, J) Map of the ρ2930/2850 ratio. All scale bars: 1 μm.
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We characterized the CTAB-loaded samples at the single zeolite crystal level using
spontaneous Raman microspectroscopy. Local polarity was followed by monitoring the
changes in the ratio of intensities of the peaks at 2930 and 2850 cm-1. For the CTA+-treated
zeolite Y, this ratio decreases from 1.4 before hydrothermal treatment to 0.9 after
hydrothermal treatment (Figure 2). This shift reveals a drastically less polar environment
due to micelle formation. Note that in previous studies, micellization inside silica (MCM-41)
resulted in a similar reduction of this ratio.
By combining 13C NMR and Raman microspectroscopy, we have been able to
unequivocally prove that during the hydrothermal treatment steps, the individual CTA+
molecules first penetrate inside the zeolite crystals and then self-assemble to form micelles
in the interior of the zeolites. Moreover, and thanks to Raman microspectroscopy, we have
been able to spatially resolve in 3D the presence of these micelles throughout the zeolite
crystals, which confirms our previous observations of the presence of well-defined
mesoporosity homogeneously distributed inside the zeolites.
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ZSM-48, a disordered high-silica zeolite with a one-dimensional pore system of straight 10ring channels, was first observed in 1981 [1]. Although many different synthesis procedures
and Organic Structure Directing Agents (OSDAs) have been tried, to date ZSM-48-type
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materials (including EU-2, EU-11, ZBM-30, IZM-1, and bulk COK-8 [2]) have always been
highly disordered. The X-ray powder diffraction (XPD) patterns of ZSM-48 samples are
characterized by significant peak broadening. Only COK-8 samples were found to contain
small needle-like crystals that electron diffraction revealed to have an ordered structure [2].
In 1985 Schlenker et al. presented the first structure model for ZSM-48 [3], concluding that
the structure can best be described as a random intergrowth of two ordered framework
topologies: polymorph UDUD with Imma symmetry (a0 = 8.40 Å, b0 = 14.24 Å, c0 = 20.14
Å) and polymorph UUDD with Cmcm symmetry (a0 = 14.24 Å, b0 = 20.14 Å, c0 = 8.40 Å.
Later, Lobo and van Koningsveld [4] presented an alternative description of the disorder
based on tubular pores of rolled up 6-ring sheets, which serve as the building blocks of the
framework. To date, it has not been possible to refine a structure model of a ZSM-48
material using experimental diffraction data.
RUB-58 was synthesized under hydrothermal conditions at 160°C to 200°C in the system
SiO2 / H2O / ethylenediamine / pyridine. XPD data were recorded on a RUB-58 sample
using Cu Kα1 radiation (Figure 1, λ = 1.54059 Å). Structure models were developed based
on polymorph UDUD (polymorph PT6 of Lobo and van Koningsveld [4]). The presence of
reflection overlap and many very weak peak intensities made it difficult to determine the
correct space group, so several different ones had to be tested. All structure models were
refined using the FullProf 2K program.

ZSM-48 containing triethylenepentamine
ZSM-48 containing diethylamine
RUB-58

Figure 1: XRD powder patterns of RUB-58 (bottom) and two typical ZSM-48 materials.

RUB-58 consists of sphere-like aggregates of small, colourless crystals and has an XPD
pattern similar to those published for ZSM-48-type materials. However, the pattern contains
a much larger number of fairly sharp reflections, which is indicative of a more ordered
structure. Spectroscopic methods show that RUB-58 contains not only the pyridine that was
added to the reaction mixture as an OSDA, but also the ethylenediamine that was added as
a base.
The reflections in the XPD pattern can be indexed unambiguously with a primitive
orthorhombic unit cell. For the final Rietveld refinement, the space group Pna21 (a “sub-sub
group” of Imma) was used with transformed unit cell parameters (a0 = 14.1979 Å, b0 =
20.080 Å, c0 = 8.369 Å). The structure analysis was performed in three successive steps: i)
analysis of the average structure, ii) refinement of two individuals being shifted 0.5 c0
relative to one another along the channel direction (volume ratio: 93/7), and iii) analysis of
the minor disorder.
The structure analysis confirmed that RUB-58 possesses a 3-dimensional framework
structure of the UDUD/PT6-type with a 1-dimensional pore system of 10-ring channels (see
Fig. 2, left). After refining the average framework structure, a difference Fourier map (Fobs –
Fcalc,framework) revealed well separated electron density “clouds” resembling hexagons (Fig.
2, right). which correspond to the size and hexagonal shape of pyridine, aligned along the
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channel direction. The flat pyridine molecule fits well into the elliptical 10-ring channel (Fig.
2, left). The shape of the channels is in sharp contrast to

Figure 2: left: The average structure of RUB-58; right: Section of the 10-ring channel with remaining positive electron
density (yellow) representing the organic molecules.

the round ones in the *MRE-type framework (polymorph UDUD) as presented in the
Database of Zeolite Structures [5], which was optimized in the highest possible space
group (Imma) by distance-least-squares refinement. Examination of the framework
structure of RUB-58, with its elliptical channels that alternate in the orientation of the long
axes in both the a- and b- directions, leads us to conclude that this arrangement hampers
the formation of the stacking faults that are typical of other ZSM-48-type materials.
After refining the complete average structure, another Difference Fourier map clearly
revealed very weak positive and negative electron density spots in a systematic pattern that
suggested that a small part of the UDUD structure is shifted by 0.5 c0 relative to the main
structure. The observed distribution of difference electron densities did not , however,
indicate that the hypothetical polymorph UUDD was present. A subsequent refinement of
the structure as two separate, but identical, building blocks with the smaller block shifted by
0.5 c0 led to the best possible representation of the structure as an ordered polymorph
UDUD that can be obtained for RUB-58. However, the presence of sharp and broad XPD
peaks indicates that the structure of RUB-58 is slightly disordered. The program DIFFaX
was used to analyze the real structure, i.e. the disordered stacking of two layer like building
units with random shift vectors 0 c0 and 0.5 c0. The best agreement between the
experimental and simulated powder patterns is achieved with a ratio of 90 : 10 (Fig. 3).

Figure 3: Comparison of experimental (top) and simulated powder pattern (DIFFaX) of RUB-58.
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Zeolites may exhibit internal disorder, of different nature and extent, that will affect their
final properties. Disorder can arise from crystal defects coming typically from a non-ordered
stacking of layers, structure intergrowth, twining, or a reduced dimensionality. Disorder
arises also from defects of chemical nature like the non-ordered distribution in M3+ cations
or the presence of broken bonds and connectivity defects. However, the characterization
and identification of disorder is usually not a trivial task and there is still a need for a more
detailed understanding of the different types of disorder and the possible opportunities to
efficiently tune zeolite properties. Most of the known examples involve the topological
specificity of zeolite framework types and the effects of physico-chemical treatments, during
or after zeolite formation. Here, we focus on the MFI topology and host-guest assemblies
involving the related pure silica zeolite (silicalite-1), and we consider as prototypical hosts
the Organic Structure Directing Agents (OSDAs) used for their syntheses. One interesting
feature in these latter systems is the preferential positioning of some OSDAs in the MFI
pore channel system. For instance, in the case of MFI nano-sheets obtained with
amphiphilic diquats,[1] the presence of the hexyl group linking the two N atoms in the
straight channels is one of the keys to success. The location of shorter pentyl linkers in
these channels also contributes to the formation of pillared nano-sheets with symmetric
diquats,[2,3] Besides, prefered orientations in the straight or zig-zag channels have been
evidenced when a propyl arm of the most efficient OSDA for MFI, tetrapropylammonium
(TPA),[4] is replaced by a longer or a smaller alkyl group.[5] In this context, the aim of our
work is to decipher the nature of the disorder in silicalite-1-OSDA host-guest assemblies,
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and its effects on crystal properties, induced notably when replacing TPA by a chemically
similar, but less symmetric OSDA like tripropylethylammonium (TPEA).[6]
We have investigated the nature and extent of disorder at the nanoscale of host-guest
zeolites, made of MFI silicalite-1 (host) and OSDA (guest). The four different selected
zeolites differ in: the mineralizing agent used (F- vs. OH-), the synthesis method
(hydrothermal vs. solvent-free) and the OSDA (TPA vs. TPEA). The case of TPEA has
been examined in great detail owing to the novel relationship found between the
geometrical disorder and the monoclinic-orthorhombic (m-o) phase transition occurring at
low temperature. Our investigation is based on an extensive short- and long-range
characterization providing a molecular level understanding at different temperatures. This
involves XRD (powders, monocrystals), Raman and multinuclear NMR (13C, 14N, 29Si) and
complementary DFT calculations on periodic structures.

Figure 1. Comparison of the low temperature behavior of silicalite-1 assemblies synthesized through a fluoride route
using as OSDA the standard TPA or the chemically similar, although less symmetric, TPEA (Scheme). (A) Monoclinic
angle  of the unit cells as a function of temperature. No variations found for TPEA-silicalite-1 that remains
orthorhombic at low T. (B) 13C{1H} and 14N NMR spectra recorded above and below the usual temperature of the m-o
transition (≈ 170 K).

The silicalite-1-TPA assemblies synthesized through a fluoride route present the
characteristic m-o phase transition (P21/n11 ↔ Pnma) at low temperature (T ≈ 170 K)
whatever the synthesis method, hydrothermal or solvent-free. This is not the case for
zeolite assemblies made through a hydroxide route that leads to many chemical defects
and related disorder. But this is also not the case for the zeolite obtained by simply
replacing TPA by TPEA and presenting a high crystallinity and a low content in chemical
defects (Figure 1A). When cooling down this latter silicalite-1-TPEA assembly before the
usual m-o transition temperature (T > 180 K), the same processes observed for its TPA
counterpart are observed: reduced motions of the OSDA and freezing of the F exchange
dynamics in the [415262] cage. At lower temperatures (T < 180 K), the hosted TPEA
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molecule remains in a frozen-like state (Raman, 13C and 14N NMR, Figure 1B), and the
usual geometrical distortion of the silicalite-1 is not observed (Raman, 29Si NMR).
From 13C NMR, XRD and DFT data, we have shown that the ethyl arms of TPEA are
located in a disordered fashion along the two directions of the straight channels of the
zeolite assembly (b axis). This location promotes deformations for the Si sites located in
one of the two types of siloxane chain running parallel to the b axis that cannot relax the
related stress. The sites involved in this siloxane chain experience a correlated disorder as
deduced from 2D NMR 29Si-29Si CP-INADEQUATE spectra. A new fitting approach is used
to estimate the extent of correlated disorder from 2D NMR datasets (Figure 2A). Besides,
structure deformations were identified by an up-to-date analysis of anisotropic atomic
displacement parameters obtained from x-ray structure determinations at 100 and 295 K.
Most of the sites presenting a correlated disorder also show the highest structure
deformations.

Figure 2. Correlated disorder in TPEA-silicalite-1 assemblies. (A) Identification and quantification through the analysis
and fitting of 2D 29Si-29Si INADEQUATE data. (B) Si atoms presenting a correlated disorder, and the related O atoms,
are represented as spheres within the bc plane of the Pnma space group. Arrows b1 and b2 correspond to the possible
directions of the b axis in the monoclinic phase. The displacements necessary for the m-o transition are blocked by the
correlated disorder existing between Si atoms like in the siloxane bond highlighted here by the red ellipses, and
symmetric towards the m mirror in Pnma.

From an analysis of the structural modifications necessary to the m-o transition, we show
how the correlated geometrical disorder is responsible for blocking the collective atomic
displacement necessary to this transformation, maintaining the host-guest assembly in a
more symmetric Pnma crystal phase (Figure 2B). To our knowledge, this is the first time
that such a drastic effect of a small guest’s modification (TPA → TPEA) on a zeolite phase
transition is evidenced and explained by the presence of correlated geometrical disorder
within the host framework. This novel result might be extended to other systems opening
new perspectives in the design of materials with tuned properties through the control and
exploitation of correlated disorder.[7]
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Solid-state nuclear magnetic resonance (NMR) spectroscopy is a valuable technique for
characterizing the structural features of zeolites. With a view to extending the
comprehensiveness of the International Zeolite Association (IZA) Database of Zeolite
Structures [1], we have carried a project to incorporate solid-state NMR spectra in the
database. By a thorough investigation of the published scientific literature over the past four
decades, we have put together a comprehensive collection of 51 29Si solid-state NMR
spectra of pure silica zeolites with 39 different framework types [2] and 73 31P solid-state
NMR spectra of aluminophosphate zeolites with 31 framework types [3]. High resolution
29Si and 31P solid-state NMR spectra showing crystallographic resolution of the Si or P sites
were digitized, fit with a model spectrum informed by the known crystal structure, then
incorporated into the online Database of Zeolite Structures. All of these spectra can be
freely viewed online in an interactive fashion (see Figure 1 below). In addition, with such
large datasets of 29Si and 31P solid-state NMR spectra, various correlations between 29Si or
31P chemical shifts and geometric parameters describing the local structure around the Si
or P sites were evaluated. It is anticipated that this addition of solid-state NMR spectra to
the Database of Zeolite Structures will be of great interest and usefulness to the
international community of zeolite scientists. This talk will describe how these spectra were
collected and analyzed, what insights into the relationship between chemical shifts and
structure were found, and will describe some new opportunities for using solid-state NMR
to characterize zeolite structures.
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Figure 1. Representative 31P and 29Si solid-state NMR spectra of zeolites available in the online Database of Zeolite
Structures
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Zeolites are materials widely used in industrial catalytic applications. The diffusion of
molecules, which sizes approach that of the micropores can be strongly hindered by the
narrow pore system. This impacts the catalytic efficiency of a given process. Zeolite
hierarchization allows for creating a wider secondary porosity, interconnected to the
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microporous system, leading to reduced diffusion path lengths and hence to higher
effectiveness factors in catalysis.
Ideal zeolite hierarchization allows for the generation of intracrystalline mesopores whilst
preserving micropore volume. Yet, diligent characterization of the evolution of the
microporous texture is generally neglected in scientific studies. Textural properties of
micropores are yet a crucial parameter when it comes to understand the catalytic
performance of materials.
The determination of the micropore volume is classically carried out using the t-plot or -S
method. Yet mayor concerns regarding these methods have been reports, especially in
hierarchical zeolites [1]. We recently proposed an approach in which the zeolite
microporous volume is determined from comparing nitrogen physisorption isotherms at 77
K of on pristine n-nonane retaining samples. This technique revealed as perfectly adapted
to the determination of the microporous volume of hierarchical zeolites with intermediate
pore sizes, such as ZSM-5.
In this communication, we present the further development of this technique allowing for
the determination of the accessible micropore volume fraction (𝜑𝑁2 ) of hierarchical MCM-22
based zeolites [3]. The 𝜑𝑁2 is defined as the microporous volume of the n-nonane retaining
sample normalized by the total microporous volume of the pristine sample.
We found that for MWW related materials (MCM-22, MCM-36 and their hierarchical
counterparts), 𝜑𝑁2 is a good indicator for the ratio of external hemicage that are affected
during post-synthetic treatment. In MCM-22 zeolite, n-nonane is preferentially adsorbed in
10-MR channels, thus blocking the access to the large supercages. Due to their large 12MR aperture, external hemicages are not able to retain n-nonane (figure 1).

Figure 1 - MCM-22 micropore system able to retaining n-nonane.

We found that microporosity related to external hemicages contribute to 28% of the total
microporous volume. This results confirms nicely the value previously reported by Lawton
et al. [4] determined by 2,2,4-trimethylpentane adsorption rates measurements. This
approach hence allows quantifying which type of microporosity is preferentially destroyed
during hierarchization treatments of MCM-22.
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Figure 2 - Relation between MCM-36 structure and physisorption isotherms and micropore size distribution before (full
black circles) and after (open green circles) n-C9 preadsorption [3].

Most of the hierarchization treatments were found to preferentially destroy hemicage
volume. It is interesting to note that major catalytic activity is ascribed to these hemicages,
hence hierarchization should negatively impact catalytic performances in such samples. An
interesting result was achieved for the MCM-36, in which silica pillars separate MWW
layers. Despite an important increase in interlayer-mesopore volume and specific surface
area, the accessible micropore volume fraction is found to be just 3% higher than for MCM22 (Figure 2). This is particularly related to the uncontrolled pillaring process of the swollen
MCM-22 precursor.
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Understanding how crystals grow at the nanoscale is fundamental to controlling crystal
size, habit, incorporation of defects and intergrowths. For nanoporous materials such as
zeolites and MOFs this is important in order to further control the material functionality in
catalysis, adsorption, gas separation and ion-exchange. All crystals grow via a delicate
balance between growth and etching (dissolution if grown from a solvent) which is crucial in
order for the crystal to reject mistakes, whether intrinsic or extrinsic defects, and accept the
correct structure. This balance is achieved via the very small free-energies of
crystallisation, often close to 1 kT, that govern these processes. Therein lies the difficulty to
either calculate these thermodynamic parameters accurately or measure them
experimentally. However, our knowledge in this area has been transformed over the past
20 years by the advent of scanning probe microscopies such as atomic force microscopy
(AFM) that are able to track the nanoscale surface structures in situ during crystal growth
and dissolution. These nanoscale features are particularly susceptible to small changes in
free-energies of crystallisation and consequently provide an experimental pathway to
access the controlling thermodynamic parameters. However, in order to do this it is
necessary to be able to simulate the experimentally observed nanoscopic AFM structures
while at the same time simulating the overall crystal habit.

This paper discusses the software CrystalGrower 1-3] which is a generic Monte Carlo
simulation tool that can simultaneously model crystal growth at the nanoscale (surface
topography) and at the macroscale, crystal habit. The input to the software is a standard
crystallographic cif file. This is then converted using a bespoke visually intuitive tool within
the TOPOSPro software to an input file for the CrystalGrower software package. Crystals
are then grown in silico under different experimental conditions including: different
supersaturation
profiles;
temperature; presence of
screw dislocations; addition
of
growth
modifiers;
intergrowth structures; point
defects; crystal stress. The
simulations can be performed
in a few seconds which
permits tens of thousands of
simulations to be performed
easily for refinement of the
free-energies
of
crystallisation. Once refined
the CrystalGrower tool can
be used in a predictive
Figure 1 – Growth of zeolite LTL: (a) shows the tiles from which the zeolite is constructed
manner to understand how which act as rate determining growth units; (b) shows fractal type growth on the c-face as
the
crystal
morphology, seen experimentally; (c) shows the overall growth morphology and rapid growth of terraces on
defects etc might change as the c-face of the crystal revealed by AFM; (d) shows details of the growth mechanism of these
cancrinite columns.
a function of the experimental
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synthesis protocol. For nanoporous materials, for example, this could be by altering the
diffusion pathlengths in a working catalyst by changing crystal aspect ratio or by changing
the degree of internal faulting.

The CrystalGrower software is free to download and use for academic and educational use
and is applicable to all crystal classes such as: framework materials; molecular crystals;
ionic crystals; metals including solid-solutions.

Figure 1 shows an example of zeolite L which typically grows as hexagonal prisms
elongated on the c-direction. AFM reveals very rapid growth of cancrinite columns on the
side faces {100} of the crystals as well as fractal type growth on the c-face. All these
features are reproduced by CrystalGrower thereby determining the underlying freeenergies of crystallisation.

Figure 2 shows a
simulation
of
zeolite
A
revealing
a
typical
morphology that
exhibits
three
facets. Because
of the structure
of these faces
they each have a
different surface
free energy and
associated
threshold for 2Figure 2 – The growth of zeolite A exhibits three crystal facets that each have a different 2- dimensional
dimensional nucleation free energy threshold. Therefore, by increasing the supersaturation it nucleation. As a
is possible to switch on growth on these facets in the order {111}, {110} and finally {100}. By
consequence as
choosing an appropriate supersaturation the crystal habit can be fine tuned.
the
supersaturation is altered the growth rate of these three facets are altered differently. At low
supersaturation only the {111} facets achieve the nucleation threshold. At higher
supersaturation the {110} facets start to grow and then finally the {100} facets. This
suggests a protocol to adjust the cristal habit through careful choice of supersaturation. For
a zeolite gel this could be done by producing gels with different amounts of Q2, Q3 and Q4
species via pH control and the additional of suitable salts.
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Figure 3 shows a simulation of the surface of the
nanoporous silicoaluminophosphate STA.7. Typical low
supersaturation growth conditions reveal that STA-7
grows predominantly via screw dislocations. One of
these screw dislocations is identified by AFM in the
figure and shows a very complex interleaved
topography. By decomposing STA-7 into natural tiles
that represent the rate-determining structures at the
crystal surfaces these complex growth structures can
be faithfully reproduced by CrystalGrower allowing the
crystallisation free energies to be determined. Using
the CrystalGrower visualisation tool that is also
available for free academic download[3] the details of
this complex screw are revealed.

This small group of examples illustrates just some of
the processes that can be determined by
CrystalGrower. However, the simulation tool can also
be used to determine the distribution of point defects in
a nanoporous framework material; the mesopores
created during the development of intergrowth
structures and the effect of adding growth modifiers.

Figure 3 – Silicoaluminophosphate STA-7 exhibits complex
screw dislocation growth. This is a result of alternating fast
and slow growth directions that switch parallel to the screw
core direction and are faithfully reproduced using
CrystalGrower.
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Introduction
Zeolites are commonly
used as solid-acid
catalysts, as one can
tailor both the acid site
strength, and confinement
around the site at the
same time to enhance
product yields. In zeolites
this ability comes from
substituting aluminium
into a silicate framework,
leading to the formation of
a Brønsted acid site.
Figure 1: Showing how the reaction order of butane isomerisation
Aluminophosphates
products varies with Mg loading (red, top = 0.2 wt%, gold, middle =
(AlPOs) have a similar
0.5 wt%, purple, bottom = 1.0 wt%).
ability, whilst also forming
identical microporous
frameworks. Unlike zeolites, AlPOs consist of alternating AlO4 and PO4 tetrahedra, bound
together by Al-O-P bonds. In AlPOs metals are doped into the framework to create acid
sites, commonly a M2+ ion will replace an Al3+ species, creating a charge imbalance, which
the creates a Brønsted acid site. While many different dopant species are possible,
including Mn2+, Ni2+, Zn2+ and Co2+, the strength of the acid site varies with the dopant
chosen. In most AlPO frameworks, doping with Mg2+, to make a MgAlPO system, leads to
the strongest acid sites.[1] While strong acid sites are preferrable for more challenging
reactions, such as alkane transformations, they also promote side reactions (Figure 1),
leading to shorter catalytic lifetimes and ultimately deactivation. As such controlling the
quantity of acid sites to maximise reaction efficiency is a complex problem.
Materials and methods
In this study we control the acid site concentration, by varying the amount of Mg doped
(0.2, 0.5 and 1.0 wt%) into an AlPO -5 (AFI) framework. Through this method the porosity,
crystallinity and framework stability are maintained between the samples, unlike other
approaches. These different MgAlPO-5 species are then tested for n-butane isomerisation,
a vital reaction for meeting the growing market demands of isobutane. Whilst industrially
interesting, this reaction also has a wide range of possible by-products, reaction pathways,
and deactivation mechanisms which provide significant insight into the catalyst behaviour.[2]
Specifically, we perform two kinetic studies to understand how the acid site concentration
influences A) The catalytic activity and precise reaction pathway, and B) The deactivation
rate. The subsequent analysis, combined with insights from DFT calculations and kinetic
modelling, then allow us to intelligently design an optimal catalyst for this n-butane
isomerisation.
Results and discussions
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Two
possible
reaction
mechanisms
for
butane
isomerisation
have
previously been observed,
depending on the catalytic
system
and
reaction
conditions. A monomolecular
pathway
has
been
suggested, involving a cyclic
Figure 2: Proposed isomerisation pathway based on an n-butene
intermediate, requiring just a
intermediate.
single butane molecule. This
leads to an ideal rate order of one with respect to butane, though in reality varies between 1
and 0.5, due to the influence of catalytic active sites. However, a bimolecular pathway has
also been proposed, here two butane molecules combine to form a C8 intermediate, which
then cracks into a range of possible products. In this case the reaction order with respect to
butane should be two, but again, due to the availability (number) of the active sites this can
vary between 2 and 1.[3] By varying the loading of the MgAlPO-5 species we can control the
availability of the active site, and hence tailor the reaction kinetics (Figure 1) by varying the
order of reaction. These findings will tie into a DFT study (Figure 2) on the precise
mechanism of butane isomerisation, and how acid site quantity and proximity can play a
key role in catalyst design. We show that the primary products, isobutane, propane and
pentane are all formed via a bimolecular mechanism, through a C8 intermediate. However,
as the number of acid site (quantity of Mg) decreases in the catalyst, the availability of the
active sites becomes a significant factor, with orders for isobutane, propane and pentane
tending towards one. At the conference, we will present, for the first time, how MgAlPO-5
serves as an excellent model system for probing the mechanism of butane isomerisation,
and also for a wider range of acid-catalysed reactions. This will lead to the development of
kinetic models for this reaction, based on a combined experimental and computational
approach.
Based on the variation in catalytic
behaviour with acid site concentration
(Figure 1) we have also explored the
influence of acid site concentration on
deactivation profiles (Figure 3). Here
we present data for the 0.5 wt%
MgAlPO-5
system
at
reaction
temperatures of 350, 375 and 400 oC.
At early time points (before 100
minutes) there is an obvious trend of
higher temperatures leading to more
propane (Figure 3A). However, with
longer time on stream there is a more
rapid decay in propane yield at 400 oC
than 350 oC. Following the data suggests
that the propane yield may converge to

Figure 3: Time on stream catalytic butane
isomerisation data of 0.5 wt% MgAlPO-5, showing how
the yields of the two primary products (A: Propane and
B: Isobutane) vary over 20 hrs on stream over a range
of temperaturas.
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roughly 10 mol% in all cases, regardless of the difference in reaction conditions. The data
for the intended product, isobutane (Figure 3B) shows that after initially more isobutane is
formed at lower temperatures, with all three temperatures being equivalent after 600
minutes. This surprising result suggests that reaction temperature is not as influential as
first thought. At the conference we will present further data based on the 0.2 and 1.0 wt%
MgAlPO-5 series, discussing the influence of acid site quantity on the deactivation
pathway.
Significance
Combining these kinetic studies with ongoing DFT methods will provide in-depth
mechanistic insights into the role of the acid sites in zeolite catalysts. This will allow the
wider community to readily tailor the design of zeolite and zeotype catalysts for acid
catalysed transformations. This work may hopefully serve as a template for others to use to
probe their own zeolite materials for catalytic applications. Specifically this study provides
vital insights into the optimal quantity of acid sites required for a reaction, balancing the
desire for improved catalytic activity, with product selectivity and catalytic longevity.
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Zeolites have unique properties that allow their use in a wide variety of applications. Among
more than 250 known zeolite structures, the most widely used zeolites are tentatively called
the "Big Five" [1], which includes mordenite. It is formed by a continuous three-dimensional
periodic framework with the joint use of corner-to-corner tetrahedra. Replacement of
tetravalent silicon with trivalent aluminum results in one free valence, which in turn entails
the entry of ion-exchangeable extra-framework cations (such as sodium) structurally
unrelated to the crystal framework. As the aluminum concentration increases (Si/Al ratio
decreases), the number of cations in the system of channels and voids increases. The
question arises about the principles of distribution of aluminum cations at tetrahedral
positions in zeolites - whether it is completely random. The mordenite cell consists of 48
tetrahedra grouped into four non-equivalent sites (sites with different symmetry rules and
different multiplicity) TI, TII, TIII and TIV. In all hitherto known mordenites of natural and
artificial origin, no more than 8 out of the total number of tetrahedra have silicon substituted
for aluminum. The very existence of such a limit on the introduction of Al atoms into this
structure is quite a conundrum. Previously, we studied the initial stages of the distribution of
embedded Al atoms (up to six) in the available crystal positions [2]. In this work, we present
the results of the final stage of this study.

Results and discussion
Based on density functional theory (DFT) calculations, the sequential isomorphic
substitution of one to nine tetrahedrally coordinated Si cations by trivalent Al has been
systematically studied. The Si/Al content associated with each configuration is described in
Table I. By examining a significant number of configurations, without using a priori
assumptions, it was found [2], that the first six Al atoms are arranged according to the
ground state sequence at the tetrahedral sites TI-TIII-TIII-TI-TIII-TIII. Finally, the isomorphic
substitution of the seventh and eighth atoms as well as the hypothetical ninth Si atom for Al
in the unit cell of mordenite zeolite was studied. It allowed us to obtain a complete ground
state sequence, which assumes that the arrangement of Al atoms in tetrahedral sites
follows the order TI-TIII-TIII-TI-TIII-TIII-TII-TI-TII. It is worth noting that the rationale for this
sequence can be understood in terms of a bond diagram together with Lowenstein's rule.
Table 1.
Configurational label, chemical formulae, Si/Al ratio
and the bandgap obtained for each configuration.

Configuration

Chemical

Si/Al

Band
Gap
[eV]

M0

Si48O96



5.74

M1

Na+[AlSi47O96]-

47

5.00

M2

2Na+[Al2Si46O96]2-

23

4.78

M3

3Na+[Al3Si45O96]3-

15

4.82
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M4

4Na+[Al4Si44O96]4-

11

4.74

M5

5Na+[Al5Si43O96]5-

43/5

4.43

M6

6Na+[Al6Si42O96]6-

7

4.68

M7

7Na+[Al7Si41O96]7-

41/7

4.46

M8

8Na+[Al8Si40O96]8-

5

4.17

M9

9Na+[Al9Si39O96]9-

39/9

3.91

Figure 1.Madelung energy (EM) as a function of the Si/Al ratio.
The stability of mordenite zeolite decreases with increasing Al
content.

The filling sequence we found is shown in Figure 2. In particular, for the first eight
aluminum atoms, the sequence in the ground state determines the order in which the
individual aluminum atoms occupy the various ζ-cells. However, the trend is interrupted
when a ninth aluminum atom is introduced, as its placement invades two previously
occupied ζ-cells. A study of the behaviour of the Madelung energy (EM) as a function of the
Si/Al ratio (Figure 1) shows that the stability of the mordenite zeolite decreases with
increasing Al content. Since there is no experimental evidence for the existence of
mordenite zeolites at Si/Al<5 ratio, the value of minimum Madelung energy associated with
Si/Al=5 sets the limit of crystal stability. This means that regardless of the Si/Al ratio
mordenite zeolite accepts only binary ζ-cells (with zero or one Al).
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Figure 2.
Distribution of Al in configurations (a) M6, (b) M7, (c) M8, and (d)
M9. The circled numbers indicate the order in which the Al atoms
were substituted in the framework. Only the last substituted atom
is listed in the M7, M8, and M9 configurations. Configuration M6
was taken from Reference [2].

Figure 3.
Number n (0, 1, and 2) of Al tetrahedra in the first sphere of the Si
tetrahedron as a function of the Si/Al ratio. The small dots and
triangles represent the experimental results of Bodart et al. [3] and
Maurin et al. [4]. The data represented by open squares are the
theoretical values obtained in this work. Black, red and blue icons
refer to the coordination numbers n=0, n=1 and n=2 respectively.

According to the extended ground state sequence to nine aluminum atoms, they are
arranged in such a way that the first eight one after the other occupy each of the ζ-cages in
the unit cell of the mordenite zeolite. The problem lies in the ninth aluminum, for which
there is no longer a vacant cell and it can only be the second in one of the previously filled
ζ-cages. Thus, for mordenite, Si/Al= 5 represents the natural limit.

From the theoretically found positions, one can estimate the relative number of
coordinationally different Si tetrahedra (which have from 0 to 4 neighboring Al tetrahedra).
A comparison of the calculated and experimental results obtained from the 29Si NMR data
is shown in Figure 3.
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The selective catalytic reduction (SCR) in which ammonia is used as reducing agent (NH3SCR-NOx) is the current state-of-the-art technology to cope with nitrogen oxides (NOx)
emissions from stationary power plants and diesel vehicles[1,2]. The catalysts currently
employed in transport applications are copper-exchanged zeolites, in particular those
possessing small-pore structures such as the CHA [3,4]. Operando X-ray absorption and
emission (XAS/XES) spectroscopic studies have shown that at low temperature (T < 473 K)
ammonia liberates the Cu+ ions from its coordination with the zeolite framework forming
mobile [Cu(NH3)2]+ species. These mobile amino-copper complexes are responsible for the
activation of O2 through the formation of the transient dimeric species Cu(NH3 )2 -O2 Cu(NH3)2 [5-7]. The diffusion of the monomeric [Cu(NH3)2]+ species to the adjacent cavity
through the 8r window is the rate-determining step at low Cu loading. Previous works have
shown that the reacting molecules can have a significant impact in the activation free
energy and that the diffusion of such species is limited to neighbouring cavities [7,8]. The
aluminium distribution is another factor that possibly affects the reaction rate but so far
remains unexplored [9].
The diffusion of [Cu(NH3)2]+ complexes through the 8r windows of the CHA is an activated
process and therefore the theoretical study of such diffusion requires the use of enhanced
sampling techniques. However, the construction of free energy profiles based on DFT is
limited to the most relevant cases because of the significant computational cost of umbrella
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sampling simulations. Machine learning (ML) techniques have already taken special
relevance in the area of materials science and heterogeneous catalysis. These techniques
provide an opportunity to speed up the costly Born-Oppenheimer molecular dynamics
(BOMD) simulations by several orders of magnitude [10]. NN-based interatomic potentials
(NNIPs) retain the accuracy of the ab initio training data and can be executed at a
computational cost comparable with that of classical force fields.
In this work, we applied NNIPs-based enhanced umbrella sampling (US) simulations to
obtain Gibbs free energy profiles for the diffusion of [Cu(NH3)2]+ complexes through the 8ring windows of SSZ-13 zeolite for different Al distributions at 423 K representative of the
low temperature regime. All interatomic potentials converted to sub-kcal mol−1 accuracy for
the energies on the corresponding validation set, with a mean absolute error of 0.34
kcal/mol, respectively. The NNIPs are able to reproduce the free energy profiles with an
error of 0.4 kcal/mol relative to the DFT counterpart (see Figure 1), at least 400 times
faster. The calculated free energy of activation for the diffusion of an isolated [Cu(NH3)2]+
complex through the 8-ring windows of the chabazite structure is relatively low, 4.3
kcal/mol, showing that this process is fast. An increase in the free energy of activation to
6.7 kcal/mol is observed when a second complex and therefore a second Al are placed in
the adjacent cavity (Figure 2). However, when the two Al atoms are placed in the same 8r,
through which the diffusion takes place, the free energy of activation decreases by ~1.7
kcal/mol (Figure 2), with which the reaction would proceed ~10 times faster. Our results
show that a fine tuning of the Cu-CHA catalyst can be achieved by controlling the Al
distribution, that is, the selective positioning of Al pairs in the same 8-ring window.

Figure 1. a) Parity plot for the neural network interatomic potential vs DFT energies b) Comparison between neural
network interatomic potential and DFT free energy profiles.
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Figure 2. Left panel shows the free energy profiles calculated with NNIP for diffusion of one diamine copper (I) complex,
with two Al atoms located in different 8-rings (A) or in the same 8-ring (B). Right panel shows a snapshot of both
systems. Al, Si, P, O and Cu atoms are depicted as gray, yellow, red, green balls. H atoms are shown as white sticks.
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Introduction
The zeolite-catalyzed ethanol-to-olefins (ETO) process is a promising key driver in the
value-added chain from biomass to raw materials for the petrochemical industry and fuels
partaking in a sustainable energy economy. In this process aided by the Brønsted acid
sites of the catalyst at around 673 K to 823 K and around 1 bar to 5 bar, ethanol (EtOH) is
converted into light olefins. [1] The current understanding of the mechanism revolves
around the concept of the hydrocarbon pool (HCP) with a variety of (unsaturated)
hydrocarbons that continuously undergo oligomerization and cracking reactions. [2] The
initializing EtOH dehydration to ethene and diethyl ether (DEE) has been investigated in
detail both experimentally and in theory, however, theoretical insight into subsequent
propagation steps is rather scarce. [3-6]
Methods
We focus our investigation on zeolite catalyst H-SSZ-13 where we consider an excerpt of
the ETO reaction mechanism that is depicted in Figure 1 in a simplified way. We compute
free energy barriers using density functional theory (DFT) on periodic models corrected by
advanced post-Hartree-Fock methods with a complete basis set (CBS) extrapolation on
cluster models of the catalyst. From the obtained Gibbs free energy profiles, we derive
kinetic parameters for a microkinetic batch reactor model using the mean field
approximation.
Results and Discussion
Our kinetic model with parameters derived from ab initio calculations includes EtOH
dehydration to ethene and DEE, as well as ethylations up to hexene isomers and the
corresponding cracking reactions. Ethylations of ethene and products thereof lead only to
even-numbered olefins, while cracking can lead to propene and thus initialize the formation
of olefins with an odd number of carbon atoms. During EtOH dehydration at 473.15 K we
observe DEE formation for a short period of time with a peak selectivity of 68 %. With
increasing temperature, the ranking of the barriers for DEE and ethene formation changes
which explains the temperature dependence of the conversion-dependent ratio between
DEE and ethene. At 673.15 K we find that EtOH dehydration occurs much faster than
ethylation of the formed ethene, which takes considerably longer due to higher free energy
barriers. Hexene isomers form on the same time scale as butene, see Figure 1, where
branched isomers are favored with 2-methyl-pentene isomers contributing most to the
formation of propene through cracking. As in the related methanol-to-olefins (MTO)
process, the most relevant alkylation pathway is the stepwise mechanism via surface
alkoxy species (SAS) on the zeolite catalyst. A comparison of ethylation with methylation
barriers of up to heptene isomers forming nonene and octene isomers, respectively, shows
that ethylation barriers are lower by around 10 kJ/mol on average.
Significance
Our study provides theoretically derived reaction mechanisms for the dehydration of EtOH
to ethene (and DEE) as well as further homologation and cracking steps to higher olefins in
zeolite catalyst H-SSZ-13.
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Figure 1.
Simulated formation of olefins at 673.15 K from 1 bar EtOH
through dehydration, ethylation and cracking with kinetic
parameters derived from ab initio calculations. EtOH dehydration is
completed on a much shorter time scale than subsequent
reactions. The depicted mechanism is a simplified version of the
one used in the simulations.
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Scope
Acid zeolites are widely used materials for catalytic and environmental applications thanks
to their unique shape selectivity. The product distribution of zeolite-catalysed conversions is
typically the result of a complex interplay of intrinsic reactivity, stabilisation of crucial
intermediates and transport phenomena. [1] The specific pore topology of the confined
zeolite structure may impose a significant impact on the diffusivity of guest molecules and
therefore on the obtained product selectivity. Depending on multiple factors such as the
micropore dimensions, the presence of (pore blocking) guest hydrocarbons or the zeolite
acidity, hydrocarbon diffusion may occur freely or become hindered. [2] A proper
understanding of the relationship between the diffusivity and the zeolite structure, acidity
and loading is essential to improve the catalytic performance and lifetime of zeolites.
Nevertheless, the precise effect of the zeolite acidity and the pore occupation by guest
molecules on the diffusion of small hydrocarbons through the micropores remains unclear
to date.
In the methanol-to-olefins (MTO) conversion, the zeolite pores host a complex reaction
environment including both oxygenate species as well as aromatic and aliphatic
hydrocarbon pool compounds. Consequently, the loading of the zeolite catalyst evolves
dynamically with time on stream and diffusion limitations may have a significant correlation
with the ultimate product selectivity, as suggested by several experimental studies. [3-4] In
this contribution, we aim to gain insight into the diffusion behaviour of C2-C4 olefins in HSAPO-34 – a topology consisting of spacious cages connected by small windows – and HZSM-5 – a topology consisting of narrow, intersecting channels –, both common MTO
catalysts. More specifically, we assess whether diffusion occurs isotropically in all
directions and investigate whether the acid site strength and density play a role in the
microporous light olefin transport.
Quantifying adsorption and diffusion behaviour is extremely challenging due to the
simultaneous occurrence of multiple phenomena at different length and time scales. As
such, a combined experimental and theoretical approach is mandatory to properly map the
various contributing factors. [5-6] Herein, we present a novel approach to track the diffusion
of a single molecule inside the zeolite pores at operando conditions by performing ab initio
molecular dynamics (MD) simulations. A combination of molecular dynamics techniques
and umbrella sampling is applied to characterize individual hopping events and construct
free energy profiles for hindered diffusion. Ultimately, our ab initio data are used to train a
high accuracy machine learning potential (MLP) which is employed to perform MD
simulations at longer length and time scales in order to reliably estimate diffusion
coefficients, while taking into account the directionality of the pore channel system. Our
computational observations are complemented by pulse-response TAP measurements and

206

PFG-NMR spectroscopy to probe external surface interactions and internal pore diffusion
(see Figure 1).

Figure 1. Schematic representation of a SAPO-34 catalyst particle, highlighting the different scales monitored by the
computational and experimental characterisation techniques.

Results and discussion
First, we study the feasibility of different diffusion pathways in zeolites AlPO-34 and ZSM-5,
in the absence of acid sites. The diffusion process is distinctly different in both frameworks.
In AlPO-34, olefins reside in spacious cages which are connected by six narrow 8-ring
windows. Olefin diffusion takes place as a hopping event through these windows with equal
probability in all directions. In contrast, in ZSM-5, the transport of olefins occurs via
interconnected straight and sinusoidal channels. Olefins sit preferentially at the channel
intersections and may sporadically travel to an adjacent intersection through one of both
channels. We demonstrate that the specific pore channel geometry results in diffusion
anisotropy (shown in Figure 2a), with the straight channel pathway being slightly preferred
over the sinusoidal channel pathway.
Secondly, the influence of the acid site density and acid site distribution is addressed. Our
results reveal that the presence of Brønsted acid sites on the windows of H-SAPO-34 has a
clear promotional effect on the light olefin diffusion inside the zeolite cages (see Figure
2b). On the other hand, the diffusivity of alkanes remains invariant for the acid site density.
Thanks to the favourable formation of stabilising π-H interactions between the olefinic
unsaturated double bonds and the acid protons, it is observed that alkenes can travel faster
through the pores and enter more deeply inside the zeolite crystal. Also the distribution of
the acid sites is found to play a crucial role. Only acid sites located on the windows of HSAPO-34 may aid in the formation of the stabilising π-H interaction during the hopping
process and enhance the diffusion rates. A similar tendency is observed for olefin diffusion
through the channels of zeolite H-ZSM-5, where the beneficial effect of acid sites located in
the channels is remarkably different compared to those located at the channel
intersections. The computational trends uncovered by the MD simulations are furthermore
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corroborated by the experimental observations and are in qualitative agreement with the
measured diffusion coefficients.

Figure 2. Schematic free energy profiles, determined by umbrella sampling simulations, for light olefin diffusion between
(a) adjacent channel intersections in the pore system of ZSM-5 and (b) adjacent cages of H-SAPO-34 through 8-ring
windows containing acid sites.

Conclusion
In this work, we present a novel computational approach to characterize light olefin
diffusion and the accompanying host-guest interactions in the MTO process based on
state-of-the-art MD simulations and the derivation of machine learning potentials with high
accuracy. It is clearly demonstrated that light olefin diffusion may be significantly altered
depending on the local pore geometry of the zeolite and on the acid site density and
distribution in the framework. These remarkable findings may lead to the synthesis of
zeolites with dedicated acid site distributions to promote either the transport of alkenes or
alkanes, opening up new perspectives for tuning the catalytic selectivity or for olefin/paraffin
separation purposes.
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The study of water behaviour within zeolites is a highly important field owing to their wide
application in water purification, molecular separation, and catalysis. Across these
processes, diffusion through the pore network is often a key step dictating the performance
and thus experimental techniques such as quasielastic neutron scattering (QENS)
alongside computational techniques such as molecular dynamics (MD), which probe similar
time and length scales (10 ps – 10 ns), are pivotal to aid in the design of such materials. A
detailed understanding of adsorbate dynamics as a function of zeolite structure and
composition will allow the design and optimisation of zeolite materials. In particular, the
effect of the Si/Al ratio – which directly impacts acid site density within the zeolite
framework, is of great interest.
The wide employment of FAU and MFI type zeolites makes them prime candidates for
investigation due to their application in fluid catalytic cracking and other catalytic processes,
where water is a significant by-product. The behaviour of water in these systems can have
significant effects on the catalytic as well as adsorption/separation properties, and as such
the effect of zeolite structure on water dynamics is of considerable interest. Although
increased acid site density increases the probability of reactant species encountering an
active site, a balance must be struck with how much the interactions between adsorbates
and the active site reduce diffusivity through the framework.
The behaviour of water has been probed in acidic H-FAU [1] and H-MFI type zeolites as a
function of Si/Al ratio (5 to siliceous and 15 to siliceous respectively) employing QENS and
MD. The interactions, localised motions and long-range diffusivities of water were probed.
Water diffusivity, on the order of 1 – 10 ×10-10 m2s1, was found to decrease with Si/Al ratio
in both systems, showing a sharper decline towards lower ratios – figure 1. This is primarily
driven by strong interactions between water molecules and the Brønsted acid sites – figure
2 – with residence times of up to 5 ps. Water loading, in FAU, was also found to have a
significant effect where diffusivity increased significantly by a factor of ~7 towards a
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maximum diffusivity. QENS data from the MFI systems were best fit to the behaviour of
jump diffusion confined to a sphere, as previously shown for methanol in ZSM-5 [2], with
jump distances around 3 Å. Where methanol movement is only observed within a sphere of
a given radius (~4 Å) suggesting diffusion restricted to an MFI channel intersection. Similar
behaviour was observed in both the Si/Al = 15 and 40 systems whilst the Si/Al = 140
system showed markedly different behaviour with much larger confined radii and
significantly shorter residence times – significantly more long range translational diffusion.
Diffusivity of water in the MFI systems was similar to that of its FAU counterparts at
comparable loadings via MD analysis. Qualitative and quantitative agreement was seen
between the QENS and MD data for water in H-MFI. These findings will help tailor zeolite
materials for their specific uses in both catalysis and adsorption processes, particularly
when it comes to choosing an optimal Si/Al ratio for the zeolite.

Figure 2.
Figure 1.

Two modes of water interacting with a Brønsted
site in zeolite HY.

Diffusion coefficients of water at 5, 10, 18, and 33
wt % loading in the fully siliceous and Si/Al = 191,
60, 30, 15, 10, and 5 zeolite HY systems
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In this contribution, the thermodynamic fundamentals of the combined approach of the
Excess Surface Work [1-3] and Disjoining Pressure [4] (ESW-DP) are elucidated. For
modelling of sorption isotherms this ESW-DP approach is implemented in an extended
version of the computation model for sorption isotherms and capillary condensation from
Churaev, Starke and Adolphs [5]. This model combines the physically well described
excess surface work ESW-method and the disjoining pressure DP-approach from
Derjaguin [4]. The Excess Surface Work is defined as the sum of the surface free energy
and the isothermal isobaric work of sorption characterized by an energy minimum at the
monolayer capacity. The main idea of the ESW-DP model is that during adsorption on the
pore walls the approaching films collapse and capillary condensation proceeds. One of the
main inputs is the ESW energy minimum. Evaporation is described with a modified Kelvin
equation. This holds as long as a surface tension can be described, usually for pores larger
than 2nm radius. For smaller micropores the situation is different, but it may be solved via
the ESW energy minimum, which is much more pronounced in pore filling compared to
pure physisorption. For modelling sorption isotherms, a Gaussian like pore size distribution
either cylindrical or slit like is defined and for discrete pore sizes the entire isotherm with
hysteresis for a given range of pressures is calculated.
In this contribution we will show applications on MCM 41, MCM 36 and SBA 15 zeolites.
The ESW-DP can simulate the entire isotherm with its specific hysteresis. Further it is
possible to compute specific surface areas with the ESW method (6-8) like BET, sorption
energies and pore size distributions. Comparisons to NLDFT computations with Argon and
Nitrogen will be shown, while water vapour sorption simulations are yet not possible with
NLDFT. There is no need of a reference isotherm.

Isotherm H 2 O on Al 2 O 3
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Figure 1 – Example of a transformation of a water vapour sorption isotherm @ 25°C (nanoporous 25nm Al2O3) into an
ESW plot. Minima correspond to the adsorption (-2RT) and desorption energies (-3RT) and a monolayer resp. specific
surface area of 12 m²/g.
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Zeolite-supported Ag0 clusters have broad applications from catalysis to medicine,
necessitating a mechanistic understanding of the formation of Ag0 clusters in situ. Density
functional theory (DFT) simulations were performed on silver, water, and silver–water
clusters in mordenite to identify the role of the confinement on the structure and energetics
of Ag0 cluster formation and how the location of Al in the mordenite alters these effects.
Overall, the most favorable binding energy in the 12-membered ring (MR) pore of the
mordenite structure was a 10–15-atom Ag0 cluster. Computational pair distribution function
(PDF) data identified structural differences between the Ag0 and Ag0–H2O clusters formed
in vacuum. Additionally, when the Ag0 cluster was confined, the density decreased and the
surface area increased, hypothesized to be due to the limiting geometry of the 12-MR main
channel. An energetic drive toward formation of larger Ag0 clusters was also identified, with
hydrated silver atoms generating higher energy structures.
Additionally, Ag0 cluster formation in four Al framework sites in mordenite were
studied (T1-T4) and the Al positions in the framework were identified by the shifts in the
differential Al⋯Al PDF. For Ag0 formation in vacuum MOR structures with a Si:Al ratio of
5:1 with Al in the T1 position resulted in the most framework flexibility and the lowest Ag0
nanocluster charge, indicating the best results for formation of charge neutral nanoclusters.
When water is present, Al in the T3 and T4 positions resulted in the formation of the
smallest average Ag0 nanoclusters plus greater expansion of the O-T-O bond angle than in
vacuum, indicating easier diffusion of the Ag0 nanoclusters to the surface. The presence of
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Al in 4-membered rings and in pairs indicates favorable MOR structures for formation of
single Ag atoms, despite the existence of synthesis challenges. Therefore, Al in the T2
position is the least favorable for Ag0 nanocluster formation in both vacuum and in the
presence of water. Al in the T1, T3, and T4 positions provides beneficial effects through
framework flexibility and changes in nanocluster size or charge that can be leveraged for
design of zeolites for formation of metallic nanoclusters.

Figure 1 – Changing Formation energy of Ag0-H2O Clusters in Si-Mordenite
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Access to fresh water per capita decreases continuously due to population growth and
contamination of water resources uncontrolled industrialisation. Oceans hold 97.5% of the
water on the planet, which is an ideal source of drinkable water. Aquaporins (AQPs), which
are cell membrane proteins with high water transport rates and specificity, have been a
source of inspiration to the design of desalination membranes that has high permeability
and selectivity. Despite remarkable advances, membranes that have comparable
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performance to AQPs have been rarely reported. In this study, a computationally designed
membrane based on zwitterionic alanine functionalized Ni-CPO-27 was studied by density
functional theory (DFT) calculations and non-equilibrium molecular dynamics (NEMD)
simulations. The DFT calculated binding energy of alanine coordinated to unsaturated Ni
atom of Ni-CPO-27 was -132 kJ/mol, which is almost twice the binding energy of water, 71k J/mol. The large difference in binding energies demonstrates the stability of the
computationally designed membrane in water. Further analysis from the quantum theory of
atoms in molecules (QTAIM) revealed that hydrogen bonding between two oxygen atoms in
carboxylate group (COO-) and two hydrogen atoms in the amino group (NH3+) with
estimated bond strength -20.4 and -7.5 kcal/mol have been formed. The hydrogen bonding
stabilizes water channel formed by the zwitterionic alanine. Notably, the water flux of each
channel in this membrane predicted by NEMD is only one order of magnitude lower than
the flux of water through AQPs at 100 MPa external pressure (See Table.1). Moreover, the
reported membrane achieves ions rejection rate 100% for sodium chloride (NaCl) due to
the steric effects (See Figure.1)

Table 1. The comparison of water flux between aquaporins and
alanine functionalized Ni-CPO-27 under 100 Mpa external

pressure
Membrane

Flux (water molecules per
ns per channel)

Aquaporins

0.16±0.098

Alanine/ Ni-CPO-27

2.5±0.12

Figure 1. Number density of Na+ and Cl- along x-axis (membrane- normal).
The position of membrane is indicated by the blue area
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Greenhouse gases have become some of the most challenging worldwide issue of our
century. To curb their deleterious effects, CO2 adsorption in porous solids has drawn
widespread attention due to its low energy requirements. Materials as Metal-Organic
Framework (MOF) has shown their ability in capturing CO2 molecules from anthropogenic
sources, or directly from the air [1]. MOFs are nanoporous crystals, composed of metal ions
coordinated by organic ligands. Their frameworks are comparable to molecular LEGOs with
a quasi-infinite tunability in their pore sizes, and reactivity depending on their chemistry.
Such a unique versatility makes MOFs key materials for applications such as molecular
capture, sieving, energy storage, etc [2]. While adsorption properties have been extensively
studied in a large number of MOFs and in hypothetical structures [3], surprisingly, just a
little is known about the role of environmental water on CO2 diffusion and transport. We will
show that atomistic simulations based on empirical force fields accounting for sorbent
flexibility are able to reproduce volumetric and gravimetric experimental results for wet UiO66(Zr). We then demonstrate that pre-adsorbed water into the MOF porosity tends to lower
the CO2 diffusivity, acting as a sub-adsorbing porous media, fFigure 1A. From out-ofequilibrium and unsteady simulations (Dual Control Volume approach), we then show that
water could also acts as an additional driving force, favoring the CO2 uptake from intergrain pore volumes to the MOF porosity, lowering the time needed to reach thermodynamic
equilibrium [4,5], Figure 1B.
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Figure 1 - CO2 diffusion coefficients as a function of pressure for different water loadings and snapshots. CO2 uptake
from outer to inner MOF pores as a function of time and snapshot.
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Zeolitic-imidazolate frameworks (ZIFs) have the potential to make highly selective gas
separation membranes, due to their functionalization capabilities that can take place on the
molecular level and affect considerably their performance. These modifications can greatly
affect gas diffusivity in the pore network and thus enhance their sieving properties, which
determines the separation performance. However, in practice the application of ZIFs in gas
separations is limited due to our lack of knowledge on the modification-diffusivity
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correlation. Machine learning (ML) approaches can elucidate this correlation, but pertinent
research in crystalline nanoporous solids, such as MOFs/ZIFs, zeolites and covalentorganic frameworks (COFs), has so far focused solely on sorption properties, while
diffusivity, which very often is the driving force of selectivity in such membranes, is omitted.
Herein, we report the first ML-assisted work towards understanding how the replacement of
basic MOF building units affects the pore structure and consequently the molecular
diffusivity. First, we developed an ML model that predicts the diffusivity of any gas
penetrant in any ZIF, by using as input simple and readily-available information on the size
of the ZIF building units and of the gas. Then, this model is used to develop a novel method
for designing ZIFs with gas mixture separation performance on demand, based on a
biologically-inspired evolutionary algorithm (EA) [1].
Our approach is based on the premise that the aperture connecting the cages of ZIFs
controls the diffusion rate of guest species. In our recent works we showed that the
aperture’s size and flexibility can change and directly affect the ZIF’s diffusion-based
selectivity, by replacing the organic linker, the metal center or the functional group of the
framework [2],[3],[4],[5]. This knowledge shapes a chemical basis which we used in a novel
machine learning (ML) tool towards developing a comprehensive modification/diffusivity
correlation. We have built 72 new ZIFs of finely discretized aperture sizes, by replacing
various units, and simulated the diffusion of guest molecules of varying in size (He, H2 up
to n-butane) in these structures, based on force fields developed with density functional
theory (DFT). The diffusion simulations where carried out with transition state theory (TST),
and accounted for the flexibility of the structure, assessing thus the framework’s response
as a function of the gas penetrant’s size. Then we trained a supervised ML model on
readily available descriptors, such as the mass and size of the basic building units and the
penetrant’s size. The comparison of our ML model (Figure 1) with simulations highlights the
high predictive power of our approach. Our ML model constitutes the first computational
tool to predict the diffusivity of gases in nanoporous crystalline solids, based on information
on their framework sub-units [6]. A researcher can consider a new ZIF functionalization,
bypass time-expensive computations (DFT calculations and atomistic-level simulations),
and directly obtain a good estimation of the diffusivity of different penetrants (and thus the
structure’s selectivity potential) through a simple two-step ML model.

Figure 1. The ML algorithm: its principle and its performance.
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Even with such a convenient tool at our disposal such as our ML predictive model, the
design of optimum ZIFs for targeted separation performance will still be limited to a trialand-error approach of time- and cost-expensive repetitive attempts. Rational design, also
called “inverse design” in literature, is the design of materials with chosen properties on
demand and is regarded as a next frontier in materials science. In this work we will present
an inverse design AI-based approach, that facilitates the development of new ZIFs, driven
by desired values for both the diffusivity of the fast-permeating species i (Di) and the
diffusivity selectivity of species i and j (Di/Dj). Our AI-tool is based on genetic algorithms
(GA). GAs [1] are optimizer algorithms which can avoid the pitfalls of local optimization and
achieve global optimization and are inspired by Darwinian theory of evolution. Our AI tool is
based on the premise that the aforementioned ML model constitutes a function that can be
optimized through an evolutionary procedure of GA, towards the desired permeability of a
given gas. In GA, each of the structural descriptors (metal, functional group and organic
linker, shown in Figure 1) are represented as a gene. Each set of genes is a solution (which
corresponds to a unique ZIF) that – in GA terms – is termed a chromosome (Figure 2).

ZIF chromosome and its genes
Gene 1 Gene 2 Gene 3 Gene 4 Gene 5 Gene 6 Gene 7
Figure 2. ZIF chromosome and it’s genes in the GA-based design tool.

The structure, then, is evolved at each iteration through genetic operations on the
chromosome, such as crossover, mutation, replication and selection, and a set of new,
optimum ZIFs are assembled for a desired performance (Figure 3).
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Figure 3. Evolutionary steps of the GA algorithm.
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Finally, we address the problem of validating the ZIFs our GA-based tool designs.
Simulations can be employed to estimate the selectivity performance of the new ZIFs and
by comparing the results with the initial performance values that guided the design, an
accurate assessment of the inverse design tool’s accuracy can be achieved. However,
incorporating an extended simulation scheme for validation purposes is time-consuming
and defies the purpose of developing time-efficient AI tools. In this work we will present a
new strategy for confirming the accuracy of newly designed structures, without the need of
additional validations simulations, by using RTree spatial indexing.
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Catalytic conversion of CO2 into valuable fuels and chemicals is a promising avenue to
address energy and environmental concerns. The identification of catalysts encompassing
optimum electronic features for CO2 reduction is therefore of great importance. MOFs have
been proposed as potential candidates in this field owing to their large variability in terms of
structural, chemical and electronic properties. Herein, ab-initio molecular simulations were
firstly applied to explore the potential of MOFs containing coordinately unsaturated sites
and in particular oxo-trimer based MOFs. In this context we systematically assessed the
CO2 to CH3OH catalytic activity and associated microscopic mechanism for a series of oxotrimers Fe2M, where M=Cu(I), Cu(II), Fe(II), Co(II), Ni(II), Zn(II), Cd(II), Ti(III), Y(III) and
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Ce(III) with the objective to identify key descriptors that govern their level of performance.
We found that the stability of the intermediate *COOH species is a reliable descriptor of the
CO2 reduction by divalent metals. These calculations further revealed that the introduction
of Co(II) in the oxo-trimer boosts the CO2 reduction activity compared to the pure Fe(II)
oxo-cluster [1]. We explored alternative strategies with the incorporation of metal in the
pores of a series of Ti-MOFs and Zr-MOFs [2]. This calculation revealed that the inclusion
of Cu in the pores of a known Ti-MOF leads to a MOF-based composite with excellent CO2
reduction performance.
This theoretical study is guiding the experimental effort towards engineered MOFs with
optimum CO2 catalytic reduction activity.

Figure 1 - Schematic of reaction network for CO2 reduction to methanol over Fe2M node.

Blue arrows indicate the COOH route and red arrows indicate the HCOO route. Colour
code for atoms: oxygen (red), carbon (grey), hydrogen (white) and metal (dark blue).
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The production of ethylene exceeds 200 million tons per year1, consolidating this molecule
as a critical feedstock material for petrochemical industry. A fundamental step for the
application of this alkene in derivatives is its separation/ purification from ethane after being
obtained by naphta or ethane steam cracking. The state of art method for such task is
cryogenic distillation, one of the most energy consuming industrial processes nowadays2.
Porous solids adsorbents have been addressed as a highly promising alternative solution
for this matter, being represented by Metal Organic Frameworks (MOFs) and zeolites.
While some MOFs may present a rather poor stability3, zeolites have been standing the
roughness of industrial applications since the 1950’s4. Another great advantage of zeolites
is their tunability in terms of pore size, shape and surface functionality, allowing specific
selective adsorption processes even at ambient temperatures. Due to the small differences
of ethylene and ethane kinetic diameters (which is only 0.028nm) and their nearly identical
physical properties, molecular sieving effect by itself is not effective for their separation.
Thus, this process must rely also on a Lewis acid-base interaction between the alkene and
a transition metal cation, specially Cu(I) and Ag(I)5,6, allocated in the adsorbent.
Nevertheless, the exact adsorption mechanism of ethylene on Ag(I) exchanged CHA, for
example, is not completely understood yet.
In this work, we characterized this interaction between ethylene and silver aluminossilicate
CHA at a microscopic level using a multidisciplinary approach involving Inelastic Neutron
Scattering (INS), Nuclear Magnetic Resonance (NMR), UV-vis and Density Functional
Theory (DFT) calculations parting from a real system. From UV-vis analysis, it was seen
that the system under investigation contains not just cations but also charged Ag clusters.
Both species interact with the ethylene, as confirmed by the comparison between the
experimental INS spectrum and the DFT calculated INS spectra obtained for a cationic and
a cluster models. 13C-Solid State NMR showed an upfield shift from 123 ppm to 110 ppm,
suggesting a stronger proton shielding and electron transfer between the
adsorbant/adsorbent. This fact was corroborated by DFT electron density difference
calculations, proving the nature of this interaction, known as π-complexation. Finally, by
analysing the red shift of C-C stretching modes and C-C bond lengthening with information
provided by INS and DFT, we could not just have a further confirmation of its nature, but
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could also evaluate the extension of the interaction for each model, attesting the higher
preference of ethylene to cationic Ag species in such a complex system.
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Microporous zeolite materials are wildly used materials in the area of chemical sciences
and technologies, including catalysis and separation processes, gas storage and ion
exchange. The viability of their use for an adsorption-based application is usually restricted
by the heat effects which are just as important as other properties such as uptake or
selectivity. If the heat emitted during the adsorption step is not accounted for, then
decreased uptakes and sorbent degradation may occur. Inversely, if a sorbent bed cools
too much during desorption then poor kinetics, condensation and bed blocking may occur.
Few groups possess calorimeters (so-called direct method) which can directly measure the
enthalpies during adsorption and desorption [1]. Thus, to assess the adsorption energies,
then most often isosteric heats are calculated from several isotherms obtained at different
temperatures by applying the familiar Clausius-Clapeyron (C-C) equation (indirect method).
An alternative approach can be to use an expression which considers the variability in the
uptake with temperature in a single temperature independent expression using Virial
coefficients. While these direct and indirect methods (isosteric, Virial and calorimetric
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measurements) are assumed to yield undistinguishable results, often ambiguity is
originated: error uncertainties range from 10-20% are popular [3]. To review this
controversy, discuss limitations of the isosteric method and come out with practical notes
and tips to obviate potential pitfalls, we believe that comparing the predictions of the
enthalpy of adsorption from the indirect approaches against calorimetric measurements
could be a wise strategy.
For that purpose, a set of adsorbents that belong to different families, mainly composed of
zeolites (13X and cation exchanged forms of LTA type structure: MgNa-LTA and LiNa-LTA)
were selected, on which the calorimetrically measured enthalpies were provided at 303 K
with the help of home-built set-up that combines an ordinary manometric dosing system
and Tian-Calvet type microcalorimeter. As example, the obtained results are displayed in
figure 1. In the same figures, the predicted heats through the application of the ClausiusClapeyron method after fitting each set of isotherms with different isotherm models
(Langmuir, Multisite Langmuir, Jensen-Seaton and Toth isotherm models) are also plotted.
The adjustment was ensured via the SSE (the sum of the squared errors) as a minimization
error function. On the right, the predicted heats by the Virial analysis are reported.

LiNaA

Figure 1 - CO2 adsorption enthalpy measured at 303 K as a function of loading for the zeolite LiNa-LTA.
Experimental measurements are shown as open black circles while Clausius-Clapeyron predictions from
different fitted isotherm models are shown as: lines for TSL fit; long-dashed line for Langmuir fit; dashed line
for JS fit; dotted line for Toth fit.

It can be clearly seen that the calculated and experimental data of the heat of adsorption
are in almost quantitative agreement when the series of adsorption isotherms are fitted with
the TSL fit isotherm model, and that despite their significant differences at very low uptakes
(< 1 mmol.g-1), which may mainly ascribed to the fact that the TSL model concomitant with
the use of SSE cannot describe the equilibrium data at low-pressure domain with sufficient
accuracy.
As seen from figure 1, using the virial model instead the TSL model reduces considerably
the errors of the prediction of the isosteric enthalpy of adsorption as compared to the
prediction from Clausius-Clapeyron equation via the three sites Langmuir fit, considering
the direct calorimetric measurements as a reference. However, it must be pointed out that
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this is partly due the fact that more parameters being used to correlate experimental
adsorption data.
From this study, the two following conclusions can be drawn: (i) the derived isosteric
enthalpy of adsorption is only as accurate as the recorded isotherm and the applied fit,
especially in low-pression domain and (ii) the adsorption calorimetric measurements
provide reliable information related to surface chemical composition, and energetic
parameters related to adsorbate–adsorbent interactions in the micropore region.
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Small noble metal clusters and single atoms demonstrate high activity and maximal atomefficiency for a range of important catalytic processes. In order to stabilise these clusters
against sintering and deactivation, encapsulation within zeolite micropores has recently
become a popular technique. However, the nature of the interactions between metal and
zeolite, and thus the dynamical processes occuring inside the framework are incompletely
understood. Intercage particle diffusion, agglomeration and redispersion processes occur
on a timescale too short for ex situ characterisation methods and too long for traditional
computational modelling methods.
We tackle this problem via the development of flexible, reactive neural network potentials
with density functional theory (DFT) accuracy.1 By extending the sampling quality by
several orders of magntiude, while retaining DFT accuracy, we are now in a position to
understand the dynamic behaviour of encapsulated clusters in unprecedented detail.
Utilizing a combination of global structure prediction, microkinetic modelling and enhanced
free energy surface exploration, we were able to identify mechanisms of Pt atom-trapping
in high-silica zeolites, the effect of reducing adsorbates (CO,H2) on Pt migration and the
energetics of cluster growth.
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Recent findings include:





Topology-specific, spontaneous local defect formation drives the stabilization of
Pt atoms in six-ring sites.2 The framework is found to be labile in response to Pt
atom binding,(not the case for Au binding).
Reducing adsorbates flatten the potential energy surface, promoting metal
migration, severely inhibiting sintering resistance.3 An atomistic explanation is
reached, based on the loss of pinning sites.
There is a non-monotonic size-dependence of Pt cluster diffusion, which is
coupled to framework topology. Diffusion mechanisms vary qualitatively in the
“every-atom-counts” regime.

Figure 1: Left: Global minimum of Pt1@LTA. Right: Diffusion trajectory of Pt3@(Si)-TON from a 25ns MD simulation
using neural network potentials.

In this contribution, we will discuss recent findings for encapsulated Pt cluster dynamics,
methodological developments for efficient reactive free energy exploration and future
research directions.

References
[1] A. Erlebach, P. Nachtigall, L. Grajciar, https://arxiv.org/abs/2102.12404v2
[2]: 2. D. Hou, L. Grajciar, P. Nachtigall, C.J. Heard, ACS Catal, 10, (2020), 11057.
[3] D. Hou, C.J.Heard, Catal. Sci. Technol., 12, (2022), 1598.

Acknowledgement
GACR 20-26767Y “Stability of Metal Particles Encapsulated in Zeolites: Multiscale Modelling
and Experimental Benchmarking”

225

T4: Reactivity studies in confined spaces. Catalytic applications.
O04.01. A novel non-chemical post-synthetic approach improving the catalytic
performances of zeolite-type materials
M.Fahda, L. Lakiss , K. Goldyn, J.-P. Gilson, V. Valtchev

Laboratoire Catalyse et Spectrochimie, Normandie University, ENSICAEN, UNICAEN,
CNRS, F-14050 Caen, France.
mohammad.fahda@ensicaen.fr

Zeolites are considered critically essential to heterogenous catalysis, acting as solid acids
with intrinsic microporosity that allows for product selectivity [1,2]. Unfortunately, their
exceptional shape selectivity comes at the expense of restricted diffusion, lowering their
product space-time yield (moles of desired products per packed bed volume and time). The
reasons are two-fold: i) limited access to their active sites, and ii) pore blocking and/or site
coverage leading to catalysts deactivation. To overcome these handicaps, several postsynthetic approaches (buttom-up and top-down) have been developed to shorten the
diffusion pathways in the zeolite crystals and extend the lifetime of the catalyst by
facilitating the diffusion of the chemical products [3]. The most widely used post-synthetic
approache is the chemical etching - desilication (alkaline treatment) or dealumination (acid
treatment), where metallic species leach out of the framework under the effect of chemical
treatment [4,5,6,7]. Despite the success of these protocols in inducing mesoporosity, highly
toxic chemicals are being employed, which make the process far to be benign. Besides,
during the treatment, there are substantial modifications of the native zeolite properties. As
such, there is an ultimate need to design a safe and benign post-synthetic method for
tailoring zeolite crystals' transport, altering their acidity.
This work highlights a novel post-synthetic approach to overcome diffusion limitations in
zeolite catalysts [8]. It consists in applying a constant pressure to downsize micron-sized
zeolite crystals to sub-micron-sized particles. The method is exemplified by the treatment of
both ZSM-5 (Si/Al =25 and crystal size ca. 5 µm) and ZSM-22 (Si/Al = 28 and crystal length
of 3-4 µm) using a hydraulic pressure of 10 tons (10T). The physicochemical
characterization of the resulting material shows a substantial reduction of the size of the
crystals (Figure 1) without altering their original properties (crystallinity,
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Figure 16 TEM images of (A) ZSM-22-Parent and (B) ZSM-22-10T, and SEM
images of (C) ZSM-5-Parent and (D) ZSM-5-10T.

micropore volume, etc.). ZMS-5 crystals processed in such a way exhibit improved catalytic
activity in Methanol-to-Olefin (MTO) reaction. Preliminary catalytic tests show that the
cumulative methanol converted is 2.5 times more than the parent sample's (figure 2). The
enhancement of catalytic performance is ascribed to shorter diffusion path lengths in the
treated zeolite that significantly extends the catalyst lifetime. This is the first example of
chemical- and heating-free post-synthesis modification of a zeolite, an attractive and
environmentally benign alternative to multistep chemical treatments, often under harsh
conditions.
The study also includes a detailed physicochemical analysis of the pressed zeolites.
Examples with other zeolites will also be reported, thus providing an entire picture of the
prospects of this novel post-synthetic method.
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Figure 17 Cumulative conversion of Methanol-to-Olefin over ZSM-5-Parent and ZSM-5-10T.
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Introduction
Aluminophosphates (AlPOs) are a class of solid-acid
zeotype catalysts, which consist of alternating AlO4 and
PO4 tetrahedra, forming frameworks in a similar manner
to zeolites. However, where zeolites ion-exchange with
dopant metals, AlPOs can instead undergo isomorphous
substitution, swapping a framework Al3+ for a dopant
M2+ species.[1] This results in the formation of a
Brønsted acid site to counter this charge imbalance. A
wide range of M2+ dopants have been found to be
suitable for this, leading to an equally wide range of
materials with varying acidic properties. This complexity
increases further when framework choice can also result
in dramatically different catalytic properties. Like
zeolites, framework choice controls the pore aperture
and connectivity of the catalyst. This in turn controls how
active sites interact with molecules moving through the
pore network. In order to better design solid acid
catalysts for target applications, it is vital to understand
how design aspects such as dopant and framework
choice impact the overall catalytic behaviour. In this
work, we demonstrate a novel methodology for using
the forward and reverse reactions of butane
isomerisation to systematically study the influence of dopant
choice and topology.

Figure 1: Showing how conversion and
propane/isobutane selectivity are linked for
different metal dopants, in calcined (calc) and
reduced (redu) states.

Materials and Methods
N-butane isomerisation is a well-known model reaction
which is used to screen the activity, and draw structure-activity correlations for a diverse
range of solid acid catalysts used for petrochemical processes.[2] Isomerisation progresses
through either a monomolecular or bimolecular mechanism depending on the types and
number of catalytic sites present, as well as the confinement of the active sites. This
feature enables topological constraints and dopant effects to be distinguished from the acid
functionality in complex acidic systems like zeolites.[3] The effects of dopant type were
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studied using a 3 mol % loading of Cu, Ni, Co and Mg dopants in an AlPO-5 (AFI)
framework, synthesised using the same method. This ensures that the effects due to
porosity, topology, and crystallite morphology are controlled for, in addition to maintaining
the same loading of the active metal dopant. In order to study the effects of topology, the
same 3 mol % loading of Co was used for calcined AlPO-5 (AFI), AlPO-18 (AEI), and AlPO11 (AEL). Reverse isomerisation reactions were studied using an isobutane feed instead of
n-butane. All CoAlPO samples were reduced prior to study.

Results and Discussions
Testing over the AFI systems with different dopants revealed that conversion and selectivity
appear linked for butane isomerisation (Figure 1) with propane and isobutane as dominant
products. Propane selectivity was found to increase with conversion, whereas isobutane
selectivity increases to a point which corresponds to 15 mol % conversion, before
decreasing with conversion. Propane is thought to arise from the uneven β-scission of the
C8 intermediate, formed from two butane molecules according to the bimolecular
mechanism. While isobutane is formed from the even β-scission of the C8 intermediate,
previous studies have found it to be more reactive than butane, and prone to engaging in
the reverse reaction, via a C8 intermediate.[2] This appears to result in a unique relationship
been product selectivity and conversion. At conversions lower than 15 mol % isobutane
selectivity also decreases. This is thought to indicate that the CuAlPO-5 and AlPO-5 lack a
sufficient acid strength to trigger isomerisation. In order to further explore this trend,
ammonia temperature programmed desorption (NH3-TPD) was used to measure the
quantity of acid sites present (Table 1). It was found that both Cu2+ and Ni2+ result in a
lower quantity of acid sites, likely due to a poorer ability to isomorphously substitute into the
AlPO framework, compared to Co2+ and Mg2+. By normalising conversion to the quantity of
acid sites detected using NH3-TPD, the turnover frequency was calculated to determine the
average activity per acid site present in each material (Table 1). At the conference we will
demonstrate how these findings were validated though 1HNMR techniques,
and how they applied to another acid-catalysed reaction. We will also show how the
influence of acid site density can be studied using butane isomerisation in addition to active

site isolation effects.
Based on the variation afforded by varying dopant choice in table 1, we wanted to assess
how topology influenced catalytic behaviour, while keeping the same Co2+ dopant. It was
found that there were significant differences in
Acid Site Density
Catalyst
(μmolg-1)
conversion and selectivity profiles for CoAlPO-11, -5
Calcined AlPO-5
99
and -18 (Figure 3). Surprisingly, It was found that Calc 3 mol % CuAlPO-5
89
Calc
3
mol
%
NiAlPO-5
186
CoAlPO-11 has a much lower conversion than
Calc 3 mol % CoAlPO-5
250
CoAlPO-5, and is more selective to C1 and C2 Redu 3 mol % CoAlPO-5
268
Calc
3
mol
%
MgAlPO-5
243
products, which suggests that the system is engaging
in cracking to shorter carbon species instead of butane isomerisation.[4] This demonstrates
a confinement of the n-butane substrate, where dimerisation to the C8 intermediate is
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TOF
(hr-1)
0.06
0.10
0.67
1.58
1.30
2.04

nC4 / iC4 Ratio

prevented, resulting in unimolecular
reactions prevailing. While unimolecular
butane isomerisation can occur, this
requires high-strength isolated acid
sites, which CoAlPO-11 is not known to
possess.[5] For CoAlPO-18, conversion
is higher than CoAlPO-5, and the
system is more selective to propane,
with the formation of isobutane
appearing inhibited. This suggests that
while the bimolecular mechanism is
activated over the material, isobutane is
unable to freely diffuse out of the
framework, resulting in the eventual
Figure 2: Showing pore apertures of CoAlPO-11, 5
breakdown to propane. This is likely due to
and -18, alongside butane isomerisation conversion
and key selectivity trends.
the C8 intermediate forming within the pore
network, which then traps isobutane within
the AlPO-18 cage structure, forcing a
reverse reaction back through the C8
intermediate. The reverse reaction with an
isobutane feed was carried out and the n100
butane/isobutane reaction equilibria of the
forward and reverse reactions were
10
compared for each framework (Figure 3).
For the forward reaction with a butane
1
feed, it was found that the reactivity of the
CoAlPO-18 and CoAlPO-11 frameworks
0.1
were more inhibited than CoAlPO-5, which
was
closer
to
the
unconstrained
0.01
“equilibrium”. Using an isobutane feed for
Equilibrium
Co-5 Co-18 Co-11
Co-5 Co-18 Co-11
nC4 nC4 nC4
iC4 iC4 iC4
CoAlPO-5 results in the same equilibrium
Feed Feed Feed
Feed Feed Feed
being achieved, with CoAlPO-18 being
further from the equilibrium than CoAlPO-11.
Figure 3: Showing equilibrium n-butane / isobutane
This
further
demonstrates
the
steric
(nC4 / iC4) values versus those obtained over CoAlPO5, -11 and -18 for forward (butane) and reverse
hinderance of the CoAlPO-18 framework
(isobutane). isomerisation
preventing isobutane from easily accessing the
catalyst active sites, compared to the -11 and -5. This demonstrates how topology is crucial
in affecting the reaction equilibria of this reaction. At the conference we will also show how
confinement effects can be further studied using butane isomerisation, as well as how
these translate to another acid catalysed reaction.

Significance
We hope this work will serve to inform the wider zeolite community on the importance of
these structural aspects when designing catalysts for targeted applications, and how an
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easily accessed catalytic technique can be used to quickly screen and study key catalytic
descriptors such as acid strength and active site confinement. Overall, this work
demonstrates how to use butane isomerisation as a diagnostic technique for gaining insight
on the effect of catalyst design choices.
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Introduction
The demand for light olefins and specifically for propylene has increased significantly over
the last decades. At present, propylene is mainly formed as byproduct from steam cracking
and catalytic cracking processes at insufficient amounts to bridge the growing gap between
demand and supply [1]. The methanol-to-olefins (MTO) conversion over zeolite catalysts
represents a promising alternative propylene production route, with a large variety of
possible (green) feedstocks.
At present, a dual cycle reaction mechanism is the most widely accepted one for methanol
conversion over a H-ZSM-5 zeolite. The first cycle, labelled as ‘aromatic hydrocarbon pool’
is almost exclusively responsible for aromatic and ethylene formation [2], while the second
one, labelled as ‘alkene homologation cycle’, produces higher olefins, i.e., propylene and
heavier. The balance in the contribution of both cycles to the product spectrum can be
manipulated by controlling catalyst properties and operating conditions and relies on the
strength, density, location and accessibility of the acid sites of the selected zeolite catalyst.
Furthermore, the MTO reaction performance depends on the regime of stability under
which the catalysts are evaluated. This regime itself depends on the operating conditions
and catalyst characteristics as well as on the reaction conversion. While the effect of acidity
on ethylene and propylene formation pathways has been investigated before [3, 4], a full
elucidation of the acidity effect on the zeolite stability, the dominating reaction pathways
and resulting cycle balance at stable conversion and selectivity remains to be performed.
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In this work, the effect of zeolite acidity on the stable “steady-state” operation range and on
the balance between the catalytic cycles has been experimentally analyzed by methanol-toolefins conversion over commercial H-ZSM 5 zeolites featuring a variety of acidities in a
wide temperature (325 °C – 450 °C) and space time range.
Experimental methodology
The zeolites (Zeolyst international) featured very high (“S25”, Si/Al=25, CBV 5524G),
moderate to high (“S40”, Si/Al=40, CBV 8014) and low (“S140”, Si/Al=140, SBV28014)
acidity. To potentially relate the effect of the Si/Al ratio on the methanol-to-olefins
performance, the catalysts have been characterized via pyridine Fourier-transform infrared
spectroscopy, nitrogen adsorption-desorption, X-ray diffraction and inductively coupled
plasma optical emission spectrometry, which indicated an increase in acid site density with
decreasing Si/Al ratio, similar acid strength distribution, micropore volume and area and
crystal size. The reaction was carried out in a fixed-reactor under a kinetically-controlled
regime.
Results
The range of operating conditions in which stable operation can be established was wider
for H-ZSM-5 samples with a lower aluminium content, see Table 1. At high acidity (S25) no
stable regime can be established, while at low acidity (S140) all conditions result in a stable
regime except at low temperature and conversion (<20 %, 350 °C).
Table 1: Overview of the stability of H-ZSM-5 at different temperatures (°C) and conversion ranges at 40
kPa pMeOH for S25, S40 and S140.

temperature
(°C)

initial
conversion
range (%)

stability oxygenates conversion and product
selectivity
S25
/
loss of catalytic
activity
loss of catalytic
activity
loss of catalytic
activity
loss of catalytic
activity
loss of catalytic
activity
loss of catalytic
activity

325

0 – 20

325

20 – 80

350

0 – 20

350

20 – 80

375

20 – 80

375

80 – 100

400

20 – 80

425

20 – 80

/

450

20 – 80

loss of catalytic
activity

a The

S40a
unstable

S140
/

stable

/

unstable

unstable

stable

stable

stable

stable

stable

stable

stable

stable

loss of catalytic
activity
loss of catalytic
activity

/
stable

stability results for S40 were earlier published in Lissens et al.[5]
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The effect of aluminium content and reaction temperature on product distribution is
illustrated in Figure 1. An increase in temperature and decrease in aluminium content have
a similar effect thereon, the temperature effect being the most pronounced. When
decreasing the aluminium content from a Si/Al ratio of 25 over 40 to 140, the ethylene,
alkane and aromatics selectivity decreased respectively from 12, 22 and 25 % to 7, 18 and
20 % at 375 °C. An increase was observed for propylene and other alkene homologation
products, indicating a suppression of the aromatic hydrocarbon pool with decreasing
aluminium content and increasing temperature.

Figure 18: Averaged selectivity of olefins, alkanes and aromatics for methanol conversion over H-ZSM-5 samples with
varying temperature for increasing Si/Al ratio with (■) ethylene, (■) propylene, (■) C4-C5 olefins, (■) C5+ olefins, (■)
alkanes and (■) aromatics.

Due to similar acid strength distribution in the zeolite samples, differences in reaction
pathways are attributed to higher average acid site spacing at higher aluminium content,
which affects physisorption concentrations and location. As the rate of co-adsorption of
methanol and a hydrocarbon (aromatic or alkene) is reduced at higher aluminium content,
all methylation reactions will occur at a lower rate, in particular for aromatic hydrocarbon
pool reactions. Simultaneously, as bimolecular reactions are suppressed, monomolecular
cracking reactions become relatively more important, as adsorption of a single component
is less affected. Consequently, irreversible adsorption [6] and pore blocking by the aromatic
hydrocarbon pool species occurs at a reduced rate, delaying the onset of loss of catalytic
activity.
Conclusions
Decreasing the aluminium content in a H-ZSM-5 widens the stability range of the MTO
reaction. Additionally, the alkene homologation cycle, producing the desirable propylene in
addition to higher olefins, is enhanced with decreasing aluminium content. The mechanistic
basis for these changes is a decrease in the number of interactions between active sites as
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a consequence of a longer acid site spacing, resulting in the suppression of consecutive,
bimolecular methylation reactions which dominate the aromatic hydrocarbon pool, while
monomolecular cracking reactions become relatively more prominent.
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The transformation of methanol-to-hydrocarbons has significant potential as a route to
synthesise low-cost fuels, as it enables the conversion of C1 carbon sources (potentially
from bio-derived sources) to higher hydrocarbons. Whilst significant engineering
developments have been made for the zeolite-catalysed reaction, and understanding
derived for product distribution, the detailed particulars of the induction period and initial
mechanism that leads to the first carbon-carbon bond remains unclear. Here, contemporary
computational approaches (including QM/MM and metadynamics, coupled with hybrid-level
density functional theory) elucidate the reaction steps believed to be crucial in the activation
and conversion of methanol, the primary feedstock, into longer chain hydrocarbons within
the zeolites H-ZSM-5 and H-Y.
Initially, the methanol feedstock and its interaction with the zeolite framework is considered.
Simulations demonstrate that the methanol bonds most favourable to Brønsted acid sites in
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the open intersections of the zeolites, and adsorption is strengthened when methanol
loading is increased, in agreement with experiment; [1-3] other polar solvents, such as
water, are also shown to have a similar favourable effect. [1] The methylation of the zeolite
framework is subsequently considered, as a natural progression towards the formation of
dimethyl ether (DME), [3] which is an observed intermediate in the methanol-tohydrocarbons process. The methylation of the zeolite frameworks is identified as more
energetically suitable than direct formation of dimethyl ether, indicating that a stepwise
(indirect) mechanism occurs via the methyl intermediate. [4] With motivation from
experiment, efforts are made towards understanding the mobility of methyl and carbene
intermediates within the zeolite frameworks, on the assumption that the migration of these
moieties will be influential towards formation of DME and C2+ products. However, the
formation of methyl species distant from the zeolite acid sites are deemed energetically
unfavourable; similarly, the carbene formation process is energetically demanding, [5]
leaving persistent questions about the reaction mechanisms that lead to higher order
hydrocarbons.

Figure 1. The reaction barrier for conversion of two methanol molecules into DME and water. QM/MM
calculations are performed with the hybrid-DFT B97-3 and B97-D approaches and compared to literature
calculations for periodic and cluster models. The main reaction stages are: 1. Methanol adsorption; 2. Reactant
rotation; 3. Breaking of the methanol C-O; and 4. Formation of DME and water. Adapted from [4].
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The methanol-to-hydrocarbons (MTH) process provides an alternative sustainable route to
produce crucial chemical building blocks such as olefins and light aromatics, while
renewable methanol (MeOH) can be readily formed from fossil fuel, biomass and CO2.[1]
MTH process often proceeds with full conversion of the MeOH, producing a mixture of
alkanes, olefins, heavier aliphatic and aromatic compounds over a gradually deactivating
catalyst. The reaction is governed by a complex network of chemical transformations inside
the zeolite pores which is often referred as hydrocarbon pool mechanism. Due to dynamic
nature of hydrocarbon pool, the identification of the contributing mechanisms within this
network represents one of the key challenges in the field.[2-4] Here, we introduce a direct
experimental approach to quantitatively analyze the different contributing paths to the
overall complex MeOH conversion inside the zeolite pores. Our approach is based on
alternating isotope-labelled MeOH pulse combined with the novel fast scanning-pulse
GC/MS analysis and in situ DRIFT spectroscopy measurements over H-ZSM-5 under real
operating conditions (see Figure 1(a)).
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Figure 19. An integrated experimental approach for transient kinetic study of MTH process under real operating
conditions (a); MS (top) and GC (bottom) responses of light aromatics in 13C/12C-MeOH pulse switch experiments (b).
Test conditions in (b): Injection of either 12C- or 13C-MeOH in He, 7.6 µmolC/pulse, T = 400°C, mcat = 100 mg (H-ZSM-5,
Si/Al 25, 150–212 µm), Preactor = 1 bar, carrier gas He = 20 mLNTP/min, pulse interval = 3.75 min, MS fragmentation
(m/e = 91–99) for tracing xylenes and toluene production, GC acquisition interval = 1 s.

Figure 1(b) combines pulse profiles for the aromatic compounds featuring the distribution
of 13C labeled products during the alternating 13C-12C pulse switch experiment and the
quantification of these species. Two consecutive pathways can be first discerned: a very
fast primary product formation in the presence of MeOH in a narrow reaction zone (denoted
as R1), followed by a slower formation of light aromatics in the downstream part of the
catalyst bed (denoted as R2). Interestingly, before R1, an instant formation of light
aromatics upon MeOH pulse was also observed giving a shoulder of light aromatic
responses at ~35 s, in line with the peak of m/e 98 assigning the fully 13C-labelled aromatic
species from the previous 13C-MeOH pulse. This can be attributed to displacement of
hydrocarbon pool species by the stronger adsorption of MeOH or H2O.
By combining the fast scanning-pulse responses with in-situ DRIFT spectra, a few seconds
delay corresponds to the fast built-up of surface species (hydrocarbon pool species) before
the rapid formation of primary products (aliphatics and light aromatics) within 30–60 s
(Figure 20(a-b)), evidenced by the increasing intensity of IR bands in the 1650–1400 cm-1
range at ~30 s (Figure 20(d)). These surface species can be attributed to alkylated mono/di-/trienyl carbenium ions (1465, 1480–1510 cm-1) such as cyclopentenyl carbenium ions
and alkylbenzenes (1456, 1591, 1616 cm-1), with the latter being the result of deprotonation
and cycle expansion processes of the former.[5, 6] The secondary formation of light
aromatics (R2 in Figure 19(b) and Figure 20(b)) are explained by the slow
desorption/decomposition of these surface species, evidenced by a slow decrease of
characteristic IR bands from 30 s until the end of the pulse.
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Figure 20. The fast scanning-pulse temporal responses of aliphatic (a) and aromatic products (b); Temporal evolution of
DRIFT spectra in the 1650–1400 cm-1 region (c) and the changes of characteristic IR bands along time (d). Fast
scanning-pulse test conditions: T = 380 °C, mcat = 100 mg (H-ZSM-5, Si/Al 25, 150–212 µm), Preactor = 1 bar, MeOH
pulse quantity 1.2 µmolC per pulse, carrier gas He = 20 mLNTP/min, pulse interval = 3.75 min; In-situ DRIFT experimental
conditions: T = 300 °C, mcat = ~10 mg (H-ZSM-5, Si/Al 25, powder form), Preactor = 1 bar, pulse quantity 0.2 mmolC per
pulse, carrier gas He = 20 mLNTP/min, pulse interval 2.5 min. To mitigate the impact of water on IR signal, dimethyl ether
(23 vol% in N2) was pulsed instead of MeOH.

Further transient study under varied temperature, catalyst weight, pulse size and
deactivation degree shows other secondary reaction pathways, such as hydrogen-transfer,
aromatics transalkylation occurring downstream of the active MTH zone in the catalyst bed,
mainly contributing to the secondary formation of light aromatics (R2). Statistical moments
analysis of the transient pulse products responses yielded quantitative estimates of
formation rates of different hydrocarbons and their dependence on the operating
conditions.
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The properties of single metal atoms and small metal clusters remain elusive for chemical
reactions that require harsh reaction conditions to proceed. This is a consequence of the
rather low stability of these species compared to thermodynamically preferred bulk
structures under reactive atmospheres. To unlock new active sites with potentially unique
catalytic characteristics, it is thus crucial that we engineer materials able to kinetically trap
these metastable metal ensembles under conditions of industrial interest.

One way to stabilize small metal molecules on supports is by increasing the strength of the
metal/support interactions, typically using a reducible support such as TiO2 or CeO2 [1]. To
achieve high stability with non-reducible supports, cage-like, small pore zeolites has been
proposed, which can trap small metal clusters under reducing conditions [3]. To impart
extra hydrothermal stability, the concentration of framework Al must be controlled
synthetically to avoid de-alumination degradation paths [3]. However, lowering the Al
density has adverse effects on the metal stability under oxidizing conditions, as single
metal-atoms formed via Ostwald-ripening readily diffuse through the small-pores of these
zeolites [3]. In this case, a key to high stability is the promotion of Al-pairing even when the
Si/Al ratio is relatively high, which opens the door to sites that have been traditionally
inaccessible for investigation [4-6]. The high-stability of these molecular sites inside nonreducible supports is important to build intrinsic structure-performance correlations in
elemental reaction steps such as O2 dissociation, and to understand reactions of practical
interest, such as the combustion of methane, propane, and CO. We found that whereas
single Pt-atoms and Pt nanoparticles larger than approximately 1 nm are unable to activate,
scramble and desorb two O2 molecules in isotopic exchange experiments at moderate
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temperature (i.e. 200⁰C), clusters smaller than 1 nm can do so catalytically. Accordingly, we
are able to increase markedly the catalytic O2 scrambling activity by the design of new
catalysts with increased amounts of these subnamometric structures. Small clusters,
however, undergo oxidative fragmentation in O2 at high temperature, yielding single metal
atoms with limited O2 scrambling activity. Oxidation catalysis by single atoms appears to
be possible in the presence of a gas-phase reductant that favours closing the catalytic
cycle. The C-H cleavage is inferred to be the rate-determining reaction step, which is less
sensitive to changes in the size of the active site compared to the effects observed in the
O2 scrambling experiments. In the presence of particularly strong reductants, such as CO,
the catalysis appears to take place on metal clusters and nanoparticles due to the instability
of single-atom Pt carbonyls.

Figure 1. Activity of various types of Pt sites, as determined by the intensity of fragment mz+ = 34, during 16O2/18O2
exchange experiments at 200⁰C.

Moreover, we show that Al is not strictly necessary to impart high stability to small Pt sites
inside zeolites. This can be done by increasing the number of framework defects through
syntheses where an alkali was present [7]. High metal stability can be then attained even
in mid-pore zeolites that lack structural cages, leading to materials that are more suitable
for dehydrogenation reactions.
In summary, these examples illustrate how subtle changes in the atomic structure of the
active sites can be responsible for drastic changes in performance driven by specific metalligand interactions between the metal, the gas-phase components, and the support. The
great stability of single Pt atoms and small Pt clusters inside CHA, for the combustion of
methane and CO, respectively, open new high temperature oxidation possibilities, whereas
highly stable Pt and PtSn clusters in K-promoted, Al-free MFI are an interesting choice
when deactivation by coke becomes a limiting factor.
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In nanocatalysis, a great challenge is to obtain truly homogenous and well-defined highly
active nanostructures on surfaces. An emerging class of functional nanomaterials with
atomic precision, well-defined molecular structure, and intriguing molecular-like properties
are the ligand protected metal nanoclusters. An enhancement of the catalytic properties by
metal nanoclusters has been observed, when compared to classical nanoparticles of
similar size. Our previous works clearly show that certain nanocluster properties are prone
to change during catalyst pretreatment and/or reaction thus resulting in different catalytic
performances. Unravelling the nature of these changes and understanding how they affect
the reactivity is of utmost importance in catalysis research since it could aid the
development of new highly active and stable catalytic materials. One of the main parameter
affecting the nanoclusters stability and reactivity is the type of support material employed.
Among the different possible materials, zeolites offer the versatility to design the porous
structure and the acid-base properties, critical for the stabilization of the nanoclusters. We
explored the use of the delaminated zeolite ITQ-2 as support for monometallic (Agx,Aux)
and bimetallic nanoclusters (AgxAu25-x) as catalyst for CO oxidation [1-2].

Within this work, we used
catalytic CO oxidation together
with a combined analysis of in
situ/operando DRIFTS and
EXAFS measurements to study
the nature and evolution of the
metallic sites in silver-gold
nanoclusters supported on ITQ-

Figure 1 Scheme of the catalyst with catalytic activity profiles and
R-space XAFS
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2 zeolite. The characterization studies have been related to the catalytic results, thus
determining which metallic sites properties are relevant for catalyst activity. In situ DRIFTS
experiments suggested that the CO adsorption sites of the bimetallic catalyst are different
than those of the monometallic nanoclusters, indicating that Ag-Au alloyed nanoparticles
are formed. This was fully confirmed by the EXAFS, which shows the presence of Ag-Au
bonds in the pretreated samples. These sites are formed by a rearrangement of the metal
atoms during pretreatment and reaction. It is observed that a reductive pretreatment initially
produces a higher degree of Ag-Au alloying than an oxidative activation. This, in turn, could
facilitate the co-adsorption of the CO and O2, which would explain the higher activity
observed at lower temperatures for the catalyst pretreated with H2. Even these initial
differences, during CO oxidation, the differently pretreated bimetallic clusters equally evolve
and form similar species after reaction. These species are highly active Ag-Au alloyed
nanoparticles and less active Ag-Ag sites. The same catalytic performance is obtained in
subsequent catalytic runs independently of the initial pretreatment indicating that the newly
formed sites are very stable preventing catalyst deactivation. These studies provide insight
into the mobile nature of bimetallic nanocluster catalysts during reaction when are
supported on zeolites, which is a fundamental aspect to be considered in the design of
active catalysts for future applications.
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Aluminosilicate SSZ-39 zeolites were synthesized by using N,N-dimethyl-3,5dimethylpiperidinium hydroxide (DMPOH) with different fractions of isomer as organic
structure-directing agent (OSDA). The acidic properties of obtained zeolites and catalytic
performance in dimethyl ether-to-olefin (DTO) reaction were investigated. It was found that
the isomer fraction in zeolite synthesis had a significant effect on the acidic properties, Al
distribution, and catalytic performance. H-form SSZ-39 synthesized by using pure cis
isomer showed longer lifetime and higher C3= selectivity than the one from trans isomer,
which could be due to its relatively weak acid strength and high fraction of single Al.

Introduction
In recent years, AEI-type zeolite is drawing increased attention because of its excellent
catalytic performance in methanol-to-olefin (MTO) and selective catalytic reduction (SCR)
of NOx [1, 2]. It was previously reported that the aluminosilicate AEI (SSZ-39) zeolite can
be successfully synthesized by using dimethylpiperidine based OSDA with different
diastereo- and structural isomeric mixtures. Moreover, isomer fraction significantly impacts
growth kinetics of SSZ-39 zeolite. The Si/Al ratio of the product was also influenced by
isomer fraction [3, 4]. However, the effect of isomer fraction in the zeolite synthesis on the
product’s acidic property and catalytic performance was seldom reported [5].

In this study, SSZ-39 zeolites were synthesized by using N,N-dimethyl-3,5dimethylpiperidinium hydroxide (DMPOH) with different isomer fractions as OSDA. The
acidic properties of obtained zeolites and their DTO performance were investigated. The
effect of OSDA isomer fraction in zeolite synthesis on product’s acidic properties, Al
distribution, and catalytic performance were clarified.

Experimental
SSZ-39 zeolite was synthesized according to the references with slight modification [3]. Y
zeolite (JRC-HY-5.3, Si/Al2=5.3, JGC Catalysts and Chemicals) and fumed silica (Cab-OSil M5, Cabot) were used as Al and Si source. NaOH (8 M NaOH aqueous solution, Wako)
was used as Na source. DMPOH (Sachem) with different isomer fractions (pure cis or 80%
trans) aqueous solution was used as OSDA. The prepared mother gel with molar
composition of SiO2:0.04Al:0.155DMPOH:0.48Na:31H2O was crystallized in an autoclave
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at 150 °C for 3 days under tumbling condition (30 r.p.m.). The solid products were
recovered by filtration, washed with distilled water, and dried overnight at 100 °C. The assynthesized SSZ-39 zeolites were calcined at 600 °C in air for 6 h to obtain Na,H-form
samples, which were denoted as “100%cis-Na,H” and “80%trans-Na,H”. The calcined
samples were NH4 ion-exchanged and then calcined at 600 °C in air for 5 h to obtain Hform ones, i.e., “100%cis-H” and “80%trans-H”.
The DTO reaction was carried out at 400 ◦C in a fixed-bed quartz reactor (i.e. 6 mm) under
atmospheric pressure. The pressure of DME was set at 1.5 kPa. Helium was used as a
carrier gas. WHSV was set at 1 h−1. The catalyst was activated in flowing He at 500 ◦C for 1
h prior to the reaction and then cooled to the desired reaction temperature. The reaction
products were analyzed by an online gas chromatograph (GC-2014, Shimadzu) equipped
with HP-PLOT/Q capillary column and an FID detector. The selectivities of the products
were calculated on the basis of carbon number.

Results and Discussion
From XRD pattern results, pure SSZ-39 zeolites with high crystallinity were successfully
synthesized by using OSDA with different fractions of isomer. SEM images show that all
the SSZ-39 zeolites had uniform cuboid crystals, “80% trans” sample had slightly smaller
crystal size (ca. 200-300 nm) than “100% cis” one (ca. 300-400 nm). ICP analysis shows
that the Si/Al ratio of “80% trans” sample was 9.7, which was slightly higher than that of
“100% cis” one (9.3). This result agrees with previous report that high fraction of trans
isomer used in the synthesis led to the product with high Si/Al ratio [3, 4].
As shown in Table 1, it is interesting to find that directly calcined SSZ-39, i.e., Na,H-form
samples had comparable medium and strong acid sites, however the acid density was
lower than H-form ones. Moreover, 80%trans-Na,H had lower acid density than 100%cisNa,H, which could be due to high Na content in the former sample. For H-form samples,
100%cis-H and 80%trans-H had similar medium and strong acid amount. From Na,H-form
to H-form samples, the acid density increased more for 80%trans than 100%cis samples,
suggesting that 80%tans-H had more paired Al than 100%cis-H. The difference in Al
distribution and acidic properties (such as acid sites type, strength) between 80%trans-H
and 100%cis-H were also proved by Al, Si MAS NMR, Co2+ ion-exchange capacity, and
FTIR results.

Table 1 Deconvolution results from NH3-TPD profiles for different SSZ-39 zeolites.

Sample
100%cis-Na,H
80%tans-Na,H
100%cis-H
80%trans-H

Peak I /
mmol g-1 (oC)
0.246 (164)
0.218 (163)
0.249 (164)
0.270 (165)

Peak II /
mmol g-1 (oC)
0.340 (196)
0.403 (198)
0.233 (190)
0.196 (193)

Peak III /
mmol g-1 (oC)
0.279 (402)
0.190 (393)
0.289 (370)
0.264 (383)

Peak IV /
mmol g-1 (oC)
0.263 (475)
0.214 (469)
0.348 (482)
0.357 (482)
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Figure 1 shows the DTO performance for different SSZ-39. All the catalysts showed 100%
initial DME conversion. However, the catalyst lifetime was drastically different. Na,H-form
catalysts showed short lifetime compared to H-form ones due to the low acid amount.
Compared to 100%cis-Na,H, 80%trans-Na,H showed a little long lifetime although it had
low acid amount, which could be due to its small crystal size. However, 80%trans-H
showed a short lifetime than 100%cis-H. Since both catalysts had similar acid amount, the
short lifetime for 80%trans-H could be due to its relatively strong acidity and high proportion
of paired Al. On the other hand, Na,H-form catalysts showed much lower C2= selectivity
while higher C3= and C4= selectivities than H-form ones. Among all the catalysts,
80%trans-Na,H showed the highest C3= selectivity. The difference in the selectivities to
various light olefins could be related to the acidic properties especially the proportion of
singe Al and paired Al, which has influence on the fraction of aromatic-based and alkenebased cycle in hydrocarbon pool (HCP) mechanism.

Figure 1 Change of DME conversion (A), selectivity to C2= (B), C3= (C) and C4= (D) with time-on-stream (TOS) over
different SSZ-39.
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Conclusions
The OSDA isomer fraction in SSZ-39 zeolite synthesis had a significant effect on the acidic
properties, Al distribution, and DTO performance. The H-form SSZ-39 synthesized by using
pure cis isomer showed longer lifetime and higher C3= selectivity than the one from trans
isomer, which could be due to its relatively weak acid strength and high fraction of single Al.
These findings bring forward a unique approach to control Al distribution in zeolite
synthesis to improve the catalytic performance.
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Methane is the principal component of natural gas, which is an abundant and
inexpensive resource for the generation of energy and the production of fuels and
chemicals. Nowadays the industrial processes of methane valorisation include conversion
to syngas via steam reforming. Syngas production is extremely energy intensive and
becomes economically feasible only at a large scale. In this respect, the search for novel
small-scale and energy-efficient technologies of methane conversion to valuable
compounds is highly desirable. The direct methane oxidation to methanol is a promising
direction, albeit it remains challenging due to the lower chemical activity of methane
compared to methanol, hence favouring the formation of overoxidation by-products [1]. One
of the most explored approaches enabling the direct methane oxidation to methanol with
high selectivity is chemical looping using copper-containing zeolites. Generally, the
chemical looping process consist of three stages: i) activation of the material and formation
of the active copper-oxo sites, ii) the interaction of the activated material with methane and
formation of methanol precursors and iii) water or steam-assisted extraction of the products
in the form of methanol. The main idea of chemical looping implies preventing the
overoxidation of methane by reaction with copper active sites acting as an oxidant and
further stabilizing of partial oxidation products bonded to the zeolite. Great attention was
given to studying the copper-containing zeolites of various topologies (MFI, MOR, CHA,
FAU, ERI, MAZ, etc.) and elucidating the effect of the zeolite’s framework on the methanol
yield and the nature of copper active sites, which varies from monomeric and mono-μ-oxo
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dimeric species to copper-oxo clusters [2-4]. However, the fate of methane, nature of
intermediates and pathways of methane transformation over different copper-containing
zeolites have not been studied yet.
We comprehensively studied methane transformation over copper-containing
oxygen-activated MOR, MFI, BEA and FAU zeolites by means of in situ FTIR and NMR
spectroscopy [5]. The materials were prepared using the conventional ion exchange
procedure, using a copper nitrate aqueous solution and an ammonium form of parent
zeolites.

FIGURE 21. FTIR AND 13C HPDEC NMR SPECTRA OF THE PRODUCTS FORMED OVER CUMFI (A) AND CUFAU(B) AT VARIOUS
TEMPERATURES

Figure 1 a) shows the FTIR and 13C high power decoupling (HPDEC) NMR spectra
of the products formed over CuMFI material at different reaction temperatures. According to
the previous studies, CuMFI contains preferably mono-μ-oxo dicopper species as active
sites [2-4]. In the FTIR spectra bands due to methoxy species attached to Brønsted acid
sites (BAS) and molecularly adsorbed methanol were found and both species are target
products of partial methane oxidation. The amount of the corresponding species increases
up to ~550 K, indicating higher methane conversion. Further increase in the reaction
temperature results in a decrease of the amount of formed methanol and methoxy species,
apparently due to their conversion. At the same time, the increase of the reaction
temperature leads to the development of the band corresponding to CuI carbonyl species,
which are products of methane overoxidation. From this, we conclude that deeper oxidation
is one of the directions of further transformations of formed partial oxidation products.
Additional insights on the fate of methane was accessed by means of NMR spectroscopy.
Starting from 500 K signals corresponding to methoxy species bonded to BAS and
adsorbed molecular methanol are visible in NMR spectra. The intensity of the signals
increases up to 548 K, and then goes down due to conversion of the corresponding
species, which is in line with the results of the FTIR spectroscopy. At temperatures higher
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that 550 K signal due to carbon dioxide appear in NMR spectra, supporting the hypothesis
of deeper oxidation of methoxy species as a pathway of further transformation.
The methane conversion over CuMOR, containing a mixture of dimeric and
monomeric copper sites [3,4], leads to preferably selective oxidation to methoxy species
and adsorbed methanol occurs between 400 K and 550 K. Increase in the reaction
temperature above 550 K leads to overoxidation and formation of CuI carbonyls, similarly to
CuMFI. Importantly, in addition to overoxidation, the formation of saturated hydrocarbon
molecules, namely ethane and propane, was observed. Such molecules apparently are
formed via methanol-to-hydrocarbon (MTH) pathway, in which methanol formed by
methane oxidation subsequently transforms into olefins, which become hydrogenated into
the corresponding alkanes. In copper-containing FAU and BEA materials the large-pore
frameworks facilitates the formation of copper-oxo clusters [4], which are less active
towards methane [5]. As a result, temperature above 500 K is required for methane
activation over CuFAU and CuBEA materials (Figure 1 B). Interestingly, below 600 K
preferably methoxy species bound to extraframework aluminum Lewis acid sites are
formed. Between 598 K and 673 K mixture of partial oxidation products, namely methoxy
species, adsorbed methanol and DME, are the main products of methane conversion over
CuBEA and CuFAU. At higher temperatures, the overoxidation takes place, resulting in the
formation of CuI carbonyls and carbon dioxide, and saturated hydrocarbons are formed
(Figure 1 B), similarly to what observed over CuMOR.

FIGURE 2. PRODUCTS OF METHANE TRANSFORMATION OVER COPPER-CONTAINING ZEOLITES OF VARIOUS TOPOLOGY AT
DIFFERENT REACTION TEMPERATURE

In summary, we show that the nature and amount of the products formed in the
reaction of methane with copper-containing zeolite materials are determined by both
reaction temperature and the structure of active copper-oxo species, which in turn is
governed by the zeolite topology, as summarized in Figure 2. At lower temperatures,
preferably partial oxidation of methane occurs, resulting in the formation of different
methoxy species, adsorbed methanol and DME. At higher reaction temperatures several
pathways of further transformations of partial oxidation products takes place. First includes
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further oxidation by active copper-oxo sites resulting in the formation of surface CuI
carbonyls and gaseous carbon dioxide. The second direction implies C−C coupling into
light saturated hydrocarbons, such as ethane and propane, apparently via MTH reaction
network. Notably, dicopper mono-μ-oxo species in CuMFI are highly active in methane
overoxidation, while monomeric and dimeric copper sites in CuMOR and copper-oxo
clusters hosted in CuBEA and CuFAU possess low activity in further oxidation of methoxy
species in a vide temperature range enabling their further transformation via MTH reaction
pathway. This information is essential for understanding the mechanism of methane
conversion over copper-oxo sites of different nature hosted in the zeolite framework of
various topology.
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Introduction
Zeolites are ideal supports for accommodating NPs due to the high yet tuneable porosity,
good stability and flexibility (regarding the synthetic methods to include metallic phases).
Extensively dealuminated zeolites (also called silicious zeolites) have been widely-used as
catalyst supports due to the low Bronsted acidity (e.g., more resistant to deactivation and
high framework hydrophobicity (increasing hydrothermal stability)[1]. More importantly,
abundant silanol nest defects developed by dealumination provide hospitalities for versatile
functionalities, for example, stabilizing metal species (ZnO[2]). Toluene oxidation is an
important model reaction to eliminate the VOCs (volatile organic compound). Zeolitesupported noble metal nanoparticles (e.g., Pt) are the most active catalysts for this
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reaction. Most research indicated that higher Pt0 and better metal dispersion is beneficial
for the performance [3]. However, study on the effects of zeolite support (Al content,
hydrophobicity, functional group, etc) on catalytic performance is rare. In this research, we
employed the H-Beta and dealuminated Beta (deAl-Beta) as support to prepare Pt/Beta
catalysts (i.e., Pt/H-Beta and Pt/deAl-Beta) and study the effect of support on toluene
oxidation performance. Results show that even though the Pt/deAl-Beta has poorer Pt
dispersion and lower Pt0 proportion, it still exhibits superior catalytic performance. The
superior performance of Pt/deAl-Beta is contributed from the unique property of deAl-Beta
support.
Method
Pt/Beta-IM catalysts were prepared by wet impregnation (IM) using H-Beta and deAl-Beta
as supports (the resulting catalysts were (Pt/deAl-Beta-IM and Pt/H-Beta-IM)). The dried
sample were pelletized and sieved before reduced at 400 ℃ for 1 h (heating rate 5 ℃/min)
in tube furnace with pure H2 flow (100 mL/min). Catalytic oxidation of toluene over the Pt
catalysts under investigation was carried out in a fixed-bed reactor (inner diameter of 6 mm)
at atmospheric pressure. In a typical experiment, 0.05 g granular catalyst (0.3-0.6 mm
pellet size) was loaded and assessed at a total flow rate of the feed stream of 160 mL/min.
The feed gas with toluene concentration of around 500 ppm was generated by bubbler
(using air as the carrier gas) through a vessel containing pure toluene at the iced water
temperature. The outlet stream from the reactor was analysed inline using mass spectrum.
Result and discussion

Figure 1. Light-off curve of studied catalysts based on relative MS signal of CO2 formation.

It was found that comparing to the Pt/deAl-Beta, Pt/H-Beta exhibits smaller Pt size (2.8 nm
vs. 4.8 nm) and higher Pt0 proportion (100 % vs. 91 %) (results not shown here). Catalytic
results (Figure 1) reveal that the full conversion temperature of toluene (T100) is 202 ℃ for
Pt/deAl-Beta, which is far lower than Pt/H-Beta (247 ℃) and benchmark catalysts Pt/CeO2
(249 ℃) and Pt/Al2O3 (226 ℃). It is surprising that even though the Pt/deAl-Beta has poorer
Pt dispersion and lower Pt0 proportion, it still exhibits excellent catalytic performance. The
superior performance of Pt/deAl-Beta should be contributed from the unique property of
deAl-Beta support. More work is designed to understand the promotion effect of deAl-Beta
support on toluene oxidation performance.
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Introduction
At present, limited technologies exist to recycle polyolefin waste streams and as a
consequence, they are mostly incinerated or landfilled. Mechanical recycling, involving
melting and reshaping of plastic, is successfully applied for PET bottles, but for polyolefin
waste streams it leads to a steep reduction in product quality. Chemical recycling
processes are a more ‘thorough’ means of recycling, wherein the molecular structures of
polymers are broken up, thereby forming various hydrocarbon products. By the catalysed
pyrolysis of waste polyolefins, valuable base chemicals such as light olefins (C2-C4) and
aromatics are formed, that can subsequently be used for the production of new plastics.
Enhancing the selectivity towards these desired products and increasing catalyst stability
and are therefore important challenges to enable a circular economy for polyolefins.[1]
In this study, catalytic pyrolysis of polyolefinic (waste) feeds was performed, wherein the
feed was first thermally decomposed by fast pyrolysis whereafter it was transported by a
carrier gas to a second reactor for catalytic cracking aiming to maximize the yields of light
olefins (C2-C4) and aromatics. HZSM-5 catalysts with different properties (Si/Al ratios,
mesoporosity, phosphorus content and steaming) were used in combination with virgin
polyolefins or a mixed polyolefin waste (MPO).[2] This MPO feed was obtained from a reallife waste stream collected from Belgian households and was sorted out and washed with
cold water in an industrial sorting facility. This MPO feed contained several organic and
inorganic impurities.[3] A micropyrolysis reactor coupled to two-dimensional gas

252

chromatography was used for ex-situ pyrolysis experiments to study the performance of the
catalysts.

Results & Discussion
Thermal pyrolysis of polyethylene (PE) at 600 °C yielded 8 wt.% of C2-C4 olefins and 2
wt.% of aromatics, while the other formed products consisted mostly of linear long-chain αolefins and paraffins (64 wt.%). Similar high yields to long chain hydrocarbons were
observed when thermally pyrolyzing the MPO feed. At the same temperature, pressure and
carrier gas flowrate, while loading the reactor with a steamed and phosphorus-stabilized
microporous HZSM-5 catalyst, resulted in yields of 75% C2-C4 olefins and 6% of aromatics.
Increasing the reaction temperature in the range of 500 to 700 °C, increased the aromatics
and C2-C4 olefins yield, showing increased yields of ethylene and 1,3-butadiene at the
expense of propylene, C4 mono-olefins and C5+ paraffins (Figure 1). Using the MPO feed at
600 °C resulted in yields of 73% and 9% to light olefins and aromatics, respectively,
whereby the higher selectivity to aromatics was attributed to presence of polystyrene and
PET in the MPO feed (±2%).
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The catalyst stability was studied by repeated pulses of pyrolysis vapours of the MPO feed
over the catalyst bed. During a total of 130 catalytic runs, the parent HZSM-5 displayed
quick deactivation, which was apparent by decreased yields of C2-C4 olefins and increased
yields of C5+ aliphatics (Figure 2). A phosphorus-modified and steamed HZSM-5 displayed
a stable activity over >120 runs and showed high yields towards C2-C4 olefins, aromatics
and C5+ aliphatics. Mesoporosity that was introduced by a post-synthesis desilication
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method, did not result in enhanced catalyst stability within the studied range of run
numbers. Catalyst deactivation was attributed to coke formation on the catalyst surface and
could be quantified with TGA and elemental analysis. The coking propensity of the parent
ZSM-5 zeolite was significantly higher that the phosphorus-modified and steamed ZSM-5
catalyst, as was apparent by the surface coke concentrations of 32 µg/m2 and 8 µg/m2,
respectively. Further studies proved that phosphorus-modified and steamed ZSM-5 catalyst
displayed similar activity and selectivity after six regeneration cycles in an oxidizing
environment at 700 °C.

Figure 1. Yields obtained for a single reaction using LDPE as feed and P/mesoZ55-ss as catalyst at different catalyst
temperatures. Catalyst loading was 32 mg and catalyst/feed ratio = 80.

254

Figure 2. Product yields as function of run number for 8 mg of a parent ZSM-5 catalyst (left) and a phosphorus modified
and steamed ZSM-5 catalyst (right). (ZSM-5 Si/Al = 30, Catalyst temperature = 600 °C)

Conclusions
Modified ZSM-5 catalysts employed for catalytic pyrolysis were demonstrated to be suitable
catalysts for producing high yields of valuable base chemicals from virgin and waste
polyolefins. The results of this study are highly relevant in order to improve the circularity of
current chemical recycling processes.
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Terephthalic-based Metal-Organic Frameworks (MOFs) are a well stablished family
of MOFs that are formed by different inorganic clusters connected between each other by
benzene-1,4-dicarboxylate (BDC) linkers. For instance, UiO-66 is composed of inorganic
Zr6O4(OH)4 bricks, 12-fold connected to the lattice through the Zr nodes to the BDC linkers.
This MOF stands out for its chemical stability and for the possibility to be modified while
maintaining the same structure, either by functionalizing its linker (e.g., NH2-BDC) or by
changing the metal on its structure [1]. On the other hand, titanium-based MOFs are also
particularly interesting due to their redox activity, photocatalytic properties, and low toxicity.
MIL-125 is an example of a highly porous Ti-MOF constituted by a quasi-cubic tetragonal
structure formed by TiO5(OH) octahedra and BDC linkers [2]. Both MIL-125 and UiO-66
can be employed, among other possible applications, for the adsorption of gaseous iodine.
However, although there are studies mentioning the influence of replacing the UiO-66 linker
for the capture of iodine [3], the metal influence remains slightly studied. Moreover, to the
best of the authors’ knowledge, to this day there is no mention in the literature of a MIL-125
compound being used for the adsorption of gaseous I2. For such reason and aiming to
evaluate the different charge transfer complexes between these MOFs and iodine, series of
MIL-125, titanium-doped UiO-66(M/Ti) (M = Hf or Zr), and of Hf containing UiO-66 (Hf/Zr
ratio = 0, 19, 41, 70, and 100%) were synthesized. The prepared compounds were
characterized using powder XRD, vibrational spectroscopies (FTIR and Raman), diffuse
reflectance UV-Vis spectroscopy, N2 sorption measurements, EPR spectroscopy, and SEM
images coupled with EDS analysis.
A colour change was first verified after the contact between the MOFs and the
gaseous iodine (from white to orange-brown), and later when they were stocked under
argon atmosphere for three days (from orange-brown to yellow). This feature was deeper
evaluated by UV-Vis spectroscopy and bands attributed to I2 and I3- species were observed
in the UV-Vis spectra of the I2@MOFs. This aspect was also confirmed by Raman
spectroscopy, where a kinetic investigation was conducted to evaluate the transformation
of I2 into I3- after the contact between the MOFs and I2. Seeking to obtain the spectra of the
different forms of iodine trapped inside the MOFs, a chemometric analysis was conducted
using the Raman data of the different I2 loaded samples. This study allowed the extraction
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of three different species: “free” I2 (206 cm-1), which is ascribed to the I2 that is poorly
adsorbed within the MOF; “perturbed” I2 (173 cm-1 and 156 cm-1), that stands for the I2
molecules that become perturbed by the interaction with the MOFs network; and I3- (115
cm-1 and 141 cm-1), which is the last and most stable species.
Among the Hf/Zr series of UiO-66, the presence of hafnium clearly favours the
adsorption of iodine – verified by UV-vis spectroscopy and highlighted in Figure 1a –
alongside with a faster I2 to I3- transformation – verified by Raman spectroscopy and
highlighted in Figure 1b and 1c.

Figure 1 – (a) adsorption kinetics of gaseous iodine during 16 hours in UiO-66(Zr) (black), UiO-66(41% Hf) (red), and
UiO-66(Hf) (blue). (b) FT-Raman (λex = 1064 nm) spectra of I2@UiO-66(Hf) recorded as a function of time from 30
minutes to 3 days after the UiO-66(Hf) exposure to the iodine stream. The spectrum of the pristine UiO-66(Hf) is
displayed in black and highlighted by an arrow. (c) instantaneous rate of I3- formation evaluated through the first
derivative of its symmetric stretching Raman band, at 115 cm-1.

This feature might be explained by the reduction of the bandgap (obtained by the
Tauc plot of diffuse reflectance UV-Vis data) when replacing zirconium by hafnium (see
Table 1). Furthermore, it was confirmed by FTIR and Raman spectroscopies that the
structure of UiO-66(Hf) has suffered a greater disturbance after the iodine adsorption when
comparing to that of UiO-66(Zr). In the hafnium containing UiO-66, the bands related to the
µ3–O, µ3–OH, and M–(OC) vibrational modes (µ3 represents three metal cations, Zr4+ or
Hf4+) shifted to higher wavenumbers after the I2 adsorption. This phenomenon was
attributed to the higher Lewis acidity of hafnium compared to that of zirconium [4]. Also,
Electron Paramagnetic Resonance revealed that there are no redox reactions before and
after the iodine adsorption involving Zr4+ or Hf4+, which implies that the iodine reduction
must be related to an interaction with the BDC linker. All these features allowed the
proposition of a model for the mechanism of I2 to I3- transformation in the center of UiO66(M) (M = Hf or Zr).
A deeper evaluation of the charge transfer complexes between the MOFs and
iodine was carried on using titanium-based MOFs. For this purpose, MIL-125 and UiO257

66(M/Ti) (M = Hf or Zr) were synthesized and used to adsorb iodine. Both UiO-66(M/Ti) and
MIL-125 exhibited lower bandgaps than UiO-66(Hf) and UiO-66(Zr), as demonstrated in
Table 1. Furthermore, although the HOMO and LUMO orbitals were found to involve only
the BDC linker in UiO-66(M) (M = Hf or Zr), in Ti-based MOFs the LUMO appears in the
inorganic nodes [5]. This property was ascribed to the energy and spatial overlap of the
titanium d0 orbitals with the π* orbitals from the BDC linker, which allows the reduction of
Ti4+ to Ti3+ [5]. For such reason, a linker-based charge transfer is attributed to UiO-66(M),
whereas in titanium MOFs a linker-to-metal charge transfer (LMCT) is present. This
phenomenon is confirmed by EPR analysis, which reveals the presence of Ti3+ when MIL125 and UiO-66(M/Ti) samples are irradiated. This is an important feature when
contemplating the I2 to I3- mechanism due to the great facility exhibited by titanium-based
MOFs to form and maintain charge carriers that will reduce the iodine during its adsorption
and evolution process.

Table 1 – Bandgap energy of the synthesized MOFs

MOF

Bandgap (eV)

UiO-66(Zr)

4.07

UiO-66(19% Hf, 81% Zr)

3.99

UiO-66(41% Hf, 59% Zr)

4.00

UiO-66(70% Hf, 30% Zr)

4.01

UiO-66(Hf)

3.98

UiO-66(Hf, Ti)

3.70

UiO-66(Zr, Ti)

3.67

MIL-125

3.80
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The cavities and channels of microporous zeolites and metal–organic frameworks are
suitable playgrounds to prepare and stabilize ligand–free single metal atoms and clusters.
These tiny species are particularly active in catalysis for relatively complex organic
reactions, with extremely high turnovers (>1 million in some cases). Besides, extremely
difficult to achieve metal atom oxidation states and cluster topologies are obtained within
the microporous confined space, and Figure 1 illustrates this point with the example of Pt1+

single atoms in a MOF.[1]
Figure 1. Experimental crystal structure of Pt1+1–NaMOFs (different perspective views along axes), showing in detail
the single Pt1+ and Na+ atoms (grey and yellow sphere, respectively). Cu2+ and Ni2+ atoms from the network are
represented by cyan and purple polyhedra, respectively, whereas organic ligands are depicted as sticks. The starting
Pt2+ atoms, to be reduced with NaBH4, are shown as blue balls.[1]
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Microporous solids have been traditionally used in fields somewhat away of organic
synthesis, such as petrochemistry and water treatment, since spatial restrictions have been
viewed as an unsurmountable issue when dealing with relatively big molecules, however,
we will show here that this view can be incorrect in many cases, and that zeolites and
MOFs can be used as suitable supports for metal–catalyzed complex organic reactions.[2]
This catalytic approach is very convenient for industrial purposes, where the amount of
expensive metal catalysts must be minimized, allowing easy recovery, reuse and
implementation in continuous processes. Furthermore, the internal space of the metal–
supported microporous solid can be finely–tuned by simply exchanging the alkaline earth
counterbalancing cations, enabling a complete switch in the regioselectivity of the reaction,
i.e. during the Mizoroki–Heck reaction, as shown in Figure 2.[3]

Catalytic
Pd cluster

Si/Al ratio, control of
the number of
exchangable cations.

PdPd
Pd

HECK-MIZOROKI REACTION
M+

Bowl-shaped
catalytic site

Base sites (M= Na-Cs).
Exchangable position.
Size and electronic control.

3:1 REGIOIRREGULAR : CONVENTIONAL
for Cs+-zeolite, up to 70% isolated yield

Figure 2. Heck–Mizoroki cross–coupling reaction catalyzed by Pd species confined in the supercage of cationic
exchangeable Y zeolite. The regioirregular product is formed with zeolite–exchanged K+ and Cs+ cations, but not with
Na+ cations.

Other key industrial reactions such as the hydrosilylation of alkenes and alkynes,[4] and the
oxidation of alcohols[5] will be shown. Other reactions of interest in organic synthesis such
as the Büchner reaction,[6] the cyanosilylation of ketones,[7] and the carbonyl–olefin
metathesis[8] will be also described. The catalytic solid structure enables striking changes
in product selectivity,[3,4] the design of one–pot reactions[7] and even to remove the
catalytic metals.[8]
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CO2 is one of the abundantly contributing greenhouse gas that can be reduced following a
sustainable route that can utilize CO2 to other valuable products. CO2 is a promising
chemical feedstock because of being cheap, excessively available, and non-toxic. Use of
CO2 as oxygen supplier in catalytic conversion of saturated hydrocarbons into hydrogen
deficient chemicals including olefins, can facilitate the utilization of CO2, resulting in
valuable products following oxidative dehydrogenation route. Also, CO2 can remove carbon
cokes from catalyst surface through reverse Boudouard reaction, lead to enhancement of
catalyst stability. However, reaction usually suffer from lower olefin selectivity because dry
reforming reaction can simultaneously take place, leading to the formation of CO and H2.
To overcome this, it is highly required to develop a catalyst that can selectively catalyze
oxidative hydrogenation over dry-reforming reactions. Herein, we are presenting Pt5Ce
intermetallic nanoparticles supported on mesoporous zeolites, that exhibited high ethylene
selectivity and catalyst durability for CO2-oxidative dehydrogenation of ethane to ethylene,
as compared to zeolite supported Pt metal catalyst (Pt@MZ) and Pt/CeOX supported on
silica (Pt-CeO2@SiO2). Numerous characterization methods including STEM, extended Xray absorption ﬁne structure (EXAFS), CO-chemisorption, ethylene TPD, ICP-OES and
XRD analysis were used to analyze catalysts properties. The EXAFS results demonstrated
the existence of Pt5Ce intermetallic particles formed on mesoporous zeolite, while on silica
support no intermetallic particles were observed (Pt-CeO2@SiO2). The high-resolution
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STEM results revealed the coexistence of bimetallic Pt5Ce nanoparticles with 1~2nm in
size and atomically dispersed Ce as CeOx on the mesoporous zeolite having surface
framework defects (Pt-Ce@MZ ). The catalytic results showed that Pt5Ce supported on
mesoporous zeolite are highly stable for ethane oxidative dehydrogenation with CO2 having
conversion of 39.7% and 80% ethylene selectivity. Besides, both Pt@MZ and PtCeO2@SiO2 were rapidly deactivated with lower ethane conversion (16% and 5.8%) and
ethylene selectivity (8.5% and 11.2%) respectively. Furthermore, the ethylene TPD results
show the ethylene desorption at high temperature for Pt@MZ, that is due to strong
interaction between Pt and ethylene, while for Pt-Ce@MZ (Pt5Ce), ethylene desorption
takes place at lower temperature limiting the deep dehydrogenation that result in higher
ethylene selectivity. The DFT calculation results showed that single metal Pt surface prefer
reforming over dehydrogenation while that for CePt-terminated surface in Pt5Ce
intermetallic catalyst with coexistence of CeO2 clusters that facilitate oxygen by reducing
CO2, dominantly follow oxidative dehydrogenation. Based on these approaches, we
believe that Pt5Ce bimetallic nanoparticles/rare earth metal oxides supported on
mesoporous zeolite are promising catalysts for co-activation of CO2 with ethane
dehydrogenation.

Figure 1 – Proposed mechanism for CO2 assisted ethane dehydrogenation over Pt5Ce@MZ and Pt@MZ
catalysts
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Introduction
Light linear and monobranched olefins have attracted growing industrial attention as a
basic feedstock and important intermediate in the production of polyethene and plasticizers.
Butene dimerization on heterogeneous Ni based catalysts represents an appealing route to
synthesize linear octenes from undervalued cracking fractions. Zeolites well-ordered
microporous structure offers an opportunity to direct the selectivity towards the linear
dimers [1,2]. Different active sites have been proposed in solid Ni-based catalysts ranging
from Ni-hydride species, Ni2+ and Ni+ ions to [NiOH]+ species[3]. Identifying the nature of
the active site as well as the mechanistic steps in the dimerization cycle are key for
designing highly active and selective catalysts for butene dimerization. However, the effect
of the chemical environment on the Ni speciation and activity needs to be tackled in order
to achieve understanding of the dimerization reaction mechanism.
In this work, we studied catalysts based on ion exchanged Ni in CHA, MFI, and FAU, with
different Ni loadings. The different pore sizes and interconnectivities of the selected
frameworks will allow us to determine the influence of spatial constraints and local
environment on the activity and selectivity of Ni sites in butene dimerization.
Experimental
Na-forms of the zeolites were prepared by three ion exchanges of the H-form with 0.06 M
aqueous NaOAc overnight at 80 °C. After the last ion exchange, the zeolite was calcined
for 6 h at 500 °C resulting in the Na-form. The introduction of Ni2+ is carried out as a Ni/Na
co-exchange with varying concentrations of exchange solutions of Na and Ni acetate. The
pH of the solution is kept in the region 6-7 during the total time of the ion exchange. The
solid was washed thoroughly with doubly deionized water, dried at 80 °C for several hours
and calcined in flowing synthetic air for 6 h at 500 °C.
The catalytic tests in butene dimerization are performed in a downstream fixed bed flow
reactor at 50 bar, 160 °C and weight hour space velocities between 6 and 2000 h-1.
Ni-zeolites and their parent zeolites have been studied by different characterization
techniques. Among them, results of IR spectroscopy, including CO adsorption
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measurements at 77 K and X-ray absorption spectroscopy (XAS) provide the most relevant
information.
Results and Discussion
The activitity and nature of Ni species in zeolites have been studied by several
spectroscopic techniques and catalytic tests at differential conversions. In order to rule out
any strong effect of the Bronsted acidity of the zeolites, reference samples consisting in Hform zeolites without any Ni (or Na) loading have been tested in the same reaction
conditions. It is concluded that the activity of Bronsted acid sites contributes to less than 10
% of the total activity of the Ni-Na-zeolites tested.
While shape selectivity towards the linear dimers is observed for the small-pore zeolite
CHA, the highest rates per Ni are obtained for Ni-exchanged FAU. The butene
consumption rates per mol Ni obtained for Ni-Na-FAU series suggest an exponential
decrease of activity with Ni loading (Figure 1A). This indicates that the increase of Ni
loading leads to smaller fractions of Ni atoms being active, either because of the formation
of multinuclear Ni species or because of limited accessibility of Ni sites. XAFS
measurements of the Ni-Na-FAU series (Figure 1B) shows for samples with Ni loadings
above 200 μmol·g-1, the appearance of Ni-Ni scattering indicative of the presence of
multinuclear Ni clusters. Conversely, the sample with 50 μmol·g-1 Ni does not feature any
signal at the Ni-Ni distance, leading to the conclusion that Ni is present as isolated Ni2+
ions.
Next, we have compared the dimerization activity of Ni exchanged CHA materials with
similar Si/Al ratios but significatly different concentrations of Al pairs. It has been found that,
for each series of Ni-CHA catalysts, the activity increases linearly with Ni loading up to the
point all Al pairs are exchanged. Once the concentration of Al pairs is surpassed, the
introduction of Ni does not lead to any additional activity. This is strong evidence of the
nature of the active site being a single Ni2+ ion exchanged on Al pairs.
Finally, studies of Ni on MFI show that both single Ni2+ ions and larger clusters can be
hosted by this framework. The sample with the highest activity features a Ni loading
corresponding to the exchange of Ni2+ for the total concentration of Al pairs. This implies
that the activity is associated with single Ni cations on Al pairs, which agrees well with the
observations in CHA. IR spectroscopy of adsorbed CO shows a main band at 2212 cm−1,
which is attributed to the Ni2+-monocarbonyl species adsorbed on isolated Ni2+ sites
exchanged in zeolites [4]. In addition, a shoulder at 2194 cm−1 arises for MFI samples with
high Ni content, which is attributed to CO on Ni2+ grafted onto a surface or Ni2+ of NiO
nanoparticles. The catalytic activity of Ni-Na-MFI samples in butene dimerization correlates
with the integral of the Ni2+-CO vibration band at 2212 cm−1 at low CO pressures (0.01
mbar).This provides further evidence of Ni2+ cations functioning as the active species in
butene dimerization.
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Figure 1 A) Butene consumption rates and octene formation rates per mol Ni for Ni-Na-FAU series, measured at 50 bar, 160°C
and WHSV between 6-2000 h-1. B) XAFS spectra of samples of the Ni-Na-FAU series. Dashed line at ca. 2.7 Å indicates Ni-Niscattering.

Conclusions
In this work, we have identified single Ni2+ cations as the catalytically active sites in butene
dimerization on Ni-zeolite catalysts. The performance of three Ni-Na-CHA types with
different concentrations of Al pairs indicates that the active site in butene dimerization
correlates with single Ni2+ cations on Al pairs. XAFS measurements corroborated that the
high activity in Ni-Na-FAU samples with low Ni loadings stems from accessible single Ni2+
cations. Finally, CO adsorption monitored by IR on Ni-Na-MFI catalysts supported this
observation by showing the correlation of activity with the concentration of CO adsorbed on
single Ni2+ ions. The performance of the different zeolite constraints in butene dimerization
also revealed higher linear octene selectivities for smaller pore sizes following the principle
of shape selectivity.
Overall, our study provides relevant information on the speciation of transition metal ions in
different zeolite frameworks and on how catalytic activity of such metal ions is affected by
their local environment and accessibility. The comparison of different zeolite constraints
allows more profound insights into the influence of Ni immediate environment. Zeolite
properties such as Al pairs and pore size are shown to have an important impact on the
activity and selectivity of Ni-zeolite catalysts in butene dimerization.
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Abstract: The oxidative carbonylation of N-protected indoles is an attractive pathway to
directly obtain carboxylic acids, using CO as a building block. Currently, this pathway only
allows to synthesize the carboxylate esters, which negatively affects the step and atom
economy. Therefore, an alternative route was investigated in this work, using mild
conditions to obtain high yields of the carboxylic acid. As such, the immobilization of RhIII
onto zeolites led to unprecedented activities (>100 turnovers in a single run) for the
oxidative carbonylation. In addition, the heterogeneity of this catalyst and catalyst
recyclability were verified.
Keywords: C-H activation, CO, heterogeneous catalysis, zeolites, oxidative carbonylation

1. Introduction

Figure 1 – (a) Indole-3-carboxylic acids in pharmaceutical and
agrochemical applications.
(b) Overview of the state-of-the-art on RhIII-catalyzed oxidative carbonylations
compared to the approach presented in this work.

The indole moiety serves
as an important scaffold in
biologically
active
compounds. In particular,
indole-carboxylic acids are
of
interest
for
these
applications, as they serve
as building blocks for a
multitude
of
pharmaceuticals
(Figure
1a).
Therefore,
the
development
of
direct
synthesis routes towards
indolecarboxylic acids is
highly attractive. Most of
the current routes to yield
aromatic carboxylates are
either limited to stable
homoaromatics or make
use of directing groups.
Whereas PdII complexes
were
initially
also
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considered, all of the current approaches make use of homogeneous RhIII complexes.[1-2]
These RhIII complexes are preferred due to their superior resistance to reduction under CO
atmosphere.[3] As rhodium is an expensive element, a heterogeneous catalyst is strongly
favoured to facilitate recycling. In the oxidative carbonylation, rhodium will be found
predominantly in its trivalent oxidation state. Hence interactions with the zeolite framework
will be significantly stronger compared to those observed for RhI-complexes immobilized for
hydroformylation.
2. Experimental
The RhIII-zeolites are obtained by ion exchange of the zeolite with RhCl3.3H2O in water
(80°C, 24h).
Reactions were performed in Premex autoclaves under CO-atmosphere (1-5 bar). After
reaction, the formed acids were silylated using BSTFA and analyzed on GC. Quantification
was done using an internal standard. Heterogeneity was assessed by a hot filtration test.
This test comprises of a separation of the hot liquid and the solid, in an early stage of the
reaction. Fresh zeolite was added to the hot liquid to mimic reaction conditions. For the
isolated RhIII-zeolite, fresh reagents were added. Moreover, ICP-OES was conducted to
investigate Rh-leaching.

3. Results and discussion
Before
the
heterogenization of the
 Time profile
RhIII-catalyst
was
 Recycled solid
◊
investigated,
a
suitable
Recycled liquid
oxidant was sought to
reoxidize RhI to RhIII and
close the catalytic cycle.
In literature, oxidants like
K2S2O8 and O2 (in
presence
of
strong
acids) are the most
frequently
used.
However, these are not
Figure 2 – hot filtration test oxidative carbonylation
compatible
with
the
sensitive indole substrate. Herein, t-butylperoxybenzoate (t-bpb) was found to be a mild
oxidant, enabling a fast reoxidation. Using this oxidant, different zeolite topologies were
compared. Herein, *BEA gave the most convincing results. The role of the zeolite was
investigated further, by assessing the heterogeneity in a hot filtration test. No further
conversion was observed in the liquid, while the zeolite remained active.
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These clear indications of heterogeneity triggered a further investigation of the effect of the
support on the reaction. It was found that Al-rich Beta zeolites performed best, while higher
Si/Al ratios led to insufficient retention of the RhIII-complex on the support. As such >100
turnovers were realized in a single run, in comparison to only 20 turnovers obtained in
literature with the most closely related catalyst (i.e. Rh-salt). To regenerate the catalyst
after reaction, extra oxidant was added to reoxidize all RhI after reaction to RhIII.
Subsequently, the catalyst was washed and the pores were evacuated in vacuo. As such,
the catalytic activity could be regained over multiple runs.

With a recyclable catalyst obtained, the active Rhsite was studied by XAS. The oxidation state of the
Rh zeolite was found to remain +3 over the course
of reaction. This points out that reoxidation occurs
sufficiently
fast.
Furthermore,
no
Rh-Rh
interactions were found, showing that the Rh is
resistant to reduction to metallic Rh. The
interactions of Rh with the zeolite framework were
clearly demonstrated.
The functional group tolerance of the Rh-Beta
zeolite catalyst was assessed by testing multiple
Figure 3 – (a) XAS spectra of fresh Rh-exchanged
indole-derived substrates on compatibility with the
CP814C + reference Rh complexes.
oxidant and zeolite matrix. Kinetic studies were
conducted to determine rate dependencies in CO. Furthermore, reactions with deuterated
analogues were performed to determine whether a kinetic isotope effect was present.

4. Conclusions
In this work, the first catalytic route towards indole-carboxylic acids was presented, via
oxidative carbonylation. The used RhIII-zeolite did not only display improved properties
compared to current homogeneous catalysts, but was also found to be heterogeneous and
recyclable over multiple runs. This shows that the immobilization of transition metal
complexes in carbonylation chemistry is possible, at least if the carbonylation is the
oxidative type.
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Introduction
Catalytic active sites in zeolites are constituted by both the bridging SiOHAl groups that act
as Brønsted acid sites (BAS) and by surrounding microporous cavities that solvate confined
species involved in catalytic cycles [1]. Both the cavity framework and extra-framework
species afford such constraint and solvation and influence catalytic reactions [2]. The
presence of extra-framework alumina (EFAl) in proximity of a BAS enhances its catalytic
activity in n-pentane cracking by 50 folds. Extra-framework silica (EFSi) is another type of
extra-lattice species, however its role in catalytic reactions is hitherto unidentified. Here we
controllably create EFSi in the vicinity of BAS ion MFI zeolite, and show the different
mechanisms for the enhancement of catalytic activity in protolytic cracking of n-pentane in
comparison to that of EFAl.

Materials and methods
Parent H-MFI zeolite was obtained by dealuminating on a commercial H-MFI (CBV 2314
from Zeolist) with ammonia hexafluorosilicate and further calcination at 773K. EFAl was
created by controllable steaming of the parent H-MFI. EFSi was grafted into H-MFI by
adsorbing n,n-dimethyltrimethylsilylamine and calcined at 773K for 5h.
The concentration of acid sites was analysed by IR spectroscopy of adsorbed pyridine.
Adsorption of pentane was studied by means of IR spectroscopy under different partial
pressure. The protolytic cracking of n-pentane was investigated in a fixed-bed reactor.

Results and discussion
The presence of EFAl or EFSi in H-MFI makes a portion of BAS with nearby EFAl or EFSi.
In order to differ from normal BAS, they are denoted as EFAl-BAS or EFSi-BAS. The
turnover frequencies (TOFs, rate normalized to total BAS) for overall cracking,
dehydrogenation and different cracking pathways of n-pentane reaction on MFI zeolites all
show linear increase with the portion of EFAl-BAS or EFSi-BAS in the total BAS (Figure 1).
By extraploting TOFs to 100%, the TOF of all reaction pathways were obtained for EFAl269

BAS and EFSi-BAS. As shown in Figure 2, the TOF on EFAl-BAS is 50-fold higher than
normal BAS. This significant of enhancement was attributed to the higher transition
entropy, overcompensating the increase of the activation energy. However, on EFSi-BAS,
the increment of TOF was only 2-fold higher. This enhancement was attributed to the lower
activation energy.
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Figure 1. TOF for all reaction pathways in n-pentane cracking as a function of EFAl-BAS and EFSi-BAS portion
on the samples at 753 K. Solid symbols for experimentally measured TOF, hollow symbols for extrapolated TOF
to 100% EFAl-SBAS or EFSi-SBAS.
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Figure 2. The influence of EFAl and EFSi on the TOF (753 K), intrinsic activation enthalpy and entropy for npentane cracking on H-MFI zeolites.

Conclusion
Both extra-framework species in zeolite, i.e., EFAl and EFSi, enhance the catalytic activity
of BAS in alkane cracking. However, the EFAl promotes the reaction via increasing the
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transition entropy, while EFSi via decreasing the activation energy, indicating different
mechanisms for the rate enhancement.

References
[1] Gounder, R. and Iglesia, E., 2013. Chemical Communications, 49 (34), pp. 3491-3509.
[2] Wichterlova, B. and Cejka, J., 1994. Journal of Catalysis, 146 (2), pp. 523-529.
[3] Schallmoser, S., Ikuno, T., Wagenhofer, M.F., Kolvenbach, R., Haller, G.L., Sanchez-Sanchez, M. and
Lercher, J.A., 2014. Journal of Catalysis, 316, pp. 93-102.

Aknowledgment
Conceptual work was supported by the U.S. Department of Energy (DOE), Office of Science,
Office of Basic Energy Sciences (BES), Division of Chemical Sciences, Geosciences and
Biosciences (Transdisciplinary Approaches to Realize Novel Catalytic Pathways to Energy
Carriers, FWP 47319).

O04.18. DESIGN OF CRACKING CATALYST FOR SELECTIVE LIGHT OLEFIN
PRODUCTION
N. Y. Kang, J. Shin, K. W. Kim, E. S. Kim, W. K. Moon, T. Y. Jung, H. D. Whang, D. K. Kim,
D. S. Park, H. Park, C. Song, H. B. Ashenafi, Y.-K. Park1*
Petrochemical Catalyst Research Center, Korea Research Institute of Chemical
Technology, Daejeon 34114, Korea.
e-mail: ykpark@krict.re.kr

Light olefins such as ethylene and propylene are valuable starting chemicals in the
industrial production of various polymer and petrochemical products including polyethylene,
polypropylene and co-polymers. However, most of the light olefins are still produced by
energy intensive steam cracking at high temperature (800-900oC) [1] and alternative
processes are considered greatly to minimize energy consumption [2]. Another big issue in
refinery and petrochemical is caused by the regulation of carbon emission and the spread
of electric vehicles, which request more sustainable chemical processes and make the role
of catalyst and new concept of reactions more important. To produce light olefins more
effectively, several new approaches have been tried as follows and they are already in
commercialization or in development.

1. High severity FCC applying downer reactor (HS-FCCTM) for selective production
of propylene from AR feedstock
2. Catalytic naphtha cracking (K-COTTM) for propylene-rich light olefin production
from naphtha at low temperature
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3. Hybridization of catalytic cracking with MTO (Methanol To Olefin) for energy
neutral production of light olefins
4. Oxidative dehydrogenation in fluidized bed reactor (K-PROTM) for energy neutral
and productive production of propylene from propane.
5. Pyrolysis oil upgrading (PureStepTM, RewindTM Mix) for waste plastic upcycling
6. Steel off-gas utilization to produce chemicals such as MeOH (Carbon2Chem®)
and further reaction to produce light olefins through MTO
To produce light olefins effectively zeolite plays very important role as a catalyst and the
design of catalyst including matrix is quite critical because the reactions have to be carried
out at limited reaction conditions. Therefore, more conceptual approaches are required for
the catalyst design based the elementary reaction mechanism because it takes too much
time to bring breakthrough in catalyst design just by trial-and-error. Designing a suitable
catalyst means not only the optimization of chemical properties such as acidity and redox
potential but also that of physical properties such as pore size distribution and mechanical
strength. That is, depending on the suggested process, chemical and physical properties of
catalyst and also process operability should be considered simultaneously for the design of
catalyst and the followings are critical parameters influencing the performance of catalyst,
especially in fluidized bed catalyst design.

1. Chemical property: internal/external acidity, dehydrogenation/cracking rate,
hydrothermal stability, etc.
2. Physical property: tortuosity, pore size distribution, mechanical strength, etc.
In this presentation, I would like to discuss about the considerations in catalyst design for
selective production of light olefins depending on the feedstocks in the view point of the
physico-chemical properties of catalyst and the process operability and introduce some
experiences of catalyst development for the selective production of light olefins from lab to
commercial scale.

To satisfy strict regulation of carbon emission in light olefin production and to realize future
Net-Zero in petrochemicals, not only microscopic approaches to reduce energy
consumption in light olefin production but also macroscopic ones to integrate chemical
processes to minimize carbon emission including waste plastic recycling and using
renewable energy (Figure 1) and to integrate petrochemical and steel industries
(Carbon2Chem®) are also required (Figure 2). I will also discuss about possible integration
of chemical processes in the view point of future Net-Zero light olefin production.

References
[1] Y. Yoshimura, N. Kijima, T. Hayakawa, K.Murata, K. Suzuki, F. Mizukami, K. Matano, T. Konishi, T.
Oikawa, M. Saito, T. Shiojima, K. Shiozawa, K. Wakui, G. Sawada, K. Sato, S. Matsuo, N. Yamaoka,
Catal. Surv. Jpn. 4, 157 (2000).

272

[2] N. Rahimi, R. Karimzadeh, Appl. Catal. A, 1, 398 (2011).

Figure 1 Concept of chemical process integration for future Net-Zero light olefin production

Figure 2 Possible integration of petrochemical &steel industries for future Net-Zero light olefin production
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Zeolites are some of the most important heterogenous catalysts due to unique properties
such as high surface areas, well-defined topology with uniform micropores, shape
selectivity, numerous and strong acid sites, high thermal as well as chemical stability. They
already lead to numerous and large-scale applications in key-processes in oil refining and
petrochemistry. However, the presence of only micropores often imposes transport
limitations on reactants and products, in particular those with a size close to or larger than
their pore diameter. Bulky molecules can only reach active sites located on the outer
surface of the crystals and their pore openings resulting in a poor utilisation of their
potential in some catalytic process. One solution is to prepare X-Ray amorphous embryonic
zeolites (EZ); i.e., materials that lack the long-range order of zeolites but with a better
accessibility of their acid sites and enabling the conversion of bulky molecules such as
1,3,5 - triisopropylbenzene [1] and cracking of low-density polyethylene [2]. EZs extend the
range of applications of current zeolites to the processing of heavy oil fractions and related
feedstocks.

Here, we report the catalytic cracking of polypropylene a ZSM-5, its hierarchical desilicated
derivative and an embryonic ZSM-5, i.e., a
material that upon longer hydrothermal
treatment would yield a fully crystalline
ZSM-5. The EZ and the hierarchical ZSM5 have very similar acidity (Si/Al, number
of Brønsted acid sites) and textural (Smeso)
properties.
The
polypropylene
transformation is monitored by operando
FT-IR coupled with CG-MS and allows to
simultaneously measure catalytic activity,
deactivation and evolved products.
Figure 1 – Micropore size distribution for zeolites
studied faced with catalytic data.

Polypropylene is converted to low
molecular weight aliphatic hydrocarbons
with high iso/normal ratio of paraffins and low olefin yields. The high hydrogen-transfer in
EZ, due to its textural properties, leads to a very high paraffin (70 %) selectivity compared
to the zeolites, albeit with a somewhat lower cracking activity (Fig. 1). The H2 captured in
the light paraffinic fraction can be recovered by catalytic dehydrogenation leading also to
valuable lower olefins. The 2D COS IR spectroscopy of the coke formation and the
regeneration of the catalysts were performed revealing different susceptibility of silanol
groups for coke deposit retention. The Rapid Scan FT-IR spectroscopy of neopentane
diffusion was successfully verified by the application of the Crank method.
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Catalytic transformations on surfaces are influenced by the molecular environment
surrounding active centers. In particular, effects of active site confinement on catalysis are
known to control the reactivity of zeolites used in a wide range of applications. These
confinement effects, however, are limited to molecules that are small enough to access
micropores. Here, we synthesize well-defined active centers within partially confining
molecular environments within 12-MR pockets/nanocavities on the surface of 2dimensional (delaminated) SSZ-70 zeotypes; in Figure 1, these nanocavities are
represented in orange within the zeotype framework. We show that these environments
lower entropic barriers for the association of transitions states during olefin epoxidation with
organic hydroperoxide catalyzed by TiIV, and, in more recent work, we demonstrate that
these pockets/nanocavities enhance catalytic rates for molecular active sites, in gas-phase
catalysis involving olefin hydrogenation.
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Molecular TiIV sites active for olefin epoxidation consist of calixarene-Ti (cTi) molecular
complexes, grafted onto silanols on silicate supports to result in cTi/X catalysts (X =
support) [1, 2]. The molecular environment of these silanols, and therefore of the grafted
active sites, is summarized in Figure 1. Supports are (1) dehydroxylated amorphous SiO2,
(1-a) hydroxylated amorphous SiO2, (2) silicate SSZ-70 zeotype where silanol groups occur
only outside 12-MR nanocavities (at purple T-sites in Figure 1), (3-a) SSZ-70 zeotype
where silanol groups occur both outside (purple) and within 12-MR nanocavities (orange),
(3-b) surface modified SSZ-70 zeotype wherein silanol groups are located only within
nanocavities (orange in Figure 1), which is prepared by trimethylsilyl capping of 3-a.
Rates of epoxidation for each cTi/X catalyst are shown in Figure 1. Rates remain constant
(within 20%) upon calcination of cTi/X (data not shown) to synthesize titanosilicate
catalysts. Thus, cTi/X “model” catalysts accurately represent TiIV sites present in industrial
titanosilicate epoxidation catalysts (e.g., Shell catalyst comprising TiIV sites grafted on silica
[3]), consistent with XANES and EXAFS analysis (not shown) showing identical tetrahedral
coordination environments for TiIV in cTi/X and titanosilicates. We therefore focus our
analysis on cTi/X to understand industrially relevant titanosilicates. In cTi/X, TiIV centers
are found within identical inner-sphere oxo coordination environments, as confirmed by UVvisible and X-ray absorption spectroscopies (not shown); therefore, higher rates observed
for cTi/3-a and cTi/3-b in Figure 1 are controlled by support structures occurring beyond
the active center, and are not due to any difference in coordination of TiIV [1, 2].
Because both silanols and a TiIV center in close proximity are necessary for epoxidation
catalysis and because FTIR spectroscopy indicates that both silanols and cTi active
centers are present within these nanocavities in cTi/3-a and cTi/3-b, epoxidation events
preferentially occur within confining environments of 12-MR pockets. FTIR spectroscopy
(not shown) indicates that silanols and TiIV centers are located only outside 12-MR pockets
in cTi/2 (purple locations in Fig 1); this results in lower rates that are similar to amorphous
cTi/1 and cTi/1-a, where no confining surface environments exist. Amorphous catalysts
based on support 1 are the basis of current industrial catalysts [3]; thus, confining or
reaction events within surface nanocavities in zeotype supports emerges as a viable route
to designing new, more efficient, epoxidation catalysts.
Activation enthalpies are the same between cTi/3-a (confined) vs cTi/2 (unconfined) in
Figure 1, indicating similar elementary steps. Instead, entropies of activation are less
negative for sites reacting within nanocavities in cTi/3-a. More recently [4], we have
extended these catalytic rate accelrations of 12-MR pockets of MWW-type zeotype external
surfaces, to other classes of sites and reactions. More specifically, we have observed
catalytic rate enhancements due to the presence of pockets in gas-phase reactions,
involving molecular active sites that are physisorbed on the external surface, in contrast to
the covalently grafted sites above. An example is the active site shown in Figure 2.
Altogether, these confinement effects occur within external-surface nanocavities on 2-D
zeotypes, accessible to bulk fluid phases and therefore to reactants that cannot be typically
activated within zeotype pores. They therefore demonstrate the potential o extending
confinement effects of zeolites to a much wider range of reactions, which involve
intermediates too bulky to access zeolite micropores.
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Figure 1.

Figure 2.

Summary of catalytic materials. First-order
rate constants keff for cyclohexene
epoxidation with tert-butyl hydroperoxide
(parenthesis indicate uncertainties);
activation parameters for select materials
shown bottom. Zeotype framework
structures shown left, with schematic
representations to the right.

Top and middle panels: molecular structure of
[Ir(CO)2PPhL]2 and schematic of same supported on
silica. Bottom panel: Catalytic activities showing the
activation of the supported [Ir(CO)2PPhL]2 catalyst,
which is accompanied by loss of a single CO, along
with steady-state TOF on an amorphous and
crystalline (Si-SSZ-70) silica support. Ethylene
hydrogenation was conducted in a once-through
packed-bed U-tube gas flow reactor at 50 oC, ambient
pressure, and a total feed flow rte of 63 mL (NTP)/min
(16% H2, 5% C2H4, balance He).
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Small olefins production from natural gas derived reactants has been critical to
replace the current petroleum-based chemistry. Methanol-to-olefins (MTO) process is the
one of the representative paths, and it has been a big topic both in academic and industrial
fields. Besides, ethylene-to-propylene (ETP) reaction could be another potential path.
These two reactions are catalysed by acidic zeolites, and the critical effects of framework
structure and acidic properties against product selectivities and catalyst lifetime have been
investigated. In the MTO reaction, carbon-pool mechanism has been widely accepted [1],
while in the ETP reaction, both oligomerization-cracking [2] and carbon-pool-based [3,4]
mechanisms are established maybe due to the different reaction conditions in each study.
In these reactions, the challenges are the control of product selectivity and the
improvement of catalyst lifetime. Formation of polycyclic aromatic hydrocarbons (via the
overgrowth of carbon-pool species) are the major cause of catalyst deactivation [5], and
thus, the small-pore (i.e., 8MR) cage-type zeolites (e.g., CHA- and LTA-types) tend to
deactivate faster than the channel-type zeolites (e.g., MFI type) [6]. Furthermore, in the
case of ETP reaction, it generally required much higher reactant partial pressure (10-40
kPa) than MTO cases (5-10 kPa), and naphthalene-based molecule is estimated as
carbon-pool species [3,4], which induced much faster overgrowth to heavier aromatics and
resulting severe deactivation [3-5].
Here in this report, ETP and MTO reactions over LTA-type zeolite have been
investigated, and furthermore, the mixture of ethanol and ethylene was also tested as a
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reactant. Proton-type LTA-type zeolite catalyst (Si/Al = 25.4) was prepared by hydrothermal
synthesis, ion-exchange, and subsequent calcination. 50 mg of the catalyst was pretreated
at 823 K for 1 h in a fix-bed flow reactor. The reaction was conducted at 673 K, and
obtained products were analysed by GC-FID. Conventional MFI-type zeolite (Si/Al = 19.5)
was also tested as a reference.
Catalytic behaviour in the MTO reaction showed that investigated in the previous
literatures [1]. While MFI-type zeolite achieved methanol conversion of 100% for about 90
hours, LTA-type zeolite started to deactivate at initial 1-2 hours and the conversion dropped
below 10% at 6 hours later. Although the increase of reactant partial pressure (1.0  2.1
kPa) induced faster deactivation in both cases, MFI-type zeolite was still active for 70 h with
100% methanol conversion. This could be, as widely accepted, explained by the size of
10MR window of MFI-type structure, which is favourable for the diffusion of aromatic
species and hinders the deactivation.
In the case of ETP reaction, LTA-type zeolite showed much faster deactivation.
Olefins were formed at ethylene partial pressure of 10 kPa, however, this condition caused
the severe deactivation and the conversion dropped to 5% even after 1 h. At lower ethylene
partial pressure of 5.0 kPa, only BTX and no olefins formation was observed. This might be
due to the lack of the carbon-pool species that might requires relatively high ethylene
partial pressure in LTA-type structure. On the other hand, MFI-type zeolite produced olefins
as the major products via ETP reaction with the partial pressure of both 5.0 and 10 kPa.
These results indicated that MTO and ETP reactions over LTA-type zeolite is in a
trade-off between carbon-pool formation and catalyst deactivation, and it is relatively
difficult to achieve a steady-state reaction condition compared with MFI-type zeolite.
Therefore, to enhance the formation of carbon-pool at low ethylene partial pressure
condition without deactivation, small amount of methanol (0.1 kPa) was simultaneously
added to ethylene (5.0 kPa). In this condition, we achieved stable olefins production, with
propylene as the primal product, for 40 hours. This is a far longer catalyst lifetime
compared with the case of using single reactant (either only methanol or ethylene). The
added small amount of methanol would help the formation of carbon-pool species and kept
the species from overgrowth. This new finding will open a new potential on olefins
production over cage-type zeolites.
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The isomorphic insertion of metals (II) confers strong acidity to AlPO-18 zeotypes, making
them suitable catalysts for the acid catalysed conversion of methanol into olefins (MTO). [1]
Nowadays, this process is gaining increasing importance as a sustainable alternative to
fossil derivatives in the production of consumer chemicals, since it can exploit methanol of
non-extractive carbon sources (as generated from the CO2 hydrogenation), and it is
generally performed at relatively mild pressure (1.5-5 bar) and temperature (350-500°C).
The investigation of the exact mechanism of MTO, which is still not fully understood, is of
both academic and industrial interest, as it is needed to guide the development of new
catalysts and process conditions. The reaction that leads to the formation of the first C-C
bond that gives origin to the cascade reactions involved in the MTO, is still source of an
intense debate. Only very recently, the direct C-C bond formation has been outlined
passing through a methoxide intermediate over the zeolite surface (Ze-OCH3), upon
adsorption of CH3OH on the zeolite Brønsted acid sites. [2] Recently, a mechanism based
on the Koch carbonylation of methoxide species (Ze-OCH3) by action of carbon monoxide
(CO) generated in situ from the methanol degradation at process conditions, has been
proposed. The reaction is energetically favoured, since it involves the coupling of the
electrophilic C atom of CH3OH with the nucleophilic C atom of the CO molecule, giving at
the same time a reasonable explanation of the C-C formation and for the autocatalytic
pathway of the MTO process. [3] However, the debated role of CO in MTO conversion, long
time believed as a reactant impurity, hampers a general acceptance of the Koch
carbonylation theory, although the energetically favoured reaction.
The approach adopted in this work provides a new point of view, showing by spectroscopic
tools what is formed within the catalysts porous system running the MTO conversion at
400°C. The experiments collected provide robust evidence of the generation of CO in situ
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from methanol degradation and its subsequent involvement in the hydrocarbon formation
starting from the carbonylation of the -OCH3 groups, giving support to the most recent
theory for the C-C bond initiation in the MTO conversion.

This work starts outlining the spectroscopic features reliable to metals (II) in the AlPO-18
framework and identifying the nature of the different active sites, BAS and LAS, generated
by the presence of the heteroatoms. Through the combination of different spectroscopic
techniques and tailored experiments, the characterization of the CoAPO-18 and MgAPO-18
active sites have been performed and rationalised. [4]
Then, the MTO reaction over CoAPO-18, MgAPO-18 and SAPO-18 is followed by in situ
FT-IR spectroscopy performed in continuous mode, by means of a custom set-up
constituted by a mass flow controller for the direct methanol dosage into a temperaturecontrolled IR cell operating in transmission mode. The object of interest of this analysis was
the identification of the species adsorbed on the catalyst surface and their evolution within
the porous system during the overall conversion. The nature and the evolution of the
hydrocarbons, the species and the mechanism involved in the first C-C bond formation in
relation with the different acidic active sites involved, are the main focus of this study. [5]

Figure 1 – SCHEMATISATION OF THE MTO CONVERSION CATALYSED BY CoAPO-18.

The FT-IR spectroscopy study performed in this work evidenced the generation of CO from
methanol degradation and its subsequent coupling with surface -OCH3 since the first
methanol contact. The conversion proceeds forming a “hydrocarbon pool” of aromatic
molecules, detected by FT-IR spectroscopy, as appears on the right of the figure. [5]

From the analysis of the IR spectra it is possible to outline a mechanism for the very early
stages of the AlPO-18s catalysed MTO conversion, schematised in Figure 1. The MTO
conversion takes place when the methanol is adsorbed on the catalyst BAS producing
surface methoxy species -OCH3 and releasing water. Reasonably, the excess of MeOH is
decomposed giving origin to small methylated molecules as formaldehyde, dimethyl ether
and CO, which are spectroscopically identified in this work. It is not surprising to observe
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the formation of CO during the conversion of methanol at 400°C over the surface of an
acidic zeolite/zeotype. What we observed in the experiments of methanol conversion over
the AlPO-18 catalysts is the presence of the free-vibrating gas CO entrapped within the
pore structure at working temperature, along all the reaction. Considering that at 400°C the
adsorption is thermodynamically inhibited, the appearance of the roto-vibrational profile of
the carbon monoxide can be explained only with a continuous production of the gas. In the
conversion catalysed by the most acidic samples, a significant reduction of the intensity of
the roto-vibrational profile of the gaseous CO is observed at the progress of reaction while
the diagnostic -OCH3 band appears constant in intensity. This finds a perfect accordance
with the Koch carbonylation mechanism, for which the two species react in a 1:1 ratio. The
-OCH3 species are the limiting reagent since its concentration matches with the number of
available BAS, while CO is the excess reagent. [5]
In conclusion, this work provides evidence of the involving of carbon monoxide in the
methanol conversion operated by different acidic AlPO-18s, supporting the occurrence of
Koch carbonylation process to form hydrocarbons from the earliest stages of the reaction.
The materials described in this work have characteristics known to promote carbonylation,
which could increase the potential of M(II)APO-18 as catalysts for MTO conversion. Indeed,
carbonylation requires two distinct sites, one site to stabilize acidic protons, methyl and
acetyl species, while the other site is responsible for binding CO. The BAS enclosed in the
8MR zeolites cages (as in AEI framework) are able to better stabilise the cationic
intermediate by the action of the surrounding anionic O atoms. The rate-determining step is
agreed to be the CO insertion to the surface methoxy group, so a common strategy is to
introduce LAS in the catalyst to improve the CO binding. [6] The Co(II) centres tending
towards the octahedral geometry revealed in CoAPO-18 and the localised electron density
of the free Mg2+ found in MgAPO-18, [4] would therefore participate to further promote
carbonylation acting as strong Lewis acid sites. It is highly possible that the cooperation of
vicinal BAS and LAS in M(II)APO-18 is able to increase the carbonylation rate and
therefore further promote the overall MTO process. This has been investigated herein by
means of a combination of experimental and computational approaches.
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Methanol-to-hydrocarbons (MTH) is an industrially relevant process to produce valuable
light olefins such as propylene. Recently, high propylene selectivity of zeolite catalysts
containing alkali-earth cations have been reported. The origin of the high propylene
selectivity was linked to the destabilization of aromatic precursors.[1] However, the exact
structure-activity relationship for these alkali earth-modified catalysts remains unknown. In
the present study we used a combination of kinetic and spectroscopy methods to
understand the effect of Sr modification on the catalytic performance of ZSM-5 zeolite.
We evaluated the performance of two zeolite catalysts: HZSM-5 and Sr/ZSM-5, differing in
MTH activity, stability, and hydrocarbon selectivity. Fig. 1a shows the catalytic performance
of Sr-modified zeolite catalyst compared with the parent protonic form HZSM-5 (Si/Al 25).
Sr/ZSM-5 (1wt% Sr) was prepared using incipient wetness impregnation of a commercial
HZSM-5 catalyst. The kinetic experiments demonstrated that selectivity toward propylene
and the overall catalyst stability of HZSM-5 were significantly lower than that for Sr/ZSM-5
(Fig. 1a). A control experiment with Na/ZSM-5, containing the same number of Brønsted
acid sites as Sr/ZSM-5, revealed no positive effect on the stability and propylene selectivity.
Thus, we can conclude that decreased Brønsted acidity is not the reason for the improved
performance of Sr/ZSM-5.
We studied the origin of the reaction selectivity over Sr-modified catalysts by a combination
of operando techniques: TGA-MS, XANES and FTIR. We hypothesize that change in the
reaction selectivity can be explained by the different nature of active hydrocarbon pool
components in presence of Sr-species. In order to verify this hypothesis, we carried out
operando TGA-MS experiments (Fig.1d), where we switched between the methanolcontaining flow and dry He. In these experiments we were able to quantitatively assess the
amount of reactive species formed and retained over working catalysts. We found that
Sr/ZSM-5 catalyst retains a higher amount of hydrocarbons and water at similar conversion
level as compared to the parent HZSM-5 (Fig. 1d, inset). Furthermore, we studied working
catalysts by operando FTIR (Fig 1b,e). We observed that during reaction at 350 °C
Sr/ZSM-5 catalyst retains water as determined by increased intensity of stretching
vibrations of hydroxyl groups upon switching from methanol-containing flow to He. In
addition to this, we observed deformation vibration of molecular water at 1647 cm-1.[2][3]
We also observed a band at 1600 cm-1 which can be ascribed to bending mode of
adsorbed methanol over acid sites of zeolite.[4] Incomplete methanol conversion was
confirmed by stable signals of m/z = 31 at MS (Fig.1e). Multiple bands at 1350 – 1500 cm-1
belonging to ν(C-H), ν(C=C) and δ(C-H) point out to the formation of olefinic species during
the reaction.[5] In contrast, we did not observe such intense involvement of hydroxyl
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groups upon operando FTIR of methanol reaction over parent HZSM-5 zeolite which may
indicate that Sr-moieties enhance the catalyst interaction with methanol, water and
hydrocarbons. To confirm the involvement of Sr-moieties in these processes, we performed
operando XANES measurements over Sr/ZSM-5 catalyst upon switching of methanol flow
(Fig. 1c,f).The shifting edge position (ΔXANES feature at 16110 eV) can be assigned to the
hydrated and dehydrated states of Sr2+. We observed that the XANES spectra of Srcontaining zeolite in the absence of methanol resemble that of SrO reference and thus
correspond to a dehydrated state. During methanol conversion, adsorption of water and
other molecules on Sr2+-species leads to corresponding changes in the XANES spectra.[6]
Overall, the combination of operando TGA-MS, FTIR and XANES experiments
demonstrated that Sr-moieties participate in the reaction via strongly adsorbing water,
methanol, and hydrocarbons. We propose that strong adsorption of these molecules on Srsites leads to a modified local geometry of the zeolite pore. In this modified geometry the
formation of aromatic hydrocarbon pool precursors is restricted (as confirmed by additional
13C/1H MAS NMR experiments), and the product distribution is dominated by C
3+ olefins.
Altogether, our findings demonstrate the potential of Sr-modified zeolites to promote the
reaction selectivity toward valuable propylene.

Figure 1. (a) Overall carbon selectivity derived from the MTH reaction experiments after 2 h TOS and amount of
methanol converted before 90% conversion was reached. Conditions: 350 °C; 25 mg of catalyst; 0.8 kPa of MeOH;
carrier – 10 mL∙min-1 He; WHSV 0.27 h-1. (b) Operando FTIR measurements combined with MS over Sr/ZSM-5 catalyst
in presence and absence of the methanol feed and its corresponding Δ abs spectra: OH-region and hydrocarbons
fingerprint region. The Δabs spectra were obtained by subtraction of the first spectrum recorded at 350 °C in absence of
methanol from all other spectra. (e) The intensity of the BAS band together with MS profiles, signal m/z = 31
corresponds to methanol and m/z = 41 to propylene. Conditions: 350 °C; carrier – 130 mL He∙min-1; 15 mg of catalyst
pellet; 0.4 kPa of MeOH. (d) Operando TGA measurements obtained in presence and absence of the methanol feed
over Sr/ZSM-5 and HZSM-5 catalysts. Conditions: 350 °C; 10 mg of catalyst; carrier – 80 mL∙min-1 He; 0.8 kPa of
MeOH. (c) Operando XANES measurements combined with MS over Sr/ZSM-5 catalyst in presence and absence of the
methanol feed and its corresponding ΔXANES spectra. The ΔXANES spectra were obtained by subtraction of the first
spectrum recorded at 350 °C in absence of methanol from all other spectra. (f) The intensity of the main ΔXANES
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feature together with MS profiles. Signal m/z = 31 corresponds to methanol and m/z = 41 to propylene. Conditions: 350
°C, 150 mg of catalyst pellet, 10 kPa of methanol, carrier – 30 mL He∙min-1.
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Abstract
Polypropylene (PP) was decomposed at 673−723 K mainly into C3−20 aliphatic and
monocyclic aromatic hydrocarbons on MFI type zeolite as a catalyst in cyclooctane as a
solvent. Increase in the external surface area enhanced the activity. From examinations of
catalysts with different pore sizes and solvents with different kinetic diameters, it is
speculated that PP was selectively penetrate into the micropore of zeolite and decomposed
in the solvent consisting of molecules bulkier than the pore based on the reactant shape
selectivity.
Keywords: Polypropylene chemical recycle, MFI zeolite, Shape selectivity

Introduction
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Towards sustainable society, chemical recycle of polyolefin is believed to be useful. A cycle
of resources is established by re-generating hydrocarbons equivalent to naphtha, the raw
material of plastics. Polypropylene (PP) is known to be decomposed on a solid acid catalyst
such as zeolite at around 673 K1. And addition of mid-range alkane such as hexadecane
(n-cetane) increased the rate of PP pyrolysis on the zeolite2. Because the mid-range alkane
should form a liquid mixture with PP, it is called solvent.
In the reaction process, the addition of solvents is envisaged to melt and dissolve the waste
plastics, and accordingly the effect of the solvents must be investigated. Furthermore, low
conversion and high recovery of the solvent are necessary for improving the process
efficiency. In this study, effect of the combination of solvent and catalyst on the PP
pyrolysis was investigated.

Methods
An MFI zeolite (EX-122) was supplied by Mizusawa Industrial Chemicals, Ltd., and treated
with a basic solution in the presence of silica by a method of Wakihara et al. (hereafter
silica-base treatment)3. NaOH (3.0 g) was dissolved into ion-exchanged water (60 mL) in a
Teflon beaker, and 4.0 g of SiO2 (Tokuyama, Reolosil) and 6.0 g of the MFI zeolite were
added with stirring, heated at 383 K for 15 minutes, moved to an autoclave, heated at 453
K for 2 h with stirring, followed by filtration, washing with water and drying at 383 K to yield
4.9 g of SB-MFI. A *BEA zeolite (Tosoh corporation, HSZ-930 NHA, calcined at 773 K) and
an amorphous silica-alumina (JGC Catalysts and Chemicals, N631-L, hereafter ASA) were
also employed.
In a stainless steel batch reactor with a diameter of 10 mm and a volume of 3.6 mL,
0.05−0.1 g of the catalyst, 0.25 g of PP (supplied from JPEC, average molecular weight
370,000) and 1 g of solvent were put, the gas phase was purged with nitrogen and sealed,
and the reaction was carried out for 1 h at the desired temperature under mechanical
vibration. After the reaction, the volume of gas products was recorded, and the composition
was analyzed by an FID-GC. The liquid products were separately analyzed by an internal
standard method using a 2D-FID-GC(Detection limit up to 27 of carbon number). The solid
was washed with pentane, dried and weighed.

Results and Discussion
The physico-chemical properties of employed catalysts are shown in Table 1. The silicabase treatment enhanced the external surface area without reducing the Brønsted acid
sites of MFI zeolite. The Si/Al2 ratios and amounts of Brønsted acid sites on SB-MFI and
*BEA were on similar level.
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As shown in Figure. 1 (A), the conversions of both PP and cyclooctane in the blank test
were negligible. The MFI zeolite showed a considerable conversion of PP in cyclooctane.
The SB-MFI showed a higher conversion, attributable to the increased external surface
area. The combination of cyclooctane solvent and MFI-based catalyst (MFI or SB-MFI)
resulted in the high PP conversion and low solvent (cyclooctane) conversion. The main
products were C3−20 aliphatic and monocyclic aromatic hydrocarbons, but the selectivity
did not reach 100 %, because there were about 40 % of compounds undetectable by GC
(presumably >C28 hydrocarbons) in the liquid products. The combination of cyclooctane
with *BEA and ASA resulted in high solvent conversion and low PP conversion, as well as
the combination of hexadecane (n-cetane) and SB-MFI. Both PP (kinetic diameter 0.50 nm
on the assumption that PP is a monomethyl-branched alkane) and hexadecane (0.40 nm)
should penetrate into the micropores of MFI (0.56 nm), while cyclooctane (0.60 nm) cannot,
telling us that only the molecules penetrating into the micropores were converted. The pore
sizes of *BEA (0.73 nm) and ASA (3.6 nm) are larger than both of PP and cyclooctane,
explaining that both were reactive on *BEA and ASA. Thus, it was observed that there is
shape selectivity of the reactants, indicating that the reaction proceeds in the micropore.
Therefore, the increase in activity due to the increase in the external surface area can be
attributed to the increase in the number of micropore entrances accessible to PP. In the
conditions where only PP penetrated into the pores, the PP conversion was high, and the
undesired reaction of solvent was suppressed. In view of the above, most of the solvent is
recovered in this process and that it can selectively promote the decomposition of PP.
As shown in Figure. 1 (B), the increase of catalyst amount or elevation of reaction
temperature enhanced the PP conversion with keeping the low solvent conversion in the
combination of SB-MFI and cyclooctane. With 0.05 g of catalyst at 723 K, most of PP was
converted into C3−20 aliphatic and monocyclic aromatic hydrocarbons, which are useful as

Table 1. Physic-chemical properties of each catalyst.

Figure 1. Conversion and selectivity observed with different combinations of catalyst (0.05 g) and solvent at 673 K (A), and those on
SB-MFI catalyst in cyclooctane solvent under different conditions. [PP conversion] = 1−{[weight of recovered solid]−[weight of
catalyst]}/{[weight of loaded PP]− [weight of catalyst]}, [solvent conversion] = 1−[amount of solvent recovered and quantified by
GC]/[amount of loaded solvent], [selectivity of a product] = [amount of C atoms in the discussed product recovered and quantified by
GC]/[amount of C-atoms in the converted hydrocarbons (PP and solvent)]

287

fuels and chemical feedstocks; PP conversion = 84%, C3−20 aliphatic and monocyclic
aromatic hydrocarbons total selectivity = 79 %.

Conclusions
The combination of a zeolite catalyst with small pores and bulky solvent molecules lead to
the selective pyrolysis of PP into C3−20 aliphatic and monocyclic aromatic hydrocarbons.
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Isobutane/butene alkylation is an important refinery process for producing high-octane
gasoline components (trimethylpentane isomers), in which highly caustic liquid acids
(H2SO4 and HF) are still predominantly used as catalysts. Zeolites are promising solid acid
alternatives to such liquid acids, but suffer from fast deactivation owing to the formation of
bulky carbonaceous deposits within the micropores. In the present study, a series of BEA
zeolites with different secondary pore structures were synthesized to investigate the effects
of facilitated molecular transport on trimethylpentane selectivity and catalyst deactivation
via coke formation [1]. The solely microporous BEA zeolite (MZ) was synthesized using
TEAOH as a structure-directing agent (SDA) and colloidal silica as the silica precursor.
Electron microscopy studies revealed that MZ was composed of bulk zeolite crystallites
with particle sizes of 300–800 nm (Figures 1a and e). The BEA zeolite with bimodal micro/mesoporosity (2MZ) was synthesized using cyclic diammonium molecule (CD) as an SDA
288

and colloidal silica as a silica precursor. We previously reported that CD molecules with
suppressed conformational freedom and multiple ammonium groups can strongly interact
with anionic silicate species and instantaneously form a mesoporous organic-inorganic
hybrid gel with a very similar composition to that of the final BEA zeolite [2]. Such a gel,
which is similar to the final crystalline product both compositionally and structurally, but
lacks long-range order, can be considered a pre-crystalline phase. Therefore, the gel can
be rapidly transformed into a crystalline BEA zeolite without significant morphological
changes, while maintaining the initial gel-like mesoporous structure. Electron microscopy
images (Figures 1b and f) indicated that 2MZ consists of 15–25 nm zeolite crystallites and
contains substantial intercrystalline mesoporosity. The BEA zeolite with trimodal micro/meso-/macroporosity (3MZ) was synthesized using CD as an SDA and diatomaceous
earth (kieselguhr) as a major inorganic source. Diatomaceous earth is a naturally occurring
amorphous siliceous sedimentary rock (fossilized remains of diatoms) with an intrinsic
macroporous structure (Figures 1d and h). The zeolite nuclei were initially formed on the
surface of the macropores, where CD and silicates dissolved from the diatomaceous earth
could efficiently contact. With increased crystallization time, the framework of the
diatomaceous earth was fully converted to crystalline zeolite while the original
macroporosity was maintained (Figure 1c). TEM images indicated that 3MZ was also
composed of 15–25 nm zeolite crystallites, as in the case of 2MZ, and thus contained a
substantial amount of intercrystalline mesoporosity (Figure 1g).

Figure 1. (a–d) SEM and (e–h) TEM images of (a, e) MZ, (b, f) 2MZ, (c, g) 3MZ, and (d, h) diatomaceous earth.

Catalytic results showed that the 3MZ catalyst containing trimodal micro-/meso/macroporosity exhibited significantly enhanced selectivity to trimethylpentane and catalytic
lifetime (Figure 2c), compared to the other zeolite catalysts (Figures 2a and b). The highly
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promising catalytic properties of this zeolite could be attributed to enhanced diffusion of the
hydride donor (e.g., isobutane) and bulky alkylate products to or from the zeolite
micropores owing to the hierarchical pore structure (Figure 2d). Upon supporting Pt, all
zeolite catalysts could be efficiently regenerated by hydrocracking of coke species as long
as they were regenerated before heavy coke formation. The hierarchical BEA zeolite with
trimodal porosity required four times less frequent regeneration than an ordinary BEA
zeolite and commercially used LaX catalyst containing only micropores. The remarkable
catalytic performance of the hierarchical BEA zeolite will greatly contribute to the reduction
of the operating costs of solid-acid-based alkylation processes.

Figure 2. Conversion of 2-butene (dotted line) and yields of various hydrocarbons with respect to 2-butene
(stacked area graph), as a function of the reaction time during isobutane/2-butene alkylation: a) MZ, b) 2MZ, and
c) 3MZ. d) Kinetics of 2,2,4-TMP adsorption to BEA zeolite samples at 348 K.
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The development of intracrystalline mesoporosity within zeolites has been a long-standing
goal in catalysis as it significantly contributes to alleviating the diffusion limitations of these
microporous materials.[1] In the last years, our group has described the surfactanttemplating in zeolites, which allows for the introduction of tailored mesoporosity within a
given zeolite, while broadly preserving its key properties such as strong acidity, crystallinity,
and hydrothermal stability, Figure 1.[2] Moreover, we have recently reported
unprecedented insights on the formation of intracrystalline mesoporosity in zeolites by
surfactant-templating obtained by combining in situ synchrotron X-ray diffraction, Liquid
Cell Transmission Electron Microscopy (Liq-TEM) and Atomic Force Microscopy, and
Raman Microscopy.[3]
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Figure 1. Textural, structural and morphology characterization of the surfactant-templating process in FAU zeolite.

In this communication, we present the application of these novel materials in the
transformation of a number of bulky molecules. First, our hierarchical zeolites were
successfully tested in petrochemical related processes,[4] showing enhanced activity and
selectivity for the first cracking products (Figure 1A). Second, we tested them in fine
chemistry related processes where surfactant-templated zeolites shows activity in the
production of steroidal analogs and indole scaffolds, which are very interesting
intermediates for pharmacological applications (Figure 1B).[5] Finally, we will present new
data on the use of the hierarchical zeolites as basic catalysts and as nanoparticles
supports.[6] In all the examples studied, surfactant-templated USY zeolites are both more
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active and selective than conventional zeolites (CBV720) for the transformation of bulky
molecules, due to their improved accessibility.

A

B
Friedel-Crafts
alkylation

Aldol condensation

O

USY
MesoUSY

80

A

25

CBV 720
Meso USY
Al-MCM-41
Amberlyst

N
H

20

60
-1

TOF (h )

1,3,5-TIPB Conversion (%)
Selectivity to 1,3-DIPB (%)

100

40
20

O

15
10
HO

5
0

0
0

10

20

30

40

50

60

70

a)

b)

Time on stream (min)
Figure 2. (left) Catalytic performance of surfactant-templated FAU for the catalytic cracking of 1,3,5-TIPB and (right)
Catalytic activity of surfactant-templated FAU in Friedel-Crafts alkylation and aldol condensation reactions using bulky
reagents.
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1. Introduction
Currently, the synthesis of catalysts based on zeolites and metals such as Ni and Mo is
carried out mostly by classic wet methods such as sol-gel and impregnation hence
consuming large amounts of solvents, structuring agents, and acids and bases. In addition,
for Ni and Mo, the amounts of metal are high, e.g., 3.2 and 17.5 wt.% of Ni and Mo in
hydrotreating catalysts, respectively. Also, the application of micro-mesoporous zeolites in
catalysis is still in its wake. Therefore, in this work, we present two alternatives for the
synthesis and use of Ni and Ni-MoS2 phases supported on micro-mesoporous zeolites. The
first alternative was the synthesis of Ni-MoS2 catalysts by means of mechanochemical
impregnation over a microporous and over a micro-mesoporous H+-ZSM-5 zeolite. Where
the synthesis of the microporous zeolite was also synthesized by a mechanochemical
route. The second alternative was the synthesis of a monometallic Ni/ H+-Y catalyst with a
low loading of Ni and whose impregnation was based on an analysis of the unit operations
involved in the process. The target of the analysis was to find specific conditions for each
unit operation that could avoid the formation of inactive NiAl2O4 during synthesis and also
to produce homogeneously distributed metallic Ni nanoparticles that can withstand the
hydrogen sulfide environment of hydrodesulfurization reaction [1]. Hydrodesulfurization
reactions were chosen as model tests for showing the advantages of the aforementioned
synthesis alternatives since, on the one hand, micro-mesoporous zeolites would allow the
removal of sulfur from large molecular structures by allowing them to reach the active sites
of the catalyst [2]. Furthermore, their Brönsted acidity would also promote hydrogenation,
cracking, and isomerization reaction that confer flexibility to very refractory and sterically
hindered alkyl-substituted α,β-dibenzothiophene type structures [3] which are targeted for
the production of cleaner fuels for trucks and ships.

2. Experimental
For impregnating Ni (0.5 wt.%), a systematic analysis of the unit operations involved in
every impregnation stage was made targeting those conditions that favor the formation of
nanoparticles with a homogeneous particle size distribution and chemically attached to the
hydroxyls available at the surface of the zeolites. A process flowsheet was developed and
followed after adapting the required procedures for each one of the zeolitic supports;
namely, one microporous H+-Y zeolite (Aldrich, Si/Al ~ 2.6) and one micro-mesoporous H+Y zeolite. The latter was produced after adapting the method developed by the group of
García-Martínez [4].
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On the other hand, Ni-MoS2 based catalysts were produced by the mechanochemical
route. First, ZSM-5 type zeolites were produced mechanochemically ball milling of fumed
silica, sodium silicate, aluminum sulfate and a seed. Afterward, the produced solid mixture
was submitted to hydrothermal treatment at 180 ºC for 24 h. The produced zeolites were
further milled with appropriate amounts of Mo and Ni to obtain 3.2 and 17.5 wt.% of Ni and
Mo, respectively. Both microporous and meso-microporous ZSM-5 were used for producing
these catalysts.
Both sets of catalysts were tested in the hydrodesulfurization of dibenzothiophene in a
fixed-bed reactor at 300 °C and 5 MPa of H2. The Ni/H+-Y catalysts were activated by
reduction with hydrogen for 4 h at 400 °C. Meanwhile, Ni-MoS2 was produced by reductionsulfidation of the corresponding oxidic precursors under a 100 mL/min flow of a mixture of
85% hydrogen and 15% hydrogen sulfide.
The metallic loading, morphology, porosity, surface area, acidity, and crystallinity of the
catalysts were assessed by atomic absorption, SEM-EDS, Ar physisorption, FTIR analysis
of adsorbed pyridine, XRD, respectively.

3. Results
Ni-MoS2/ZSM-5
The mechanochemical impregnation of Ni and Mo did not damage the structure of the
zeolite, Figures 1a y 1b, and succesfully incorporated the nominal loadings of the metals
to the supports (atomic absorption data not presented). The synthesis led to the production
of MoO3, nickel molybdate, and nickel aluminate, see X-ray diffraction patterns, Figure 1b.
Agglomerates of these phases were observed during SEM-EDS examination (results not
presented). The preformance of these catalysts during hydrodesulfurization was at the
same level as the one found for a wet impregnated benchmark, Figures 1c and 1d.
Furthermore, the mechanochemically synthesized catalysts were simmultaneously able to
perform hydrocracking reactions without experiencing deactivation. In this regard, the use
of the micro-mesoporous support led to lower hydrocracking hence suggesting a decrease
in acidity. Acidity tests are currently under development to test the latter hypothesis.

Figure 1 – Results of the second case study. a) Ar adsorption-desorption isotherms for NiMo/ZSM-5 catalysts
with micro- and micro-mesoporous zeolites, b) XRD patterns of synthesized and impregnated microporous
ZSM-5 zeolite, c) DBT conversion using the synthesized catalysts and d) Product selectivity using different
catalysts. NiMo(M): mechanochemical impregnation and NiMo(H): wet impregnation.
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Ni/H+-Y
As observed in Figure 2a, mesopores were succesfully introduced into the structure of H+Y by following the method of García-Martínez [4] and the loading of Ni to the support did
not affect the porosity of the supports. The produced catalysts were active and reached
stability in the model reaction, Figure 2b, with a strong tendency to hydrogenation, Figure
2c. As far as we know, this is the first work to report Ni based catalysts being active and
stable for the hydrotreating of dibenzothiophene structures. Indeed, previous works have
shown that Ni is able to hydrotreat tiophene, a much more reactive molecule, but at 370°C
which is a very high temperature for hydrotreating processes [5]. On the other hand, it was
found that the incorporation of mesopores into the zeolite structure increased
dibenzthiophene conversion, probably due to the decrease in transfer restrictions in the
reduced pores of the zeolites. In addition, in Figure 2c, the influence of the type of acidity
of the support is observed, where the alumina, which has mainly Lewis acid sites, promotes
the direct desulfurization route and the zeolites, with mainly Brönsted acidity, promote the
hydrogenation route and the cracking and isomerization of DBT to alkyl-substituted DBT.
Finally, the catalytic activity of the catalyst impregnated by conventional wet impregnation
was 18% lower than the one impregnated by the unit operations rationale method
developed herein.

Figure 2 – Results of the first case study. A) Ar adsorption-desorption isotherms for Ni/HY catalysts with microand micro-mesoporous zeolites, B) DBT conversion using the synthesized catalysts and C) Product selectivity
using different catalysts. Ni/HY-M* correspond to zeolites impregnated with wet impregnation.

Conclusions
The feasibility of using micro- and micro-mesoporous zeolites was evidenced in alternatives
that allow reducing the use of raw materials, reducing polluting gas emissions and the use
of solvents in the synthesis of catalysts. Specifically, the mechanochemical impregnation of
zeolites and the use of Ni as an active phase in hydrodesulfurization reactions are
promising branches of study for an industrial application.
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HYDROGENATION REACTIONS OVER PT NANOPARTICLES CONFINED IN MFI
ZEOLITE
M. Zaarour, F. Almukhtar, Jurjen Cazemier J. C. Navarro de Miguel, J. Ruiz-Martinez*
King Abdullah University of Science and Technology, KAUST Catalysis Center (KCC),
Catalysis Nanomaterials and Spectroscopy (CNS), Thuwal 23955, Saudi Arabia
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Confining metal nanoparticles (NPs) within zeolites can be an efficient method to
induce inter- and intra-molecular selectivity in various hydrogenations reactions [1].
Additionally, confining the hydrogenation function in the zeolite architecture can have
benefits on avoiding metal sintering and poisoning. In short, restricting the diffusion of
molecules into the zeolite micropores to those with smaller diameters than the aperture
blocks large poisons and can promote inter-molecular selectivity. Furthermore, zeolitesubstrate interaction can favor the adsorption of multi-substituted compounds via a
specific conformation, thus enhancing intra-molecular selectivity. Finally, the zeolite limited
internal spaces ensure the spatial separation of NPs and restrict sintering. Despite these
advantages, reactions performed over confined catalysts might suffer from pore diffusion
limitations. Post-synthetic treatments such as hierarchization are used to facilitate the
diffusional pathway of molecules, which results into more efficient use of the
hydrogenation active sites. Unfortunately, such treatment increases the preparation steps
and the cost of the catalyst.
In this contribution, we present moderate temperature crystallization as a
straightforward method to reduce the diffusion pathways without post-synthetic treatments.
The catalyst prepared at 100 C (Pt@S-S-1) demonstrates faster conversions than catalyst
prepared at standard conditions (170 C, Pt@L-S-1) whilst preserving the high intermolecular and intra-molecular selectivity.
Pt NPs are confined in Silicalite-1 crystals following an in-situ synthetic approach.
Ellipsoidal small zeolite crystals (220x150 nm) confining 0.47 Pt wt% (Pt@S-S-1) and
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elongated large octahedral crystals (400x250 nm) confining 0.32 Pt wt% (Pt@L-S-1) were
prepared at 100 C and 170 C, respectively. The catalysts were characterized by XRD,
BET, ICP, and TEM.
The size/shape discrimination of the catalysts was evaluated by the hydrogenation of
linear, cyclic, and bulker alkenes and benchmarked against Pt NPs supported on SiO2
(Pt/SiO2). The intramolecular selective hydrogenation of one functional group in multisubstituted compounds was evaluated by hydrogenating various styrene derivatives,
nitrobenzene derivatives, and cinnamaldehyde, an unsaturated aldehyde.
Pt@S-S-1 and Pt@L-S-1 hydrogenate alkenes with diameter smaller than the MFI
aperture size, meanwhile no conversion was observed for larger molecules (examples in
Figure 1). This behavior is absent for the non-encapsulated Pt/SiO2, converting all alkenes
regardless of their size and geometry. This finding highlights the importance of
confinement in promoting selectivity. A deeper look reveals faster conversions over Pt@SS-1 than Pt@L-S-1 owing to the shorter diffusion pathways.

Figure 22. Hydrogenation of alkenes with various sizes and geometries. Reaction conditions: substrate (0.5 mmol),
Pt/SiO2 (1% Pt, 11.75mg), Pt@S-S-1 (25 mg), Pt@L-S-1 (25 mg) EtOH (6 ml), H2 (10 bar), t = 24h, T = 80 C.

In addition to inter-molecular selectivity, the confined catalysts demonstrate high intramolecular selectivity for the hydrogenation of styrene and nitrobenzene derivatives, due to
the preferential adsorption of the substrates through one functional group. In the case of 3nitrostyrene, 85% selectivity towards the formation of 3-vinylaniline was achieved over the
confined catalysts, meanwhile a low selectivity (< 25%) was measured over the supported
catalyst (Figure 2); this selectivity decreased progressively throughout the reaction
reaching 6% at full conversion. Interestingly, a clear contrast in the conversion rates over
the confined catalysts was revealed by in-situ FTIR and GC analyses, in agreement with
the observations from the hydrogenation of alkenes.
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Figure 2. Plots of (a) 3-nitrostyrene conversion versus time and (b) selectivity to -NO2 hydrogenation versus
conversion. Reaction conditions: 3-nitrostyrene (1 mmol), Pt/SiO2 (1% Pt, 11.75mg), Pt@L-S-1 (25 mg), Pt@S-S-1 (25
mg) toluene (6 ml), H2 (10 bar), RT.

The confined catalysts were further tested for the hydrogenation of cinnamaldehyde,
an α-unsaturated aldehyde. An unprecedented full selectivity to the C=C hydrogenation
over confined Pt catalyst was achieved over both Pt@S-S-1 and Pt@L-S-1 even at very
high conversions (tested up to 88%). Expectedly, the supported catalyst experienced a
lower selectivity ranging between 80-91% (Figure 3).
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Figure 3. Plots of (a) cinnamaldehyde conversion versus time and (b) selectivity to C=C hydrogenation versus
conversion. Reaction conditions: cinnamaldehyde (0.45 mmol), Pt/SiO2 (1% Pt, 144.6 mg), Pt@L-S-1 (331 mg), Pt@SS-1 (293.2 mg), H2 (10 bar), T = 100 °C.

Reducing the crystallization temperature of Pt@S-1 results in a confined catalyst with
shorter diffusion pathways. The catalyst prepared at lower temperature demonstrates
faster conversions meanwhile preserving the high intermolecular and intramolecular
selectivity.
[1] M. Zaarour, J. Cazemier, J. Ruiz-Martínez, Catal. Sci. Technol. 10, 8140 (2020).

O04.29. METHYLATION OF NAPHTHALENE RING CATALYZED BY DEALUMINATED
YNU-5 TYPE ZEOLITE
Y. Moriwaki, M. Fukui, M. Matsuo, S. Suganuma, E. Tsuji, N. Katada
Center for Research on Green Sustainable Chemistry, Tottori University, 4-101 Koyamacho Minami, Tottori 680-8552, Japan.
yu.mrwk0526@gmail.com

Such a 12-ring zeolite as *BEA has catalytic activity for alkylation and transalkylation of
naphthalene ring. A novel YNU-5 zeolite in YFI topology with 12- and 8-rings and strong
Brønsted acidity showed activity for methylation of naphthalene with methanol and
isomerization of 2-methylnaphthalene. The activity for methylation of naphthalene with
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methanol on YFI was significantly enhanced by dealumination, suggesting that the low
Brønsted acid site density contributed to suppress a side reaction, oligomerization of
methanol resulting in the promotion of methylation of naphthalene. Even after
dealumination, quick degradation was observed, suggesting coverage of Brønsted acid
sites due to oligomerization of methanol in the 8-ring where naphthalene did not penetrate.
In contrast, the activity for isomerization of 2-methylnaphthalene, which could penetrate into
only the 12-ring, on YFI was high and comparable to that on *BEA, and relatively stable.

Introduction
Finding a solid acid catalyst for alkylation / transalkylation of naphthalene ring should open
a way for use of naphthalene as a chemical platform. YNU-5 zeolite with YFI framework
topology consisting of 12- and 8-rings was newly synthesized by Kubota et al. [1], and
catalytic activities have been found [2,3]. We found strong Brønsted acid sites accessible
from the 12-ring [4]. Here we investigate the catalytic functions for alkylation /
transalkylation of naphthalene ring on solid acid catalysts, mainly 12-ring zeolites including
YFI.

Methods

YFI type zeolite (Si / Al2 = 19) was synthesized, calcined and ion exchanged as previously
reported [1]. The calcined YFI type zeolite was dealuminized in 1 mol dm−3 nitric acid under
refluxing [5]. The thus obtained deAl YFI had Si/Al2 = 66. In addition, various catalysts listed
in Table 1 were employed. In a 10 mm i.d. glass tube, 0.1 g of the catalyst was pretreated
at 773 K for 1 h in a N2 stream. To perform methylation of naphthalene, a solution of
naphthalene : methanol : mesitylene with molar ratio 1 : 4 : 4 was fed at 5.64 × 10−4
molnaphthalene h−1 and 673 K. Isomerization of 2-methylnaphthalene was also carried out at
673 K with a solution of 2-methylnaphthalene : cyclooctane possessing molar ratio 5 : 1 at
3.55 × 10−3 mol2-methylnaphthalene h−1. In both reactions, the products were collected at 273 K in
4-methylhydropyran, and analyzed by a gas chromatograph equipped with a hydrogen
flame ionization detector using internal standard method.
Table 1. Properties of examined catalysts

ΔH*1

Amount
Name

Origin

Si/Al2

Pore diameter
/ nm

of Brønsted acid sites*2
/ mol kg−1

/ kJ mol−1

MFI

EX122, Mizusawa Industrial
Chemicals

30

0.47*3 (10-ring)

0.72

142

*BEA

HSZ-930NHA, Tosoh

28

0.60*3 (12-ring)

0.83

137
299

MOR

JRC-HM20 (5), Catalysis
Society of Japan

20

0.65*3 (12-ring)

0.51*4

134*4

YFI

Home-made1

19

0.62*3 (12-ring)

1.11

144

deAl YFI

Home-made

66

0.62*3 (12-ring)

0.44

151

ASA (amorphous
silica-alumina)

N-631L, JGC Catalysts &
Chemicals

11

3*5

0.17

130

*1 Enthalpy of ammonia desorption, averaged value. *2 Determined by ammonia IRMS-TPD. *3 Maximum diameter of
sphere that can diffuse [6]. *4 Values of 12-ring; values in 12- and 8-rings are individually measurable on MOR [7]. *5
BJH method from N2 adsorption at 77 K, averaged value.

Results and discussion
As shown in Table 1, MFI had micropores obviously smaller than naphthalene ring (0.85
nm×0.65 nm in van der Waals scale). The Brønsted acid amount was exceptionally small
on ASA. The Brønsted acid strength is estimated from ΔH as ASA < MOR (12-ring) < *BEA
< MFI < YFI < deAl-YFI.
As shown in Figure 1, *BEA revealed relatively high activity, suggesting that moderate
Brønsted acid sies in the 12-ring of *BEA were responsible for the reaction. The deAl YFI
showed high activity on the initial stage of time on stream, but was quickly deactivated,
suggesting carbonaceous formation caused by the strong Brønsted acid sites in the 8-ring.
YFI (parent) showed low activity even at the initial stage of time on stream, presumably due
to quite fast deactivation. MOR and ASA showed low activities probably due to the weak
Brønsted acidity, while MFI showed negligible activity presumably due to the small pore
size.
Figure 2 shows the selectivity. It is noteworthy that the sum of selectivities of methylated
naphthalenes was only 35% on *BEA, whereas more than half of products was not
detected by GC. The 2-methylnaphthalene selectivity was high on zeolites due to shapeselectivity.
The conversion of 2-methylnaphthalene in the isomerization of 2-methylnapthalene is
shown in Figure 3. Mainly isomerization occurred to yield 1-methylnaphthalene with small
amount of naphthalene and dimethylnaphthalenes (DMN) due to disproportionation, as
shown in Figure 4. Slow catalyst degradation observed on both *BEA and deAl YFI indicate
that the YFI type zeolite was active for the alkylation / transalkylation of nap
hthalene, and the oligomerization of methanol in the 8-ring was one of the reasons for the
rapid catalyst degradation in the naphthalene methylation on YFI.
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Figure 1.
Time course of naphthalene
conversion in naphthalene methylation.

Figure 3. Time course of 2-methylnaphthalene
conversion in 2-methylnaphthalene isomerization.

Figure 2. Conversion and selectivity in naphthalene
methylation in first 30 min of time on stream.

Figure 4. Conversion and selectivity in 2-methylnaphthalene
isomerization in first 30 min of time on stream.
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Chemical and Environmental Engineering Group, Rey Juan Carlos University
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Renewable hydrogen is a key solution for the decarbonisation of the economy and the
elimination of dependence on fossil fuels, being also an essential factor in the recently
announced recovery instrument of the Next Generation EU plan. In Spain, the promotion of
renewable hydrogen production is expressly included in the National Integrated Energy and
Climate Plan (PNIEC, 2021-2030), the Climate Change and Energy Transition Law (2020)
for the promotion of renewable gases to reduce specific emissions in the transport sector,
and the Long-Term Decarbonisation Strategy 2050.
There are different routes to obtain hydrogen, but unfortunately, most of the hydrogen
consumed in Spain (close to 500.000 ton/year) is mainly produced by natural gas steam
reforming with net CO2 generation, being necessary a shift to technologies that do not emit
CO2, without dependency on fossil fuels and allow obtaining clean hydrogen. Green
hydrogen can be obtained by electrolysis of water, using renewable energy as a source of
electricity with zero CO2 emissions. Hydrogen can be also obtained from water through
thermochemical and photochemical processes, which are less developed than electrolysis,
but they also ensure obtaining green hydrogen from water, using renewable energy and
with zero CO2 emissions. Among the different renewable pathways to obtain H2, water
splitting by thermochemical cycles using concentrated solar energy is the most direct and
cleanest method [1]. In a two-step thermochemical cycle, the metal oxide is thermally
reduced at high temperature, releasing O2 (R1). In a second step, the reduced solid reacts
with H2O vapour, reoxidizing the solid and producing H2
(R2).
MeOy → MeOy-α + α/2 O2
(R1)
MeOy-α + α H2O → MeOy + α H2
(R2)
There are different metal oxides proposed in the literature
for this application. Ceria (CeO2) has been considered the state-of-art material for water
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splitting by thermochemical cycles, however this material requires a very high operational
temperature (ca. 1500 ºC). Doped CeO2 and ferrites (Fe3O4) have been also tested
decreasing the temperatures to 1300-1500 ºC [2]. In any case, the high temperature
required for the reduction step implies several limitations regarding to the stability of solar
reactor construction materials, or sintering problems of the active metal oxides leading to
lack of long-term stability. Considering the above-mentioned problems, it is mandatory to
find new materials than can be thermally reduced at lower temperatures without decreasing
the hydrogen production.
In the last decades, non-stoichiometric perovskite oxides have proven to be interesting
materials for thermochemical water splitting due to their remarkable redox properties.
Perovskites (Figure 1) are oxides with ABO3 or A2BO4 type structures (A: large cation, such
as La or Sr; B: smaller cation, such as Co, Ni, Fe or Cu) that allow modification of their
structural framework, partially substituting A and B cations by another metals creating
oxygen vacancies that improve the redox properties [3].
In a previous work, we presented a perovskite (La0.8Al0.2NiO3-δ) capable to produce
hydrogen in isothermal thermochemical water splitting processes at temperatures down to
800 ºC, with a remarkable H2 productivity (4.4 cm3 STP /gmaterial·cycle) and remarkable
stability in several consecutive cycles [4]. Other perovskites, such as Ca-based materials
La1-xCaxCoO3 have shown impressive oxygen conductivity and exchange capacity [5], and
some of this family of perovskites were tested for hydrogen production with a significant
influence of the Ca content on the oxygen and hydrogen productions [6]. In view of these
results, this work reports the evaluation of a new La0.8Ca0.2NiO3-∂ perovskite obtained by a
modified Pechini method, using nitrates as metal sources, as material for H2 production by
two steps thermochemical water splitting at different reduction temperatures (1400, 1200,
1000 and 800 ºC) and at oxidation temperature of 800 ºC. The process was performed at
laboratory scale in a high temperature tubular furnace coupled to a H2/O2 gas analyzer and
the stability of this material was evaluated in five consecutive cycles tests. The synthesized
perovskite was characterized by ICP-AES to confirm that the synthesis was successful,
getting in this case the material with the theorical chemical composition. The crystallinity
and the structure of the perovskite were analyzed by XRD before and after the cycles,
using Rietveld method to study impurities and/or crystalline phase changes. Also, the
morphology of the material was studied by Scanning Electron Microscopy (SEM), which
allows to detect sintering or segregation phenomena after five consecutive cycles and
correlate with the change of activity of this material during the cycles.
Figure 2a shows the results for H2 and O2 production during five consecutive cycles. This
material presents a stable H2 and O2 production during the cycles performed at reduction
temperatures in the range between 800 ºC and 1200 ºC with a H2/O2 molar ratio close to 2,
in agreement with the stoichiometry of the overall process. However, when the reduction
was performed at 1400 ºC the material suffered an important loss of activity as
consequence of the degradation of the material at this temperature. XRD analysis revealed
a damage in the initial perovskite structure after thermochemical cycles reaching
temperatures from 1000 ºC to 1400 ºC (Figure 2b). However, only in the last case it has
influence in the hydrogen and oxygen production during the five consecutive cycles. This
could be related to the crystalline phase change, from orthorhombic phase corresponding
to the starting material to a final material with tetragonal and hexagonal mixed phases, at
increasing temperatures of 1200 and 1400 °C. Nevertheless, it should be remarked that
reduction temperatures of 1000 and 1200 ºC allow a stable hydrogen production even after
the evolution of the structure of the initial perovskite.
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Figure 2 – a) H2 and O2 production during thermochemical water splitting with the studied perovskite. Thermal
reduction at 800, 1000, 1200 and 1400 ºC and hydrolysis at 800 ºC in five consecutive cycles. b) XRD patterns of
the initial perovskite and after five consecutive cycles at different reduction temperature

Among the different conditions evaluated, the perovskite exhibited the higher activity in
terms of H2 production (11.5 cm3 STP/gmaterial·cycle) when the reduction was performed at
1200 ºC. Additionally, it should be remarked that the activity of the perovskite in terms of H2
production at a temperature of 800 ºC (isothermal conditions) is similar, or even higher,
than that reported in literature for other perovskites which usually require 1200-1400 ºC for
the reduction step [1]. In this case, the perovskite retains its initial structure over the cycles
(Figure 2b). Reduction temperatures of 1000 or even 800 ºC make possible combining
these systems with current solar thermal facilities based on solar power tower technologies
and other concentrated solar power technologies like parabolic dishes, facilitating a future
scaling up of the process to an industrial scale application based on these type of
perovskite materials conformed in macroscopic structures.
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Zeolite templated carbons (ZTCs) are a new class of carbon materials that are growing in
attention with a wide range of applications both in the field of storage and also of energy
conversion, because of their peculiar characteristics [1]. In particular, ZTCs present a 3D
microporous carbon nanostructure with a high surface area, high conductivity and chemical
stability, features that make these materials ideal candidates as electrocatalysts for the
CO2 reduction reaction (CO2RR). Moreover, the high amount of oxygen on the ZTC surface
could represent another important aspect to take into account, considering that the nature
and the amount of C-O bond can influence the surface polarity, the conductivity, and in turn
the electrocatalytic behaviour consequently.
We report here the synthesis of a ZTCs, using two different Na-BEA zeolites, through
Chemical Vapour Depositions using ethylene as a carbon source at high temperature
(ZTC_01 and ZTC_02). The nature and the amount of the oxygen functionalities on the
ZTCs surface were modified by a combination of chemical (sodium borohydride - NaBH4)
and thermal treatment and their effect was studied by a depth characterization using
multiple techniques as X ray diffractions (XRD), N2 adsorption, Thermo gravimetric analysis
(TGA/DTA), FT-IR spectroscopy, photoelectron spectroscopy (XPS), Raman spectroscopy
and SEM/EDS analysis. The analysis of BET results revealed a progressive reduction of
the surface area as the effect of post- synthesis treatment, while the reduction of oxygen
functionalities was observed from FT-IR spectra. Data obtained from Raman spectroscopy,
taken into account the ID/IG ratio, evidenced an increasing trend of order degree for both
treated rZTC_01 and rZTC_02 samples highlighting the conversion of the amorphous
phase into a “graphene-like” ordered one [2]. A more in depth analysis was also performed
through the study of the additional contribution of Dʹ, D ʺ and D* bands, obtained by
deconvolution of Raman spectra. Following the combined annealing/NaBH4 treatment, an
increase of the intensity of D* band contribution, generated by the vibration of carbon sp3
atoms that were restricted by oxygen-containing groups, was observed evidencing an
enhancement of the sp3 carbons (Figure 1). Moreover, the analysis of ID*/IG and IDʺ /IG
ratios allowed to provide further information regarding the degree of reduction and
crystallinity induced by the post-synthesis treatment.
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Moreover, the Faradaic efficiency was quadrupled in comparison with the untreated ZTCs
samples, confirming a clear correlation of the catalyst performance with the structural order
and the presence of oxygenated groups on ZTCs. These results allow us to confirm that the
surface modified ZTCs could be promising materials for the CO2 electrocatalytic reduction
processes, opening new perspectives for the application of Zeolite Templated Carbon
ordered nano-structures.
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The ability of beta zeolite to form binuclear iron centers efficient in activation of O2 or N2O
with the formation of active oxygen (α-oxygen) species, so far predicted by DFT
calculations, was confirmed experimentally for the first time by the results from in-situ
Mössbauer, FTIR spectroscopies and activity tests. Iron centers were introduced into the
Al-rich beta matrix to maximize the concentration of binuclear centers. The outstanding
oxidation properties of α-oxygen species formed as a result of the splitting of O2 over
binuclear iron centers in beta zeolite were proved in methane oxidation as a model
reaction. Moreover, methanol was detected in the gas stream as the main product of this
reaction by FTIR spectroscopy and mass spectrometry. This finding is a strong point in the
discussion on the mechanism of methanol formation and release from transition metal ion
active sites in zeolites. Moreover, the catalytic system was stable in three consecutive
reaction cycles.
Introduction:
Recent study showed that binuclear Fe(II) centers
in zeolite of FER topology exhibit the unique
ability to split molecular oxygen with the formation
of α-oxygen species (denoted as Fe(III)-O●- or
Fe(IV)=O). Formed α-oxygen possesses an
outstanding activity in the oxidation of such inert
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molecule as methane already at room temperature.[1] Oxidation of methane with molecular
oxygen represents an issue of paramount economic and environmental importance.
Moreover, the main product of this reaction, methanol, was detected in the gas stream
without additional extraction step, which can be considered as an undeniable advantage of
this catalytic system. The binuclear Fe(II) centers in FER consist of a pair of transition
metal cations in the distance of ca. 7 Å, stabilized in cationic sites of a zeolitic matrix and
facing each other (Fig. 1A). The cooperation of two close Fe(II) species in the four-electron
redox cycle (Fe(II)/Fe(IV)) enables them to catalyse multi-electron processes. However, to
form binuclear centers in the zeolitic matrix, a high population of closely located Al atoms
(Al pairs), which stabilize divalent cations is required, as well as a planar geometry of the
cationic site, and proper vicinity between the sites. [2] These structural conditions are met
for the beta zeolite (Fig. 1B). Application of Al-rich beta guarantees a high population of Al
pairs, enhancing the formation of binuclear centers, and performance in O2 activation
followed by CH4 transformation to value added products. The aim of this study was to
investigate the possibility of the binuclear Fe(II) centers formation in Al-rich beta zeolite,
and their performance in O2 splitting, and oxidation of CH4.
Experimental:
DFT calculation was applied to calculate the geometry of the active centers and energy of
O2 splitting over binuclear Fe(II) centers in the beta zeolite. Al-rich beta zeolite (Si/Al 4.5)
was synthesized with the template-free procedure [3], and characterized by XRD, SEM,
and 27Al MAS NMR. In order to study Al distribution in the beta zeolite sample, the
methodology based on ion exchange to Co(II) hexa-aqua complex was applied. [4] 1 wt%
of Fe(II) cations were introduced into the beta zeolite sample by the impregnation with
acetylacetonate solution of FeCl3, which guarantees the preferential exchange of cations
into the β cationic position, and results in the formation of binuclear Fe(II) centers already at
low iron loadings. Mössbauer spectroscopy was used to study the redox properties of iron
sites after the evacuation of the zeolite at 450 °C and after the interaction of the sample
with O2 at 220 °C. In situ FTIR spectroscopy was applied to detect speciation of Fe(II) in
cationic positions of Fe-beta, and their redox behaviour after the interaction with O2 and
CH4. The activity tests in CH4 oxidation with O2 were performed at 180 - 220 °C with IR and
mass spectrometry detection of the reaction products. The stability of the catalyst was
confirmed in three consecutive activity tests at 220 °C.
Results and discussion:
Synthesized Al-rich beta zeolite exhibited high crystallinity (XRD, SEM), and the exclusive
presence of framework Al atoms according to 27Al MAS NMR spectra. Al atoms in the
studied sample were distributed between Al pairs (30%), close Al (66%), and a minor
fraction of single Al (4%), thus the obtained material represented a suitable matrix for the
introduction of iron centers. The results of DFT calculations predicted that energetically, the
most favourable way of O2 activation over Fe(II) binuclear centers located across the
channel of beta zeolite is the splitting of molecular oxygen with the formation of α-oxygen.
Mössbauer and FTIR studies confirmed the exclusive presence of bare Fe(II) cations in the
evacuated beta sample. Obtained spectral characteristics confirmed that the interaction of
binuclear cationic centers in Fe-beta zeolite with the molecular oxygen led to the formation
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of active oxygen form, which interacted further with CH4 at 220 °C. The analysis of the
oxidation products was carried out with FTIR spectroscopy and mass spectrometry. The
FTIR spectrum of the gaseous products reveals the presence of the bands at 2960, 2856,
1086 cm-1, which are characteristic for methanol. Also, in the mass spectrum of the
products the presence of the signal with m/z=31 attributed to methanol was observed.
Detection of methanol in the gas stream confirms its formation and release from the zeolitic
channels under the reaction conditions. Moreover, in order to analyse the stability of the
studied catalytic system the three consecutive reaction cycles, in which the catalyst
interacted with O2 and CH4, were performed. In all catalytic cycles similar methanol yields
were detected.
Conclusions:
DFT calculations and spectroscopic study were employed to verify the ability of the beta
zeolite to form binuclear Fe(II) centers efficient in O2 splitting. Results of the spectroscopic
study confirmed that α-oxygen formed over binuclear Fe(II) centers in the beta zeolite can
be identified as species responsible for the direct oxidation of methane to methanol. Further
activity tests revealed the formation of methanol as the main product of methane oxidation,
which is present in the gas stream. This finding shed a new light on the mechanism of
methanol formation and release from the active iron sites in beta zeolite. Presented
contribution proves for the first time, that the formation of binuclear centers is not limited
only to zeolites of FER topology. Moreover, it was confirmed that binuclear centers in Febeta cooperate in O2 splitting and formation of α-oxygen species, which easily oxidize
methane to methanol. Furthermore, the active centers remain stable under conditions of
the oxidation reaction and successfully perform methane to methanol oxidation in several
subsequent cycles.
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Heterogeneous lyophobic systems, which combine a lyophobic porous matrix and a nonwetting liquid, are one of the promising technologies to absorb and store the mechanical
energy. The systems based on hydrophobic pure silica zeolites (zeosils) and water or
aqueous salt solutions have been evaluated for these applications [1]. Depending on the
nature of non-wetting liquid, zeolite structure and presence of defects, the “zeosil - liquid”
system, when the pressure is released (extrusion), is able to restore, dissipate or absorb
the supplied mechanical energy during the compression step (intrusion) and therefore to
display a spring, shock-absorber or bumper behavior. The use of aqueous salt solutions
allows to improve the energetic performances of such systems in comparison with water by
a significant increase of intrusion pressure and even change the behavior of the system in
the case of highly concentrated solutions. Recently, the nature of anion has been
evidenced as a very influential parameter on the behavior of the systems [2]. The influence
of cation nature on high pressure intrusion-extrusion of aqueous chloride solutions in MFItype zeosil (silicalite-1) has also been studied and the results are reported below.
The intrusion-extrusion experiments have been performed with the aqueous solutions of
chloride salts of alkaline, alkali-earth and transition metals (MCln, where Mn+ = Li+, Na+, K+,
Rb+, Cs+, Ca2+, Mg2+, Zn2+, Cu2+, Ni2+…). The aqueous solutions have been prepared at
concentration close to saturation and also by setting the molar H2O/Mn+ ratio at 12 and 18
in order to better compare cations impact. In contrast to the anions, the cation nature does
not have a significant influence on the behavior. All the systems demonstrate a fully
reversible spring behavior except the ones with highly concentrated ZnCl2 and CsCl
solutions, where a small part of the liquid is trapped in the pores in the first intrusionextrusion cycle. The intrusion of all the solutions occurs at much higher pressure than that
observed with water. The highest intrusion pressure values are obtained for the solutions
with lowest H2O/Mn+ ratios (LiCl and ZnCl2 ones). At fixed H2O/Mn+ ratio, with alkali and
alkali earth metal cations, the intrusion pressure increases with the cation diameter
decrease (Figure 1). In the same way, the increase of cation charge leads to a pressure
rise. These trends are also in agreement with cation hydration enthalpy value for alkaline
and alkali-earth metal cations, but no correlation is observed for the most part of transition
metal ones. For the first time, in situ calorimetric measurements have been performed for
several solutions. It has been shown that the intrusion of solutions with H2O/Mn+ ratio close
to 12 is endothermic as well as for water. However, for highly concentrated LiCl solution,
the intrusion is exothermic that can be related to the change of intruded liquid nature. For
the solutions with similar H2O/Mn+ ratio close to 12, the intrusion heat varies with the cation
nature.
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Figure 1. Intrusion pressure for MCln solutions with H2O/Mn+ ratio of 12.
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Introduction
Triarylmethanes (TRAMs) has gained substantial attention as organic compounds in
medicinal chemistry and material science and as precursors for dyes in chemical industry
[1]. The synthesis often follows a Friedel-Crafts-alkylation (FCA), which usually results in a
racemate. Nevertheless, there is an increasing interest in the direct synthesis of pure
enantiomers, which are accessible via chiral organocatalysts such as BINOL-derived
phosphoric acids [2]. They have become prominent players due to their low pKA-value and,
thus, can catalyse a variety of reactions by modifying the BINOL backbone [3]. Applying
these in a heterogeneously catalyzed reaction would allow their reuse and enhance their
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sustainability. As supports, mesoporous silica are promising candidates because they are
chemically and thermally stable and can be further functionalized due to their surface
silanol groups [4].
This study, therefore, aims to prepare and investigate large-pore-mesoporous-silica
(LPMS) and a mesocellular foam (MCF) in comparison to commercially available porous
silica as supports for the immobilization of a BINOL phosphoric acid. The influence of the
textural properties, as well as the acid sites of the obtained catalysts, are studied in the
conversion of 2-(hydroxy(4-methoxyphenyl)-methyl)phenol (o-HBH) with 2-naphthol as an
FCA model reaction in a continuous-flow reactor.
Experimental Part
1.00 g of MCF was prepared following a synthesis route according to Schmidt-Winkel et al
[5]. For LPMS, 1.00 g F127 and 0.25 g dioctyl sulfosuccinate (DOSS) was dissolved in a
mixture of 1.58 g 3.00 mM aqueous HCl, 0.10 g mesitylene (TMB), and 0.43 g n-butanol at
318 K. After complete dissolution, 2.29 g tetramethyl orthosilicate (TMOS) was added to
the batch. The reaction mixture was transferred into a stainless-steel autoclave, kept at
318 K for 24 h, and heated to 373 K for 24 h afterwards. To remove the template and
simultaneously maintain the silanol groups of as-synthesized MCF and LPMS, 1.00 g of
these silica were refluxed with 30 mL of 30 wt.-% aqueous H2O2 at 358 K for 48 h.
Chromatorex is a commercial mesoporous silica and was purchased from Fuji Silysia
Chemical S.A. To increase the silanol group density of this material, 1.00 g Chromatorex
was refluxed with 0.03 M aqueous NaOH at 373 K, filtered, and dried under reduced
pressure.
The general procedure to immobilize the BINOL phosphoric acid on silica is represented in
Figure 1. At 343 K, 0.25 g of 3-azidopropyltrimethoxysilan (N3) was added to 1.00 g silica
and dissolved in n-hexane under N2-atmosphere for 24 h. Endcapping of the remaining
silanol groups, 1.54 g hexamethyldisilazane (HMDS) was added to 1.00 g of the azidefunctionalized silica and dissolved in toluene at room temperature under N2-atmosphere for
24 h. The BINOL-phosphoric acid (CPA) was covalently bonded on these functionalized
silica via azide-alkyne cycloaddition. 0.40 g of the alkyne-functionalized BINOL phosphoric
acid (CPA) was dissolved in 15 mL methanol (MeOH) and added to 1.00 g of endcapped
silica, stirred for 30 min at room temperature, and kept static at 413 K for 24 h in a stainless
steel autoclave.
The synthesis of a triarylmethane-derivate was used as a model reaction in an ambient
pressure continuous flow apparatus (APCF), as it is schematically represented in Figure 2.
The fixed bed reactor was loaded with 0.10 g of the immobilized CPA and fed with a
reaction mixture consisting of 0.02 M 2-naphthol and 0.01 M o-HBH in dichloromethane
(DCM) at a constant volume flow of 0.25 ml min-1.
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Figure 1: Three step synthesis route for the functionalization
and immobilization of the CPA.

Figure 2: Flow diagram of the ambient pressure continuous flow
apparatus (APCF) used with a fixed bed reactor.

Results and Discussion
The sol-gel synthesis of LPMS made it possible to produce silica materials with mesopores
of 7, 16, 19, 26, and 36 nm pore width (wP) as determined by the BJH method from the
isotherms of the nitrogen sorption. With increasing wp, the BET surface area (ABET)
decreased from 567 to 220 m2 g-1, while the specific pore volume (VP) changed less from
1.30 to 1.13 cm3 g-1. For MCF, materials with wP of 8 and 10 nm are synthesized. To
increase wP, NH4F was added to the synthesis and, thus, VP could be increased up to
1.9 cm3 g-1. Both materials were compared to Chromatorex, a commercial silica, as a
benchmark with wP of 8 nm, VP of 0.85 cm3 g-1, and ABET of 135 m2 g-1.
To achieve high loadings of the CPA, a high silanol group density (fSiOH) of the materials is
required. Due to silanol group condensation with increasing temperature, calcination is not
an option. Therefore, the described H2O2 extraction has been proven to be the most
promising method. For LPMS (wP: 16 nm) fSiOH could be increased from 0.8 mmol g-1
(calcined) to 1.6 mmol g-1. This method works also for MCF (wP: 18 nm), whereas fSiOH was
increased from 0.7 to 1.1 mmol g-1. Unfortunately, treatment with H2O2 is not an option for
Chromatorex as it is already calcined. Nevertheless, fSiOH could be increased from
1.2 mmol g-1 to 1.4 mmol g-1 by post-treatment with 25 mM NaOH at 343 K for 4 h. The
improvements of fSiOH allowed the synthesis route of the CPA immobilization to be
transferred to all three silica materials. Figure 3 gives an overview of the achieved loading
of each synthesis step according to Figure 1. It can be seen, that there are significant
differences in the N3 loading, whereas the lowest one is given to MCF with 0.4 mmol g-1.
The endcapping of the remaining SiOH groups was introduced as an additional synthesis
step. Prior studies indicated, that the selectivity and enantioselectivity of a catalytic reaction
would otherwise be negatively affected by secondary interactions with the reactants.
Endcapping with HMDS leads to endcapping of the free silanol groups as indicated in
Figure 3. Cycloaddition of CPA gives very similar results with a maximum of 0.2 mmol g-1
for Chromatorex. However, if these values are compared to each azide loading, the
reaction on MCF is twice as high as for LPMS.
Figure 4 gives an overview of the catalytic activity of the immobilized CPA. In this FCA
model reaction, the immobilized CPA on LPMS achieved a conversion X of o-HBH of 61%,
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with a triarylmethane selectivity S of 78%. With immobilized CPA on MCF, the conversion
increased to 76% but reduces the selectivity to 62%. This could be due to the dimerization
of o-HBH as a side product. However, both catalysts reached constant enantioselectivity of
90%. It can be assumed that, unlike X and S, the ee value depends on the CPA itself rather
than on the textural properties of the substrate.
The results of the immobilization clearly show a dependence on the respective textural
properties of the silica supports. To be more precisely, the influence of VP seems to have a
greater influence, because of similar wP. In addition, it is possible to investigate the effect of
pore width-dependent loading and how this influences the catalytic activity.

Figure 3: Overview of the obtained organic loadings of the
individual synthesis steps determined with CHN elemental
analysis.

Figure 4: Overview of the obtained catalytic activity of CPA
immobilized on LPMS and MCF, determined at catalytic
steady-state with HPLC.

References
[1]
[2]
[3]
[4]

S. Saha, S.K. Alamsetti, and C. Schneider, Chem. Commun., 51, 1461–1464 (2015).
A. Moyano, and R. Rios, Chem. Rev., 111, 4703–4832 (2011).
D. Parmar, E. Sugiono, S. Raja, and M. Rueping, Chem. Rev., 114, 9047–9153 (2014).
P.S. Shinde, P.S. Suryawanshi, K.K. Patil, V.M. Belekar, S.A. Sankpal, S.D. Delekar, and S.A.
Jadhav, J. Compos. Sci., 5, 75 (2021).
[5]
P. Schmidt-Winkel, W.W. Lukens, P. Yang, D.I. Margolese, J.S. Lettow, J.Y. Ying, and G.D.
Stucky, Chem. Mater., 12, 686–696 (2000).

O06.02. COMPARISON METHOD BY EFFICIENCY MEASUREMENT OF NATURAL
ZEOLITE AS ODOR ABSORBER
Prof. J. R. Engel1, Dr. B. Kopczynska2, and E. Hudy3
PRO-ZEO s.r.o – Kucin 139, Nizny Hrabovec, 09421 Vranov and Toplou, Slovakia
S.A. R&D Center – Wierzbica 37, 28-305 Sobkow 5, Poland
3VSK PRO ZEO s.r.o.– Kucin 139, Nizny Hrabovec, 09421 Vranov and Toplou, Slovakia
Presenting author; E-mail: engel@atpost.at
1VSK

2EGM

314

Introduction
The properties of natural zeolite which allow it to absorb certain components of odors are
well known, however the phenomenon thereof is difficult to quantify and describe in
physical terms. While there are hundreds of different odor particles that can be identified,
the measurement of such does not corelate to the very “relative” perception of odors and
odor exposure in humans.
A very similar effect can be seen in the measurement of noise exposure, whereby it is
complicated to show the relation between the mechanically measured units and the
subjective human perception. Following years of research, it has become standard to use
logarithmic scales and the differentiation between basic noise level and impulses. The
measurement is simple, however the determination of the relation was very complex.
With odors, we face a very similar, even more challenging problem. In consideration of the
varying particle sizes of odors and the vast amount of different combinations thereof, it is
practically impossible to reliably measure odors. In addition to the missing link between
recorded results and the human perception, classical research methodologies have proven
unsuccessful.
To overcome this challenge, we have developed new measurement technologies, which
are based on the comparative methodologies, with statistical evaluations of perceptions of
human test subjects. Instead of trying to quantify smells in units, human testers have been
exposed to varying levels of air filtration and compared their perception thereof.

Experimental Methods
Depicted in Figure 1 below, is the classical method of research by utilizing measurement
instruments which allowed to monitor the decrease of certain particles which caused odors.
Various zeolite fractions were used, as well as a variety of geometrical alignments thereof,
with the aim of maximizing the exposed surface area of zeolite which is responsible for the
absorption. This method has determined a correlation between the decrease of pressure
and the reduction of effectives in absorption. The results have confirmed the already
established absorption capabilities of natural zeolite, however, have failed to determine the
reduction in perceivable odor.
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Figure 1 - Set-up -direct measurement of absorption of chosen odor particle.

To combat arising issue of lack of determination of decrease in perceivable odor, we were
forced to create a new testing framework. This new framework utilized a comparative
methodology, whereby human testers would be exposed to varying degrees of filtration
between themselves and the odor source. The investment into the creation of this test
facility was considerable, however no other testing framework has proven successful in
prior attempts.
The test facility constructed for this experiment is depicted in Figure 2A and 2B below. The
first room houses the odor source, in the below outlined a deep-frying oil station. Dedicated
air systems carried the odor-contaminated air into both rooms at the same rate and
volumetric content, with the only difference that one duct contains a zeolite-filter insert. The
air duct’s simple design allows for quick switching of the filter inserts, with varying zeolite
fractions and geometric alignments. More than 100 human testers from a range of
backgrounds and ethnicities were introduced into both rooms and asked to fill out a survey
after each room, containing both a scale as well as long-form description of their
perception. The data was evaluated statistically, averaged and drawn out.
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Figure 2A - Top view of comparison measurements set-up

Figure 2B - Comparison measurement set-up.

Results
The results from the comparative method show a clear trend of reduction in odor perception
across the majority of human test subjects. The repeated process has shown that in the
scaled responses (Scale of 1-10) there has been a 50% decrease in odor perception in the
zeolite-filter room. Through the repetition of the tests, it was possible to determine an 80%
accuracy in the test results.
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The results of the same materials which yielded a 50% reduction in human testers have
varied greatly in the classical methodology depicted in Figure 1. It has proven impossible to
determine a direct correlation between the two testing methodologies, as the same
materials tested in Figure 1 showed a 99.9% reduction in some particles, and 0.0% in
others. This is further made difficult by the complexity of odor compounds, and the
identification of which particle corelates to which perceived odor.
The above findings allow the formulation of the following thesis: The linear results of
laboratory measurements do not correlate to the human perception of odors.
It can therefore be deducted that a standardized scale should be defined, by which the
absorption capacity and capability can be measured in a repeatable and quantifiable
method. Such standardized scale should not only allow engineers to better incorporate
odor-reduction into projects and plans, but also show reliable and quantifiable benefits of
such zeolite-based filters. This will prove especially useful considering the ever-growing
odor-pollution being faced by the population, and allow for better analysis and protection of
odor-exposed people.
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O06.03. TITANIUM AND ZIRCONIUM SILICATE ION-EXCHANGE MATERIALS FOR
THE TREATMENT OF NUCLEAR WASTE
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School of Natural Sciences, University of Central Lancashire, Preston PR1 2HE, United
Kingdom
jereadman@uclan.ac.uk

Zeolites are commonly used as ion-exchange materials for the remediation of nuclear
waste; however, they have certain drawbacks. Unlike zeolites which contain SiO4 and AlO4
tetrahedra, microporous Ti-silicates can contain SiO4 tetrahedra and TiO6 octahedra and
therefore structures are possible which have no traditional aluminosilicate analogues [1].
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Microporous Ti-silicates such as sitinakite KNa2Ti4Si2O13(OH)·4H2O and the synthetic
niobium doped analogue are used for the removal of Cs+ and Sr2+ from nuclear waste [2,3].
The work presented here will focus on the ion-exchange behaviour, together with the
structures and thermal behaviour of the ion-exchanged Ti- and Zr-silicates. A clear
understanding of these is fundamental in determining if these materials have potential as
ion-exchangers within the nuclear industry.
Umbite is a naturally occurring small pore microporous Zr- silicate, found in northern Russia
and synthetic analogues, K2ZrSi3O9·H2O, can be prepared in the laboratory [4, 5]. Ionexchange studies here have shown that umbite has a preference for common
radionuclides, such as Cs+ and Sr2+ and Ce4+ (as a surrogate for Pu), even in the presence
of competing ions. Preliminary leaching studies have shown that the ion-exchange cations
are tightly bound to the frameworks and are not easily leached into the environment.
In-situ variable temperature diffraction studies show that these materials behave differently
with temperature, indicating that the nature and location of the charge balancing cation
plays an important part in determining which high temperature phases are formed and the
phases formed do not fit previously reported structures. Understanding the thermal
behaviour is important if these materials are to be used in geological disposal facilities.
Natisite is another material which has interesting ion-exchange chemistry and is a layered
Ti-silicate with the formula Na2TiSiO5 [6]. The structure consists of square pyramidal
titanium, with the sodium cations located between the layers. This coordination
environment is highly unusual for Ti. Inclusion of zirconium or vanadium in the framework
has a considerable effect on the ion-exchange properties, with changes in the exchange
capacity and the rate of uptake for certain ions of interest.
A combination of techniques to probe long and short-range order (PDF and XAS) have
been used to understand the ion-exchange and thermal behaviour of these materials. ICPOES and XRF spectroscopy have been used to quantify the amount of exchange over
different timescales and pH conditions.
.

Figure 1 - Structural representation of umbite (right) and natisite (left).
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Emerging organic contaminants (EOCs) englobe a wide range of chemical compounds
such as dyes, pesticides, plasticizers, industrial products, or personal and pharmaceutical
care products (PPCPs), among others. [1] In the last years, the increased use of EOCs is
causing a severe impact on aquifers and ecosystems. Accessible water only represents 1%
of the total amount of water on the Earth, being a limited resource threatened by the
presence of such chemical compounds. EOCs have frequently been found in waste-water
effluents, and their elimination still becomes a challenge because of the fact that the
conventional decontamination technologies are not effective. In this context, MOFs have
been widely explored in water remediation because of their excellent adsorbent and
photocatalytic properties which are mainly attributed to their high porosity, large surface,
and chemical composition (e.g. active sites), but also because of the advanced oxidation
degradation reactions of EOCs by the formation
of free active radicals (OH• and SO4•-) by light
irradiation. [2]

In this work, we present the successful removal
of different EOCs by adsorption and
photodegradation. Considering their frequent
and important presence in wastewater effluents,
we selected the anti-inflammatory diclofenac
(DCF), the antihypertensive atenolol (AT), and
SMT the antibiotic sulfamethazine (SMT). For their

Figure 1. Photocatalytic degradation of AT (red),
(blue) and DCF (black) in isolated batch solutions from
initial concentrations of 70, 10 and 15 ppm respectively,
in a total time of 24 h using SU-101.
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removal, the robust, biocompatible and water-stable bismuth ellagate MOF (denoted SU101) was employed. This MOF exhibits a surface area of 400 m2g-1 with a pore size of ̴6.8
Å and a bandgap value of 2.69 eV, providing not only potential high sorption properties but
also excellent photocatalytic performance in the visible range. [3] In this sense, the
adsorption removal efficiency of DCF, AT, and SMT in 24 h was around 60, 40, and 25%,
respectively (see Figure 1). Selectivity adsorption studies were also performed using a
mixture of these EOCs. Thus, SU-101 showed a competitive adsorption of AT against the
other EOCs. Furthermore, the photocatalytic studies of SU-101 under visible light
irradiation revealed a fast and efficient photodegradation of DCF and SMT, 82 and 79%
respectively after only 4 h.
In addition, SU-101 exhibited an excellent stability under working conditions. To sum up,
these properties together with the easy, low-cost scale-up and low toxicity make this MOF a
promising material for other photocatalytic applications.
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Since 2001, the European guidelines for road transportation have become increasingly
more stringent concerning the emissions of nitrogen oxides (NOx) to the atmosphere. In
order to comply with these, ammonia based selective catalytic reduction (NH3-SCR) is to
this day the preferred deNOx strategy for lean-burn engines, with Cu-exchanged small pore
zeolites being the best at meeting these regulations. This is due to the fact that these
catalysts provide high NOx conversions across a wide range of temperatures, high
selectivity towards N2 – paramount to reduce the emissions of N2O, a powerful greenhouse
gas – and high hydrothermal stability, important to prevent structural collapse during
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application and to increase the life cycle [1]. Among these zeolites, the CHA structure,
when exchanged with copper, has been the most promising in the last few years
concerning both performance and N₂ selectivity [2, 3]. Since then, research has focused on
understanding the location and nature of the active Cu species on the CHA zeolites and in
the determination of the deNOx capability of zeolitic structures with structural similarity,
such as the AEI framework.
Both the AEI and CHA frameworks belong to ABC-6 family, i.e. their structure can be
formed by stacking d6r building units. Despite both frameworks showing the same pore
size, the mirror symmetry of the d6r in AEI leads to the formation of the aei cage and to a
slightly higher tortuosity than what is observed in CHA [4].
Few comparative studies have been published on these two structures and are mostly
focused on low Si/Al ratios [4], which are not representative for real life application, as
these zeolites are less structurally resistant to hydrothermal aging and more prone to
dealumination. The aim of this work is to determine the effect of stacking of the d6r on the
deNOx performance and selectivity of Cu-exchanged AEI and CHA zeolites, focusing on
the effect of the hydrothermal aging (HTA). For this, Cu-exchanged CHA and AEI zeolites
have been catalytically tested and characterized by techniques such as 29Si and 27Al NMR,
H2-TPR, XPS, N2 physisorption or ICP-OES.
Commercial SSZ-39 and SSZ-13 (Si/Al ~ 9.5) were ion-exchanged with ~ 2 wt. % of copper
using [Cu(NH3)4]2+, followed by calcination at 550°C for 8h. Standard NH3-SCR NOx
conversions were obtained in a fixed-bed quartz tubular reactor at atmospheric pressure. A
total flow rate of 155 L/h was used, and a gas composition of 400 ppm NO, 400 ppm NH3,
8.5 vol.% O2, 10 vol.% H2O, 9 vol.% CO2 and balance N2. Hydrothermal aging procedures
were carried out with 10 vol.% H2O in N2, for 4h at 800°C (HTA-800) and 1h at 900°C
(HTA-900).
The CHA and AEI structures present strong similarities – in fact, only their d6r connection
modes are different, creating specific cavities. For equivalent SAR and Cu loadings, their
catalytic performance when fresh is very similar. Figure 1 shows a light-off temperature
slightly lower for AEI than CHA (191°C vs. 196°C). This seems to be explained by a higher
content of [Cu-OH]+ species in the latter. On the other hand, the greater presence of Cu2+2Z species in AEI improves the stability at strong hydrothermal aging, explaining its better
deNOx performance after aging. The selectivity towards N₂O for the AEI zeolites appears to
be lower than those obtained for the CHA zeolites. Thus, the specific arrangements of the
d6r in AEI and CHA provide identical fresh performance, but slightly improved on AEI for
strong hydrothermal aging.
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Figure 1 - NOx conversion and N2O formation on Cu-SSZ-39 (left) and Cu-SSZ-13 (right), both fresh and after being
hydrothermally aged.
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Waste plastics from electric and electronic sectors (WEEE) are composed by a complex
mixture of polymers and inorganic materials. Besides, the polymeric fraction may contain a
great variety of additives, usually including halogens in their composition, making their
recycling or valorization a challenge and a potential risk for the environment and human
health [1]. The thermochemical conversion of plastic residues into valuable products, such
as chemicals and fuels, is attracting the attention of the scientific community and industry.
Pyrolysis represents a relatively simple route able to convert a diversity of organic residues
into a high-throughput of liquid oil as the most valuable fraction [2]. Nonetheless, the
presence of halogens in the pyrolysis oil needs to be reduced below 50 ppm, in order to
meet refineries standards. In this context, the use of a catalyst during the pyrolysis
upgrading, like metal oxides, clays or zeolites, to promote dehalogenation reactions and/or
to act as a halogen trap is required [3]. In this work the performance of ZSM-5 and USY
zeolitic catalysts, modified by impregnation with Ca- and Fe- oxides nanoparticles, has
been assessed in a continuous catalytic pyrolysis bench-scale reaction system.
The catalysts selected for this study were USY (Zeolyst) and ZSM-5 (Clariant) zeolites
modified by wet impregnation of Fe and Ca oxides (5 wt.% loading). The physico-chemical
properties of these materials were determined by ICP-OES, N2 physisorption, NH3-TPD,
XRD and TEM, as shown in Table 1 and Figure 1.
Table 1. Physico-chemical properties of the catalysts

CATALYSTS Si/Al

Fe2O3 CaO

SBET SMZ SMESO+EXT VTOTAL VMZ VMESO Acidity
(wt.%) (wt.%) (m2/g) (m2/g) (m2/g) (cm3/g) (cm3/g) (cm3/g) (mmol/g)

n-ZSM-5

45

-

-

367

267

100

0.417

0.121

0.296

0.714

Fe2O3/nZSM-5

45

5.3

-

344

228

116

0.393

0.103

0.290

1.029

323

CaO/n-ZSM5

45

-

4.6

309

202

107

0.378

0.093

0.285

0.908

USY

48

-

-

759

594

165

0.507

0.272

0.235

0.244

Fe2O3/USY

48

5.1

-

711

553

158

0.455

0.254

0.201

0.624

CaO/USY

48

-

5.4

685

516

169

0.469

0.238

0.231

0.707

Figure 1. XRD patterns of (A) n-ZSM-5 and (E) USY derived catalysts, and TEM micrographs of (B) n-ZSM-5, (C)
Fe2O3/n-ZSM-5, (D) CaO/n-ZSM-5, (F) USY, (G) Fe2O3/USY, and (H) CaO/USY materials.

As shown in Table 1, the incorporation of both Fe- and Ca- oxides provoked a small
reduction of the textural properties (6-15%) in comparison with the zeolitic supports,
indicating the occurrence of some pore blockage, while the crystallinity of the zeolite
samples is not modified as seen in the XRD patters. The active phases are highly
distributed over both zeolites, only being detected small ~5-10 nm particle clusters in the
case of the Fe2O3 impregnated samples (Figure 1), On the other hand, the Fe and Ca
incorporations induce significant changes in the acid-base properties of the zeolitic
supports.
Prior the pyrolysis experiments, the WEEE plastic waste was pre-treated by cryogenic
milling followed by sieving and then washed with milli-Q water. The resulting material, as
well as the pyrolysis products was characterized by TGA (volatiles/ash), FTIR (polymer
identification), AOD/IC (halogen concentration), Elemental Analysis (CHNS-O), GC-MS (oil
molecular composition) and μ-GC (gas molecular composition) techniques, among others.
The WEEE plastic used for this study consists of a complex mixture of polymers
(ABS/PS/PP/PA/PMMA/PC) and contains, in addition to C and H, a relevant amount of
heteroatoms (N: 3.4 wt.%; O: 13.3 wt.%), halogens (Cl: 5993 ppm ; Br: 2250 ppm) and
ashes (6.2 wt.%).

As can be seen in Figure 2A, oil was the main product obtained in the pyrolysis of the
WEEE plastic waste with an average yield of 73 wt.%. On the other hand, the char fraction,
produced in the thermal part of the system, was obtained with about 7 wt.% yield.
Nevertheless, despite this low yield, this fraction retains most of the halogens (89 wt.%)
since metal oxides (including Ca and Mg oxides) are accumulated in it, acting as an
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Mass Yields (wt.%) - daf

100

CHAR

(A)

90

OIL

GAS

OIL Halogen concentration (ppm)

intrinsic halogen trap. However, the thermal oil still presents a relatively high content of
both Cl and Br with average values of 336 and 423 ppm respectively. In the catalytic
reactions, oil yield was somewhat slightly reduced in favour of the formation of gases, and
also coke deposited on the surface of the catalysts. Comparing with the thermal test, all the
catalysts lead to a considerable reduction in the halogen concentration in oil (Figure 2B),
reaching values about or even below 100 ppm for both Cl and Br. The incorporation of Ca
and, particularly, of Fe improves significantly the dehalogenation activity of the parent
zeolitic supports. Additionally, the activity of Fe2O3/n-ZSM5 remains quite stable along 4 h
of time on stream (Figure 2C and 2D).
In summary, these results demonstrate that Ca- and Fe- modified zeolites exhibit
remarkable properties for the catalytic pyrolysis and dehalogenation of complex plastic
wastes, as those coming from the WEEE sector, producing oil fractions with a yield about
70 wt,% and relatively low halogen contents
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Figure 2. (A) Product yields, (B) Total halogen concentration in oil, (C) Oil Chlorine concentration and (D) Oil Bromine
concentration
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T7: Porous materials for biomass conversion.
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Introduction:
Muconic acid (MA) is a high value-added product that can be present in 3 isomeric forms:
cis,cis (cc), cis,trans (ct), and trans,trans (tt) [1]. The high growth in its market size (7-10%
annually) is mainly due to its potential as a starting material for the synthesis of valueadded derivatives such as adipic and terephthalic acids, via hydrogenation (any of the
isomers) and Diels-Alder cyclo-addition (only tt-isomer), respectively [2]. In addition, MA
and muconates can be used in (co)-polymerization reactions to yield poly-muconates and
other versatile polymers (Figure 1) [1].
Recently, biotechnological routes to produce ccMA and ctMA from biomass-derivatives are
developed, showing satisfying yields. However, an additional isomerization step is still
required to obtain the value-added trans,trans-isomer, needed for terephthalates production
and polymerization. Existing isomerization processes rely on the use of Pd/C catalyst or
sacrificial iodine radicals under UV Irradiation [3,4]. However, the expensive cost of Pd and
the limitations in MA concentration in the iodine system have forced the development of
new pathways that can combine high productivity with moderate reaction conditions
(lanthanum salt assisted isomerization, solvent driven isomerization, …) [5]. In this context,
our work focuses on developing Ru supported on low-cost zeolite catalysts that can
produce tt-muconates from the ct-isomer with high yields and selectivity, and well as with
satisfying productivity values.
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Figure 1 - A scheme showing the 3 isomers of muconic acid (or muconates), where the first 2 isomers (cis,cis- and
cis,trans-isomers) are obtained from the biotechnological fermentation of glucose, while the value-added trans,transisomer (needed for terephthalate production) can be accessed by the isomerization of these latter.

Results and discussion:
Low metal loading (0.2 wt.%) and suitable solvent (ethanol) are used to ensure the
sustainability of the process. High selectivity towards the desired tt-isomer (>95%) (Figure
2A) was achieved with high productivity values in the range of 85 g/L.h (highest reported in
the art). The low Ru loading, and the high efficiency of the isomerization process (even in
highly concentrated solutions) led to extremely high turnovers (>2500 mol/mol) (Figure 2B).
Kinetic studies were performed to estimate the order of the isomerization reaction and the
activation energy (101 kJ/mol). Deep characterization was performed (STEM-EDS, ICP,
XRD, N2 physisorption, EXAFS, FT-IR spectroscopy) to get insights into the single atomic
nature of Ru in the zeolite and to investigate the reaction mechanism as well as the
pathways leading to side reactions and to the deactivation of the catalyst. A firm equilibrium
between ct- and tt-isomers was noted, which we aimed to pull via a one-pot
isomerization/Diels-Alder reaction that produce the terephthalic intermediate (cyclo-hexene
diester) from the reaction of tt-muconates with ethylene gas. A total conversion of ctmuconates could be achieved with high yields of the terephthalic intermediate (>85%).
Finally, the one-pot reaction conditions were screened in a range of concentration, ethylene
pressure, and reaction temperatures for various muconic esters chains, namely: dimethyl,
diethyl, and dibutyl esters.
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A

B

Figure 2 - (A) Time profile isomerization of cis,trans-diethyl muconates (ctDEM) into the trans,trans-isomer at 175°C in
presence of 0.2%Ru-Beta catalyst, (B) TON of the 0.2%Ru-Beta isomerization process in function of the initial
concentrations of ctDEM.

Conclusion:
We have developed a new and sustainable heterogeneous process that allows the
isomerization of the esters of the biologically produced cis,trans-muconic acid into the
desired trans,trans-isomer with high yields and selectivity. The process shows high
productivity values, higher by an order of magnitude of those reported for the biological
production methods of muconic acid. Coupling the isomerization with Diels-Alder
cycloaddition in a one-pot reaction was shown to be successful to pull the equilibrium of the
isomerization into more cis,trans-conversion with a high selectivity towards the terephthalic
intermediates.
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Zeolites are one of the most widely used catalysts in the chemical industry, particularly for
the conversion of hydrocarbons to chemicals and fuels [1]. Specifically, zeolites with the
MFI topology (ZSM-5) are used in a variety of hydrocarbon upgrading processes, such as
alkylation, isomerization and cracking [2], and ZSM-5 has also shown promising results in
transformation of alternate feedstocks such as biomass conversion to chemicals [3].
Although ZSM-5 has been studied for decades now, there are still fundamental questions
regarding the active site in the zeolite, such as: (i) How does active site proximity influence
reaction kinetics and selectivity? (ii) Does active site proximity influence the acid strength?
And (iii) what is the effect of the local environment to the “activity” of the active site?
In an attempt to answer these questions we report the dehydration of bio-based alcohols
towards their corresponding alkenes and ethers over 3 carefully chosen H-ZSM-5 catalysts:
a commercially available sample (cMFI40) and two samples obtained through interzeolite
conversion (‘High DCC’ and ‘Low DCC’, DCC = divalent cation capacity, i.e. a measure to
quantify acid site proximity [4]), all with a Si/Al ratio between 35 and 40. By tuning the
interzeolite conversion parameters, it is possible to influence the aluminium proximity [4],
which is typically difficult to control through traditional zeolite synthesis routes. The utilized
catalysts and properties are reported in Table 1. As for all catalysts the Si/Al ratio is
approximately equal, as well as other physio-chemical properties, so the difference in
acidity is believed to be related to the distribution of aluminium in the framework, which was
tuned from synthesis.
TABLE 1 – CATALYSTS USED AND PROPERTIES

Catalyst

Si/Al ratio

cMFI40
High DCC
Low DCC

40
36
35

% proximate Al :
isolated Al
16 : 84
36 : 64
12 : 88

Micropore/total pore volume
0.65
0.71
0.76

The rate of n-butanol dehydration is displayed in Figure 1 (left pane) for the 3 tested
catalysts. All reaction rates are calculated at conversions below 20%. It is clear that the
reaction rate over the commercial sample, cMFI40 (Zeolyst), is multiple orders of
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magnitude higher than over the sample with high Al proximity (High DCC), while the sample
with low proximity (Low DCC) displays intermediate activity. We have also tested these
catalysts for the dehydration of isopropanol. In Figure 1 (right pane), the ratio of reaction
rates of isopropanol dehydration over n-butanol dehydration are displayed. From this ratio,
it is shown that the activity of these catalysts varies much for High DCC and varies less for
cMFI40 depending on the alcohol structure being branched (isopropanol) or linear (nbutanol). Although for all catalysts the ratio is > 1, i.e., isopropanol dehydrates more readily.
For the High DCC catalyst, the activity for isopropanol dehydration is far higher compared
to n-butanol, whilst for cMFI40 this effect is not as pronounced and Low DCC is
intermediate in this respect.

The effect of aluminium proximity on the selectivity of the formed products was also
assessed for the three zeolites. A slight decrease in ether formation and increase in 1butene selectivity is noticeable for High DCC compared to Low DCC, while no difference in
selectivity to cis-2-butene and trans-2-butene is measured. As proximity of aluminium
enhances formation of 1-butene compared to dibutyl ether, dimeric surface species
(precursors to the ether) are likely to be destabilized due to the vicinity of the two acid sites.
At low conversion, cMFI40 has the highest selectivity to the ether, this is not only due to low
amount of proximate Al in the sample, but likely also due to its intercrystalline mesoporosity
[6].
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FIGURE 1 – LEFT: N-BUTANOL DEHYDRATION RATES, FOR ALL RATES, THE CONVERSION WAS KEPT BELOW 20%, P0 BUOH = 30
KPA, TOTAL PRESSURE = 5 BAR. RIGHT: RATIO OF ISOPROPANOL OVER N-BUTANOL DEHYDRATION RATES. SYMBOLS: CMFI40
(), LOW DCC () AND HIGH DCC ()

Previously, it has already been shown that depending on the zeolite framework, changing
the alcohol feed can both increase or decrease the activity depending on the pore
dimensions at the active site [7], as the activity is strongly related to the ‘fit’ of the reactant
inside the zeolite channel. However, in this study there is no change in fit due to pore
dimensions, as the framework is the same for all samples. Therefore, such strong
difference in activity (multiple orders of magnitude) between the samples, related to active
site proximity, but also to alcohol structure, is somewhat unexpected. The impact of these
results lead to new synthesis-structure-activity relations that can aid in new catalyst design,
which can be tailored to the feedstock.
In conclusion, these results demonstrate that the efficiency of zeolite catalysts for the
conversion of oxygenated feedstocks is not only dependent on the fit of the reactants in the
framework, but also on the location of the active sites within the framework and their
proximity. Similarly, the selectivity of the formed products is not only dependent on the
framework and the shape of the channels, but also on the proximity of the active sites in a
given channel.
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Introduction
Petrochemical products are pervasive in our daily lives as plastics, packaging, clothing,
digital devices, medical equipment, tires… and provide substantial benefits to society,
including a growing number of applications in various cutting-edge, clean technologies
critical to sustainable energy systems. They are set to account for more than a third of the
growth in oil demand to 2030 and nearly half to 2050. At the same time, oil demand for
transportation fuel will be due to the combined effects of better fuel economy, increasing
public transport, alternative fuels, and electrification. Hence, the landscape for both
petrochemical, oil, and gas industries is evolving to develop more “high-value chemicals”
(HVCs) as aromatics.
The majority of BTX aromatics originate from catalytic reforming and FCC units located in
refineries. The catalytic fast pyrolysis (CFP) of biomass represents an interesting route for
producing green aromatics and olefins by mimicking the fluid catalytic cracking of crude oil
1,2. The pyrolysis is conducted in a dual fluidized bed on a zeolite catalyst; the latter shifts
the chemical composition of bio-oils to petroleum compatible products. The oxygenated
volatiles formed by biomass pyrolysis diffuse within the catalyst particles and contact the
catalytic acid sites to form the targeted products (aromatics, olefins) but also coke and gas
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(mainly CO, CO2). Despite the growing interest in biomass CFP, this process is still in its
infancy compared with other thermochemical technologies (gasification or combustion).
Some technologies are close to commercialization (Anellotech/Axens, BioBTX, RTI
international…), but require the development of more stable catalysts with increased BTX
selectivity.
The significant economic and technical concern of this emerging process remains the
zeolite deactivation. Thus, mastering catalyst stability has become as essential as
regulating selectivity and activity. There is, therefore, a strong incentive to understand the
mechanisms leading to any loss in activity and/or selectivity, as well as finding preventive
measures and regenerative solutions to develop cheaper and cleaner processes.
Biomass has abundant compounds containing methoxy functional groups (anisole,
guaiacol, syringol, and derivatives). Since the methoxy group is the only functionality of the
molecule, anisole (or methoxybenzene) is used as a model compound to investigate the
reactivity of methoxyl-based compounds present in the gas phase during the fast pyrolysis
of lignin.

Materials and Methods
The transformation of anisole was carried out over H-ZSM-5 (Si/Al = 40, Zeolyst) catalyst at
400 °C under atmospheric pressure with partial anisole pressure of ≈0.048 atm. The
experiments were performed at different contact times (W/F) ranging from 0.02 to 0.17 h to
evaluate the deactivation and coking rates. In addition, the kinetic losses of porosity and
acidity are evaluated by nitrogen and pyridine adsorption, respectively.

Table 1 – Catalyst properties

Si/Al

Vmicroa

Vmesoa

[PyH+]b

[PyL]b

NNN Al
Pairsc

mol/mol

cm3.g-1

cm3.g-1

µmol.g-1

µmol.g-1

Al %

40

0.160

0.050

244

42

25

Results and Discussion
The transformation of anisole, which occurs mainly by disproportionation reactions, follows
an apparent first-order rate equation. Regardless of the reaction time, the plot of |ln(1-x)| as
a function of the contact time (W/F) gives a straight line through the origin (Figure 1a). Yet,
the kinetic constants (kr,) decrease with time on stream (TOS) owing to coke formation. The
deactivation function and coke deposit initially follow an exponential law, then reach a
steady-state (Figure 1b). After only two minutes of reaction time, the initial activity is
reduced by four, and the coke content is already more than 4 wt. %. While after 1 hour,
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regardless of contact time, the coke amount is less than 8 wt.% and causes losses of
micropore volume and concentration of Brønsted acid sites (BAS) of only 50-65%, and 1424%, respectively.
These results suggest that a large part of framework aluminium is resistant to coking. The
proportion of deactivated BAS corresponds to Al atom fraction in the next nearest
neighbours (NNN) position in H-ZSM-5 with a Si/Al of 40, i.e., 0.25 3. Moreover, from the
loss of the activity and the percentage of the residual acid site, it is possible to assess that
the NNN pairs of Al are 10 times more active in disproportionation reaction than the
isolated Al.

Figure 1. (a) Linear determination of reaction rate (kr) for different TOS.
(b) Reaction rate decrease, compared to coke formation, as a function of TOS

The transformation of anisole highlights the significant role of the distribution of aluminum in
the zeolite framework for the activity and stability of the catalyst.
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Levulinic acid (LA) has been identified as a promising biocompound derived from biomass.
It is a platform molecule that is used as a precursor for pharmaceuticals, plasticizers and
various other additives (Figure 1) [1,2]. LA arises as a result of depolymerization and
dehydration of the cellulose fraction [3]. It can be obtained through hydrolysis/dehydration
of aldohexoses such as glucose and fructose, or hexose-containing polymers such as
starch and cellulose.

The production of levulinic acid to date has not been significant, which comes from
historical reasons relating to expensive precursor usage almost seventy years ago.
Additionally, the yields and separation/purification processes lacked industrial product
quality [4]. The maximum yield of LA from cellulose was 71.5%, because of the coproduction of formic acid. The claimed LA yields, based on the theoretical yields [5], are
significantly lowered due to the formation of soluble polymeric by-products and other
undesired products cumulating during the process.

Figure 1
Reaction pathways of biomass into glucose and levulinic acid, as well as its further derivatives.
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We present the results of the conversion of biomass-based glucose to levulinic acid (LA)
with the use of Na-BEA commercial zeolite catalyst. For this purpose, synthetic zeolite BEA
was used as a matrix [5]. The glucose conversion process with the participation of Na-BEA
zeolite allowed the following acids to be obtained: levulinic acid, lactic acid, pyruvic acid
and formic acid. The highest yield of levulinic acid was achieved when processed for 1–5 h
at 200–250 °C with 0.1 g and 0.6 g of Na-BEA catalyst.

In our work, zeolite catalyst based on sodium version of synthetic BEA (Clariant) with
physicochemical properties presented in Table 1 was used, without carrying out any
modifications. The samples were dried at 100 °C for 5 h and calcinated for 5 h at 450 °C.
Table 1
Physicochemical properties of the commercial zeolite Na-BEA (Clariant).

Parameters

Unit

Value

Crystal structure

IUPAC

BEA

BET area

m2/g

544

Na

ppm

40

Silicon module

24.7

Catalytic tests were conducted by one-pot method using 0.125 M aqueous glucose
solution. Glucose conversion in homogeneous conditions was performed in the
temperature 220 °C for 2 h using H2SO4 (0.1, 0.2, 0.5 and 1 M solutions). Glucose
conversion in heterogeneous conditions was carried out in the temperature range of 200–
250 °C for 1–5 h using Na-BEA (0.1 g and 0.6 g). The prepared samples were analyzed by
HPLC-RID system (isocratic elution, SUPELCOGEL™ H, 6% Crosslinked HPLC Column,
30 cm × 7.8 mm, Rezex Organic acid ROA H+ 300 × 7.8 mm, column temperature 40 °C,
eluent H2SO4). The analysis of the obtained products during glucose conversion was
performed using the HPLC technique on the Prominence Modular HPLC-RID Shimadzu. In
chromatographic method, the retention times of the obtained products were compared with
the retention times of the pure standard components.
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Figure 2
Summary of results analysis for Na-BEA during glucose conversion. The results are related to the selectivity to the given
production.

In Figure 2, the chemical pathways that may arise during glucose conversion with the
participation of the Na-BEA zeolite, are presented in graphic form. When the process is
carried out at 220 °C for 2 h, products such as levulinic acid and lactic acid are produced.
The conversion of glucose at 250 °C for 1 h, regardless of the amount of Na-BEA used as a
catalyst, gives three products: levulinic acid, lactic acid and formic acid. From the collected
data, it can be seen that conducting heterogeneous catalysis with a smaller amount of NaBEA under mild conditions gives lactic acid with an efficiency of 100%.
Our results show that Na-BEA catalyst at a relatively lower temperature of 200 °C, low
zeolite content (0.1 g) and 5 h of process, the process is 100% efficient at succeeding in
the very selective production of levulinic acid. Such a result is interesting from a practical
point of view due to lower energy consumption.
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Introduction
Catalytic hydrodeoxygenation (HDO) provides a promising route for upgrading biomassderived fatty acids to alkanes, which are potential biofuels (e.g. jet fuel (C8–C16) and diesel
(C12–C22)) that could reduce our reliance on unsustainable fossil fuels. In this study, we
consider a sequential cascade transformation of fatty acids into fatty alcohols (via HDO)
and subsequently to hydrocarbons (via dehydration), which couples Pd active sites and
ZSM-5 acid sites, as a novel HDO strategy. In this novel catalyst, Pd sites are located
within mesopores and on the outer surface of hierarchical mesoporous ZSM-5, which
accelerates the rate-determining step in HDO, i.e. acids to alcohols, by improving diffusion.
Meanwhile, the acid sites are proven to be primarily located in micropores of ZSM-5, so Pd
and acid sites are spatially isolated to avoid esterification and other unwanted side
reactions that may cause fouling and reduced overall hydrocarbon yield. The experimental
results show that this novel catalyst configuration escalates activity and selectivity towards
desirable HDO.
Materials and Methods
Hierarchical ZSM-5 was prepared via the desilication method reported by Groen et al. [1]
Commercial ZSM-5 (Si/Al=40) was treated with 0.2 M NaOH at 65 °C to extract Si from
ZSM-5 framework, denoted as HDe. Pd nanoparticles (Pd NPs) were produced by treating
Na2PdCl4 with ethylene glycerol and polyvinylpyrrolidone (PVP) at 160 °C for 1.5 hours. [2]
The Pd NPs were impregnated into HDe, then calcined at 400 °C, to remove the PVP
capping agent, and reduced under H2 at 200 °C, denoted as PdNP/HDe. For comparison,
HDe was impregnated with an aqueous (NH3)4Pd(NO3)2 solution, denoted as Pd/HDe. The
catalysts were screened for lauric acid HDO at 200 °C and 30 bar H2 in hexane. XRD, N2
porosimetry, TEM, STEM Electron tomography, and XPS were used to characterize the
zeolites and catalysts.
Dealumination of Al within the mesopores and present on external surfaces allows the
location of the sites for dehydration to be studied. 1 g HDe was mixed with 10 ml
diethylenetriaminepentaacetic acid (DPTA) solution (0.16 M) and dealuminated in a
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microwave reactor at 100 °C for 15 min, [3] denoted as HDe-DPTA. The two hierarchical
zeolites were evaluated for lauryl alcohol dehydration under HDO conditions above.
Dealumination efficiency was assessed by acid site titrations with 3,5-Dimethylbenzylamine
(DBAM), evaluated by ATR-IR. The kinetic diameter of DBAM is 0.8 nm, and thus larger
than the micropores of ZSM-5
Results and Discussion

FIGURE 23. HAADF-STEM IMAGE OF (A) PDNP/HDE AND (C) PD/HDE, ELECTRON TOMOGRAPHY IMAGE OF (B) PDNP/HDE
AND (D) PD/HDE.

In PdNP/HDe, hierarchical ZSM-5 (HDe) was impregnated with pre-reduced Pd
nanoparticles (Pd NPs). The size of Pd NPs was 4.4 nm with a narrow distribution, shown
in Figure 1 (a). Since the micropore diameter of ZSM-5 is 0.54-0.56 nm, Pd NPs will reside
solely within the mesopores and on the outer surface of HDe. The electron tomography
image in Figure 1 (b) agrees with this, showing that the vast majority of the Pd NPs are
distributed within mesopores close to the external surface. It is acknowledged that the
Brønsted acidity of ZSM-5 is primarily concentrated in the micropores of the material, so Pd
active sites and ZSM-5 acid sites are spatially compartmentalised and separated. In
contrast, for the conventional catalyst (Pd/HDe), Pd was deposited by aqueous
impregnation of a Pd salt, with the resulting Pd NPs significantly smaller (2.2 nm, Figure 1
(c)). The cross-section of centre of the catalyst particle (Figure 1 (d)) demonstrated that Pd
is randomly dispersed in both the micropores and mesopores. Moreover, tiny Pd NPs (<1
nm) are also present, marked by orange circles in 1c, which are due to small Pd clusters
located inside the micropores of the ZSM-5 framework. Therefore, Pd/HDe presents Pd
and acid sites in close proximity to each other and with no spatial separation.
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FIGURE 24. (A) COMBINATION OF NH3-TPD PROFILES AND RESULTS OF LAURYL ALCOHOL DEHYDRATION FOR HDE AND HDEDPTA, AND (B) ATR-IR SPECTRA FOR DBAM-POISIONED HDE AND HDE-DPTA

To confirm Brønsted acid sites are concentrated within micropores, the contribution to
dehydration by the acid sites located in the mesopores and outer surface was evaluated.
Since DPTA is a bulky chelator, which is unlikely to enter the microporous framework of
ZSM-5, it was used for selective extraction of Al from the mesopore and external surface of
ZSM-5. According to ATR-IR in Figure 2 (b), where DBAM was used to poisonous
framework Al in mesopores, the hydrocarbon (sp3 and sp2) stretching vibration are
considerably stronger for HDe (amine) relative to HDe-DPTA (amine), demonstrating
considerable removal of Al from within the mesopores and on the external surface of HDeDPTA. Furthermore, XRF Si/Al ratios increased from 24 to 34, while weak acidity, in Figure
2 (a), also decreased. The dehydration of lauryl alcohol over HDe and HDe-DPTA show
almost identical activity, with initial rates of 0.029 and 0.027 mmol min−1, respectively.
Confirming lauryl alcohol dehydration occurs predominately within the micropores of HDe.

Table 1. The performance of lauric acid HDO over different catalystsa

Catalyst

C12 yield, %

C12/C11

Initial rateb

PdNP/HDe

27

5.2

22.5

Pd/HDe

12

2.4

6.7

PdNP/HMic

34

5.1

32.5

PdNP/HDe-DPTA

65

5.5

57.8

a

Reaction conditions: 100 mg catalysts, 300 mg lauric acid, 0.1 mL of nonane as the
internal standard, 40 mL of hexane as the solvent, under 200 °C, 30 bar for 6 hours. b Initial
rate was calculated based on the yield of dodecane in 2 hours. The unit is gramfeed
gramPd−1h−1.
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Catalyst performance for lauric acid HDO is shown in Table 1. The spatially separated
catalysts (PdNP/HDe) performance is greater than that of the conventional catalyst
(Pd/HDe). Given the high rate of lauryl alcohol dehydration over acid sites (Figure 2 (a)),
locating Pd within the mesopores and at the outer surface gives greater accessibility and
thus utilisation for the preceding acid reduction step, with this the rate-determining step of
the overall cascade. We do not observe the accumulation of alkenes during the cascade,
indicating rapid hydrogenation of this second intermediate.
Dodecane yield is further elevated when pre-reduced Pd NPs are deposited solely on the
external surface of a commercial microporous ZSM-5 (denoted PdNP/HMic), which raises
the question as to whether this is due to even great accessibility or reduced interaction
between acid sites and the Pd NPs. The number of acid sites on the external surface being
less than the number within the mesopores of HDe based on surface areas. HDe-DPTA,
with minimal mesopore acidity, functionalised with Pd NPs, shows even great dodecane
production, with approximately a 2.5 fold increase. Thus confirming that acid sites do
negatively impact the performance of Pd NPs for the first step of the cascade. Therefore
optimal cascade performance necessitates the complete spatial separation of the two
active species.
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Zeolite catalysts play a prominent role in the transformation of sugars (ex biomass) to
platform chemicals. One prominent target molecule is 5-HMF, which can be obtained by
Bronsted acid catalyzed dehydration of hexoses (fructose, for example). However, due to
high reactivity of sugar molecules, selectivity is a big issue: the formation of by-products
(humins) resulting from oligomerization reactions must be avoided [1]. An optimization of
the activity and selectivity of zeolite catalysts for 5-HMF production from fructose passes by
a fine tuning of the acidity and porosity.
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In our study we focused on USY catalysts, because they offer many possibilities for playing
with the two afore-mentioned parameters. We started by evaluating a series of commercial
USY zeolites: CBV600, 712, 720, 760 and 780. The increasing numbers correspond to an
increasing degree of dealumination (by severe steaming followed by leaching of EFAL),
accompanied by an increasing mesopore volume created in the ultra-stabilization process.
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Figure 1 – a) 5-HFM yield as a function of reaction time in DMSO solvent at 90°C. b) Rate as a function of the Bronsted
acid sites concentration of USY. c) Rate as a function of the mesopore volume of USY.

Figure 1a shows the 5-HMF production rate followed the order CBV780 ~ CBV760 ~
CBV720 > CBV712 >> CBV600. Quite surprisingly, the two least acidic USY zeolites
CBV780 and CBV760 were very active, while the zeolite with the highest Bronsted sites
concentration, CBV712, was much less effective. We observed an apparent correlation of
the reaction rate with the mesopore volume (Figure 1c). The higher mesopore volume not
only enhanced the reaction rate, but also the selectivity. Moreover, the carbon balance at
24 h was found to increase in the order of CBV600 (73 %) < CBV712 (76 %) < CBV720 (93
%) < CBV760 (105 %) < CBV780 (105 %). The incomplete carbon balance is attributed to
humin formation, i.e. the more dealuminated and more mesoporous USY zeolites also
generated less humins.
The tests with commercial USY zeolites, thus, suggested that mesoporosity was a crucial
factor in optimizing catalytic performance, presumably even more important than acidity.
We, therefore, set out to introduce additional mesoporosity in the USY crystals by
desilication. The desilication of USY crystals by base treatment is delicate. The early works
with NaOH as a base showed that the base treatment led to an amorphization of the
structure, if the Si/Al ratio of the parent zeolite was too high. The use of organic compounds
as “pore directing agents” (PDA) was introduced to remediate the problem [2].
Tetraalkylammonium (TAA) cations are frequently used as PDAs, in association with NaOH
as a base. They protect the zeolite framework against destruction because they adsorb on
the surface, thereby inhibiting the attack by the base [3]. In our study we decided to use the
TAA cations not only as a PDA, but also as the source of base, i.e. we used the hydroxide
solutions of the TAA cations for desilication. The alkyl chain length was varied from methyl
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to butyl to evaluate the impact on the degree of desilication and mesoporosity generation.
The treatments were applied to CBV712, CBV720 and CBV760. Figure 2 shows the N2
adsorption isotherms of the desilicated USY zeolites. They illustrate a huge effect of the
alkyl chain length1 as well as of the nature of the parent zeolite. In the case of CBV760, the
TAAOH treatment created a large mesopore volume of up to 0.8 ml/g. Longer alkyl chains
were less effective in creating mesopores due to their stronger protecting effect. On the
other hand, they led to a better preservation of the micropore volume as well as of the
crystallinity. The Si/Al ratio of the parent zeolite also had a big influence on the degree of
desilication and mesopore formation. In the case of CBV760, 30 to 40% of the Si was
solubilized in the base, while it was only 10 to 20% for CBV720. As a consequence, less
mesopores were generated with CBV720. CBV712 was completely inert to the TAAOH
treatment. This clearly shows the inhibiting effect of Al on the desilication [4].
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Figure 2 – N2 adsorption isotherms of CBV760, CBV720 and CBV712 after desilication by TAAOH.

1

TMA = Tetramethylammonium, TEA = Tetratehylammonium, TPA = Tetrapropylammonium, TBA =
Tetrabutylammonium
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Figure 3 – a) 5-HFM yield as a function of reaction time in DMSO solvent at 90°C. b) Rate as a function of the Bronsted
acid sites concentration of USY. c) Rate as a function of the mesopore volume of USY.

The catalytic performance of the desilicated USY zeolites was evaluated. Figure 3 shows
the case of CBV760. The TPAOH and TBAOH treated samples were more active than the
parent CBV760 zeolite, while TMAOH and TEAOH degraded the performance. The same
result was obtained for CBV720. TPAOH and TBAOH not only generated additional
mesopores, but also increased the Bronsted acid sites concentration (due to the
desilication). TMAOH and TEAOH, on the other hand, generated a maximum of
mesoporosity, but also led to significant amorphization and a concomitant reduction of
acidity. This clearly shows that maximizing the mesoporosity is not a sufficient criterion for
obtaining a good catalytic performance. The integrity of the zeolite structure must be
preserved during the treatments. TPAOH offers the best compromise between mesopore
generation and preservation of acidity.
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Porous silica-based heterogeneous catalysts play a pivotal role in the development of
sustainable processes in which the employ of chemicals, materials and energy are
optimized considering both resource efficiency and waste minimization. These solids are
largely employed in catalysis due to their thermal and chemical stability, elevate specific
surface area, tuneable porosity, large pore volume and high content of surface silanol
groups. Sol-gel synthesis procedures are amongst the easier and most versatile strategies
to tune the properties of the (nano)structured silicates. One of the most appealing
possibilities is represented by the enhancement of the acidity of the silica surface via the
isomorphic substitution of silicon atoms with suitable metal cations. The insertion of various
metal elements as single site into the silica architecture was largely reported in the
literature [1]. Among the wide range of silica-based solids, the tubular morphology, with the
open-ends and the high accessibility of the active sites, is particularly interesting but poorly
explored in catalysis. To the best of our knowledge the first example of Sn-silicates
catalysts with tubular morphology was reported by our group [2].
Within the field of sustainable catalytic applications, the conversion of a waste into valueadded chemicals constitutes a key challenge. Glycerol, produced as by-product of the
biodiesel, is a major feedstock of interest due to its large availability in the market [3]. The
catalytic production of cyclic acetals - such as solketal - via an acetalization reaction of
glycerol is one of the most relevant valorisation pathways presenting a high atom economy
(88% with only water as by-product) and a potential low E-factor. Various solids have been
already employed as catalysts for the above-mentioned reaction and the influence of the
nature of the active sites on their catalytic activity was reported for zeolites and related
porous materials. Among the different metal cations investigated, the use of hafnium as
active site is scarcely reported. However, in a recent publication, Bullock et al. considered
Hf as one of the earth-abundant metals (EAMs) [4]. The authors encouraged extending the
employ of the EAMs in catalysis to further improve the sustainability fingerprint of the
selected processes. Hence, the role of Hf in catalysis deserves to be further explored.
Herein, hafnium-doped silica nanotubes were synthetized for the first time through a
straightforward sol-gel strategy and exploited as catalysts for the valorisation of glycerol
into solketal. To obtain the desired tubular morphology, the synthesis procedure of pure
silica nanotubes was first optimized. The method was then applied to the synthesis of the
hafnium-doped silica nanotubes. The insertion of Hf atoms as single sites was improved
varying the synthesis parameters till the achievement of a full incorporation (very close to
the nominal value) while preserving the tubular structure. Moreover, the influence of the Hf
precursor on the structure and isomorphic substitution was studied as well employing
different Hf-based compounds: hafnium acetylacetonate (Acac-NT), hafnium chloride (ClNT) and hafnium isopropoxide isopropanol (Iso-NT).
The different materials were fully characterized via multiple techniques including
transmission electron microscopy (Figure 1), solid-state nuclear magnetic resonance and
N2 physisorption.
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Figure 1 - TEM micrographs of as-synthesized Acac-NT-c (a) and HR-TEM of calcined Acac-NT-c (b).White arrows
indicate the presence of small gaps in the shell of the nanotubes.

The insertion of Hf in the silica architecture was evaluated via X-ray photoelectron
spectroscopy (XPS) while the acid features were analysed through temperatureprogrammed desorption of ammonia and IR-spectroscopy of adsorbed NH3.
All the solids were tested as catalysts in the valorisation of glycerol into solketal with
excellent results both in terms of activity and selectivity (Table 1). Importantly, the turnover
frequency and the acidity were unambiguously correlated with the insertion of Hf in the
silica matrix (XPS values).

Table 1 - Catalytic activities of hafnium-doped silica nanotubes (Acac-NT-c,
Cl-NT-c, Iso-NT-c) in the acetalization of glycerol into solketal (5-membered
ring). Tests on silica nanotubes (Si-NT), HfO2 and HfO2 supported on silica
nanotubes (HfO2-NT) were added as references. Conditions of the catalytic
tests: 10 mg of catalyst, 50°C, 2 hours, glycerol: acetone = 1 (0.01 mol): 4.

Entry
1
2
3

Catalyst

YieldSk
(%)
<2
<2
<2

Sel.Sk (%)

TOF (h-1)*

Si-NT
n.a.
n.a.
HfO2
n.a.
n.a.
HfO2-NT
n.a.
< 50
Acac-NT4
26
84
c
644
5
Cl-NT-c
21
80
550
6
Iso-NT-c
24
82
560
*TOF (Turnover Frequency) here defined as mol of
solketal/mol of Hf * time (h); n.a.= not applicable

Figure 2 - Catalytic performances of AcacNT-c compared to M-silicates reported in
literature [2, 5, 6]. Conditions of the catalytic
test: 25 mg of catalyst, 1.48 g of tertbutanol, 80°C, 2 hours, glycerol: acetone =
1 (0.01 mol): 1.
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The best catalyst (Acac-NT-c) outperforms the results from literature (Figure 2), even at
low temperature and in solvent-free condition. Its stability was proved via recycling
experiment and full characterization after the use.
Finally, an E-Factor equal to 0.83 was calculated for a selected experiment. Such low Efactor value is in the same range as typical values reported for the industrial production of
bulk chemicals, indicating the high potential of this catalytic process.
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Introduction
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Tin containing zeolites have received increasing attention, especially in chemocatalytic
valorization of carbohydrates, due to the extraordinary catalytic activity and versatility of
Lewis acid sites created by the incorporation of tin to zeolite frameworks [1]. Hydrothermal
synthesis of these metalosilicates have extraordinary advantages, but also several
drawbacks, such as long crystallization time or a limited ability to incorporate high metal
loadings in tetrahedral locations. On the contrary, post-synthetic metalation of
dealuminated zeolites is an interesting synthesis alternative able to provide high tin
loadings, though at the expense of a higher number of framework defects [2]. Nevertheless,
partially hydrolyzed tin sites have been reported to offer a high intrinsic catalytic activity in
several transformations [3], such as Meerwein-Ponndorf-Verley hydrogen transfer, BaeyerVilliger oxidations or in monosaccharides isomerization and retroaldol condensation. This
work explores a novel post-synthesis metalation processes aiming to control the structure
of partially hydrolyzed tin sites incorporated to a FAU-type zeolite, and its consequences on
their catalytic activity for the promotion of the one-pot conversion of glucose to methyl
lactate.
Experimental
A commercial USY zeolite (Zeolyst, CBV712) was dealuminated by a mild treatment with
aqueous HNO3 (10 mol·L-1; 20 mL·g-1zeolite, 1h, r.t., 2 times). Tin was subsequently grafted
onto the dealuminated zeolite using SnCl4 in dichloromethane (0,06 g SnCl4/gzeolite; 100
mL·gzeolite) and TEA as grafting catalyst, under inert atmosphere conditions (Figure 1). The
molar ratio TEA/ SnCl4 was varied during the metalation process, from 1 to 4, aiming to
control the number of grafting bondings created during this step. Tin-containing USY
zeolites were then thermally treated at 350 ºC (1.8 ºC·min-1; 6h) to remove previously
formed TEA·HCl adduct and contacted with an aqueous KCl solution (0.5 mol·L-1; 100
mL·gzeolite-1), to ion exchange silanol groups, thus preventing their condensation during
calcination at 550ºC (1.8 ºC·min-1; 6h).

Figure 1. Synthesis scheme for the materials preparation

The prepared materials have been thoroughly characterized by means of different
techniques (XRD, N2 adsorption, ICP-OES, DR-UV-Vis, 1H-, 27Al-, 29Si-, and 119Sn-MAS SS
NMR). Glucose transformation to methyl lactate was carried out as catalytic reaction test to
evaluate the performance of the different catalysts using a batch reactor. Typically, a
methanolic glucose solution (0.27 mol·L-1; 75 mL) was contacted with a catalyst sample
(0.75 g) for 6 h at 150ºC under stirring (500 rpm) and inert atmosphere conditions (N2, 5
bar). The analysis of the reaction media was performed with a gas chromatograph
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equipped with a CP-Wax 52-CB column and HPLC system fitted with a Shodex NH2P-504E column.
Results and discussion
XRD patterns confirmed no damage of the zeolite structure occurred during the postsynthetic metalation treatment, despite incorporating up to 1.5 wt.% tin loading on final
materials, with little changes between samples prepared from different TEA/ SnCl4 ratios.
The coordination number of tin sites was assessed by DR-UV Vis and 119Sn SS MAS NMR
analyses. Collected spectra for DR UV-vis (Figure 2A) suggest no presence of SnO2 and
evidence tetrahedral coordination of tin in all the materials, when dehydrated at 350ºC –
signals detected at 200 nm-. Rehydration conducted to an increase of the coordination
number, most probably to pentacoordinated Sn sites –UV absorption bands located at 230250 nm-. This rehydration seems to proceed faster in Sn-zeolites prepared with lower
TEA/Sn ratio, indicating a higher affinity for water, which suggests a more hydrophilic
environment around tin sites, which could be a consequence of a higher number of
hydroxyl groups. 119Sn SS MAS NMR (Figure 2B) allowed discarding the presence of
hydrated tin oxide, whose presence is ascribed to a resonance signal at -614 ppm [4]. The
TEA/Sn ratio used in the synthesis of Sn-USY materials seems to exert an important
influence on the speciation of tin. This is translated into a different 119Sn NMR spectra for
every sample, being the principal signal clearly displaced towards negative chemical shifts
when higher ratios TEA/Sn are used. This modification is coherent with a higher
coordination number of the tin sites to the framework environment, thus producing a higher
number of closed Sn sites, supporting our postulate on the ability to control the number of
Si-O-Sn bonds through the TEA/Sn ratio used during the chemical grafting metalation
process.

Figure 2. 119Sn-NMR (A) and DR-UV-Vis (B) characterization of prepared materials and corresponding catalytic activity

The influence of the TEA/Sn ratio used in the metalation step on the catalytic activity of SnUSY zeolites has been tested in the transformation of glucose into methyl lactate. These
results (Figure 2C) evidence the high catalytic activity of the prepared Sn-USY zeolites in
the desired transformation, yielding methyl lactate as the major product (>50% yield) in all
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the cases. Together with the target product, some other hydroxyacid methyl esters are also
produced, all of them coming from retro-aldol derived pathways. In the case of the material
prepared with an equimolar ratio TEA/Sn, these products totalized an overall yield above
90%. Nevertheless, the catalytic activity of the prepared materials demonstrated an
inversely proportional relationship with the amount of TEA used in the synthesis of the
zeolites, so that higher TEA/Sn ratios conducted to less active catalysts. In other words,
increasing the number of bondings between the tin sites and the zeolite framework reduced
the catalytic activity of the Sn-USY zeolites. This is congruent with previously reported
results on the higher catalytic activity of open tin sites, as compared to closed Sn centres,
in Lewis acid driven transformations [3] because of the higher flexibility and Lewis acid
strength of the former.
The characterization and catalytic test performed suggest that the described metalation
process provide a highly dispersed tin incorporation enabling the driving of the speciation of
tin sites through the TEA/Sn ratio used in the grafting step and exhibiting different intrinsic
catalytic activity in accordance with the proposed tin active sites.
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Furfural (FF) is a lignocellulosic biomass-derived precursor molecule, which can be
converted into numerous value-added chemicals [1]. The aldehyde group and the furan ring
are the two functionalities responsible for the high chemical reactivity, and the former
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functionality can undergo important transformations, including reduction to furfuryl alcohol
(FA), reductive etherification to FA ethers and acetalization to FA acetals (Figure 1).
Aluminum phosphate (APO-5) is a zeotype material possessing an AFI structure with 12membered rings with large pore size (8.3 Å) [2], which is suitable for conversion of FF [3].
Normally APO-5 has a mineral framework based on the strict alternation of AlO4- and PO4+
tetrahedral linked via oxygen atoms leading to neutrality [4]. Catalytically active sites (acidic
sites) can be created by different routes for various acid-catalysed reactions.
In this work, highly selective and durable APO-5 catalysts are designed for various
valorization reactions of FF at mild conditions (i.e. 120-150 C). As shown in Table 1,
weakly acidic APO-5 (Al/P = 1) shows excellent catalytic performance for the acetalization
of FF with ethylene glycol to obtain 1 due to co-catalysis of adsorptive and acidic sites [5].
More acidic APO-5 (Al/P = 1.5) catalyzes both catalytic transfer hydrogenation and
subsequent etherification of FF in 2-propanol with good yield of 2 besides ring opening and
hydrogenation products [5]. Introduction of alkali-earth metal oxides, e.g. calcium oxide, in
Ca/APO-5 (Al/P = 1.5) allows to modify the acidity and basicity of the catalyst, which
improves the selectivity to hydrogenation product 3 and further suppresses side reactions,
e.g. etherification, acetalization and ring opening reaction [6]. Notably, all the APO-5
catalysts also display high catalytic activity in the conversion of other bio-derived
aldehydes.
The work demonstrates a simple approach to design heterogeneous APO-5 catalyst
systems for the efficient and highly selective valorization of biomass-derived FF to valueadded chemicals.

Table 1 - Furfural valorization with aluminum phosphate.

Catalyst

Acidity
(mmol/g)

FF
Conversion

Product
Yield (%)

(%)

Figure 1 – Furfural valorization with aluminum phosphate.

APO-5
(Al/P = 1)

0.001

97

96 (1)

APO-5
(Al/P =
1.5)

0.40

95

55 (2)

Ca/APO-5
(Al/P =
1.5)

0.25

97

90 (3)
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Introduction
Recently, different strategies have been reported for the production of renewable purified
terephthalic acid (PTA), with Diels-Alder (DA) chemistry being in the forefront [1-4]. The
cycloaddition of bio-derived isoprene and acrylates represents a promising route to PTA
precursors with an excellent atom-efficiency [4]. However, the processes developed so far
have drawbacks, like low yields [3] or the use of corrosive or even toxic homogeneous
catalysts, e.g. AlCl3, TiCl4 [4]. Heterogeneous catalysts, zeolites in particular, offer a
preferred strategy as they own high surface area and tunable properties. It is also observed
that Lewis acids catalyze fewer undesirable side reactions in DA reactions compared to
Brønsted acid zeolites [5]. Among Lewis-acid zeolites the Sn substituted BEA (Sn-BEA) is
a promising catalyst, due to its strong Lewis-acidity, high stability and easy preparation
procedure [6,7]. However, these zeolites have not been reported for the DA reaction of
isoprene and acrylates, which is known to be efficiently catalysed by Lewis acids [4].
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As a greener alternative for the synthesis of PTA precursors, we present the Sn-containing
BEA zeolites as active solid Lewis-acid catalyst for the Diels-Alder reaction (DA), between
isoprene (I) and methyl acrylate (MA).
Results and discussion
Sn was incorporated via solid state ion-exchange into the framework of dealuminated BEA
(D-BEA) zeolite in different loadings (1, 2 and 5 wt%). Detailed characterization by UV-Vis,
XPS, XRD and BET confirmed the formation of mainly isolated tetrahedral Sn-sites in the
zeolite framework, while the BEA zeolite structure was maintained throughout the
treatments. Some extra-framework SnO2 was also formed with increasing Sn-loading. The
Lewis acid sites and their increasing density with Sn-loading were confirmed by Py-FTIR
(Figure 1a). These findings were substantiated by theoretical calculations of pyridine
adsorptions over Al- and Sn-BEA, emphasizing the characteristic differences between
Brønsted sites (1549 cm-1) and Lewis acid sites (1453 cm-1), respectively.

FIGURE 25 - A) PY-FTIR OF PARENT AND MODIFIED ZEOLITES WITH CALCULATED PYRIDINE ADSORPTION OVER
SN-BEA AND B) TON OF DA REACTION OVER ALL ZEOLITES IN CYCLOHEXANE, 70 °C, 6 BAR N2.

When tested for the DA reaction of isoprene and methyl acrylate, Sn-substituted BEAs
gave higher yields of DA products when compared with no catalyst and the parent Al-BEA
and better para-selectivity relative to the reaction with no catalyst. The conversion and
selectivity also increased with increasing Sn-loading in the Sn-BEA zeolites, emphasizing
the efficiency of the Sn-sites. Tetrahedrally coordinated SnIV sites in the BEA zeolite
framework proved to be highly active sites for this DA reaction with the TON of 1Sn-BEA
being more than 14 times higher than for Al-BEA (Figure 1b). It can be seen that with
increasing Sn-loading on the BEA zeolites, TONs decrease. This is attributed to the fact
that the relevant tetrahedrally coordinated framework SnIV do not proportionally increase
with Sn-loading, as extra-framework octahedral SnO2 clusters are formed. These sites are
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not active in the DA catalytic reaction and may also block part of the pores in the zeolite
structure, as confirmed by decreasing BET surface area with increasing Sn-loading.
In addition, the reaction was also performed at different reaction temperatures (70-130 °C).
The activity increased with temperature for all catalysts and all Sn-BEAs maintained the
high selectivity towards the cycloadducts, in contrast to parent Al-BEA, which resulted in
more side-reactions with increasing temperature. 5Sn-BEA gave the highest conversion
and yield at 130 °C (XMA= 44%, YCycloadducts= 36%, npara:meta= 4.2). The higher selectivities of
Lewis-acid Sn-BEAs compared to Al-BEA, can be attributed to the presence of Lewis
acidity, which promotes the cycloaddition. Brønsted acid sites in Al-BEA stimulate
dimerization of isoprene and its side reactions with the cycloadducts. The DA activity of Sncontaining zeolites were also investigated with DFT calculations to understand activity and
selectivity at the atomic level. Results show that, when no catalyst is present, none of the
four possible transition states, leading to either para- or meta-adduct, are particularly
favoured. When the reaction is calculated on the Sn-site in Sn-BEA, the activation energies
for all transition states can be lowered. In particular, the activation energy for the para/exo
transition state leading to the para-adduct was calculated to decrease drastically,
substantiating the experimentally found activity and selectivity of Sn-BEA for the DA
reaction between MA and I.
Conclusion and outlook
High activity and selectivity of the solid Lewis acid Sn-BEA catalysts, combined with atomefficient DA cycloaddition of bio-derived reactants, can provide a viable sustainable route to
precursors for aromatic monomers used in bio-plastics production. Additionally, superior
turn over numbers and selectivity of Sn-BEA as and efficient heterogeneous catalysts could
pave the way towards process scale up and/or continuous production, rendering this
process more feasible for industrial application.
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Introduction

Naphthalenes are polycyclic aromatic compounds (PAH) with a common structure of two
fused pair of benzene rings and different types of substituents. They have relevant
industrial applications and well-stablished markets in the fields of plastics, dyes, resins, or
as precursors of other chemicals [1]. Nowadays its main production process is based on
the fractional distillation of coal tar (by-product of the production of metallurgical coal), with
all the penalties because of the fossil origin of the raw material. Thus, the interest in the
development of alternative and more sustainable production routes has largely increased,
especially considering the large efforts done in the metal industry for replacing the use of
coal-derived cokes. In this context, the use of platform molecules obtained from waste
lignocellulosic biomass presents an exceptional opportunity for accomplishing this purpose.
Contrary to the carbochemical and petrochemical routes, obtaining PAH in a biorefinery
requires two reverse steps: firstly, the fractionation of biomass into small and common
platform molecules (well-known processes such as hydrolysis, pyrolysis, etc.) and,
secondly, the development of specific condensation steps to produce the target
compounds. Diels-Alder is one of the most versatile organic reactions to applied to this
purpose. This condensation involves a conjugated diene and a dienophile, requiring an acid
catalyst. With appropriate reactants, different aromatics with one or more benzene cycles
can be produced [2]. Kinetically, quite high temperatures are required, stablishing a weak
equilibrium between activity, cracking, and deactivation by coke deposits. Thus, good
results in terms of productivity and selectivity require a strong control on the reaction
conditions. Zeolites are the evident candidates as catalysts for this reaction, combining
their high acidity with the molecular sieve effect, as anticipated by their different topologies.
This study presents an analysis of different routes to obtain naphthalenes proposing
diverse bio-derived reactants and zeolites. Data are analysed in terms of activity, selectivity
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and stability. Despite the previous literature to apply the Diels-Alder to obtain BTXs [3],
there are not references to optimize this process to promote the production of
naphthalenes.
Materials and methods
Several zeolites were employed in this study: CHA, FER, MOR, MFI, BEA, FAU, and MCM41. Their proton form was obtained after calcination at 550ºC. Reactions were studied in a
fixed-bed reactor using 15-240 g of catalyst (250 – 355 μm). Reactions were carried out at
500ºC and 2.5 bar, with a continuous stream of furan, propylene, benzene, toluene,
furfural, and/or ethanol in He (20 Nml·min-1). The outlet stream was online analysed by GCFID.
Results and discussion
Furan and propylene (1/3 ratio) were selected for an initial screening of zeolites since these
compounds are widely studied in Diels-Alder reactions for the BTX production. The
screening involves from CHA to FAU (3.8 – 7.4 Å, 4.5 – 8.1 Å once applied the Norman
correction), with similar acidity (≈ 10 mmol NH3·g-1). Most of the acidity of these catalysts is
located inside their microporous and the reaction is controlled by internal diffusion
limitations. Consequently, the expected strong shape selectivity effect is observed, defining
optimum zeolites as a function of the target compounds. Thus, the reactants cannot enter
inside most of the active sites of CHA and FER, observing only alkenes because of the
cracking of both compounds (34 and 30 % of furan and propylene conversion).
Naphthalene appears in very low selectivity with medium pore size zeolites, with
selectivities of 2.4, and 2.6 %, with MOR, and BEA, respectively. MFI is an exception in this
series, producing a selective stream enriched in BTX (63 %) and alkenes (26 %), being the
most active zeolite (100 % conversion of furan, 68 % of propylene). According to the kinetic
diameter of these PAH (6.2 – 7.7 Å), the highest selectivity is obtained with FAU (7.1 %).
However, both the carbon balance closure and conversions decrease significantly with BEA
and FAU, suggesting an uncontrolled reaction with a high production of solid deposits
(coke, deactivation precursors). With these zeolites, a relevant part of the reaction takes
place on the external surface, allowing the uncontrolled oligomerization, as corroborated by
the poor results obtained with the mesoporous MCM. To sum up, a minimum confinement
is required to control the reaction extent. The pore size is also relevant to determine the
distribution of the different PAH, increasing the alkylation grade as the pore size increases.
Thus, naphthalene and methylnaphthalene (the most interesting isomers) are selectively
produced with MOR and MFI, whereas BEA and FAU also promote the production of diand tri- alkylated derivates. These results, summarized in Fig. 1 are congruent with a
sequential condensation mechanism in which PAHs are obtained by the condensation of
BTX with a second furan molecule, the final isomer obtained determined by the BTX that
reacts (benzene, toluene, or xylene). The simultaneous production of different BTX and,
subsequently, PAH is due to the coexistence of alkylation and disproportionation reactions,
reactions also catalysed by acidity.
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Figure 1 – (a) Furan (beige)
and propylene (gold) conversions at 500ºC (F/P 1/3 ratio, 15 mg of zeolite); (b) Distribution
of alkenes (green), BTX (blue), naphthalenes (pink), indenes (orange), alkylfurans (yellow) and coke & CO2 (grey); (c)
naphthalene distributions.

These results suggest FAU as the optimum zeolite for the PAH production. However, the
stability study reveals that the deactivation (in terms of coke production rate) suffered by
BEA and FAU is two times faster than the one of MFI, the maximum production obtained
with this material. These results, congruent with the higher control on the reaction, support
the further analyses with this material, trying to enhance the PAH production with different
reactants or reaction conditions.
The substitution of furan and propylene by primary bioplatform molecules (furfural and
ethanol) demonstrate very interesting results, observing the same families of products
(alkenes, BTX, and naphthalenes) but with a final stream enriched in PAH (12.6 %) (Fig.
2a). This production is enriched in methylnaphthalene (50.3 %, with similar distribution of
naphthalene and dimethylnaphthalene) and corresponds to total conversion of furfural.
These results demonstrate the high activity of MFI for the naphthalenes production, also
implying a high enhancement in the sustainability of the process.
The combination of furfural and ethanol also produces 32 % of BTX, which could be due to
the low WHSV (1.6 h-1). A two-step configuration is then suggested, analysing the activity
of MFI for the direct transformation of BTX and furfural as a possible second step to
maximize the PAH productivity. Additional studies using furfural and different BTX as
reactants were carried out, obtaining total conversion of furfural in all the cases and a linear
dependency of BTX conversion with the alkylation grade (15, 36, 52, and 81 %, the last one
obtained with mesitylene). The maximum amount of PAH is obtained with benzene (18 %),
observing a low amount of indenes (6 %) and other BTX by alkylations derived from the
alkenes produced by cracking (Fig. 2b). The alkylation distribution (Fig. 2c) demonstrates
the relevance of alkylation grade of the BTX on the products, reducing the effect of
disproportionation equilibria in this heavy fraction.
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Figure 2 – (a) Product distribution using different reactants and 180 mg of MFI (ethylene (dark green), see Fig. 1 for
other codes); (b) selectivity distribution in reactions with furfural and different BTX; (c) productivity of different
naphthalenes as a function of the reactants.

Conclusions

Naphthalenes can be obtained by Diels-Alder reactions involving primary bioplatform
molecules, furfural and ethanol, using MFI as catalyst because of the equilibrium activityselectivity observed with this zeolite. A two-step configuration is proposed to maximize the
naphthalene productivity, taking advantage not only to the first production (12.6 %) but also
to a second bed focused on the condensation of BTX with another furan precursor (18 %).
These preliminary results open the possibility of a green production of these relevant
industrial products currently obtained from coal tar.
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Ex-situ catalytic pyrolysis of biomass over acidic zeolites, and in particular ZSM-5, is well
recognized as a promising alternative in the challenging task of developing advanced
biofuels and bio-based chemicals [1]. This process involves the catalytic upgrading of the
primary vapours generated by thermal decomposition of the biomass taking advantage of
the cracking, deoxygenation and aromatization activity of the acid sites of the zeolite.
Within this topic, the effect of a variety of operating conditions for both thermal pyrolysis
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(temperature, heating rate, biomass particle size, etc.) and catalytic upgrading of pyrolysis
vapours (temperature, catalyst to biomass ratio, zeolite properties, etc.), has been
extensively studied [2,3]. However, just a few works have been published investigating the
role of pressure on both the yield and properties of pyrolysis products [4,5].
In this context, the main goal of this work was to determine the influence of pressure over
the activity of nano-ZSM-5 (Si/Al=42, from Clariant) in the catalytic pyrolysis of oak wood as
representative of lignocellulose biomass.
Pyrolysis tests were carried out at 1 and 10 bar using a stainless-steel tubular downdraft
fixed bed reactor heated by two independent furnaces for the thermal decomposition (500
ºC) and catalytic upgrading (450 ºC) zones. 5 g of oak wood of 0.5-1 mm particle size and
catalyst to biomass mass ratios (C/B) of 0.15 or 0.3 were employed. Non-catalytic reactions
were also run as references. All pyrolysis products were analysed in detail through several
techniques (elemental analysis, Karl-Fischer titration, GC/MS, µ-GC, thermogravimetry,
etc.).
Figure 1 shows the mass yields of the different fractions obtained during the pyrolysis tests.
It can be observed that the production of char is increased. This result is attributed to a
higher retention of organic compounds on the char structure. In general, the yield of bio-oil*
(water-free basis bio-oil) is reduced when the pressure or the C/B ratio are increased since
these variables promote, among others, deoxygenation, and cracking reactions of the
pyrolysis vapours, which lead to a higher proportion of permanent gases. Interestingly,
coke deposition over ZSM-5 is hardly affected by pressure or even decreases at 10 bar
when the highest C/B is employed.
As shown in Figure 2, one of the main reasons for the decrease in the bio-oil* yield as the
catalyst load and/or pressure increase relies on the occurrence of a significant reduction in
its oxygen content, which drops from 40 wt.% in the thermal pyrolysis reactions up to 7.5
wt.% at 10 bar and C/B = 0.3. These results denote that under pressurized conditions there
is a greater interaction between the primary pyrolysis vapours and the catalyst, sharply
enhancing the ZSM-5 activity for bio-oil* deoxygenation.
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Figure 1. Mass yields of the pyrolysis fractions obtained
from pressurized catalytic pyrolysis of oak wood
Figure 2. Oxygen concentration in bio-oil* obtained from
pressurized catalytic pyrolysis of oak wood

The composition of the bio-oils* was determined by GC-MS, which was calibrated for the
most representative and abundant compounds. Figure 3 represents a comparative
distribution of the identified compounds grouped in families: carboxylic acids (AC), light
oxygenates (LO), furans (FUR), sugars (SUG), oxygen-containing aromatics (O-AR),
monoaromatics (MAH) and polyaromatics (PAH). The results obtained are in agreement
with the trend of the oxygen content in bio-oil* discussed in Figure 2. Thus, non-catalytic
bio-oils* are exclusively formed by oxygenated compounds, many of them (sugars and
acids) characterized by instability and/or corrosivity. However, the introduction of n-ZSM-5
as catalyst leads to a partial or even total conversion of such oxygenated organics,
whereas the production of monoaromatic hydrocarbons (MAH) is progressively enhanced
at higher C/B ratios, according to the well-known capacity of the zeolite to catalyse DielsAlder condensation reactions between furans and light olefins to produce aromatic
hydrocarbons. The upgrading activity of the zeolite is boosted by increasing the reaction
pressure up to 10 bar so that, employing a C/B = 0.3, concentrations up to 45 wt.% of MAH
are achieved, which are marketable molecules as chemicals or for blending in high-quality
liquid fuels.
Another remarkable fact is that the increase of the pressure significantly improves the
efficiency of the bio-oil* deoxygenation process, as it can be observed in Figure 4 showing
the relationship between the oxygen content and the energy yield of the bio-oil* fraction. In
fact, for the test performed at 10 bar, the bio-oil* can be deeply deoxygenated at the same
time the loss of energy yield of this fraction is minimized.

Figure 3. Molecular composition of bio-oil* determined by GC-MS from
pressurized catalytic pyrolysis of oak wood.

Figure 4. Oxygen content vs energy yield in bio-oil*
obtained from pressurized catalytic pyrolysis of oak wood.

In conclusion, the results reported demonstrate that the deoxygenation and aromatization
activity of nano-ZSM-5 in the catalytic upgrading of pyrolysis vapours from lignocellulosic
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biomass is boosted by moderately increasing the reaction pressure (10 bar). This superior
performance is attributed to a stronger adsorption of oxygenates and olefins over the
catalyst surface under pressure, facilitating their transformation into valuable aromatic
hydrocarbons. Moreover, this important improvement in the deoxygenation and
aromatization activity of the zeolite does not involve higher coke yield, which otherwise,
could represent a major limitation for the viability of the process. In overall a strong
synergistic effect is observed between the reaction pressure and the catalyst loading.
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O08.01. ADSORPTION AND PHASE BEHAVIOUR OF PURE FLUIDS (CO2, CH4, C2H4,
H2)
IN MOLECULAR SIEVES AND HIERARCHICAL NANOPOROUS MATERIALS
Peter Leicht, Simon Eder and Matthias Thommes*
Institute of Separation Science and Technology. Department of Chemical and Biological
Engineering. Friedrich-Alexander University, Erlangen-Nürnberg, Germany

Adsorption of pure fluids such as for instance CO2, CH4 in porous materials plays an
important role in various applications including CO2-capture from flue gas and other
industrial waste streams as well as upgrading natural gas and biogas for pipeline transport.
Understanding the fundamental adsorption mechanisms and phase behaviour of the
adsorptive in the pore system can help to identify critical adsorbent properties that influence
process performance. Within this context, the adsorption and phase behaviour of CO2,
CH4, C2H4 in hierarchically structured nanoporous materials (e.g., NaY zeolite, hierarchical
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zeolites) and ordered mesoporous materials (e.g.,KIT-6 silica) was studied as a function of
temperatures (from subcritical to supercritical) and pore size using volumetric and
gravimetric techniques. This allowed us to map the phase diagram of CH4 and CO2 in the
mesopores (pore diameter 4.6 nm) of a hierarchically structured Y-zeolite. Furthermore, an
accurate textural characterization (e.g., pore volume/size distribution, pore network
characteristics) of the adsorbent materials was obtained by advanced gas adsorption
studies utilizing different adsorptives coupled with the application of methods such as nonlocal density functional theory (NLDFT) and molecular simulation. This allows also for an indepth assessment of textural properties are correlated with the supercritical adsorption
behaviour (with particular focus on the surface excess maximum) and gas storage
capabilities of fluids in hierarchically ordered micro-mesoporous pore networks in
comparison with corresponding solely microporous and mesoporous materials.

Our results lead to a better understanding of how confined geometry effects contribute to
the adsorption and phase behaviour of fluids in micro-and mesoporous materials in general
but with a focus on hierarchically structured nanoporous materials, such as hierarchically
ordered mesoporous zeolites. These insights allow one to explore important structureproperty relationships relevant to applications such as gas storage (e.g. with regard H2,
CO2, CH4) and separation/purification.

O08.02. EFFECT OF Co2+ AND Ni2+ CATIONS ON H2 STORAGE PROPERTIES OF
ZEOLITES
N. Sarohan1, M. O. Ozbek2, B. Ipek1
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bipek@metu.edu.tr

Economical, lightweight and safe on-board H2 storage systems are long needed for
portable fuel-cell applications including H2 fuel-cell vehicles. Despite the desired properties
of physical adsorbents such as fast H2 adsorption/desorption kinetics and full reversibility,
these adsorbents could not achieve the target hydrogen storage capacities (2025 DOE
targets of 5.5 wt.% and 40 g/L [1]) at room temperature and at pressures up to 100 bar due
low heat of hydrogen adsorption values (≤13 kJ/mol [2,3]). Zeolites, on the other hand, are
reported to reach 18 kJ/mol on alkaline earth- metal cations [4], and to much higher initial
heat of adsorption values on Cu(I)-exchanged zeolites (70–95 kJ/mol) [5,6]. As reversibility
is an important factor in porous adsorbents, optimum heat of energy values ca. 20–25
kJ/mol, reported for maximum H2 working capacity [7,8], should be attained on porous
adsorbents to maximize the reversible H2 storage.

362

In this work, H2 adsorption energies on Co2+- and Ni2+- exchanged zeolites were
investigated both theoretically and experimentally. Theoretical calculations were performed
using the Quantum Espresso package [9]. Perdew–Burke–Ernzerhof (PBE) functional was
used for the exchange-correlation energy. Projector augmented wave (PAW) sets were
used to describe the ionic core pseudopotential. CHA, AEI, MFI frameworks (representing
SSZ-13, SSZ-39 and ZSM-5) were optimized using periodic boundary calculations. The
window of the 6-membered-rings was considered to be the main cation site in CHA and AEI
frameworks. In MFI framework, three possible sites for Co2+- and Ni2+-cations were
investigated for H2 adsorption: 𝛼, 𝛽 and 𝛾-sites (Figure 1). Second nearest neighbor (2NN,
Al-O-Si-O-Al) and third nearest neighbor (3NN, Al-O-Si-O-Si-O-Al) coordination for two Al
atoms are considered separately in CHA, AEI frameworks and 𝛼, 𝛽 and 𝛾 -sites of MFI
(Figure 1). A wide range of heat of adsorption energies are calculated (between 13 and 44
kJ/mol) for CHA, AEI, and MFI frameworks, where Ni-exchanged CHA and AEI resulted in
higher values when compared to Co-exchanged counterparts. In 𝛼, 𝛽 and 𝛾-sites of MFI
framework, 2Al coordination affected the energy values significantly (Table 1).

Table 1. Theoretical (DFT) heat of H2 adsorption values (-Eads in kJ/mol) for Co2+- and Ni2+-containing -CHA, -AEI, and MFI

Co2+-Zeolite
CHA-2NN
CHA-3NN
AEI-2NN
AEI-3NN
MFI-𝛂-2NN
MFI-𝛂-3NN
MFI- 𝛂 -2NNfar
MFI- 𝜷-2NN
MFI- 𝜷-3NN
MFI- 𝜷 -2NNfar
MFI 𝜸-2NN
MFI 𝜸-3NN
MFI 𝜸 -2NNfar

16
15
27
24
18
27
35

Ni2+Zeolite
23
25
44
22
24
14
32

13
27
16

20
23
21

22
30
34

12
17
27
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Figure 1. Schematic of CHA 2NN, CHA 3NN, MFI-𝛂-3NN and MFI-𝛂-2NN sites. Si: Yellow, Al: Blue, Cobalt: Dark blue,
O: Red

As the heat of adsorption values were found to be in excellent agreement with the optimum
heat of H2 adsorption values calculated for porous adsorbents, Co2+- and Ni2+- exchanged
ZSM-5 (Si/Al = 22) and US-Y (Si/ Al = 6) were prepared using ion-exchange of metal nitrate
salts. Microporous and mesoporous samples as well as Na+-containing Ni-ZSM-5 (Ni2+ZSM-5 50 bar) and Co-ZSM-5 (Co2+-ZSM-5 50 bar) were tested for H2 adsorption at 298 K
and up to 10 bar for calculation of isosteric heat of adsorption values using ClausiusClapeyron equation. Ni-ZSM-5 showed an initial heat of adsorption value between 28 and
32 kJ/mol, whereas Na+-addition (Table 2) increased the value to 40 kJ/mol (Figure 2.a).
Co-ZSM-5 samples showed very close energies with an initial heat of adsorption value of
16 kJ/mol. Ni-USY showed a higher energy value (23 kJ/mol) when compared to Co-USY
(18 kJ/mol) as well. The experimental isosteric heat of adsorption values between 16
kJ/mol and kJ/mol are in perfect agreement with the theoretically calculated values (Table
1). With these energy values, a maximum volumetric capacity of 5 g H2/L (0.12 wt.%) is
achieved at 298 K and 10 bar on Ni2+-ZSM-5 50 bar sample. When the samples were
tested at 298 K and 50 bar (Figure 2.b), a volumetric capacity value of 20 g H2/L is
achieved. In comparison, highest volumetric uptake of 7 g H2/L was reported on Ni(mdobdc) metal organic framework at 298 K and 50 bar [10]. Moreover, the hydrogen
adsorption was found to be fully reversible on samples except Ni-USY.
This record-high volumetric capacity observed on Ni-ZSM-5 is a very promising result for
Co2+- and Ni2+- exchanged zeolites to achieve the targeted volumetric hydrogen storage
capacity values at desired temperature (298 K) and pressures (100 bar).

Table 2. Surface area, pore volume and elemental analysis results of prepared zeolites

Sample
Ni2+-ZSM-5
Co2+-ZSM-5
Meso-Ni2+ZSM-5
Meso-Co2+ZSM-5
Ni2+-US-Y
Co2+-US-Y
Co2+-ZSM-5-50

Vtotal
(cm3/g)
0.23
0.23
0.52

Vmicro
(cm3/g)
0.13
0.13
0.12

Vmeso
(cm3/g)
0.10
0.10
0.41

Si/Al

M2+/Al

21
21
22

0.3
0.36
0.44

0.54

0.11

0.43

22

0.49

0.49
0.46
0.27

0.29
0.28
0.1

0.20
0.18
0.18

5
4
14

0.13
0.13
Co/Al=0.22,
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bar
Ni2+-ZSM-5-50
bar

0.25

0.09

0.16

12

Na/Al=0.6
Ni/Al=0.14,
Na/Al=0.18

Figure 2. a) Volumetric capacity of Ni2+, Co2+- Zeolites up to 50 bar b) Isosteric Heat of Ni2+, Co2+- Zeolites
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O08.03. CHA & GIS ZEOLITES FOR H2/CH4 STORAGE – DOES PORE STRUCTURE
MATTER?
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Unprecedented global challenges and stagnation of the economy require the
accelerated development of a new generation of materials that will actively contribute to the
ongoing energetic revolution. Indeed, after the development of coal- and oil-based industry
it is now mandatory to transition to cleaner energy. To fulfill this challenge, zeolitic materials
appear among the most promising and cost-effective candidates. Indeed, small pores
zeolites are well suited for the adsorption and separation of small gases of high importance
(such as CO2, N2, CH4 etc.), since the accessible apertures (3.0–4.5 Å) of their 8membered rings (8MR) geometrically correspond to the adsorbate’s kinetic diameters
(Figure 1) [1-2]. Herein, we propose to evaluate the effect of the zeolitic pore architectures
on adsorption capacities and separation selectivity of small gases. The work is focused on
two zeolites being built from the same unit blocks but exhibiting two different final pore
structures: chabazite (CHA) and gismondine (GIS) (Figure 1). The CHA framework formed
by hexagonal prisms, stacked in layers and linked by tilted 4-membered rings is
characterized by a 3D pore system with [4126286] ellipsoidal shaped cages of 6.7 × 10 Å2
interconnected via 8MR windows. The GIS zeolite is composed of two orthogonally
connected double crankshaft chains, which form 10-hedral [4684] cages with four 8MR
openings (3.1 × 4.4 Å) in [100] and (2.6 × 4.9 Å) in [010] forming an interconnected
channel-like system. The absence of 6MRs and hexagonal prisms in the GIS structure
combined with the differences in the geometric parameters of the 8MR windows are of
particular interest respective to the adsorption performance, especially when considering
various extraframework cations. Large alkali cations (such as Rb+, Cs+) are expected to
increase the separation efficiency by trap/swing-door mechanism, whereas substitution by
smaller double charged ones (such as Ca2+, Mg2+, Zn2+ etc.) frees up extra space and
access in the zeolite framework resulting in a potential increase of the gas adsorption
capacity. To rationalize and quantify the importance and extent of these effects, we
propose a systematic study combining both synthesis and thorough characterization of
micro- and nano-sized zeolites of CHA and GIS topology with variable Si/Al ratio (1.9–2.5)
and countercations. The influence of the zeolite topology, Si/Al ratio, nature and loading of
the extra framework cation as well as the particle size on small gases (CO2/N2/H2/CH4)
adsorption capacity was analyzed in details by high-pressure single component adsorption.
Realistic gas separation efficiency was investigated by breakthrough dynamic adsorption.
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Figure 1. – Small gas separations, the structure of CHA and GIS zeolites and pores channels systems, size of
8MR aperture.
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A combination of molecular simulations techniques
is used to evaluate the structural tunability of MAF6. This metal azolate framework (MAF) with zeolitic
RHO topology is a large-pore metal-organic zeolite
with an exceptional hydrophobicity. This property
confers to the material special capabilities for
oil/water separation, organic pollutant enrichment,
or chromatography analysis, among others[1]. On a
first attempt we deal with benzene adsorption in the
MAF structure and with the inversion of the
adsorption behavior in presence of aliphatic
alcohols with varying chain length[2]. Later on, two
mechanisms are explored to modify the
hydrophobic nature of the material. We evaluate the
effect that the presence of small alcohols has on the
water adsorption and the influence of different
weight percentages of salt on the adsorption
capacity of the material[3]. To this aim, a new set of
Lennard-Jones interacting parameters for the MAF
structure with benzene, methanol, ethanol, 1Figure 1. Equimolar binary mixtures of
benzene (blue circles) with methanol (red
propanol, and water is developed in order to
triangles), ethanol (green squares), and 1reproduce experimental adsorption. To understand
propanol (pink diamonds) at 298 K. Full
the adsorption mechanisms that take place inside
symbols correspond to excess adsorption
while empty symbols areused for absolute
the structure adsorption isotherms, heats of
adsorption
adsorption, radial distribution functions, hydrogen
bonds formation, and molecule distribution inside
the material are studied in detail. We found that the adsorption of benzene can be modify in
such a way that this from benzene/methanol mixtures is similar to its pure component
isotherm. However, for increasing length of the aliphatic chain of the alcohol the adsorption
behavior is reversed, preventing benzene to be adsorbed (figure 1). Regarding water
adsorption, both approaches lead to higher water adsorption of MAF-6 when it is confined
in the structure of MAF-6. The presence of long molecules of alcohols favors the water
adsorption at low values of pressure by smoothing the phase transition of water within the
MAF-6. On the other hand, the addition of salt to the structure creates additional adsorption
sites for water enhancing its adsorption, while reducing the saturation capacity of the
material since the presence of salt reduces the accessible pore volume.
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Adsorption of water and/or ethanol in porous structures is of great interest for many
different application, including separation, dehumidification and more recently
thermochemical energy storage [1, 2]. Since energy for heating and cooling represents up
to 50% of the world’s final energy consumption, there has been an increased interest in
finding environmentally friendly methods for the optimization of heat supply/demand.
Thermochemical Energy Storage (TCES) in porous materials is one method that addresses
this issue. TCES uses the reversible chemical reactions and/or sorption processes of gases
in solids or liquids. Unlike the others (sensible heat storage and phase change materials
storage), TCES shows only a trivial amount of heat loss while reaching a significantly
higher energy storage density. Sorption-based TCES is of special interest, as it has the
capacity to fully utilise solar thermal energy and low-temperature industrial waste heat.
Low-temperature sorption thermal storage can be examined using traditional adsorbents
(e.g. zeolites) or innovative adsorbents (e.g. MOFs, aluminophosphates and composites)
[3, 4]. However, most of current adsorbents show one or more drawbacks in requirements
for ‘real-life’ applications and this is the reason why there is continuous interest in this field
by researchers and why a significant amount of work is still required.
One of the subgroups of MOFs is Zeolitic imidazolate frameworks (ZIFs), which are
comprised of transition metal ions (Zn, Co, etc.) and imidazolate linkers [5]. ZIFs are
considered to be highly stable. Due to their properties, including ordered porous structures
and possibility to shape them in glass-like monoliths, ZIFs also have been proposed as
supports for adsorptive separation applications [6]. In spite of a great potential, the reports
on the optimization of ZIF for heat storage and allocations applications are scarce and
majority focusing on water as working fluid as it is the greenest choice available. On the
other hand, using ethanol instead of water is reportedly advantageous, which can be seen
in a study by De Lange et al. (2015) [1]. The use of ethanol as an adsorbate has seldom
been explored for this purpose but may prove to be beneficial for applications at lower
temperatures when compared to water [2, 7].
This presentation will discuss the synthesis, characterisation and sorption-based
studies of three ZIFs (ZIF-71, ZIF-90 and ZIF-93), that have similar pore entrances,
pore/cage capacity or topology. In general, the two main criteria for selecting ZIF structures
as adsorbents are the pore entrance size and the pore/cage capacity. However, it is worth
noting that reported data for these criteria are based on static measurements and subject to
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change due to a number of conditions (synthesis parameters, activation method, etc.).
Additionally, it has long been known that the pore entrances are not completely rigid and
may bend/relax to allow molecules into pores/cage [8–10]. The hydrophobicity of the ZIF
also has impact on adsorption capacity [11, 12]. These can be fine-tuned by introducing
local structural features, which effects adsorbate-adsorbent interactions to a great extent.
Finally, a recent study completed on the uptake of ethanol, methanol and water for 2 ZIFs
by Byrne et al. concluded that the functional groups of linkers also play an important role on
the end application [10]. The ZIFs studied were selected based on their reported pore sizes
and pore capacities (see Table 1).

Table 1 - Pore entrance size, the pore/cage capacity and topology for the ZIFs
examined [13–15].

ZIF

Pore entrance Pore size
Linker/Functional
Topology
[Å]
[Å]
group

ZIF71

4.2

16.5

RHO

ZIF90

3.5

11.2

SOD

ZIF93

3.6

17.9

RHO

The materials were synthesised using optimised methods based on literature data. The
activation of the ZIFs (i.e. removal of solvent from framework) was achieved using various
methods, for example via soaking in methanol followed by drying in vacuum oven at 150°C
(ZIF-90).

The crystalline structures of the three ZIFs were confirmed using XRD and comparing to
the simulated diffractogram pattern. This analysis was repeated after the activation method
to ensure that crystalline structure had remained intact. TG analysis was completed prior
and after the activation of ZIF structures to ensure that any solvents present were removed
during activation but the remaining structure hadn’t collapsed. BET analysis showed that
the ZIFs had a specific surface area of 1038 m2/g (ZIF-71), 1118 m2/g (ZIF-90) and 1058
m2/g (ZIF-93). Thermogravimetric water and ethanol sorption analysis was completed to
determine the uptake (mmol/g) for each ZIF. As it can be seen by Figure 1, ZIF-93 had the
highest ethanol uptake while ZIF-90 shows the highest water uptake. The figure also shows
that both ZIF-90 and ZIF-93 have a preference for water (i.e. are hydrophilic) while ZIF-71
showed a preference for ethanol. The structures remained crystallinity after the tests.
Adsorption enthalpies will be further discussed in the contribution.
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Figure 1 – Ethanol (green) and water (blue) uptake for ZIF-71, ZIF-90 and ZIF-93.

The evaluation of three ZIFs revealed a stable system suitable for potential use in TCES.
Based on the obtained results for the three ZIFs, we showed that the larger pore size and
the entrance to the pores do not directly imply larger sorption capacities for water and
ethanol, but the type of the functional groups on the selected linkers.
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Nowadays, there is a growing interest in metal-organic frameworks due to their potential
applications as water sorbents. For water harvesting, heat-pumps, adsorbent-based
chillers, etc., typical operating conditions involve exposure to water vapor at relatively high
temperatures [1]. Aluminum-based metal-organic frameworks (Al-MOF) have shown
promise as suitable materials for applications due to considerable sorption capacity as well
as excellent thermal, hydrothermal and chemical stability.
Our recent research is focused on water adsorption characterization of the aluminum
trimesate MIL-96 (Al12O(OH)18(H2O)3(Al2(OH)4)[btc]6·24H2O) [2]. In this work, a novel
experimental technique called quasi-equilibrated temperature programmed desorption and
adsorption (QE-TPDA) [3] was employed for studying the water adsorption properties and
hydrothermal stability of this material. This innovative technique has several advantages,
including relatively inexpensive equipment, the use of small sample size, and shorter
measurements than those performed with alternative experimental techniques. QE-TPDA
of n-alkanes has been extensively used in studies of zeolites, ordered mesoporous silicas,
and metal-organic frameworks [4-6]. A QE-TPDA profile represents changes in the partial
pressure of the adsorptive present as small admixture in the carrier gas flowing through a
tube containing the sample. It consists of desorption maxima observed during heating and
adsorption minima observed while cooling the sample. In the case of stable adsorbents, the
individual QE-TPDA profiles obtained in cyclic experiments may be averaged, thus
improving the quality of the adsorption-desorption data.
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Figure 1. A) Experimental adsorption (filled points) and desorption (empty points) isotherms of water in MIL-96
measured
at
20°C.
B) QE-TPDA profiles of water vapor measured at a heating/cooling rate of 1°C and 2°C /min and at the inlet water vapor
partial pressure of 2.6 kPa.

The adsorption-desorption isotherms and the QE-TPDA profiles of water observed for MIL96 (Fig.1) confirm the hydrophilic nature of this material and its high affinity to water vapor.
Both the isotherms and thermodesorption profiles indicate high reversibility of water
sorption in MIL-96. A hysteresis observed in the QE-TPDA data is intrinsic to this method
and decreases with the decreasing heating/cooling rate. The results shown in Fig.1 indicate
that sorption of water in the MIL-96 framework proceeds via a two-step mechanism. As the
origin of this behavior remains unclear, a thermodynamic analysis of the thermodesorption
data was attempted in order to clarify it. Based on the QE-TPDA profiles measured for
three different inlet partial pressures (3.0, 3.8, and 4.9 kPa) the desorption isosteres were
constructed (for relative adsorption degrees ranging from 0.2 to 0.8, with 0.1 step). The
corresponding values of the adsorption enthalpy (ΔHads – the isosteric adsorption heat) and
entropy (ΔSads) were calculated from the isosteres using the procedure adopted from [3].
For the high temperature (HT) desorption maximum (i.e. relative adsorption degree below
0.5) the absolute values of ΔHads were higher than the corresponding value for water
condensation (44 kJ/mol), while the values of ΔSads were close to the condensation entropy
(-118 J/mol∙K). For the low-temperature desorption (LT) maximum, the absolute values of
ΔHads and ΔSads were considerably lower than those corresponding to condensation of
water. These results confirm a change in the adsorption mechanism and may indicate that
the HT adsorption state is characterized by relatively strong interactions of the adsorption
sites with water molecules, that additionally exhibit some localization and/or ordering. For
the LT adsorption state weaker interactions, as well as higher mobility and disorder of water
molecules may be expected.
The QE-TPDA measurements were also applied for probing the hydrothermal stability of
MIL-96. The sample was placed in the flow of carrier gas saturated with water vapor at
room temperature (2.6 kPa at 22°C) and subjected to a complex cyclic temperature change
program. In each cycle, apart from being slowly heated up to 130°C for the purpose of
373

recording the thermodesorption profile, the sample was hydrothermally treated by heating
at a high temperature (starting from 290°C) for 20 min. After 3 cycles, the temperature of
hydrothermal treatment was increased by 20°C. The results of 84-hour experiment
consisting of 21 cycles (Fig. 2) show that MIL-96 retained its stable porosity-related
sorption capacity for water after hydrothermal treatment at 290°C. However, gradual
changes in the thermodesorption profiles due to the increased hydrothermal treatment
temperature, with decreasing the HT maximum and increasing the LT one, indicate
structural changes occurring in this material. Interestingly, these changes initially lead to an
increase (up to 10%) of the water sorption capacity, with the maximum observed for 330°C.
Only after the hydrothermal treatment at 410°C fast degradation of the sample was
observed.

Figure 2. A) QE-TPDA desorption branches of water vapor obtained in cyclic QE-TPDA experiment with increasing
temperature of hydrothermal treatment (290-410°C). B) Hydrothermal stability of MIL-96 represented as the
dependence of water sorption capacity (calculated by integration of the thermodesorption profiles from Fig.2A) on the
temperature of hydrothermal treatment.

The results presented reveal that MIL-96 exhibits unique adsorptive properties toward
water. The reversible sorption and desorption of water as well as extraordinary
hydrothermal stability of this material suggest its applicability in adsorption technologies.
Moreover, these results illustrate that the QE-TPDA of water is well suited for
characterization of metal-organic frameworks as water adsorbents.
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Introduction
Perfluorinated alkylsubstances, also commonly known as PFAS, are a large class of
synthetic molecules in which (a part of) the carbon chain is completely fluorinated. This
complete fluorination gives PFAS very unique physicochemical properties, making them
suitable for a widespread variety of both industrial and common household applications.
However, after more than 4 decades of PFAS production, rampant awareness of their
bioaccumulative, persistent and possible adverse toxic nature have brought on worldwide
PFAS regulations and restriction. These regulations mostly focus on restraining the use,
production and emission of legacy PFAS compounds such as PFOA (perfluorooctanoic
acid) and PFOS (perfluorooctanesulphonic acid) throughout the environment. Nonetheless,
these regulations are ever evolving in both stringency and the number of PFAS that are to
be restricted, as more and more PFOA and PFOS alternatives and PFAS hotspots come to
light.
With the ever more stringent regulations and increasing detection of PFAS in the
environment, common wastewater treatment plants are unable to meet these high
standards, giving rise to the demand for more innovative and specialized PFAS removal
techniques. Currently, activated carbon (AC) is used as a benchmark PFAS adsorbent. AC
has a relatively high adsorption capacity and can be used for a wide range of adsorption
applications for several types of organic compounds, therefore lacking in selective removal
of PFAS from complex water matrices.
Results and discussion
Our group has shown that it is possible to remove PFOS and PFOA from water with a
highly hydrophobic all-silica zeolite Beta [1]. This zeolite shows a high affinity and capacity
for PFOA and PFOS adsorption (Figure 1) compared to the current benchmark adsorbent,
activated carbon. When introducing the benchmark AC and specialized zeolite adsorbent
into a more complex water matrix with an excess of other (non-fluorinated) organic
competitors, the true value of having a highly selective adsorbent such as the all-silica
zeolite Beta shines through. Five non-fluorinated compounds were selected to represent a
wide array of possible organic competitors in a real water matrix. The competitors were
chosen as model compounds for humic acids (phenol and benzoic acid), dicarboxylic acids
(adipic acid) and non-fluorinated analogues of PFOA and PFOS respectively (caprylic acid
and sodium dodecylsulfate). PFAS uptake on the all-silica zeolite Beta was undisturbed by
375

the presence of these competitors, even when present in a 15-fold molar excess. In
contrast, PFAS uptake on activated carbon was drastically reduced in this competitive
environment (Figure 2).

Figure 1: PFOA (left) and PFOS (right) adsorption isotherms (293 K) on all-silica zeolite Beta (β) and two
benchmark activated carbons (AC1 and AC2) q = mg PFAS adsorbed per g of dry matter; Ce = equilibrium PFAS
concentration in water after 24h

Experimental: 5.0 mg of adsorbent was contacted for 24 hours with 5 mL of an aqueous
solution containing PFOA (left, concentrations ranging from 0.1 to 500 mg/L) and PFOS
(right, concentrations ranging from 0.1 to 250 mg/L)

Figure 2: PFOA (left) and PFOS (right) adsorption on all silica zeolite Beta (β) and activated carbon (AC) in the
simultaneous presence of five competitors (caprylic acid, sodium dodecyl sulfate, benzoic acid, phenol, acetic
acid)

Experimental: 5.0 mg of adsorbent was contacted for 24 hours with 5 mL of an aqueous
solution containing 100 µM PFAS and either 100 or 300 µM of each competitor, creating
either a 5-fold molar excess of organic competitors (5:1) or a 15-fold molar excess (15:1)
From batch adsorption experiments we demonstrated, as highlighted above, that an allsilica zeolite Beta shows an excellent affinity, capacity and selectivity towards PFAS
adsorption from aqueous matrices. However, in order to evaluate the industrial application
potential of this all-silica zeolite Beta adsorption technique, flow experiments should give a
more realistic representation of how such a process would work on a larger scale. In our
lab we were able to perform such flow adsorption tests on a lab-scale using an HPLC
column filled with granulated all-silica zeolite Beta. During these tests we were able to
achieve a clear breakthrough profile; the breakthrough was seen at the time we expected
the column to be saturated based on the adsorption isotherms. These initial results show
that we are able to translate the batch adsorption to a lab-scale flow setup successfully.
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The fundamental prerequisite to achieve efficient PFAS adsorption on this zeolite Beta is
that the material is free of silanol defects. Once silanol defects are present in the material,
affinity and capacity for PFAS adsorption are adversely affected. To obtain such a defectfree all-silica zeolite Beta, HF is used in the synthesis. However, for large scale production
of such a material one has to look at other possible synthesis routes in which the use of
corrosive HF can be circumvented. Possible options are post synthesis healing treatments
of defects formed during synthesis or post-synthetic (dealumination) treatments, or the
addition of other metals during alkaline synthesis that can hinder the formation of silanol
defects [2].
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Due to their major toxicity towards both human health and environment, the polychlorinated
aromatics (PCAs), product of waste treatment, agriculture and various industries were
ranked among priority pollutants by US Environmental Protection Agency. The PCAs are
classified as persistent organic pollutants (POPs) in reason of their semi-volatile nature,
thermal stability and undergradability combined with important liposolubility and
bioaccumulative character. An efficient, environment friendly PCAs removal strategy needs
to be defined. Selective adsorption process using zeolites in the air remediation seems of
great environmental potential. Moreover, it has been shown that beyond the zeolite
structural parameters, the extra-framework charge compensating cations play a key role for
the adsorption performances. Nevertheless, extra-framework cations induce a zeolite
surface hydrophilicity, thus leading to a blockage of a part of the porosity by water
molecules. Consequently, in order to obtain a totally available porosity the zeolite needs to
be activated by particularly energy consuming processes.
The present study reports the adsorption properties of PCAs in selected zeolites, evaluated
at the microscopic scale through a combination of molecular simulation tools. We have
focused on the influence of both (1) charge compensating cations (alkali cations and
lanthanides) and (2) presence of water molecules (varying the hydration ratio). The
considered zeolite structures, EMT and Faujasite, gather a large 3D porosity, accessible to
important molecular size pollutants, with attractive textural parameters (high specific
surface area and microporous volume). The adsorbate preferential locations,
adsorbate/zeolite interaction nature and geometry, and adsorption energies were extracted
from density functional theory (DFT) calculations. Furthermore, using the Monte Carlo
technique we have simulated the adsorption isotherms in considered zeolites, respectively
in the purely siliceous and cationic forms, varying the nature of charge compensating
cations and the hydration ratio [1] (Figure 1). The evolution of the isosteric heat of
adsorption as a function of PCAs loading has also been reported. Moreover, we
accomplished a detailed analysis of the microscopic mechanism of the adsorption process,
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with a special highlight to the interaction geometry of the PCA molecule with the charge
compensating cation [2, 3]. Finally, we succeed to determine the optimal zeolite hydration
ratio, for which the PCAs adsorption properties are only weakly modified and requiring
minimum energy for the zeolite structure activation.

Figure 1 – GEMC simulated and experimental adsorption isotherm of H2O in KX Faujasite.
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Abstract:
High-quality hydrogen is imperative for the emerging
market of hydrogen-fed polymeric electrolyte
membrane fuel cells[1]. As a hydrogen-rich gaseous
stream, Coke Oven Gas is an alternative hydrogen
source compared to traditional hydrogen production
from steam methane reforming[2]. However, the
performance of fuel cells is negatively affected by the
presence of electrocatalyst poisons like carbon
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Figure 26. Computed pore size distributions for ZIF-7
(blue), ZIF-8 (orange), and ZIF-11 (grey).

dioxide, carbon monoxide,
and
other
trace
components[3].
Despite
great efforts in developing
zeolites
and
activated
carbons for pressure swing
adsorption processes[4], a
significant research interest
shines a light on zeolitic
imidazolate
frameworks
(ZIFs).
These
materials
Figure 27. Pure-component adsorption at 10bar and 308K: adsorption
capacities (a) and isosteric heats of adsorption (b). ZIF-7 (blue), ZIF-8 exhibit excellent H2 sieving
(orange), and ZIF-11 (grey).
capability from all its larger
gas counterparts[5]. The
separation performance of
ZIFs is affected by the
diffusion and adsorption
properties of the gas
mixture in the different ZIF
topologies[6]. In this paper,
we carry out adsorption
simulations
in
rigid
structures
without
Figure 28. Six-component adsorption at 308K: adsorption selectivity for
CO2/H2 (black), CH4/H2 (magenta), CO/H2 (red), N2/H2 (cyan), and O2/H2 considering
kinetic and
(green) in ZIF-11 (a) and ZIF-8 (b).
conformational (i.e., the
flexibility of the ZIF structure) properties. A transferable force field is derived from Universal
Force Field to model the
adsorption of Coke Oven
Gas
with
simplified
compositions[7], containing
hydrogen (58%), methane
(22%),
nitrogen
(9%),
carbon
monoxide
(7%),
carbon dioxide (2%), and
oxygen (2%), over ZIF-7,
ZIF-8,
and
ZIF-11.
Adsorption isotherms are
Figure 29. Quaternary mixture adsorption at 308K: adsorption
obtained from Monte Carlo
selectivity for CO/H2 (red), N2/H2 (cyan), and O2/H2 (green) in ZIF-11 (a) and
simulations in the grand
ZIF-7 (b).
canonical ensemble performed within the RASPA code[8]. Pore size distributions, isosteric
heats of adsorption, and adsorption selectivity are calculated to study the effect of ZIFs
topology on adsorption behaviours of the target gases in these three ZIFs. The same
topology with different ligands can have different pore sizes. ZIF-7 and ZIF-8 share the
same type of topology, i.e., SOD, built from sod-cages[6]. The prominent pore sizes appear
at 4.31 Å for ZIF-7 and 11.07 Å for ZIF-8 (Figure 26). Chemically identical ZIFs can also
have different topologies. ZIF-7 and ZIF-11 possess the same metal ion and same organic
unit, but different topologies. ZIF-11 features RHO topology composed of d8r- and ltacages[9], resulting in two peaks at 6.22 Å and 14.17 Å in the pore size distributions. The
pure-component result (Figure 27) indicates that ZIF-8 with a large sod-cage has higher
adsorption of CO2 and CH4 than the narrow-pore SOD topology of ZIF-7, despite these
adsorbates having stronger interactions with ZIF-7 than ZIF-8. The pure-component
adsorption also shows that ZIF-8 topology gives larger capacity for the adsorption of coke
oven gas than RHO topology of ZIF-11, attributed to the sod-cage with the pore diameter of
11.07 Å (1989 m2/g) having higher surface area than the lta-cage of 14.17 Å (1693 m2/g).
However, the reverse occurs in the six-component simulation. Figure 28 compares the
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separation performance between ZIF-11 and ZIF-8. RHO topology performs much better
than SOD topology in separating H2 from CO2 and CH4, presumably ascribed to the d8rcage with a smaller pore diameter than the sod-cage of ZIF-8. A quaternary mixture,
consisting of hydrogen, carbon monoxide, nitrogen, and oxygen, is simulated to highlight
the effect of the narrow-pore topology on separating H2 from CO. ZIF-7 topology, with the
smallest pore cage, shows the highest potential, considering the adsorption selectivity of
CO/H2 up to 33 (Figure 29). While the selectivity for ZIF-11 is limited to 7. Although largepore topologies (i.e., 11.07 Å sod, 14.17 Å lta) contribute to a high adsorption of CO2 and
CH4 due to their high surface area, the d8r-cage can facilitate a stronger binding interaction
to enhance the separation performance of ZIF-11. As for the narrow-pore topology (ZIF-7),
the sod-cage with the pore diameter of 4.31 Å results in a higher adsorption heat but
hinders the structure from achieving higher capacity for CO2 and CH4. It appears that the
adsorption of CO, O2, and N2 is not sensitive to the surface area of the topology, but
strongly depend on the pore size. ZIFs can also be served as fillers for mixed matrix
membranes because of their molecular sieving effect, this work can be beneficial to a
selection of topological structures of ZIFs with high performance for the sieving-based
purification of hydrogen-rich fuel gas.
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Ion-exchange was performed on commercial binder-free NaY zeolite with alkali metal and
alkaline earth metal cations to produce binder-free beads containing 23, 58 and 95% of
potassium, as well as 56 and 71% of calcium exchanged from the bare samples. These
cation-exchanged faujasites were studied by adsorption of carbon dioxide (CO2), methane
(CH4), and nitrogen (N2) through single, binary, and ternary fixed bed breakthrough
experiments, covering the temperature range between 308 and 348 K and pressure up to
350 kPa. The single and multi-component breakthrough apparatus that was used to study
the fixed bed adsorption of CO2, CH4, and N2 and their binary/ternary mixture, is illustrated
in Figure 1. The dynamic equilibrium loading is calculated by integrating the molar flow
profiles of the breakthrough curves, as explained in previous works [1]. The adsorption
equilibrium data was then modelled by the extended dual-site Langmuir model, and the
breakthrough curves were numerically simulated using ASPEN ADSORPTION.
Adsorption equilibrium measurements of CO2 on each of the restructured materials can
reveal different behaviours and trends based on the modification of the intracrystalline
environment through ion-exchange. Factors such as cation size, surface basicity, number
and location of exchangeable cations, and strength of electric field can all have a great
impact on the performance of the adsorbent. Figure 2 shows a comparison of the CO2
isotherms between NaY, K(23)Y, K(58)Y, K(95)Y, Ca(56)Y, and Ca(71)Y, collected at 308
K. A trend in the order of adsorption at low pressure (between 0 and 50 kPa) is observed:
Ca(71)Y < Ca(56)Y < NaY < K(23)Y < K(58) < K(95)Y. As the exchange rate from Na+ to K+
increases, the CO2 adsorption capacity increases at low pressure. At 25 kPa, the loading of
binder-free NaY is equal to 4.05 mol/kg, compared to 4.29 for K(23)Y, 4.57 for K(58)Y, 4.97
for K(95)Y, 2.63 for Ca(56)Y and only 2.02 mol/kg for Ca(71)Y. This indicates a good
response between the acidic CO2 to the basic properties of the zeolites containing larger
monovalent cations at low pressure.[2] Bigger cations such as K+ exhibit strong interaction
with CO2, since they are both preferentially exchanged in the supercages; while smaller
cations such as Na+ have less molecular interaction with the adsorbate molecules, since
they are spread around the zeolite framework accessing narrow locations such as the
sodalite cages, where CO2 cannot reach due to its size.[3] Moreover, the CO2 loading of
Ca(71)Y is significantly lower than all the rest (around half of that of NaY), which is due to
the decrease of the amount of exchangeable cations between the divalent Ca2+ cations and
the adsorbate molecules. For partial pressures above 200 kPa, K(23)Y and NaY are
characterized with the highest adsorption capacity followed by K(95)Y and K(58)Y, then
Ca(56) and finally Ca(71)Y, as shown in Figure 2. These trends are explained by the
reduction of the basic strength and the electropositivity of exchangeable cations in larger
ions, since they accept less charge transfer from the neighboring lattice oxygen atoms
when compared to smaller cations. This leads to the weakening of the electric field induced
by the exchangeable cations and so the adsorption capacity is reduced. [4] It is also
explained by the volume occupied by the large cations, which reduces the space available
for adsorption of CO2 when the pores are reaching saturation.
The studied binary experiments consists of 15% CO2 and 85% N2, representing a typical
post-combustion stream. Figure 3a shows the adsorption breakthrough curves in binderfree K(95)Y for the binary mixture at 313 K. Figure 3b displays the breakthrough curves for
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ternary mixtures feeds of CO2 /CH4/ N2 (20/20/20 vol.% balanced with He) on binder-free
zeolite KY, under conditions in the range used for biogas upgrading regarding the removal
of CO2. As can be seen in Figure 3c, the binary experiment show a selectivity of CO2 over
N2 around 105 at 313 K; the ternary system resulted in a selectivity of CO2 over CH4 and
over N2 of around 14 and 32 at 313 K, respectively. These results indicate that binder-free
K(95)Y works best in the low-pressure region and therefore, is a promising adsorbent for
the recovery of CO2 from post-combustion streams. Overall the numerical simulations
performed on ASPEN ASDSORPTION provided results with decent accuracy and the
model can predict the systematic behaviour of the breakthrough experiments as well as the
dynamics of the fixed bed adsorption system, as shown Figure 3.

Briefly, most of the studied ion-exchanged materials show a lot of potential for the capture
of CO2 from CO2/N2 and CO2/CH4/N2 mixtures. Nevertheless, each adsorbent differs from
one another and can only reach its full potential under specific conditions. Therefore, it is
possible to tune the adsorptive properties of zeolites by ion exchange, to optimize the most
suitable material that enriches substantially the CO2 adsorption for a specific process.
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CO2 at 308 K
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Figure 1- Schematic drawing of the experimental apparatus used to
perform single- and multicomponent breakthrough experiments.
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Figure 2- Comparison of CO2 adsorption isotherms in different
ion-exchanged zeolites
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Figure 3 - Breakthrough curves for binder-free K(95)Y in (a) binary and (b) ternary fixed bed experiments at 313 K. (c)
Selectivity of CO2/N2 and CO2/CH4 at 313 K in binder-free K(95)Y zeolite. Experimental = symbols; Numerical = lines.
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Zeolite molecular sieves are widely used in gas separation and shape-selective catalysis.
These applications often require discriminating molecules differing in size by as little as
0.1Å. Molecular sieving with such a high degree of size-selectivity demands materials with
highly tunable pore sizes and adsorption properties. The techniques currently available for
the synthesis of zeolite molecular sieves are primarily based on the bottom-up construction
of a microporous structure [1]. However, our limited understanding of their mechanism of
formation at the molecular level prevents us from tailoring a target zeolite with an optimum

pore size for a specific molecule [2].
Figure 1. Tailoring the molecular sieving properties of organic functionalized zeolites by varying the molecular size of
the functionalized organic molecules. 4-methoxybenzene functionalized MOR can separate ethylene from ethane while
methylphenyl functionalized MOR can separate the propylene/propane mixtures

In my presentation, we describe that the covalent attachment of organic units onto
micropore walls is a versatile tool for fine-tuning their molecular sieving properties [3]. This
concept was demonstrated in ethane/ethylene and propane/propylene separations, using
MOR zeolites functionalized with organic molecules of different molecular sizes (Figure 1).
To realize the organic attachment to the zeolite micropores, we used small and aggressive
organic electrophiles (e.g., diazonium derivatives and organo-halide) as a new type of
functionalization agent. A new type of grafting agent is accessible to the intracrystalline void
space, forming a C-Ozeolite bond in a reaction with a bridging oxygen, as proved by Rietveld
refinement, solid-state NMR, and IR spectroscopy. Such a grafting organic groups onto the
internal surface of zeolites allows us to “tailor” the effective size of pores for fine-tuning the
molecular sieving properties of preformed zeolites. More specifically, we can tailor the
molecular sieving properties of organic-functionalized zeolites by varying the molecular size
of the functionalized organic molecules. For example, MOR zeolites functionalized with 4-
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methoxybenzene exhibit an astonishingly high ethylene/ethane IAST selectivity (~5873),
which is 100 times higher than that of state-of-the-art zeolite adsorbents without content of
noble metals. In turn, the toluene-functionalized MOR zeolite can sieve propylene while
completely excluding propane.
Figure 2. (a) single-component sorption isotherms of ethylene (red), ethane (black) at 30֯C for pristine MOR (left) and
MeOPh-f-MOR(right), and (b) propylene (red), propane (black) at 30֯C for pristine MOR (left) and MePh-f-MOR (right).

I believe that our concept of “tailoring the molecular-sieve properties of zeolites by organic
functionalization” will open new opportunities for developing efficient molecular sieves for
chemical separation processes (e.g., p-xylene separation from xylene isomers).
Furthermore, using our method, functionalization can be performed under mild conditions,
in a simple way, so this strategy can be easily applied to zeolite membranes without any
structural damage.
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The mitigation of CO2 emissions is imperative to stop climate changes. One of the leading
producers of CO2 is power plants. To reduce the emitted CO2 from these plants, carbon
capture and storage (CCS) can be used. Adsorption-based techniques can be used for this
purpose.
To ensure an efficient adsorption process, the properties of the used adsorbents must be
optimized. Nowadays, traditional packed beds with pellets/beads are still used in industry.
However, this type of structured adsorbent possess some drawbacks, like a high-pressure
drop and attrition. This way, additive manufacturing (AM), also known as 3D-printing,
emerges as an alternative to develop structured adsorbents suitable for large-scale
applications. The shaping of adsorbent materials using AM technologies has still a long
path of exploration.
In this work, an adsorbent monolith consisting of 50 %wt. of zeolite 13X and 50 %wt. of
activated carbon was developed using direct ink writing. To evaluate the suitability of this
material for large-scale applications, the impact of shaping by direct ink writing of a
structured adsorbent material for CO2 capture on the characteristics of the material and
mechanical strength were analyzed. The material was characterized by employing N2
physisorption at 77 K, CO2 adsorption at 273 K, mercury porosimetry, and crushing tests.
a)
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b)

Figure 1 - Adsorption equilibrium isotherms in the 3D-printed monolith at 303, 333, and 373 K for a) CO2, and b) N2.
The symbols correspond to experimental points and the line to the Dual-Site Langmuir fitting. Closed symbols –
adsorption; open symbols – desorption.

Additionally, pure CO2 and N2 adsorption equilibrium isotherms were measured at 303,
333, and 373 K and in a pressure range of 0 to 1.5 bar and 0 to 5 bar, respectively – Figure
1. The isotherms were fitted and well described with the Dual-Site Langmuir model. CO2 is
the gas with a higher affinity towards the 3D-printed monolith. Considering a CO2 molar
fraction of 0.15, at 1 bar and 303 K, the selectivity of the monolith is 30.7.
Dynamic adsorption tests were also performed with and without the assistance of electric
current to regenerate the material. The CO2/N2 binary breakthrough curves for these two
runs are displayed in Figure 2. A mathematical model was utilized to describe the behavior
observed in the breakthrough curves, and the simulation outcomes can also be examined
in Figure 2. A compressive CO2 mass front is seen in the adsorption step and a dispersive
mass front in the regeneration step, which corroborates with the behavior of the measured
isotherms – Figure 1. The desorption is faster when the electrification of the adsorbent
material is performed (compare Figure 2 a) and b)).
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a)

b)

Figure 2 - CO2 balanced with N2 breakthrough experiments - variation of the molar flow rate of CO2 and N2 exiting the
column during a) experiment with no electrification, b) experiment with electrification. The symbols are the experimental
points, and the line is simulated by the mathematical model.
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The kinetic diameters of CO2 (3.3 Å), N2 (3.6 Å), and CH4 (3.8 Å) have led smallpore zeolites to receive much attention, because the effective size of their 8-membered
rings (8MRs) can be tuned to restrict larger N2 and CH4 molecules entrance, while
allowing the adsorption of the smaller CO2 molecules [1,2]. For example, the pore size
of zeolite A (Framework type LTA) with Si/Al = 1.0 can vary between 3 and 5 Å,
depending on the type of the introduced extraframework cations, which thus yields
notable changes in the CO2 adsorption capacity and selectivity. To date, two major
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types of adsorption mechanisms have been proposed for the selective CO2 adsorption
over N2 and CH4 in small-pore zeolites: (i) the window-keeping cation-driven
mechanism (trapdoor or cation gating effect) [3-6] and (ii) the framework flexibilitydriven one (breathing effect) [7-9]. They operate when the guest molecules cannot
freely pass through the 8MRs which serve as a doorway or pathway, disallowing or
allowing them to access to the zeolite void space. The window-keeping cation-driven
mechanism functions when each 8MR is occupied by one effective window-keeping
(gating) cation to selectively admit guest molecules. In contrast, the framework
flexibility-driven mechanism is governed by the relative strength of the interactions of
extraframework cations with the zeolite framework on one hand, and with the guest
species on the other.
Zeolite merlinoite contains a three-dimensional pore system with three intersecting
8MR channels [2]. The MER framework is built up of four double-crank shaft chains
running along the c axis and connected in the ab plane. Besides one type of 8MR
channels comprising of alternating pau and ste cages along the a and b axes, as a
result, there are two different types of 8MR channels parallel to the c axis: one consists
of alternating pau cages and double 8MRs, and the other ste cages only. While
merlinoite is rarely found in nature, several synthetic analogues like K-M and Linde W
have been reported and typically characterized with the Si/Al ratio range of 1.5-2.4 [1013]. Wright and co-workers have reported that CO2 adsorption mechanism on the Na+,
K+, and Cs+ forms of an MER zeolite with Si/Al = 3.8 synthesized using
tetraethylammonium ions as an organic structure-directing agent, together with K+, is
based on the breathing effect [8].
Here, the CO2 adsorption behavior at 25-75 °C and 0-1.0 bar of various alkali
cation-exchanged forms of MER zeolites with Si/Al = 2.3 and 3.8 is described. The
adsorption isotherms at 25 °C on the Na+, K+, Rb+, and Cs+ forms of MER zeolite with
Si/Al = 2.3 are characterized by a clear step, the CO2 pressure of which differs notably
according to the type of their extraframework cations. Structural analysis shows that
CO2 adsorption on the former three zeolites includes the relocation of gating cations
with high site occupancy and the remarkable concomitant structural breathing. We
define this unusual adsorption phenomenon as a cooperative cation gating-breathing
mechanism. The overall results suggest that the actual mechanism of selective CO 2
adsorption on intermediate-silica small-pore zeolites can change from cation gating to
cooperative cation gating-breathing to breathing, depending on a combination of their
topological and compositional flexibilities (Figure 1). We will also discuss on the factors
determining the actual CO2 adsorption mechanism on small-pore zeolites, based on the
adsorption behavior and CO2–loaded structures of such zeolites with different
framework topologies and chemical compositions reported in the literature so far.

Figure 1 - A unifying concept for understanding the selective CO2 adsorption mechanisms of small-pore zeolites with
different topologies and compositions.

References

389

[1] M. Moliner, C. Martinez, and A. Corma, Chem. Mater., 26, 246-258 (2014).
[2] C. Baerlocher and L. B. McCusker, Database of Zeolite Structures. http://www.izastructure.org/databases/ (accessed March 16, 2022).
[3] M. M. Lozinska, E. Mangano, J. P. S. Mowat, A. M. Shepherd, R. F. Howe, S. P. Thompson, J. E.
Parker, S. Brandani, and P. A. Wright, J. Am. Chem. Soc., 134, 17628−17642 (2012).
[4] J. Shang, G. Li, R. Singh, Q. Gu, K. M. Nairn, T. J. Bastow, N. Medhekar, C. M. Doherty, A. J. Hill, J. Z.
Liu, and P. A. Webley, J. Am. Chem. Soc. 134, 19246−19253 (2012).
[5] J. Shang, G. Li, R. Singh, P. Xiao, J. Z. Liu, and P. A. Webley, J. Phys. Chem. C, 117, 12841− 12847
(2013).
[6] J. G. Min, K. C. Kemp, H. Lee, and S. B. Hong, J. Phys. Chem. C, 122, 28815−28824 (2018).
[7] M. M. Lozinska, E. Mangano, A. G. Greenaway, R. Fletcher, S. P. Thompson, C. A. Murray, S.
Brandani, and P. A. Wright, J. Phys. Chem. C, 120, 19652−19662 (2016).
[8] V. M. Georgieva, E. L. Bruce, M. C. Verbraeken, A. R. Scott, W. J. Casteel, Jr., S. Brandani, and P. A.
Wright, J. Am. Chem. Soc., 141, 12744-12759 (2019).
[9] H. J. Choi, J. G. Min, S. H. Ahn, J. Shin, S. B. Hong, S. Radhakrishnan, C. V. Chandran, R. G. Bell, E.
Breynaert, and C. E. A. Kirschhock, Mater. Horiz., 7, 1528-1532 (2020).
[10] R. M. Barrer and J. W. Baynham, J. Chem. Soc., 2882-2891 (1956).
[11] J. D. Sherman, ACS Symp. Ser., 40, 30-42 (1977).
[12] A. Bieniok, K. Bornholdt, U. Brendel, and W. H. Baur, J. Mater. Chem., 6, 271-275 (1996).
[13] B. M. Skofteland, O. H. Ellestad, and K. P. Lillerud, Microporous Mesoporous Mater., 43, 61−71
(2001).

Acknowledgment
This work was supported by the National Creative Research Initiative Program
(2021R1A3A3088711) and the Sejong Science Fellowship (2021R1C1C2013556) and the
framework of international cooperation program (2018K2A9A1A06070020, FY2018) through the
National Research Foundation of Korea funded by the Korea government (MSIT). We thank
PAL for synchrotron diffraction experiments at beamlines 5A (H. H. Lee), 9B (D. Ahn and Y. H.
Jung), and 2D (D. Moon). PAL is supported by MSIP and POSTECH.
O08.14. CONTROLLING CO2 INDUCED BREATHING BEHAVIOUR IN ZEOLITE
MERLINOITE FOR SELECTIVE CO2 ADSORPTION

E. L. Bruce1, V. M. Georgieva1,2, M. Verbraeken1,3, R. G. Chitac1, M. M. Lozinska1, M.-F.
Hsieh2, A. Turrina2, S. Brandani3, P. A. Wright1.
1

EaStCHEM School of Chemistry, University of St Andrews, Purdie Building, St Andrews,
UK
2 Johnson Matthey Technology Centre, Chilton, Billingham, UK
3 School of Engineering, University of Edinburgh, The King’s Buildings, Edinburgh, UK
elb8@st-andrews.ac.uk

390

Figure 30. Increasing Si/Al of MER shifts step and the phase change responsible for it to lower pCO2, until no step remains.

It is common practice in commercial gas separations, such as CO2/H2 and CO2/CH4, to use
zeolites as sorbent materials.[1–3] Usually possessing Type I adsorption isotherms (in
IUPAC nomenclature), these materials see uptake reaching an asymptote at high pressure
as pore volume is filled. More exotic behaviour is well known for metal organic frameworks,
such as stepped adsorption observed in MIL-53.[4,5] Such behaviour has subsequently
been observed in zeolites, including ZSM-25 and gismondine.[6,7]
We observed stepped CO2 adsorption in a zeolite merlinoite material (framework type
MER, Si/Al = 3.8).[8] Rietveld refinement determined this step is due to a phase change
from narrow to wide pore structures. This transition is greatly affected by cation content, as
cations dictate framework distortion and alter the relative favourability of narrow- and widepore structures, as well as kinetic properties. Subsequently, we have investigated a MER
material with Si/Al = 4.2 and have found that fewer cations within the structure shifts the
phase transition and related adsorption step to lower pCO2,[9] as illustrated in Figure 1.
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Figure 31. Increasing Si/Al of MER from 3.8 to 4.2 leads to a more open structure, as demonstrated by greatly improved Ar adsorption
kinetics.

This new material has wider and more accessible windows in its dehydrated form, leading
to more open channels, as evidenced by extraordinarily improved Ar adsorption kinetics,
shown in Figure 2. This corresponds to significantly more rapid CO2 adsorption. Rietveld
refinement of X-ray and neutron data has given us a structural understanding of the kinetic
and thermodynamic behaviour of MER and its various cation forms,[8–10] as well as insight
into structural changes upon adsorption. It has also shown that higher Si/Al ratios can trap
the material in a wide-pore phase and the adsorption properties associated with it upon
activation. This greatly increases CO2 diffusivity whilst remaining highly selective for
CO2/CH4 adsorption, and this good performance is retained upon its inclusion in 1 mm
pellets, as demonstrated by zero length column studies of pure gases and breakthrough
studies using extended zero length column measurements.
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The increasingly growing demand for propylene, due use in the polymer and rubber
industry, has resulted in substantial attention into the study of the dehydrogenation of
propane.[1] Propane dehydrogenation (DHP) is an attractive alternative method as it
produces only propylene on-demand (no mixed product stream) from inexpensive shalegas propane. [1,2] Oxidative propane dehydrogenation (ODHP) has been suggested an
alternative to traditional DHP to decrease catalyst deactivation due to coke formation and
remove thermodynamic limitations.[3] However, the challenge of the complete oxidation of
propane and propene to carbon oxides is present when using O2. The use of carbon
dioxide (a much weaker oxidant) can counteract this issue whilst also acting as a greener
alternative with abundant availability at cheaper cost.4 Zeolites are attractive catalysts in
the petrochemical industry as the ring systems can hinder coke formation and improve
catalytic stability. Hence, there is interest in developing zeolite catalysts for DHP and a
variety of zeolite catalysts have been tested so far including chromium[5] and vanadium[6]
oxides on MCM-41 and ZnO[7] on ZSM-5. Propane conversion and selectivity was found to
be high over some of these systems, though currently a limited number of frameworks have
been tested. Small-pore zeolites are gaining momentum due to the recent implementation
of these catalysts in methanol-to-olefins[8] and selective catalyst reduction processes.[9]
Nevertheless, these frameworks have not yet been tested for ODHP. In this work, we
demonstrate the use of vanadium oxides (and similar direct mechanism metals)
impregnated on small-pore zeolites for ODHP using CO2. We investigate the nature of the
V active site and show remarkably high activity and stability in V/CHA.
The talk will start by presenting a custom (limited) life cycle analysis showing that there is a
lot of potential for greenhouse gas-emission (GHG) reductions and even negative
emissions, when making propylene via DHP when you are, at the same time, converting
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CO2 to CO. Major gains are to be made when comparing to classic cracking routes to
propylene, especially when as much CO2 is converted as propane. [10] To do that, the
direct mechanism route (Figure 1, red) is most adequate. We estimate that revamping
present DHP (26 Mton y-1) processes to consume CO2 could reduce greenhouse gas
emissions by 8 to 13 MtCO2-eq y-1, given a catalyst that can attain equilibrium values fast.
The use of small pore zeolites, in particular CHA which is already implemented in other
industries, could be a big step forward when they could exhibit high rates and good
propylene and CO selectivities while exerting stability during ODHP catalysis.

Figure 1 - DHP reaction (black) and its thermodynamics, compared to oxidative DHP using CO2 via the indirect
mechanism via coupling with RWGS (blue) or the direct mechanisms (red).

A series of small pore zeolites (CHA, DDR, LEV and AEI) were synthesized from traditional
and interzeolite conversion methods[8]. These were impregnated with vanadium,
molybdenum and indium species and the activity was compared with these metals on
Al2O3, the industrial choice of support. Figure 2 demonstrates the results of the comparison
of three metals (V, Mo and In) impregnated onto γ-Al2O3 and CHA(40) and tested under our
catalytic protocol for ODHP. These metals were chosen as all should promote a direct
mechanism where both propane and CO2 are consumed equally and CO is produced
directly from reoxidizing the surface (and not RWGS). Whilst Mo/CHA and In/CHA showed
higher propylene selectivity than Mo/Al2O3 and In/Al2O3, productivity (space time yields,
STY) was still low, a common issue with these particular metal oxides.1 Contrarily, V/CHA
outperformed V/Al2O3 in both selectivity and productivity with a STYproplene of 7.8 compared
with 4.5 mol h-1kgcat-1. Based on these results we have further investigated the effect of
crystal size, Si/Al ratio and V loading on CHA to prepare a truly good catalyst for ODHP.
Through techniques such as XPS and EDX-STEM, we examine the vanadium active site
and hypothesize that it is inside the pores these materials (Figure 3: EDX-STEM). Overall
we demonstrate that V/CHA has great potential as a catalyst for ODHP.
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Figure 2 - Catalytic data. Comparison of V, Mo and In on γ-Al2O3 and CHA(40), a vanadium loading of 1.3
mmol/gsupport was used. Reaction selectivity for propane (coloured area), propane and CO2 conversion (X symbol) and
STY of propylene and CO (▲,◍ symbols) shown at 600 °C under 6 barg pressure. 200.0(2) mg catalyst (125-250 µm)
of catalyst was used with gas ratios of CO2/C3H8/Ar/N2 2.5/2.5/47.5/47.5 Nml min-1, GHSV 6.5E+4 Nmlgas mlcat-1 h-1 and
WHSV 1.5 gC3H8 gcat-1 h-1.

Figure 3 - STEM-EDX images. A V/CHA zeolite where yellow represents Si, green represents Al and purple represents
V.
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The catalytic conversion of CO2 (e.g., CO2 hydrogenation and reforming of methane
(DRM)) to valuable chemicals and fuels can be promising for addressing the issues
associated with carbon emissions, benefiting the development of sustainable carbon
cycling processes [1]. Catalysts are the key in CO2 conversion regarding efficiency,
selectivity and stability. Zeolites supported metal catalysts (e.g. Ni , Cu and Zn) have been
recently applied for CO2 conversions due to the high specific surface areas, and
outstanding thermal and chemical stability of zeolites. However, the catalysts suffered from
the issue of metal sintering and carbon deposition at high reaction temperature (e.g. > 700
°C in the CO2 reforming of methane) [2]. Hence, an encapsulation strategy by zeolite to
spatially confine metal particles within their frameworks to form the metal@zeolite catalysts,
was proposed to prevent the aggregation and deactivation of metallic species (Figure 1).
And in addition to conventional thermal catalysis, non-thermal plasma (NTP) can activate
CO2 effectively in CO2 hydrogenation and subsequently convert the activated species over
heterogeneous catalysts under mild conditions, known as NTP-catalysis [3]. Developing
zeolite-related catalysts coupled with NTP system is promising for energy-efficient
conversion of CO2. Thus, this study was focused on the development of stable zeolitesupported catalysts for CO2 conversion under thermal and plasma catalytic processes,
aiming at progressing the catalytic CO2 valorisation technologies.
Figure 1 shows that the impregnated 5Ni/Silicalite-1 catalyst suffered from a significant
deactivation in DRM, which caused by the severe metal sintering and coking deposition.
Comparatively, 5Ni@hol S-1 catalyst showed a relatively improved stability compared with
the 5Ni/S-1 catalyst due to the confinement effect. The 5Ni@EDA-S1 catalyst (prepared by
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in situ method) presented a relatively low initial activity and then increased gradually within
the first 5 h on stream, which was due to the slowly migration of Ni NPs, which were
located inside of the S-1 support, to the external surface at high temperatures, especially to
the edge of zeolite, leading to more active sites exposed on the external surface.
Comparatively, the 5Ni@SiO2-S1 catalyst showed the best stability in DRM, showing the
sustained high activity over 28 h. Based on the TEM of spent catalysts, the anti-coking
mechanism of the 5Ni@SiO2-S1 catalyst can be multiple, that is, (i) small Ni NPs could
inhibit coke deposition on their surface, (ii) fully encapsulated Ni NPs in the S-1 framework
could impede the movement/aggregation of Ni NPs, and (iii) the walls of interconnected
porous zeolite framework provide steric physical barriers against the spatial growth and
accumulation of coking, maintaining enough active sites for reaction in DRM. Therefore,
carbon deposition could be mitigated by the encapsulation approach.

Figure 1 - Catalytic stability performances of 5Ni/S-1, 5Ni@hol S-1 5Ni@EDA-S1 and 5Ni@SiO2-S1 for DRM at 700 °C
as a function of ToS: (a) CO2 conversion, (b) CH4 conversion (block: physical blocking of the packed bed with the
measured back pressure >2.0 bar).

References
[1] S. Roy, A. Cherevotan, S.C. Peter, ACS Energy Lett., 3, 1938-1966 (2018).
[2] D.G. Araiza, D.G. Arcos, A. Gómez-Cortés, G. Díaz, Catal. Today, 360, 46-54 (2021).
[3] S. Liu, L.R. Winter, J.G. Chen, ACS Catal., 10, 2855-2871 (2020).

Aknowledgment
This project thanks the financial supports from the European Union’s Horizon 2020 research
and innovation program under grant agreement No 101022507. The UK Catalysis Hub is kindly
thanked for resources and support provided via our membership of the UK Catalysis Hub
Consortium and funded by EPSRC grant.

O09.03. INVESTIGATION OF CO2 ADSORPTION ON A SELECTION OF ZEOLITES BY
COMBINING IN-SITU HIGH-RESOLUTION POWDER X-RAY DIFFRACTION, ISOTHERM
MODELING AND SIMULATION
L. Bénariac-Doumal1, C. Dejoie1, L. Mccusker2, C. Baerlocher2, J-L. Paillaud3, T. Ors3, D.
Xie4, A. Fitch1
1European

Synchrotron Radiation Facility, 71 avenue des Martyrs, 38000 Grenoble, France
397

2Dept.

Materials, ETH Zurich, Switzerland
de Haute Alsace, IS2M, 15 rue Jean Starcky, 68057 Mulhouse, France
4Chevron Technical Center, 100 Chevron Way, Richmond, United states
loic.benariac-doumal@esrf.fr
3Université

The adsorption of carbon dioxide (CO2) by porous materials such as zeolites is of
great importance to address current environmental issues, and many zeolites have been
developed as CO2 capture agents. Currently, fossil fuel combustion is identified as a major
cause of the increase of greenhouse gases in the atmosphere. These combustion flue
gases are usually composed of a mixture of gases (N2, CO2, H2O, CH4 …), leading to
competition for the most favorable adsorption sites and consequently a decrease in the
zeolite’s selectivity toward CO2 adsorption. Determination of the preferred sorption sites for
each gas of the mixture is then necessary to gain insights into the host-guest and guestguest interactions that govern the adsorption capacity of the adsorbent. We propose an
approach where high-resolution powder X-ray diffraction and isotherm modeling and
simulations are combined to determine the preferred sorption sites for pure CO2 and CO2 in
a mixture and unravel the adsorption process of CO2 in a set of different zeolites.
The selected zeolites were chosen according to their affinity towards each of the
constituents of the gas mixtures. We were especially interested in the silica-alumina ratio,
so as to influence the hydrophobicity of the material, and also in the pore size to favor
certain types of gas molecules, and this with the aim of increasing the adsorption capacity
towards CO2. Sorption simulations were conducted on each of the selected zeolites, in the
presence of CO2 alone and CO2 in a gas mixture. All isotherm curves follow the type-I
isotherm, in relation with the microporous nature of the adsorbent investigated (Fig 1A).
The amount of CO2 adsorbed increases sharply over the low-pressure range, and it tends
to stabilize at higher pressures. At 1 bar, LTA gives the highest adsorption capacity with an
amount of 4.06 mmol.g-1, followed by NaX and silicalite. The calculated density map
obtained for silicalite show that CO2 is expected in both types of channels (straight and
sinusoidal) (Fig 1B).
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Figure 1 - A. Simulated adsorption isotherm of CO2 on a series of zeolites at 298 K.
B. Density map obtained from simulation showing the most favourable positions for CO2 molecules in silicalite.

The evolution of the crystallographic structure of each zeolite with applied CO2 pressure,
from 0 to 25 bar, was monitored in situ using high-resolution powder X-ray diffraction (ID22,
ESRF). The specific positions of the CO2 molecules were extracted via Rietveld refinement,
as well as the associated experimental adsorption isotherms. In addition to this overall
information on the CO2 adsorption mechanism, local information, specific to each
adsorption site, was also obtained from parametric Rietveld refinement [1], where structural
evolution and adsorption modelling are intrinsically linked. Using such an approach on the
CO2/silicalite system, we showed that, over the four sites where CO2 molecules locate in
the silicalite zeolite (Fig. 2A), the most favored site (STR2), in the straight channels, follows
a simple Langmuir adsorption model, with the homogeneous adsorption of isolated
molecules (Fig. 2B). On the other hand, the three other sorption sites, less favored, display
a Toth adsorption behavior, in accordance with the presence of molecule-molecule
interactions.

Figure 2 - A. Crystallographic model for the CO2/silicalite system (21-bar CO2 loading pressure). Four positions
where the CO2 molecules locates in silicalite were identified, two in the straight channels (running along a), and
two in the sinusoidal channels (running along b). The central C atom in the CO2 molecules is shown with a
different color depending on the site.
B. Site-specific isotherms extracted from parametric Rietveld refinements.

These experimental results, combined with Monte Carlo simulations, provide a deeper
comprehension of the CO2 adsorption mechanisms, and also allow the homogeneity of the
system to be observed through the host-guest and guest-guest interaction system specific
to each zeolite.
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Catalytic hydrogenation of captured CO2 to fuels and value-added chemicals using green
H2 provides a sustainable solution to reduce net CO2 emissions to the atmosphere as a
means to restrain global warming and its consequences on climate change while helping to
minimize the dependence on fossil fuels [1]. Among the possible CO2 hydrogenation
routes, the synthesis of liquid (C5+) hydrocarbons such as liquid fuels (gasoline, diesel,
kerosene) and valuable chemical platforms like aromatics is attracting high interest
because of their high energy density, offering the possibility to economically store and
transport large amounts of surplus renewable electricity in the form of chemical bonds [2].
Current alternatives for the hydrogenation of CO2 to valuable products mostly rely on
energy-intensive multi-step approaches that involve several reaction and separation steps
that limit the energy efficiency of the overall process. These drawbacks could be overcome
by integrating a multi-functional CO2 hydrogenation catalyst in a co-ionic (H+/O2-)
electrochemical catalytic membrane reactor (e-CMR) as we are currently developing in the
frame of the EU-funded eCOCO2 project [3]. The co-ionic e-CMR enables an efficient heat
integration by coupling the endothermic water electrolysis with the exothermic CO2
reduction to hydrocarbons in a single reactor while shifting the equilibrium of the later
reaction by in situ extracting the formed H2O by-product resulting in higher per-pass yields
to the target products (Figure 1).

Figure 1. Schematic representation of the eCOCO2 concept.

A limitation of the eCOCO2 approach with a direct impact on catalyst design and
performance is the need to operate at temperatures of at least 400 °C for an efficient coionic transport through the solid electrolyte membrane [3]. Considering this constraint, we
here employed tandem catalysts comprising an iron-based component active for the hightemperature hydrogenation of CO2 through the RWGS+FTS route (CO2-FTS) to mainly
straight-chain olefinic hydrocarbons and H-ZSM-5 zeolite to in situ transform, via acid
catalysis, the primary olefins into valuable aromatics. Specifically, the present study aims at
elucidating the influence of the zeolite properties on the synthesis of aromatics from CO2
and H2 at conditions compatible with the e-CMR operation. To this purpose, a wide set of
H-ZSM-5 samples differing in chemical composition (Si/Al ratio, incorporation of Ga),
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density of Brønsted acid sites (BAS), crystallite size, and mesoporosity were investigated.
The samples were characterized by ICP-OES, XRD, N2 adsorption, electron microscopy,
27Al MAS NMR, and FTIR-pyridine. The nomenclature, origin, and main physicochemical
properties of the studied zeolites are compiled in Table 1.
Table 1. Nomenclature, origin, and main physicochemical properties of H-ZSM-5 zeolites.

ABET
(m2/g)

Ameso
(m2/g
)

Vmicro
(cm3/g
)

Crystal
size
(nm)

BASa
(mol/g)

Commercial (TZP302A, TRICAT)
Commercial (CBV3024E, Zeolyst)
Commercial (CBV5020, Zeolyst)
Commercial (CBV8020, Zeolyst)
Commercial (CBV28014, Zeolyst)
Desilication of Al-MFI-22

Si/
Al
rati
o
10
16
22
31
112
21

368
372
374
389
369
547

13
40
61
46
43
324

0.17
0.16
0.16
0.17
0.16
0.11

900
300-600
160
600
1500
-

464
387
295
152
79
87

Steaming of Al-MFI-31 at 600 °C
Hydrothermal synthesis

41
45

381
464

248
129

0.06
0.16

600
20-30

55
68

Hydrothermal synthesis
Ionic exchange of Al-MFI-16 with
Ga(NO3)3

27b
14c

356
344

36
39

0.16
0.15

75-100
300-600

137
179

Nomenclat
ure

Origin of zeolites

Al-MFI-10
Al-MFI-16
Al-MFI-22
Al-MFI-31
Al-MFI-112
Al-MFImeso
Al-MFI-st
Al-MFInano
Ga-MFI-ds
Ga/Al-MFIex
a

Density of Brønsted acid sites determined by FTIR-pyridine at a desorption temperature of 250 °C.
Si/(Al+Ga) ratio.

b

Si/Ga ratio.

c

A K-Fe/-Al2O3 catalyst (20 wt% Fe, K/Fe = 1 at/at) prepared by co-impregnation of a
commercial mesoporous -Al2O3 (Puralox TH 100/150, Sasol Materials) with aqueous
solutions of Fe(NO3)3 and KNO3 precursors was used as the CO2 reduction component.
The multi-functional catalysts were prepared by physically mixing the iron catalyst and the
zeolite in a 1:1 mass ratio and evaluated for the one-step CO2 hydrogenation to aromatics
in a fixed bed reactor at 400 °C, 3.0 MPa, H2/CO2 molar ratio of 3, and GHSV (referred to
the iron catalyst) of 4700 mL/(gFe-cat·h). Prior to the reaction, the catalysts were reduced inreactor with H2 at 400 °C and ambient pressure for 8 h. Reaction products were analyzed
at regular intervals by online GC. The reported catalytic data correspond to the averaged
values in the TOS range of 5-8 h. Carbon mass balances of 1002% were obtained in all
catalytic runs.
The results in Figure 2a show that, at the applied reaction conditions, the CO2 conversion
and selectivity of liquid (C5+) hydrocarbons over the bare K-Fe/-Al2O3 catalyst reached
52% and 40%, respectively, with a relatively low CO selectivity of 12%. As anticipated, no
aromatics were formed in the absence of zeolite. Conversely, aromatics were readily
produced in the multi-functional catalysts, albeit in different selectivity depending on the
zeolite characteristics, without significantly altering the CO2 conversion (50-55%) and CO
selectivity (10-12%). According to earlier works, Brønsted acidity is a key parameter for the
formation of aromatics on the H-ZSM-5 zeolite [4]. In fact, as seen in Figure 2b (main
graph) for zeolites with similarly low mesoporosity (Ameso = 13-61 m2/g, Table 1), a
minimum density of BAS ( 150 mol/g) was required to attain high selectivity of aromatics
within C5+ hydrocarbons (> 55%). Similarly, a high concentration of BAS was also
favourable for the formation of the most valuable BTEX fraction. Both the selectivity to
aromatics in liquid hydrocarbons and of BTEX within aromatics achieved the highest values
of 66.4% and 70.2%, respectively, for the catalyst based on the most acidic Al-MFI-10
zeolite (Figure 2b). Moreover, the presence of Ga in the zeolite appeared to have little
effect on the aromatization performance at the studied conditions (Figure 2b). Besides
acidity, the textural properties of the zeolite (e.g., crystallite size and mesoporosity) are
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expected to affect the extent of consecutive acid-catalyzed reactions of the primary FTS
olefins within the zeolite pores and thereby the aromatics formation. This can be observed
in the inset of Figure 2b where, for zeolites with a relatively low and alike amount of BAS
(55-87 mol/g), an increase in the mesopore area from 43 to 324 m2/g produced a
significant increment in the selectivity of aromatics in C5+ hydrocarbons from 15 to 49%. In
comparison with acidity, mesoporosity had a lower impact on the concentration of BTEX
within aromatics. Nonetheless, a lower BTEX content (36%) was found for the nanosized
zeolite having inter-crystal mesopores with respect to the samples with larger crystallites
possessing intra-crystal mesopores generated by either steaming (43%) or desilication
(46%) due to enhanced formation of heavier (C9+) aromatics on the unconstrained external
acid sites of the small crystal size sample.

Figure 2. Catalytic performance of tandem K-Fe/Al2O3+ZSM-5 catalysts: a) CO2 conversion, CO selectivity, and
hydrocarbon distribution; b) correlation between the aromatics content in C5+ hydrocarbons and BTEX content in
aromatics with the zeolite Brønsted acidity at similar mesopore area (main graph, half-filled symbols correspond to the
Ga-containing samples) and with the mesopore area at alike Brønsted acidity (inset). Reaction conditions: 400 °C, 3.0
MPa, H2/CO2 = 3, GHSV = 4700 mL/(gFe-cat·h).

Based on the outcomes of this work, we conclude that formation of aromatics could be
maximized by using an H-ZSM-5 zeolite combining large crystal size, high density of BAS,
and high inter-crystal mesoporosity. Long-lasting experiments are currently being
performed to assess the influence of these parameters on catalyst stability.
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To empower a circular carbon economy for addressing global CO2 emissions, production of
a diverse array of hydrocarbon products from CO2 is desired and required [1-2]. In this
scenario, the development of carbon-neutral fuels compatible with existing combustion
engines can help to alleviate CO2 emissions and, facilitate the transition to cleaner mobility
[2-3]. In this work, we present a double multifunctional catalyst based on our previously
reported Fe-K catalyst [4] and a Pt-impregnated zeolite beta for the hydrogenation of CO2
to produce mainly fuel range alkanes.
The Fe-K catalyst preparation is based on a physical mixture of Fe2O3 and KO2 (Fe:K molar
ratio of 2) followed by a heating treatment at 100 °C for 12 hours. The physico-chemical
properties of this specific catalyst have been reported in previous studies by our group [4].
The zeolitic component was synthesized by incipient wetness impregnation of a solution of
Pt(NH3)4(NO3)2 over a dried commercial beta zeolite with a Si/Al ratio of 76. Subsequently
to the Pt-impregnation, the zeolitic catalyst is dried overnight at 120 °C and calcined at 550
°C for 7 hours. Finally, the Pt-beta catalyst is sieved (150-250 mm), prior to the catalytic
tests. This Pt-beta catalyst was characterized by diverse techniques such as ICP-OES,
XRD or STEM, among others to determine its most relevant properties. The catalytic tests
were carried out in a high-throughput Avantium Flowrence XD instrument with 4 parallel
fixed bed reactors, using a GHSV of 5000 ml·gcat-1·h-1, 30 bar of pressure, H2:CO2 ratio of
3, temperature range between 300 and 350 °C and displaying the combined catalyst in a
dual bed configuration.
The textural properties of the Pt-beta catalyst show a decrease in the surface area and
pore volume compared to the parent beta zeolite as it is expected due to the incorporation
of Pt. ICP-OES reveals a 0.65 wt.% of Pt. In addition, the X-ray diffractogram (Figure 1)
indicates the characteristic peaks of metallic Pt at angles 2q 39.8° and 46.4°,
corresponding to the reflections (111) and (200), respectively. This analysis also shows the
characteristic crystallographic pattern of beta zeolite. Electron microscopy images of the
fresh samples demonstrate not only a heterogeneous distribution of the Pt nanoparticles,
but also a broad particle size distribution (Figure 2- left). However, the same analysis of the
used Pt-zeolite at 325 °C did not show significant modifications neither in the distribution or
the size of the Pt nanoparticles, as shown in Figure 2.

Figure 1 – X-ray diffractogram of the fresh Ptbeta catalyst.

Figure 2 -STEM images of Pt-beta catalysts before (left) and after catalytic
reaction at 325 °C (right)
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The catalytic activity of the combined catalysts (Fe-K + Pt-beta) was evaluated in the
temperature range of 300-350 °C. Increasing the temperature results not only in higher
catalytic activity but also in higher selectivities to undesired C2-C4 paraffins and methane
(Figure 3). Comparing the catalytic performance of this combined catalyst and just the Fe-K
catalyst (Table 1) the main differences at every studied temperature are (i) the loss of the
olefins fractions, and (ii) the detriment in the C10+ fraction when the Pt-beta is employed in
combination with the Fe-K.
Table 1 CO2 conversion and selectivity to different products at
different temperatures with the standalone Fe-K catalyst and the
combined catalyst (Fe-K + Pt-beta).

Temp(°C)
X(CO2)
S(CO)
S(C1)
S(C2-C4)
S(C2-C4=)
S(C5-C10)
S(C5C10=)
S(Arom)
S(C10+)

300
18.8
41.7
5.2
2.7
11.4
2.5

Fe-K
325 350
30.6 37.5
22.6 23
8.0 11.3
4.5
3.5
20.9 22.4
5.1
4.1

Fe-K + Pt-beta
300 325 350
19.8 30.7 38.4
47.2 20.6 18.9
4.8
8.1 10.2
24.4 37.5 40.4
0
0
0
16 28.1 23.3

7.7

16.6

12.9

0.2

0.6

0.3

0
28.9

0
22.3

0
22.9

0
7.9

0.6
4.5

2
5.8

Figure 3 – Catalytic behaviour of combined catalyst
(Fe-K + Pt-beta) at 5.5 h time on stream (TOS).

Based on the catalytic performance results presented in Figure 3, operation of the
multifunctional catalyst at 325 °C seems optimal for the production of the valuable C5-C10
range of paraffins constituting the ‘gasoline’ range of hydrocarbons. In order to further
analyze the catalytic performance of Fe-K + Pt-beta at this temperature, a long-term
stability test (~90 h TOS) was carried out and the catalytic performance was compared with
both Fe-K + beta and, standalone Fe-K. From the results, we observed that the selectivity
to C2-C10 paraffins slightly decrease over time when using Fe-K + Pt-beta. However, in the
case of Fe-K + beta, the zeolite deactivates very fast and the overall catalysts combination
without Pt has a product distribution similar to that of the standalone Fe-K catalyst at longer
TOS. Based on the observations presented above, it is likely that the Pt sites present in the
impregnated zeolite beta enable the hydrogenation of olefins (Table 1) coming from the FeK catalyst and significantly mitigates the deactivation. The control experiment of ethylene
hydrogenation clearly demonstrates the strong hydrogenation activity of Pt-beta as
compared to plain zeolite beta. This hydrogenation role of Pt not only leads to the
production of fuel range alkanes but also is probably responsible for the enhanced stability
of the overall Fe-K + Pt-beta combined catalyst as compared to the Fe-K + beta
combination.
The influence of temperature on the catalyst activity can probably be explained as an
optimization of the interplay between (i) the modified Fischer-Tropsch activity of the Fe-K
catalyst, (ii) the cracking/oligomerization/isomerization activity of the acid sites present in
zeolite beta and (iii) the hydrogenation activity of Pt sites in the zeolite. Thus, at the lower
end of the temperature conditions tested (300 °C); the lower modified FTS activity of the
Fe-K catalyst inhibits the overall yield of paraffins from CO2. At the higher end of the
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temperature conditions (350 °C), the activity of all components of the multifunctional
catalyst is increased, but the overall product yield is dominated by the high hydrogenation
activity of the Pt sites since the yield of the less desired methane and C2-C4 paraffins is
increased. Therefore, the intermediate temperature of 325 °C optimizes the synergy
between the various components of the multi-functional catalyst in order to provide the
highest yield of the valuable C5-C10 paraffin range. Finally, the temperature-mediated
interplay also affects the ratio of branched and linear paraffins.
In summary, the dual-bed configuration of these two catalysts (Fe-K +Pt-beta) modifies the
Fischer-Tropsch usual products over the Fe catalyst to produce mainly paraffins assisted
by the hydrogenation function of Pt-beta and avoiding, at the same time, the deactivation of
the zeolite.
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Global warming is one of the greatest challenges of our century. A global energy transition
based on low-carbon emissions is urgently needed to limit greenhouse gas emissions and
the belonging global warming in the next decades. To tackle greenhouse gas effects,
particularly CO2 contributing to 70% of the overall emissions, drastic changes have to be
made [1]. TotalEnergies R&D is actively focusing efforts on different pieces of the CCUS
puzzle through different actions such as carbon capture from different sorbents, geological
sequestration, carbon conversion, etc.
Among existing post-combustion capture technologies, absorption from solvent media as
amine scrubbing, is the most mature. However, issues such as high energy consumption,
corrosion and emissions makes it important to investigate alternative technologies.
Adsorption on a porous media appears as a promising alternative and has become a very
active domain with over 30 specific reviews in the last decade. While many solid porous
sorbents have been developed and characterized such as amine-based silicas, Metal
Organic Frameworks, zeolites, active carbons, covalent organic polymers, etc…their
implementation in an industrial process has been less dealt upon. However, since the
success of an adsorption process will depend on the right combination between a sorbent,
the means of contacting it with the flue gas and the way the process is operated [2], the
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development of material and process should be considered together to identify the optimal
solution. [3]. For this reason, it is key to identify and develop robust experimental
techniques for a fast screening and a correct evaluation and development of the adsorbent
materials.

Figure 1 - Complex puzzle of adsorption technologies development.

TotalEnergies has thus integrated in its R&D strategy, through both external partnerships
as well as internal studies, the understanding and development of adsorption technologies
as an additional tool to help decrease the cost of CO2 capture by tackling the challenges for
cost-effective industrialization among which the impact of the presence of humidity present
in the flue gas, the degradation of the sorbent in the presence of impurities (O2, SOx,
NOx), the impact of adsorbent shaping and energy consumption optimization….
Notably understanding the effect of water on the adsorbent properties and the best way to
handle both on the material and the process point of view is a very important task. It is key
not only for the adsorption step but especially for the regeneration step when direct steam
is used as the heating medium in a TSA process. Water shows several different behaviors
still not well understood depending on the material properties. For some material, it can
dramatically impair the CO2 adsorption capacity but for others it can enhance their ability to
capture CO2 molecules from both kinetic and thermodynamic aspects. It can also
significantly affect the stability of the material. Much work has been carried out on the
impact of water on CO2 static uptake as well as on the understanding of the adsorbent
surface reactivity for water adsorption [4] on many different types of adsorbents. However,
there are much less studies investigating water impact on dynamic CO2 uptake and
industrially relevant operating conditions.
The aim of this work is to present the manner in which TotalEnergies deal with key topics
for cost-effective industrialization of adsorption technology together with the results of an
experimental study that allow to evaluate the global impact of the presence of different
moisture relative levels in the flue gas on the thermodynamic and kinetic properties on
small amounts of some reference samples like zeolites, MOF’s and amine based silicas by
coupling different experimental qualitative and quantitative as well as static and dynamic
methods [5].
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Figure 2 - CO2 adsorption capacity on different zeolite and MOF’s materials at a) dry conditions at different partial
pressures and b) different humidity levels.
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The introduction of transition metals in zeolite can generate efficient active sites for
conversion of biomass-derived intermediates to chemicals. Controlling the speciation of
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such metal sites is crucial for optimum catalytic performance. In this contribution, the facile
preparation of highly dispersed metals such as Sn, Zr, and Hf (up to Si/metal ratios of 40)
into dealuminated BEA zeolite was explored. Inorganic metal precursors were used in a
solid-state grinding approach under ambient conditions. Subsequent treatment with
methanol led to efficient incorporation of relatively large amounts of catalytic metals in BEA
zeolite without substantial formation of undesired metal oxides outside the zeolite
framework. The resulting samples showed promising catalytic performance in the
Meerwein–Ponndorf–Verley (MPV) reduction of cinnamaldehyde to cinnamyl alcohol and
the further etherification of cinnamyl alcohol to cinnamyl propyl ether. Complementary
characterization involved pyridine-FTIR, CO-FTIR and pyridine 15N-NMR and demonstrated
that the zeolites contain both Lewis and Brønsted acid sites. It is speculated that the
Brønsted acid sites derive from the proximity of Lewis acid metal-OH and terminal Si-OH
species in so-called open sites. The facile metal loading approach can be employed to
tailor the reactivity of hierarchical BEA, leading to enhanced catalytic performance due to
better accessibility of the active sites.
Introduction
Group IV transition metals stabilized in BEA zeolite (M-BEA) are usually regarded as Lewis
catalysts with diverse applications in biomass conversion. Examples include
Meerwein−Ponndorf−Verley−Oppenauer (MPVO) reduction and oxidation reactions, Dielsalder cycloaddition, and lactate production. [1,2] Post-synthesis incorporation of such
metals in zeolites is interesting because this approach allows precise control the location
and structure of the active site with high dispersion. A drawback is that often organometallic
precursors, requiring working under inert conditions, are used [2,3]. This renders such
methods difficult to scale up. Direct synthesis of metal-modified BEA is met with very long
synthesis time. [1] Therefore, synthesising M-BEA zeolite catalysts with a high metal
content by a facile procedure remains a challenge.
Experimental
Commercial BEA zeolite (CLA-BEA, Clariant, Si/Al =12.5) was used as received. For the
preparation of metal-modified BEA zeolite, we first synthesized a conventional BEA zeolite
(CON-BEA) using TEAOH as a template. Hierarchical and nanosized BEA zeolites were
also
synthesized
based
on
methods
from
literature
using
respectively
cetyltrimethylammonium bromide and a cyclic diquaternary ammonium agent. These
zeolites were dealuminated with concentrated nitric acid. To prepare M-BEA zeolites, metal
chloride hydrate or metal oxychloride hydrate precursors were ground with the
dealuminated BEA zeolite samples under ambient conditions. Unreacted precursor was
removed by repeatedly (at least 6 times) washing with methanol. Subsequently, the
samples were dried in static vacuum overnight and calcined to obtain M-BEA zeolites. The
catalytic MPV reduction was carried out by using a pressurized batch reactor.
Cinnamaldehyde, cinnamyl alcohol and isopropanol were used as a substrates and solvent.
Results and discussion
The physico-chemical properties of parent, dealuminated, and metal-containing (MBEA) zeolites were determined by XRD, SEM, HR-TEM, HAADF-STEM, N2 sorption, UVVis spectrometer, 29Si CP MAS NMR, and XPS. The application of a methanol treatment
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step after metal incorporation and before calcination was found to be crucial to prevent
metal oxide aggregation (Figure 1). This approach was also effective at high metal content.
The utility of the prepared zeolites in catalysis was studied by the MPV reduction of
cinnamaldehyde in isopropanol. All M-BEA zeolites showed high selectivity towards
cinnamyl propyl ether, resulting from MPV reduction of cinnamaldehyde to cinnamyl alcohol
and subsequent etherification, facilitated by Lewis and Brønsted acid functions,
respectively (Figure 2). Table 1 shows that cinnamyl propyl ether obtained by the Sn-CLABEA was also obtained with H-CLA-BEA (100%) when cinnamyl alcohol was used as the
substrate. Cinnamyl alcohol was not converted at all with DeAl-CLA-BEA. Thus, the
modified samples contained Brønsted acid sites capable of etherification brought about by
the inclusion of group IV metals. Among all the obtained catalysts, Sn-BEA exhibits the
highest catalytic activity (71.8 % conversion of cinnamaldehyde and 53.5% selectivity of
cinnamyl propyl alcohol), while the activity for Zr- and Hf-BEA was significantly lower. From
pyridine-FTIR, CO-FTIR, and 15N-pyridine CP MAS NMR measurements, it can be deduced
that the catalytic activity stems from the proximity of M-OH species and Si-OH terminal
silanol species. The Sn-modified zeolite exhibits higher Lewis and Brønsted acidity than the
Zr- and Hf-modified samples.
Conclusions
Solid-state grinding of dealuminated BEA zeolite with proper Sn, Zr, and Hf precursors
followed by methanol treatment allows obtaining well-defined group IV modified BEA
zeolite. The methanol treatment removes excess metal ions and prevents the formation of
less-desirable extra-framework metal oxides. The M-BEA zeolites contain strong Lewis and
Brønsted acid sites, which are suitable actives sites for cascade MPV reduction and
condensation of cinnamaldehyde to cinnamyl propyl ether through cinnamyl alcohol in
isopropanol. Sn-BEA provides the highest catalytic activity, owing to its strongest Lewis and
Bronsted acidity which is attributed to the presence of open metal sites (Sn-OH) close to
silanol groups.
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Figure 1 - STEM-EDX images of Sn-CLA-BEA zeolites prepared with methanol treatment (top) and without
methanol treatment (bottom). Si and Sn are shown in red and green, respectively.

Figure 2 - Reaction pathway of MPV reduction of cinnamaldehyde and condensation of cinnamyl alcohol.

Table 1 - Catalytic activity of MPV reduction of cinnamaldehyde and condensation of cinnamyl alcohol in
isopropanol.
The reactions were carried out for 4 h at 120 °C for cinnamaldehyde and 8 h 150 °C for cinnamyl alcohol.

Catalyst

Substrate

Conversion (%)

Cinnamyl
alcohol
selectivity (%)

Cinnamyl propyl
ether selectivity
(%)

Zr-CLA-BEA

cinnamaldeh
yde

38.5

61.2

38.8

Sn-CLABEA

cinnamaldeh
yde

71.8

46.5

53.5

Hf-CLA-BEA

cinnamaldeh
yde

50.5

60.4

39.6

Sn-CONBEA

cinnamaldeh
yde

31.6

83.2

16.8

H-CLA-BEA

cinnamyl
alcohol

100

-

100

Sn-CLABEA

cinnamyl
alcohol

98

-

98

DeAl-CLABEA

cinnamyl
alcohol

0

-

0
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Introduction: The urgent global call to action for combating climate change requires
innovative solutions for addressing the ever-increasing levels of atmospheric CO2. Among
the multiple solutions proposed, the concept of a “circular carbon economy” stands out,
since it advocates for approaches toward the mitigation of CO2 emissions without a radical
overhaul of the current infrastructure. [1] This concept advances the creation of fuels and
chemicals by direct air capture (DAC) of CO2 [2] and subsequent hydrogenation to the
product of choice using appropriate processes and catalysts. Fuel production via this route
can have a sizable effect in terms of volume (mitigation of >5 Gt of CO2 emissions per year)
toward the reduction of overall global CO2 emissions. [3-4] Thus, by recycling the CO2
present in the atmosphere, we can avoid additional carbon emissions and eschew the need
for a significant overhaul of the transportation infrastructure. Another advantage to consider
for this method of fuel generation is the fact that we can completely avoid SOx and NOx
emissions typically associated with impurities in conventional fossil fuels.
In this work, we have designed a multifunctional catalyst for CO2 hydrogenation that
combines a methanol synthesis catalyst (InCo, previously reported by us [5]) together with
zeolite Beta (with/without Zn) that transforms methanol to hydrocarbons. This catalyst
combination enables the direct production of fuel range isoparaffins from CO2 with high
selectivity among hydrocarbons. Furthermore, the catalyst combination has been fully
characterized via a comprehensive suite of techniques including operando X-ray
Absorption Spectroscopy (XAS) using a custom-built setup (Figure 1).
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Figure 1 - View of the high-pressure reaction cell in the beamline SAMBA ready for operation.

Materials and Methods: The above-mentioned catalyst combination was tested at 300 °C,
50 bar at a GHSV of 7500 ml.gcat-1.hr-1 using CO2:H2 ratio of 1:4 in a 4-channel fixed bed
reactor (Flowrence XD from Avantium) using He as an internal standard. The different
components were combined in either dual bed or mixed bed configuration. The structureperformance relationship has been elucidated via techniques like ICP-OES, XRD, N2
adsorption, XPS, TG-MS, TEM and FTIR using pyridine as a probe molecule among
others. X-ray absorption near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectra were measured at the Co and Zn K edge at the SAMBA
beamline of the SOLEIL Synchrotron at Paris, France.
Results and Discussion: In the course of this study, we have observed that the product
distribution is markedly different depending on the catalytic configuration used. Coupling
the InCo catalyst and unmodified beta zeolite in a dual-bed configuration at 300 °C leads to
a fast deactivation of the zeolite (∼4–5 h, Figure 2), with methanol and DME being the chief
products in the hydrocarbon fraction after deactivation. Among the paraffinic products (C4–
C7), it was observed that branched isomers (denoted as iso-CN in Figure 2) were present in
much higher quantities in comparison to their linear counterparts, adding up to a total of
approximately 70% of the total hydrocarbons formed.
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Figure 2 – (a) Hydrocarbon distribution reported at ∼5 h time on stream and overall CO2 conversion and CO
selectivity on a carbon mole basis. (b) Isoparaffin STY comparison of the catalyst bed configurations.

On the other hand, the use of a mixed-bed configuration led to a considerable
enhancement in the stability of the multifunctional catalyst with significantly slower
deactivation being observed within a 22 h time frame (as denoted by the STY evolution with
respect to time in Figure 2b). The product distribution was in general similar to that of the
dual-bed configuration before its deactivation with respect to isoparaffins. However, higher
quantities of light paraffins (C1–C3) and lower quantities of olefins were produced in the
mixed-bed configuration in comparison to the dual-bed configuration.
The product distribution outcome for Zn-beta, however, runs counter to that of zeolite beta,
as the dual-bed configuration is more stable than the mixed-bed configuration and leads to
the desired products. The deactivation of the catalyst in this configuration (once again
indicated by the STY evolution in Figure 2b) is much slower in the former case than in the
latter. In particular, the olefin fraction in this case is approximately 5% and the total
isoparaffin fraction initially accounts for almost 85% of the total hydrocarbons. To the best
of our knowledge, this is among the highest values reported so far for isoparaffin production
from CO2. Furthermore, while the InCo + beta mixed-bed configuration only has a
hydrocarbon selectivity of ∼21% toward the more valuable iso-C5–C7 fraction, the InCo +
Zn-beta dual-bed configuration enhances the hydrocarbon selectivity to this fraction more
than 1.5 times, being ca. 36%. Moreover, the production of less valuable light paraffins
(C1–C3) is also greatly inhibited when the InCo + Zn-beta dual-bed configuration is used in
comparison to the InCo + beta mixed-bed configuration (∼5% vs ∼22%). On the other
hand, when a mixed-bed configuration is used for InCo + Zn-beta, it appears that the two
components have a dysergistic effect on each other, leading to lower activity (the
conversion of CO2 is ∼12% as opposed to ∼16% in the case of the dual-bed configuration),
a lower isoparaffin yield, and a lower stability of the overall catalytic system.
In order to unravel the status of Zn inside the zeolite, reverse Monte Carlo simulations
coupled with an evolutionary algorithm approach was utilized to analyse the EXAFS data.
Additionally, ab initio simulations of XANES spectra was carried out for possible structures
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of Zn inside the zeolite. Based on the results obtained, Zn is likely present in the zeolite in
the form of Zn6O6.
Conclusion: In conclusion, our results demonstrate that catalytic engineering can play a
significant role in the thermocatalytic conversion of CO2 with multifunctional catalysts. We
have observed that the product distribution is markedly different depending on the catalyst
configuration and zeolite modification. The bed configuration (mixed or dual) plays a pivotal
role in the catalytic performance, as the hydrogenation function of the impregnated Zn
helps to prolong the zeolite lifetime. Moreover, with Zn modification, we were able to
achieve a selectivity of isoparaffins of up to ∼85% among hydrocarbons, which is among
the highest values reported so far. An operando XAS analysis of the catalyst combination
reveals that the structure of Zn inside zeolite beta is likely in the form of clusters of Zn6O6.
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Introduction
Nowadays, CO2 emissions affect climate change, generating a wide range of adverse
social and environmental impacts. At counteracting this phenomenon, CO2 could be
captured and converted into high-value chemicals. In this scenario, the modified
Fischer-Tropsch synthesis (FTS) is one of the most promising processes. In fact, it
enables the production of hydrocarbons through the direct hydrogenation of CO 2.
Furthermore, if H2 is produced by exploiting renewable energy, a sustainable pathway
to produce synthetic hydrocarbons can be carried out [1]. Since CO2 is a very stable
molecule, in-depth study of catalysts is required to produce molecules with two or more
carbon atoms (C2+). In the open literature, many Fe-based catalysts have been
investigated due to their good activity and stability in the production of hydrocarbons.
Among them, Fe3O4-based materials are very promising since they allow the CO 2 to be
directly converted into fuels. Fe3O4 sites are responsible of the endothermic reverse
water gas shift (RWGS) reaction. Fe5C2 active sites formed in situ under reaction
condition enable the FTS. Promoters like sodium are generally added to Fe 3O4 to
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enhance the formation of Fe5C2 sites and to reduce the methane production, favoring
the selectivity of olefins. Hence, the olefins obtained via FTS could oligomerize,
aromatize and isomerize on the surface of a zeolite to produce a gasoline-like product
[2]. In addition, core-shell structures represent interesting catalyst configurations
because they could break the Anderson–Schulz–Flory distribution (ASF) production
distribution and increase the selectivity to target products thanks to a synergistic effect
between core and shell materials [3], probably due to the forced back-diffusion of
olefins formed on the active phase over the zeolite.
The aim of this work is to study the optimization of those particular structures made of a
Fe-based active phase as core and a zeolite as shell. As a kind of effective
investigation on the role of the core-shell structure Na-Fe3O4@HZSM-5, several
physical mixtures of catalysts were also tested at the same conditions.
Methods
1%Na-Fe3O4 was synthesized from pure Fe3O4. In particular Fe3O4 was prepared according
to the method proposed by Zhong et al. [4]) and was subsequently impregnated with
NaNO3 [5]. The pellets of active phase were compared with physically mixed 1%Na-Fe3O4HZ (mass ratio 1:1 and pellets 300-500 μm), synthetized by hydrothermal synthesis method
[5] and controlling appropriately the amount of AIP. In particular 29.2 g of tetraethyl
orthosilicate (TEOS), 0.75 g of aluminum isopropoxide (AIP), 13 g of tetrapropyl-ammonium
hydroxide (TPAOH, 40% in water), and 68 mL of water were mixed in the flask, and the
mixture was stirred at room temperature for 30 min. Then the solution was recrystallized
under reflux with stirring at 90°C for 20 h. Subsequently, 1.20 g of 3aminopropyltrimethoxysilane (3-APTMS, 97%) was added to the solution, and the mixture
was stirred for other 6 h. The precursor ZSM-5 zeolite solution was crystallized in a Teflon
lined stainless-steel autoclave at 170°C for 5 days. Thereafter, the precipitate was
separated by centrifuge and washed with water. After being dried overnight at 60°C the
sample was calcined at 550°C for 5 h. In addition, 1%Na-Fe3O4-ZSM5 (mass ratio 1:1 and
pellets 300-500 μm) catalyst, where HZSM-5 was a commercial zeolite (SiO2:Al2O3=80:1)
was prepared. Above all, this last combination of active phase and zeolite was used as
reference to evaluate core-shell configurations, synthetized by means of a physically
adhesive technique [3]. In particular, a certain amount of active phase particles (300–500
μm) was mixed with 1/4 of that mass of glue and the moist granules were manually
recovered with commercial HZSM5 powder (active phase:zeolite mass ratio equal to 1:1).
More in detail, ZF1 and ZF2 were prepared using the same active phase (1%NaFe3O4) and
a different adhesive: respectively 15 wt.% colloidal SiO2 aqueous solution for ZF1 and
glucose for ZF2. Given to the different glue used, ZF1 and ZF2 were calcined differently.
The first one was calcined in air at 400 °C for 3 h (heating rate: 2.5 °C/min), while the
second structure was calcined in a quartz boat at 400 °C at a heating rate of 2.5 °C/min
under N2 atmosphere for 3 h. Lastly, ZF3 was prepared at the same conditions of ZF1, but
using a different active phase to evaluate the influence of Na resulting from two different
catalysts' synthesis: Na-Fe3O4. The difference between 1%Na-Fe3O4 and Na-Fe3O4 was
the synthesis, in fact, Na-Fe3O4 was synthesized by the coprecipitation method with NaOH
[2].
The textural properties of the catalysts were investigated by means of N2-physisorption and
scanning electron microscopy (SEM). X-ray diffraction (XRD), temperature-programmed
measurements (i.e., H2-TPR, CO2-TPD and NH3-TPD), and X-ray photoelectron
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spectroscopy (XPS) were used to characterize the structure and the properties of the
samples. The catalysts were pretreated in a fixed bed reactor at 380°C for 3h under
N2/H2=50:50 and 0.2 MPa. The catalysts were tested in the same reactor at 2.1 MPa, 20
NL∙g-1active phase∙h-1, H2/CO2/N2 molar ratio equal to 15/5/1 and at the temperature of 330 °C.
The gas was analyzed with an in-line gas analyzer and a 2-columns Agilent Technologies
7980B GC system equipped with a thermal conductivity detector (TCD) and a flame
ionization detector (FID).The collected liquid oil extract was analyzed using a GC-MS.

Results and discussion
The reaction pathway related to the conversion of CO2 into hydrocarbons occurs on two
different sites of active phase: in particular, the RWGS occurs on Fe3O4 sites, while FTS
occurs on Fe5C2 sites. As can be seen from Figure 1, when only 1%Na-Fe3O4 is involved,
the products obtained are mostly olefins, while there are few paraffins and the absence of
aromatic compounds (indicates with diagonal lines). The presence of these latter
compounds is in fact due to the presence of acid sites. Figure 1 shows that in the presence
of the zeolites, respectively commercial HZSM5 and homemade HZ, the olefins obtained
on the Fe5C2 sites of the active phase, aromatize, isomerize and oligomerize, leading to the
formation of aromatic compounds. Comparing the results of the physical mixtures 1%NaFe3O4-HZSM-5 and 1%Na-Fe3O4-HZ, it is possible to highlight the differences in terms of
CO2 conversion and of selectivity to CO. These differences could be attributed to the
different pore size of the zeolites involved. Based on these preliminary results, two coreshell configurations (ZF1 and ZF2) obtained using 1%Na-Fe3O4 as active phase and

Figure
Figure 1. Selectivity of hydrocarbons distribution
and2.COXRD Patterns. 1%Na-Fe3O4: obtained by impegnation;
HZSM5:
commercial zeolite; HZ: homemade zeolite; ZF1: coreshell with
(left hand side) and conversion of CO2 (symbols,
right hand
1%Na-Felines
side) over different structures of catalysts. Diagonal
3O4 as core and colloidal SiO2 as glue; ZF2: coreshell with
indicate the presence of aromatics compounds. 1%Na-Fe3O4 as core and glucose as glue; ZF3: coreshell with Na-Fe3O4
as core and colloidal SiO2 as glue.

commercial HZSM5 as zeolite were synthesized and compared. Focusing on the core-shell
structures ZF1 and ZF2 (Figure 1) and comparing the results with the physical mixture used
as reference, the decrease in CO2 conversion and the increase in CO selectivity rather than
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physical mixture, could be attributed in ZF1 to the migration of the Na from the active phase
to the zeolite, while it could be related to the low content of Fe3O4 sites, in the case of ZF2.
These hypotheses were confirmed by the H2-TPR and NH3-TPD profiles for ZF1, while for
ZF2 the deficiency of Fe3O4 sites responsible for the RWGS reaction was found by XRD
analysis, Figure 2. Based on these results, it was therefore decided to synthesize a third
core-shell catalyst named ZF3. This catalyst is synthetized exactly like ZF1, but using NaFe3O4, in order to evaluate the possible effect of Na. For the moment this catalyst appears
to be the most promising and the H2-TPR profile suggests that there is no sodium
migration. This could be attributable to the different synthesis method with which the
NaFe3O4 active phase was obtained. Further investigation is needed to support our thesis.
The investigated process enables the production of liquid hydrocarbons via a sustainable
pathway involving carbon dioxide hydrogenation over innovative catalysts, as an alternative
to the conventional fossil-based route. Further studies are needed to investigate core-shell
structures without diffusion problems. The challenge is to increase the conversion of CO2,
by limiting the selectivity towards to CO and CH4, and by pushing the reaction over longer
chains that lead to the formation of gasoline like products.
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Introduction
Industrial production of methyl isobutyl ketone (MIBK) form acetone is a multistep process.
In the first two steps, acetone undergoes condensation and dehydration to mesityl oxide
under alkaline or acidic conditions. The last step consists in the reduction of mesityl oxide
with hydrogen to MIBK over metallic sites. The metal preferably chosen for the
hydrogenation step is palladium or other noble metals like platinum or ruthenium. Although
these metals are known to be efficient for the process, their high cost has stimulated the
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search for cheaper alternatives. Nickel and copper are among the proposed substitutes and
the latter has been applied as a source of active centres for carbon-oxygen hydrogenation.
Although Cu species are effective in hydrogenation of compounds such as dimethyl
oxalate, methyl acetate or furfural, their application is still challenging due to catalyst
instability and fast deactivation [1]. On the other hand, it is well-known that the support
structure can strongly influence the dispersion of active sites and reactant diffusion in
heterogeneous catalysts, thus the materials with large surface area and defined
morphology are desired for catalyst design. In our recent research, we have applied
mesostructured cellular foam silica (MCF) doped with ceria as a support for palladium
species [2]. The obtained catalyst showed superior catalytic behaviour compared to other
reference catalysts based on palladium, especially in terms of stability. Herein, we present
our latest work concerning a new catalyst based on copper as hydrogenation centre and
cerium containing MCF as a support [3].
Experimental
MCF material was prepared according to [2]. The support was impregnated with Ce (CeMCF, 20 wt.% Ce) using aqueous solution of cerium(III) nitrate hexahydrate. Ca-Nb-MCF
was also prepared by sequential impregnation with ammonium niobate(V) oxalate hydrate
and calcium acetate monohydrate, respectively. Also hydroxyapatite (HAP) and
mesoporous aluminophosphate oxynitride (MAPN) were applied as reference supports. Cu
was loaded onto the supports via wetness impregnation using aqueous solution of
copper(II) nitrate trihydrate in the amount needed to obtain 3 wt.% loading of Cu. The
catalysts were calcined at 550 oC for 4 h and denoted as: Cu/Ce-MCF, Cu/Ca-Nb-MCF,
Cu/HAP and Cu/MAPN. The obtained materials were characterized using the following
methods: XRD, low temperature N2 adsorption/desorption, XPS, FTIR combined with NO
and pyridine adsorption, CO2-TPD and H2-TPR. The catalytic activity was examined for the
reductive condensation of acetone to MIBK in gas-phase using a fixed-bed reactor system.
Results and discussion
The typical structure of MCF support was determined by low temperature N2 physisorption
and showed characteristic adsorption/desorption isotherms of type IVa with H1 hysteresis
loops. The modification of the support by impregnation with ceria and copper did not have a
negative impact on the mesoporous structure, however, the obtained materials had smaller
surface area and pore volume. XRD patterns pointed to the presence of CeO2 and some
CuO crystallites. The presence of a symmetric signal at 932.9 eV in the XPS spectrum of
Cu/Ce-MCF (Cu 2p3/2 region) suggested the existence of Cu+ or Cu0 on the support
surface. To confirm or exclude the existence of Cu+ species NO adsorption was performed
followed by FTIR measurements. Two characteristic bands of Cu2+ interacting with NO
were detected at 1621 cm-1 and 1879 cm-1, while no band typical of Cu+ interacting with NO
was observed. Therefore, the XPS signal was assigned to metallic copper species. The
basicity of Cu/Ce-MCF catalyst was examined by CO2-TPD analysis. The material showed
a similar number of basic sites as the reference Cu/Ca-Nb-MCF and a smaller number of
these sites than Cu/HAP material. The presence of Lewis acid sites on Cu/Ce-MCF was
confirmed by the adsorption of pyridine followed by FTIR measurements. These sites were
relatively strong as pyridine remained adsorbed after outgassing the sample at 300 oC.
Moreover, no Brønsted acid sites were detected. It should be noted that Cu/Ca-Nb-MCF
reference material showed much lower acidity.
The interaction between Cu and Ce species was evaluated using H2-TPR analysis. For this
purpose a sample without ceria was also prepared, i.e. Cu/MCF. The H2-TPR profile of the
latter showed only one maximum of reduction detected at 233 oC characteristic of bulk
copper(II) oxide. The presence of ceria on the MCF support was manifested by multiple
peaks in the H2-TPR profiles at 169 oC, 192 oC, 229 oC and 261 oC, respectively. The
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maximum temperature of reduction was assigned to dispersed copper species, large oxide
species, bulk copper(II) oxide and copper species incorporated into ceria lattice,
respectively. The existence of the latter species was also confirmed by cell contraction of
CeO2, which is in line with the smaller radius of Cu2+ than Ce4+.
The materials obtained were tested in reductive gas-phase condensation of acetone at
different temperatures from 150 to 300 oC. Cu/Ce-MCF showed superior catalytic
behaviour with 34% of acetone conversion and 79% of desired product selectivity, i.e.
MIBK. The dominant by-product was diisobutyl ketone (DIBK). For comparison was the
catalyst that did not contain ceria (Cu/MCF) also tested in the reaction. It showed a very
low acetone conversion reaching only 5% at 300 oC. Notably, the catalytic performance of
Cu/Ce-MCF was not only better than that of the other Cu-containing catalysts applied in
this study, but also more effective than the previously reported analogous palladium based
catalyst, i.e. Pd/Ce-MCF [2].
The long-term performance of the most active catalysts was tested in continuous reactions
at 250 oC for 24 h. As shown in Figure 1, Cu/Ce-MCF within the first 3 h of the reaction lost
about half of its initial activity, however, here after the acetone conversion remained
constant around 17%. At the same time, the selectivity to MIBK increased from 80% to ca.
90%. Interestingly, the activity of the palladium based material, Pd/Ce-MCF, did not
decrease, however, its activity was significantly lower than that of Cu/Ce-MCF within the
entire reaction period.

Conversion, selectivity to MIBK, %

100

80

60

Cu/Ce-MCF
Pd/Ce-MCF
filled symbols - conversion
empty symbols - selectivity

40

20

0
0

200

400

600

800

1000 1200 1400

Time, min
Figure 1 – Conversion and selectivity in the reductive condensation of acetone to methyl isobutyl ketone.

Conclusions
Cu/Ce-MCF catalyst was successfully synthesized and contained both Cu2+ and Cu0
species resulting from the interaction with ceria. This interaction significantly enhanced the
catalytic performance of the Cu/Ce-MCF material in the acetone transformation to MIBK
compared to that of the corresponding reference catalysts: Cu/MCF and Ce-MCF,
suggesting a synergetic interaction of the metal species. The superior performance of the
Cu/Ce-MCF catalyst was assigned to the presence of basic sites originating from ceria
(condensation of acetone to DAA), Lewis acidity of Cu2+ species (dehydration of DAA to
MO) and the presence of Cu0 centres (hydrogenation of MO to MIBK). Moreover, Cu/CeMCF showed better catalytic performance and similar long-term performance during
continuous operation for 24 h than the analogous palladium catalyst, Pd/Ce-MCF.
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Functionalizing bio-based furanic derivatives in a minimum number of synthetic steps is of
huge interest to increase the molecular diversity and complexity. In this view, it would be
desirable to devise simple, easily accessible and robust catalytic materials affording multistep reactions to engineer intensified processes and avoiding the separation of
intermediates. One-pot reactions have been developed targeting the synthesis of branched
alkanes as jet fuels and monomers for polyester and epoxy resins starting from the aldol
condensation reaction of furfural (FF) with ketones (e.g., acetone, methyl isobutyl ketone,
cyclopentanone), followed by hydrogenation or hydrodeoxygenation (HDO) at solvent-free
conditions. In particular, the aldol condensation/crotonization of FF with ketones (especially
acetone) has been used to prepare long-chain liquid fuels and monomers (e.g., dienes).
The reaction is catalysed both by acid or basic sites and alkaline metal oxides (e.g., ZrO2,
ZnO, MgO-ZrO2) or zeolites and metal-substituted zeotypes can be used as catalysts. Acid
or base catalysts can be also combined with metal nanoparticles (e.g., Pd), either
supported or encapsulated, to engineer aldol condensation-hydrodeoxygenation/
hydrogenation tandem reactions.
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In this contribution, the optimization of two multi-site porous catalysts for single-reactor
tandem aldol condensation of FF with methylisobutylketone (MIBK) followed by
hydrogenation is presented. Pd nanoparticles were deposited by in situ reduction

Acid/
Basic sites

Pd

FIGURE 1 – PICTORIAL REPRESENTATION OF BIFUNCTIONAL CATALYSTS FOR SINGLE-REACTOR TANDEM ALDOL CONDENSATION
FOLLOWED BY HYDROGENATION

procedure on hierarchical zeo-type materials containing Brønsted acid sites and on
organic-inorganic hybrid systems containing accessible pendant amine groups as basic
sites (figure 1).
Zeolites are particularly attractive as acid catalysts due to their tuneable acid properties, but
can exhibit poor activity due to mass transport limitations within micropores, affecting the
accessibility of the reagents to the acid sites, as well as low hydrothermal stability and
deactivation due to coke deposition. To overcome these drawbacks hierarchical zeolites
combining the microporous zeolite structure with an additional mesoporous network, can be
prepared by top-down or bottom-up approaches [1, 2] thus ensuring better mass transport
and acid sites accessibility, A series of crystalline silicoaluminophosphate SAPO-5 catalyst
with hierarchical porosity (HPSAPO-5) and variable silicon content were synthesized by a
bottom-up method, using pre-synthesized MCM-41 with surfactant inside the mesopores as
the source of both silicon and the mesoporogen. The so-prepared acid catalysts were
tested over the aldol condensation/crotonization reaction between FF and MIBK and the
best performing one was further functionalized with Pd to obtain the bifunctional catalyst
[3].
Similarly, a series of organic-inorganic hybrid bifunctional organosiliceous catalysts with
accessible pendant amine groups as single basic sites and Pd nanoparticles was prepared
from suitable synthesis processes. In particular, three hybrid basic catalysts were prepared
by grafting 3-aminopropyltriethoxy silane, N-(2-aminoethyl)-3-(trimethoxysilyl) propylamine
or pyrrolidine-3-yl)urea-3-(triethoxysilyl)propylamine on MCM-41 as the mesoporous silica.
The effect of the nature of the amine group (i.e. propylamine, diethylamine, pyrrolidine) on
the performance of the different hybrid catalysts in the aldol condensation/crotonization
reaction of FF and MBIK was evaluated, evidenced that the hybrid catalyst with pendant
aminopropyl groups exhibited the highest yield (75%), therefore it was further functionalized
with Pd nanoparticles [4].
Structural, textural properties and acid strength and accessibility of hierarchical SAPO-5
and basic sites accessibility of hybrid organosiliceous catalysts were monitored by using
XRD, volumetric analysis and coupling ss NMR with FTIR spectroscopy of adsorbed probe
molecules, both before and after the deposition of Pd nanoparticles. In particular, probe
molecules with basic properties such as ammonia and substituted pyridines were used to
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monitor the acid sites in hierarchical SAPO-5 materials, while carbon dioxide was used to
monitor the basic sites present in hybrid catalysts.
The two classes of bifunctional catalysts were successfully tested in the synthesis of
hydrogenated furan- and THF derivatives in the one-reactor tandem aldol
condensation/crotonization reaction between FF and MIBK, followed by hydrogenation with
molecular hydrogen (figure 2); different reaction conditions for the first and second step
were tested.

FIGURE 2 - MAIN PRODUCTS OBTAINED IN THE SINGLE-REACTOR TANDEM ALDOL CONDENSATION/CROTONIZATION REACTION OF
FF WITH MIBK, FOLLOWED BY HYDROGENATION OVER BIFUNCTIONAL PD/HPSAPO-5 (A) AND PD@SILICA-NH2 (B)
CATALYSTS

Among all the synthesised catalysts, the Pd/HPSAPO-5 with the highest Si content and the
hybrid system containing amino groups showed a promising catalytic performances in the
tandem reaction.
In conclusion, bifunctional hierarchical and hybrid catalysts have been designed and
optimized, affording the formation of furan- and tetrahydrofuran-derivatives in an efficient
tandem process starting from FF and ketones. These products could be applied as
potential biofuels or biosolvents.
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Natural gas is a key resource for the energy transition from fossil to green production.
Methane is the major component, and its transformation through the methane
dehydroaromatization (MDA) reaction offers an attractive way to produce valuable
aromatics and hydrogen. The MDA is commonly carried out at 700 °C on bi-functional
Mo/HZSM-5 catalysts obtained by impregnation of Mo allowing selective production of
benzene (≈ 70 %). However, MDA development is hindered by two major drawbacks: (i) a
low activity due to the thermodynamic limitation of benzene formation at 700 °C (12.5 %)
and (ii) a catalyst deactivation due to coke formation and irreversible damages [1].
The aim of this study is to assess the intimacy between metallic and acidic active sites of
Mo/zeolite catalysts on the MDA performances and catalyst’ deactivation (Figure 1 A). Two
monofunctional zeolite catalysts were synthesized, i.e. a non-acidic single site
Mo-silicalite-1 with 0.5 wt.% Mo with high structural stability [2] and an acidic HZSM-5 with
a Si/Al ratio of 128. The zeolites in two catalytic bed configurations in the MDA reaction
were evaluated (Figure 1 B): (i) a mixed bed configuration (MB), i.e. a mixture of both
materials, corresponding to a proximity of the metallic and acidic active sites and (ii) a dual
bed configuration (DB) with a first bed of Mo-silicalite-1 and a second of acidic HZSM-5
zeolite. The single catalysts (Mo-silicalite-1 and HZSM-5) were evaluated independently as
well. The MDA reaction was carried out at 850 °C, atmospheric pressure and a WHSV of
1.2 h-1.
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Figure 1. (A) The impact of intimacy between metallic and acidic function of catalysts on the MDA reaction through
evaluation of (B) different catalytic bed configurations with the corresponding pictures of the spent catalysts and the total
amount of coke formed (gcoke per gcatalyst based on mass balance after 250 min of reaction).

Aromatics are the targeted products of the MDA reaction, and more specifically benzene.
Therefore the aromatics can be considered as a good descriptor of the bi-functionality of
the catalyst; the formation of aromatics requires the successive presence of metallic and
acidic functions. To understand the synergetic effect of the intimacy of both functions, the
aromatics selectivity obtained on different catalytic systems are plotted as a function of time
on stream (TOS) and presented in Figure 2. Metallic or acidic functions used alone are
unable to produce aromatics, thus no methane conversion is observed on the bare acidic
HZSM-5 catalyst, while on the single site Mo-silicalite-1 catalyst, only C2 (mainly ethylene)
is produced with a low amount leading to no deactivation. The association of the two
monofunctional catalysts, regardless of their intimacy (mixed or dual bed), yields aromatics
involving an activation and deactivation steps. The rate of aromatics formation is similar for
the two configurations (Table 1), while the deactivation rate is slightly slower when the
metallic and acidic active sites are in close proximity. It is worth mentioning that coke
deposition occurs only on the acidic zeolite in dual and mixed bed configurations (Figure 1
B). Indeed after several hours of reaction, the picture of the spent dual bed catalyst reveals
two parts: a white on the top indicating no coke formation on the Mo-silicalite-1 and a black
one on the bottom due to coke formation on the HZSM-5. The carbon content (%C)
determined from the carbon balance is 11 wt.%. When the metallic and acidic active sites
are in close proximity (mixed bed), the carbon formed is slightly lower and is randomly
distributed leading to a mixture of white and black particles (Figure 1 B). The loss of
aromatic selectivities can be explained with the coke deposition on the acidic zeolite. The
behaviour observed for the aromatic selectivities highlights the evolution of the hydrocarbon
pool with time and progressive formation of active carbonaceous species during the
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activation period, moving then to a toxic coke and ultimately to deactivation of the catalyst
[3].
Aromatics selectivity (%)
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Figure 2. Aromatics selectivity as a function of time on stream obtained during the MDA reaction on single HZSM-5 and
Mo-silicalite-1 catalyts and on mixed and dual bed configurations: the first (full symbols) and the second (open symbols)
runs after regeneration of the catalysts.

Dual and mixed bed configurations were regenerated by coke burning (700 °C under air)
and subjected to the second run of the MDA reaction (Figure 2). Lower aromatic selectivity
and lower deactivation rate are observed for the mixed bed configuration resulting from a
loss of activity (Table 1). While on the dual bed, the aromatic production is similar to the
first run. The results suggest that the distance between the two monofunctional catalysts
preserves the metallic function from damages due to the heat generated by the combustion
of coke located on the acidic HZSM-5 zeolite.
Table 1. Activation and deactivation constants of aromatics production rates measured
during the MDA reaction on time on stream windows of 20 to 80 min and 200 to 240 min for
mixed and dual bed configurations.

Mixed
bed
Dual bed

1st run
2nd run
1st run
2nd run

Aromatics formation
rate
kActivation kDeactivation
h-1
h-1
0.78
0.43
0.86
0.20
0.75
0.49
0.70
0.48

In summary, the combustion of coke located close to the single site molybdenum causes
irreversible degradation of the metallic function, which is detrimental for the performance of
the catalysts. The MDA reaction requires a bi-functional catalyst, and more specifically with
a control intimacy between metallic and acidic functions possibly with high stability after
regeneration.
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Introduction
Trifluoromethyl groups (-CF3) are versatile structural motifs, especially in the field of
pharmaceuticals, agrochemicals and organic functional materials [1]. Recently, a
remarkable increase in FDA-approved drug molecules containing a CF3 group is noticed
[2], because it significantly enhances molecular properties such as binding selectivity,
lipophilicity and metabolic/chemical stability [3]. The CF3 moiety is currently installed on
(hetero)arenes via cross-coupling reactions requiring expensive trifluoromethylation agents
and stoichiometric amounts of homogeneous organometallic complexes/metal oxidants at
elevated temperatures [4]. Recently, photoredox catalysis has emerged as a promising
alternative, since it can be more environmentally and economically friendly. In this context,
Macmillan investigated a mild and efficient photocatalytic method for the creation of
electrophilic °CF3 radicals from CF3SO2Cl using a polypyridyl organometallic catalyst (i.e.
Ru(bipy)3Cl2) [4]. Nevertheless, the high cost and the laborious post-synthetic separation of
homogeneous catalysts hamper their further application in large-scale processes and
heterogeneous catalysts should be considered. Therefore, faujasite-type materials are
typically of great interest due to their high stability, high specific surface area and the ability
to introduce organometallic complexes in their supercages via a ‘ship-in-a-bottle’ strategy
[5]. In this work, Ru(bipy)32+ is synthesized within the supercages of faujasite via a ship-in-
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a-bottle method to produce a single-site heterogeneous
trifluoromethylation of arenes using CF3SO2Cl (Figure 1).

photocatalyst

for

the

FIGURE 32: GENERAL REACTION SCHEME.

Results and discussion
The heterogeneous support material was carefully selected for the incorporation of the
complex inside the supercages. Unfortunately, conventional Y zeolites with a silicon-toaluminum ratio (SAR) of about 2.5 highly suffer from instability toward acid environments,
which results in crystallinity loss. Dealumination of the zeolite by chemical or hydrothermal
treatment is a proven strategy to alleviate this limitation. However, these methods require
post-treatments (e.g. steaming, acid leaching, filtration, drying and washing). Therefore, a
direct one-step synthesis method from Patarin et al. was studied to produce a faujasite-type
zeolite with increased SAR ratio, EMC-1 [Si3.6Al1O92Na1] [6]. In this procedure, the EMC-1
material is directly synthesized by a structure-directing agent in a synthesis hydrogel. The
EMC-1 zeolite has the same topology as the conventional zeolite Y and is therefore chosen
as support to introduce Ru(bipy)32+ via a ship-in-a-bottle strategy. The obtained EMC-1
material was generally ion-exchanged with 0.33wt% Ru as Ru(NH3)6Cl3 and afterwards
contacted with an excess of molten 2,2’-bipyridine to form the complex (12 Å) in the 13 Å
wide supercages (EMC-1-Ru). The incorporation of the Ru(bipy)32+ in the supercages was
spectroscopically validated by Fourier-transform infrared spectroscopy (FTIR), UV-Vis
spectroscopy and X-ray absorption spectroscopy (XAS).
The latter technique is typically used to determine the oxidation state (XANES) and the
local environment (EXAFS) of the encapsulated Ru center. The XANES spectra of the
functionalized material confirm that the pattern of the encapsulated Ru is very similar to that
of Ru(bipy)3Cl2, which is a first indication that the trivalent ruthenium atom of Ru(NH3)6Cl3 is
reduced to Ru(II) after the ship-in-a-bottle procedure (Figure 2A). To further confirm this
hypothesis, EXAFS data (Figure 2B) revealed that the Ru center is surrounded by six
nitrogen atoms. Ru−Cl interactions were not observed, indicating that either the
deprotonated zeolite framework or outer sphere Cl atoms provide charge balancing of the
complex. The signals at higher radial distances (2−3 Å) originate from the well-ordered
carbon atoms of the bipy ligands. The intensity of these signals is similar as for the
molecular complex (Ru(bipy)3Cl2), which is another indication that the Ru-atom is attached
to three bipy ligands.
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FIGURE 2: XANES (A) AND EXAFS (B) DATA FOR EMC-1-RU (SOLID BLACK) IN COMPARISON WITH REFERENCE SAMPLES
(DASHED LINES): RU(BIPY)3CL2, BLUE; RUCL3, GREEN; RU-FOIL, RED.

This mild, visible light-induced trifluoromethylation procedure was then applied to different
(hetero)arenes to investigate the scope of this single-site heterogeneous catalyst (Figure
3). Low yields are observed for arenes bearing electron-withdrawing groups (3a, 4%), since
the aromatic ring is poorly activated for the electrophilic °CF3 radical. On the contrary,
electron-donating substituents have a remarkable positive effect on the product yield.
Therefore, we turned our attention to more electron-rich arenes, resulting in
trifluoromethylated products with good to excellent yields. A set of different heterocycles
(3d−3f) was tested with the knowledge that there is an unmet need for CF3 functionalization
procedures for these useful pharmacophores. As shown in Figure 3, these heteroarenes
are also suitable reactants in this trifluoromethylation protocol (3d−3f, 46−89%). The
amount of twice trifluoromethylated product was extremely high for 1,3,5trimethoxybenzene (3h) due to the strongly electron-donating character of the three
methoxy groups. The trifluoromethylation of relevant compounds such as 3,4dimethoxybenzoic acid (3i) revealed the practicality of this approach. Finally,
pharmaceutically relevant substrates were selected to demonstrate the significance of the
single-site heterogeneous catalyst for the pharmaceutical and fine chemical industry.
Product 3j has a similar molecular structure as its RNA base analog, uracil, and is obtained
with excellent yield and selectivity. Furthermore, 3k and 3l with methoxymethyl (MOM)protecting groups are attractive as precursor materials for the synthesis of uridine
derivatives, which have excellent antiviral and cancer-treating properties (e.g., trifluridine is
a drug used against the herpes virus). Furthermore, the precursor for the antidepressant
drug fluoxetine (3m, 38%), the biologically active heteroarene caffeine (3n, 59%), and the
anti-Alzheimer precursor (3o, 50%) were trifluoromethylated with good yields. In this way,
we developed a heterogeneous photocatalyst, which is suitable for late-stage
trifluoromethylation of industrially relevant (hetero)arenes.
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FIGURE 3: SUBSTRATE SCOPE OF SYNTHETICALLY INTERESTING SUBSTRATES. [A] THE YIELD OF THE PRODUCTS WITH ONE
CF3-GROUP, THE SELECTIVITY FOR THESE PRODUCTS ARE SHOWED BETWEEN THE BRACKETS. [B] THE YIELD OF THE
PRODUCTS WITH TWO CF3-GROUPS.
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Introduction
A huge amount of plastic wastes are currently disposed after use and not conveniently
treated or valorised, this becoming an increasing environmental problem worldwide.
Particularly, non-recycled plastic wastes account ca. 70% in Europe, which due to their
characteristics or their contamination, they are currently disposed into landfills (27%) or
underexploited through energy recovery (42%). Within iCAREPLAST project [1], the nonrecycled plastic wastes are cost and energy- efficiently processed by combining pyrolysis,
catalytic treatment and membrane separation technologies to obtain high added-value
chemicals. After a thermal pyrolysis step of plastic mix (i.e. PE, PP, PS) [2-4], the pyrolysis
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liquids obtained mainly contain paraffins (C6-C20+ alkanes), olefins (C6-C20 alkenes) and
aromatics (mainly BTXs, ethyl-benzene, and others). Among the different possibilities
considered in iCAREPLAST project for the catalytic upgrading of pyrolysis liquids, the direct
production of BTEXs (benzene, toluene, ethyl-benzene and xylenes) via aromatization
becomes very interesting since the amounts of paraffins and olefins present in liquids
largely exceed the amount of aromatics (low aromatics concentration). Currently, BTEXs
are mainly produced in petrochemical industry by catalytic reforming of naphtha and lighter
petroleum fractions. Aromatization or dehydro-aromatization (or reforming) of light
hydrocarbons (i.e. alkanes) is a complex reaction catalysed by acids that involves the
following main steps: alkane dehydrogenation to alkene, alkene oligomerization and then
cyclization to produce aromatic ring. Nevertheless, other reactions like cracking,
oligomerization, trans-alkylation, among others, could take place when higher alkanes or
even olefins are processed. Aromatization of alkanes was first reported by using Pt/Al2O3
acid catalyst [5], although the rapid deactivation by coke formation together with large
quantities of methane and ethane were major disadvantages. ZSM-5 zeolite with an MFI
structure is widely used as the light hydrocarbon aromatization catalyst, owing to its
excellent shape selectivity towards BTEXs [6,7], also providing a suitable compromise
between activity, selectivity, deactivation by coke, and thermal stability [8]. Although several
metals (and their combinations) have been essayed as ZSM-5 promoters for the catalytic
aromatization of light hydrocarbons, only two of them, Ga and Zn have shown promising
promoter effects [8].
In this study, and based on literature reports describing the most efficient and useful
catalysts for aromatization process, commercially available H-ZSM-5 zeolites doped with
Ga and/or Zn will be employed for performing aromatization of mixtures of hydrocarbons
and olefins present in liquids derived from plastics pyrolysis. For comparison, a Pt-Re
supported on chlorinated alumina prepared at CSIC-ITQ will be used as reference catalyst.
Thus, the possibility of employing this catalytic aromatization step as an alternative for the
upgrading of liquids derived from plastics pyrolysis will be assessed.

Experimental Procedure
Catalysts: 0.7wt%Ga-ZSM-5 and 0.7wt%Zn-ZSM-5 catalysts were prepared by wetness
impregnation of commercial H-ZSM-5 zeolites, CBV2314 (Si/Al=11) and CBV2254
(Si/Al=25) purchased from Zeolyst, with adequate quantities of metals precursors aqueous
sol. Pt-Re/Al2O3-Cl reference catalyst was prepared at ITQ. Characterization of catalysts
was made by ICP, XRD, AE, TG, N2 adsorption isotherms, pyridine-FTIR, etc. All samples
were calcined in air at >500 ºC before use.
Catalytic tests: A continuous flow fixed-bed catalytic reactor system (ITQ design) was
employed for studying catalytic aromatization of alkanes and olefins. The system is
composed by a HPLC pump (for liquid feeding), a pressurized recipient for liquids or gases
injection into the reactor, a pre-heating stage before reactor, a stainless-steel tubular
reactor with the catalyst placed in a fix-bed and with internal and external temperature
controls, and electric furnace with temperature control, a pressure regulation valve and
different manometers, and the recovering of liquids and gases at the outlet of the reactor
for further analysis (GC-TCD and GC-FID). A liquid model mixture composed by
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hydrocarbons (H = n-octane + n-decane) and olefins (O = 1-hexene + 1-octene)
representative of pyrolysis liquids was used as feed. System conditioning and definition of
standard methodology was established by using 0.7%Ga-ZSM-5 catalyst. Standard
reaction conditions: Feed (Molar composition): Hydrocarbons (n-octane+n-decane) /
Olefins (1-hexene+1-octene) (H/O = 1 / 0.3-0.5); catalyst: 1 g; W/F: 0.12 h; Temperature:
400 ºC; Pressure: 20 bar; N2 flow: 11.2 NL/min.
Results and Discussion
The aromatization/reforming reaction of hydrocarbons and olefins mixture (simulating the
main component of the pyrolysis liquids of plastics) was evaluated and assessed by
employing Ga-ZSM-5 and Zn-ZSM-5 zeolites as catalysts. Preliminary tests performed at
400 ºC and 20 bars (W/F = 0.12 h; H/O ratio = 1/0.66, N2 flow = 11.2 NL/mL) showed that
both catalysts offered practically the same results in terms of olefins (≈100%) and
hydrocarbons (≈75%) conversions, as well as selectivity (73-76%) and yield (≈20%) of
mono-aromatic products (mainly BTXs). After optimization of the main operational
parameters (i.e. temperature, pressure, contact time or W/F, H/O ratio and N2 flow, among
others), adequate production of aromatics, with preferred formation of BTXs (mainly
toluene and xylenes) and minor generation of side-products, were encountered over
0.7wt%Ga-ZSM-5 catalyst by working at 400 °C, N2 flow or QN ratio of 50, H/O ratio of
1.0/0.3, and contact time or W/F of 0.18 h. These reaction conditions were used for the rest
of experiments.
The adequate acidity of the zeolites is crucial for obtaining good level of aromatics
production, and mainly mono-aromatics (BTXs) instead of other side-products (i.e. dialkylated-products and naphthalene and derivatives). As can be seen in Table1, the less
acidic Ga- and Zn-ZSM-5 (Si/Al=25) zeolites gave excellent results in terms of liquid yields
(close to 30%), aromatics yields (≈20-23%), and selectivity to aromatic compounds (≈7379%), in any case much better than those attained with the more acidic Ga- and Znanalogous materials having a Si/Al ratio of 11. In general, Ga-ZSM-5 (Si/Al=25) provided
better results than its Zn analogous, with slightly higher liquid yields, and much higher both
aromatics selectivity and yields. In addition, the aromatic products distribution observed for
the Ga-ZSM-5 (Si/Al=25) catalyst leads to high production of toluene and xylene, with less
amounts of benzene and ethyl-benzene, and minor formation of di-alkylated-products and
naphthalene and derivatives (see Fig.1). On the contrary, much lower production of toluene
and xylenes, accompanied with lower amounts of benzene and ethyl-benzene, and minor
formation of naphthalene and derivatives, as well as higher formation of di-alkylatedproducts was encountered with Ga-ZSM-5 (Si/Al=11). Finally, the catalytic behaviour
determined for PtRe/Al2O3-Cl reference catalyst is far from that observed for the Ga- and
Zn-ZSM-5 catalysts in this process. Thus, although the liquid yield reached is higher
(56.3%), the aromatics production is very low, and most of the products formed are dialkylated-products. This fact is probably due to the high acidity of the chlorinated alumina
used as support.

Table 1 - Effect of the Si/Al molar ratio of Metal-ZSM-5 zeolites on the
catalytic activity for aromatization of hydrocarbons/olefins model mixture.
Reaction conditions: 400 °C and PN2 = 20 bar, QN ratio = 50, H/O ratio =
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1.0/0.3, W/F = 0.18 h, reaction time = 5.5 h.

Catalyst

Si/Al
molar
ratio

Liquid
Yield
(wt%)

Selectivity to
Aromatics in
liquids (Mol.%)

Yield to
Aromatics
(wt%)

0.7%Ga-ZSM-5

25

29.8

79.4

23.7

0.7%Zn-ZSM-5

25

28.3

73.2

20.7

0.7%Ga-ZSM-5

11

20.8

68.2

14.2

0.7%Zn-ZSM-5

11

20.9

66.0

13.8

Pt-Re/Al2O3-Cl

-

56.3

10.1

6.1

Figure 1 - Products distribution in the catalytic
aromatization of hydrocarbons/olefins model mixture
over Ga-ZSM-5 (Si/Al=25) catalyst.

Summarizing, the aromatization/reforming reaction of hydrocarbons and olefins mixture
(simulating the main components of the pyrolysis liquids of plastics) was evaluated and
assessed by employing Ga- and Zn-ZSM-5 zeolites as catalysts, both catalysts offered
similar aromatics production. The adequate acidity of zeolites is crucial for obtaining good
level of aromatics production, and mainly mono-aromatics (BTXs) instead of other sideproducts. With the results obtained in this study, it is clear than the aromatization/reforming
reaction becomes a useful and viable alternative for the production of aromatics (mainly
BTXs) from the hydrocarbons and olefins mixture present in pyrolysis liquids derived from
plastics.
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Introduction
Olefin recovery and purification technology with low energy consumption is important.
Ag+ containing polymeric membrane have been studied for olefin selective membrane on
the basis of the strong affinity between olefin and Ag+. Recently, we developed Ag+
exchanged zeolite membrane, Ag-X, for olefin recovery [1]. The Ag-X membrane exhibited
superior olefin ethylene/ethane and propylene/propane separation performance with high
permeability. In this study, we investigated the durability and separation performance from
various gas mixtures for olefin of Ag-X membrane.

Experimental
Ag-X membrane was synthesized by a secondary growth method. Seed crystal was
loaded on the outer surface of a-Al2O3 tubular support. The seeded support was
hydrothermally treated at 343 K for 24 h in a synthesis solution having a composition of
80Na2O:Al2O3:9SiO2:5000H2O [2]. After hydrothermal treatment, Na-X membrane was
obtained. Finally, ion exchange by using Ag(NO3)aq was conducted for Na-X membrane.
The detail of preparation procedure was written in elsewhere [3].
Permeation and separation properties of Ag-X membrane was evaluated by using a gas
separation apparatus. Membrane was hold in a membrane module with cylindrical graphite
O-rings. The effective surface area of membrane was 6.28 cm2.Gas mixture was fed to the
outer surface of tubular membrane. The permeate gas was analyzed by gas
chromatography equipped with the flame ionization detector for its composition.

Results and discussion
Figure 1 shows the time course of permeance and separation factor through Ag-X
membrane in the propylene/propane binary system. At first, the permeation test was
performed at 313 K. After that, the temperature increased every 20 K up to 413 K. Finally
temperature decreased to 313 K, and then checked the permeance and separation factor
again. the permeances and separation factors at 313 K of first and second measurements
were almost the same. Ag-X membrane exhibited stable performance in the temperature
range of 313-413 K.
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Fig. 1. Durability of Ag-X membrane for propylene/propane (50:50) separation. ○, Propylene; ◇, propane; □,
separation factor.

Figure 2 shows the change of permeances and separation factor for
propylene/propane(=50/50 mol%) separation at 353 K for 10000 h. Propylene permeance
is almost the constant during the durability test. In contrast propane permeance slightly
increased in the early stage, over the course of initial 2000 hours. After that, propane
permeance was constant up to 10000 h. The propylene permeance and separation factor
were 5.29 × 10-8 mol m-2 s-1 Pa-1 and 31.7 after the 10000-h permeation test.

Fig. 2. Long-term stability of Ag-X membrane for propylene/propane (50:50) separation. □, Propylene; ○, propane; ◇,
separation factor.

Figure 3 shows the permeances of C1-C3 hydrocarbons through Ag-X membrane in
binary systems at 313 K. All olefin permeances were magnitude larger than those of
paraffins in all cases of olefin/paraffin binary mixtures, such as methane/ethylene,
methane/propylene,
ethane/ethylene,
ethane/propylene,
propane/ethylene
and
propane/propylene. These results showed that Ag-X membrane is able to exhibit the
affinity-based separation performance for olefins/paraffin mixtures even in the presence of
smaller paraffins.
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Fig. 3. Permeances of C1-C3 hydrocarbons through Ag-X membrane in olefin/paraffin binary systems at 313 K.

Conclusions
Ag-X membrane exhibited superior and stable performance for propylene/propane
separation in the temperature range of 313-413 K. In addition, the high propylene
permeance and selectivity maintained over 10000-h.
Ag-X membrane exhibited the affinity-based selectivity for olefins/paraffin mixtures even
in the presence of smaller paraffins.
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Unfortunately, fossil fuels are still the primary energy source in anthropogenic activities
according to the International Energy Agency (IEA), and it is estimated that the global
energy demand will increase by substantial amount by the year 2030. The burning of fossil
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fuels produces CO2 emission to the environment with ca. 6% increment every year causing
global warming and unpredictable climatic changes such as rising sea levels, melting of
glaciers throughout the entire planet and affecting agriculture, to name a few [1].
The objective of this research is to synthesize metal organic frameworks (MOFs) ZIF-8 and
ZIF-94 from recycled mother liquors emphasizing the influence of different parameters
(such as pH or temperature) on the final MOF structure. Moreover, ZIF-94 is used as a filler
to be incorporated in polymeric material Pebax® MH 1657 for membrane separation
application in post-combustion CO2 capture. Pebax® MH 1657 (a polyamide-polyether
blend known as Pebax®) is a commercial rubbery and thermoplastic polymer that is very
attractive for the separation of CO2 containing mixtures, in particular for the CO2/N2. The
effects of recycled MOF loading and polymer concentration in the casting solution were
investigated, as well as the influence of using filler synthesized from the mother liquor and
by the original method.
As ZIF-8, ZIF-94, also known as SIM-1 [2], possesses the SOD zeolitic topology, along with
well distributed and defined 3D pore networks [3]. It also shows a high CO2 adsorption
capacity of 2.4 mmol g−1 at 1 bar and 25 ºC with limiting pore diameter of 2.6 Å and cavity
diameter 9.6 Å compared to other typical ZIF-8 (ca. 0.8 mmol g−1, 3.4 Å limiting pore
diameter and 11.4 Å cavity diameter) [4, 5]. In a typical ZIF-94 synthesis, if the
crystallization yield is below 100 %, the mother liquor contains unreacted metal and ligand,
together with the solvent (e.g. MeOH). All these reagents are expensive to replace and
usually are discarded after the synthesis. Hence, it is important to investigate a reagent
recycling on the synthesis of MOFs considering environmental and economic reasons. Few
works have been developed dealing with this issue with the example of ZIF-8 [6-8]. In these
research articles, the attempts to synthesize ZIFs from recycled mother liquors are related
to the use of sodium hydroxide and potassium hydroxide as well as ammonia as
deprotonators to initiate the nucleation and to favor the crystal growth.
In a typical synthesis of ZIF-8, of zinc nitrate hexahydrate was dissolved in 200 mL of
MeOH. A second solution consisting of 79.04 mmol of 2-methylimidazole in 200 mL of
MeOH was prepared in parallel. The Zn2+ solution was rapidly poured into the ligand
solution, and after 30 min of stirring at room temperature (RT), ZIF-8 nanocrystals were
recovered from the mother liquor by centrifuging at 8000 rpm for 15 min and washing twice
with 50 mL of fresh MeOH. The final product was then dried overnight at either RT or 70
°C. Following the crystallization, the mother liquor was separated from the nanocrystals by
centrifugation and used again for the subsequent synthesis of ZIF-8. The target was to
replicate the exact same synthesis and obtain the nanocrystals as similar to the original
ZIF-8 as possible considering the morphology and size of the nanoparticles [6].
ZIF-94 was synthesized by a two-step process [7]: 1) initially, the required amount of zinc
acetate dihydrate (7.2 mmol) together with the required amount of NaOH (14.4 mmol) were
dissolved in 6 mL of methanol (MeOH), and 2) the proportional amount of 4-methyl-5imidazole carboxaldehyde (14.4 mmol) was dissolved in 15 mL of THF. Next, the MeOH
solution was added to the THF solution under vigorous stirring. Afterwards, the mixture was
stirred for 16 h at RT. The product was collected by centrifugation at 10000 rpm for 10 min
and washed with MeOH under the same conditions (the process was repeated three
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times). After, ZIF-94 nanocrystals were activated by refluxing with 50 mL of MeOH/g ZIF-94
for 1.5 h and collected by centrifugation at 10000 rpm for 10 min. The resulting ZIF-94 was
dried overnight at RT. After the synthesis of ZIF-94, the mother liquor was separated by
centrifugation from the nanocrystals to be used in the subsequent synthesis of ZIF-94. The
main purpose was to keep the size and the morphology of the nanocrystals as similar as
possible to the original ZIF-94 reproducing the exact same synthesis. To do that, once
synthetized the nanocrystals were recovered by centrifugation, and thermogravimetry was
used to estimate the percentage of pure ZIF-94 synthesized (i.e. excluding trapped solvent
and ligand). Knowing this percentage, the quantities of the unreacted reagents on the
mother liquor were calculated by mass balance and the lacking amounts of those reagents
were added together with the volume of loss solvent. The reaction produces acetic acid,
therefore the pH of the medium decreases with the crystallization. In order to restore the pH
of the mother liquor and to favor the deprotonation of the organic ligand, a procedure of
adding NaOH as a base was conducted. Besides, some experiments were carried out
changing the pH or the temperature of the original synthesis to observe how these
parameters affect the crystallinity, morphology and particle size of ZIF-94.
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As an example, Figure 1 shows the XRD pattern and the TGA curves of the ZIF-94
synthesized at 50 °C and the product obtained from the recycled mother liquor of this
synthesis. The peak positions and the intensities of both samples match well with those of
the simulated pattern of ZIF-94. Besides, TGA curves do not present any weight loss due to
the presence of organic ligand trapped in the pores indicating that the material is well
activated.
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Figure 1 - ZIF-94 prepared from fresh solution and from recycled mother liquor: A) XRD patterns; B) TGA curves.

Mixed matrix membranes (MMMs) were fabricated with two different polymer
concentrations of Pebax® MH 1657 as the continuous matrix and various ZIF-94 doses (5 20 wt.%). The MMMs were prepared following a two-step process [7]. First, 6 wt.% and 9
wt.% Pebax® MH 1657 (of total weight of 3 g (polymer + solvent)) was dissolved in
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EtOH/water (70/30 (v/v)) by stirring under reflux for 1 h. Afterwards, the dissolved polymer
was used to cast bare polymeric membranes. In case of MMMs fabrication process, ZIF-94
was dispersed in the dissolved polymer. The required amount of filler (5 - 20 wt.%) which
was calculated against the amount of Pebax® MH 1657 being used, was dispersed in 1.5
mL of EtOH/water (70/30) by repeated sonication and stirring at RT for 1 h. Next, both
dispersions were mixed and kept stirred at RT overnight. In the extension of the fabrication
process, the solution was poured on a Petri dish. At the end of the process, the membranes
were dried for 48 h in a top-drilled box under a solvent-saturated atmosphere at
environmental conditions. Regarding the membrane performance, incorporation of ZIF-94
significantly improved the performance of bare Pebax® MH 1657 membrane. The maximum
CO2/N2 selectivity and CO2 permeability were obtained for 10 wt.% ZIF-94 loading in 9
wt.% (polymer concentration in 70/30 ethanol/water solution) Pebax® MH 1657 matrix being
36 ± 7 (71% increment compared to bare membrane) and 137 ± 31 Barrer (80%
improvement), respectively.
In summary, this research focused on the synthesis of ZIFs (ZIF-8 and ZIF-94) from the
recycling of its mother liquors and the incorporation of CO2-philic ZIF-94 into Pebax® based
MMMs fabrication. The synthesis conditions were modified and monitored to increase the
ZIF synthesis while maintaining high crystallinity and textural properties and control of
particle size suitable for MMM preparation. Incorporation of ZIF-94 significantly improved
performance of bare Pebax® MH 1657 membrane.
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A vital role is reserved in chemical industry for membranes with high chemical, thermal and
mechanical stability. For example, they are widely used in processes such as gas
separation and solvent recovery. Particularly suitable for these applications are ZSM-5
zeolite membranes supported on porous materials. This is due to their excellent separation
functionality and high absorption capacity. Furthermore, thanks to the catalytic reactivity of
zeolites this also presents to opportunity to apply them in catalytic membrane reactors. The
microporous network in ZSM-5 consists of straight channels, running along the
crystallographic b-axis, and, perpendicular to that, the sinusoidal pores, running along the
a-axis. When the orientation of the zeolites within a membrane is controlled, so is the
accessibility of the porous channels. In b-oriented ZSM-5 membranes only the straight
channels are accessible from the surface, this significantly enhances molecular diffusion
properties and results in high-flux membranes.
Our group has developed a synthesis method for continuous and uniformly b-oriented
ZSM-5 membranes on α-Al2O3 supports with a γ-Al2O3 coating1. Unfortunately, these
coatings were found to delaminate due to hydrolysis of the upper layer of the support
during synthesis2. In addition, it was also found that the quality of ZSM-5 zeolite membrane
was highly dependent on the support material: synthesis of continuous b-oriented ZSM-5
membranes on uncoated α-Al2O3 supports was not possible using this synthesis method
(Figure 1.A & 1.C).
The cause of this was investigated by hydrothermally treating different support materials
with alkaline solutions and evaluating those solutions with ICP-AES and SEM-EDX. It was
found that the uncoated substrates also suffered from hydrolysis (Figure 1.B). Suspectedly,
the oversaturation of the solution near the seeded surface of the supports decreases the
crystal growth rate therefore inhibiting the growth of the ZSM-5 membrane. A new
synthesis medium was developed to circumvent hydrolysis by operating at lower, nearneutral pH. The key to stimulating ZSM-5 membrane growth at lower pH was the structure
directing agent TPABr (Figure 1.C). In addition, the orientation of the membrane could be
controlled by adding (NH4)2SO4 to the synthesis medium. Careful tuning of the
concentration of ammonium salt in the synthesis medium makes it possible to obtain
uniformly b-oriented ZSM-5 membranes grown from media with various SARs (Figure 1C).
Further experiments showed that b-oriented membranes could be grown on a range of
substrates using this less corrosive method.
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Figure 1
A) Abstract matching SEM images in Fig 1.C. B) ICP-AES and SEM-EDX data of hydrothermal treatment. C) SEM
images of 1) seeded monolayer 2) delaminated γ-Al2O3 coating 3) non-continuous ZSM-5 film on uncoated α-Al2O3
support 4) non-oriented ZSM-5 membrane of Si/Al = 45 on γ-Al2O3 coated support, (pH 8, TPA/Si = 0.1, 24 h) 5) boriented ZSM-5 film of Si/Al = ∞ on γ-Al2O3 coated support (pH 8, TPA/Si = 0.1, NH4/Si = 0.5, 4 h) 6) b-oriented ZSM-5
film of Si/Al = 45 (pH 8, TPA/Si = 0.1, NH4/Si = 1, 4 h)
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T12: Novel technological applications.
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Synthetic zeolites are used in a wide range of applications functioning as ion-exchanger, as
adsorbents, and in catalysis and separation technologies, thanks to their high versatility
[1,2]. However, some high potential synthesized zeolites cannot be exploited due to their
degradation upon OSDA removal and thermal activation at classic calcination temperatures
(500-600 °C [3,4]. It has long been known that strong oxidants such as ozone also can
activate (empty) zeolite at lower temperatures, avoiding some detrimental effects of high
temperature (Fig. 1) [5]. However, the ozone method has never been the main subject of
study for bulk powders, and the interaction of ozone (and ozone-based organic removal)
with zeolite and its different parameters is unclear. Nevertheless, the method does hold
promise as an energy-efficient process and may yield advantageous properties for (low
temperature) catalysis. A structural understanding of OSDA removal by ozone is thus
lacking, hindering an efficient implementation of the strategy at a larger scale.

Figure 1. Representation of the alternative route for a zeolite activation with ozone.

In our work, a classic high-temperature (580 °C) zeolite calcination procedure was
performed in a muffle furnace. In contrast, a low-temperature (150 °C) ozone zeolite
activation was applied in a flow set-up. Pure oxygen was blown through an industrial
generator of high-voltage corona discharge for a constant ozonated flow production, where
oxygen is partially oxidized into ozone. The final speed of the flow and the ozone
concentration, as other process parameters, can be controlled. All zeolite systems were
examined with the following methods of analysis: PXRD, TGA, SEM, N² physisorption, MS,
FT-IR, ICP-OES, and CHN elemental analysis.
The work presents a single-parameter optimization investigating both process parameters
and zeolitic properties, allowing us to catch the most decisive factors of the ozone-based
low-temperature OSDA-removal. The influence of time, temperature, inlet concentration of
ozone, and flow on removal performance are plotted in Fig. 2. Also, it was identified that
zeolite properties such as Si/Al, cation form, and particle size profoundly influence the
outcome. Therefore, relevant process parameters were optimized for two benchmark
systems [6,7]: SSZ-13 (CHA) and ZSM-5 (MFI). SSZ-13 with Si/Al = 15 can be emptied
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entirely at 175 °C after 24h. ZSM-5 with Si/Al= 40 can even be emptied at 150 °C within 8
hours.
Additionally, mass spectrometry measured at relevant ozonication conditions clarifies that
both thermal O3 decomposition and zeolite-induced O3 decomposition occur. The impact of
pore-diffusion was also revealed, and a new hybrid method of zeolite detemplation is
proposed (low temperature air + ozone calcination). All these findings led to a sound
hypothesis explaining the bottlenecks of low-temperature detemplation of zeolites [8].
Furthermore, low-temperature activation of zeolites offers the promise to tune
hydrophobicity and acidity for activated zeolitic frameworks comparable to properties of assynthesised materials (but with empty pores). To demonstrate this point, the
characterization and utilization of certain ozone-treated CHA zeolites will be presented. For
example, a new method in hydroxide media for tin-containing CHA was developed, and its
performance for the methanol to dimethyl ether catalytic reaction will be checked.

Figure 2. OSDA removal efficiency (η) for benchmark samples (MFI[40;Na], CHA[15;Na]) using single-parameter
variations pivoting at standard conditions (24 ml/min, 50 μg/ml, 19 h at 150 °C, black arrow): variation of ozonation time
(A), variation of ozonation temperature (B), variation of (initial) ozone concentration (C), and variation of the flow rate
(D). Error bars indicate one standard deviation based on identical ozonation runs of the same as-made material.

OSDA removal efficiency (%) = ηi = [1 −

TGA ΔT (sample i) − TGA ΔT (ref.)
] ×100%
TGA ΔT (as-made)
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The OSDA removal efficiency was determined with the TGA weight loss percentages in a
particular temperature range of the (ozonated) sample ‘i’ (TGAΔT(sample i)), the empty air
calcinated version of the sample (TGAΔT(ref.)), and the as-synthesized zeolite (TGAΔT(as −
made)). Variable ΔT ranges are applied dependent on the OSDA-framework combination.
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ANFO (Ammonium Nitrate Fuel Oil) is one of the most commonly used explosives in mining
industry. Popularity of ANFO is due to its good blasting properties as well as an easy and
cheap production. ANFO is manufactured via the blending of ammonium nitrate (AN)
playing a role of oxygen-bearing component with fuel oil (FO) acting as a combustible
component in a strictly defined mass ratio. The most optimal AN:FO mass ratio is ca 94:6,
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which provides a zero oxygen balance and causes the maximum energy production.
Simultaneously, for this AN:FO mass ratio value, a minimum emission of the post-blast
fumes takes place [1].
Available literature referring to ANFO reports physicochemical and blasting properties of
the explosives consisting of AN mixed with oils, charcoal, coal dust, activated carbon [2],
TNT [3], sulfides [3], metallic dusts [4], polymers [5], salts [6-7], oxides [8-10], and many
other chemical compounds. In one of our previous works [4], we reported that the addition
of powdered aluminum and/or magnesium to ANFO resulted in a significant growth of the
heat of explosion from ca 3950 kJ/kg to ca 4500 kJ/kg. For other metallic additives, the
increase of the heat of explosion was poor [4]. Hence, a good idea seems to be the
investigation of the additive containing both Al and Mg. An example of this type of system
could be a zeolite containing magnesium. Furthermore, the application of zeolites as
ANFO’s modifiers has not been published.
In the undertaken research, we investigate faujasite of low silicon to aluminum ratio
(2<Si/Al<5), due to its high aluminum content connected with its high ion exchange
capacity. The choice of the FAU-type zeolite structure implies from its wide application in
chemical industry.
We also studied whether the route via which magnesium was introduced into zeolite
skeleton (impregnation vs. ion exchange vs. ultrasonic irradiation) had any impact on the
usefulness of Mg containing faujasite as ANFO’s enhancer.
The prepared explosives underwent physicochemical characterization concerning
crystallinity/structure (X-ray diffraction, Fourier Transform Infrared Spectroscopy),
surface/morphology (Atomic Force Microscopy/Scanning Electron Microscopy), thermal
properties (Thermal Gravimetry/Differential Scanning Calorimetry), blasting properties
(involving velocity of detonation, oxygen balance, the pressure, temperature and heat of
explosion as well as the analysis of post-blast fumes).
Analysis of either X-ray diffraction patterns confirmed the presence of orthorhombic
crystalline AN phase of Pmmm symmetry. The addition of zeolite to AN did not cause the
appearance of new signals. However, in the case of ANFO modified with Mg-FAU, a rising
intensity of reflexes was found due to the interaction between Mg and AN ions [11]. In the
case of FTIR spectra, the bands attributed to FAU-type zeolite were not detected due to
overlapping of the bands assigned to AN with the bands attributed to zeolite phase [12].
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Figure 1. AFM images of the surface of ANFO samples.

The modification of ANFO with variously prepared faujasite resulted in apparent changes in
morphology and surface of the obtained ANFO (Figure 1). Both Scanning Electron
Microscopy micrographs and Atomic Force Microscopy images showed that the
modification of ANFO with faujasite caused the appearance of numerous grains of irregular
shapes assigned to zeolite phase. The surface of the tested ANFO samples was hilly and
contained the bulges. Interestingly, the introduction of faujasite to ammonium nitrate
resulted in the reduction of the surface folding of the prepared ANFO material.
The use of variously modified faujasite influenced slightly thermal properties of such
prepared explosives. The AN decomposition temperature was in the range of 287-293 oC,
however, thermal effect accompanying the AN transformation decreased from 5.82 mW/mg
for the ANFO without zeolite to 4.25 mW/mg for ANFO modified with pure zeolite. In the
case of ANFO modified with Mg-FAU prepared via impregnation, ion-exchange and
sonitation procedures, thermal DSC effects decreased to 4.32 mW/mg, 4.20 mW/mg, and
5.02 mW/mg, respectively.

Table 1. Blasting properties of the prepared ANFO-type explosives. Symbol „±” in % means measurement error.

Sample

Mg
status

ANFO

n.a.

ANFO + FAU
ANFO + MgFAU
(impregnation
)

n.a.

COx +
NOx
[dm3/kg
]
133.4±1
%
-5%

MgO

-3%

VOD
[m/s]

p
[MPa]

T
[K]

2024±2
%
+5%

3838±5
%
+3%

2970±5
%
+15%

+5%

+3%

+16%

Q
[kJ/kg]
3913±5%
+22%
+23%
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ANFO + MgFAU (ionexchange)
ANFO + MgFAU
(sonication)

Mg2+

-1%

+3%

+4%

+16%

+23%

Mg2+

0%

-2%

+8%

+16%

+23%

Analysis of blasting properties led to the conclusion that the application of FAU-type zeolite
as modifier of ANFO resulted in the enhancement of ANFO’s detonation properties.
Observed changes in detonation behaviour of ANFO samples corresponded mainly to their
morphology, state of surface and thermal properties. Generally, the modification of ANFO
with variously prepared FAU-type zeolite reduced the volume of post-blast fumes (up to
5%). In all cases, the detonation pressure, temperature, and heat of explosion (being
effects of detonation) rose up to 8%, 16% and 23%, respectively. Furthermore, it was also
indicated that the velocity of detonation can be controlled by the choice of the way of
faujasite modification. Namely, for bare FAU-type zeolite and for Mg-FAU prepared via
impregnation or ion-exchange method, velocity of detonation rose (up to 5%). The opposite
effect (-2%) was observed when ANFO was modified with Mg-FAU obtained from the
deposition of Mg over faujasite via the ultrasonic-assisted procedure.
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The detection and capture of toxic nitrogen oxides (NOx) is important for emissions
control of exhausted gases and general public health. The ability to directly electrically
detect trace (0.5-5ppm) NO2 by a nanoporous material based sensor at relatively low
temperatures (50°C) is demonstrated via changes in electrical properties of the
nanoporous phase.[1] Herein, we have successfully fabricated and tested both zeolite
and metal-organic framework (MOF) materials as the gas selective phase in these
sensors.
For the zeolite sensors, Ni-SSZ-13 phases were utilized by dropcasting a film onto a Pt
based interdigitated electrode (IDE).[2] The SSZ-12 zeolite was loaded with nickel(II)
through a liquid-phase ion exchange procedure. The exposure of the zeolite-based
sensor to trace NO2 gas elicits an electrical impedance response measure at a single
frequency. The sensor shows the same final change in impedance magnitude upon
equilibration to different concentrations of trace NO2 in N2, suggesting that the
occupation and eventual saturation of adsorption sites lead to the impedance change.
The sensors response is partially reversible in an inert gas environment, indicating the
reversible adsorption of NO2 at the nickel surface sites. Upon exposure to NO2, the real
impedance of the sensor increased by a factor of 1.42x, whereas upon exposure to
humid air, a decrease of 0.77x of the sensor real impedance was observed. These
results indicate that control of metal-ion loading into SSZ-13 will allow these NO2
selective catalytic reduction catalysts to be leveraged as low-temperature NO2 sensors.
For the MOF based sensors, M-MOF-74, M = Co, Mg, Ni have been tested both as
dropcast films [3] and as crystallographically grown thin-films on to the IDE support.[4]
See figure 1. In the dropcast films, the magnitude of the change is ordered Ni > Co >
Mg and explained by each variant’s NO2 adsorption capacity and specific chemical
interaction. Ni-MOF-74 provides the highest sensitivity to NO2; a 725x decrease in
resistance at 5ppm NO2 and detection limit <0.5 ppm, levels relevant for industry and
public health. Furthermore, the Ni-MOF-74 based sensor is selective to NO2 over N2,
SO2 and air.
Crystallographically grown thin films show very promising results. To demonstrate their
use as NO2 gas sensors, Ni-MOF-74 was chosen as it was consistently fabricated as
the best thing and homogenous membrane, as confirmed by SEM. The membrane was
exposed to 5ppm NO2 and the impedance magnitude was observed to decrease 123x
in 4 hours, with a large change in impedance and a faster response than the bulk
material. Importantly, the use of these membranes as a sensor for NO2 does not
require them to be defect-free, but solely continuous and overlapping growth.
Linking this fundamental research with future technologies, the high impedance of
MOF-74 enables applications requiring a near-zero power sensor or dosimeter, with
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the active material drawing <15 pW for a macroscale device 35mm2 with 0.8 mg of
dropcast MOF-74. This represents a 104-106x decrease in power consumption
compared to other MOF sensors and demonstrates the potential for MOFs as active
components for long-lived, near-zero power chemical sensors in smart industrial
systems and the ‘internet of things’.
Figure 1: M-MOF-74 (M -Co, Mg, Ni) based NO2 sensors and impedance responses.
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Several dyes have been encapsulated into one dimensional magnesium-aluminophosfate
of different pore size and shape in order to obtain hybrid materials with interesting optical
properties. The zeolitic framework should have nanochanels of dimension similar to the
molecular size of selected organic dyes. The confinamnet imposed by the inorganic host
matrix can modulate the final photophysical properties of the guest dye attaining an
improvement respet to those found in solution, such as a high fluorescence emission by
minimizing molecular motions and preventing the molecular aggregation. Morevover, one
dimensional structures will induce a preferential orientation of dye molecules along the
nanochannels inducing an anisotropic response to the linear polarized light and boosting
non linear optical (NLO) properties.
For that, a tight fit between the molecular and channel dimensions is required. In this
context, the dye cannot be incorporated into the structure via post-synthetic methods; Thus,
fluorescent dyes are encapsulated by crystallization inclusion method, or one-pot synthesis
approach. In this method, dyes are added to the synthesis gel and get occluded while the
inorganic framework crystallizes
In this work, a minireview is presented to show the versatility of the dye/aluminophosphates
combinations which were able to trigger different optical phenomena [1]. To name a few: i)
by occluding a dye with a push-pull nature, such as styryl-type, into suitable
aluminophsphates, second harmonic generation (SHG) or frequency doubling can be
generated from a single crystal, which is able to convert the incident light into twice the
frequency [2]; ii) by the encapsulation of fluorescence dyes with high Stokes shit into the
pores of crystals with relatively large and well-formed particle size, microlasers action can
be triggered [3], in which the particle itself acts as a resonant cavity and the dye as the
active medium; iii) by the simultaneous combination of dyes with spectroscopic bands in
different region of the UV-Visble spectra, white light emitters can be attained under UV
excitation [4].

Figure 1. a) Illustrative representation of dyes-doped into porous zeolitic materials; b) Second Harominc Generation
from a NLO crystal; c) Microlaser action generation from a single particle; d) Delayed Fluorescence phenomena from a
film composed of dye/AlPO.
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Azobenzene (AB) guest molecules in the metal-organic framework (MOF) structure
HKUST-1 show reversible photochemical switching and, in addition, alignment phenomena.
Since the host system is isotropic, the orientation of the guest molecules is induced via
photo processes by polarized light. The optical properties of the thin films, analyzed by
interferometry and UV/VIS spectroscopy, reveal the potential of this alignment
phenomenon for stable information storage, as published recently [1].
The basic principle of photoalignment is shown in Figure 1. It is based on switching
between the two isomers of AB with light: the stable and elongate trans-AB and the twisted
and metastable cis-AB [2]. The excitation of trans-AB occurs preferably via light polarized
along its long axis and this selectivity can be exploited to align and reorient a population of
AB molecules (Figure 1b) [3]. This process requires an environment with enough freedom
of movement for the photoisomerisation and alignment to occur, that at the same time
stabilizes the molecules sufficiently to prevent immediate loss of anisotropy due to
relaxation. MOFs seem to be an extremely suited candidate for such an environment.
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a)

b)

b)

Figure 1. a) Isomerization of AB, b) Experimental scheme and mechanism of photoalignment: The irradiation
beam switches the AB, another beam is used to measure absorption. c) An AB molecule (red) in the HKUST1 structure with Cu (green), O (blue) and C (grey) atoms.[1]

Photoalignment of AB was previously described in polymers[4] and zeolites[5]. Here, we
show the possibility to realize it within a surface-mounted metal-organic framework
(SURMOF) for the first time. As host material we chose the well-known HKUST-1 (Figure
1c) where photoisomerisation of AB guest molecules has already been demonstrated [6].
However, we expect that the effect can also be expanded to different types of MOFs and
COFs.
After confirmation of reversible switching between the two AB isomers inside the HKUST-1
pores, we have conducted a number of photoalignment experiments using linearly
polarized light for irradiation and measurement of the sample. One example is shown in
Figure 2a, where the orientation of the AB is confirmed by the cos2 dependence of the
absorbance to the relative polarization directions [7]. This process does not require the
intermediate step of irradiation with visible light. In fact, some orientation even persists after
1 min of irradiation with such visible light.
We also show the possibility to analyse the thickness and refractive index of thin films
efficiently and indestructibly, based on occurring interference fringes within its UV/Vis
transmission spectrum (Figure 2a) [8]. As of now, such analysis is not much known in the
literature and could be of general interest to the audience.
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Figure 2. a) UV/Vis transmission spectrum of AB@HKUST-1 SURMOF on glass shows clear and distinct
interference fringes that shift upon turning the sample. The information can be used for thickness and
refractive index determination of the thin film. b) After irradiation with linearly polarized light, the absorbance
depends on the relative angle between irradiation 𝜑𝑖𝑟𝑟 and measurement polarization 𝜑𝑀 . We observe a cos2
relation, as is expected in such a case.[1]

This work opens up the possibility for exciting further applications of SURMOFs in
photonics, optics, sensors and other related fields. The optical effects are small at the
current stage, but enhancement is certainly possible and we believe further exploration of
similar systems will be well worth it. So far, we used one of the most common MOFs as
host and the most common photoactive molecule as guest. However, especially the MOF
family holds practically unlimited possibilities for tuning and further optimization.
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Introduction
Zeolites are established as core materials in industrial catalysis and water treatment
facilities, but they can also be utilised as sensor components, serving either as matrices for
other active constituents or as functional sensing elements that are of considerable interest
in zeolite science. As sensing components, zeolites could be applied for the detection of
gaseous substances or as electrochemical sensors of dissolved species. In the latter
group, which is a subgroup of chemically modified electrodes, zeolites are utilised in
zeolite-modified electrodes (ZME). Since zeolites are electrical insulators, they have to be
in contact with a conductive matrix in order to be used as sensing electrode components.
Among the reported zeolite-containing electrodes, two main groups can be distinguished:
zeolite - conductive polymer membranes and zeolite – graphite matrices, among which the
zeolite - modified carbon paste electrodes are the most common.
Zeolites can, to a certain degree, selectively detect a variety of species, such as
cationic dyes, detergents, pesticides and neurotransmitters. However, the selectivity of
zeolites is relatively poor compared to classical ionophore- based electrodes. Also, the
steric factors (cation diameter, zeolite pore size) and charge separation (inability to detect
anions due to negatively charged framework) have been stated as the limiting factors of the
ZME performance. These facts have probably discouraged a wider use of ZMEs.
Therefore, a limited amount of research has been conducted on elucidating the detection
mechanisms and the parameters affecting the potentiometric response of ZME.
In this work, the observed electrochemical responses of zeolite-containing
electrodes to mono- (K+, NH4+, Na+) and divalent (Ca2+, Mg2+) cations are determined by
potentiometric studies and systematically analysed using chemometric techniques. Such an
approach is essential for the rational design of ZME, particularly in the case of multisensor
arrays.[1]
Experimental
A zeolite and graphite powder were mixed in a 40:60 mass ratio using a ball-mill
until a uniform mixture is obtained. Subsequently, the mixture was placed in a pellet die and
pressed by the hydraulic bench press to obtain a pellet (ISP). The electrode substrate was
prepared by cutting a strip of a PET sheet, which was then etched by aluminium oxide. The
pellet was used to draw a line onto the PET sheet until the measured resistance of the
electrode was less than 3 kΩ. Thirteen commercially available samples (NaX, KX, NaY, KY,
NaA, KA, MOR, FER, BEA 12, BEA 19, ZSM-5, LTL, MAP) and three natural clinoptilolite
samples were utilised in the preparation of electrodes, Figure 1. Selected zeolite properties
were used as zeolite descriptors: Si/Al [1.0 - 40.0], Al/(Si+Al) [0.5 - 0.02], Pore Size [3.3 7.4 Å], Largest Channel (MR) [8 -12], Channel Network [1D - 3D], Extraframework Cations
[Na+, K+, NH4+, Ca2+, Mg2+, Fe3+], Crystallite Size (XRD) [0.9 - 0.04 μm], Particle Size
(SEM-TEM) [5 - 0.02 μm], SiOH Intensity (FTIR) [3 - 0.001]. Principal component analysis
(PCA) and partial least squares (PLS) methods were utilised as chemometric techniques.
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All the calculations were performed using the Unscrambler 9.7 (CAMO, Norway)
software.[1]
Summary of results
In this work, the potentiometric response of ISP-drawn zeolite-modified electrodes,
containing thirteen synthetic and three natural zeolites, in aqueous solutions of Na+, K+,
NH4+, Ca2+ and Mg2+ is related to a range of zeolite characteristics using PCA and PLS
modelling, Figure 2. In addition to steric factors, e.g. zeolite pore size, the important
properties governing the sensor performance are the Si/Al ratio and the presence of
specific extraframework cations. For example, K+ and Na+ affect the potentiometric
sensitivity towards Ca2+. The level of precision attained by the models implies that semiquantitative predictions are possible. To improve the computational models further, a larger
dataset with a wider range of zeolite-modified sensors is needed. The constituent materials
of such sensors should have a set of well-defined properties, which can be designed and
tuned for a particular application. It can be expected that synthetic rather than natural
zeolites would satisfy such requirements. Indeed, although the latter are less expensive
and are available in large quantities, it is challenging to control their properties. It should be
noted that the selectivity of a single zeolite-based sensor is limited, especially as compared
to the traditional ion-selective electrodes. Therefore, incorporating them into multi-sensor
arrays is required to optimise the operation of such sensors This should ultimately lead to
the improvement of multi-sensor array performance, both in terms of sensitivity and
selectivity, in a range of analytical applications, including among many others agriculture,
environmental monitoring and food science.

Figure 1. Heatmap of potentiometric responses utilised for modelling of structure-performance relationship
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Figure 2. Preparation and performance modelling of zeolite-based potentiometric sensors

Conclusions
The use of chemometrics elucidated that physical properties impact the zeolitemodified potentiometric sensor performance. In addition to the previously stated steric
factors, such as pore size, the important features, which by and large determine the sensor
performance, are the Si/Al ratio and the presence of specific extraframework cations.
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Biocrude oils, which are derived from the pyrolysis or liquefaction of biomass, are suitable
renewable candidate due to the quantity of biomass available around the world. However,
bio-oils usually have a high content of oxygen, leading to high acidity, high viscosity and
thus cannot be directly used as transporting fuels [1]. Hydrodeoxygenation (HDO), which
employs bifunctional catalysts and hydrogen gas cofeed to remove oxygen from
feedstocks, is an effective method for biocrude oil upgrading [2].
Bifunctional catalysts, including supports and active metals, play a pivotal role in the HDO
process [3]. Natural, untreated zeolites, which are abundant and inexpensive compared to
synthetic zeolites (such as BEA, MFI), are rarely applied in the HDO reactions. The natural
zeolites present crystalline hydrated aluminosilicates with framework structures such as
clinoptilolites and chabazites. In addition, the natural zeolites are considered “green’ as
they are not manufactured unlike synthetic zeolites, which require hazardous substances
(such as organic structure-directing agents) during the synthesis. Natural zeolites, which
can be activated by water or ion exchange, have been used for hydrocarbon cracking or
isomerization reactions. Due to their typical characteristics, especially their high content of
acid sites and desirable textural properties, natural zeolites have potential application in the
upgrading of biocrude oil. In addition, natural zeolites usually contain elevated quantities of
Fe species which play an important role in C-O cleavage [4], and therefore it is expected
that the natural zeolites supported Ni catalysts could exhibit high activity towards the
biocrude oil deoxygenation.
Two natural zeolites (NZ and Escott) and two synthetic (BEA and MOR) zeolites supporting
nickel (~5 wt%) were investigated [5]. The properties of natural zeolites and catalysts were
studied by XRF, FTIR, TPD, TPR, XRD, TEM, XPS, and chemisorption. Meanwhile,
hydrogenation of toluene and HDO of anisole were performed to examine the
hydrogenation and HDO activities of catalysts.
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Figure 1. (a) H2-TPD and (b) H2-FTIR profiles of pre-reduced catalysts, (c) the relationship of surface Ni (Ni
loading*dispersion) and the peak area of Ni-H vibrations (peak area was derived from 1500~1700 cm-1)

H2-TPD and H2-FTIR experiments were carried out to investigate the H2 desorption activity
of catalyst (Figure 1). Ni/BEA and Ni/MOR exhibit a primary H2 desorption peak around 150
°C with a small peak around 212~226 °C. In contrast, a large H2 desorption peak centred
around 211 °C is observed over Ni/Escott. The low-temperature desorption peak could be
attributed to hydrogen species weakly chemisorbed on the surface of small Ni species. A
significantly higher concentration of low-temperature desorbed H2 was observed in Ni/BEA
and Ni/MOR compared to Ni/NZ and Ni/Escott, attributing to the higher concentration of
surface Ni species. While Ni/Escott exhibits a lower concentration of desorbed H2 in the
low-temperature region, it shows a significantly higher concentration of high-temperature
desorbed H2 compared to Ni/BEA.
IR band at 1620 cm-1 observed in reduced Ni catalysts (Figure 1b) could be attributed to
the dissociative chemisorbed H species, e.g. Ni-H. Ni/BEA displays the highest amount of
surface Ni-H vibrations, followed by Ni/MOR, Ni/NZ and Ni/Escott, in line with the peak area
sequence of low-temperature desorbed H2 (as shown in Figure 1a). The relationship of
surface Ni concentration (Ni loading × dispersion) and the intensity of Ni-H vibrations (peak
area derived from 1500~1700 cm-1) is displayed in Figure 1c. The concentration of Ni-H
vibrations increases with the increasing surface Ni, suggesting the Ni-H vibrations are
formed mainly depending on the number of surface Ni sites.
NH3-TPD and NH3-FTIR spectra for the reduced catalysts are displayed in Figure 2. As
shown in Figure 2a, Ni/MOR exhibits the highest concentration of acid sites, followed by
Ni/NZ, Ni/BEA and Ni/Escott. The Ni/MOR and Ni/BEA displayed the majority of NH3
desorption occurs around 405 °C and 285 °C, respectively, while the natural zeolite
catalysts presented a lower desorption temperature (~250 °C), suggesting the natural
zeolites contain weak acid sites. The main desorption peak of catalysts can be ascribed to
the Brønsted acid sites. To confirm this assumption, IR spectra obtained from adsorption of
NH3 on pre-reduced samples were recorded with results displayed in Figure 2b. The
adsorption of NH3 on all samples exhibits two main bands. The band centred around 1450
cm-1 accounts for the vibrations of NH4+, which was formed by NH3 molecules reacting with
Brønsted acid sites and coordinated to the zeolite framework. Based on band areas, the
Ni/MOR catalyst possessed the highest concentration of Brønsted acid sites, followed by
the Ni/BEA, Ni/NZ and Ni/Escott. The Ni/Escott exhibits the lowest quantity of acid sites
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which could be attributed to its low concentration of micropores. The band centred at 1620
cm-1 can be ascribed to symmetric bending vibrations of NH3 coordinated to Lewis acid
sites (Al3+, Ni2+).
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The differential NH3-FTIR band areas extracted from 1370~1507 cm-1 (Brønsted acid sites)
of Ni/NZ and Ni/BEA as a function of temperature are plotted in Figure 2c and 2d
respectively. It shows the majority of NH4+ vibrations decrease at 246 °C and 290 °C for
Ni/NZ and Ni/BEA, respectively, relating to the main peaks in NH3-TPD (Figure 2a),
suggesting the main NH3 desorption peaks in NH3-TPD profiles are attributed to the
Brønsted acid sites.

Figure 1. (a) NH3-TPD profiles of pre-reduced samples; (b) infrared spectra were obtained from adsorption of 10 mbar
NH3 over reduced samples at 150 °C; differential NH3-FTIR peak area(1400-1500 cm-1) loss of (c) Ni/NZ and (d) Ni/BEA
as a function of temperature; (e) Normalised methylcyclohexane formation rate for Ni/Escott, Ni/NZ, Ni/BEA and
Ni/MOR; (f) Normalised cyclohexane formation rate for Ni/Escott, Ni/NZ, Ni/BEA and Ni/MOR catalysts; TOF-B=
cyclohexane formation rate based on the concentration of Brønsted acid sites, TOF-high T desorbed H2= cyclohexane
formation rate based on the peak area of high-temperature desorbed H2.

The rate of formation of methylcyclohexane, based on the number of H2 desorbed sites
(low temperature, high-temperature, and the sum of both), is presented in Figure 2e. A
similar (normalised) methylcyclohexane formation rate was observed over Ni/Escott, Ni/NZ,
Ni/BEA and Ni/MOR when the methylcyclohexane formation rate was normalised by the
high-temperature desorbed H2 sites, indicating the strong adsorption/desorption H sites on
the larger Ni nanoparticles play a crucial role in the hydrogenation reactions.
The normalised cyclohexane formation rates based on the peak area of high-temperature
desorbed H2 (TOF-high T desorbed H2) and concentration of Brønsted acid sites (TOF-B) are
depicted in Figure 2f. The Ni/Escott exhibits the highest TOF-B, followed by Ni/NZ, Ni/BEA
and Ni/MOR, however, this order is reversed when cyclohexane production rate is
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normalised by the peak area of high-temperature desorbed H2, suggesting acid and metal
sites both promote the HDO of anisole to cyclohexane.
Ni/Escott and Ni/NZ exhibit a significantly higher hydrogenation activity in the
hydrogenation of toluene compared to Ni/BEA and Ni/MOR due to their high concentration
of active H species which were dissociative adsorbed by bulk Ni particles and desorbed at
a higher temperature (210~220 °C). The strongly chemisorbed H species promote the
hydrogenation of toluene at the reaction temperature of 220 °C. While Ni/BEA and Ni/MOR
exhibit a higher metal dispersion, the smaller Ni species possess a stronger metal-support
interaction, leading to a higher concentration of weakly chemisorbed H species which were
desorbed around 150 °C. Also, the Ni/Escott and Ni/NZ exhibit a higher HDO activity
compared to Ni/BEA and Ni/MOR in the HDO of anisole due to their high hydrogenation
activity. The high concentration of strong Brønsted acid sites and large number of surface
Ni sites in Ni/BEA enhanced the transalkylation of anisole to phenol and hydrogenolysis of
phenol to benzene, followed by the hydrogenation of benzene to cyclohexane, leading to a
relatively improved HDO activity compared to its hydrogenation activity.
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O13.02. EXHAUSTED FLUORIDE FILTER BASED ON NATURAL ZEOLITES FOR
AGRICULTURAL USE
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In 2013, under the framework of a cooperation between the Chemistry Department of Addis
Ababa University, in Ethiopia, and the Molecular Sieves Group of the ICP-CSIC, we
developed and patented a technology based on natural zeolites for the removal of fluoride,
a geogenic pollutant, from drinking waters [1-5]. This technology was further transferred to
the industry and is available in the market as a fluoride filter since 2017 under the
commercial name of Hindrop. Later on, in 2016, the research team of the ICP-CSIC joined
efforts with the NGO based in Ethiopia, ADS, Acción Desarrollo y Sostenibilidad, in order to
raise funds to implement this technology in rural areas of Ethiopia. This joint venture
allowed the inauguration of two treatment plants based on natural zeolites for the removal
of
fluoride
from
drinking
waters
in
the
rural
Ethiopian
Rift
Valley:
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https://www.defluoridationethiopia.com/. After the defluoridation treatment has saturated
the zeolite-based adsorbent, fluoride is trapped in the adsorbent forming a stable phase of
fluoroapatite on the surface of the particles, while the properties of the pristine zeolite
remain intact [5]. It has to be noted that minerals such as fluorapatite are already present in
the Rift Valley soils with fluoride concentrations of up to 1,000 mg/Kg, whereas fluoride
concentrations in spent fluoridated zeolite (FZ) are in the 400-600 mg/Kg range. This study
aims at demonstrating that given that the natural zeolites are commonly used for soil
conditioning, the spent FZ material could also be used for this purpose, because the
fluoride is so tightly bonded to the adsorbent that leaching to the soil and absorption by the
plants may not be significant, and the zeolite component of the adsorbent retains its pristine
soil improvement properties [6].
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Figure 1A shows the XPS band of P2p, allowing identifying the hydroxyapatite phase
(Ca5(PO4)3(OH)) grown on the
A
B
surface of the zeolite-based
adsorbent as described in the
patent and the articles [1-5]. The
P2p FZ
identification of fluoride on FZ
F1s FZ
has been challenging due to the
P2p PZ
low percentage expected to be
F1s PZ
found (<0.1 ppm) on top of the
difficulties of the analyses of a
690
685
680
135
130
Binding Energy (eV)
Binding Energy (eV)
light element. Only XPS allowed
Figure 1. (A) XPS of P2p and (B) XPS of F1s of the same materials indicating the
identifying F- on the surface of
presence of the hydroxyapatite in the fluoride adsorbent (P band in FZ sample) as
the particles of FZ, although it
well as the F band in both samples, but with double amount in FZ.
was also detected in the pristine
zeolite PZ (Figure 1B). From the
experimental data, atomic ratios of Si/Al 5.3, F/Si 0.02 and F/Al 0.13 have been calculated
for PZ, while atomic ratios of Si/Al 4.4, F/Si 0.05 and F/Al 0.21 have been obtained in the
fluoridated spent zeolite (FZ), confirming that the presence of F is doubled and thus that the
zeolite had adsorbed the fluoride.
A total surface area of 26.2 m2g-1 was obtained for PZ and 35.8 m2g-1 was observed for FZ.
The higher surface area in FZ could be due to the presence of the extra phase of
fluorapatite on the surface of the pristine zeolite.
The greenhouse experiment has been designed with Wheat bread (Triticum aestivum L.) in
two plots to investigate the impact of the spent zeolite on the crop yield. Each sample
contains 3 kg of soil previously gathered from ten different locations, mixed and prepared
for three weeks (Figure 2A). Figure 2B shows an example of one plot where three different
zeolite ratios mixed with the 3 kg of soil have been tested: 100g, 500g and 1000g.
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Figure 2. Photographs of the greenhouse experiments: harvesting trial of wheat seed using PZ and FZ.

Two plots were analyzed (Figures 2C and 2D): one plot evaluates the use of the zeolites
(FZ, PZ) without fertilizer, against a control experiment without any addition of zeolite. The
second plot runs the same comparison, FZ, PF and control, with the addition of fertilizers
(+F in the sample codes): 0.22 g NPS (19% N, 38% P2O5, 7% S) and 0.12 g urea (46 % N)
+ 0.21g more of urea applied after 35 days recommended by the Ethiopian Agricultural
Transformation Agency (ATA) under EthioSIS project in 2012. The first trial of the
greenhouse experiment has been performed from November 12th, 2021 to February 21st,
2022, and the results are presented in Table 1. A second consecutive trial has now been
initiated using the same soil + zeolite mixtures to evaluate the utility of the spent zeolite with
time without the addition of new fertilizers.

Table 1. Growth parameters of Wheat Seed using zeolites and fertilizer (November 12, 2021-February 21, 2022).

LAIa

Stem
Height
(cm)

Grain
Yield
(tones/
ha)

%
Yieldb

F in Soil
(mg/kg
DM)

F in
Plant
(mg/kg
DM)

BCFc

Sample

Leaf
Length
(cm)

PZ1000

17.28

1.27

54.00

2.88

-13.5

40.80

43.33

1.06

PZ500

21.56

1.73

54.67

3.21

-3.6

42.20

40.33

0.96

PZ100

21.44

1.69

49.00

3.54

6.3

42.20

39.33

0.93

FZ1000

23.56

1.93

48.33

2.29

-31.2

83.20

63.00

0.76

FZ500

22.89

1.96

48.33

3.11

-6.6

65.60

58.67

0.89

FZ100

22.33

1.80

53.67

3.39

1.8

52.20

55.00

1.05

Control

22.33

1.61

48.33

3.33

-

43.60

3.10

0.07

PZ1000
+F

24.33

40.80

17.00

0.42

PZ500
+F

25.22

40.80

20.00

0.49

PZ100

28.44

43.60

20.00

0.46

10.72
2.07

73.67

2.13

74.00

2.36

71.33

8.8
10.78
9.4
10.54

6.9
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+F
FZ1000
+F

23.44

FZ500
+F

24.50

FZ100
+F

24.89

Control
+F

24.11

7.75
2.09

70.33
8.02

1.99

65.50

2.03

67.66

1.96

66.66

79.80

63.67

0.80

71.80

57.33

0.80

65.60

56.00

0.85

45.00

16.00

0.36

-21

-18
10.26
4
9.85
-

a

Leaf Area Index = Leaf Area/Pot area. b% of variation against control. cBioconcentration factor = F In plant/F In Soil [7].

As can be observed from Table 1, for samples with no fertilizer, better leaf length, LAI and
stem height is obtained when using the spent zeolite FZ as compared with the control test
without zeolite. Interestingly, these parameters show better performance with FZ compared
with the pristine zeolite, PZ. Further analyses of the nutrients in the soil are required to
understand this trend. Among the three ratios tested, only the lowest, 100g of zeolite/3Kg of
soil shows better results in terms of grain yield, leading us to think that maybe even lower
ratios may be studied. When the fertilizer is added (samples labeled with “+F”), again the
lowest application in both cases provided the highest leaf length, both compared with
control. Similar trend is observed for leaf area index as well. The lowest dose of spent
zeolite supplemented with fertilizer (FZ100+F) in fact resulted in significantly higher grain
yield (+4%) than the control. In addition, it resulted in almost similar yield with the same
dose of pristine zeolite. In summary, the use of lower doses of the spent zeolite is
recommended either with or without fertilizer. Supplementing the application of FZ with
fertilizer is being further investigated in a second trial.
A fluoride leaching experiment was conducted to assess the transfer factor or the mobility
from the soil to the wheat. Measuring of the concentration of F- was performed with ionselective electrode in the solutions resulting from the digestion of the soil and the plant and
based on dry matter (DM) [7]. Table 1 illustrates the presence of small amount of fluoride in
the initial soils (control samples) that remains constant after the addition of the pristine
zeolites, and increases a bit with the presence of the spent zeolite (FZ), the one that
contains the fluoride. The increase of the amount of F in the FZ series shows the trend
expected to the increasing FZ dose. Regarding the mobility of this fluoride, only a small
concentration is observed in the plants in the case of the control, followed by the pristine
zeolites. Interestingly, the presence of fertilizer seems to significantly reduce the fluoride
uptake by wheat, probably due to the precipitation of other fluoride-phosphate compounds.
In the case of the spent zeolite, there seems to be higher transfer factor to the plant.
In summary, 100g seems to be enough to act as soil conditioner, fewer amounts will be
evaluated to survey this limit. Furthermore, the use of spent zeolite in crop harvesting is
feasible given the low mobility of the fluoride measured.
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Introduction
During the last decades, several abatement techniques have been proposed for
wastewater treatment of organic pollutants and metal compounds [1]. The wastewater must
be treated before the discharge to environment or the recovery procedures. The organic
compounds represent a challenging issue since they are stable molecules towards
oxidation environment, heat, and light [1]. Furthermore, the metal compounds represent a
class of dangerous contaminant because they can easily be absorbed by all the living
organisms and be part of the food chain [2].
The adsorption methods represent a good compromise between the efficiency of the
abatement of pollutant and the low-cost of the process. Among the possible adsorbent
materials, the zeolite can be used. These materials are characterized by [SiO4] and [AlO4]with three-dimensional structure. Thanks to this structural conformation, the zeolite can
create cavities with different pores dimensions: micropores (d < 2 nm), mesopores (2 nm <
d < 50 nm) or macropores (d > 50 nm). Moreover, they are able to have, inside their cavity,
negative charge, due to the presence of [AlO4]- [3-5] (Dosa et al., 2018, 2021; Galletti,
Dosa, Russo, & Fino, 2020). Thanks to this structural capability, the zeolites are able to be
selective towards specific molecules.
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Among the zeolites, the natural ones have received interest in academia and industry
because of their potential applications and low-cost compared with the commercial
(synthetic) zeolites. The Clinoptilolite, which belongs to the HEU family zeolites, is a natural
zeolite which could be used for the adsorption processes for wastewater treatment. This
material exhibits good adsorption capacities towards organic and metal compounds, as
evidenced by other research studies [3-5] (Dosa et al., 2018, 2021; Galletti et al., 2020).
Materials and methods
In this work, the Methylene Blue (C16H18ClN3S), Zn+ and Cd+ were chosen as probe
pollutants for organic and metal compounds contamination in wastewater. The Clinoptilolite
and Activated Charcoal were adopted as adsorbent materials and herein labelled as “Clin”
and “Char”, respectively. The latter was chosen for comparison purposes. The Specific
Surface Area (SSA, m2 g-1) evaluated by Brunauer–Emmett–Teller (BET) theory, and the
total pore volume (Vp, cm3 g-1) investigated by Barrett-Joyner-Halenda (BJH) during the
desorption phase were analyzed by means of N2 physisorption at 77 K. The morphology of
the adsorbent material were studied by means of Field Emission Scanning Electron
Microscopy (FESEM).
The Methylene Blue solution (250 ppm) is put inside a becker on a magnetic stirrer. The
adsorption test starts when the Clinoptilolite (or Activated Carbon) is added into the
solution, then small amounts of solution are collected over the time, centrifuged and then
analyzed with a UV-VIS spectroscope.
The metal solutions are prepared from the nitrates as precursors. The adsorption tests are
accomplished as the Methylene Blue ones at the following concentrations, 10 ppm of metal
cations. The collected suspension was analyzed by ICP-MS.
Finally, the Methylene Blue and metal cations adsorption capacities of Clinoptilolite and
Activated Carbon are investigated. Also, for this study, the adsorption tests are performed
as Methylene Blue ones. However, in this case, the collected suspension is analyzed via
UV-Vis spectrometer and ICP-MS for Methylene Blue and metal cations concentrations,
respectively.
Results
The SSA and Vp of Clin and Char are reported in Table 1. The Clin exhibits low SSA and
pore volume comparing with Char.
Table 1 - Textural properties of Clin and Char. The
properties are evaluated from N2 physisorption at 77 K
Adsorbent
SSA, m2 g-1
Vp, cm3 g-1
Clin

32

0.12

Char

891

0.56
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In Figure 1 are reported the FESEM images of the two adsorbents investigated in this
study. The Clin has a flake-like structure while the Activated Carbon exhibits a mesoporous
morphology. The adsorption tests results are reported in Figure 2. In Figure 2A are
reported the Methylene Blue adsorption tests results. As a whole, the Methylene Blue
adsorption exhibits good performances for both Clinoptilolite and Activated Carbon.
Furthermore, the Clinoptilolite exhibits better adsorption performances towards Zn and Cd
(Figure 2B and 2C) comparing with Activated Carbon case study. The reason of such
behavior is due to the ion-exchange process which occur during the adsorption of metals:
such pollutants are adsorbed on the Clinoptilolite better because the zeolite is rich in metal
cations on its surface [3-5].

Figure 1 – FESEM images. Left side Clin, right side Char

Figure 2 – Adsorption tests. A) MB adsorption, B) Zn+ adsorption and C) Cd+ adsorption

Conclusions
In conclusion, the Clinoptilolite, a natural zeolite, could be used as valid alternative for
adsorption technology in wastewater treatment since the results towards Methylene Blue,
Zn and Cd cations adsorption exhibit interesting outcomes.
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Recent regulations are forcing the development of efficient NH3-SCR catalysts for heavyduty diesel vehicles, i. e. trucks. These heavy-duty diesel applications present lower
temperature requirements for their exhaust treatment systems, and, in addition, require
much larger catalyst volumes compared to light-duty diesel vehicles. For this reason, less
cost-intensive Al-rich zeolite preparation procedures have become a clear target trying to
fulfill the future needs of the automotive industry. In fact, Cu-containing Al-rich small pore
CHA zeolites with Si/Al ̴ 4-6 show enhanced low-temperature SCR activity compared to
their high-silica counterparts [1-3].
Herein, we describe a computer-aided methodology to select the most adequate low-cost
OSDA molecule to maximize the Al-rich CHA zeolite crystallization. The synthesis of Al-rich
CHA-type zeolites has been attempted using tetraethylammonium (TEA),
methyltriethylammonium (MTEA) and dimethyldiethylammonium (DMDEA). Remarkably
better stabilization energies are obtained for TEA and MTEA, but some differences
between the CHA-type materials obtained with TEA and MTEA are observed when
comparing their powder X-ray diffraction (PXRD) patterns (figure 1) and crystal
morphologies by scanning electron microscopy (SEM) (figure 2). Further characterization
by HRTEM reveals the presence of crystals with stacking intergrowths in the case of the Alrich CHA type material synthesized with TEA, formed by large domains of CHA with narrow
faulted GME domains that allows the presence of larger cavities than cha cages.
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Figure 1: PXRD patterns of the materials after being calcined in air at 580ºC
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Figure 2: FE-SEM images of the CHA-type zeolites achieved using TEA and MTEA

These CHA-type materials have been exchanged with copper and their catalytic
performance for the NH3-SCR reaction has been evaluated under fresh and hydrothermal
ageing conditions relevant for future heavy-duty diesel conditions. Both materials exhibit
similar and excellent catalytic activity and hydrothermal stability [4].
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The catalytic performance of a chemical process can be completely modified by selectively
positioning the active sites in the zeolite-based catalyst. The selective incorporation of
Brønsted acid active sites in zeolite structures can be carried out during the crystallisation
process by the direct interaction of the aluminium species with specific structure-directing
agents and/or charge compensators [1]. In contrast, this methodology is not suitable for
positioning isolated Lewis acid-type sites, since their incorporation into the lattice of the
zeolitic structure is not associated with the generation of negative charges, like the Al
species. In the present work, a method for the incorporation of Lewis acid sites at specific
crystallographic positions in the large pore zeolite with a BEC-type structure is presented.
This method consists of using "sacrificial atoms", in this case Ge atoms, which are
preferentially incorporated in the double-four rings (D4Rs). These Ge atoms can be postsynthetically removed for creating structural defects, and, then, isolated Sn atoms be
selectively grafted on these sites to create specific Lewis acid-type active centres within
BEC (Sn-BEC).
Sn-BEC shows a higher catalytic activity for the Meerwein-Ponndorf-Verley-Oppenauer
(MPVO) reaction per gram than Sn-Beta zeolite. To determine the nature of the Sn atoms,
the Sn-containing materials are characterised by solid-state nuclear magnetic resonance of
P and infrared spectroscopy using trimethylphosphine oxide (TMPO) [2] and deuterated
acetonitrile (CD3CN) as probe molecules, respectively. The higher fraction of "open" Sn
centres in Sn-BEC compared to Sn-Beta explains the enhanced catalytic performance for
the MPVO reaction. These results highlight the advantage of positioning Lewis-acid type
active centres at specific locations within zeolitic structures [3].
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Figure 1 - Multi-step synthesis procedure to selectively place Sn in the D4Rs of high-silica BEC zeolites.

References
[1] B.C. Knott, C.T., Nimlos, D.J. Robichaud, M.R. Nimlos, S. Kim, R. Gounder, ACS Catal., 8, 770–784
(2018).
[2] J. D. Lewis, M. Ha, H. Luo, A. Faucher, V. K. Michaelis and Y. Román-Leshkov, ACS Catal, 8, 3076–
3086 (2018).
[3] A. Rodríguez-Fernández, J.R. Di Iorio, C. Paris, M. Boronat, A. Corma, Y. Román-Leshkov and M.
Moliner, Chem. Sci., 11, 10225–10235 (2020).

Aknowledgment
This work has been supported by the Spanish Government-MINECO through ‘‘Severo Ochoa”
(SEV-2016-0683), MAT2017-82288-C2-1-P (AEI/FEDER, UE) and RTI2018-101033-B-I00
(MCIU/AEI/FEDER, UE), and by Generalitat Valenciana through AICO/2019/060. JRD and YR-L
thank the U.S. Department of Energy, Office of Basic Energy Sciences under Award No. DESC0016214 for support. ARF acknowledges the Spanish Government-MINECO for a FPU
scholarship (FPU2017/01521). The Electron Microscopy Service of the UPV is acknowledged
for their help in sample characterization.

P01.004. SYNTHESIS AND CHARACTERIZATION OF NEW MESOPOROUS
MATERIALS BASED ON ORGANOALUMINOSILICATES
C. Esteban, U. Díaz
Instituto de Tecnología Química, Universitat Politècnica de València-Consejo Superior de
Investigaciones Científicas, Avenida de los Naranjos s/n, E-46022 Valencia, Spain.
cestbar1@itq.upv.es

The development of sustainable and efficient chemical processes is one of the highest
priorities in contemporary society. For this reason, the use of heterogeneous catalyst with
reusable capability of performing such processes in a single step could avoid the isolation
of intermediates as well as the recovery and disposal of by-products and solvents.
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Mesoporous silica has become a significant class of orders materials widely studied since
its discovery. These materials have attractive properties such as high specific area, large
pore volumes and tailorable surface properties, allowing themselves to be promising
candidates used in catalysis, separation, or adsorption processes.
However, as they are composed of pure silica, the introduction of heteroatoms into their
structure is a difficult process. The synthesis of this materials is done under strong acidic
conditions where metals can only exist in cationic form. It is well known that metals such as
Al3+ or Ti4+ provide acidic or redox sites into pure silica materials. For this reason, the
introduction of heteroatoms into the walls of these mesoporous materials is of great
interest.
A factor to be considered in heterogeneous catalysis processes is the adsorption capacity
of reactive molecules on the active sites. This factor can be controlled by the surface
polarity of the materials. In mesoporous materials, this property can be modified in postsynthesis processes by changing the composition of the material. Nevertheless, other
characteristics of the materials such as structural properties or the number active sites may
be affected.
Herein, we report the synthesis of a new family of mesoporous materials type SBA-15 by
co-condensing a synthesized previously organoaluminosilicate (KCS-2 type) with varying
amounts of an inorganic silica source. The different materials have been characterized by
Powder X-Ray Diffraction (PXRD), Chemical Analysis (ICP and EA), Solid State NMR
Spectroscopy (27Al-NMR, 29Si-NMR and 13C-NMR,) and BET area allowing to confirm the
structure of the materials.

Figure 1 – Scheme of the structure of the materials.
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Mesoporous metal oxides are frequently prepared by using porogenic templates, either
supramolecular structure directors ('soft templates') or rigid matrices ('hard templates').
Soft templates bear the advantage of being applicable to the fabrication of porous thin films
or layers at substrate surfaces, e.g., by evaporation-induced self-assembly (EISA).
However, this approach is suitable only for a limited selection of metal oxides. Furthermore,
as a solution-based method, it is restricted to low temperature and therefore often requires
post-synthetic annealing which may compromise structural integrity and porosity. These
disadvantages are avoided by use of hard templates ('nanocasting'), but this approach is
more elaborate and difficult when it comes to preparing porous films. Porogenic organic
polymer hydrogels offer new opportunities as they combine the advantages of both 'soft'
and 'hard' templating [1].
We present the synthesis of mesoporous metal oxides by using poly(dimethylacrylamide)
hydrogels as porogenic matrices. Cross-linkable polymers are prepared from suitable
monomers by free-radical polymerization; hydrogels are obtained by photo-cross-linking.
Porous metal oxides (e.g., Al2O3, MgO) with uniform mesopores of ca. 4 nm are obtained
by swelling the hydrogels in metal nitrate solution and subsequent thermal conversion. The
hydrogel forms a continuous network that takes up the inorganic precursor species with no
risk of phase-separation, similar to a hard matrix. At the same time, the swollen hydrogel is
a highly flexible phase; the (cross-linked) polymer strands are more or less loosely
arranged and displaceable, like a soft matrix. This approach can be regarded as halfway
between 'soft' and 'hard templating' [2,3].
Porous metal oxide films and micropatterns with thicknesses in the m and sub-m range
are fabricated by spreading the polymer through spin-coating, followed by photo-crosslinking and anchoring to the substrate surface. Photomasks can be used to create
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micropatterns (Figure 1) [4]. For example, homogeneous layers or micropatterns of Al2O3
with large specific surface areas (up to 550 m2∙g-1) are obtained (Figure 2).
Characterization of the materials includes scanning electron microscopy (SEM) and
focused ion-beam (FIB) ablation analysis, N2 and Kr physisorption, XRD, and thermogravimetric analysis (TGA).

Figure 1. Schematic of the hydrogel templating process [4].

Figure 2. SEM images of (a-d) hydrogel microdots
and (e,f) nanoporous Al2O3 microdots [4].
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Inorganic zeolite synthesis has been studied for decades, yet theories on nucleation
and growth mechanism of these materials have remained within the realm of empirical
evidence. Many conflicting theories have been proposed due to difficult reproducibility
of hydrothermal sol-gel synthesis, which is extremely sensitive to small changes in
preparation and treatment. In this work we exploit the properties of zeolite synthesis via
Hydrated Silicate Ionic Liquids (HSILs) [1], providing a novel route to control
crystallization parameters and homogeneity of the clear monophasic synthesis
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mixtures in ultra-concentrated conditions, allowing us to disclose direct correlations
between batch stoichiometry and synthesis result, while controlling or eliminating
parameters like aging time or mixing conditions and presence of gel-phases or
nanoparticles.
We constructed ternary phase diagrams varying the batch alkalinity, water content and
cation type in a broad compositional space (Fig. 1). Syntheses were performed under
moderate conditions of 90°C, 7 days for all samples. We identified 11 framework types in
distinct regions of the phase diagrams and disclose strong correlations between framework
aluminum content (Si/Al ratio) and all synthesis variables (Fig. 1). Based on that discovery,
an unsuspected causality between Al-content defined by synthesis composition and
crystallising topology is proposed. The evidence we bring forward is supported by
experimental observations in a parallel study comprising a detailed molecular-scale
investigation of aluminosilicate speciation in HSIL synthesis mixtures prior to crystallization
[2]. Framework aluminum content is determined by charge density and aluminosilicate
speciation in the synthesis liquid, factors that are easily controllable via HSIL synthesis.
The obtained experimental results are consistent with a crystallization model where zeolites
form through solution-mediated assembly of soluble cation-oligomer ion pairs, highlighting
the importance of both aluminosilicate chemistry and the dependence of synthesis outcome
on the cation type.
Additionally, we propose a qualitative metric to evaluate cation-framework stabilization. By
evaluating differences between topological geometries and viable cation adsorption sites at
variable framework aluminium content, the here observed phase selection is rationalized.
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Figure 1: (left) Frameworks formed by batch composition in qualitative ternary diagram representation. A `+`-sign
indicates a phase mixture, while a `/`-sign indicates an intergrowth of two frameworks. The compositions of synthesized
samples are marked in the ternary diagrams. (right) Framework Si/Al ratio represented as a function of batch alkalinity
[SiO2]/[MOH] and batch cation hydration [H2O]/[MOH].
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Structure-directing agents (SDAs) play important roles in directing the formation of specific
zeolite frameworks. The cooperative structure-directing effect based on the investigation
into synthetic system containing both seed and organic species is one of them and is
believed to be effective for synthesizing useful zeolites. Herein, we report the syntheses of
MTT-type zeolites with the simultaneous presences of octyltrimethylammonium chloride
(OTMAC) and borosilicate SFE zeolite in borosilicate system for the first time. SFE zeolites
serve as exotic seeds for the crystallization of MTT-type zeolites and together with OTMAC
play cooperative structure-directing roles. Besides, Al,B-MTT and heteroatoms (Zr, V, and
Fe) incorporated MTT-type zeolites were synthesized with the introduction of metal sources
into borosilicate system [1].

Figure 1. (A) XRD patterns of SFE zeolite seed, products obtained with different seed and OTMAC content, and
simulated MTT; (B) FE-SEM image of B-MTT and (C) its HRTEM pattern.

Seed-directed synthesis without OTMAC but with SFE zeolite in this work falls in the
category of SDS without OSDA, in which a working hypothesis was proposed by Okubo et
al [2]. Both OTMAC and SFE seed are needed for the synthesis of MTT zeolite, which is
similar to the synthesis of IWR zeolite with the presence of both *BEA seed and choline [3].

Figure 2. (A) NH3-TPD curves of MTT with SiO2/Al2O3= inf (a), 206 (b), 148 (c) and 96 (d), (B) UV-visible spectra,
and (C) UV Raman spectra of heteroatoms zeolites with MTT-type framework.
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The weak, strong and total acid amount of Al,B-MTT vary with the Al content. The
incorporation of heteroatoms were confirmed by the UV-visible spectra and UV Raman
spectra.
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Zeolites are a class of critically important microporous crystalline aluminosilicates with a
variety of applications. Their synthesis is often one of the main challenges in zeolite
research and technology. This is largely due to the large number of polymorphs that can
form under very similar conditions and the complex non-classical nucleation and growth
mechanisms involved. A better understanding of these mechanisms involved would aid
significantly in designing better synthesis processes, possibly allowing industrial production
and application of promising zeolites that are currently not economically viable. Although
significant research has been performed in this area, especially on the model system
silicalite-1 (the pure silica end member of ZSM-5), many questions regarding the nanoscale
aspects of this process still exist.[1]
Non-classical pathways based on aggregation of small silica particles are usually
considered to be dominant. Although in situ atomic force microscopy has been performed
on later stage growth of silicalite-1,[2] direct nanoscale visualization of the early stages of
silicalite-1 nucleation and growth has so far remained elusive. Here, we reproduce the
growth conditions of silicalite-1 using elevated temperature in-situ liquid cell scanning
transmission electron microscopy (LC-TEM) to observe the formation and growth of
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zeolites under actual hydrothermal synthesis conditions. In this method, a specialized TEM
holder is used where a liquid can be separated from the vacuum by sandwiching it between
two 50 nm thick silicon nitride (SixNy) membranes, allowing samples to be imaged
continuously in a liquid at the nanoscale. In our experiments an aged but not yet heated
synthesis sol with a composition typical for a laboratory clear-sol silicalite-1 synthesis
(molar ratio of 1 SiO2 : 0.36 tetrapropylammonium hydroxide : 15 H2O : 4EtOH) was
introduced in the holder. This sol was subsequently heated to 80 °C and the liquid imaged
continuously to observe the formation of silicalite-1 nanocrystals. The observations were
then compared with the TEM, electron tomography and x-ray diffraction results of the
zeolites obtained from an ex situ laboratory synthesis under the same conditions.

Figure 1 – (a) and (b) HAADF-STEM images of laboratory synthesized silicalite-1 crystals (the bright larger particles)
connected to the secondary amorphous phase (the gray porous phase around the particles). (c) HAADF-STEM image of
the liquid cell chip after the in situ liquid cell TEM experiment was finished and the chip dried, showing a morphology
very similar to (a) and (b) and demonstrating the presence of this secondary phase in the liquid cell experiments.

Our results show that in addition to agglomeration of the silica precursor particles
previously observed,[3] these agglomerates form a secondary (electron diffraction)
amorphous phase consisting of a sponge-like porous network of silica, as shown in Figure
1. After nucleation of silicalite-1 crystals at the interface of this amorphous phase with the
liquid, growth is highly inhomogeneous and occurs in small local spurts at specific regions
of the crystal, as shown in Figure 2. The growth does not seem to involve addition of
discrete precursor particles but is dominated by local crystallization of this amorphous
phase. Crystals stop growing once the secondary (sponge-like) phase is completely
consumed, indicating this phase is crucial for silicalite-1 crystal formation and growth.
These results and the structures formed agree very well with those observed in the ex situ
experiments.
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Figure 2 – Excerpts from a liquid cell TEM movie, showing 4 consecutive frames of one silicalite-1 crystal during an in
situ experiment (10 s/frame). The area in the center of the circles grows rapidly, while the remainder of the crystal does
not change significantly. Due to the large background originating from the water and silicon nitride present and the
limited contrast of the secondary amorphous phase, this phase is hardly visible in the liquid cell, but is observed during
post-mortem analysis of the chip after the experiment (see Figure 1c).

These new fundamental insights in the nanoscale processes underlying silicalite-1
nucleation and early-stage growth obtained through LC-TEM can improve models of zeolite
formation significantly. As this technique can be extended to other systems, this work also
demonstrates the feasibility and promise of LC-TEM for investigating zeolite synthesis with
nanometer spatial and high temporal resolution.
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Introduction
Glycerol carbonate formation by transesterification reactions has been considered
one of the greenest processes for this product, mainly due to the less toxic nature of the
reagents. However, different carbonate esters (CE) can be used and, regardless of the
carbonate ester used, the reagents have low miscibility among themselves. Therefore,
there are operational issues to be considered. Furthermore, another fact that should be
highlighted is that the formation of glycerol carbonate via transesterification can involve
parallel and series reactions that that influence the conversion, selectivity and yield of the
product and depend on several parameters [1]. Thus, this work aimed to evaluate the
potential of the CTA-MCM-41 hybrid silica as catalyst in the transesterification reaction
between glycerol (GLY) and different carbonate esters, dimethyl carbonate (DMC) and
diethyl carbonate (DEC).
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Materials and Methods
The base catalyst was synthesized following the method described by Araújo et al.
[2], from a reaction mixture with molar composition: 1 TEOS: 12.5 NH4OH: 0.4 CTABr: 174
H2O: 4 EtOH. The catalyst obtained was characterized by X-ray diffraction (XRD) and
thermogravimetry (TG) used to quantify the number of moles of sites present in the
catalyst. The transesterification reactions (R1: GLY and DMC) and (R2: GLY and DEC)
were carried out dissolved in 50 wt.% of dimethylformamide (DMF). The reactions were
performed based on the method described by Kumar et al. [3]. Reactions were carried out
by 120 min, under the following conditions: 80 ºC; 2 CE: 1 GLY; 1 wt.% catalyst. Aliquots of
0.5 mL were removed from the reactor, using a syringe provided with a microfilter to
separate the solid catalyst, and analyzed by chromatography (GC-FID and GC-MS). All
catalytic evaluations were performed in triplicate. The calculations of conversion and
selectivity of the reactions were performed using the external calibration method. The
turnover frequency (TOF) was calculated as described by Silva et al. [4], adjusting
hyperbolic curves to the experimental points.
Results and Discussion
Figure 1 (a) shows the X-ray diffractogram of the synthesized catalyst. It shows that
the catalyst presented a diffraction pattern with four main peaks, with diffraction planes
(100); (110); (200) and (210). As reported in the literature, these results provide evidence to
infer that the materials have MCM-41 type structure [2, 4]. Figure 1 (b) shows the
thermogram of the synthesized catalyst. It can be seen that the catalyst presented four
regions of mass loss during heating. According to the literature, these regions are
associated with the following events: (I) desorption of physically adsorbed water, (II)
decomposition of the surfactant, (III) combustion of remaining organic species, and (IV)
dehydroxylation of SiOH groups [5]. The number of moles of sites present in the catalyst
was calculated from the mass loss in regions II and III, since each siloxy basic site (SiO-) is
compensated by a CTA+ cation [4] and used to calculate the turnover frequency.
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Figure 1 - a) XRD patterns of the catalyst. b) Thermogram of the catalyst under oxidizing atmosphere.
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Figure 2 presents the results of the catalytic tests. It can be seen from Figure 2a that
R1 reaction has a higher reactivity than R2 reaction. This behaviour can be associated with
the greater stability of the ethyl ester and the lower diffusivity with the increase of its carbon
chain. It can also be seen that, in both reactions, glycerol consumption occurs very quickly
at the beginning and that it progresses at a slower rate after a few minutes. Interestingly,
the initial selectivity to glycerol carbonate is very low (Figure 2b), indicating that it is not a
primary product. Kumar et al. [3] observed a similar behaviour in the glycerol consumption
rate, using hydrotalcite and hydromagnesite as catalysts, without the respective formation
of glycerol carbonate, and attributed this result to the strong adsorption of glycerol on the
catalyst.
Figure 2b presents the selectivity to the glycerol carbonate formation, showing that in
both reactions it is low in the initial moments with a tendency to increase over time.
Furthermore, it can be seen that R1 reaction showed maximum selectivity in 70 min of
reaction, 78%, followed by a drop to 70% after this period. Analysis by mass spectroscopy
(GC-MS) revealed that this occurs because glycerol carbonate is a secondary product of
the reaction that can be consumed throughout the processes, which explains the tendency
to increase in selectivity with time and subsequent decrease observed in the R1 reaction.
Throughout the processes, glycerol monocarbonates (P1 and P2), glycerol carbonate (S1:
GCARB), glycidol (T1: GLYC) and glycerol tricarbonate (T2) were also formed (Figure 3).
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Figure 2 - Effect of methyl and ethyl ester on glycerol conversion and its glycerol carbonate selectivity.
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Conclusions
In conclusion, CTA-MCM-41 catalyst has 1.82 mmol·g-1 of catalytic sites and showed
high catalytic activity. R1 reaction is more efficient in the glycerol carbonate production, due
to the greater reactivity of DMC. In both reactions, glycerol monocarbonates (P1 and P2),
glycerol carbonate (S1: GCARB), glycidol (T1: GLYC) and glycerol tricarbonate (T2) were
formed.
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Zeolite is the promising support candidate for efficient metal-supported catalysts because
of its high hydrothermal stability, large surface area, pore structure, etc. However, the
inherent 3D structure of the zeolite can restrict the passing reactant or product molecule
through structure due to their size, and be blocked by coke in chemical reactions. To
overcome this drawback, a delaminated MWW-type zeolite named ITQ-2 was developed
and has been evaluated as an excellent catalyst and support in various reactions [1]
because of its two-dimensional structure with MWW zeolite property, which induces the
molecules to be able to easily contact active sites and is less affected by coke. In this
study, we investigated Ni-impregnated 3D MWW (Ni/MCM-22) and 2D MWW (Ni/ITQ-2)
catalysts on carbon dioxide reforming of methane (CDR) which is a much-interested
reaction owing to the simultaneous consumption of representative greenhouse gases, CO2
and CH4, and production of syngas consisting of H2 and CO [2].
We synthesized MCM-22 and delaminated ITQ-2 using MCM-22(P) as the following
procedure in the previous report [3]. In addition, the Ni impregnated MCM-22, ITQ-2, and γAl2O3 were prepared with expected contents (5-30 wt.%). After then, we characterized our
catalysts by powder XRD, N2 sorption, TGA/DTA, ICP-OES, H2 chemisorption, UV-DRS,
STEM-EDS, FT-IR, XPS, H2-TPR, and NH3-TPD. To evaluate DRM performance over
Ni/MCM-22, Ni/ITQ-2, and Ni/γ-Al2O3 catalysts, the reaction experiment was carried out at
700 or 750 oC with 30,000 cm3 gcat.-1 h-1 GHSV after pre-reduction under flowing N2 or H2 at
700 oC for 3 h.
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FIGURE 33 (A) POWDER XRD PATTERNS, (B) NI 2P XPS SPECTRA, (C) H2-TPR SPECTRA OF X WT% (X = 5, 15, AND 30) NIIMPREGNATED NI/MCM-22 AND NI/ITQ-2, AND (D) STEM-EDS ELEMENTAL NI MAPPING IMAGES OF 15 WT% NI-IMPREGNATED
NI/MCM-22 AND NI/ITQ-2.

We compared the different topological properties of Ni/MCM-22 and Ni/ITQ-2 catalysts. As
shown in Fig. 1a, Ni/MCM-22 catalysts showed characteristic peaks of MWW structure, on
the other hand, Ni/ITQ-2 catalysts exhibited no characteristic MWW peaks because of the
disordering of the MWW layer owing to fully delamination. In addition, the NiO peaks at 2θ
= 37.3o and 43.2o were increased with increasing Ni loading. Even though total surface
areas of Ni-impregnated catalysts were decreased with increased content of Ni species, 3D
Ni/MCM-22 catalysts still exhibited above 5-times larger micropore structure than external
surface area. However, 2D Ni/ITQ-2 catalysts still showed above six-fold larger external
surface area than micropore structure, which is due to their difference of structural
dimensionality (Table 1).
As shown in Fig. 1b, Ni 2p XPS of Ni/MCM-22 and Ni/ITQ-2 were measured to analyze the
chemical state of Ni species. Ni/ITQ-2 showed a higher proportion of nickel silicate (0.550.64) than Ni/MCM-22 (0.36-0.57). Especially, 15Ni/ITQ-2 showed the highest proportion of
nickel silicate among the catalysts studied here. Besides, UV-DRS spectra of Ni/ITQ-2
exhibited that nickel silicate was the dominant phase of Ni/ITQ-2, whereas Ni/MCM-22
catalysts showed NiO prevailed on these catalysts. This phenomenon can be explained by
the higher amount of silanol defect groups of ITQ-2 formed during delamination procedure
causing dealumination, which was determined by FT-IR (not shown). H2-TPR of Ni/MCM22 and Ni/ITQ-2 with different nickel contents (5, 15, and 30 wt.%) were shown in Fig. 1c.
Ni/ITQ-2 catalysts showed larger areas of high-temperature peaks assigning to the
reduction of Ni species of nickel silicate than Ni/MCM-22. In addition, NiO peaks were
increased on both Ni-impregnated 3D and 2D MWW catalysts with increased content of Ni,
which was correlated with powder XRD results. STEM-EDS image of Ni/ITQ-2 catalysts
showed smaller and more uniform Ni particle size than that of 3D analog Ni/MCM-22
catalysts owing to its advantageous topological property, i.e. large external surface area
(Fig. 1d and Table 1). Even though H2 chemisorption showed a similar trend of STEM-EDS
results, there is a discrepancy of Ni particle size determined by STEM-EDS and H2
chemisorption. This discrepancy can be explained by the existence of nickel silicate with
NiO because NiO can be easily reduced by pre-treatment under flowing pure H2, but Ni
species in nickel silicate is difficult to be reduced to metallic Ni species to chemisorb H2. In
addition, the smaller Ni particle size after pre-reduction on 15Ni/ITQ-2 is due to its
advantageous 2D topology.
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Table 1 Physicochemical properties of catalysts employed in this study

BET surface area (m2 g-1)b

H2 chemisorptionc

STEM

Total

External

Micropore

Amount of H2
chemisorbed
(μmol g-1)

Ni size
(nm)

Ni
dispersion
(%)

NiO
size
(nm)

5Ni/MCM22

367

30

337

9

49

2

25

15Ni/MCM22

298

32

267

24

49

1

40

30Ni/MCM22

237

37

200

42

55

2

77

5Ni/ITQ-2

661

600

61

11

42

2

20

15Ni/ITQ-2

443

384

59

39

32

3

34 (23d)

30Ni/ITQ-2

347

319

28

39

57

2

61

Catalysta

a

Calcined at 550 oC for 8 h. b Calculated from N2 sorption data. c Pre-reduction by H2 at 700 oC for 1 h. Total amount of Ni used in
these calculations was obtained from ICP analysis. d The value in parentheses is the size of metallic Ni particles after pre-reduction by
H2 at 700 oC for 3 h.

Fig. 2a-f showed the conversions of CH4 and CO2 and H2/CO ratio as time-on-stream of 3D
Ni/MCM-22 and 2D Ni/ITQ-2 with x wt.% (x = 5, 15, and 30) in CDR reaction at 700 oC with
30,000 mL cat.-1 h-1. 15Ni/MCM-22 and 15Ni/ITQ-2 showed maximum CDR performance
among each Ni/MCM-22 and Ni/ITQ-2 with different Ni loading. In addition, Ni/ITQ-2
catalysts generally showed higher CH4 and CO2 conversions and H2/CO ratio except for
5Ni/ITQ-2. Especially, 15Ni/ITQ-2 showed the highest initial conversions and the lowest
deactivation rates of CH4 and CO2 (79%, 3% and 80%, 1%, respectively), and the lowest
coke amount formed after CDR reaction for 12 h (2 wt.%) among the catalysts employed
here. This is due to the higher proportion of nickel silicate and relatively small size of Ni
species on Ni/ITQ-2 catalysts owing to its higher concentration of hydroxyl group and larger
external surface area. On the other hand, 5Ni/ITQ-2 showed lower activity and stability than
its 3D analog 5Ni/MCM-22 probably due to the stronger acidity of 5Ni/ITQ-2 catalyst
measured by NH3-TPD. This affects the promotion of coke (14 wt.%) formed by catalytic
methane cracking reaction which is the dominant coke formation reaction at 700 oC. Even
at higher reaction temperature (750 oC), 2D 15Ni/ITQ-2 showed higher activity and stability
than the 15Ni/MCM-22. Therefore, it can be concluded that the 2D morphology of the
support is beneficial to achieve high activity and stability for CDR reaction rather than the
3D structure. Interestingly, 5Ni/ITQ-2 showed high initial CH4 and CO2 conversions and
H2/CO ratio even without H2 pre-reduction at 700 oC, which is owing to its easy accessibility
of CH4 and produced H2, small particle size, etc. In comparison, 5Ni/γ-Al2O3 showed almost
no initial activity and a gradual increase of CH4 and CO2 conversions due to the existing
nickel aluminate (NiAl2O4). The overall results give an insight of the effect of 2D morphology
and metal-support interaction on CDR reaction
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Figure 2 (a) CH4 conversion, (b) CO2 conversion, and (c) H2/CO ratio of x wt% (x = 5, 15, and 30) Ni-impregnated
Ni/MCM-22 at 700 oC with 30,000 cm3 gcat.-1 h-1 GHSV, (d) CH4 conversion, (e) CO2 conversion, and (f) H2/CO ratio of x
wt% (x = 5, 15, and 30) Ni-impregnated Ni/MCM-22 at 700 oC with 30,000 cm3 gcat.-1 h-1 GHSV, and 5Ni/ITQ-2 and 5Ni/γAl2O3 under same condition without H2 pre-reduction.
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There is an ongoing effort to develop new zeolite synthesis methods to overcome the
kinetic limitations of the conventional hydrothermal synthesis method to engineer crystals
with tailored physicochemical properties [1]. Another aspect of introducing new synthesis
approaches is accelerating zeolite crystallization to reduce energy consumption [2].
Developing efficient and economical methods requires a comprehensive understanding of
complex nucleation mechanism [3-5] with more than 40 different types of silica
polymerization / depolymerization reactions occurring simultaneously within the range of
picoseconds and femtoseconds [6]. Here, we introduce a novel femtosecond laser-assisted
synthesis method for the synthesis of zeolites where spatiotemporal control over the energy
486

delivery to the precursor suspension can be done on the time scale of the polymerization
reactions of the zeolite synthesis. Femtosecond laser pulses ensure the delivery of a
precise amount of energy per area within a given time interval with appropriate environment
for zeolite synthesis, such as local high temperature and local high pressure (shock
waves). In the laser-assisted synthesis method, the time required for zeolite synthesis
decreased drastically compared to the hydrothermal method. ‘Discrete’ silicalite-1 zeolite
crystals with high crystallinity, narrow particle size distribution, and high yield (wt. %) were
obtained. % crystallinity the silicalite-1 crystals determined from XRD analyses were in the
range of 85 - 90 %. High wt. % yield (i.e., 69.7 %) was obtained compared to the yield of
hydrothermal synthesis (i.e., 69.2 %) for the same batch. It was found that, the average
crystal size for the hydrothermal method is smaller compared to that of laser-assisted
method (mean = 323.6 nm for laser-assisted method vs. 203.8 nm for hydrothermal
method) however, standard deviations (SD) in particle size were found to be 10.9 % and
24.7 % for laser-assisted and hydrothermal methods, respectively (Figure 1). Particle size
distribution analyses showed that the laser-assisted method produces relatively larger
particles with fairly uniform size distribution compared to the conventional hydrothermal
method. Besides, average crystal size of the silicalite-1 synthesized via laser-assisted
method was decreased to 167 nm as the alkalinity of the precursor suspension was altered.

Figure 1 - SEM images of the silicalite-1 crystals synthesized via (a) laser-assisted method (reaction time 3h) and (c)
hydrothermal method (reaction time 48h). Particle size distribution analyses of silicalite-1 crystals synthesized via (b)
laser-assisted method and (d) hydrothermal method.
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Crystalline nature of the zeolite crystals was examined through X-ray Diffraction (XRD),
High Resolution Transmission Electron Microscopy (HR-TEM) analyses and Selected Area
Diffraction (SAED) patterns. Porosity and surface area analysis of silicalite-1 synthesized
via laser-assisted method were performed through Brauer-Emmett-Teller (BET) method.
Type I isotherm was observed without any hysteresis which refers to microporous structure.
BET surface area was determined to be 335.5 m2/g which is in the range of (300-450 m2/g)
typical silicalite-1 crystals synthesized via hydrothermal method.
Unlike other fast synthesis methods, such as microwave synthesis, explosion or vessel
rupture due to superheating (i.e., boiling retardation) [7] was not observed during the laserassisted syntheses. Besides, no specific reactor design was employed instead regular
cheap chromatography glass vials were used in the laser-assisted syntheses. Rapid and
uniform energy intake of the transparent precursor suspension was achieved through
multiphoton absorption of the femtosecond laser pulses inducing steep spatiotemporal
thermal gradients. Since surface tension of fluid is a function of temperature, surface
tension gradients form as well. Besides, viscoelastic flows were created on glass walls. All
these effects form Marangoni flow in precursor suspension. The ‘stirring effect’ of these
flows leads to the distribution of the formed clusters evenly to the system, which is not
attained by static hydrothermal synthesis of zeolites. It is proposed that vigorous flow
induced in the laser-assisted synthesis assembles nuclei/polymerized clusters much faster
than the other synthesis methods, which may be the reason for the reduced reaction times
compared to hydrothermal synthesis. The fast on and off switching property of the
femtosecond laser allowed quenching (i.e., rapid cooling) of the reaction mixture at specific
time point during the reaction. Accordingly, detailed analysis on silicalite-1 (MFI framework
type) crystallization using HR-TEM, Cryogenic-TEM (Cryo-TEM), Attenuated Total
Reflectance-Fourier Transform Infrared (ATR-FTIR), and Focused Ion Beam-Scanning
Electron Microscopy (FIB-SEM) enabled us to elucidate the evolution of the early-stage
silica units to more condensed silica clusters and finally to fully crystalline zeolite crystals.
This new synthesis method is validated on two other zeolites (microporous FAU and
Hierarchical ZSM-5).
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Zeolite-Templated Carbons (ZTCs) are a rather new category of carbon materials
firstly developed at the end of the 20th century [1]. They are obtained using a zeolite as
sacrificial template and feature very high micropore volumes and are very promising for a
number of applications including gas storage, electrocatalysis and as supercapacitors. The
properties of the final carbons (morphological, textural) strongly depend on the template
zeolite properties and on the synthesis conditions [2,3]. Very little is known on the formation
mechanism and on the key steps of ZTC formation.
In this communication we present an unprecedented ex situ kinetic study of the
evolution of the key properties of the developing ZTCs using beta zeolite (*BEA structure)
as template. The thorough characterization of hybrid materials (zeolites/carbon) and final
ZTCs obtained after different synthesis times allow us to draw a full picture of the evolution
of ZTCs as far as chemical, electronical, textural and morphological properties are
concerned. Three key stages could clearly be identified.
Zeolite beta was activated before passing an ethylene gas flow at 690°C. Synthesis
was stopped after 5, 10, 15, 30, 45, 60, 90, 120, 180, 240 min and 240 min + 120 min of
pyrolysis at 890 °C. Final carbon materials were recovered after zeolite dissolution.
Thorough characterization of the chemical, electronical, textural and morphological
properties for both hybrids and resulting ZTCs allowed to draw a precise picture on the key
steps of the ZTCs formation that can be divided in three stages.
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The first stage for the synthesis of ZTCs occurs during the first hour and can be
described as nucleation and growth of polyaromatic hydrocarbons (PAH) species within the
microporous system of the zeolite. Linear increase of the structural packing density (SPD)
for the hybrid compounds is observed indicating a steady carbon filling of the zeolite during

a)

b)

Figure 1. a) Structural Packing Density and apparent density as a function of synthesis temperature; b) Intensity of G, D
and S bands as a function of Structural Packing Density for hybrid compounds.

the first hour (figure 1a). Meanwhile the residual micropore volume of the zeolite decreases
linearly as a function of the SPD, indicating that carbon filling occurs only within the
micropores. Broad bands in the Raman shift region between 400 and 1000 cm-1 in Raman
spectra indicate the presence of a large variety of small PAHs for hybrids during the first
hour that develop through the oligomerization of ethylene, followed by cyclization,
aromatization and growth. G, D and S bands centred at 1600, 1400 and 1200 cm-1
respectively start to emerge (figure 1b). The apparent density of the carbonaceous species
increases linearly during this stage indicating important transformation of PAHs. The
absence of electron conductivity confirms the presence of individual and small PAHs within
the microporous system. These PAHs present high spin concentration and react upon
zeolite dissolution, leading to unstructured carbon particles of undefined morphology and
random textural properties, and present permanent radical character.
The second stage can be described as the growth and condensation of PAHs to
form more complex rylene-type molecules. During this stage, the microporosity of the
zeolite template is completely filled linearly with SPD but the rate is twice as slow as in the
initial stage. The hybrid materials start to feature electron conductivity, indicating the
presence of conjugated entities through the entire micropore system of the zeolite. From
the Raman spectra of the hybrids, a stronger increase in the intensities of the G, D and S
band can be observed (figure 1b). Indeed, strong intensity augmentation of these bands is
typical for PAHs with increasing number of rings, such as in rylenes. After 120 min the D
band position stabilizes at 1365 cm-1 (figure 2) indicating that the carbonaceous species
reached their maximal size to fit the zeolite channels while GPAH band positions continues
to slightly red shift indicating that small PAHs molecules are transformed to more complex
species. As far as carbon species are concerned, typical structural, textural and
morphological features of ZTCs start to emerge during this second stage. A reflection in the
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XRD powder patterns at 7.6 °2theta appears indicating the beginning of partial long range
order in the carbon materials. The achieved carbon materials can be described as
composites of ZTCs and smaller PAHs that react together upon zeolite dissolution.

Figure 2. D band position (black circles) and GGAP band position (blue squares) as a function of the synthesis time.

The last stage that occurs during pyrolysis step can be described as the final
condensation of the ZTC network. A slight reduction of the SPD is observed ascribable to
the observed loss of hydrogen. Conductivity is multiplied by 10 during the pyrolysis step
suggesting that the ZTC structure becomes highly connected within the zeolite porosity. As
far as the carbon compound is concerned, textural, morphological and structural features
develop, which result directly from zeolite templating. Increased long range structural order
is further observed by the apparition of a peak in the XRD powder pattern centered at 15
°2theta, and nitrogen physisorption indicates a microporous volume increase by almost
40%. NMR spectroscopy highlights that final ZTC features carbonyl or carboxyl
functionalization, which is inherent to the zeolite dissolution step and results probably from
radical quenching with water.
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Recent reports on the synthesis of ZIFs that are not based on Zn or Co metal sites [1, 2]
are of interest due to the impact of metal on the rigidity of the framework as well as allowing
for potential catalytic applications depending on the metals used. The literature review
reveals that there are no crystalline ZIFs based purely on Ni, but only mixed metal Ni/Zn
ZIFs, where the maximum amount of incorporated nickel was 50% [3].
In this work the synthesis of a crystalline single metal Ni-ZIF with RHO topology with the
aldehyde functional groups is explored, which could also allow further post-synthetic
modification. The synthesis was optimized by varying the temperature, reactant ratios,
metal precursors and pressure. The prepared structures were first characterised with
PXRD (Figure 1), where they were sorted into two groups. The less crystalline “dense”(red)
and the more crystalline porous phase(blue). SEM images of the Ni-based XRD dense

Figure 34: PXRD of the two posible phases(left), SEM of gardenia like leaf SEM.

phases revealed a leaflike material that groups into gardenia flower like agglomerates while
the crystalline Ni-ZIF showed agglomerated spherical nanoparticles. Most synthesis
attempts showed a mixture of the two phases with the final optimised protocol showing no
obvious presence of the dense phase in the PXRD.
Using the optimised synthesis procedure, we prepared the crystalline Ni-ZIF and
determined its structure which we verified by UV-VIS spectroscopy, PXRD, EXAFS,
TGA/DTG, SEM/EDX and ICP-MS. Both the EDX and ICP-MS confirmed the proposed
molecular formula Ni(Linker)2. PXRD were then used to determine the structure as the
RHO topology.
Thermal stability was determined using TGA/DTG and HT-XRPD (Figure 2). The prepared
Ni-ZIF exhibits thermal stability of up to 250°C after which loss of crystallinity is observed,

Figure 35: High temperature XRD(left) and TGA/DTG (right) of Ni-ZIF
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finally at 350 °C NiO starts to form. TGA shows that thermal decomposition starts 50 °C
after loss of crystallinity.
Basic sorption tests were then performed to determine the BET surface area, followed by

Figure 36: Water(upper) and CO2 in water vapour (25 - 45% RH) (lower) adsorption isotherms.

CO2, H2O adsorption and CO2 adsorption in the presence of water vapour at 30 ℃.
The BET specific area was determined to be 1230 m2/g, with the CO2 uptake being 1.1
mmol/g at 25°C and 1 bar. Due to the high inflection point of the water adsorption isotherm,
we tested CO2 uptake in the presence of water vapour, with no significant change in uptake
up to a relative humidity of 45 % (Figure 3).
The obtained results revealed that the prepared Ni-ZIF exhibits permanent porosity and
shows potential in adsorption applications.
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Abstract
Recently extensive efforts have been taken to develop a controlled drug carrier/release
systems using GO, graphene quantum dots, hydrogels, dopamine-based materials, and
metal-organic frameworks (MOFs). Among them, MOFs-based drug delivery systems have
become a new ideal candidate because of their biocompatibility, tunable structure, low cost,
high surface area, and high drug loading efficiency. The last two properties are desirable
for encapsulation of high drug loadings [1]. Extensive research have been conducted to
synthesize high developed MOFs to achieve advanced drug absorbing as well as controlreleased systems [2]. Due to the weak coordination bonds in their structure between linkers
and metals MOFs show biodegradability and biocompatibility in biological media; however,
a fine balance between two properties should be certified. More recently, tactics mixing
porous materials and organic polymers to obtain an arbitrary composite depicts variant
method forward to evade the rapid and uncontrolled release of the encapsulated drug
molecule, the so-called “burst effect” [3]. The addition of a polymeric matrix into MOFs
structure introduce more sophisticated systems that can remarkably increase the aqueous
stability of specific MOFs that suffer from water instability [4]. These novel systems have an
immense potential for carrying a large number of pharmacological compounds. Lignin from
plant is a three-dimensional network of polymers made from phenylpropane units with
hydrophobic skeleton, which is ideal for encasing hydrophobic medicines [5]. In addition,
the synthesis of MOFs is often carried out under high temperature and pressure conditions
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in the presence of toxic solvents, which limits their use as drug delivery systems (DDS) [6].
In this work, we demonstrate a one-pot and green method to eto synthesis HKUST-1 MOF
coated Lignin nanocomposite in both room temperature and at 50 ⁰C . The structures of
HKUST-1 MOF, and Lignin@MOF were characterized by using several characterization
techniques such as FTIR, XRD, BET, TGA and SEM. According to the charachterization
results, heat was an essential factor (at 50 ⁰C) to form HKUST-1 MOF particles, while
adding lignin to the reaction mixure resulted in the formación of HKUST-1 MOF in high
crystallin structure even at room temperature. It is proven that nanoparticles was modified
by employing Lignin as an auxiliary additives. The synthesized MOFs and lignin-coated
MOFs nanocomposite were further employed to investigate and compare the drug
encapsulation and controlled-release of Ibuprofen as an unstable and pH-sensitive oral
drug.
Results and Discussion
XRD analysis
Initially, the crystallinity structure of synthezised HKUST-1 and Lignin/HKUST-1 were
investigated by the PXRD (powder X-ray diffraction) teqhnique shown in Figure 1 (I).
Characteristic peaks of HKUST-1 at 2θ = 6.6◦, 9.4◦, 11.6◦, 13.3, 17.5◦, 19.0◦, 25.9 and 35.2
emerge in the XRD pattern, which are in good agreement with previous works. [7]. XRD
pattern for HKUST-1 at room temperatur lacked the main diffraction peaks but adding
Ligning into reaction helped forming the crystallin structure of HKUST-1 under the same
condition.
FTIR analysis
The FTIR spectra of HKUST-1 and Lignin/HKUST-1 are depicted in Figure 1 (II). The FTIR
spectra analysis has confirmed the structure of HKUST-1 and Lignin/HKUST-1. Bands of
the same wavenumber appear in all spectra (b-d) in the 2000–400 cm-1 range. The
vibration band at 1650.6 cm-1 and 1372.9 cm-1- show the asymmetric and symmetric
stretching vibrations of the carboxylate in BTC and proved that bond between -COOH
groups in organic linker and Cu ion is formed. The skeletal vibrations of pentose and
hexose units, which are often found in hemicellulose, are represented by the C-O-C bond
at 1038.6 cm-1 and also the phenolic hydroxyl group in lignin and Lignin/HKUST-1 at
1372.9 cm-1 indicated that the HKUST-1 has been successfully grafted onto lignin.
TGA analysis
The results of derivative TGA mass loss curves for all products are shown in Figure 1 (III).
The HKUST-1 shows three main mass loss. The initial weight loss of 6.14 % around 60-100
is atributed to the evaporation of adsorbed solvents (water and ethanol) molecules inside
the porous materials. In the second stage a considerable weight reduction (37.3%) about
340-360 °C indicates collaps in the MOF frame. The last weight loss around 481°C-606 °C
(weight loss of 7.64 %) demonstrated that the sample is entierly decomposed and just
some compounds such as Cu2O, CuO and C remiand. The thermal analysis of
lignin/HKUST-1 is similar to pristine Lignin and HKUST-1. The Tonset temperature of lignin
starts around 60 °C which is related to lose of solvent. The further mass reduce at 273-290
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°C is due to loss of Lignin and confirmed the presence of Lignin in Lignin /HKUST1nanocomposite structure. The largest mass decrease was seen around 334-366 °C (27
%) that refered to collaps of MOF structure. The similar TGA curve of pristine HKUST-1
and Lignin/HKUST-1 indicates that the incorporation of Lignin did not compropmise the
thermal stability.

Figure 1. (I): XRD of a) HKUST-1 (r. t), b) Lignin/HKUST-1 (r.t), c) HKUST-1 (50 ⁰ C), d) Lignin/HKUST-1 (50 ⁰C), e)
pure Lignin; (II): FTIR of a) HKUST-1 (r. t), b) Lignin/HKUST-1 (r.t), c) HKUST-1 (50 ⁰ C), d) Lignin/HKUST-1 (50 ⁰C), e)
pure Lignin; (III): TGA of a) HKUST-1 (50 ⁰) b) Lignin/HKUST-1 nanocomposite at r.t, c) Lignin/HKUST-1 nanocomposite
at 50 ⁰C and d) Pure Lignin.
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1. Introduction
Layered materials are a very diverse group of solids that have attracted attention due to
their variety of properties that led to direct application on catalysis and adsorption field, but
mainly by the promising capacity of suffer modifications and generate other materials [1-2].
One of these modifications is the use of hydrous layered silicates to obtain zeolites. There
are many reports of recrystallization and topotactic condensation of layered silicates on
zeolite [3-4]. To explain this kind of process, Ostwald’s rule and “nanoparts” structural
similarities are often used [5]. Recently the magadiite layered silicate crystal structure was
solved [6] which make it possible to broaden the debate around the zeolitization of this
material. In this work, we propose a study about the conversion of pure siliceous magadiite
on mordenite zeolite in a one-system approach by adding a source of aluminum.

2. Experimental
The hydrothermal synthesis was started by a system with molar composition
SiO2:NaOH:Na2CO3:H2O. The prepared gel was transferred to a PTFE-lined stainless-steel
autoclave and the thermal treatment was conducted at 150 °C for 2-3 days under static
conditions. After 2 days, the autoclave is slightly chilled and a required amount of aluminum
alkoxide to obtain a Si/Al ratio = 30 is added to the gel and mechanically homogenized.
Then, the autoclave is again sealed and the crystallization continues. At the end of the
process, the solid is recovered by filtration, washed with water and dried at 60 °C. The
obtained materials were characterized by X-ray diffraction, Raman spectroscopy, and
scanning electron microscopy.

3. Results and discussion
The crystal structure evolution was followed by X-ray diffraction (Figure 1a). Magadiite
structure is well-formed at 2 days and no evidence of amorphous phase is detected by
XRD. After aluminum addition, the first sign of mordenite phase is detected at 3h and the
characteristics reflections of zeolite phase increase progressively. In all verified times there
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was no detection of the amorphous phase. At 12h of aluminum addition, only the basal
space reflection is present, and, at 24h the system is composed of pure mordenite phase.
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Figure 1 – XRD patterns (a) and Raman spectra (b) of samples obtained in this study.

More information about the phase transition can be discussed by Raman spectroscopy
(Figure 1b). The variation on the bands in the 600-300 cm-1 region is due to change
between the four-, five- and six-membered rings of the structures. Also, bands referring to
mono- or dimeric species were not detected, which indicates that the transition occurred by
rearrangement of the solid phase instead of a recrystallization process.
The alterations in morphology are shown by SEM images (Figure 2). The initial likecauliflower habit of magadiite aggregated layers is progressively transformed in the
orthorhombic habit of mordenite crystals. In the process, the circular aggregates have their
shape changed and the lamellas decrease in direction to the core of the particles.

a)

1 μm

b)

1 μm
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d)

c)

1 μm

1 μm

Figure 2 – SEM images of the samples at 6h (a), 9h, (b), 12h (c), and 24h (d)

4. Conclusions
The results of this study suggest the occurrence of an interconversion process in solid
phase, mediated by the aluminum initially only in solution, as there is no evidence of
amorphous phase or intermediary silicate species during the phase transition. Furthermore,
SEM images point out the existence only cauliflower, orthorhombic/acicular, and
intermediate habits, without clues of characteristic amorphous silicate aspect.
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Metal nanoparticles loading in metal organic frameworks is becoming an emergent field
mainly in heterogenous catalysis due to the possible synergy of the formed material [1]. In
this paper, Cu is loaded via simple incipient wetness impregnation method on different
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MOFs: 0.8 g of MOF sample is activated in an oven at 150 oC for 12 h. Cu(NO3)2.3H2O is
used as a Cu source for the loading of 2, 5, 10 wt/wt % (weight of Cu(NO3)2.3H2O to give
Cu metal/weight of MOF * 100). The material is left for 24 h under room temperature, then
thermally treated in a muffle furnace at 150 oC for 12 h [2]. The MOFs employed as
supports are MIL-100(Fe) (denoted as F in the name of the samples), NH2-MIL-53(Al) (A),
and semiamorphous Zr-BDC (Z) and NH2-Zr-BDC (N), all of them synthesized under
sustainable conditions. In particular, these MOFs are prepared at room temperature with
water as the unique solvent by using water soluble salts as ligands [3-6].
The parent MOFs as well as the Cu-loaded catalysts are characterized by powder X-ray
diffraction (XRD), thermogravimetry (TGA), inductively coupled plasma (ICP), X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy (SEM), N2
adsorption/desorption isotherms at -196 ºC, and diffuse reflectance ultraviolet-visible (UVVis) and photoluminescence (PL) spectroscopies.
From the powder X-ray diffraction results it was observed that Cu loading did not affect the
diffractogram of MIL-100(Fe) (Figure 1A), NH2-MIL-53(Al) and Zr-BDC. However, extra
peaks associated to Cu species were found in X-ray diffraction pattern of the system Cu
loaded NH2-Zr-BDC as depicted in Figure 1B.

C

Figure 1 Powder X-ray diffraction patterns of parent (black) and 2 (red), 5 (olive) and 10 (blue) weight % Cu
loaded MIL-100(Fe) (A), and NH2-Zr-BDC (B). (C)TGA profiles of parent (black) and 2 (red), 5 (olive) and 10 (blue)
weight % Cu loaded MIL-100(Fe).

Regarding the thermal stability, TGA analyses show the effect of Cu loading on the stability
of the MOF supports. Similar weight loss trend is observed regardless of the MOFs type for
the Cu loaded MOFs. Increasing the loading amounts from 2 to 10 % shifts the temperature
at which weight loss due to the organic part of the MOF takes place. TGA curves for 2, 5
and 10 % Cu loaded samples of MIL-100(Fe) are shown in Figure 1C as an example. The
weight loss shifts to lower temperature suggest that the presence of guest particles in
MOFs, their aggregation and the heat treatment (150 oC for 12 h during loading
procedures) might create defects which can decrease the framework
Table 1. ICP analysis of the 2 % Cu
stability; alternatively, Cu could partially substitute Fe in MIL-100(Fe)
loaded MOFs.
framework, making the resulting structure less stable.
SEM studies revealed no particular morphology changes with no
presence of separated Cu particles in the 2 Cu% loaded of MIL-

Sample
FCu2
ACu2
ZCu2
NCu2

Cu
Fe
Cu
Al
Cu
Zr
Cu
Zr

Conc. Wt%
3.2
18.8
2.9
9.1
2.3
50022.3
2.4
22.2

100(Fe) and Zr-BDC. On the other hand, NH2-MIL-53(Al) and NH2-Zr-BDC systems display
very bright particles (using backscattered detector in SEM which is sensitive to atomic
number) [8] which is not detected in the corresponding parent metal organic frameworks;
these brighter particles must correspond to Cu species of less than 100 nm size which are
found on the surface of the metal organic frameworks even if there are no X-ray diffraction
peaks. Certain amount of protonated linker may be found into the pores of amino
containing MOFs, which might block some of the available pores affecting the uniform
distribution of the Cu species in the void space. It could explain why some aggregated Cu
species are found on the surface of this amino containing MOF but not in the other MOFs.
ICP analysis was done to determine the metal content for the 2 % Cu loaded MOFs. The
results are shown in Table 1. The added amount of metal in MOF by wt/wt % calculation is
similar to the result obtained from ICP.

A decrease in micropore area was observed in all loaded samples compared to the parent
metal organic frameworks from N2 adsorption/desorption isotherms. Table in the inset in
Figure 2A shows the decrease in micropore area of the Cu loaded MIL-100(Fe) system.
From Figure 2A the same isotherm shape was observed for all percentage loaded samples
compared to the parent MIL-100(Fe) [4]. As expected, there is a decrease in total surface
area of the 5 and 10 % Cu loaded MIL-100 (Fe) compared to the parent MIL-100(Fe) as
shown in Table 2. There is unexpected increase of the total surface area of the 2 % Cu
loaded MIL-100(Fe) (FCu2). The increase comes from the external surface which is
probably due to the heating of the material at 150 oC for 12 h during the loading process.
Form Figure 3B that contains XPS data of 2 % Cu loaded MOFs, the fittings of Cu 2p 3/2
peak are carried out by two components corresponding to Cu+ and/or Cu0 (peak 1) and
B
Cu2+ (peak 2) species [8]. Shake-up satellite peaks are an indicator of the presence of Cu
(II) species [9]. ZCu2 shows a lower Cu2+/Cu+/0 ratio than ACu2, this lower than FCu2, and
finally NCu2 has the higher Cu2+/Cu+/0 ratio as depicted in Table 3.
A
FCu2
F0
FCu5

FCu10

Figure 2. N2 adsorption/desorption isotherms (A) and pore size distribution of the adsorption branch (B) for the MIL100(Fe) system: parent MOF F0 (black), and Cu loaded MIL-100 (Fe) with 2% FCu2 (red), 5% FCu5 (olive) and 10 %
FCu10 (blue). (C) XPS data for the Cu 2p 3/2 regions for FCu2 (blue), NCu2 (green), ZCu2 (red) and ACu2 (black).
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Table 2 (Inset in Figure 2A): Textural properties of parent and Cu-containing MIL-100(Fe) samples. a Total surface area
(SBET), b Microporous surface area (SINT). c Pore volume at p/p0 = 0.98.

Table 3. XPS analysis
calculated ratios.
Finally, in order to assess the potential photocatalytic applications of these
materials, UV-Vis and PL were analyzed. The UV-Vis spectra of all as
Sample
Cu2+/Cu+/0
prepared parent metal organic frameworks and Cu loaded samples exhibit
FCu2
1.2
similar curves to the corresponding parent MOFs. All the parent MOFs have
NCu2
3.8
higher photoluminescence intensities compared to the 2% Cu loaded samples.
ZCu2
0.2
There may be charge transfer between the Cu species and the metal organic
ACu2
0.3
framework which led to the decrease in the intensities of the loaded
photoluminescence spectra of the metal organic frameworks. This might help
to reduce recombination rate of electrons in the loaded samples compared to
the parent MOFs, which may lead to think about these materials for photocatalysis
applications [10].
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Zeolites are important members of crystalline microporous materials with regular
microporous constructed by corner-sharing TO4 tetrahedrons (T stands for tetrahedral
coordinated framework atoms Si, Al, or other heteroatoms). They typically offer high
specific surface areas, strong acid sites, uniform microporous, and high thermal and
hydrothermal stability1-3. Thus, zeolites are widely used in heterogeneous catalytic, gases
separation and other industry processes4. However, the dimeters of reactants/products
usually exceed the windows of zeolites (typically <1.0 nm), which bring in severe
constraints for mass transfer to the active cites, especially when bulky molecules are
involved5. The cores of the catalytic properties (activity, selectivity, and lifetime) are the
diffusion efficiency for the zeolites in many reactions. During the past decades, numerous
strategies including preparing nano-sized crystals, introducing meso- and /or macropores
network of inter- or intracrystalline structures to weaken the effect of the diffusion limitation
have been developed 1, 5-9.
In the present work, a series embryonic and well-crystalline *BEA zeolites (SBEA-t, t
present the time of crystallization) are designed and prepared with tunable porosity and
acidity via solid conversion route with the ordered mesoporous SBA-15 as the solid silicon
source. The transesterification of soybean oil with methanol (TSOM) and controllable
cracking of obsoletingPE wax (CCPE) are applied for investigating the accessibility and
catalytic ability for macromoleculars.
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Figure 1 SEM image of SBEA-3

Figure 2 Products distribution of the TSOM reaction on the
catalysts with different conversion time
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Figure 3 The cycle stability for SBEA-3 in TSOM reaction
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Figure 4 The products distribution for SBEA-3, SBEA-5 and
SBEA-7 catalysts in CCPE reaction

In this investigation, embryonic and well-crystalline *BEA zeolites with diverse porous
properties, acidities and morphologies have been prepared via a solid conversion route
with two-dimensional ordered mesoporous SBA-15 as solid silicon source. Among these
catalysts, the as-prepared embryonic SBEA-3 catalyst with partially ordered mesoporous
structure and moderate acid strength exhibit superior catalytic performance and stability for
the TSOM reaction, and excellent products distribution for the CCPE reaction. Moreover,
this kind of embryonic zeolites with ultra-small crystals broaden the prospect application in
dealing with macromolecules, and have great potential for industrial applications.
References
[1] E. M. Gallego, C. Li, C. Paris, N. Martín, J. Martínez-Triguero, M. Boronat, M. Moliner and A. Corma,
Chemistry, 24, 14631-14635 (2018).
[2] J. Pérez-Ramírez, C. H. Christensen, K. Egeblad, C. H. Christensen and J. C. Groen, Chem. Soc. Rev.,
37, 2530-2542(2008).
[3] P. S. Wheatley, P. Chlubná-Eliášová, H. Greer, W. Zhou, V. R. Seymour, D. M. Dawson, S. E.
Ashbrook, A. B. Pinar, L. B. McCusker, M. Opanasenko, J. Čejka and R. E. Morris, Angew. Chem.,
Int. Ed., 53, 13210-13214 (2014).
[4] M. Shamzhy, M. Opanasenko, P. Concepcion and A. Martínez, Chem. Soc. Rev., 48, 1095-1149
(2019).
[5] H. Awala, J. P. Gilson, R. Retoux, P. Boullay, J. M. Goupil, V. Valtchev and S. Mintova, Nat. Mater., 14,
447-451 (2015).
[6] Q. Zhang, S. Xiang, Q. Zhang, B. Wang, A. Mayoral, W. Liu, Y. Wang, Y. Liu, J. Shi, G. Yang, J. Luo,
X. Chen, O. Terasaki, J.-P. Gilson and J. Yu, Chem. Mater., 32, 751-758 (2019).
[7]. X. Zheng, G. Shen, C. Wang, Y. Li, D. Dunphy, T. Hasan, C. J. Brinker and B. L. Su, Nat. Commun.,
8, 14921 (2017).
[8]. W. Schwieger, A. G. Machoke, T. Weissenberger, A. Inayat, T. Selvam, M. Klumpp and A. Inayat,
Chem. Soc. Rev., 45, 3353-3376 (2016).
[9]. J. Pérez-Ramírez, D. Verboekend, A. Bonilla and S. Abelló, Adv. Funct. Mater., 19, 3972-3979 (2009).

504

Aknowledgment
This work was supported by the National Nature Science Foundation of China (Grant No.
U21B20100)

P01.018. FLUORIDE-FREE SYNTHESIS OF HIGH-SILICA, MEDIUM-PORE ZEOLITES
PST-22 AND PST-30
D. Jo1,2, J. Hong1, S. B. Hong1
1

Center for Ordered Nanoporous Materials Synthesis, Division of Environmental Science
and Engineering, POSTECH, Pohang 37673, Korea.
2 Petrochemical Catalyst Research Center, Korea Research Institute of Chemical
Technology, Daejon 34114, Korea.
e-mail: hjg3222@postech.ac.kr
We recently reported the synthesis of three high-silica (Si/Al ∼ 10) zeolites with new
framework structures (i.e., PST-21, PST-22, and PST-30) via an excess fluoride approach
which uses synthesis mixtures with HF/OSDAn+ = 2/n (n = 1 or 2) [1-2]. However, the use of
toxic and corrosive fluoride ions should be avoided for the green manufacturing of zeolites.
Here we examine the structure-directing abilities of eight diazoliumbased mono- and
dications in hydroxide media which could crystallize PST-21, PST-22, or PST-30 under
excess fluoride conditions. Among them, 1,1’-(1,4-butanediyl)bis(2,4- dimethyl-1H-pyrazol2-ium) (14DMP-C42+) and 1,1’-(1,4-butanediyl)bis(2,5-dimethyl-1H-pyrazol-2-ium) ions were
found to direct the synthesis of PST-22 and PST-30 in the presence of Na+ ions,
respectively. Powder X-ray diffraction and Rietveld analyses of as-made PST22 reveal that while the pyrazolium moieties in 14DMP-C42+ are located near the center of tpww cages, the tetramethylene chain runs through a 10-ring window connecting two t-pww
cages. The proton forms of PST-22 and PST-30 synthesized here exhibit better
performance in butene skeletal isomerization than H-ferrierite, one of the most selective
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catalysts for this reaction.

Figure 1 (a) The tilling structures of PST-21, PST-22, and PST-30 and (b-d) the OSDA(s) leading to the crystallization
of these three zeolites under excess fluoride conditions, respectively
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Clathrasils are porous framework silicates with cage-like voids similar to zeolites. They are
composed of small windows built of 6- or smaller TO4-member rings, which distinguishes
clathrasils from zeolites [1]. Guest species are always included in these cage voids,
resulting in difficult removal. The clathrasil minerals found in nature so far, i.e.,
melanophlogite (framework topology code MEP), Holdstite (MTN), chibaite (MTN), and
bosoite (DOH), occlude guest molecules as N2, CO2, light hydrocarbons like CH4, C2H6,
and sometimes noble gases or other impurities. ZSM-39 was the first synthetic clathrasil,
which was hydrothermally produced in basic hydrogels with tetramethylammonium and
tetraethylammonium ions as SDA. Very similar to ZSM-39, other clathrasils could also
crystallize in basic media under relatively high temperatures for several weeks to several
months.
We have recently demonstrated that both high-silica and pure-silica MFI zeolites can be
produced in strongly acidic fluoride media [2]. The system pH which was above the
isoelectric point of dissolved silicate species is the key to crystallization. This discovery
greatly expands the chemical field of zeolite crystallization, therefore enabling the use of
those templates and chemical elements limited at higher pH due to precipitation or
decomposition. The resulting new structure types and compositions are expected to
emerge from the acidic media.
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The objective of this work is to illustrate the method of MFI crystallization in a strongly
acidic fluoride medium is not only applicable to the synthesis of silicalite-1. It can be
employed as a general route to produce clathrasils. With the general gel composition 1
SiO2: 0.3-0.5 SDA: 0.1-0.5 F-: 0-0.3 HBr: 10-50 H2O in the pH range of 2-5, protocols for
the synthesis of several clathrasils with topology code of AST, DOH, MTN, and DDR are
elaborated. Complementary characterization techniques such as XRD, SEM, TG/DTA, and
NMR are employed to explore products' structure features. From the obtained results, the
protocol for the acidic synthesis of MFI-type zeolite also works in the clathrasils preparation
in an acidic medium, which points out that it can be employed as a universal method for the
syntheses of various framework topologies. In addition, as a successful attempt,
hexamethylenetetramine is the first SDA example that does not work in the traditional basic
and neutral systems but leads to a successful crystallization of deca-dodecasil 3C under
the acidic condition. The zeolite synthesis in acidic medium is a broad chemistry field that
remains almost unexplored to date. Maybe some different frameworks and new chemical
elements as structure building blocks are to be discovered.

Figure 1 XRD patterns of (a) AST, (b) DOH, (c) MTN, and (d) DDR crystals produced from
hydrogels of various pH values. The red droplines indicate reflection positions of respective (hkl)
planes indexed in the unit cells with symmetries and parameters as the notations.
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Introduction
The physico-chemical property-activity relationships for Cu-containing molecular sieves,
e.g., Cu-ZSM-5 or Cu-SSZ-13, have been broadly investigated in NH3-SCR [1]. Contrary to
other Cu-containing zeolites the catalytic properties of Cu-Y has been less extensively
investigated, while the presented activity are controversially discussed in the literature.
Kwak et al. [2] achieved less than 70 % of NOx conversion for (7.2 wt.-%)Cu-containing
zeolite Y above 300 °C. In contrast, Ochońska et al. [3] found full NOx conversion for (6.2
wt.-%)Cu-Y above between 275-400 °C. The particle size of zeolite Y might affect the
efficiency of the ion-exchange process, i.e., the quantity of sodium cations, which are
exchanged with the copper cations as the surface area available for direct contact with the
solution is determined by the size of the particles. Thus, we report the preparation of zeolite
Y through different synthesis routes varying particle size of zeolite Y. The effect of
morphological and structural properties of zeolite Y on the nature and distribution of copper
species was investigated. Then, the associated catalytic activity and selectivity was
investigated over Cu-containing zeolite Y in NH3-SCR.

Experimental Part
Zeolite (ZY-400) (approx. particles size of 400 nm, based on 100 random particles) was
prepared by dense-gel method using a molar composition of the initial synthesis gel as
follows: 8 Na2O: 1 Al2O3: 10SiO2: 410 H2O. The whole mixture was left to age at room
temperature for 24 h. The PP bottle was placed in an oven for hydrothermal treatment at
100 °C for 21 h. After hydrothermal crystallization, the slurry was washed to remove NaOH
until pH of 7-8 was reached. In another preparation route of zeolite ZY-100 (approx.
particles size 100 nm) with a molar composition of 12 Na2O: 1 Al2O3: 14 SiO2: 270 H2O, the
two initial solutions of precursor (alumina and silica) were prepared separately. Then, both
solutions were kept in an ice bath and the resulting suspension was kept for 24 h at room
temperature. The hydrothermal crystallization was conducted at 70 °C for 24 h. The
synthesized zeolite Y were transformed to the copper form via ion exchange with an
aqueous solution of copper(II) acetate (0.05 M). For the purpose of comparison, we applied
also, Na-Y (Zeolyst, CBV100, n(Si)/n(Al) = 2.55). All Cu-containing materials were
investigated in the selective catalytic reduction of NOx with ammonia (NH3-SCR) and
thoroughly physico-chemically characterized with respect to their structure and morphology
(XRD, SEM, TEM), texture (N2 sorption) and redox/acid properties (H2-TPR, FT-IR, DR UVVis, in situ DRIFTS).
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Results and Discussion
ZY-100 and ZY-400 reveal distinct morphology and average particle sizes with ca. 475 and
128 nm, respectively; Figure 1. Clearly, synthesis conditions, i.e., ice bath and low
hydrothermal temperature, influences the nuclei formation. Thus, particles with a smaller
size and broader overall size distribution were observed in case of ZY-100. Furthermore,
the prepared Cu-containing zeolite Y varied in shape and aggregation of copper species
(based on DR UV-Vis analysis). In the case of ZY-100 more aggregated copper species
were detected compared to ZY-400 (with isolated copper ions as the main species).
Consequently, both catalysts revealed different catalytic activity (Figure 2.). Although for
Cu-Y_400 more than 80 % NOx conversion was reached in the temperature range of 125450 °C compared to Cu-Y_100 (175-350 °C), N2O yield during NH3-SCR for this material
was close to 40 % (ca. 220 ppm). NOx conversion for Cu-Y_100 significantly decreased
above 300 °C due to a side reaction of NH3 oxidation (enhanced by the presence of CuOx
in this material). The commercially available catalysts (Cu-Y_CBV100) with average
particle size of 450 nm, reveal a comparable NOx conversion between 125-250 °C as the
Cu-Y_400.
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Figure 1: SEM images of zeolite Y. Left: ZY-400. Right: ZY-100.
Bottom: CBV100.

Figure 2: NO conversion and N2O yield during NH3-SCR over
copper-exchanged zeolite Y.
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Introduction and objective of study
Glyphosate (Gly) is a non-selective and broad-spectrum herbicide which is used to control
long grasses and broadleaf weeds in a variety of commercial products such as Round-Up
[1]. Cardiac and respiratory problems, damage to the endocrine system, decreased
pregnancy lengths and allergic reactions are the results of being exposed to these types of
herbicides [2]. Adsorption is acknowledged as a promising and successful way due to its
environmental friendliness, versatility, ease of design, and relatively low cost [3]. Zeolites
are among the most effective adsorbents owing to their porous structure, large specific
surface area, high cation exchange capabilities, and inexpensive costs [4]. Zeolites could
be synthesized from solid waste material such as coal fly ash (CFA), produced from coal
combustion of coal-fired power plants or coal-based industries. Because of the prevalence
of amorphous aluminosilicate in CFA, it is a valuable material source for producing
synthetic zeolites [5]. The global annual production of CFA is more than 750 million tons
per year. Therefore, considering the enormous quantities of CFA generated and the fact
that it causes serious environmental and health problems, investigations on the
management of CFA are essential. It is essential to highlight that zeolite modifications are
an effective way of increasing the surface area, pore-volume, and adsorption capacity of
zeolite-type materials [6]. Due to the permanent negative charge on the surface of zeolites,
they may be modified with cationic surfactants to promote pollutant removal from
contaminated media [7]. To the best of authors knowledge, the adsorption of Gly on
surfactant-modified zeolitizised CFA has never been reported. Thus, not only it was
demonstrated in this study that converting CFA to zeolite may increase its economic worth
and reduce its disposal issue, but also that an efficient, unique, and affordable adsorbent
for the removal of Gly was synthesized along with postulated mechanisms. NaA zeolitizised
CFA (NaAZC) was synthesized hydrothermally and then modified with a cationic surfactant
(HDTMAC) to enhance its adsorption capacity for Gly removal. The modified and
unmodified adsorbents were characterized using analytical instrumental techniques such
as PXRD, XRF, FTIR, TGA, and BET. In our study, the impact of pH on the pollution
removal was a crucial factor since the pH of the solution may promote chemical interaction
between adsorbent and adsorbate. In addition, the isotherms, kinetics, and mechanism of
Gly adsorption were studied and discussed in this work.
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Results and discussion

1. Powder X-ray Diffraction (PXRD) and Fourier transformed infrared
spectroscopy (FTIR) study
FTIR spectroscopy was used to confirm the structure of synthesized NaAZC, NaAZCHDTMAC, and NaAZC-HDTMAC-Gly in Fig. 1(I) at wavelengths values between 400 to
4000 cm-1. The absorption bands of adsorbed water molecules and OH groups on the
modified zeolite were represented by a wide band at 3450 cm 1. At 1670 cm 1, the band
may be attributed to OH group bending vibrations. Whenever the IR spectrum of the
modified sample is compared to NaAZC, characteristic peaks are observed at
wavenumbers of 2900, 2800, and 1460 cm -1. The band noted at around 2800–3000
cm−1 in the modified zeolite indicates symmetric and asymmetric stretching vibration of
CH2 of the alkyl chain. In addition, the band at about 1480 cm−1 was specified to the
vibration of the trimethylammonium quaternary group. Decreasing the peak intensities
in the Gly adsorbed peaks (Fig.1I-c) demonstrate the interaction between the modified
zeolite and Gly. Additionally, the shifting of the OH peaks from 3450 to 3500 cm−1 can
be attributed to the hydrogen bonding of Gly and the modified zeolite. Furthermore, the
absorption at 1385 cm−1 might be the consequence of an electrostatic interaction
between the N atoms in modified zeolite and the O atoms in Gly. The PXRD pattern in
Fig. 1(II) confirm the synthesizing of high-purity NaAZC with intensify at, 2θ= 7.10°,
10.08°, 12.40°, 16.08°, 21.60°, 24.70°, 27.10°, 29.90°, 34.10°. The reflection peaks in
Fig. 1(II)-e illustrate that the modification procedure had no tangible effect on the
zeolite's structure.
2. Adsorption
2.1 Effect of pH
pH plays an essential role in adsorbent surface charge changes, Gly deprotonation
reactions, as well as adsorbent speciation. As seen in Fig. 2 (III)-a, the maximal
adsorption capacity of NaAZC was determined at a strong Gly acidic pH. The pH of
zero-point charge (pHpzc) might be a determining parameter to explain the effect of pH
on the adsorption process. When pH of the solution decreases just under the pHpzc
(pH < 4.1), the surface of the NaAZC appears positively charged, which demonstrates
the strong electrostatic interactions with negatively charged groups of Gly molecules at
pH values ranging from ~2.29 to 4.Then, when pH of the solution increases, the
number of positively charged sites on the NaAZC surface is reduced, and the
adsorption of Gly diminishes due to the repulsive interaction between negatively
charged adsorbent and the adsorbate. However, it is noteworthy that the pHpzc for
NaAZC-HDTMAC [Fig 1(III)-b] was boosted to 6.2, implying that its equilibrium
adsorption capacity was improved. The modified zeolite provides a positive net charge
in the pH range above 4 when HDTMAC was attached to the surface of the zeolite. The
maximum absorption capacity was found to be 73 mg/g at pH 6 was achieved by the
chemisorption process, which included electrostatic interaction between the positive
charge of the amino group in the head of surfactant and the negative charge of the
zeolite's surface. At high pH (6.2 > pH), the density of positive charge sites of the
NaAZC-HDTMAC surface decreased and Gly increased to 3 negative charges thereby
a strong electrostatic repulsion between the negatively charged Gly and NaA-HDTMAC
providing the noticeable decrease of Gly adsorption.
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2.2 Determination of suitable adsorbents
By modifying the zeolite with a cationic surfactant, an exchange mechanism occurred
on the external surface of the NaAZC, and a monolayer of surfactant cations was
generated at concentrations equal to or less than critical micelle concentration (CMC)
of HDTMAC. Increasing the CMC of the surfactant molecules promotes bilayer
formation on the exterior surfaces of zeolites, with the lower layer being retained and
the top layer attached to the lower layer. Therefore, the active sites for Gly removal on
the surface of zeolite are increased, causing a gain in adoption capacity. However, the
adsorption capacity was reduced using adsorbents with the 50 mmol/l HDTMAC
concentration, which confirm the density of zeolite on its surface was enhanced as well
as the creation of micelles and a reduction in active sites. Consequently, at a
concentration of 20 mmol/l, the NaAZC-HDTMAC is indeed an effective adsorbent with
a high sorption capacity Fig. 2 (IIII).
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Introduction
Industrially, biodiesel is normally produced from transesterification reaction, using a
solution of sodium methoxide (CH3ONa). However, despite homogeneous catalysis being
widely used, this type of process requires additional steps for separation and purification of
the different components, generating large quantities of effluents and preventing reuse of
the catalyst. Therefore, for the future development of the biodiesel industry, it is essential to
obtain heterogeneous catalysts that provide high activity and high catalytic stability [1-2]. In
this scenario, CTA-MCM-41 hybrid silica stands out for having high catalytic activity,
although it has low stability [3]. Thus, the aim of the present work was to investigate the
catalytic stability of hybrid silicas synthesized with a polymerizable cation, 1-cetyl-3vinylimidazolium bromide (CVIMBr). The CVIM-MCM-41 hybrid silicas were submitted to
ultraviolet radiation to promote the polymerization of the cations, with the aim of reducing
cation leaching and increasing the catalytic stability of this catalyst.

Materials and Methods
Synthesis of 1-cetyl-3-vinylimidazolium bromide (CVIMBr) employed the
quaternization reaction between 1-vinylimidazole and 1-bromohexadecane. The
quaternization reaction was performed using an equimolar ratio between the reagents, with
20% (v/v) ethyl acetate as solvent, under an inert atmosphere [4]. CVIM-MCM-41 hybrid
silica was synthesized following an adaptation of the procedure described by Araújo et al.
[3], from a reaction mixture with molar composition: 1 TEOS: 12,5 NH4OH: 0,4 CVIMBr:
0,008 benzoin: 174 H2O: 4 EtOH. On the other hand, 50% CVIM-MCM-41 hybrid silica was
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synthesized from a reaction mixture with molar composition: 1 TEOS: 12.5 NH4OH: 0.2
CVIMBr: 0.2 CTABr: 0.004 benzoin: 174 H2O: 4 EtOH [3]. Once synthesized, the silicas
were submitted to ultraviolet radiation (λ = 100 – 280 nm) for 1 h, aiming at the
polymerization of the CVIM+ cation. The silicas obtained were characterized by X-ray
diffraction (XRD) and tested in 5 cycles of use in the transesterification reaction between
methanol and ethyl acetate to verify their catalytic stability. The transesterification reaction
was performed for 1 h, at 30 ºC, using a 6:1 molar ratio of methanol: ethyl acetate, and
catalyst mass of 4%, relative to the total mass of the reactants [3]. After each cycle, 0.3 mL
aliquot was removed from the reactor and separated from the catalyst using a microfilter
containing a polytetrafluoroethylene (PTFE) membrane (Millex-LG, 0.20 µm, 13 mm
diameter). These aliquots were submitted to chromatographic analysis (GC-FID), using an
RTX-1 column (30 m × 0.32 mm × 0.10 µm, polysiloxane stationary phase). The
experiments were performed in duplicate.

Results and Discussion
Figure 1 presents X-ray diffractogram of the synthesized hybrid silicas. As reported in
the literature, the MCM-41 structure diffractograms must present three to seven peaks, with
diffraction planes (100); (110); (200); (210); (300); (220) and (310), and fixed relationship
between their interplanar distances [3, 5-6]. Thus, as the silicas presented a diffraction
profile with at least three main peaks, with diffraction planes (100); (110) and (200), it is
possible to infer that all presented a structure with hexagonal organization typical of MCM41.
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Figure 1 - X-ray diffractogram of the hybrid silicas.

Figure 2 presents the results of the evaluation of catalytic stability of silicas. It can be
seen that the catalyst synthesized with CVIMBr surfactant has good catalytic stability, but
lower catalytic activity. On the other hand, the catalyst synthesized with a mixture of both
surfactants (50% CVIMBr and CTABr) showed higher catalytic activity than the one
containing only the CVIM+ cation, and better stability than the one containing only the CTA+
cation. It can also be seen that both catalysts that contain CVIM+ cation showed an
increase in catalytic activity between the first and second use, probably due to the
polymerization of the CVIM+ cation on the outer surface of the silicas, which reduces the
accessibility of the reagents to the catalytic sites at first use. The increase in catalytic
activity after the second use is probably due to the increased accessibility to the catalytic
sites, resulting from the dissolution of the polyvinylimidazolium cation, formed on the outer
surface of the silica containing this cation.

a) 80

CTA-MCM-41

70.4%

b)

60

54.8%
49.8%

50

45.5%
34.5%

40
30

Conversion [%]

Conversion [%]

CVIM-MCM-41

70

70
60

80

50
40
30
20

20

18.1%

16.6%

16.5%

15.8%

2nd

3rd
Run

4th

5th

10.6%
10

10
0

c)

1st

2nd

3rd
Run

80

4th

5th

0

1st

50% CVIM-MCM-41

70

Conversion [%]

60
50
40

31.3%

29.9%

27.0%

30

24.1%

20
10
0

9.7%

1st

2nd

3rd
Run

4th

5th

Figure 2 - Catalytic stability evaluation of the hybrid silicas used in successive reactions performed for 1 h: (a) CTAMCM-41; (b) CVIM-MCM-41; c) 50% CVIM-MCM-41.

Conclusions
Thus, it can be concluded that it is possible to conciliate the high catalytic activity of
these silicas with improved stability, when using micelles with 50% of CTA+ and CVIM+
cations in the synthesis of MCM-41 hybrid silicas.
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Water is the main component of Earth’s hydrosphere and the inorganic chemical vital for all
known forms of life. This ubiquitous molecule is also pivotal in the crystallization of a wide
variety of key solid materials in modern science and technology, including both ordered
nanoporous materials (zeolites, metal-organic frameworks, etc.)[1,2] and non-porous
materials (superionic conductors, oxide ceramics, etc.), because these materials can
generally be synthesized via a hydrothermal route. However, the role of water in their
crystallization is poorly understood. In particular, although water is well known to act as a
solvent and/or catalyst during the hydrothermal synthesis of zeolites and related
microporous materials[3,4], its role as a structure-directing agent (SDA) or part thereof
during zeolite synthesis has not been clearly identified.
In this study, we demonstrate that the hydrogen bonding ability of water leads to the
formation of supramolecular assemblies with particular organic additives which can serve
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as a true SDA in the crystallization of zeotype molecular sieves with ordered heteroatoms.
To discern the structure direction by water from its other functions in hydrothermal zeolite
synthesis, we released a water molecule from its solvent and catalytic roles by using a
hydrophilic aminium ion which can form a strong intermolecular [N∙∙∙H∙∙∙O]+ hydrogen bond
with the water. We found that some organic diamines satisfy this requirement under the
synthesis conditions for silicoaluminophosphate (SAPO) molecular sieves. Single-crystal Xray crystallography, in combination with advanced solid-state nuclear magnetic resonance
(NMR) techniques, allowed us to ascertain that a hydrogen-bonded water-aminium
assembly, which is remarkably stable at temperatures up to 300 °C under a dynamic
vacuum of 10-4 kPa, is the actual SDA for the crystallization of a SAPO material with
phillipsite (PHI) topology (SAPO-PHI). The existence of this assembly at the nucleation
stage when SAPO-PHI is still X-ray invisible has also been verified by a crystallization
kinetics study. Further, we have been able to draw a strict correlation between the major
(80%) and minor (20%) orientations of the water-aminium assembly and the framework
heteroatom ordering in as-synthesized SAPO-PHI, using a combination of NMRcrystallography and ab initio molecular dynamics simulations. This elucidates the role of
water in the zeotype structure direction, as it selectively interacts with a particular
protonated amine group of the organic component, as well as charged framework oxygen
atoms, leading to the formation of PHI structural building units and the ordered heteroatom
distribution.
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In recent years, alternative methods to conventional synthesis of MOFs (metal-organic
frameworks) have emerged due to the problematic use of solvents for both the environment
and human health. New solventless methods, such as mechanosynthesis [1] and high
pressure synthesis [2], besides having the advantage of avoiding solvents (and therefore
potential contamination and high invest, as regards to solvents such as dimethylformamide,
dimethylsulfoxide, etc.), they allow working in much shorter synthesis times than in case of
solvothermal methods. Here we present the synthesis of ZIFs (zeolitic imidazolate
frameworks) at high pressure by means of a hydraulic press provided with a heating
mechanism (Figure 1) [3].

Figure 1. Scheme of the cross section of the press with the heating mechanism. 1 – Heating cylinder, 2 - steel sleeve
(die) or cylinder with 1.27 cm ID and 10.0, cm length, 3 – pushing rod (downer one/base), 4 – pushing rod (upper
one/piston).

By the optimization of parameters such as temperature, time and the addition of promotor
NH4NO3, a considerable increase in the reaction yield was achieved in products, neither
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washed nor activated, obtained since the first minute of reaction. Depending on the
operation conditions, ZIF-L appeared as competing phase with ZIF-8. Upon transformation
of ZIF-L into ZIF-8 in presence of ethanol, a reaction yield of 58.2% was achieved to highly
crystalline ZIF-8 with a BET specific surface area of 947 m2/g.
Electron microscopy was performed in order to elucidate the size and shape of the ZIF
crystals that we obtained. SEM images in Figure 2 revealed the transformation, from
laminar shape in sample with 40 mg NH4NO3 (6.4 wt%) where ZIF-L predominates (Figure
2a) to rombododecahedral shape characteristic of ZIF-8 after treatment with ethanol
(Figure 2b and c). Samples after treatment with double amount of ethanol (Figure 2b) and
with two steps of ethanol (Figure 2c) exhibited particle sizes of 205 ± 90 nm and 243 ± 110
nm, respectively. Besides N2 adsorption and SEM observation, other characterizations,
such as thermogravimetry, X-ray diffraction, FTIR spectroscopy and structural analysis
allowed to understand the nature of the different materials obtained under this new
synthesis methodology.

Figure 2. SEM images for samples obtained at 110 ºC and 150 MPa with: a) 40 mg of NH 4NO3 (6.4 wt%), b) after
treatment with double amount of ethanol and c) after treatment with two steps of ethanol.

Once it has been demonstrated that an increase in the reaction yield for the synthesis of
ZIF-8 and ZIF-L is possible, future work will be directed to extrapolate this green, fast and
versatile method to the synthesis of other ZIFs such as ZIF-94 and ZIF-7 or ZIF-11, for
example, and the possibility of their implementation in membrane separation processes.
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Small pore zeolites with CHA or AEI topologies have broad application in industry, being
particularly important their use in the removal of NOx diesel engine exhausts [1]. The
synthesis of high silica Cu-containing CHA zeolites have a broad synthesis window when
comparing with the Cu-AEI counterpart, however, AEI catalysts present better hydrothermal
stability at the highly demanding reaction conditions in the SCR of NOx [2-3]. The
preparation of high-silica CHA/AEI intergrown zeolites could yield both preparative and
operational advantages compared to their single-phase counterparts. Up to now, the
methodology for preparing intergrown zeolites mostly rely in the use of mixture of complex
or expensive OSDAs, which makes the process more expensive and add some complexity
regarding controlling phase composition in these materials [4,5]. In this sense, the
development of a simple and general methodology for the synthesis of zeolitic intergrown
materials is highly desirable.
To achieve this goal, a novel “ab-initio” methodology based on high-throughput simulations
was developed [6,7], that allow designing simple bi-selective organic structure-directing
agents (OSDAs) (Figure 1), that efficiently synthesizes CHA/AEI zeolite intergrowths with
controlled phase compositions [8]. A full characterization of the CHA/AEI intergrowths was
performed, using integrated differential phase contrast scanning transmission electron
microscopy (iDPC STEM) (Figure 2), were local crystallographic ordering of the CHA/AEI
520

intergrowths were revealed. These novel materials presented an outstanding catalytic
performance and hydrothermal stability, even surpassing the performance of the wellstablished commercial CHA-type catalyst when tested for the selective catalytic reduction
(SCR) of NOx [8]. This general methodology opens the possibility for synthetizing new
zeolite intergrowths with more complex structures and unique catalytic properties.

Figure 1a: OSDA candidates for CHA and AEI, b: binding energies of OSDAs in CHA and AEI. Colour of hexagons
indicates the mean competition energy for all OSDAs within that area. c: OSDAs shapes vs. their binding energies
toward CHA or AEI. Squares represent the energies/shapes of OSDAs shown in a.
Figure 2. iDPC-STEM images and SED data from the CHA/AEI intergrowth. a: iDPC STEM image shows large
domains of intergrowth (purple) together with domains of pure AEI structure (yellow).
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Industrial synthesis of zeolites relies on batch reactors, despite their poor performance.
Continuous zeolite crystallization would increase the process control, efficiency, yield,
enabling easier scale-up [1]. The two main challenges for the transition from batch to
continuous zeolite synthesis are the long crystallization times and the formation of solids.
Therefore, it is necessary to tackle these challenges, by fastening the crystallization rate
and provide solutions to prevent clogging.
Ultrasound at low frequency is being applied more and more for zeolite synthesis [2]. The
formation and collapse of cavitation bubbles in an aqueous environment creates local
increase in temperature and pressure of the system, thus increasing concentration of
soluble species. Moreover, acoustic streaming enhances mass transfer, by thinning the
diffusion layer around the solid surface, causing an increase in the zeolite growth rate [3].
The formation of •OH radicals might also play a role by decreasing the activation energy
required for nucleation [4]. When applied in micro- and milli-flow continuous systems,
ultrasound can also successfully prevent clogging and agglomeration of solid particles in
the channels [5]. We present here a system that has the potential for fast and controlled
zeolite synthesis, thanks to the coupling of continuous flow and ultrasound.

Interzeolite conversion (IZC) was performed in different reactor units, to assess the effect of
the single parameters on the overall crystallization time. A Teflon-lined stainless steel
reactor (23 mL), a tubular batch reactor (1.8 mL), and a continuous milli-flow system (12
mL), shown in Figure 1, were used. FAU zeolite (Si/Al = 400) and tetrapropylammonium
hydroxide (TPAOH) as OSDA were used in the following molar ratio: 1SiO2: 0Al:
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0.35SDA+: OH-: 0Na+: 12.5H2O. Synthesis in the autoclave was performed in an oven at
160 °C, whereas for the tubular batch and for the milli-flow reactor in a recirculating oil bath
at the same temperature.

The milli-flow system consists of an aluminum box
where the oil recirculates for temperature control, in
which the milli-flow, coiled reactor (internal diameter 2
mm, external diameter 3 mm) is immersed. Around the
box, six Langevin type transducers in a 2-1-2-1
configuration are screwed. They deliver ultrasound with
three different resonance frequencies (40, 80, 120
kHz).
In order to understand the effect of the presence of
•OH radicals in the IZC process, the concentration of
such radicals is quantified via terephthalic acid (TA)
Figure 1 – Milli-flow reactor design
dosimetry. Terephthalic acid reacts uniquely with •OH
radicals to form 2-hydroxyterephthalate (HTA), whose
concentration can be measured via spectrofluorimetry. Therefore, the fluorescence
intensity of such a compound can be linked to the concentration of •OH radicals present in
the system thanks to the cavitation activity created by the ultrasound. In this way, ultrasonic
power and frequency can be fine-tuned to achieve the highest concentration of •OH
radicals in the system, therefore providing an extra tool for fast zeolite synthesis.
Preliminary results are shown in Figure 2, depicting the XRD patterns for the MFI synthesis
in the batch and continuous reactors for different synthesis times in silent conditions,
compared to a reference sample. As expected, the higher surface-to-volume ratio provided
by the tubular batch reactor increases heat transfer, avoiding thermal lag and therefore
having shorter crystallization times [6]. A relative crystallinity (RC) of 55.3 % was reached,
against a still amorphous product in the batch system (RC = 4.4 %). Transition from the
tubular batch to the continuous system increased the RC from 55.3 % to 87.8 % in less
than 30 min residence time. However, moving from batch to continuous zeolite
manufacturing causes solid deposition in the system, partially clogging the channel and
therefore lowering the overall solid yield of the reaction: the application of high power, low
frequency ultrasound can overcome such an issue, whilst acting synergically to achieve
fast synthesis.
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Figure 2 - XRD data pattern for the three systems for IZC of FAU to MFI investigated in comparison to a reference (100 % RC =
relative crystallinity)

Ultrasound conditions need therefore to be optimized to efficiently prevent solid deposition
and to improve zeolite crystallization by quantifying the concentration of •OH radicals in the
system as a function of frequency via TA dosimetry. The ultrasonic parameters delivering
the highest radical concentration will be applied to run the synthesis in the sonicated
continuous milli-flow system, and a full comparison of the crystallinity and the solid yield
obtained in silent and sonicated conditions can be made.
This work will contribute to the transition from batch to continuous zeolite manufacturing, by
incorporating ultrasound as a low energy intensive tool to improve and control synthesis
performance, through understanding of the underlying mechanisms and finding the optimal
operating conditions.

References
[1]
Z. Liu, J. Zhu, T. Wakihara, and T. Okubo, Inorg. Chem. Front., vol. 6, no. 1, pp. 14–31, (2019).
[2]
A. Deneyer, Q. Ke, J. Devos, and M. Dusselier, Chem. Mater., vol. 32, no. 12, pp. 4884–4919,
(2020).
[3]
S. M. Alipour, R. Halladj, and S. Askari, Rev. Chem. Eng., vol. 30, no. 3, pp. 289–322, (2014).
[4]
G. Feng et al., Science (80-. )., vol. 351, no. 6278, pp. 1188–1191, (2016).
[5]
D. Fernandez Rivas and S. Kuhn, Top. Curr. Chem., vol. 374, no. 5, pp. 1–30, (2016).
[6]
Z. Liu, T. Wakihara, D. Nishioka, K. Oshima, T. Takewaki, and T. Okubo, Chem. Commun., vol.
50, no. 19, pp. 2526–2528, (2014).

524

P01.027. SYNTHESIS OF MG AND ZN DOPED ZSM-5 FOR
DEHYDROAROMATIZATION OF ETHANE
Tomoka Sumi, Koji Miyake, Yoshiaki Uchida and Norikazu Nishiyama
Division of Chemical Engineering, Graduate School of Engineering Science Osaka
University, Toyonaka, 560-8531, Japan.
t.sumi@cheng.s.osaka-u.ac.jp

Abstract: Zn2+ ion exchanged MFI type zeolite (ZnZSM-5) is an active catalyst to produce
benzene, toluene, and xylene (BTX) from ethane. However, ZnZSM-5 is rapidly deactivated
by a coke formation due to its excess acidity derived from Al sites. We synthesized Mg and
Zn doped ZSM-5 zeolite for ethane dehydroaromatization (EDA) reaction. Mg and Zn
doped ZSM-5 showed a high BTX yield and longer catalyst lifetime on the EDA reaction.
Keywords: Zeolite, BTX, Light alkane

1. Introduction
Benzene, toluene, and xylene (BTX), which are important key materials in the
petrochemical industry, have been produced by steam-cracking of naphtha in the
conventional method [1]. However, only this conventional process to produce BTX will be
hard to meet the growing demand of BTX in the future. Additionally, petroleum resources
will be exhausted in the future. Recently, the direct conversion of ethane to BTX is a
promising alternative process for using natural gas since a large amount of ethane can be
obtained from natural gas and ethane can be more easily converted into BTX than
methane. Zn2+ ion-exchanged MFI type zeolite (ZnZSM-5) is an active catalyst for
producing BTX from ethane [2]. However, ZnZSM-5 is rapidly deactivated by a coke
formation due to its excess acidity derived from Al sites. In this study, we modified ZnZSM5 with Mg species to weaken the acidity of ZSM-5 [3-4] and used it for the ethane
dehydroaromatization (EDA) reaction.
2. Experimental
H+ type ZSM-5 (HZSM-5: Tosoh, SiO2/Al2O3 = 23.9), Mg (NO3)2･6H2O, Zn (NO3)2･6H2O
and deionized water were used to prepare catalysts. Mg species was loaded by an
impregnation method. Briefly, HZSM-5 was mixed with Mg (NO3)2･6H2O aqueous solution,
and then the suspension was dried. The dried powder was calcined under air at 823 K for
5 h. The obtained sample was named ‘MgO/HZSM-5’. Next, Zn species was introduced by
an ion exchange method. Certain amounts of Zn (NO3)2·6H2O (Wako Pure Chemical
Industries Co.) were dissolved in deionized water. The solution was heated to a
temperature of 343 K, MgO/HZSM-5 was added to the solution, and the suspension was
stirred overnight. After cooling the suspension, the solids were centrifuged, washed three
times with deionized water and dried overnight. Finally, the dried powder was calcined
under air at 823 K for 5 h. The obtained sample was named ‘MgO/ZnZSM-5’. As a
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comparison sample, Zn ion-exchanged ZSM-5 (ZnZSM-5) was prepared by a similar
condition using H+ type ZSM-5.
EDA reactions over zeolite catalysts were carried out in a fixed bed reactor at
atmospheric pressure. The catalyst (0.05 g) was loaded into a quartz tube (i.d. 4 mm), and
then the temperature was raised to 873 K under He flow. The feed gas of 58 vol. % ethane
and He was fed at a total flow rate of 4.5 cm3/min. The contact time and partial pressure of
ethane were W/F = 7.2 g h/mol and Pethane=59 kPa, respectively. The product stream was
analyzed online with Shimadzu GC-2025 and GC-2014 gas chromatographs equipped with
a flame ionization detector. The amount of coke deposition on the spent catalysts was
measured by Thermogravimetry Analyzer (TGA).
3. Results and discussion
We measured XRD patterns to investigate the crystal structures of the catalysts. Specific
peaks derived from MFI type zeolite were observed for all catalysts. Any specific peaks
derived from Mg and Zn species were not detected although Mg and Zn species were
confirmed by EDX analysis. This result indicated that Mg and Zn species were present as
cations, highly dispersed oxides, or amorphous materials. TEM measurements were also
conducted. In the MgO/ZnZSM catalyst, a layered compound was observed on the crystal
surface. These results are estimated that Mg-Al and Zn-Al layeared double hydroxides
were formed. N2 adsorption isotherms were measured to evaluate the porosity of the
catalysts. Microporosity was not changed after the Zn ion exchange process. Interestingly,
mesopores were observed for MgO/ZnZSM-5 while not for ZnZSM-5. NH3-TPD and
acetonitrile adsorbed FT-IR were measured to investigate the acidity of the catalysts. In the
MgO/ZnZSM-5, it was showed that the peak on the strong acid side derived from Brønsted
acid was decreased.CO2-TPD was also conducted, and we confirmed the peaks derived
from the solid base of the alkaline earth metal oxides in the MgO/HZSM-5 and
MgO/ZnZSM-5. These results implied that excess acidity was removed by doping Mg
species.
We investigated the catalytic performance of the catalysts on the EDA reaction. HZSM-5
and MgO/HZSM-5 did not produce BTX whereas ZnZSM-5 and MgO/ZnZSM-5 showed a
high yield of BTX, as shown in Figure 1., indicating that the Zn species accelerates the
dehydroaromatization. Focusing on the change of BTX yield with time, the BTX yield on
MgO/ZnZSM-5 was much higher than that of ZnZSM-5 even after 3 h. We measured the
amount of coke of the spent catalysts. The amount of coke for ZnZSM-5 (8.3wt%) was
higher than that for MgO/ZnZSM-5 (6.6wt%). The prolonged catalyst lifetime of
MgO/ZnZSM-5 is due to the suppression of a coke formation. Then, coke formation would
be suppressed by the moderate acidity and mesoporosity of MgO/ZnZSM-5.
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Figure 1. The time course of the conversion of ethane and the product yields over (a) HZSM-5, (b) ZnZSM-5, (c)
MgO/HZSM-5 and(d) MgO/ZnZSM-5 at 873 K.

4. Conclusions
We synthesized Mg and Zn doped ZSM-5 zeolite for the EDA reaction. Thanks to its
moderate acidity and mesoporosity, it showed a high BTX yield and longer catalyst lifetime
on the EDA reaction.
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Introduction
Metal-Organic Frameworks (MOFs) are a family of nanoporous materials with enormous
potential in many applications, including adsorption and heterogeneous catalysis. Amongst
the thousands of known MOF materials, the so-called MOF-74 or CPO-27 is one of the
most widely studied and it is certainly the most interesting in an academic context. It is due
to some key singular features: (i) it possesses open metal sites; (ii) as a consequence, it
presents one of the highest adsorption heats for gases of high environmental and energy
interest like H2, CO2 or CH4; (iii) it can be prepared with a ten of divalent metals, including
practically all first series of transition metals, apart from metals as different as Mg and Cd;
(iv) it can be doped with other metals at any proportion, reaching synergistic effects in
catalysis and adsorption. Its versatility in synthesis methodologies is no less interesting, as
it can be prepared in four different solvents (DMF, THF, methanol and water) and in an
unprecedented temperature range (from -78 ºC to 125 ºC). Regardless the synthesis
conditions (T, solvent, metal/linker ratio, etc.), it is generally accepted that M-MOF-74 must
be washed with a strict protocol including six days of washing with methanol as a final and
time-consuming stage previous to an efficient activation.
The growing environmental awareness of today's society should guide us to more
sustainable protocols also in terms of material synthesis. In the case of M-MOF-74, it
seems reasonable to choose a synthesis methodology at room temperature (with no
energy input) and methanol as solvent, which could facilitate, shorten and cheapen the
washing protocol. Compared with the conventional solvent N,N’-dimethylformamide (DMF),
methanol possesses some very attractive sustainable properties such as much lower
boiling point, much lower price, much higher availability, etc. In previous works, we have
shown that certain M-MOF-74 could be prepared at room temperature and in methanol as
solvent [1,2]. In this work, we go further, systematically comparing the ability of the “green”
solvent methanol and the conventional environmentally-harmful solvent N-N’dimethylformamide (DMF) in the synthesis of a series of bimetallic Zn-M-MOF-74 where M
is a divalent metal in a Zn/M ratio of 1. In addition, this work suggests the possibility of
using the own washing methanol as TG probe molecule to characterize the strength of the
528

Lewis acidic open metal sites, supported by in-situ
adsorption/desorption of methanol in some selected samples.

DRIFTS

studies

of

Results and Discussion
This work focuses on three important and different utilities of methanol in the field of the MMOF-74 materials.
First of all, to make clear one of the environmental benefits of using methanol as synthesis
solvent, Figure 1 shows the N2 adsorption/desorption isotherms at -196 ºC of a given CoMOF-74 material prepared at room temperature in methanol after (i) simple washed with
methanol and (ii) followed by a further washing treatment, which coincides with the
conventional washing used for MOF-74, that is, six extra days soaked in methanol
changing the solvent by fresh methanol every 2 days. Both isotherms have practically the
same shape. The isotherm registered after the most rigorous washing is slightly more
porous. However, the improvement is really little considering that six extra days of washing
were necessary. In any case, beyond the obvious environmental benefits of using methanol
instead of DMF as solvent in the MOF-74 synthesis, it is also evident the advantage of
using methanol in terms of minimizing washing effort and time.
Secondly, we have realized that the temperature at which methanol is lost when a series of
M-MOF-74 is heating in a thermogravimetric analysis is a function of the nature of the metal
M. The particular order of temperature at which methanol releases in TGA experiments is:
Cu (81 °C) ~ Co (82 °C) ~ Mn (85 °C) < Zn (98 °C) < Ni (106 °C) ~ Mg (109 °C). Thus, Cu-,
Co- and Mn-MOF-74 release methanol at temperatures close to its boiling point, whereas
Ni- and Mg-MOF-74 retain methanol at 30 ºC higher. Moreover, the TGA profile of MgMOF-74 present extra methanol lost at temperatures higher than 150 ºC, and the last
methanol molecules are lost with a temperature difference higher than 100 ºC in Mg-MOF74 (260 ºC) than in Cu-MOF-74 (137 ºC). Since Ni- and Mg-MOF-74 materials possess the
highest adsorption heat for gasses like H2 or CO2 amongst the series of the known M-MOF74, we propose the use of methanol (the own methanol molecules used for washing the
materials) as TGA probe molecule to estimate the strength of the open metal sites.
Interestingly, the same order was found regardless whether the samples were prepared
either in DMF or in methanol, which reinforces the idea that nature of M rather than other
physicochemical properties of the MOF material is indeed the key factor determining the
capability of the material to retain methanol. Moreover, infrared spectroscopy (DRIFT)
studies on the adsorption of methanol and subsequent desorption by in-situ heating the
sample under an inert flow, indeed certify the great difference in the type of interaction of
methanol with the open metal sites of M-MOF-74 depending on the nature of M.
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Figure 1. N2 adsorption/desorption isotherms at -196 ºC of a Co-MOF-74 material prepared at room temperature and
then simple washing with methanol (red squares)) and additionally washed by soaked it in methanol for 6 days changing
the solvent by fresh methanol every 2 days (blue circles). The surface area of the sample after different washing
treatment is given in brackets.

Finally, we have compared methanol and DMF as solvents in the room-temperature
preparation of a series of bimetallic Zn-M-MOF-74 samples (Figure 2). The already
reported synthesis of these materials in DMF once again shows the ease with which these
materials are prepared irrespective of the metal composition [3]. However, not all resultant
bimetallic Zn-M-MOF-74 are completely pure. In particular, the sample Zn-Cd (an in a
lesser extent, also the sample Zn-Cu) contains some extra phase. On the contrary, the use
of methanol as solvent leads to perfectly pure Zn-M-MOF-74 samples. This implies that
methanol, which was also the solvent in the preparation of MOF-74 under so in principle
unfavorable conditions as -78 ºC as synthesis temperature [4], seems to favor the
selectivity towards MOF-74 phase even more than DMF, at least in bimetallic systems with
Zn being one of the divalent metal ions prepared at room temperature.
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Figure 2. PXRD of bimetallic Zn-M-MOF-74 (M = Mg, Mn, Co, Ni, Cu or Cd) materials prepared at room temperature in
DMF (left) and in methanol (right). Arrows indicate impurities in the diffractograms of Zn-Cd-MOF-74 and Zn-Cu-MOF74 materials prepared in DMF.
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1. Introduction
CHA-type zeolites are preferable catalysts for polymer cracking, important for
petrochemical industries. However, polymers are too large to react in the pores of zeolites,
and the reaction occurs only at the external surfaces of zeolites. Large external specific
surface area (Sext) contributes to the increase of the reaction rates of the polymer cracking.
As one of the most promising solutions to the problem, the downsizing of catalysts is
effective. Because the downsizing effect is based on the increase of Sext, nanosheets (NSs)
might be one of the ideal shapes for cracking reactions.
The synthesis method of the zeolite-NSs has been developed according to the feature of
each crystal structure. The first-generation strategy of the zeolite-NSs synthesis is the
exfoliation of layered zeolites. The first zeolite-NS, ITQ-2, was obtained by exfoliating an
MWW type zeolite, whereas this method could not apply to most other non-layered zeolites.
The second-generation strategy is anisotropic crystal growth. This method uses the
difference in the growth rates of crystal planes. Some zeolite-NSs with anisotropic crystal
structures can be obtained in the hydrothermal (HT) treatments using amphiphilic growth
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inhibitors that covalently bind structure-directing moieties. The amphiphilic moiety inhibits
the growth of a specific crystal plane, and the structure-directing moiety decides the crystal
structures.
To synthesize zeolite-NSs, one must control two aspects: external shape and crystal
structure. We conceived the two-step procedure to make the former and latter sequentially.
The first step is an anisotropic growth of isotropic amorphous aluminosilicate (AAS) to give
AAS-NSs as the intermediate of zeolite-NSs. The second step is converting it to zeoliteNSs using commonly used structure-directing agents (SDAs). As a synthesis method of
amorphous NSs, the ‘two-dimensional reactor in amphiphilic phases (TRAP) method’ is
useful.[1-3] Hyperswollen lyotropic lamellar (HL) phases, consisting of many bilayers with
several nm thicknesses, work as independent TRAPs for amorphous NSs.[1,4] The TRAPs
prevent NSs from aggregation because they keep several hundred nm intervals.
Here we report the effects of the increase of Sext on the cracking reactions of low-density
polyethylene (LDPE) with the unprecedented CHA-type zeolite-NSs (CHA-NSs)
synthesized from the AAS-NSs as the intermediate that we synthesized inside the
hydrophilic TRAPs in the decane solution of an amphiphile. We also discuss the retention
of the external shapes during the dry gel conversion (DGC) method from the AAS-NSs to
CHA-NSs. Besides, we demonstrate the performance of the CHA-NSs as acid catalysts.

2. Experimental
AAS-NSs were synthesized in the HL phases of the decane solutions (29.8 g) of sodium poctylbenzenesulfonate (SOBS, 0.95 wt %), 1-pentanol (8.4 wt %), and deionized water (1.1
wt %). Sodium hydroxide (NaOH, 9.4×10−3 wt%), tetraethyl orthosilicate (TEOS, 0.25 wt%),
and aluminum isopropoxide (Al(O-i-Pr)3, 1.2×10−2 wt%) was added to the decane solution
and stirred at 60oC for 24 hours. After stirring, we added ethanol to this solution and did
centrifugal separation. After drying at 90oC for 24 h, we collected the white powder, the
mixture of AAS-NSs and SOBS. N,N,N-trimethyl-1-ammoniumadamantane (TMAdaOH, 1.4
g) was added to the AAS-NSs coated with SOBS (0.215 g) and mixed. After drying at 90oC
for 24 h, we put the resulting gel in a Teflon-lined stainless steel autoclave with water
separately, where the reaction took place with the steam produced. Treatment was carried
out at 160oC for 96 h. After the autoclave was cooled down at room temperature, the
product was washed with deionized water and dried at 90oC. The catalyst was calcined in
air at 550oC for 5 h to eliminate the organic template.
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3. Results and Discussion
We synthesized AAS-NSs in an HL phase with
hydrophilic TRAPs consisting of SOBS. First, we
confirmed the stability of the HL phases against the
presence of the ingredients of AAS. The decane solution
of SOBS, 1-pentanol, and deionized water exhibit a
promising HL phase, as shown in Figure 1a. Hydrophobic
ingredients, TEOS and Al(O-i-Pr)3, and hydrophilic
ingredients, NaOH, can be dissolved in the TRAP
solution and do not affect the stability of the HL phases,
as shown in Figure 1b.

Figure 1. Polarized photographs of the
hyperswollen lyotropic lamellar phase of
decane solution of SOBS, 1-pentanol,
and water with the following additives:
(a) without additives, (b) with NaOH,
TEOS and Al(O-i-Pr)3.

After stirring the reaction mixture, we centrifugated it, washed the obtained white powder
with methanol and dried it. The X-ray diffraction (XRD) pattern shows only one broad peak
around 2θ = 15 - 30o. Therefore, the obtained powder seems amorphous. The
transmission electron microscopy (TEM) photographs for the powder indicate that it
consists of NSs. We measured the thickness and horizontal width of the NSs to be 1.96 ±
0.67 nm and 395 ± 137 nm, respectively, using atomic force microscopy (AFM). These
results indicate that the obtained powder is AAS-NSs.
Next, we synthesized CHA-NSs from AAS-NSs by using DGC process. After the
crystallization, the product was washed with water, dried, calcinated and purified by
filtration to give a white powder. Its XRD pattern is typical of CHA structures, as shown in
Figure 2a. We estimated the particle size distributions of CHA-NSs by DLS measurements.
This result suggests the absence of the aggregates, as shown in Figure 2b. We measured
the thickness and horizontal width of the CHA-NSs to be 2.13 ± 0.60 nm and 528 ± 106 nm,
respectively, using AFM, as shown in Figure 2c. The TEM photographs for the CHA-type
zeolite exhibit NSs similar to the AAS-NSs, as shown in Figures 2d. To estimate the
amount of Brønsted acid sites of the CHA-NSs, we measured ammonia's temperatureprogrammed deposition (NH3-TPD) patterns for the synthesized CHA-NSs and
conventional CHA crystals. As shown in Figure 2e, the amount of Brønsted acid sites for
CHA-NSs was estimated to be 0.230 mmol g−1, nearly equal to that for the conventional
CHA crystals (0.257 mmol g−1). It indicates that the crystallinity of CHA-NSs is high. To
evaluate the Sext of CHA-NSs, we measured the nitrogen adsorption for both samples, as
shown in Figure 2f. The Sext of CHA-NSs was larger than that of conventional CHA
crystals. This result indicates that the CHA-NSs probably have many Brønsted acid sites at
the external surface.
We did an acid-catalyzed LPDE cracking test, which was thought to be a suitable probe
reaction for diffusion-limited reactions, to evaluate the activity of the prepared CHA-type
zeolites. Each of the CHA-NSs and conventional CHA crystals was mixed with the LDPE
and heated. The LDPE cracking test shows that the addition of zeolites increases in the
selectivity of the lower olefins, as shown in Figure 2g. This result should come from the
cracking activity of the zeolite. Moreover, the CHA-NSs raise the ratio of lower olefine more
than the same amount of conventional CHA crystal. This result shows that the improved
accessibility of the Brønsted acid sites at the external surface positively influences cracking
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performance. Therefore, we could conclude that an increase in Sext promotes LDPE
cracking.

Figure 2. Characterization of CHA-NSs. (a) XRD pattern of CHA-NSs. (b) DLS analysis of CHA-NSs. (c) AFM
photograph and cross-section of one of the synthesized CHA-NSs. (d) TEM photograph of one of the synthesized CHANSs. (e) NH3-TPD profiles of CHA-NSs after filtration and conventional CHA crystals. (f) Nitrogen adsorption isotherms
of CHA-NSs after filtration and conventional CHA crystals. (g) Product distribution in LDPE cracking reaction of no
catalyst, conventional CHA crystals (10 wt%), and CHA-NSs (10 wt%).

4. Conclusions
We propose a new method to synthesize CHA-NSs from AAS-NSs prepared by the TRAP
method. We successfully synthesized the unprecedented AAS-NSs by TRAP methods and
CHA-NSs from AAS-NSs by DGC process with SDAs. NSs are optimal shape using zeolite
catalytic membrane reactors because the thickness of the membrane is an important factor
of the catalytic membrane reactor. We expect this synthesis method to be applied to other
zeolite nanomaterials: e.g., nanoparticles, nanowires and nanorods. The synthesized CHANSs showed high catalytic activity for LDPE cracking reaction because of their large Sext.
Moreover, synthesized CHA-NSs have great potential for applications such as a catalyst for
methanol-to-olefins (MTO), cracking of polymers, and separation membrane because of
their thickness and large external surface area.
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1. Introduction
Synthesis methods for functional nanosheets (NSs) have developed their versatility. Since
the first NSs were obtained from the exfoliation of a natural layered material, various NSs of
layered materials have been fabricated by the top-down method. Meanwhile, to prepare
NSs of non-layered materials, the bottom-up two-dimensional (2-D) growth with various
templates has been explored. The NSs have been synthesized in this method at
liquid−liquid, gas−liquid, and solid−liquid interfaces. Since NSs are free to grow in the
thickness direction toward the fluid phase, precursor supply must be well controlled to
prepare thin and uniform NSs.
To produce high-quality NSs on a large scale, NSs preparation using the lyotropic
lamellar phase of amphiphilic solutions is useful because the templates can prevent NSs
from growing in the thickness direction and be removed easily. Bilayers in the lyotropic
lamellar phases work as NSs generators for both hydrophilic and hydrophobic materials
obtained in solution. Therefore, this method is promising as one of the most versatile
preparation methods of NSs. Whereas materials tend to form thick NSs due to the high
concentration of the ingredients and the close contacts between adjacent NSs in ordinary
lamellar phases, separated bilayers in hyperswollen lyotropic lamellar (HL) phases inhibit
such an NSs thickening process.[1] Therefore, it looks suitable for the large-scale production
of thin NSs of non-layered materials.
The NSs preparation method using the HL phases is called the 'two-dimensional reactor
in amphiphilic phases (TRAP)' method.[2,3] The several-nm-thick two-dimensional (2-D)
bilayers in the HL phases can one-dimensionally inhibit materials growth because they
keep several hundred nm intervals between two adjacent bilayers. TRAP method using HL
phases of aqueous and organic amphiphile solutions can give hydrophobic and hydrophilic
NSs, respectively. Moreover, metal-organic frameworks (MOFs) NSs as hydrophobic NSs
can be synthesized from multiple precursors. Unprecedented synthesis of hydrophilic NSs
from multiple precursors should be tried to confirm the versatility of the TRAP method.
We focused on zeolitic imidazolate frameworks (ZIFs). In particular, zinc 2methylimidazolate (2-mim) with a sodalite-like framework (ZIF-8) is one of the most
vigorously investigated ZIFs because it shows high separation performance, adsorption
capacity, and catalytic ability due to their porous structures. Oxygen reduction reaction
(ORR) activity of the carbon electrocatalysts synthesized by calcinating ZIF-8 doped with
Co2+ (Co-ZIF-8) has recently been investigated to replace the present Pt/C. The calcination
of Co-ZIF-8 NSs is expected to give electrocatalysts with a larger specific surface area than
that of conventional Co-ZIF-8 crystals; it could be appropriate for ORR. Even the thinnest
ZIF-8 NSs reported are about 30 nm. Here we report the synthesis of several-nm-thick CoZIF-8 NSs inside the hydrophilic TRAPs in a decane amphiphile solution.[4] We
demonstrate the ORR activity of carbon electrocatalysts prepared by calcinating the CoZIF-8 NSs to discuss it in terms of the multiscale porous structures.
2. Experimental
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Co-ZIF-8 NSs were synthesized in the hyperswollen lyotropic lamellar (HL) phases of the
decane solutions of Brij L4 (8.7 wt%) and deionized water (2.2 wt%). An aqueous
ammonium hydroxide solution (25 wt%) and 2-methylimidazole were added to the decane
solution at 1.1 × 10−1 wt% and 3.0 × 10−2 wt%, respectively. Zn(NO3)2 solution (20 wt%,
0.05 ml) and Co(NO3)2 solution (1.1 wt%, 0.05 ml) was added to the decane solution (45
ml) at 39oC. The final products were
centrifuged at 11,000 rpm for 1 h and
washed three times with methanol.
3. Results and Discussion
The HL phases for the TRAP method
have to be stable even when added the
precursors. The decane solution of Brij L4 Figure 1. Polarized photographs of the HL phase of a
with a small amount of water exhibits a decane solution of Brij L4 and water with the following
promising HL phase with hydrophilic additives: (a) without additives, (b) with ammonium
hydroxide, (c) with ammonium hydroxide and 2-mim, and (d)
TRAPs. The polarized photograph of the with ammonium hydroxide, 2-mim, Zn(NO3)2, and Co(NO3)2.
decane solution using a polarizing film
wrapped around the vessel shows a birefringence typical of HL phases, as shown in Figure
1a. First, we dissolved ammonium hydroxide and 2-mim in the hydrophilic TRAP solution. It
did not affect the stability of the HL phase, as shown in Figures 1b and 1c. The hydrophilic
bilayers probably trapped 2-mim stably. Then, an aqueous Zn(NO3)2 solution and Co(NO3)2
solution was added to the hydrophilic TRAP solution. The TRAP solution still maintained
the HL phase, as shown in Figure 1d. These results suggest that the addition of precursors
does not destabilize the HL phase.
After stirring the TRAP solution for 24 h, we centrifuged the reaction mixture at 11,000
rpm for 1 h, washed the purple powder with methanol three times, and dried it. The X-ray
diffraction (XRD) pattern of the obtained powder shows the same peaks as conventional
Co-ZIF-8 crystals, as shown in Figure 2a. The full width at half maximum (FWHM) of each
XRD peak for the obtained powder was broader than that of conventional Co-ZIF-8
crystals. The Williamson-Hall plots indicate that the crystallite size of the obtained powder
is smaller than that of conventional Co-ZIF-8 crystals. The particle size distributions
estimated from dynamic light scattering (DLS) measurements of the aqueous dispersion of
the powder suggest the absence of the aggregates, as shown in Figure 2b. The thickness
and horizontal width of the particles measured by atomic force microscopy (AFM) are 1.5 ±
0.3 nm and 125 ± 98 nm, respectively, as shown in Figure 2c. The transmission electron
microscopy (TEM) photograph shows sheet-like particles, as shown in Figure 2d. These
results indicate that the obtained powder is Co-ZIF-8 NSs.
Nitrogen adsorption measurements show that the micropore volume of Co-ZIF-8 NSs is
almost the same as that of the conventional Co-ZIF-8 crystals, as shown in Figures 2e and
2f. We calcined the Co-ZIF-8 NSs and measured their ORR activity. After calcinating CoZIF-8 NSs at 800°C for 3 h under a nitrogen atmosphere, we obtained carbon powder. The
micropore volume of the conventional Co-ZIF-8 crystals decreased during the calcination
because of the deformation of the porous structures, as shown in Figure 2f. Meanwhile, the
micropore volume of the calcined Co-ZIF-8 NSs was almost the same as that of the
precursor, as shown in Figure 2e. Brij L4 adsorbed on the surface of Co-ZIF-8 NSs might
stabilize the structure. We measured the ORR activities of these calcinated Co-ZIF-8
samples. The calcinated Co-ZIF-8 NSs show higher ORR activity than calcinated
conventional Co-ZIF-8 crystals, as shown in Figure 2g. Limiting the current density of
calcinated Co-ZIF-8 NSs is better than that of calcinated conventional Co-ZIF-8 crystals
and becomes better than Pt/C 20 wt% under the potential 0.5 vs. RHE. This result should
come from the improvement of diffusivity. Besides, the onset potential of calcinated Co-ZIF8 NSs was also better than the calcinated conventional Co-ZIF-8. This result shows that the
CoNx site of calcinated Co-ZIF-8 NSs has high catalytic activity. Therefore, increasing the
outer surface area is likely to promote ORR activity, though the onset potential did not
reach 20% Pt/C. The XPS spectrum shows that the C-O peak and oxidized N peak of the
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calcinated Co-ZIF-8 NSs are higher than these of calcinated conventional Co-ZIF-8 crystal.
The oxygen atoms seem to be derived from Brij L4, which might suppress the ORR activity.
The calcinated Co-ZIF-8 NSs would have higher activity if Brij L4 could be completely
removed.

Figure 2. Characterization of Co-ZIF-NSs. (a) XRD patterns of Co-ZIF-8 NSs and conventional Co-ZIF-8 crystals. (b)
DLS analysis of Co-ZIF-8 NSs. (c) AFM photograph and the cross-section of Co-ZIF-8 NSs. (d) TEM photograph of CoZIF-8 NSs. Nitrogen adsorption isotherms of (e) Co-ZIF-8 NSs and (f) conventional Co-ZIF-8 crystals before and after
calcinated Co-ZIF-8 NSs and conventional Co-ZIF-8 crystals. (g) ORR activities of the calcined Co-ZIF-8 NSs, calcined
conventional Co-ZIF-8 crystals, and Pt/C 20 wt%.

4. Conclusions
Several-nm-thick Co-ZIF-8 NSs have been successfully synthesized from multiple
hydrophilic precursors inside the hydrophilic TRAPs in a decane solution of the amphiphile
Brij L4. This is the first example of preparing hydrophilic NSs from multiple precursors using
the TRAP method. The TRAP method looks like a versatile method for the large-scale
production of thin NSs of various non-layered materials. Moreover, the Co-ZIF-8 NSs
obtained by the same method maintained a high specific surface area after calcination. We
speculate that Brij L4 adsorbed on the surface of Co-ZIF-8 NSs stabilizes the framework
during calcination. Because of the improved diffusivity, the calcined Co-ZIF-8 NSs show
higher ORR activity than the calcined conventional Co-ZIF-8 crystals.
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Mesoporous materials have attracted considerable interest in several areas such as
heterogeneous catalysis, although their amorphous walls and corresponding low
hydrothermal stability and weak catalytic activity seriously limits their practical applications
[1]. In this field several studies focus on syntheses that combine the stability of zeolites and
porosity of the mesoporous. Especially the synthesis of hierarchical porous materials has
attracted extensive attentions, in which one of the strategies explored is the crystallization
of the zeolite framework from pre-synthesized mesoporous amorphous walls and the
steaming-assisted crystallization methods [2,3]. In this contribution we report an ex situ
kinetic study of the formation of silicalite-1 from MCM-41 by the impregnation of TPAOH as
structural directing agent via steam assisted treatment, followed by XRD, TGA, nitrogen
physisorption at 77K and SEM images. The kinetic study was performed from one hour to
12 days using not as-synthetized MCM-41.
From XRD powder patterns the gradual destruction of the hexagonal mesopore
organization was observed within the first hours of treatment (Figure 1a). XRD peaks
related to the zeolite crystallinity were firstly observed after 8 hours of treatment (Figure
1b). Similar results could be inferred from nitrogen physisorption isotherms (Figure 1b).
The mesopore distribution is importantly impacted even after short treatment times. The
mesopore distribution becomes larger with increasing the treatment time, which indicates
coalescence of pores. Mesoporosity is complete lost within 48 hours of treatment. It is only
thereafter that the crystallization of the zeolite phase intensifies.
The archived results demonstrate that the partial crystallization of as-synthetized MCM-41
into MFI is not possible, due to very fast coalescence of mesoporous. Once mesoporosity
is complete lost zeolite crystallization initiates.
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Figure 1. a) Small angle XRD powder patterns after several treatment times, b) Crystallinity as function of treatment
time and c) Nitrogen physisorption isotherms at 77 K.
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Introduction
Combining enhanced mass transfer and low pressure drop [1], monolithic materials have
found use in a variety of applications such as catalysis, chromatography, and adsorption
[2,3]. Regarding catalysis, the introduction of a hierarchical meso-/ macropore system in
monoliths is particularly advantageous, since it allows a fast mass transport of reactants to
and away from a high number of active surface sites [2]. In order to prepare hierarchically
porous, non-siliceous monoliths, sol-gel synthesis combined with spinodal decomposition
has been established as a viable synthesis approach [3,4]. However, the evaporative
removal of pore liquid to prepare crack-free xerogels is still a challenge [5]. In the present
work, an experimental route towards cm-sized, hierarchically meso-/macroporous Al2O3
xerogels is presented. The impact of post-gelation events, especially solvent exchange and
drying, on both mechanical stability and the resulting pore system are studied using mass
and volume measurements, N2 sorption, Hg porosimetry and electron microscopy.

Experimental Part
The Al2O3 xerogel sol-gel synthesis was adapted from Herwig et al [6]. Polyethylene glycol
900k was dissolved in an EtOH-H2O mixture to obtain a stock solution. For each gel body,
AlCl3∙6H2O was dissolved in an aliquot of this stock solution. The solution was cooled in an
ice bath to 274-276 K. Then, propylene oxide was added rapidly under vigorous stirring.
The solution was stirred for 3 min in the ice bath, followed by 7 min stirring at room
temperature. Then, the container was sealed and kept in a water bath at 313 K until
gelation. Afterwards, the gels were aged at 328 K for 24 h. Following aging, the gels either
underwent no solvent exchange or were exchanged with ethanol, acetone, or n-pentane.
This was carried out either in a solvent bath at room temperature for 7 d or by refluxing the
gel bodies in the respective solvent for 24 h. Drying was conducted either under ambient air
in closed containers with punctuations through the lid or in a desiccator over 13X molecular
sieves. After drying, Al2O3 gels were calcined in ambient air at 973 K for 8 h using a heating
rate of 2 K min-1.
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Figure 1: Photograph of calcined Al2O3 xerogel monoliths.

Results and Discussion
The preparation of cm-sized, crack-free Al2O3 xerogel monoliths is possible through the
reduction of drying stress [7]. Although this can be achieved by a reduction of the drying
rate, this is inefficient and time consuming (>100 days). Instead, exchange of the pore
liquid by refluxing the gel bodies in organic solvents followed by drying over molecular
sieves in a desiccator allows crack-free drying within 7 days (¡Error! No se encuentra el o
rigen de la referencia.). Here, different combinations of solvent and exchange method
lead to different drying curves (Figure 37a). This can be explained mainly by differences in
saturation vapor pressure Psat, surface tension γ and viscosity η of the liquid solvents.
While the high Psat of organic solvents allow fast drying, their favorable combination of γ
and η restrict drying stress by lowering the evolving capillary pressure.
Interestingly, this causes solvent exchange to not only affect monolith drying, but also the
resulting pore system. While the macropore width and specific macropore volume remain
unchanged, the mesopore width changes from 7.6 nm in case of no solvent exchange to
10.5 nm when gel bodies are refluxed in acetone for 24 h prior to drying (Figure 37b). A
similar increase of the mesopore width is observed if the calcination temperature is raised.
However, this is accompanied by a decrease of the specific pore volume and, to a lesser
extent, the macropore width, due to sintering and densification of the Al2O3 skeleton.
Nevertheless, a combined adjustment of calcination and solvent exchange protocols allows
fine-tuning of particularly the mesopores. These findings are likely relevant also for other
materials obtained from sol-gel-synthesis. Altogether, this demonstrates known, but
underrated importance of post-gelation events not only on the mechanical stability, but also
the pore structure of xerogels.

Figure 37. a) Relative gel body mass of Al2O3 monoliths during drying; b) pore width distribution (solid lines) and specific cumulative
pore volume (dotted lines) of Al2O3 xerogels after solvent exchange by refluxing and/or drying in desiccator over molecular sieve.
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Metal-Organic Frameworks (MOFs) are microporous crystalline materials, whose
framework is formed by inorganic metallic nodes connected through organic ligands.1 The
high chemical tunability of both components enables the rational design of these materials
for selective catalytic applications based on unique structure-activity relationships.2 On the
one hand, the coordinatively unsaturated open metal sites can act as Lewis acid sites,3
and, on the other hand, the water molecules and hydroxyl groups present on the metallic
node can act as Brønsted acid sites.4 The Lewis/Brønsted catalytic properties of the MetalOrganic Framewoks (MOF) nodes can be tuned by simply controlling the solvent employed
in the synthetic procedure.
In this work, we demonstrate that the hydrothermal synthesis of MOFs, in particular HfMOF-808, could not only be considered as a green approach to prepare MOFs, but also a
plausible and simple synthesis methodology to in situ generate Brønsted acid sites in the
metal nodes during the synthetic procedure.5 Furthermore, we will show that the
Lewis/Brønsted acid properties of Hf-MOF-808 materials can be easily controlled by
performing their preparation via modulated solvothermal or hydrothermal synthesis.5
The different nature of the acid sites generated with each synthesis procedure has been
revealed by FTIR and 31P MAS NMR spectroscopies using labelled acetonitrile (CD3CN)
and trimethyl phosphine oxide (TMPO, see Figure 1)) as probe molecules, respectively,

541

combined with DFT calculations. In addition, XAS spectroscopy has been employed to
unravel the electronic properties of the Hf clusters in the two Hf-MOF-808 samples
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Figure 1- 31P MAS NMR spectra of TMPO loaded on Hf-MOF-808_H2O (left) and Hf-MOF-808_DMF (right).
Experimental spectra are shown in black and the sum of the deconvoluted peaks in grey. The signals between
56 and 58 ppm are assigned to the interaction of TMPO with Hf Lewis acid sites and the components at 62 and
68 ppm are related to TMPO interacting with Brønsted acid sites

Finally, after unraveling the different nature of the metallic nodes of the above described HfMOF-808 materials, different catalytic processes requiring Lewis and Brønsted acid sites
have been tested to evaluate their catalytic performance. The Meerwein–Ponndorf–Verley
reduction of carbonyl compounds with alcohols has been described as a model reaction to
study the Lewis acidity in Hf-MOFs (see Figure 2A), while the oxide ring-opening reaction
has been employed as a model catalytic test to distinguish catalytic Brønsted acid sites
(see Figure 2B). Finally, the α-Pinene oxide isomerization has been evaluated since this
reaction is very sensitive to the presence of Lewis and Brønsted acid sites (see Figure
2C).5
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Figure 2- Kinetic profiles for MPV reduction (A), oxide ring-opening reaction (B) and conversion and different
product selectivities obtained for the α-pinene oxide isomerization when using Hf-MOF-808_H2O (red) and
Hf-MOF-808_DMF (blue) as catalysts.
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ZTCs are microporous 3D-graphenes, featuring highly disordered structures of cross
linked, randomly packed graphene sub-units, and pure two dimensional graphene sheets
[1]. Carbon based nanomaterials are particularly interesting for their use as catalysts in
electrode fuel cells, such as in the oxygen reduction reaction (ORR) [2]. In the present
contribution we present the first synthesis of nitrogen containing zeolite templated carbons
using pure acetonitrile. Furthermore, high nitrogen content and less condensed skeleton in
nitrogen containing ZTC; higher electron conductivity in nitrogen containing ZTC;
conspicuous ORR activity for nitrogen containing ZTC and high electron transfer number.
Two different precursors were used for the synthesis of ZTCs, i.e. ethylene and acetonitrile
leading to C-ZTC and CN-ZTC respectively (Figure 1).

Figure 1 - Synthesis of Zeolite Templated Carbons (artist’s rendition).

The choice of the precursor molecule importantly impacts the textural properties of the final
ZTC. Both materials, C-ZTC and CN-ZTC, present type I nitrogen physisorption isotherms
(Figure 2a). Yet, the C-ZTC features a micropore volume of 0.101 cm3.g-1, which is
approximately twice as high as the volume achieved for CN-ZTC (Table 1). The desorption
branch achieves similar nitrogen volume values as for the adsorption at a relative pressure
of 0.43, which indicates that the skeleton is highly cross-linked in both cases [3]. A similar
NLDFT pore size distribution was achieved for both samples indicating that the templating
ability is similar for ethylene and acetonitrile in the applied conditions (Figure 2b). The CZTC presents a peak in the XRD powder pattern centered at 6.4 °2theta, which is due to
structural long range order of the carbon skeleton (Figure 2c). As far as the CN-ZTC is
concerned, a larger peak is here observed, which suggests higher structural irregularity in
the skeleton. Moreover a larger peak in the XRD powder pattern of CN-ZTC around 24
°2theta was observed, which can be ascribed to the 002 reflection, resulting from the
stacking of graphene-like subunits [4]. The formation of such graphene layers on the
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surface of the ZTC particles probably explains the reduced micropore volume observed for
the CN-ZTC. A further indication of the formation of such extra-ZTC species was indicate
by the higher SPD for the CN-ZTC compared to the C-ZTC. Here from it is possible to
estimate that approximately 10% of the C/N develops on the external surface for CN-ZTC.
This is most probably also the reason for the higher electron conductivity of CN-ZTC
compared to the C-ZTC. Form TGA, full combustion of both samples can be observed at
560°C and from which the absence of any zeolite residue can be inferred (Figure 2d). It
further interesting to note that the CN-ZTC presents a higher degree of water (weight loss
below 100°C), which is probably due to the higher hydrophilicity of the material due to the
presence of nitrogen.
Table 1
Chemical and textural properties of C-ZTC and CN-ZTC.
C-ZTC
CN-ZTC

SPD
(gC gZ-1)
0.30
0.34

Vmicro
(cm3.g-1)
1.01
0.48

SBET
(m².g-1)
2748
1230

C/H

C/N

7.4
3.5

12.9

Conductivity
(S.m-1)*
0.05
0.35

* Normalized by the value recorded for graphene.

Figure 2 - Synthesis of Zeolite Templated Carbons (artist’s rendition).

The ORR activity of C-ZTC and CN-ZTC was evaluated by recording polarization curves at
different rotating rates in the 1.0–0.2 potential range (Figure 3). Both C-ZTC and CN-ZTC
catalysts feature high ORR activity that can be associated to their large specific surface
areas (Table 1). CN-ZTC catalysts yet allowed for higher activities, achieving a half wave
potential of 0.80 V vs. RHE; a value which is slightly below that of the metal containing Pt/C
catalyst (0.86 V vs. RHE). The higher ORR activity of CN-ZTC in comparison to C-ZTC is
clearly associated to the high percentage of nitrogen atoms as well as to a higher electronic
conductivity facilitating charge transfer. The evolution of n as a function of the applied
electrode potential is presented in Figure 4 for C-ZTC, CN-NZTC as well as for a
commercial Pt/C (10 wt.%) catalyst. For C-ZTC the electron transfer number drifts from 3.5
to 2.5 with increasing potential, indicating that both the two electron and four electron
pathways are involved during the reduction reaction. By revenge an almost constant value
of 3.5 is achieved for CN-ZTC, which indicates that the catalyst promotes rather the 4
electron route, allowing hence for superior hydroxyl selectivity.

Figure 3 - Polarization curves recorded with C-ZTC (a) and C/N-ZTC (b)
catalysts in an oxygen saturated 0.1 M NaOH electrolyte at different

Figure 4 - Number of electrons exchanged per
oxygen molecule as a function of the applied
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rotation rates (400, 600, 900 and 1600 rpm).

electrode potential for C-ZTC (red), CN-ZTC (blue)
and a reference Pt-C catalyst (black).

Therefore, superior ORR activity was observed for the nitrogen containing ZTC achieving
high halve wave potential and hydroxyl selectivity. The achieved results indicate that the
fine tuning of synthetic conditions could allow for achieving nitrogen containing ZTC of
tailored electronic properties, which would pave the way for the development of metal-free
catalysts with excellent ORR activity.
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Introduction
Significant development of chirality research topics has been done and several
chiral materials have been obtained and used in chiral sensing, enantiomeric separation or
asymmetric catalysis. The enantiomeric pure BINOL, its derivatives and axially chiral
biphenols are important chiral auxiliaries and have been applied for chiral recognition [1].
Chiral fluorescence sensors are a normal selection for the determination of enantiomeric
excesses of chiral products and BINOL and its derivatives have been explored as
enantioselective fluorescence sensors for chiral compounds that can form hydrogen bonds
with the OH groups of BINOL (amines, alcohols, aminoalcohols, carboxylic acids) [1] [2].
Chiral sensing of terpenes such as α-β-pinenes or limonene is a major challenge for
molecular recognition [3]. There are not many examples where there is a total chiral
discrimination with these analytes.
Results and discussion
BINOL skeleton was the building block of choice to incorporate into conjugated
porous polymers, because of its structural rigidity which can contribute to the assembly of
546

the rigid PAF networks. Herein, a family of chiral conjugated BINOL–porous polymers
(CBPPs) has been successfully prepared from enantiopure (R)- or (S)-BINOL-derivatives
following two strategies: a) Suzuki-Miyaura, b) Sonogashira-Hagihara cross-couplings. As
co-monomers we have used 1,3,5-tris(4-phenylboronic acid)benzene (Suzuki) and three
different alkynes (Sonogashira) (figure 1). The frameworks were obtained in quantitative
yields, are insoluble in water and in all the most common organic solvents.

Figure 38. Synthetic routes to CBPPs-OH

To confirm that monomers are part of the polymer network we have done 13C solidstate CP/MAS NMR spectra and we have observed the chemical shifts correspond to the
C-O bonds in BINOL and the peaks correspond to the aromatic carbons. The Sonogashira
derivatives also show two weak signals corresponding to the C≡C spacer. To evaluate the
thermal stability of polymers we have performed thermogravimetric analysis. The TGA
curves exhibited that all polymers have good thermal stability (Td= 400ºC). X-Ray
diffraction indicated that all polymers are amorphous and scanning electron microscopy
(SEM) images showed that these materials displayed spherical, irregular surfaces with
hierarchical porosity. The porosity and calculated surface areas (BET) of networks were
studied by the analysis of nitrogen sorption isotherm curves. These curves indicated that
micro- and mesopores coexist in the materials All materials have similar surface area and
pores volumes (350-450 m2/g) except (R), (S)-CBPPSo1 which exhibit lower BET areas
(40, 130 m2/g).
CBPPs-OH polymers crushed and suspended in acetonitrile are highly fluorescent
with emission maxima at 423 nm ((S)-CBPPSu1), 372 nm ((R)-CBPPSo1), 376 nm ((S)CBPPSo1), 417nm ((S)-CBPPSo2), 337nm ((R)-CBPPSo3) excited by a λ = 340, 270, 270,
270 and 280 nm respectively, comparing to that of soluble reference (R)-2Ad-BINOL (λex =
314 nm, λem = 362 nm). We showed that the CBPPs could be utilized as chiral solid
fluorescent receptors for different types of chiral analytes: limonene, α-pinene and 1phenylethylamine, with good enantioselectivity.
In the presence of 1-phenylethylamine (figure 2), both Suzuki and Sonogashira
polymers interact with both analytes except (S)-CBPPSo1 and (R)-CBPPSo1 which only
interact with one enantiomer. The addition of increasing amounts of (S)-1-phenylethylamine
quenched the fluorescence of (S)-CBPPSu more than the corresponding (R)-enantiomer.
The QR (KSVR/ KSVS, KSV= Stern−Volmer constant)) was 2.2, indicating enantioselectivity in
the fluorescent recognition towards the S enantiomer. This value was lower than the ones
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observed for the analogous CBPPSo2 polymer, surprisingly the enantiodescrimination was
again inverted, being (R)-1-phenylethylamine which quenched the fluorescence of (R)CBPPSo1, (S)-CBPPSo2 and (R)-CBPPSo3. The QR ratios are 2.4, 6.1 and 4 respectively.
The fluorescence of (R)-2Ad-BINOL used as a homogeneous control has a QR of 1.1. In
this case the fluorescence quenching could be explained through a hydrogen-bonded
interaction between hydroxyl groups and the amine unit.
When we used terpenes as analytes, only the Sonogashira polymers interact and
quenched the fluorescence in the presence of (S)-enantiomers resulting in total
enantiodescrimination (figure 2). In this case the interaction of analytes with the polymer is
via geometric interaction.
The fact that whether (R)- or (S)-CBPPs interact with the same analyte’s enantiomer,
suggests that the 3D chiral framework plays a key role in these processes rather than the
starting from binaphthyl enantiomer.
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Figure 39. Estimated KSV values obtained by fluorescence quenching analysis

Conclusion
A family of chiral organic polymers (CBPPs) was built from BINOL units and
different alkynes and boronic acids as co-monomers through Suzuki and Sonogashira
carbon-carbon couplings. CBPPs sense effectively 1-phenylethylamine, limonene and αpinene leading to higher enantiodescriminations than soluble reference BINOL derivative,
which indicates that porous framework, extended π-conjugation and the confinement effect
of polymer leading to an improved enantioselectivity.
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Supported metal nanoparticles are typical hydrogenation catalysts. Molecular sieve
supports may introduce molecular sieving effects, stabilize metal nanoparticles and provide
additional catalytic function. Noble metals such as Pt and Pd are of the most abundant
hydrogenation catalysing phases [1]; however, the production of these metals and their
recovery from spent catalysts are energy-consuming and costly. Thus, reducing the need
or ultimately replacing these metals with other inexpensive transition metals such as Fe,
Cu, and Zn without sacrificing the activity and selectivity, will necessarily reduce their
production costs as well as the ecological footprint. The catalytic properties of noble metals
are quite unique and different from these of transition metals. Nevertheless, an appropriate
combination of two metals can provide catalytic activity similar to noble metals [2].
In this contribution, we present the preparation of hydrogenation catalysts composed of CuFe and Cu-Zn bimetallic nanoparticles encapsulated into zeolite channels. The catalysts
are formed by reductive demetallation of Fe-MFI or Zn-VET zeolites ion-exchanged into
Cu2+ form. Reductive demetallation means a transformation of Fe3+ and Zn2+ metal ions,
which were initially present as T atoms in the zeolite framework, into metallic nanoparticles,
where the metal has oxidation state 0, under H2 atmosphere [3,4]. In addition, the Fe and
Zn ions in zeolite framework create ion/exchangeable sites, which can be used to introduce
a second metal (Cu) in a well-defined ratio to the first one, assuring its uniform dispersion
through the material.
The reductive demetallation of Fe-MFI in H+ form occurs at temperatures above 800 ℃
(shown by a combination of H2 temperature-programmed reduction combined with FeMössbauer spectroscopy of samples reduced at different temperatures). The resulting iron
particle-size depends on the temperature (1-6 nm at 900°C, Figure 1) yielding Fe@MFI
composite catalyst. The ion-exchange with Cu ions decreases the reduction temperature,
as the process of CuFe@MFI formation occurs in the range of 600 - 800℃. The reductive
demetallation is accompanied by the formation of defects in the zeolite structure
nevertheless, the zeolite structure does not collapse, which is evidenced by the
preservation of the powder XRD MFI pattern as well as the textural properties.

Figure 1 – a) TEM image, b) Fe particle size distribution, and c) TEM-EDX Fe map of the Fe@MFI composite
catalyst (2.5 wt% Fe)
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Figure 2 – TEM image (left), and TEM-EDX Si (red), Cu (blue), Fe (green) map (middle) of the CuFe@MFI catalyst
(2.9 wt.% Fe, 2.4 wt% Cu); circles highlight the Janus bimetallic nanoparticles; closeup at a Janus nanoparticle
(right)

Notably, TEM-EDX mapping of the formed composite catalyst revealed that some of the
metallic nanoparticles have Janus morphology (that is two domains make the nanoparticle,
where each contains a majority of one metal; Figure 2). This may be an outcome of a high
difference in Fe and Cu reduction temperature (Cu2+-impregnated pure silica MFI is
reduced at 200-350°C). Cu2+ ion-exchanged Zn-VET zeolite (Si/Zn=25) is reduced to
CuZn@VET composite catalyst at 400-600°C. Such morphology and metal dispersion were
not achieved using conventional co-impregnation and co-ion-exchange techniques.
The prepared Fe@MFI, CuFe@MFI and CuZn@VET hydrogenation catalysts are active in
p-nitrotoluene hydrogenation to p-aminotoluene (Table 1). Similarly, the catalysts also
catalyze hydrogenation of cinnamaldehyde to a mixture of cinnamyl alcohol,
hydrocinnamaldehyde and 3-phenylpropanol. Strong preference of C=C or C=O double
bond hydrogenation was not observed (Table 2).
The present results proof the concept of reductive demetallation works as a method for
making metal@zeolite hydrogenation catalysts with transition metal active phase. The
method provides materials with an unusual morphology and promising catalytic properties,
which ultimately might decrease the costs of making hydrogenation catalysts.
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Table 1 - p-nitrotoluene conversion and p-aminotoluene yield in catalytic hydrogenation at 120°C, 7 bar of H2
for 6 h; substrate catalyst mass ratio 3.
a

CuFe@ZSM-5 was made by co-ion-exchange of ZSM-5 Si/Al=25 with Cu2+ and Fe3+ ions

Fe, Zn
loading

Conversion
(%)

Yield (%)

(wt.%)

Cu
loading
(wt. %)

Fe@MFI

2.5 %

0

7.0

7.0

CuFe@MFI

2.5%

2.6

19.6

19.6

CuZn@VET

4.1 %

n.a.

23.9

21.8

1.13

0.4

7.0

7.0

Catalyst

CuFe@ZSM-5
(ion ex)a

Table 2 - cinnamaldehyde conversion and yield of cinnamylalcohol (COL) and hydrocinnamaldehyde (HCAL) in
catalytic hydrogenation at 120°C, 10 bar of H2 for 24 h; substrate catalyst mass ratio 3.
a

Cu@ZSM-5 was made by ion-exchange of ZSM-5 Si/Al=25 with Cu2+

Fe loading
Catalyst

(wt.%; Si/Fe
ratio)

Cu
loading
(wt. %)

Fe@MFI

2.3 %

0

13

4

3.8

CuFe@MFI

2.3 %

2.4

52

23

21

0

2.5

18

6

5

Cu@ZSM-5 (ion
ex)a

Conversion
(%)

COL yield
(%)

HCAL yield
(%)
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Zeolites with chabazite (CHA) topology are of great industrial importance [1,2]. CHA
zeolites with lower Si/Al ratio (< 3.0) are excellent CO2 adsorbents and used for separation
of CO2 from CH4 or N2 streams due to the interaction of quadrupole moments of CO2 guest
molecules with the negatively charged framework Al tetrahedrons [3]. While CHA zeolites
with higher SI/Al ratios (> 3.0) are considered for applications such as selective catalytic
reduction (SCR) of NOx or methanol to olefins (MTO) reactions [2]. Conventional synthesis
methods for CHA zeolites involves utilization of expensive organic structure-directing
agents (OSDAs) (e.g. TMAdaOH) to tune the Si/Al ratio from 2.9 to pure silica CHA [4]. It is
of great interest to synthesize CHA zeolites without using OSDAs for economic and
environmental benefits. Another important issue is related with the synthesis of zeolites
with controlled crystals size and morphology. Conventional zeolites, which have particle
sizes in the order of micrometers, are often composed of aggregated individual crystals. As
a result, micron-sized zeolites suffer from diffusion limitations through their pore networks.
This issue can be addressed by decreasing the particle size and preparing zeolites with
monomodal particle size distribution with low aggregation degree. Nanosized zeolites are
typically composed of discrete particles (single crystals) which possess a greater external
surface area and higher number of accessible active sites compared to micron-sized
zeolites. Recently we reported the one-pot synthesis of CHA zeolite with small nanocrystals
(< 60 nm) and Si/Al ratio of 2.0 without using OSDAs [5].
In this work, we present a methodology for tuning the Si/Al ratio of nanosized CHA zeolite
in the range 2.0 – 4.0 by environmentally friendly approach based on alkalinity variation
(pH) during the post-synthetic treatment steps. The post-synthetic treatment of nanosized
CHA zeolite with Si/Al ratio of 2.0 and crystal size of 60 nm at different pH values (i.e. 8.5,
2.4, and 1.0) was performed, and the obtained materials were labeled as CHA-pH8.5,
CHA-pH2.4, and CHA-pH1.0, respectively. The samples were characterized using PXRD
patterns, 27Al MAS NMR, and 29Si MAS NMR (Figure1). Based on PXRD patterns (Figure
1a), we could conclude that the crystallinity of the nanosized CHA samples were preserved
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fully under treatment at different pH = 8.5 - 2.4. The crystallinity of the nanosized CHA
decreased slightly under treatment at pH = 1.0 in comparison to the reference sample
(Figure 1a). These results are in line with the 27Al MAS NMR data presented in Figure 1b.
All samples show a sharp resonance peak at 58 ppm which corresponds to the
tetrahedrally coordinated Al in the zeolite framework. In the case of nanosized CHA-pH8.5
and CHA-pH2.4 samples, the resonance peak at 58 ppm is perfectly symmetrical as in the
reference material referring to zeolites with low content of defect sites [5]. While, after
performing the post-synthetic treatment at pH = 1.0, the chemical shift anisotropy of this
resonance peak increased (see 27Al MAS NMR spectra). A small broad peak at 0 ppm is
observed due to the presence of extra-framework Al species. This observation is in a good
agreement with the PXRD results (Figure 1a,b). The 29Si MAS NMR spectra of nanosized
CHA samples subjected to post-synthetic treatment at different pH are depicted in Figure
1c. The corresponding distribution of different Qn species obtained by deconvolution of 29Si
MAS NMR spectra are presented in Figure 1d. The results clearly demonstrated that
decreasing the pH value during the post-synthetic treatment from 8.5 to 1.0 increases the
Si/Al ratio of the final nanosized CHA samples from 2.0 to 4.0, respectively. The increased
Si/Al ratio of the treated samples is confirmed by the appearance of a new peak centered at
-112 ppm that correspond to Q4 species in addition to the Q4 species detected in the
reference sample centered at -109 ppm (Figure1c,d). In summary, the Si/Al ratio of
nanosized CHA samples was tuned by performing post-synthesis modification of nanosized
zeolites by variation of pH.

Figure 40. (a) XRD patterns, (b) 27Al MAS NMR spectra, (c) 29Si MAS NMR spectra, and (d) the
corresponding distribution of different Qn species for nanosized CHA-2.0, CHA-2.5, CHA-2.8,
and CHA-4.0 CHA samples.
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Introduction
Chiral zeolites and related microporous materials with helical pore structures have gained
much attention for selectively obtaining enantiomers of chiral compounds in various fields.
As a result of the great efforts by Davis and co-workers, the enantio-enriched synthesis of
the STW-type zeolite (Figure 1a) was achieved as the only successful example [1,2].
Computationally designed organic structure-directing agents (OSDAs) could direct the
synthesis of either right- or left- handed STW, which can separate 2-butanol by
enantioselective adsorption. Therefore, STW is expected to be useful for chiral chemistry in
various fields. However, the synthesis of STW involves the use of highly toxic and caustic
fluoride, which causes significant problems in terms of safety and costs. Herein, we report
the first example of the fluoride-free synthesis of the STW-type zeolite. Racemic STW
synthesized using achiral OSDAs was investigated for efficient screening. To achieve this
goal, we applied a combined rational strategy, dry gel conversion (DGC) and the addition of
Ge, to substitute other methods for the roles of fluoride in zeolite synthesis [3].
Experimental
Conventional pure-silica STW was synthesized according to a previous report [4]. GeO2
and the sulfate salt of a selected alkaline metal (Li, Na, or K) or ammonium were dissolved
in an aqueous solution of 1,2,3,4,5-pentamethyl imidazolium hydroxide (PMI, 10–20 wt%).
Tetraethylorthosilicate was added to this mixture and stirred overnight for hydration. After
the seed crystals were added, the mixture was heated at 80 °C and stirred to obtain a dry
gel. The composition of the dry gel was (1.0−x)SiO2: xGeO2: 0.50PMI: 0.10M2SO4: yH2O (x
= 0–0.5, y < 2.0, M = Li, Na, K, or NH4) with the exception of the seeds. The dry gel was
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placed in a small perfluoroalkoxyalkane cup, which was placed in a larger
polytetrafluoroethylene cup with a certain amount of water to prevent direct contact
between the dry gel and water during DGC synthesis. The entire cup was sealed in an
autoclave and heated in an oven at 200 °C for 8 days under static conditions. The sample
was finally washed, recovered, dried, and calcined in the same way as for the fluoridebased samples. Obtained samples were characterized using powder X-ray diffraction
(XRD), scanning electron microscopy (SEM), nitrogen adsorption–desorption
measurements, inductively coupled plasma–atomic emission spectrometry, Fouriertransform infrared spectroscopy, magic-angle spinning nuclear magnetic resonance (MAS
NMR), and high-energy X-ray total scattering.

Results and Discussion
The representative XRD patterns of the samples are shown in Figure 1b. The STW-type
zeolite was fully crystallized after 6 days, and no peaks derived from other crystalline
phases or amorphous matter were observed in the XRD pattern. Ge/(Si+Ge) in the
products drastically increased until 8 h of synthesis, then gradually increased to nearly the
same amount as that in the starting dry gel. Note that STW-type zeolite did crystallize only
by the DGC method. The Ge content in the starting material was optimized to obtain the
pure STW phase. An amorphous matter remained when Ge/(Si+Ge) was lower than 0.20.
The existence of a small amount of amorphous matter was also confirmed at
Ge/(Si+Ge)=0.50. The crystallization of STW was hindered when Li+ or Na+ was used, and
unknown impurity phases were observed. On the other hand, STW was obtained as a pure
phase with either K+ or NH4+. These results were considered due to the similar structuredirecting effects of K+ and NH4+. The effect of seed crystals prepared in different manners
was also investigated. The diffractions due to STW were observed for the product
synthesized without seeds; however, the crystallinity was low, and amorphous matter
remained even after prolonged synthesis. Seed crystals play a role for increasing
crystallization rate, and completing crystallization in an appropriate time is important;
therefore, we concluded that seeding is necessary to obtain a pure phase in this synthesis
system. Calcined pure-silica STW was also effective as seed crystals, confirming that the
fluoride remaining in the as-made seeds was not involved in the subsequent fluoride-free
synthesis. Moreover, the product synthesized in fluoride-free media also functions as seed
crystals, indicating the possibility of completely fluoride-free synthesis by recycling the
products as seed crystals.
The N2 adsorption-desorption isotherms of STW-type zeolites synthesized in
conventional fluoride-mediated condition and fluoride-free condition are shown in Figure 1c.
Before the measurements, the samples were calcined at 550 °C for 5 h to remove guest
species; this did not collapse the zeolite frameworks, unlike some previously reported
zeolites synthesized by DGC, which showed poor thermal stabilities due to their defect-rich
frameworks. It has also been reported that zeolites synthesized by DGC became thermally
stable after the conversion to ammonium forms by ion-exchange because two silanol
defects balancing the OSDA and ammonium could be condensed during calcination [5]. In
addition to NH4+-exchanged zeolites, zeolites directly synthesized using ammonium salts,
which contain NH4+ in their as-made form, also have similar thermal stabilities. Likewise,
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fluoride-free synthesized STW-type zeolite using ammonium salts could completely
maintain its structure after calcination. All samples displayed type I isotherms, which
indicated the existence of micropores. Fluoride-free synthesized STW-type zeolite
possessed almost the same micropore volume of 0.22 cm3 g-1 as those of conventional
STW-type zeolite (0.21 cm3 g-1). The 29Si MAS NMR spectrum of obtained STW-type
zeolite is shown in Figure 1d. The STW-type structure has 5 crystallographically
inequivalent T-atoms, where the T1-T4 atoms construct d4r units and the T5 atoms form
chains. Each d4r unit is connected via the T1 and T2 atoms, while the chains and d4r units
are connected via the T3 and T4 atoms. The Si environments are largely influenced by the
T-sites especially in and out of d4r units. The resonances at chemical shifts of ca. -105 and
-113 ppm can be attributed to Si without neighboring Ge/defects in T1-T4 and T5,
respectively. Ge incorporation also causes chemical shifts of Si atoms. Additional peaks
were observed at ca. -100 ppm, which arise from the presence of Ge/defects in the closest
T-sites around Si. Surprisingly, the Ge/(Si+Ge) value calculated from the spectrum with the
assumption of no Ge-O-Ge bonds or Q3 defects in the product (Ge/(Si+Ge)=0.19) was
consistent with that determined by chemical analysis (also Ge/(Si+Ge)=0.19). These results
suggest that the structural defects present to compensate for the positive charges of PMI
and NH4+ selectively exist as Ge-O-, which is not accounted for the calculations based on
29Si MAS NMR. Since Ge is expected to be located mainly in T1-T4 sites, this implies the
existence of structural defects in d4r. We speculated that such defects could moderate the
distortion of d4r and thus promote the crystallization of STW-type zeolite.

Figure 1 a. Structure of STW-type topology, b. XRD patterns of conventional and fluoride-free synthetized STW-type
zeolites, c. N2 adsorption-desorption isotherms of conventional and fluoride-free synthetized STW-type zeolites, and d.
29
Si MAS NMR spectrum of fluoride-free synthetized STW-type zeolite.

Conclusion
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We successfully synthesized the STW-type zeolite without fluoride by combining DGC and
Ge addition to substitute for the roles of fluoride in hydrothermal synthesis of zeolite.
Although we obtained only racemic STW-type zeolite in this study, we believe that our
approach can be applied to the fluoride-free synthesis of enantiomeric STW-type zeolite
using chiral OSDAs and enantio-enriched seed crystals in the future. Furthermore, this
knowledge is expected to be applicable as a general method for the fluoride-free synthesis
of silicate-based zeolitic materials because structures rich in tetravalent atoms and d4r
units are common to many other zeolites synthesized in fluoride media.
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1. Introduction
Zeolite LTA is one of the most widely used synthetic zeolites in the world by volume,
predominantly employed as a detergent additive, but also has uses in catalytic applications
and the adsorption of various gases [1]. The demand for zeolite LTA is increasing, thus, it is
beneficial to expand the base of available precursor materials beyond the typical standard
alumina and silica based laboratory reagents [2, 3]. Recent investigations have proved the
efficacy for the use of cheaper aluminosilicate precursors, such as mining waste products
and natural products, by first adopting an initial activation step. Alkaline fusion (cf. 550 to
700 °C) [4] and Sub Molten Salt (SMS) (cf. 180 to 350 °C) [5] have been the most studied
alkali activation approaches for aluminosilicate resources. In terms of alkaline fusion, the
method is very effective at dissolving native impurities (e.g. quartz, feldspar,
phyllosilicates), but has obvious limitations in terms of excessive energy consumption from
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the high temperatures required. The SMS method utilises much lower temperatures than
alkaline fusion (cf. 190 °C, 3 hours) to activate aluminosilicate materials to form an
amorphous material precursor [5]. There are clear advantages to utilising the lower
temperature method, especially regarding the economical production of zeolite LTA with a
lower environmental footprint.
Typically, SMS investigations rely on analysis of the final product as a measure of success,
but there is little understanding as to the mechanism of aluminosilicate decomposition and
the type of fragments created. As a result, the optimisation of alkali activation on natural
zeolite has not been completed with regards to the lowest activation temperature and
caustic input for the economic activation. There is also the need to elucidate the role of
atmospheric oxygen in the activation process; several studies assume that superoxide
anion (O22-) is formed from O2(g), but there are no previous studies on the alkali activation in
atmospheres other than oxygen [6-8]. Therefore, this study was designed to (1) optimise
the alkali activation of natural zeolite, (2) identify the type of monomeric, dimeric and
oligomeric fragments produced in nitrogen and oxygen rich atmospheres, (3) deduce the
mechanism of decomposition of natural zeolite.
2. Method
Ultra-fine Natural Australian Zeolite Rock (UFNZ) was obtained from Zeolites Australia Pty
Ltd from the Escott deposit in Werris Creek (NSW, Australia) and was used as received.
Optimisation of alkali activation was as follows: 10 g of UFNZ was added to a Nickel
crucible with NaOH mini pearls and water and reacted in a muffle furnace. Input
parameters investigated were H2O/UFEZ = 0 to 2.7 g/g, NaOH/UFEZ = 2.51 to 1.27 g/g,
H2O/NaOH = 1.1 to 0 g/g, and experimental conditions: activation time = 8 to 1 hours, and
temperature = 70 to 500 °C. Activated samples were then added to a naphthene flask with
7.82 g NaOH, 8.42 g NaAlO2 and 145.2 g deionised water and aged for 0.5 h (250 rpm) at
25 °C. The flasks were then heated to 80 °C for 3 hours with no stirring. After synthesis,
solids were separated from the mother liquor using vacuum filtration and washed
repeatedly with deionised water until pH 10 was achieved, then dried in an oven at 105 °C
overnight. Dried solid samples were characterised using X-ray Diffraction (XRD), Scanning
Electron Microscopy (SEM), Fourier Transform Infrared Spectroscopy (FT-IR) and Cation
Exchange Capacity (CEC) and mother liquor was analysed with Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES).
In situ XRD sample preparation was as follows: sodium hydroxide mini pearls and UFNZ
were added to an Argon glove box containing an agate mortar and pestle in a mass ratio of
1.27 g/g NaOH/UFNZ and ground until homogenised. The sample was added to Reactor X
attachment for Rigaku SmartLab diffractometer (Cu radiation) with heating from 25 to 875
°C (with thermocouple) under the flow of nitrogen. Additional experiments involved a
targeted temperature range of 30 °C to 300 °C with either oxygen or nitrogen gases and
was prepared as aforementioned.
3.Results and Discussion
Parameters of input caustic, temperature, water and time were optimised with respect to
selectivity of the reaction for the target material (i.e. zeolite LTA) as well as conversion
efficiency, total yield and CEC. The highest weight percent of LTA produced using
optimised parameters was 79 % with 0.2 g/g H2O/EZ at 125 °C and 8 h. Comparatively,
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Temperature

300 °C could be used to produce LTA at 80 % requiring 3 hours, 1.27 NaOH/EZ and 1.4
g/g H2O/EZ with the added difficulty in removing fused product from the crucible. Thermal
In Situ XRD decomposition of UFNZ and caustic in N2(g) to activated material, as in Figure
1, showed the dissolution of native impurity phases (mordenite, sanidine) and
NaOH/NaOH.H2O between 25 °C to 250 °C and the emergence of silicate monomers in the
order of stability Na4SiO4 > Na2SiO3 > Na6Si2O7.

Figure 1 - In Situ X-Ray Diffraction patterns with dynamic heating 25 °C to 875°C (25°C increments) in N 2(g)

Where: H = heulandite, B = heulandite-B, Q = SiO2, N = NaOH, Δ = NaOH.H2O, ¤ =
Na4SiO4, § = Na6SiO7,
º = Na2SiO3, D = sanidine, M = mordenite, F = Iron.

Comparing thermal in situ XRD scans in oxygen and nitrogen gases (data not shown), it is
clear the presence of oxygen did not produce monomeric species whereas nitrogen
effectively enabled the monomeric species, Na4SiO4 and Na2SiO3, to form. The results
suggest that the mechanism of decomposition does not involve atmospheric oxygen as
previously suggested by other studies [6-8], and the formation of superoxide from hydroxyl
radicals is more probable.
4.Conclusion
It has been demonstrated that water in the alkali activation medium inhibits the
depolymerisation of UFNZ where removal of water enables low activation temperatures to
be used, achieving similar quality of zeolite LTA to higher temperature activations. In
addition, the speciation of silicate fragments has been determined using thermal in situ
XRD. There is strong evidence to support the decomposition of natural zeolite in
atmospheres other than oxygen is preferential.
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Valencia played an important role in the history of zeolite MCM-22 (IZA code MWW), which
was first synthesized there in all-silica form as ITQ-1 [1]. Moreover, the layered precursor of
MWW, called MCM-22(P), was at the origin of the Corma’s delaminated material ITQ-2 [2].
Indeed, normal hydrothermal synthesis leads to the formation of an aluminosilicate with 2D
scaffold structure, which can either be condensed into the 3D MWW zeolite by calcination
of the organic template (Fig. 1) or be delaminated through separation of the layers by
surfactant exchange to form the highly accessible ITQ-2.
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Figure 1 – Condensation of the layers of MCM-22(P) to form MCM-22 and nomenclature of the tetrahedra of the MWW
structure.
HMI: hexamethyleneimine. Modified from Pergher et al. [3] and from the IZA structure database.

The interest for the condensation of layered precursors to 3D zeolites has grown with the
development of ADOR (assembly-disassembly-organisation-reassembly) methods of
zeolite synthesis [4]. This movement has also fostered the search for alternative methods
of layer condensation [5].
The calcination of MCM-22(P) to MWW does not affect the structural integrity of the layer
(the a parameter of the hexagonal cell is not affected by calcination) but implies a decrease
of the c cell size by 6% to 25 Å. The treatment of MCM-22(P) by 2M HNO3 was shown to
bring about such a variation of the c parameter, evidenced by the superposition of the 100
and 002 X-ray diffraction (XRD) peaks [6]. Millini et al. [7] showed that a similar shrinkage is
also obtained by exchange of the template by small organics and that further exchanges
can swell the c parameter again. This indicates that the decrease of the c parameter can be
obtained without the condensation of a 3D network.
We treated an HMI-synthesized MCM-22(P) with Si/Al 23 at 30°C by a 20% w/w 1,4dioxane aqueous solution acidified at pH 1 by HNO3 [8]. This treatment allowed to extract
40% of HMI -representative of the template in the interlayer space- and reduced the c cell
parameter from 26.8 to 25.0 Å. The 002 XRD peak was correspondingly shifted until
superposed to the 100 peak (Fig. 2). 29Si MAS-NMR provided information on the
connectivity of the SiO4 tetrahedra of the material (Fig. 3a). Q3 Si(OAl)3OH signals
represented 14% of the 29Si signal, an amount corresponding to what measured on the
original MCM-22(P), suggesting that the shrinkage of the c parameter has not been
accompanied by any significant dehydration-condensation of silanols.
A more severe acid treatment of MCM-22(P) was performed by 70% HNO3 at reflux
temperature. The treatment led to the shrinkage of the c parameter to 25.1 Å and to the
extraction of 55% of HMI and of nearly 40% aluminium of the sample, whose Si/Al became
49. 29Si MAS-NMR indicated the presence of less than 5% Q3 Si(OAl)3OH signals (Fig. 3b).
The decrease of the amount of silanols indicates an increased connection between the
layers, as expected in the 3D MWW structure. The observed Q3 signals could be attributed
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to the formation of the amount of silanol nests corresponding to the observed level of
dealumination of the material.

Figure 2 – Cu Kα XRD patterns of MCM-22(P) (a) treated by a dioxane-nitric acid solution at pH 1 and 30°C (b), treated
by a 70% HNO3 solution at reflux temperature (c) or calcined at 550°C (d).

Figure 3 – 29Si MAS-NMR spectra of MCM-22(P) treated by a dioxane-nitric acid solution at pH 1 and 30°C (a) or
treated by a 70% HNO3 solution at reflux temperature (b). The top trace is the experimental spectrum, the mid trace is
the simulated one, and the lower traces are the components of the deconvolution: brown traces Si(OSi)4, green traces
Si(OSi)3(OAl), blue traces Si(OSI)3(OH) signals.

These data clearly indicate that (a) the c parameter of MWW materials mainly depends on
the interlayer content and cannot be used as indicator of layer connection; (b) diluted HNO3
and organic solvent blends are highly effective in the extraction of interlayer template and
cell shrinkage; (c) acid dehydration-condensation of interlayer SiOH can be easily achieved
by concentrated HNO3 treatment accompanied by severe dealumination, by using a kind of
treatment which was successfully applied for the replacement of aluminium by transition
metal cations in large-pore zeolites [9].
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In recent years, the interest in near infrared (NIR)-emitting materials/molecules has
increased, with the constant evolution of potential applications, such as bioimaging and
nanodiagnostics[1]. Several recent research has been focused on overcoming NIR emissive
species disadvantages such as low quantum efficiency. Zeolites are sustainable and nontoxic materials and can entrap luminescent species, with different luminescent properties,
replacing the conventional fluorophores. Sodalite is a zeolite-type mineral with the general
composition of Na8[AlSiO4]6Cl2. Sulfur-doped sodalite, also known as Hackmanite, may
exhibit photochromic and/or photoluminescent properties[2], depending on the sulfur
species entrapped inside the β-cages, [S2]2- or [S2]- clusters, respectively. These
compounds are rare-earth-free (compounds in the list of critical raw materials, according to
the European Commission[3]), with the abundant starting materials, providing a low-cost
production[4]. Artificial hackmanite can be synthesized in laboratory through a solid-state
synthesis, starting from the LTA zeolite, NaCl and Na2SO3, see Figure 1.
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Figure 1 - Solid-state transformation of Na-LTA zeolite into hackmanite.

Sulfur-doped sodalite samples with different sulfur/chloride ratios were synthesized, based
on the following stoichiometry: Na8[SiAlO4]6SxCl2-2x, in an electric furnace at 900º C, under
a reducing atmosphere. The Na-LTA structure collapses by its 4-member ring (when exists
a higher tension) and the sodalite phase is formed. Although, this phase is not the only one
formed during this solid-state synthesis, nepheline (Na4Si4Al4O16) is also present. Our XRD
results showed that the presence of nepheline increases with the S/Cl ratios, confirming the
importance of the NaCl in the stabilization of the sodalite phase[5]. At low S/Cl ratios, the
well-known yellow-orange emitting centers [S2]- which present high Stokes shifts, ca. 250
nm, high external quantum efficiency (EQE) and stability at high temperatures[6] are
present. However, NIR emission was also found in samples with higher S/Cl ratios, with a
quantum yield (QY) up to 17%. Computational calculations (TD-DFT) assigned this new
emission to the presence of [S3]2- clusters, which occurs via triplet emission. This
assumption is in good agreement with the experimental average decay time of 0.46
milliseconds and the high Stokes shift (1.97 eV, 440 nm). To better understand the different
clusters present in the produced samples, EPR and Raman techniques were used. The
high stability, and QYs found in these samples place them in a unique position to be used
in several applications. For example, the yellow-orange emitting samples can be used as
an alternative to the commercial phosphors in LED technology and the long-lived NIR
emitting ones in anticounterfeiting and authentication.
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This work covers the environmental synthesis and catalytic activity for gas-phase total
oxidation of benzene over cerium oxide-impregnated two-dimensional ITQ-2 and MCM-22
MWW-type zeolites. The lack of studies involving syntheses of MWW-type zeolites using
low-cost reactants and their catalytic behaviour in environmental catalysis motivated this
study. Rice husk is considered the world largest agro-industrial waste. Brazil is one of the
world rice producers and the largest in the American continent. Rice husks contain about
6% silica, which was obtained after a simple step of calcination at 600 °C. The delaminated
(ITQ-2) and traditional (MCM-22) MWW-type derivatives were synthesized under the
traditional procedures [1],[2] using the silica (R) from the Brazilian rice husks waste. The
protonic forms of the zeolites were impregnated with cerium (5 and 10% of Ce). All
procedures and sample nomenclatures were summarized in Figure 1 (left image).
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Figure 1. Scheme summarizing the proposed methodology and sample nomenclatures (left) and the X-ray diffractogram
of samples (right).

The diffractograms (Figure 1, right) exhibited the characteristic peaks of the layered
intermediate precursor and the tridimensional zeolite, which confirms that the R-MCM-22P
and the R-HMCM-22 were successfully obtained. The diffractrogram of R-HITQ-2
presented the intralayer (hk0) planes preserved and coalescence of reflections (101) and
(102) in a broadband, which was associated with the loss of layer stacking order and typical
of delaminated MWW materials.
The diffractograms of cerium oxide-impregnated materials (Ce0.05/R, Ce0.05/R-HMCM-22,
Ce0.1/R-HMCM-22, Ce0.05/R-HITQ-2, Ce0.1/R-HITQ-2) presented three wide peaks at 2q =
28.5; 33.1 and 47.6°, assigned to (110), (200) and (220) planes, respectively, of the cubic
phase of cerium oxide.
The textural and microscopic analyses reveals that type of structure influenced the size and
dispersion of cerium oxide-nanoparticles (NPs) on the external surface of the supports. The
porosity and surface defects followed the order R (46 m² g-1) < MCM-22 (341 m² g-1) < ITQ2 (475 m² g-1) and resulted the decrease of cerium-oxide NPs size (7.3 < 6.5 < 5.7 nm),
respectively, at the same Ce loading (5%). The DRS UV-Vis and XPS results indicated that
Ce4+ and Ce3+ species were present in all synthesized materials. The pyridine adsorption
results confirm that the increase of Ce content generates new Lewis acid sites in both
MCM-22 and ITQ-2 zeolites. The best total oxidation results were achieved at 350 °C for
the Ce-impregnated ITQ-2 (5 and 10% of Ce) reaching benzene conversions of 84 and
91%, respectively, and followed by Ce-impregnated MCM-22 (5 and 10% of Ce) with 70
and 79%, respectively. No loss of activity was observed after 16 h of reaction for both Ceimpregnated ITQ-2 and MCM-22 (10% of Ce).
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Introduction
Faujasite-type zeolite (FAU) is one of the most important zeolites and widely used in many
industrial applications. FAU zeolite is mainly classified into zeolite X with Si/Al ratio of less
than 1.5 and zeolite Y with Si/Al ratio of more than 1.5. Al-rich zeolite X is widely used for
adsorption and ion-exchange applications. On contrast, zeolite Y is well known as fluid
catalytic cracking and hydrocracking catalysts [1,2]. FAU zeolites with Si/Al ratio higher
than 5 are generally preferable to achieving high hydrothermal stability and catalytic activity
[3,4]. However, direct synthesis of zeolite Y with such high Si/Al ratios is quite difficult.
Under organic structure directing agent (OSDA)-free conditions, the Si/Al ratio was usually
limited below 3 [5]. Also, it is difficult to obtain FAU zeolites with Si/Al ratio higher than 5
even using OSDA until recent years. In industrial processes, therefore, high-silica FAU
zeolites have been prepared by dealumination such as chemical treatment or steaming.
However, such treatments result in not only loss of crystallinity and generation of structural
defects, but also high-cost process. From such viewpoints, great efforts for the direct
synthesis of high-silica FAU zeolite have been still made. Recently, some groups have
reported the high-silica FAU syntheses with Si/Al ratio higher than 5 [6,7]. However, these
methods require long synthesis periods of several days or more, indicating that direct
synthesis of FAU zeolites leaves room for the improvement by carefully adjusting synthesis
parameters.
Thus, in this study, we tried to synthesize FAU at high temperatures as there is no
detailed study on effect of synthesis temperature higher than 140 ˚C. To achieve this
objective, we focused on the use of tetrapropylammonium hydroxide (TPAOH), one of
quaternary ammonium cations because it is known as a relatively inexpensive organic
compound and has been used as an OSDA in the synthesis of several zeolites such as MFI
to date. In addition, from a standpoint of fast synthesis, FAU seed crystals were used [8].
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Experimental
50 wt% sodium hydroxide solution was prepared by dissolving sodium hydroxide in
deionized water. The 50 wt% sodium hydroxide
solution (0.45 g) was mixed with deionized
water (1.55 g) and aqueous TPAOH solution.
Aluminium hydroxide was added in the alkaline
solution, and the mixture was stirred until fully
dissolved. Then, Cab-O-sil®︎ M5 (1.6 g) and
FAU zeolite seeds (0.068 g, Si/Al = 5.0, Tosoh
Corporation) was added to the clear alkaline
solution, and the mixture was stirred for 24 h
under 1500 rpm at room temperature until
homogeneous gel was obtained. The gel
composition was SiO2: 0.025Al2O3: 0.21NaOH:
0.42TPAOH: 10.7 H2O, and the seed crystal
was 4.1 wt% of SiO2. After aging, the mixture
was transferred to a Teflon reactor sealed in a
stainless-steel and was then subjected to
hydrothermal treatment at 180 ˚C for 0.5 – 4 h
Figure 1 Characterization results of obtained high-silica FAU.
in an oven under autogenous pressure while
being rotated at 40 rpm. After heating, the solid
a, XRD patterns of products in different heating times and seed
crystals. b and c, SEM images of FAU obtained at 4 h and seed
product was recovered via filtration, thoroughly
crystals. d and e, 27Al MAS NMR and 29Si MAS NMR spectra of
washed using deionized water, and dried at 80
obtained FAU at 4 h.
˚C.
Results and Discussions
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Table 1 The compositions and solid yields of products obtained at different synthesis times.
Relative crystallinities were calculated based on the XRD peak area of FAU seed crystal. Si/Al and Na/Al ratios were measured by
ICP-AES. The weights of organic compounds contained in solid phase were calculated by TGA.
Time [h]

Relative crystallinity [%]

Si/Al [–]

Na/Al [–]

Organic compounds [wt%]

Solid yield [wt%]

0

6.5

5.0

0.95

6.3

32

0.5

9.5

4.8

1.11

5.0

33

1

19

5.2

1.03

5.5

30

2

40

5.5

1.15

7.2

31

3

68

6.1

0.86

11.1

34

Figure 1a shows XRD patterns of the products obtained in different heating times,
indicating
phase after0.54
4 h of hydrothermal
4 that FAU was
133obtained in a single5.8
18.2 synthesis. This
is the fastest case as far as we know in previous high-silica FAU syntheses using both Na+
cation and some organic cation even though the aging time at room temperature is
considered. From the SEM image of FAU obtained at 4 h, octahedral particles with a size of
ca. 500 nm – 1 µm were observed, and their morphology was similar to FAU seed crystals
with ca. 200 – 500 nm (Figure 1b and c). Then, no impurities were also observed. From the
result of elemental analysis by ICP-AES, the Si/Al ratio of FAU obtained at 4 h was 5.78.
Moreover, the 27Al MAS NMR spectrum showed that only the peak derived from 4coordinated Al was observed (Figure 1d), and the 29Si MAS NMR spectrum showed that
only the peaks derived from Q4(nAl) were observed (Figure 1e). The Si/Al ratio was 6.02
calculated from 29Si MAS NMR result. This value corresponds to the Si/Al ratio from ICPAES, suggesting that the obtained FAU has high crystallinity with almost no silanol defects
or extra-framework Al atoms. To clarify the FAU formation mechanism, the crystallization
process of FAU was tracked. When the synthesis time was varied from 0 h to 4 h, the peak
intensity derived from FAU framework increased remarkably after 2 h heating and the full
crystallization of FAU was achieved at 4 h. Focusing on the behavior of compositions and
solid yields, the Si/Al ratio, Na/Al ratio, and the amount of TPA+ included in solid phase just
before heating are 4.99, 0.95, and 6.3 %. This result means that Na+ was mainly
responsible for the charge compensation of Al-O4/2. With heating time, the Si/Al ratio and
TPA+ content in the solid phase increased, but Na/Al ratio decreased. The composition
change from 1 h to 4 h was particularly remarkable. Then, the Si/Al ratio changed from 5.17
to 5.78, the TPA+ content increased about three times to be 18.2 % compared to 5.5 %,
and the Na/Al decreased from 1.03 to 0.54. This behavior coincided with the movement of
the increase in relative crystallinity. By contrast, the solid yield was largely unchanged
during the crystallization process, although it increased slightly with crystal growth. These
results strongly suggest that TPA+ was gradually incorporated into the solid phase during
crystallization and was responsible for charge compensation of Al atoms instead of some
Na+ cations. It is reasonable to assume that the TPA+ cation plays an important role in
stabilizing high silica FAUs during crystal growth.
To understand the roles of Na+ and TPA+ in more detail, the TPA+/Na+ ratio was varied
with keeping the constant OH-/Si ratio under the high temperature condition. In any cases
of using only Na+, only TPA+, and TPA+/Na+ = 0.21/0.42, FAU crystallization was not
proceeded enough. We have now considered as following hypothesis; Na+ contributes to
570

37

the formation of effective nuclei in the early stage of FAU crystallization whereas TPA+
contributes to the stabilization of FAU crystals during the crystal growth.
Furthermore, in order to develop a high temperature and high-speed synthesis method
using TPA+, we have investigated FAU synthesis using several organic cations instead of
TPA+ and have already succeeded in synthesizing pure FAUs using a bulky organic cation
that have not been reported in previous FAU syntheses. This detail result will be also
presented in the IZC conference.
Conclusions
In this study, we succeeded in fast synthesis of high-silica FAU under high temperature
condition, in which FAU synthesis has not been reported to date. Considering the
compositions and solid yields of products obtained at different synthesis times, it is clarified
that Na+ and TPA+ played key roles in the formation of effective FAU nuclei and the
stabilization of FAU structure during the crystal growth, respectively. In addition, based on
obtained knowledges from TPA+-FAU fast synthesis, we succeeded in FAU synthesis using
another organic cation, which has not been reported in the previous FAU syntheses. It is
expected that these findings can help the further synthesis of high-silica FAU under various
conditions.
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Hydrocracking is a process combining catalytic cracking and hydrogenation, where heavy
feedstock is cracked in the presence of hydrogen and catalysts to produce more desirable
products [1]. Catalysts are used to enhance the conversion of saturated polyaromatics to
increase the paraffines and naphthenes and reduce aromatics [2]. Hydrocracking is
typically performed using a bi-functional catalyst where the cracking function is provided by
the acidic support and hydrogenation-dehydrogenation function is provided by metals [3].
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Zeolites are widely preferred over other supports because of their stronger acidity, higher
thermal and hydro-thermal stability, higher resistance to sulfur and nitrogen compounds,
reduced coke production tendency, and higher regeneration capability [4]. The most widely
used zeolite in industrial hydrocracking is the faujasite zeolite [5]. The maximum pore
opening for zeolite Y is 7-8Å. The large molecules present in heavy oils cannot pass
through the internal pores of the zeolite, where the majority of active sites are located. One
of the efficient way to overcome such diffusion limitations is to reduce the zeolite particle
sizes, especially to nanometer range. With the reduction in particle size, zeolite external
surface area can increase substantially, and thus more active sites on the surface can be
accessible. As a result of large external surface and short diffusion paths, the catalyst
reaction performance in heavy conversion is greatly enhanced.
Our goal of this study is to synthesize nano-sized zeolite via a simple, economic, and
efficient approach. Four synthesis routes with different silica and alumina sources, and
different synthesis procedures were studied. The main results, and typical SEM image for
SNY-1 are shown in Table 1, Figure 1. Due to intra-particles void of nano-sized particles,
SNY-1 to SNY-10 samples have much higher pore volume than conventional zeolite Y (its
pore volume is 0.3-0.4 ml/g). From the particle size and pore structure point of view, SNY-1
is better than SNY-2 and SNY-3. To further reduce the cost and shorten the synthesis
steps, SNY-10 was developed, which has relatively cheaper silica and alumina sources,
and shorter synthesis procedure. The results indicated that SNY-10 exhibited the improved
crystallinity and pore structure with particle sizes averaging around 337nm. Continuous
studies are being carried out to improve the particle sizes and crystallinity.
Table1. Si and Al source and main product properties of SNY 1, 2, 3 and 10

Sample name

SNY-1

SNY-2

SNY-3

SNY-10

Si source

Na2SiO3

Colloidal
SiO2

Colloidal
SiO2

Colloidal
SiO2

Al source

NaAlO2

Al isoproxide

NaAlO2

NaAlO2

76.5

83

86.4

88.6

64-687

248-675

213-2744

176-636

209

474

721

337

Surface area, m2/g

700

607

621

530

Pore volume, ml/g

0.81

0.76

0.78

0.432

XRD crystallinity, %
SEM particle size, nm
Particle size
range
Average, nm
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Figure 1. SEM image of SNY-1
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Metal-organic framework (MOFs) are an emerging class of adsorbent materials that are
receiving great attention due to their specific characteristics such as pore volume, high
surface area, and structural flexibility [1,2]. These characteristics make them a potential
solution to several environmental and energy challenges. However, there is still a concern
regarding mechanical stability, due to the responsive behavior to guest molecules, such as
573

the structural behavior after the introduction of gases and other molecules, such as water
vapor, leading in extreme cases to structural collapse [3]. For this reason, research that
involves chemical structure and mechanical resistance improvement to change these
materials physical morphology is being performed to optimize these adsorbents adsorption
capacity. These studies involve the shift from crystalline powder to the construction of MOF
monoliths supported by more stable materials such as aerogels silica [4,1]. Therefore, this
work aims to evaluate the synthesis, characterization, and study of the properties of the
silica monolith and the Silica/MOF monolith by supercritical drying. A new synthesis route
was carried out in this work for the construction of the monolith based on the studies of
ULKER [5]. First, a mixture of TEOS (5 mL) and ethanol (5.88 mL) was stirred.
Subsequently, water (1.6 mL) and 37% HCl (0.00261 mL) were added to adjust the pH to 2.
As a result, there was an increase in the silica precursor hydrolysis rate. Then 10% of
commercial MOF (HKUST-1) (0.1325 g) was added to the mixture. With vigorous stirring, it
was possible to observe the MOF powder dispersing in the mixture giving it a blue color.
After 2 h the 25% aqueous ammonia (0.0136 mL) was added away to accelerate the
condensation reaction leading to gelation under neutral conditions. After that, the solution
was poured into a 10 mL stainless steel column and the aging step continued for 24 h at 40
°C in an oven. The next step was the supercritical drying Figure 1 at 90 bar and 40°C for
approximately 5 h for the silica monolith and around 3 h for the silica/MOF monolith. It is
worth mentioning that the synthesis of the silica monolith was carried out in the same way,
but without the addition of the MOF step. It can be seen in Figure 2 the monoliths after
drying with supercritical CO2.

Figure 3: Experimental unit for materials drying with supercritical
CO2.

Figure 4: Silica and silica/MOF monolith after drying with
supercritical CO2.

Figure 3 shows the commercial MOF powder XRD diffractogram, as well as the silica
monolith and the silica-MOF monolith after drying with CO2. The silica monolith presented
two peaks, the larger one and narrower peak (1.5 to 5°) referring to the aerogel silica
mesoporous nature, and the smaller and broad (15-35°) referring to the single crystal
diffraction peak associated with the aerogel silica disordered nature [6]. It was possible to
observe that the characteristic peak of commercial MOF matches with the literature [7]. The
peaks referring to the MOF and the silica monolith can be observed in the silica-MOF
monolith, which confirms the preservation of the individual structure of silica and
commercial MOF in the synthesized material, even if in a small percentage. The Figure 4
shows the characteristic bands of silica 790 cm-1 and 1054 cm-1 referring to symmetric
stretching, the vibration of the Si-O-Si chain bonds attributed to the presence of siloxane
groups and the band 945 cm-1 referring to the Si-OH from the asymmetric elongation of the
silanol group [5]. It is also possible to observe that the silica/MOF monolith also comprises
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the commercial MOF in its structure with the appearance of bands around 1700-1500 cm-1
and 1500-1300 cm-1 which are attributed to the asymmetric and symmetrical stretching of
the -COO- groups, the bands 710-758 cm-1 that characterize the vibrations outside the C-H
plane of the benzene ring and the characteristic stretching of the Cu-O bond around 760
cm-1 [5,8].
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Figure 3: X-ray diffractogram of the commercial MOF powder,
silica monolith and silica/MOF monolith dried with supercritical
CO2.
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Figure 4: Fourier transform infrared spectra of the commercial
MOF powder, silica monolith silica/MOF monolith dried with
supercritical CO2.

Figure 5 shows the isotherm of the commercial MOF, characteristic of a microporous
crystalline material and, therefore, exhibits a type I isotherm, thus being fully reversible, as
indicated by the superposition of the adsorption curves and desorption curves [9]. On the
other hand, the isotherm of the silica/MOF monolith has a similar characteristic to the silica
materials with hysteresis, however, the isotherms are different from those shown in a
similar work using monolith by ULKER and collaborators [5]. This difference can be
attributed to the change of the base in ethanol used by ULKER [5], by NH4OH in water
used in this work, in addition to the drying time. For this reason, this work optimized the
drying process, which was about 12 h used in ULKER's work, to approximately 5 h for the
silica monolith and 3 h for the silica/MOF monolith, thus reducing the energy expenditure
involved in the process. It was noted that, even with the decrease in drying time, the
samples of silica monolith and silica/MOF monolith remained with high surface areas 943
m2 g-1 and 906 m2 g-1 for this work and for the work by ULKER et al 926 m2 g-1 and 1025 m2
g-1 respectively.
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Figure 5: Adsorption isotherms of N2 on commercial MOF, silica monolith and silica/MOF at 77 K.
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Zeolites are interesting materials for the application as molecular sieves or catalysts for
organic reactions. In their synthesis, structure-directing agents (SDAs) play a decisive role
in determining the type of zeolite structure formed. Most SDAs are organic amines or
alkylammonium salts, but it is also possible to use metal complexes.
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1.0

Here, we take up previous work from our group [1] and describe a zeosil obtained using the
tricationic [Co(tacn)2]3+ complex (1,4,7-triacacyclononane = tacn, Fig. 1a) as SDA in a
typical zeosil hydrothermal synthesis. According to single crystal X-ray structural analysis,
the resulting yellow zeosil called LMU-2 (Ludwig-Maximilians-University-2) has an
interrupted porous silica framework (–CHA) similar to the chabazite (CHA) structure (Fig.
1c), where the cobalt complex is located inside the major cage (Figure 1d). We also
determined the crystal structure of nano-sized crystalline material by 3D electron diffraction
and were able to obtain more details on the [Si–O∙∙∙H∙∙∙O–Si]‒ hydrogen bonds of the
interrupted framework by locating the hydrogen atom of this entity (Figure 1e). Calcination
of LMU-2 yields a material with a disordered CHA structure. The colour change of the
material from yellow to blue shows that cobalt has been incorporated into this material. The
oxidation and the coordination state of the cobalt atoms are analysed using different
spectroscopic methods. Co-containing zeotypes are interesting catalysts for various
reactions.

Figure 41: a) The [Co(tacn)2]3+ complex, b) crystal structure of Co(tacn)2Cl3 ∙ 5 H2O (C: grey, N: blue, Cl: green, O: red);
cobalt atoms are located insite the octahedra. c) Schematic presentation of the –CHA topology of the zeosil framework,
where d) the cobalt complex is located inside the pore cages. Oxygen atoms are omitted in the depictions of the
framework. e) Unit cell of the crystal stucture of LMU-2 as determined by 3D electron diffraction with a zoom on the [Si–
O∙∙∙H∙∙∙O–Si]‒ hydrogen bond (Si: blue, O: red, C: brown, H of CH2: rosa, H of [Si–O∙∙∙H∙∙∙O–Si]‒: yellow).
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MFI zeolites are microporous crystalline solids with well-defined structures. They are mainly
composed of silica sources, alumina source, organic structure-directing agent (OSDA), and
alkaline source. OSDAs, such as tetrapropylammonium hydroxide solution (TPAOH), are
used to guide the formation of particular types of pores and channels during the synthesis
of zeolites [1-3]. In this study, ZSM-5 zeolites (with Si/Al ratio of 50) were hydrothermally
synthesized with tetraethyl orthosilicate (TEOS) as a silica source, at different
crystallization temperatures in the range of 110-180 °C for 15 h, with varying solution
concentrations of TPAOH, resulting in TPAOH/SiO2 ratios varying from 0.1-0.3. Several
characterization techniques of XRD, SEM, NMR and BET were utilized to study the effect
of template amount and crystallization temperature on particle size, morphology, acidity
distribution, surface area, crystallinity, phase purity, textural properties, chemical structure
to correlate with catalytic cracking stability performance. The amount and type of acid sites
in the developed zeolites were obtained through TPD and Pyridine FTIR. Finally, the
catalytic activity of the catalysts was investigated in catalytic cracking process of ndodecane, as a model reaction of naphtha cracking, carried out in a fixed bed reactor at
T=350°C, LHSV=4.5h-1 with N2 as inert carrier.
The particle size and textural properties of the produced zeolite samples were found to be
highly affected by the template content. Although most produced zeolites were confirmed to
be highly crystalline pure MFI materials, XRD analysis revealed that particle crystallinity
was reduced with decreasing TPAOH/silica ratio, as well as with decreasing synthesis
temperature, resulting in amorphous particles at synthesis temperature of 110 ºC and
TPAOH/silica lower than 0.180. On the other hand, the morphology was dominantly
controlled by the template content and tuned by the synthesis temperature. Specifically,
semi-cubic morphology was observed at all synthesis temperature for TPAOH/silica
=0.276, while lower template content resulted in less regular particle morphologies that
increased in shape uniformity with increasing synthesis temperature. Furthermore, the
particle size was reduced from micron size to the range of 200-300 nm by increasing the
template content in the synthesis mixture. Therefore, it was concluded that temperature
mainly affected the morphology of the crystals while TPAOH/silica ratio had more impact on
the particle size. In terms of catalytic activity, it was observed that catalytic activity was
proportional to the TPAOH/silica ratio.
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The evaluation of the synthesized MFI in the catalytic cracking of n-dodecane
demonstrated that the template content has a crucial role in altering Lewis and Brønsted
density which affect the catalytic cracking stability. Although the catalytic activity for all MFI
synthesized at T=180°C was relatively similar (ca. 90%), MFI zeolite synthesized with
TPAOH/silica of 0.10 showed fast deactivation with catalytic conversion dropping to 62.8%
in just 9.0 h of time on stream, compared with higher conversion and better catalytic
stability for MFI synthesized with higher TPAOH/silica ratio, dropping to 80% after 28 h of
time on stream.

TPAOH/Silica = 0.100

TPAOH/Silica = 0.180

TPAOH/Silica = 0.276

Figure 1- Morphology of synthesized ZSM-5 samples at 180 °C with different TPAOH/Silica ratios
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Abstract
High hydrothermal stability is crucial for many applications of zeolites, including automotive
emission abatement and fluid catalytic cracking [1,2]. However, silanol defects can reduce
the hydrothermal stability of a zeolite [3]. Recently, Iyoki et al. reported a hydrothermal
liquid-mediated defect-healing treatment based on tetraethylammonium (TEA+) hydroxide
and ammonium fluoride and demonstrated dramatic enhancements of hydrothermal
stability in high-silica zeolites [4]. However, many aspects of the mechanism remain
unclear. In this work, we have applied this treatment, and variants thereof, to the H+ form of
zeolite beta (Table 1). Through comparison between H-beta of high (730) and lower (28.6)
SiO2: Al2O3 ratio, extensive characterisation of the treated samples before calcination, and
variation of conditions and reagents, insights into the interaction of TEA+ and F- with H-beta
under hydrothermal conditions was gained.

Table 1. a) Composition of treatments applied to zeolite H-beta. All samples treated at 170oC for 24 hr; b) pH of the
treatment solution before adding the zeolite; c) pH of the slurry after the hydrothermal treatment; d) Amount of fluoride
per unit cell measured in the product by ion chromatography; e) TEA + content per unit cell estimated by
thermogravimetric analysis and expressed as a percentage of the approximate maximum (taken to be ~ 6.7 TEA + per
unit cell, as determined for an as-made SAR 24.2 beta).

Treatmenta
Treatme
nt

(Molar Ratio)

Initial
Zeoli
te
SAR

Yield
(%)

pHb

Final
pHc

Fd

% of max
TEA+(u.c.)
e

(u.c)

TEAOH NH TEA H2O
4

580

F
TEAOH+N
H4F

0.10

TEAF+TEA
OH

0.10

TEAF

-

0.11

-

-

F

-

730

97

11

9 - 10

2.0

37

28.6

91

11

7.5 - 8

0.2

57

730

98

14

9.5 - 10

2.0

63

28.6

94

14

6-7

2.4

86

730

98

6-7

6-7

2.8

28

28.6

81

6-7

3.5

0.4

55

15

0.10 15

0.10 15

0.2

-

-

15

730

89

14

10.511.5

-

86

0.2

-

-

15

28.6

91

14

9.5

-

86

2TEAOH

TEA+ was readily incorporated in the materials during the treatments and increasing TEA+
incorporation generally resulted in greater crystallinities and the generation of smaller
mesopores, consistent with the stabilising role of TEA+ proposed by Iyoki et al [4].
Pronounced differences were observed between the high and low SAR zeolite H-Beta. For
each treatment, greater decreases in pH, greater incorporation of TEA+, and greater
variability of incorporation of F- were observed for the lower SAR zeolite. In samples with
SiO2: Al2O3 =730, all treatments resulted in substantial incorporation of F- (≳ 2 per unit cell)
into the [4354] cages of the structure. The dominant mechanisms of TEA+ incorporation into
these samples were very likely exchange with the H+ of silanol groups, and the charge
balancing of framework-associated F- in the [4354] cages. In contrast, substantial
incorporation of F- only occurred in the more Al-rich samples when the total available
quantity of TEA+ exceeded that of framework Al. This was probably because incorporation
of F- into the [4354] cages required a charge balancing TEA+ cation, but TEA+ preferentially
exchanged with H+ to charge balance framework Al.
Scanning electron microscopy (SEM) images (Fig. 1) evidenced nanoscale textural
changes during most treatments. No nanopores were visible in the larger crystallites of the
parent zeolites. In contrast, most of the treated samples showed new “pinhole-like”
nanopores, or extensive new nanoporosity leading to a “foam-like” appearance. Greater
generation of nanoporosity was generally observed with decreasing TEA+ incorporation,
suggesting a stabilising role for TEA+.
Defect healing as judged by a reduction in silanol defect density was shown to be possible
even in the absence of F-, suggesting that either the migration of Si within the framework
does not require a mineralising agent, or that intracrystalline Si migration can also be
facilitated by OH-.
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Figure 1. SEM images of treated samples and parents. The scale bar shown applies to all images. For samples in
which nanopores are visible, a few examples are circled. a) Parent H-Beta; b) TEAOH + NH4F; c) TEAOH + TEAF; d)
TEAF; e) 2TEAOH.
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Zeolites are microporous solids described as 'molecular sieves' that possess systems
of channels and cages with molecular sizes and contain different extra framework
cations. These characteristics confer remarkable properties leading to applications in
adsorption, catalysis or cation exchange processes [1]. Zeolite-based catalysts play a
key role in petrochemical industry [2] and gas separation. Particular focus on the
capture of greenhouse gases using small-pore zeolites has been paid over the last
decades.
Nanosized zeolites present a significantly high surface area and reduced diffusion path
length for guest molecules compared to their micron-sized counterparts [3]. Despite the
high cost of using organic structure-directing agents (OSDAs) to access nanosized
zeolites, an organic template can facilitate obtaining new structures and stabilize the
framework of various high silica zeolites. Previously we have described the results of a
room-temperature OSDA-free synthesis of chabazite (CHA) nanozeolite on crystals
size, morphology, chemical composition, and crystalline yield [4]. This nanosized CHA
was synthesized exclusively using inorganic cations (Cs+, K+ and Na+).
Here we report the synthesis of nanosized CHA using a combination of organic additive
(ABCO) with inorganic cations (Cs+, K+ and Na+). The obtained CHA nanocrystals
showed an increase of the Si/Al of approximately 24% compared to the reference CHA
synthesized with inorganic structural directing agents only. The nanosized CHA zeolite
was comprehensively characterised by ICP, SEM, XDR, TGA, N2 and CO2 adsorption,
and NMR.
The nanosized chabazite sample contains crystals with a size of 250 nm consisting of
intergrown nanoparticles of 50 nm (Fig. 1a). The X-ray diffraction study revealed the
purity of the crystalline phase and preserved crystallinity after calcination at 450 °C
(Fig. 1b). The adsorption analyses confirmed the high CO2 capacity of the CHA zeolite
before and after calcination (Fig. 1c) confirming their stability. The cycling CO2
adsorption study on the as-synthesized nanosized CHA zeolite was carried out and the
high reproducibility of the CO2 adsorption capacity of the crystals was confirmed (Fig.
1d).
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Figure 42. (a) SEM image of nano-sized chabazite crystals, (b) XRD patterns of nano chabazite before and after calcination at 450 °C,
and micron-sized chabazite for comparison, (c) CO2 adsorption isotherms of nano chabazite before and after calcination at 450 °C, and (d)
cycle adsorption analysis at 350°C and 2 bars CO2.
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During self-assembly disordered units or particles are directed into long-range ordered
structures or patterns based on molecular interactions between the building elements. Selfassembled structures are a vital tool in supramolecular chemistry because they permit the
construction of various topologies at the nanoscale. [1] Until recently the assembly of
inorganic nanoparticles was limited to only microscale structures; [2-6] however, this work
introduces a unique evaporation-induced self-assembly (EISA) of silica nanoparticles into
macroscale structures by functionalizing the particle surfaces with short peptides. [7]
First, covalent coupling between peptide and silica was investigated in detail, starting with
grafting of a single amino acid (L-serine) and expanded to specific small peptides (Ac-PhePhe, peptide 1). MSNs were post-functionalized using 3-(amino-propyl)triethoxysilane
(APTS) to enable coupling with a carboxylic acid by the formation of an amide bond (Figure
1a). The produced materials were analyzed using a variety of methods covering porosity,
grafting efficiency, composition, size, and charge of the nanoparticles. 13C (CP/MAS)
ssNMR revealed the dominant peaks resulting from the APTS-functionalized material, as
well as the existence of the coupled peptide.
Materials functionalized with peptide 1 demonstrated evaporation induced self-assembly
into ring-like structures with comparable diameters using pentane as a solvent. The
obtained architectures appear interconnected, and their structure shows similarities to large
honeycombs (Figure 1b). The self-assembly was independent of the particle type (MCM48-type MSNs, solid nanoparticles, and newly developed virus-like nanoparticles) and
independent of the amount of peptide anchored to their surface. This technique has
significant implications for the development of future functional materials, such as smart
drug delivery systems or nanocatalyst assemblies.
The ways in which the particle composition affects the assembly process will be studied by
evaluating novel, more diversified peptides with pre-existing structural formations and
585

further varying the particle type. It will be investigated what different topologies of the selfassembled carrier system can be achieved. First experiments to improve the conjugation
method and address existing issues with previously published procedures were performed,
increasing the coupling efficiency and removing the reaction solvent from the produced
materials. The conjugation was successfully applied to dendritic mesoporous nanoparticles
(DMSN) and small dendritic MSNs (sDSMN) with particle sizes of approximately
200 nm and 50 nm.

Figure 1
a) Synthesis scheme of the conjugation with peptide 1, b) SEM images of the evaporation induced self-organization of
the peptide-silica conjugates using pentane as the solvent: as-made MCM-48-type MSNs conjugated with peptide 1 on
the right side and pure material on the left side.
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Zeolite ITQ-15 (UTL) presents a bidirectional channel system of 12 and 14 member rings,
Figure 43 [1]. The extra-large pore size allows the application of the zeolite ITQ-15 as
catalyst in reactions in which large organic molecules are involved without diffusion
problems. In addition, the incorporation of titanium in its structure afford redox properties to
the zeolite that generates a great interest in different catalytic processes.
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Figure 43. View of the ITQ-15 (UTL) zeolite structure along the b axis and c axis.

Although the presence of germanium in a zeolite could result in an unstable zeolite
structure during the calcination process, the incorporation of germanium in the synthesis
gel is required to synthetize the zeolite ITQ-15 thus far. This work develops the synthesis of
the zeolite ITQ-15 by direct synthesis as titanosilicate, in absence of trivalent compounds,
with the lower amount of germanium described in bibliography [2]. Its structural composition
presents a molar relation of (Si+Ge)/Ti = 86 and Si/Ge = 7. With this germanium content,
the zeolite ITQ-15 is stable during the calcination process as is shown in Figure 44.
Therefore, for the first time, it is possible to use the zeolite Ti-ITQ-15 as catalyst.
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Figure 44. X-ray power diffraction patterns of as-synthetized and calcined Ti-ITQ-15 zeolite.

Ti-ITQ-15 (Si+Ge)/Ti = 86) zeolite has been applied as catalyst in the oximation reaction of
cyclohexanone and hydroxylamine [3-5], showing high activity and selectivity values
(TON=550, TOF= 1104 h-1; S= 100%) towards the obtention of the corresponding ketoxime
2 under relatively mild conditions after 90 min of reaction time (Figure 3). Figure 3 shows
the evolution of conversion, yield and selectivity values with time towards the obtention of
compound 2.
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Figure 45. Experimental conditions: cyclohexanone (2.5 mmol), NH2OH (5 mmol), T= 70ºC, CH3CN (8 mL), 0.33 mmol
of hexadecane (internal standard), catalyst (0.22% mol). The graph shows the evolution of cyclohexanone 1 (mmol %),
ketoxime 2 (mmol %) and selectivity [S(%)] towards the obtention of the final product 2 with reaction time.

As can be deduced from figure 3, the transformation of cyclohexanone into the
corresponding ketoxime 2 takes place efficiently and selectively in the presence of Ti-ITQ15 zeolite in less of 1 hour under smooth reaction conditions, showing that ITQ-15 is a very
competitive and green catalyst to carry out condensation reactions. More specifically a
condensation reaction starting from a ketone and NH2OH to give an oxime. On the bases of
this result, subsequent studies will be undertaken to further reduce the Ge content and
increase the incorporation of Ti in order to exploit the potential of this catalyst in reactions
of industrial interest.
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Introduction
Copper substituted chabazite zeolite (Cu-CHA) exhibit excellent activity towards removing
NO and NO2 from exhaust gasses by catalyzing the selective catalytic reduction (SCR)
reaction with NH3 as the reductant and has been commercialized for heavy-duty
automotive applications:
4NH3 + 4NO + O2 → 4N2 + 6H2O [1].
The literature on Cu substituted aluminosilicate zeolites proposed a hypothesis for the
connection between the synthesis pathway, the Al distribution and the catalytic activity in
the SCR reaction: The presence of both TMAda+ (structure direction agent) and Na+ cations
provide a route to increase the number of paired framework Al; moreover, 6-MR paired Al
sites are formed in amounts that increase linearly with the amount of Na+ cation[2-4].
Electronic Paramagnetic Resonance (EPR) spectroscopy is a good characterization
method that can study samples at the molecular or even sub-atomic level, and it can
operate at in-situ conditions. Inspired by this we have synthesized CHA zeolites (SSZ-13)
with and without Na+, and investigate the Al distribution and copper speciation using in-situ
EPR spectroscopy characterization.
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Main Results
We have performed quantification of the EPR signal of the different Cu2+ species present in
Cu-CHA from CHA synthesized by different synthesis methods. Cu2+ is more readily ion
exchanged into the OH-route CHA (no Na+ present) than into the NaOH-route CHA. After
thermal activation in oxygen atmosphere, the EPR signal of a larger proportion of copper
species over NaOH-route CHA were retained. This is assigned to a larger proportion of
copper present as Z2Cu site in the NaOH-route CHA and accordingly a larger amount of
paired Al sites is believed to be present in this material.

Figure 1: EPR active Cu for the fresh samples and the in-situ thermally activated samples plotted versus the
[Cu2+] concentration during ion exchange. The black squares correspond to CHA from the OH-route synthesis
and the red circles correspond to the CHA from NaOH-route synthesis. The triangles correspond to samples
prepared by impregnation with 4 wt. % copper.

Conclusion
The adding of Na+ during zeolite synthesis boosts the forming of paired, not isolated,
framework Al but meanwhile also leads to a higher amount of unwanted extra-framework
Al. As a result, the proportion of Z2Cu in NaOH-route CHA increases, but the metal
exchange ability is inhibited. Ion exchange with Cu2+ and quantification of the Cu sites by
EPR is a valid method to map the location and pairing of Al in CHA zeolite.
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1. Introduction
Zeolites have served as multifunctional microporous materials. However, the molecular
shape is strongly restricted to the zeolite micropores, which is sometimes disadvantageous
for the molecular diffusivity inside the micropores of zeolites [1]. Hierarchical zeolites with
meso- or macropores have been synthesized by an effective approach for solving the
above problem [2]. This kind of zeolite has a shorter diffusion path than zeolite with only
micropores, leading to fewer mass transfer limitations within the zeolite particles [3]. One of
typical synthetic routes for hierarchical zeolites is the selective removal of specific
framework elements of the zeolite and the addition of templates [4,5]. This study has
developed novel hierarchical zeolite with mesopores only on the external surfaces via an
alkaline treatment for organic structure-directing agents (OSDA)-occluded zeolites. In our
synthesis strategy, OH– ions, which induce desilication, cannot penetrate the zeolite
crystals due to the presence of OSDA. Thus, desilication is expected to occur only in the
vicinity of the external surface. In the case of strongly diffusion limitation, the reaction rate
is governed by the diffusion rate near the external surface. In this condition, the mesopores
selectively introduced near the surface are expected to improve the reaction rate. In
addition, zeolites can be expected to maintain mechanical strength and hydrothermal
stability since the excess desilication does not proceed inside. Therefore, low-density
polyethylene (LDPE) cracking was applied as a model reaction to investigate the role of
mesoporosity on the external surfaces of zeolites in reactions.
2. Experimental
Tetramethyl orthosilicate (TEOS), Al(NO3)3·9H2O, tetrapropylammonium Bromide (TPABr)
and 4M NaOH aqueous solution were used as Si, Al and Na sources, respectively. These
chemicals were mixed in deionized water. The molar ratio of the mixture was 0.75 SiO2 :
0.0125 Al2O3 : 0.5 TPABr : 0.25 NaO2 : 120 H2O. Firstly, the mixture was heated at 80 oC
and stirred overnight. Next, hydrothermal synthesis was carried out at 180 oC for 24 h with
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stirring. After that, the resultant powder was collected by a centrifuge and rinsed with
deionized water several times. The obtained powder was dried at 90 oC. The obtained
sample was named “ZSM-5/ex”. Then, ZSM-5/ex was calcined under an air atmosphere at
550 oC for 5 h. This sample was named “ZSM-5”.
ZSM-5/ex and ZSM-5 were treated at 80 oC in 0.5 M NaOH aqueous solution for t h (t =0,
0.5, 1, 4, 16). The mass ratio of zeolite and 0.5 M NaOH aqueous solution was 1:34. After
that, the treated zeolites were washed with deionized water several times and dried at 90
oC. As for the treated ZSM-5/ex, calcination was performed under an air atmosphere at 550
oC for 5 h. The obtained samples from ZSM-5/ex and ZSM-5 were named “ZSM-5/ex-AT”
and “ZSM-5/AT”.
Prior to characterizations and catalyst tests of the samples, ion exchange was performed
to obtain H+ type zeolites. Typically, zeolites were added into 1M NH4Cl aqueous solution,
and the suspension was stirred at 80 oC overnight. The resulting powder was washed
several times with deionized water and then dried at 90 oC overnight. Finally, the sample
was performed under an air atmosphere at 550 oC for 5 h.
XRD patterns of the samples were recorded on a PANalytical X’Pert-MPD diffractometer
using Cu-Kαradiation. The Si/Al ratios of the samples were determined by the energydispersive X-ray spectroscopy (EDX) on JEOL JCM-7000. N2 adsorption/desorption
measurements at 77 K were conducted using BELSORP-Max (MicrotracBel) to analyze the
porosity of the samples. The nano-morphology of the samples was observed by
transmission electron microscopy (TEM) recorded on a Hitachi H-800. The acidic properties
of samples were evaluated by NH3 temperature-programmed desorption (NH3-TPD)
measurements using BELCAT Ⅱ and a BEL mass analyzer (MicrotracBEL). The catalytic
property of the obtained samples on cracking of LDPE was evaluated by using
thermogravimetry (TG).
3.Results & Discussion
Typical peaks corresponding to MFI structure were obtained in the XRD patterns of ZSM-5,
ZSM-5/AT and ZSM-5/ex-AT. As for ZSM-5/AT, the peak intensity decreased with an
increase in alkaline treatment time. In addition, any specific peaks did not appear after 4 h.
This result implied that excess desilication occurred when the alkaline treatment time was
long, leading to the decomposition of the MFI structure. Meanwhile, the specific peaks
attributed to MFI structure were maintained even after 16 h as for ZSM-5/ex-AT, indicating
that TPA ions which were located in zeolitic micropores prevented the desilication by
alkaline treatment. We monitored Si/Al ratios of ZSM-5, ZSM-5/AT and ZSM-5/ex-AT by
EDX analysis. As the alkali treatment time increased, the Si/Al ratio of ZSM-5/AT was much
lower than that of ZSM-5/ex-AT. These results can support that the TPA ions, located in
zeolitic micropores, inhibited excessive desilication and maintained the zeolite structure.
We investigated the changes in morphology by alkaline treatment by TEM observations.
Aggregated particles with a size of 700 nm were in the TEM image of ZSM-5. TEM images
of ZSM-5/AT show that hollow-like particles were formed, exhibiting that Si units in overall
particles were dissolved by alkaline treatment. Interestingly, the external surfaces of ZSM5/ex-AT became rougher than ZSM-5, although the morphology of ZSM-5/ex-AT was
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similar to ZSM-5, indicating that selective external desilication occurred thanks to the
presence of TPA ions.
N2 adsorption measurements were carried out to obtain the pore size distribution of the
samples. ZSM-5/AT displayed higher adsorption volumes in relative pressure from 0.4 to 1
than ZSM-5, as shown in Figure 1(a). Meso/macropore volume of ZSM-5/AT was much
higher than that of ZSM-5. The developed meso/macroporosity was caused by desilication
in the overall location. Meanwhile, adsorption volumes of ZSM-5/ex-AT in relative pressure
from 0.6 to 1 were slightly higher than ZSM-5. Corresponding to these results,
meso/macropore volume of ZSM-5/ex-AT was slightly higher than that of ZSM-5. This
limited slight increase in meso/macropore volumes of ZSM-5/ex-AT was due to the
presence of TPA ions hindering the generation of mesopores inside the zeolite.
The NH3-TPD can determine the acidities of the zeolite samples. The NH3-TPD curves
where NH3 concentrations are normalized per Al content in the zeolite samples. The NaOH
treatment decreased the number of acid sites of both ZSM-5/ex and ZSM-5. It can be
speculated that the state of Al-OH-Si in the framework on the corresponding framework of
zeolites has changed after desilication, which led to the disappearance of the strong acid
sites. Therefore, ZSM-5/ex-AT retained more acidity than ZSM-5/AT.
LDPE cracking was applied as a model reaction to investigate the influence of
mesoporosity on the catalytic performance. Here, LDPE/Al ratio was fixed to rule out the
effect of acidity. ZSM-5/ex-AT and ZSM-5/AT decomposed LDPE at lower temperatures
than ZSM-5, as shown in Figure 1(b). The introduction of mesopores improves the
degradation efficiency of LDPE. However, it is noteworthy that there is no significant
difference in the TG curves between ZSM-5/ex-AT and ZSM-5/AT. It indicates that, for this
reaction, the outer surface mesoporosity is favorable for the initial cracking of LDPE and
the diffusion of cracking products into the interior. For further reactions inside the zeolite,
the effect of mesoporosity is not obvious.
We investigated the effect of mesoporous structure on hydrothermal stability by NH3-TPD
curves of fresh and steam-treated samples. The desorption peaks of the treated ZSM-5
were similar to ZSM-5/ex-AT, while the high-temperature desorption peak intensity of ZSM5/AT decreased. It indicates that hydrothermal stability can be maintained by introducing
meso/macropores only near the outer surface.
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Figure 1 – Nitrogen adsorption (a) and TG curves obtained in the LDPE degradation (b) of samples in 0.5 h NaOH
alkaline treatment.
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Introduction:
Microporous aluminosilicates belonging to the family of zeolites continue to attract a range
of studies to understand the synthesis and applications. Whilst selected aluminosilicate
systems are found to be stable under a range of catalytic conditions [1], there are two
strands of research pursued in advancing applications, specifically catalytic: a) new
structures and new compositions and b) improving the existing stable zeolites through
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novel modifications. In this regard, novel modification means to introduce micro-/ meso
hybrid porous materials to existing stable zeolites which have already found applications.
Although methods to synthesize hierarchical zeolites are available [2,3,4], it is important to
understand the factors that influence and promote the formation of mesopores whilst
maintaining the microporous aspect of the structure. Therefore, optimizing the synthesis is
a very crucial aspect; synthesis must be efficient and with the aim to minimize the use of
organic templates to adapt to green chemical and sustainable procedures. To this end, we
used ex situ and in situ small-angle X-ray scattering which allowed us to determine the
reactivity of FAU type zeolite Y at different pH and silica-to-alumina ratios (SAR), with a
variety of different organic ammonium hydroxides and similarly allowed us to explore new
methods to produce hierarchical ZSM5 materials. In addition, we also tested few of the
catalysts for the esterification of acetic acid with different alcohol to explore their
advantages due to the presence of mesopores in the system.
Experimental: Commercial zeolite Y, with different SAR (30, 15, 2.55), obtained from
Zeolyst International were used for further reaction. Materials used in this investigation are
(sample identity representing them in this work is given in parenthesis): CBV720 (FAUSAR15), CBV760 (FAU-SAR30) and CBV400 (FAU-SAR2.55). MFI (ZSM-5) zeolite was
synthesised by a modified method, where the ZSM5 (Si/Al=15) was prepared using first a
conventional gel preparation and CTAB and alkaline hydroxides were added prior to
hydrothermal synthesis at 150°C. The products were filtered and washed with water, then
dried overnight. To remove the template, the dried products were calcined under a nitrogen
atmosphere for 2 h at 550°C, then in air for a further 2 h at 550°C.
The Powder X-ray Diffraction (PXRD) measurements were conducted using a STOE
STADI P diffractometer equipped with Cu-Kα source (λ = 0.1541nm) which operates at 40
kV and 30 mA. The ex-situ Small Angle X-ray Scattering (SAXS) characterisations were
carried out using SAXSLAB Ganesha with Cu-Kα source (λ = 0.1546 nm). The Q range
employed in this work is between 0.025 nm-1 and 30 nm-1. The surface area and porosity
measurements were carried out using a QUADRASORB EVO surface area and pore size
analyzer. In situ SAXS data were collected at Beamline 1.3W at the Synchrotron Light
Research Institute (SLRI) in Thailand. The Q range used in this work is between 0.19 and
5.45 nm-1 (corresponding to a 2θ range of 0.27 to 7.66°. The cell was heated from room
temperature to ca 403 K at 5 K/min and the SAXS data were collected during the ramp to
the specific temperature and at 403 K for about 120 min. Each SAXS pattern was recorded
for 10 min to achieve good-quality data. SAXS data were processed initially using the
SAXSIT program and subsequently normalised data were obtained (with respect to a point
just after the direct beam position). Further analyses were conducted using DAWN and
MCSAS software available from Diamond Light Source to extract the areas under the
peaks representing the mesopores and micropores in the material.
Results and Discussion: X-Ray Diffraction (XRD) patterns show that solid crystallinity is
maintained in the system and the crystal phase is of its parent zeolite Y (CVB720). This is
reinforced by Scanning Electron Microscope (SEM) imaging which showed stable particles
in the size range between 130nm – 900nm in length, typical of microcrystalline zeolite Y.
Further support for the parent zeolite Y foundation crystallinity being maintained is seen in
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Infra- Red (IR) spectroscopy, which showed vibrations typical for zeolite Y’s primary
building units and secondary building units.
XRD is further enhanced by Small Angle X-Ray Scattering (SAXS) techniques where lowangle scattering can be seen. This confirms pore ordering and is typical in the presence of
mesopores, confirming that the adapted synthesis for the hierarchical product is viable. To
quantify the synthesized mesopores, Brunauer-Emmett-Teller (BET) adsorption isotherms
[5] was used to analyse the material’s surface area, density, and pore distribution. The
results showed a high increase in external surface area, decrease in micropore volume and
a clear type IV isotherms which are all typical of mesoporous materials. Furthermore, the
isotherms showed a decrease in hysteresis loops as the pH was increased during
synthesis, this coupled with the SAXS data implied a correlation between the increased
amount in mesopores in the system and the pH condition of the synthesis (Figure 1).
The synthesized zeolite products then underwent catalytic testing via a simple esterification
reaction. The aim was to see if the products were able to selectively perform catalysis more
efficiently than commercial zeolite Y CVB720 (which is diffusion limited compared to larger
pore counterparts) and hold up under reflux conditions at 120°C to be recoverable.
The reactions catalysed were: (a) Acetic acid + 1−Propanol→ Propyl Acetate + Water and
(b) Acetic acid + Iso−Butanol→ Iso−Butyl Acetate + Water
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Figure 1: On the top we show the converted Zeolite Y using different alaline hydroxides (top left XRd, top
middle SAXS and top right SEM pictures) and in the bottom produced using modified methods of ZSM5(bottom left XRD, bottom middle SAXS and bottom right SEM pictures)

Interpretation of the data showed that there was a positive correlation between the size of
the organic hydroxide base used during hierarchical zeolite synthesis and the catalytic
conversion to bulky iso- butyl acetate (Figure 2). This may imply that diffusion limitation has
been superseded. Furthermore, XRD patterns of the zeolites post catalysis showed to have
maintained crystal integrity.

596

25
35

Acetic Acid + Isobutanol

Acetic Acid + Isobutanol
20

Catalytic Conversion (%)

Catalytic Conversion (%)

30
25
20
15
10

15

10

5
5
0

0
No Catalyst

Commercial
CVB720

NH4OH

TMAOH

TEAOH

TPAOH

No Catalyst

Commercial
CVB720

Organic Hydroxide used in hierarchical zeolite Y synthesis

9

10

pH

11

Figure 2: Catalytic conversion of Acetic Acid
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synthesized zeolite Y catalysts at pH 10. Right
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These results are encouraging for future analysis as there is a potential to change
synthesis environments obtain more hierarchically structured catalysis. By exploring
possible optimum synthesis conditions, this project allows us to be one step closer to
unlocking the full potential of zeolite catalysts with the aim to maximize green chemistry
and sustainability.
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Introduction
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Metal-organic frameworks (MOFs) have been thoroughly studied in recent years because
of their possible applications especially in heterogeneous catalysis, gas separation and
drug delivery. A subfamily of MOFs are zeolitic imidazolate frameworks (ZIFs). A wellknown ZIF structure with SOD topology is ZIF-8, for which many synthesis routes have
been reported [1]. Organic solvents like alcohols or dimethyl formamide are used for
synthesis of ZIF-8 [2, 3], while water-based synthesis routes have also been developed [4].
For synthesis routes based on organic solvents or water, a strong dilution of the reactants
is usually required. In order to reduce the amount of solvents, various routes may be
followed. In a review, Chen et al. [1] named steam assisted approaches, organic solvent
steam approaches (mostly DMF), solvent free approaches at higher temperatures and
mechanochemical approaches. We have developed a synthesis approach to synthesize
ZIF-8 with minimal amount of solvent (water) by using ammonia vapor based on previous
work of Li et al. [5], Chen et al. [6] and Ebrahimi et al. [7]. Li et al. [5] and Chen et al. [6]
added an aqueous solution of zinc nitrate to concentrated ammonium hydroxide containing
2-methylimidazole (2-MeIm). Ebrahimi et al. [7] developed a synthesis route of ZIF-7 in
ammonia atmosphere. For the synthesis, they placed a vial containing an aqueous solution
of zinc nitrate and benzimidazole next to a vial containing concentrated ammonia solution
in an autoclave. Here, we show that this ammonia vapor assisted synthesis route is also
applicable to synthesize ZIF-8. Especially we investigated the composition of the aqueous
solution containing the reactants for ZIF-8 formation towards a synthesis route that contains
only a minimal amount of solvent.
Experimental section

For the ammonia vapor assisted synthesis, an
aqueous solution of zinc acetate dihydrate, 2MeIm and acetic acid (AcOH) was formed. The
molar composition of the aqueous solution is
based on the molar composition used by Li et al.
[5]. On our route, acetic acid was added to the
synthesis mixture in order to control the
deprotonation of the organic linker. The molar
composition of the aqueous solution was Zn : 2MeIm : AcOH : H2O = 1 : 2 : 1 : 32 - 159. In a
typical synthesis, 5 ml of a concentrated ammonia
solution (32 wt.%) was filled into the bottom of a
Teflon lined stainless steel autoclave (Figure 1).
Figure 46: Ammonia vapor assisted synthesis
The aqueous solution was placed in a Teflon
crucible into the autoclave. To prevent direct contact between the aqueous solution and the
concentrated ammonia solution, a spacer was placed below the Teflon crucible. After
closing the autoclave, the synthesis was performed at a certain temperature (room
temperature (RT) – 70 °C) for a given synthesis time (2h – 72h). Product recovery was
achieved by centrifugation, drying at 70 °C, followed by Soxhlet-extraction with ethanol.
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To obtain relative crystallinity data of the synthesized ZIF-8 samples, a ZIF-8 sample was
synthesized with strong dilution of the reactants in aqueous solution. The molar
composition of this ZIF-8 sample is Zn : 2-MeIM : H2O = 1 : 40 : 2228 [4]. The product
recovery procedure was executed as described above.
Results and discussion
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Figure 48: X-ray diffraction patterns of the products obtained at different synthesis time.
The molar composition is Zn : 2-MeIm : AcOH : H2O = 1 : 2 : 1 : 159. The data are shown in
comparism to a ZIF-8 reference (CCDC number: 602542) and a ZIF-8dia reference (CCDC
number: 783838).
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Figure 48: Synthesis yield and relative crystallinity of the synthesized samples.

Figure 2 shows
the X-ray
diffraction
patterns of the
products
obtained after
different
synthesis times.
For a synthesis
time of 2 h, ZIF8 is the only
product. After
24 h ZIF-8 is still
the main
product, but
additional
reflections
appear that can
be ascribed to
ZIF-8dia [8].
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After 72h ZIF-8dia is the main product.
Figure 3 shows the synthesis yield and relative crystallinity of the synthesized samples. For
the variation of the synthesis time the relative crystallinity decreases. This can be explained
with the formation of ZIF-8dia. The synthesis yield is also decreasing with increasing
synthesis temperature. This suggests that the ZIF-8dia forms by recrystallization of the ZIF8 phase.
For the synthesis at 50 °C the synthesis yield is further increased, while the relative
crystallinity stays constant. At higher temperatures, both, relative crystallinity and synthesis
yield decrease.
By varying the water content, the relative crystallinity and the synthesis yield stay constant.
It can be concluded that the variation of the water content does not have a strong influence
on the synthesis.
In conclusion, a novel route for synthesis of ZIF-8 was developed. This route opens new
possibilities for the synthesis of ZIF-8 for several applications. Furthermore, factors allowing
to optimize this synthesis route were identified.
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Metal-organic frameworks (MOFs) are emerging class of hybrid crystalline porous materials
which consist of metal clusters (nodes) connected by organic linkers (struts) to form threedimensional molecular framework. MOFs have attracted considerable attention in the last
couple of decades owing to their exceptional properties. Due to their remarkable design
flexibility, ultra-high porosity, large specific surface area and tunable properties, MOFs are
indispensable for potential applications in clean energy [1], gas adsorption [2] and catalysis
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[3]. UiO-66 is one of the archetypal MOFs with high surface area, chemical, and thermal
stability [4]. In UiO-66 framework, 6 zirconium atoms are arranged in octahedral manner
which are bridged by 8 oxygen atoms (four μ3-O and four μ3-OH) to form metal clusters.
These metal clusters are connected by 1,4-benzodicarboxylic acid (H2bdc) organic linkers
to form the 3D framework of UiO-66.
In this study, UiO-66 MOF was synthesized without modulators and in the presence of acidbase modulators (acetic acid and triethylamine (TEA) base). It was interesting to see that
different crystal morphologies were obtained for UiO-66 when synthesized with or without
modulators. Cubic crystals were observed when UiO-66 synthesis was carried out without
modulators at 80oC with average particle size of 125 nm. By increasing the reaction
temperature to 120oC agglomerated cubic crystals were observed for UiO-66. On the other
hand, when acetic acid (2.4 M) and TEA (2 mM) were introduced in the reacting solution as
modulators, octahedral shaped crystals were obtained for UiO-66 at 120oC in 6 hours. The
octahedral UiO-66 crystals were observed in SEM images. The role of acetic acid is to
engineer the shape of the crystal into octahedral crystals by stopping the growth of crystal
in particular crystallographic directions. TEA plays role in the nucleation and monodispersity of the UiO-66 crystals. TEA also helps in reducing the time of crystal nucleation
[5].When the concentration of TEA was increased in reacting solution the size of octahedral
crystal increased. The mean crystal size of UiO-66 increased when the concentration of
TEA was increased from 2 mM to 12 mM in the reaction solution. Largest mean crystal size
of 1.02 μm was observed for 12 mM TEA in precursor solution. The crystals size started to
decrease as the TEA concentration was increased from 12 mM to 16 mM and 19 mM. At
16 mM and 19 mM TEA the mean crystal size reduced to 0.42 μm and 0.15 μm,
respectively. Moreover, monodisperse crystals were observed at 16 mM and 19 mM TEA
concentration in UiO-66 synthesis solution. Note that the acetic acid concentration in
reacting solution was kept at 2.4 M for all samples. The evolution of UiO-66 crystal size
with concentration of TEA is shown in Figure 1.
TEA property of fast nucleation is dominant from 2 mM to 12 mM concentration in synthesis
solution and this could be the reason for relatively more poly dispersity of the UiO-66
crystals. But at 16 mM and 19 mM TEA concentration in the synthesis solution, TEA helps
in obtaining monodisperse UiO-66 crystals by creating more nucleation points.

Figure 1 - The evolution of UiO-66 crystal size with concentration of TEA
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Zeolites are mainly porous aluminosilicate materials with open three-dimensional skeleton
structures. Owing to their high specific surface area and excellent cation exchange
capacity, zeolites have been used in various industrial fields such as water treatment,
petrochemistry, gas purification, and flue gas cleaning.[1] The great demand for zeolite in
the industry has accelerated research on producing zeolites using reduced-cost raw
materials. One of the most promising raw materials for zeolite production is fly ash which
comes out as waste from coal-fired power plants. One-pot fusion-assisted hydrothermal
method is a convenient way to synthesize zeolites from fly ash which lowers the process
steps compared to conventional methods.[2] Although synthesis of zeolite from class F fly
ash (SiO2 + Al2O3 + Fe2O3 > 70) are extensively investigated in the literature, studies with
class C fly ash (SiO2 + Al2O3 + Fe2O3 > 50) are very few. Besides low SiO2 and Al2O3
content, more impurity phases such as anhydrite (CaSO4) and hematite (Fe2O3) are found
in class C fly ash, leading to undesired phases in zeolite formation. It was seen that the
sulfate anion, which is also present in the structure of class C fly ash, lead to the formation
of SOD rather than LTA.[3] However, it was revealed that oxide impurities from fly ash can
be eliminated by acid leaching[4]. In addition to the elimination of impurities, acid leaching
also causes dealumination, which decreases the aluminum content in fly ash. This could be
beneficial for synthesizing high silica zeolites such as FAU.
This study aimed to investigate the effect of impurity phases of class C fly ash such as
anhydrite (CaSO4) and hematite (Fe2O3) in LTA and FAU type zeolite formation. The molar
ratio of Si/Al was also tuned by acid leaching. Different concentrations of HCl (2M, 3M, 4M
and 5M) were used to treat class C fly ash to observe the effect of dissolution of mentioned
impurities in the formation of FAU and LTA. Fig. 1 shows XRD pattern of raw and optimized
(4M HCl) acid-treated fly ash. It was observed that acid leaching removed a large amount
of anhydrite impurity from fly ash but had less influence on the hematite and quartz
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crystalline phases. The low dissolution rate
of quartz compared to the anhydrite phase conserves the silicon content in the fly ash,
which is known to be one of the main precursors in zeolite formation. Fig. 2 shows the
effect of acid leaching on the rate of dealumination. By increasing the acid concentration,
aluminum content in the fly ash decreases, which controls the Si/Al ratio during the
synthesis of high silica zeolites such as FAU. Afterwards, acid leached and raw fly ash
samples were subjected to one-pot fusion-assisted hydrothermal synthesis to obtain
zeolites. In conclusion, acid leaching was shown to tailor the type of zeolite obtained from
fly ash, which resulted in a transformation from LTA to FAU with increasing HCl
concentration.

Figure 1 – XRD patterns of raw and 4M acid treated fly ashes

Figure 2 – Si/Al ratio of raw and acid treated fly ashes
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Hierarchically structured zeolites (HSZ) have received considerable attention due to
superior properties resulting from an additional network of macro- and mesopores, such as
lower diffusion limitations for catalytic reactions and less pore-blockage through coke
formation [1]. Their synthesis is mainly performed using batch processes, which might
cause safety and environmental challenges and have low overall production efficiency.
Here, an Aerosol-Assisted Evaporation-Induced Self-Assembly method (AAEISA) is
introduced to adapt and optimize the synthesis of HSZ and composite zeolitic materials by
converting the conventional batch process to cost- and time-effective continuous
production. This transformation may facilitate sustainability and manufacturing scalability,
including the production of new materials with increased performance through the natureinspired solution (NIS) methodology [2]. This contribution focuses on the synthesis of HSZ
through AAEISA for catalytic applications. The initial target is a composite zeolitic mixture
made from an aluminosilicate with an MFI framework topology (e.g., ZSM-5) and pure
mesoporous silica (e.g., SBA-15). We have chosen to study ZSM-5/SBA-15 composites,
because of the wide applications of ZSM-5 zeolite catalyst, and earlier success in the
synthesis of SBA-15 through AAEISA, while the combination aims to overcome
performance issues for each material individually [3]. Indeed, such material possesses
hierarchical meso- and micropore networks that allows the exploitation of catalytic
properties with prolonged performance and stability, by reducing diffusion limitations and
mitigating catalyst deactivation. ZSM-5/SBA-15 hierarchically structured composites are
tested, among other reactions, for benzene alkylation with ethylene, using various ZSM-5
loadings. Figure 1 (based on [3]) shows a schematic representation of the EvaporationInduced Self-Assembly (EISA) used for continuous production. The AAEISA utilizes an
aerosol reactor to accelerate the process, where the solvent evaporates in each droplet,
while it moves through the reactor and the increased concentrations lead to EISA in the
atomized mixture. EISA has been explored to induce mesostructured self-assembly [4], to
create various stable pore mesostructures [5], nanostructured porous silica [3], large
mesoporous aluminosilicates [6], and spherical hierarchical materials with well-opened
micro-, meso-, and macroporosity [7]. The versatility of this method makes it attractive to
create a wide range of hierarchically structured zeolitic and other porous materials for
sustainable production, energy, and environmental applications.

Precursor
Tank
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Flowmeter
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Gas -Solid
Separator

Aerosol
Generator
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Figure 1. Schematic design for AAEISA setup.
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Zeolites have been widely applied in various fields due to their unique properties. The
tailored design of efficient zeolite materials for these diversified applications depends
greatly on a deep understanding of the arrangement details of the internal components of
zeolite crystals that determine their properties and potential applications. Great efforts have
been put into the investigation of the factors that can affect the properties of zeolite
crystals, including the size, morphology, acidity, and porosity, etc. of zeolite crystals [1].
However, the construction inside zeolite crystals which is critical to its performance is still
less being explored to understand the crystallization mechanism of zeolite crystals and the
relationship between the zeolite structure and its performance. Despite the inner
heterogeneities of zeolite crystals having been widely studied by advanced techniques [2],
the origin of spatial anisotropy of elemental distribution in zeolite crystals caused by the
heterogeneous polymerization of primary oligomers is still under discussion [3].
Herein, two kinds of zeolites with different inner heterogeneities were prepared by simply
varying the sequence of adding Al and Si sources; the growth mechanism for the
generation of heterogeneous architectures was revealed. When Al sources were dissolved
prior to the hydrolysis of TEOS, a homogeneous initial gel (semi-transparent gel, ZAlprecursor) containing 5 nm oligomers was obtained, while in a reversed order an
inhomogeneous solution dispersed with 200 nm particles (ZSi-precursor) was generated.
Despite similar macroscopic properties, such as porosity, bulky chemical compositions, and
acidity, were achieved, the inner structural and elemental heterogeneities were observed in
the two zeolite materials. The inner structural details of crystals were revealed via the Fetching method (top-down) and ex-situ sampling during crystallization (bottom-up) together
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with the visualization of inner heterogeneities by the electron microscopies. Due to the
biased nucleation in the Si-rich aluminosilicate phase followed by multi-stage crystal growth
in a heterogeneous feedstock, heterogeneously spatial distribution of Al and Si elements in
final crystals was revealed.

Figure 1 Schematic presentation of the properties of two precursors (I) and the evolution of zeolite crystals during the
crystallization process (II).
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Introduction
Zeolitic imidazolate frameworks such as ZIF-8 serves as an ideal host material for
introduction of different guest species due to its permanent porosity, high chemical and
thermal stability and robustness of the synthesis method. The functionality and the
application of ZIF-8 can be enhanced by the incorporation of the guest species inside the
framework [1]. Especially, gold clusters are used for controlled drug release, metal ion
detection and other catalytic applications [2-4]. However, detailed understanding about the
guest/host interactions (e.g., diffusion behaviour of guest species) and its effect on the
product properties to create hybrid materials for novel applications is still desired.
The aim of this work is to create a hybrid ZIF-8 material with the presence of one or more
guest species. These materials are synthesized as seen in figure 1, via a) Incorporation of
precursors solutions of nanoparticles inside the cavities of ZIF-8 and their subsequent
synthesis and b) Heterogeneous nucleation of ZIF-8 around the pre-formed stabilized
nanoparticles in the synthesis mixture.
Core shell quantum dots (InP/ZnS QDs < 3 nm), gold clusters (Au10 NPs) and the highly
luminescent lanthanide metal ions (eg. Tb+3, Eu+3) are selected as guest species which can
target different applications. Hybrid materials (guest(s)@ZIF-8) comprising of two different
distinct emission centres originating from one framework can be used in ratiometeric
thermometry. This can be achieved by the crystallization of ZIF-8 around the InP/ZnS QDs
followed with partial replacement of Zn by Eu or Tb (as the metal ion centre in the
framework) in the synthesis mixture.
Additionally, due to their defined pore size these ZIF-8 materials, can also be useful in size
selective synthesis of guest species (by confinement to the pores) and therefore also their
separation. For example, separation of one atomically precise gold cluster (Au10) over other
clusters of different sizes (Au15,Au25).
Experimental Section
A typical synthesis procedure involves preparation of two solutions i) metal ion solution of
Zn(OAc)2 or Zn(NO)3 in DI water and ii) linker solution, typically in excess to the Zn of 2methyl imidazole in DI water. The guest species, Au10-GSH (GSH = glutathione) and
InP/ZnS-S are both dispersed in water and are typically added to linker solution followed by
stirring at room temperature for t = 10 – 15 min. This is followed by a one-shot addition of
the metal ion solution. Typical synthesis time varies between t = 5 to 18 h at 25 °C. The
synthesized Au10@ZIF-8, InP/ZnS@ZIF-8, Au10/Tb@ZIF-8, InP/ZnS/Tb@ZIF-8 materials
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are characterized both in the solid and liquid phase by powder X-ray diffraction (PXRD),
Fourier- transform infrared (FTIR), UV-Vis and photoluminescence spectroscopy, scanning
electron microscopy (SEM), N2 sorption and thermogravimetric (TGA) measurements.
Select few samples were also analysed by analytical ultracentrifugation (AUC)
measurements and transmission electron microscopy (TEM).

Figure 1Representative schematic of two different synthesis routes to produce InP/ZnS@ZIF-8 and Au10@ZIF-8

Results and Discussion
The powder X-ray diffraction was used to investigate the effect of loading of guest species
on the framework of ZIF-8 (figure 2). All diffraction peaks obtained for the composite
materials matched to that of the ZIF-8. A slight decrease in the intensity of the first
reflection at around 7.4° is detected, which might be indicative of filling of the cages of ZIF8. FTIR spectra of these composite materials are also identical, thus indicating no effect on
the local structure and co-ordination of ZIF-8 in the composite materials.

a)
b)
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Figure 2 – PXRD and PLS spectra of InP/ZnS@ZIF-8
a)

PXRD patterns of assynthesized ZIF-8 and InP/ZnS and Au10@ZIF-8 showing same crystal structure.
b)
Photoluminescence
spectra of InP/ZnS@ZIF-8 (red) in comparison to references of ZIF-8 (black) and InP/ZnS (orange); inset
stable dispersions of of InP/ZnS@ZIF-8 (left), ZIF-8 (middle) and InP/ZnS QDs (right) under UV illumination

In order to understand the luminescence behaviour of these composite particles, they were
further analysed by comparing the emission observed by excitation at λex = 350 nm. (The
λmax for the QDs is between 350 – 400 nm; as seen in the UV). The samples were further
diluted with DI water/methanol (1:9) for to avoid particle-particle scattering. It can be seen
from figure 2.b that the composite material shows the characteristic emission around 622
nm; which is not seen in the ZIF-8 reference sample. Both ZIF-8 and InP/ZnS@ZIF-8 have
the characteristic pi-pi stacking interaction from the imidazolate ring upto 550 nm, which is
naturally absent in the spectra of InP/ZnS QDs (orange). The average particle size of these
composite materials is between 200-250 nm which enables formation of stable dispersions
(w/o stabilizers) for characterizations with AUC. In the case when the guest species are not
as strong emitters (Au10), the difference in the sedimentation coefficient (obtained from
AUC) which corelates to the difference in the density of ZIF-8 vs Au10@ZIF-8 can give a
rough estimate on the amount of loading of guests. The location of InP/ZnS and Au10
(inside the pores or on the surface) will also be studied by TEM.
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Zeolites are a group of hydrated aluminosilicates minerals of sodium, calcium and
potassium. Besides the natural mineral accumulations of these types of minerals, mainly in
the form of clinoptilolite, philipsite, and mordenite, synthetic zeolites have significant and
practical applications. These include using zeolites as sorbents or materials for energy
storage (ie. H2 storage) [1]. One of the possible methods of obtaining such materials is the
hydrothermal conversion of fly ash with an aqueous solution of sodium hydroxide under
well-defined: temperature, pressure, reaction time, and concentration of the substrates [2].
This study presents a technological line prototype (Figure 1), on the basis of which it is
possible to obtain the zeolite materials based on hydrothermal reaction of fly ashes with
sodium hydroxide. This technological solution allows to obtain four types of zeolite
products: sodalite (80°C, 24h, 4M NaOH), Na-A type (90°C, 3h, 3M NaOH), Na-P1 type
(80°C, 24h, 3M NaOH) and Na-X type (90°C, 16h, 3M NaOH).

Figure 1. Scheme of zeolite production on technology line

Abovementioned zeolites were synthesized from fly ash from Kozienice Power Plant
(Poland) where coal is combusted in conventional way. The mineral composition of fly ash
is dominated by spherical forms of aluminosilicate glass with mullite and quartz. In addition
iron oxides (in the form of magnetite and hematite) have been observed on the surface of
the aluminosilicate spheres. For all the zeolites produced in this study, phase (XRD) and
chemical (XRF) composition were determined. Their textural properties were characterized
by low-temperature nitrogen sorption studies. Additionally, sorption of CO2 at 25°C was
done for all obtained zeolites. In order to confirm purity of produced materials the SEMEDS analyses were performed. SEM results showed that all zeolites have proper content of
silica and alumina in their structure. Additionally, the sorption results showed that the
highest sorption ability has zeolite Na-X what was expected (the highest BET surface area
from nitrogen adsorption). Summarize, zeolites produced for the purpose of this study can
be used as a quite good sorbent for CO2. Thanks to results that were obtained it can be
predicted that these materials will also be useful for energy storage purposes (ie. for
hydrogen storage).
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The zeolite industry has become more and more competitive over the years such that
finding the best, the fastest but the lowest production cost synthesis route is a priority.
Traditionally, zeolites are synthesized by hydrothermal crystallization of specially prepared
silicon, aluminum, and sodium solution. Replacing conventional chemicals with low-cost
raw materials has been gaining attention in countries where natural sources are exported
with no added value. Creating an industrial use in which raw materials are transformed into
valuable products is desired. Sinc, fusion/calcination step in the synthesis of zeolites from
natural sources is the most energy-consuming and expensive step; alternative methods to
prepare meta forms of natural sources have been investigated [1]–[3]. One promising route
for the fusion/calcination step is using solar towers that are specifically used to produce
electricity. Since Turkey has a very promising combination of abundant feedstock for
zeolites and solar resources, this can be seen as a preliminary step towards realizing such
applications. However, the novelty of CST application for fusion/calcination of natural
sources requires preliminary tests. Due to the alkaline nature of feldspar premix, possible
reactions between solar tower kiln and raw materials are the main concerns of fusion in
solar towers.
In this study, corrosion tests of kiln material strips such as steel, steel inconel, and SiSiC
dipped in kaoline and an alkali mixture of sodium feldspar were done at 850OC and 900OC
for 1.5 hours. XRD, XRF, and SEM-EDX data of calcined kaoline showed no impurities and
structural change. However, ICP-MS, XRF and SEM analyses of fusion product of alkaline
feldspar mixture showed that chromium in steel and steel inconel seeped into the zeolite
precursor as an impurity while SiSiC did not cause any impurities. Another issue with fusion
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was observed to be solidification. A fusion mixture of zeolite precursor with sodium
carbonate solidified at high temperatures, and therefore fusion step was found to be nonfeasible for solar towers. As a result, calcination of kaoline in solar towers is theoretically
applicable to produce meta-kaoline, a precursor used in zeolite synthesis, without
damaging both kiln and kaoline. These results were found to be promising for the mass
production of meta kaoline by CST.

Figure 49. SEM, BSE-SEM and EDX results of Feldspar mix dipped in steel.
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The development of new strategies for the preparation of small-pore zeolites loaded with
transition metal sites is of paramount importance owing to the challenges associated with
the incorporation of the metal sites into the cages. Here we report a unique strategy to
incorporate isolated transition metal sites (e.g. Fe) into the cages of small-pore zeolite (e.g.
CHA-type zeolite). Our strategy consists of (i) opening of the cha-cages of CHA-type zeolite
by the desilication process, (ii) introduction of iron sites into the opened cages, and (iii)
closing of iron-containing opened cages by the steam assisted crystallisation. The Fe-CHA
type catalyst synthesised by this strategy exhibited white colour and the UV-Vis
spectroscopic results revealed the presence of iron mostly as isolated tetrahedrallycoordinated sites besides a smaller fraction octahedrally-coordinated sites. The catalyst
(CHA_DR_Fe1_SAC) prepared by this method showed higher catalytic activity compared
to the other Fe-containing samples in the selective catalytic reduction of nitric oxide with
ammonia.

1. Introduction
Zeolites are crystalline inorganic microporous materials comprised of SiO4 and AlO4
tetraherda which are linked through corner-sharing oxygen atoms, and are widely used in
separation and catalysis because of their high surface area, well define pore structure,
acidity, ion exchange ability and high hydrothermal stability [1]. Iron-containing zeolites
demonstrate very high catalytic activity in several reactions such as direct N2O
decomposition, direct oxidation of benzene to phenol and selective catalytic reduction of
nitric oxide with ammonia (NH3-SCR), and have been extensively investigated [2-4]. The
selective catalytic reduction of nitrogen oxides with ammonia (NH3-SCR) is considered as
the most efﬁcient technology for the abatement of NOx from exhaust gases emitted from
the stationary sources and mobile diesel engines [5]. The nature and distribution of Fe
species in the iron-containing zeolites largely depend on the catalyst preparation methods,
which determine their catalytic activity.

2. Results and discussion
Sample H_CHA (provided by Johnson Matthey Catalysts GmbH) was used as a starting
material for the preparation of three different iron-containing chabazite samples. For
comparison purpose, the samples were prepared having identical elemental composition.
The physicochemical properties of materials at different stages of post-synthesis
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modifications were studied by X-ray diffraction (XRD), N2-physisorption, ICP-OES, UV-Vis
and solid-state MAS NMR.

Figure 1 - XRD patterns of the parent and post-treated
zeolites

Figure 2 Catalytic activities of the parent and post-treated
zeolites

X-ray diffraction analyses of starting sample (H_CHA) and post-synthesis modified samples
are shown in Figure 1. XRD analysis showed that sample H_CHA exhibited Chabazite-type
structure and no other crystalline phases were observed. After ion exchange with iron
nitrate solution (sample H_CHA_Fe1), the characteristic X-ray diffraction peaks intensities
of Chabazite decreased probably due to the higher X-ray absorption coefficient of the iron
species, and the relative crystallinity decreased from 100 to 71% (Table 1). The
introduction of mesopores in CHA_DR led to interruption of long range periodic
arrangement of the crystalline structure, resulting in the reduction of peaks intensities (13%
relative crystallinity). When the iron containing mesoporous zeolite (CHA_DR_Fe1) was
crystallized, the characteristic X-ray diffraction peak intensities of resulting Chabazite
(CHA_DR_Fe1_SAC) increased. This implies that the resulting mesoporous CHA based
catalyst, were successfully recrystallized and, due to their white colour, the iron species
must be inside the cha-cages.
ICP-OES analysis showed that the relative Al-content (relative to the parent H-CHA) of the
final iron-containing CHA zeolite (CHA_DR_Fe1_SAC) was close to the parent sample,
demonstrating that no material was lost due to leaching during the steam assisted
crystallisation. The iron contents of samples CHA_Fe1, CHA_DR_Fe1 and
CHA_DR_Fe1_SAC were 0.75, 1.1 and 0.97 wt% respectively. All three ion-containing
samples exhibited comparable Al and Fe contents.
Catalytic activity of samples CHA_Fe1, CHA_DR_Fe1 and CHA_DR_Fe1_SAC were
tested in the selective catalytic reduction of nitric oxide with ammonia at WHSV of 1000 L h1g-1 and presented in Figure 2. Sample CHA_DR_Fe1_SAC exhibited excellent NO
conversion compared to the other two samples which could be attributed to the presence of
iron sites in the cages of SSZ-13 as isolated tetrahedrally-/octahedrally coordinated sites.
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Table 1 Relative crystallinities, chemical compositions and acidic properties of the parent and post-treated zeolites

Samples

Relative
crystallinity
(%)

Fe
(wt%)

100

Relative
AlContent
(%)
100

0.0

Total
acidity
(µmolNH3/gcat)
1110

H_CHA
CHA_DR

11

117

0.0

n.d.

CHA_Fe1

71

103

0.75

1011

CHA_DR_Fe1

13

98

1.1

658

CHA_DR_Fe1_SAC

59

99

0.97

1030

3. Conclusions
A novel strategy was successfully developed to incorporate isolated transition metal sites
into the cages of small-pore zeolites of the CHA type zeolite. The Fe-containing CHA
zeolite formulated by this new method was found to be remarkable active for the catalytic
reduction of nitric oxide with ammonia. This active catalyst was achieved by combination of
desilication process (that led to the opening of the cages of CHA-zeolite), followed by the
incorporation of Fe3+ sites and closing of these opened cages by steam assisted
crystallisation. The isolated Fe3+ sites contributed to high NO conversion and were found to
be essential for high efficiency in NH3-SCR reaction. This strategy provides control of active
sites compared to the conventional processes, and can be extended to design new
catalysts that exhibit isolated transition metal sites loaded into the cages of small-pore
zeolites.
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In zeolite synthesis mixtures changing the silicon source affects the formation processes
due to a variety of present silicate species. The number of viable nuclei, the mechanism
and the rate of the crystal growth, the phase composition of the end products and
respective size of the crystals as well as their morphology may differ in such systems [1].
Likewise, different aluminium sources employed in the zeolite preparation impact the
properties of the obtained material. For example, involving diverse Al sources in the CHAtype zeolite synthesis mixture (Al(OH)3, AlCl3, Al(NO3)3, NaAlO2, Al2O3, Al(O-i-Pr)3) lead to
materials with different Al distribution: SSZ-13 prepared with the aluminium isopropoxide
contained a double quantity of the paired Al atoms than the material crystallized using
Al(OH)3 [2]. Similarly, in a series of reaction mixtures with altering proportions of Alcomprising chemicals (Al(OH)3 and FAU-type zeolite), the increased fraction of the Al
source derived from the FAU-type zeolite produced materials with the higher amount of Q4
Si species with two neighboring Al atoms, (Si(OSi)2(OAl)2) [3]. Moreover, the size and the
morphology of the formed crystals was changed. Furthermore, the very addition of the
alkali cations to the synthesis mixture was found to be crucial with respect to the reaction
advancement and its outcome [1, 4]. Indeed the properties of zeolite materials are affected
by all the parameters of their preparation process [5-7]. Herein is studied the influence of
the used Al source and the presence of Na+/K+ in the reaction mixture on the zeolite end
products in terms of their phase composition, size, morphology, chemical as well as
framework composition.
Within the scope of this study the impact of the aluminium source on the final products of
the systems of initial molar composition 1 SiO2 : 0.3 TEAOH : 0.05 Al : 6.8 H2O was
investigated. The silicate component was prepared by heating appropriate amounts of
TEAOH, water, and fumed silica at 100 °C overnight. Then, a mixture of the respective
aluminium source, water and TEAOH was added to the silicate component and mixed
vigorously with the spatula. The as-prepared synthesis mixture was charged into stainlesssteel Teflon lined autoclaves. Aluminium sources utilized here and the phase composition
of the end products obtained via hydrothermal treatment of the respective reaction mixtures
at 150 and 180 °C for 11 days are listed in the Table 1. The identical reaction conditions
were applied to systems of initial molar composition 1 SiO2 : 0.3 TEAOH : 0.1 MNO3 : 6.8
H2O, M = Na/K in order to explore the effect of sodium or potassium cations on the material
formed, yet without the aluminum source (Table 2). The collected samples were
characterized by a set of complementary techniques – XRD, SEM, AAS, TGA, NMR as well
as LLS.
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Table 1 – Phase composition of the products.
The end products obtained from the systems of initial molar composition 1 SiO2 : 0.3 TEAOH : 0.05 Al : 6.8 H2O by hydrothermal
treatment at 150 and 180 °C for 11 days.

Al source
temperature

Al(iPrO)3

NaAlO2

Al

Al(OH)3

K3[Al(ox)3]×3H2O

Al(acac)3

no
Al

150 °C

BEA

BEA

BEA

BEA

am

am +
BEA

am

180 °C

BEA +
MFI

BEA +
MFI + qtz

BEA
+ MFI

BEA +
MFI

-

-

am

Al(iPrO)3 = aluminium isopropoxide; K3[Al(ox)3]×3H2O = potassium aluminium oxalate trihydrate; Al(acac)3 = aluminium
acetylacetonate; qtz = quartz; am = amorphous. The reactions marked with “−“ were not conducted.

The studied synthesis mixtures containing conventional Al sources (Al(OH)3, NaAlO2, Al,
Al(iPrO)3) hydrothermally treated at 150 °C for 11 days yielded BEA-type zeolite materials
as the final products (Table 1). Complex aluminium compounds resulted in amorphous
materials with several XRD peaks indicating the presence of BEA-type materials in
Al(acac)3 system. In the case when there was no aluminium present, an amorphous solid
was isolated. Conducting the reaction for the equal period of time, yet increasing the
treatment temperature to 180 °C, lead to the formation of a mixture of several phases
(Table 1). Apart from the end product obtained from the system without any Al added, all
end products show BEA-type zeolite peaks in X-ray powder patterns. X-ray powder
diffractogram of the end product recovered from the sodium aluminate containing system
treated at 180 °C showed peaks assigned to quartz, together with the peaks of BEA- and
MFI-type materials. On the other hand, in the K3[Al(ox)3]×3H2O system there is any
indication of the presence of crystalline material. It is speculated the reason for this lies in
low solubility of that compound in basic media. Thus, this system should behave
comparably to Al-free mixture. To explore the possibility that alkali cations enhance the
formation of materials of larger framework density, the effect of Na/K cations on the end
products and consequently zeolite formation processes was investigated. Indeed, the
peaks of quartz and MFI-type material were observed in the X-ray diffractogram of the
product from system 1 SiO2 : 0.3 TEAOH : 0.1 KNO3 : 6.8 H2O, under the same reaction
conditions as in the NaAlO2 system (180 °C for 11 days; Table 2). The corresponding
reaction with sodium nitrate afforded MFI-type material (Table 2). To sum up, in X-ray
powder patterns of the solid products of studied systems comprising alkali cations, no
matter the reaction temperature, MFI-type material peaks were detected.
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Table 2 – Phase composition of the products.
The end roducts obtained from the systems of initial molar composition 1 SiO2 : 0.3 TEAOH : 0.1 MNO3 : 6.8 H2O by
hydrothermal synthesis for 11 days (M = Na, K, qtz = quartz, am = amorphous).

temperature

NaNO3

KNO3

150 °C

am +
MFI

MFI

180 °C

MFI

MFI +
qtz

The acquired SEM images displayed in the Figure 1 provide further insight in the processes
taking place in the investigated systems. Amorphous materials present agglomerates of
ultra-small particles whereas zeolite beta crystals formed at 150 °C are rounded having the
size ranging 100 to 500 nm. Further, Al(OH)3 system produced larger particles of
somewhat sharper edger. Alongside nanosized BEA crystals, large MFI-type crystals (5-10
m) of typical coffin shape morphology are clearly visible in the images of both Al and
Al(OH)3 systems treated at 180 °C. The notable difference in the size of the crystals of
BEA- and MFI-type materials suggests distinct formation pathways. Nanosized crystals of
BEA-type zeolite indicate abundant number of “nuclei” that grow rapidly into this phase. On
the contrary, large size of the MFI-type crystals leads to conclusion that the growth of MFI
phase occurs at significantly lower pace and/or that fewer viable nuclei are formed under
studied conditions.

Al, 150 °C

Al(OH)3, 150 °C

500 nm

Al, 180 °C

no Al, 150 °C

Al(OH)3, 180 °C

5 µm

500 nm

500 nm

no Al, 180 °C

2 µm

1 µm

Figure 1 – SEM images.
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SEM micrographs of the selected solid products obtained from systems 1 SiO2 : 0.3 TEAOH : 0.05 Al : 6.8 H2O by
hydrothermal treatment for 11 days using specified aluminium sources at150 and 180 °C.

The synthesis of BEA- and MFI-type zeolites was studied in a system that in the all-silica
form remains amorphous upon hydrothermal treatment at 150 and 180 °C. In the Al
containing systems the initially formed phase is BEA-type zeolite. MFI-type material is
formed once the reaction temperature is increased. Moreover, the addition of Na+/K+ to
silicate mixture also yields MFI-type materials. The collected data indicate distinct formation
mechanisms of these two types of materials.
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Cost-effective, low SAR chabazite has been synthesized without the use of organic
structure directing agents. Selective Catalytic Reduction is the leading treatment
technology for NOx & N2O removal from diesel engine exhaust and small pore synthetic
chabazite is the most commercially used zeolite for the application [1]. Currently, the CHA
type synthesis requires the use of organic templates as structure directing agents. The use
of OSDAs cause several problems such as: higher production cost, environmental, and
safety issues. Because of these problems it is of great interest to synthesize a robust CHAtype zeolite without the use of an OSDA. Many methods have been reported but require the
use of a seed prepared with organic template [2][3][4][5]. The goal of this study was to
synthesize a true green organo-template free chabazite with a SAR higher than 9-10. The
initial gel formulae in this study, 20 SiO2: 1 Al2O3: 2000 H2O: 7.5 Na2O: 0.70 K2O, was a
modified repeat of the literature by Hiroyuki Imai [3] and resulted in pure phase chabazite
with a SAR of 8, XRD data shown in Figure 1. The level of water, hydroxide, sodium,
potassium, and aluminium were then varied to understand the fundamental role they have
on the seed directed method and the resulting crystal purity and product SAR. Through this
study, a one round true “green synthesis” was achieved by using our as made OSDA
chabazite as seed and resulted in a SAR 9, shown in Figure 2. Future work will be to
achieve a continuous true green synthesis.
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Figure 1. XRD of OSDA free chabazite, 20 SiO2: 1 Al2O3: 2000 H2O: X Na2O: 0.70 K2O,
vs. in-house low SAR chabazite prepared with TMAdOH.

Figure 2. XRD result for 20 SiO2: 1 Al2O3: 700 H2O: 6.5 Na2O: 5.0 NaCl: 2.5 KCl
using OSDA free Chabazite as made seed.
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Materials and Methods
One of the most versatile methods for
synthesising hierarchical frameworks is a soft
templating approach using an amphiphilic
surfactant molecule. The surfactant selfassembles to form a supramolecular micelle
within the synthesis gel, allowing mesopores to
effectively be templated during the hydrothermal
synthesis [4] (Fig. 1). However, the synthesis of
such materials and the exact nature of the
mesopore formation and morphology are still
poorly understood. We have demonstrated that it
is possible to successfully alter the mesoporosity
and surface chemistry in hierarchical cobalt
doped AlPO-5 through a single synthetic
parameter, the surfactant. In doing so we have

dV/dlog(w) Pore Volume (cm³/g)

Introduction
The ability to redesign traditional microporous
catalysts with an additional and adaptable mesoporous
network is an exciting area of catalyst synthesis. The size of
the interconnected pores in microporous catalysts
significantly restricts the diffusion and mass transport of
larger molecules to the active site [1]. This can lead to
slower reaction rates and restricts the scope of substrates
as they are limited by the size of the micropores. Despite
efforts to overcome the catalytic limitations of microporous
or solely mesoporous materials; fundamental drawbacks still
exist in both systems. However, by incorporating mesopores
into microporous materials (hierarchically porous, HP)
catalysts can overcome the diffusion limitations of
microporous frameworks [2]. The mesopores aid molecular
diffusion to and from the active site, preventing the
accumulation of unwanted by-products and improving the
catalytic lifetime. Researchers have developed a variety of
novel synthetic approaches to the formation of secondary
mesoporous networks within a microporous framework [3].
Figure 1: The mechanism of forming mesopores within
The benefits of these materials for catalysis have been a hydrothermal synthesis of AlPO-5 using an
intensely explored in recent years, although little effort has amphiphilic surfactant as a soft-template (e.g. DMOD)
been made to understand the formation and nature of
hierarchical materials. Through this study we are furthering
our knowledge of these materials and exploring how we can elegantly control mesopore
size and surface chemistry to modulate catalytic behaviour.

HP CoAlPO-5 (DMOD)
HP CoAlPO-5 (CTAB)
HP CoAlPO-5 (MTMAB)
HP CoAlPO-5 (TDPA)
HP CoAlPO-5 (No Surfactant)
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00
50

100

150

200

250

Pore Width (Å)

maintained a phase pure AFI structure throughout. Figure 2: Barrett-Joyner-Halenda model plot of
for all samples with associated chemical
For this study we have chosen four different distribution
surfactants used in this study.
organic surfactants leading to four individual
samples (Fig. 2), with a fifth sample synthesised in the absence of a mesoporous template
(mesoporogen). Subsequently, we have tested this array of samples for two acid-catalysed
transformations: n-butane isomerisation and ethanol dehydration.
Through the use of DMOD (Dimethyloctadecyl[3-(trimethoxysilyl)propyl]ammonium
chloride) as a mesoporogen [5] we have been able to create small mesopores within a
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pore width
structures of

narrow size distribution, typically 30 – 50 Å, in a cobalt-doped AlPO-5 framework. The
interest in DMOD comes from the two very distinct polar and non-polar regions at either
end of the molecule (Fig. 2) which is thought to lead to the formation of micelles within the
AlPO synthesis mixture (Fig. 1). The AlPO framework then forms around these micelles,
dispersing them within the AlPO material. As DMOD is mainly composed of C, H, and N,
the micelles are then removed during the same
calcination procedure that removes the microporous
templating agent, or structure-directing agent. In
doing so, this unblocks the micropores and
mesopores within the hierarchical AlPO system.
However, the use of DMOD offers extra benefits
beyond solely creating a mesoporous network. We
believe that the polar siloxy head group of DMOD,
which lines the outer surface of the micelles, is not
fully removed on calcination. Instead, it leaves
behind siliceous layer within the mesopores. This
provides additional unique surface acid sites with
different reactivities to the inherent Brønsted acid
sites created through isomorphous substitution of a
metal dopant (cobalt).
Figure 3: Ethanol dehydration data of CoAlPO-5, (3 mol. % Co)
While it is of great interest, the siliceous templated with a variety of surfactants (DMOD, CTAB, MTMAB,
lining makes it challenging to distinguish between and TDPA) in addition to a sample synthesised with no surfactant
Showing how the yield of products vary over a range of
the influence of added mesoporosity and the (NS).
temperatures.
siliceous layer. As a result, we have explored a
range of other surfactants to distinguish between the two effects including the commonly
used CTAB (Cetyltrimethyl ammonium bromide) (Fig. 2). The molecular structure of CTAB
is very similar to that of DMOD, except it terminates at the ammonium group without having
a siloxy species (Fig. 2). In principle this should lead to mesopores forming via a similar
mechanism but without the siliceous lining. To complement CTAB, we have also used
MTMAB (Myristyltrimethylammonium bromide) which has the same functional group as
CTAB though a shorter alkyl chain, designed to investigate the influence of surfactant
length on the size of the mesopores. Finally, TDPA (Tetradecylphosphonic Acid) was also
selected as this has the same chain length as MTMAB, but a different terminating moiety
(Fig. 2). There have been reports that suggest the phosphonic head group can also
become incorporated into the mesopore surface, in a similar way to the silica species in
DMOD, however this will require further investigation. Powder X-ray diffraction confirmed all
five samples are phase pure AlPO-5 (AFI structure), N2 physisorption techniques have also
been used to confirm the hierarchical nature of these materials. The Barrett-JoynerHalenda model plot of pore width distribution (Fig. 2) shows defined features within the
mesoporous size regime. This indicates the successful formation of mesopores within
these soft templated samples, with an array of average mesopore sizes depending on the
mesoporogen.
Results and Discussion
The ethanol conversion varies with DMOD > TDPA > No Surfactant > CTAB ≈ MTMAB,
with the ethylene selectivity following a very similar trend (Fig. 3). The improved activity of
the DMOD system for ethanol dehydration is attributed to the presence of surface silanol
sites in the siliceous layers within the mesopores. Further evidence for this has been
demonstrated and modelled through our ongoing small angle neutron scattering (SANS)
work. These additional silanol species are weakly acidic and can activate ethanol for
dehydration. This logic could also extend to the TDPA system, if it does create defect
surface phosphorus sites with acidic behaviour.
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However, the presence of a
silanol layer may also block access to
some of the stronger active sites which
could rationalise the DMOD system
having little effect on the n-butane
isomerisation (Fig. 4). As we indeed
notice that the DMOD sample shows
less activity than the ‘No Surfactant’
sample which supports this notion (Fig.
4).
The CTAB and MTMAB systems
show almost identical activity, again
given the similarity in the chemical Figure 4: Time on stream catalytic n-butane isomerisation data of CoAlPO-5
formula of these surfactants, this is templated with DMOD as a mesoporogen (left) and synthesised in the absence
a surfactant (right). The plots show how the selectivities of the three primary
expected. Notably the CTAB and MTMAB of
products (isobutane, propane, and C5 alkanes) as well as n-butane conversion
have worse activity, and lower ethylene varies over time.
selectivity than the ‘No Surfactant’
species (Fig. 3). This could be due to the surfactants “capping” surface sites or hindering
access to the micropores.
Significance
In our endeavour to understand the nature of mesoporosity in hierarchically porous
aluminophosphates we have shown that through changing the molecular surfactant it is
possible to alter the degree and nature of mesoporosity as well as intrinsic mesopore
surface chemistry. This can allow for the rational design of hierarchical catalysts wherein
their reactivity is tailored towards a specific chemical transformation. This would create
huge potential for engineering highly active and versatile heterogeneous catalysts [6].
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Introduction and Objective
As an alternative to conventional hydrothermal syntheses, zeolites can be synthesized in
the presence of water vapor under elevated temperature and autogenous pressure without
contact between dry gel (DG) and the liquid phase (steam-assisted crystallization-SAC) [1]
[2]. The dry gel contains the silica and alumina sources, (organic) structure-directing agents
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(SDAs) and mineralizing agents which are combined in an impregnation step (Scheme 1).
The separation between dry gel and liquid phase leads to advantageous features such as
reduced liquid waste and identical silicon to aluminium ratios in dry gel and product.
Furthermore, a lower amount of SDA is needed, due to higher local concentrations in the
dried gel compared to hydrothermal synthesis. Zeolite SSZ-13, which possesses CHA
topology, has attracted tremendous attention due to its unique topology and excellent
performance as catalysts in the selected catalytic reduction of NOx with ammonia and the
methanol to olefin (MTO) reaction. In this contribution, the small pore zeolite SSZ-13 is
synthesized by SAC via interzeolite conversion (IZC) employing commercial faujasites. So
far, only lab scale syntheses using Teflon lined steel autoclaves (23 ml) are reported in the
literature. Here, the zeolite syntheses are transferred to a commercially available steam
sterilizer in order to achieve an efficient scale-up allowing the synthesis of up to 500 g of
zeolite.

Scheme 1: Schematic representation of steam assisted crystallization (SAC) including scale-up in a steam
sterilizer.

Experimental Section
CHA-type zeolites are prepared via steam-assisted interzeolite conversion (IZC) of
commercially available zeolite Y with varying silicon to aluminium ratios (Degussa with Si/Al
= 12.5, Zeolyst CBV 720 with Si/Al = 15, Zeolyst CBV712 with Si/Al = 6), using N,N,Ntrimethyl-1-ammonium adamantane hydroxide (TMAdaOH) as OSDA. A gel with the molar
composition SiO2 : Al2O3 : TMAdaOH : Na2O : K2O : H2O = 1 : 0.04 : 0.22 : 0.037 : 0.012 :
25.3 was reacted at 150 °C for 17 hours. No additional SiO2 or Al2O3 source was
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introduced.The obtained products are characterized via powder XRD, SEM, TG analysis,
and solid-state NMR spectroscopy. Syntheses were performed in classical Teflon-lined
stainless steel autoclaves (V = 23 ml) and a commercial equipment, the steam sterilizer
‘Systec DE-65, V = 65 l)’. Due to the temperature limitation in the steam steriliser all the
synthesis were carried out at about 150°C.
Results and Discussion
Using a steam sterilizer, CHA-type zeolites of different Si/Al ratios (6, 12.5, 15) with
consistent product characteristics were synthesized. The Si-yield for all syntheses was
higher than 95%. The X-ray diffraction patterns are in good agreement with those of a
conventional hydrothermal synthesis and theoretical patterns (Figure 1a).
Thermogravimetric analysis was used to determine the amount of OSDA in the prepared
zeolites. The synthesized CHA-type zeolites have three cages per unit cell containing
approximately one SDA-molecule per cage (Figure 1b). By scanning electron micrography
(Figure 1c and 1d) an average particle size of 150 to 200 nm was determined. This may be
advantageous for a catalytic application due to a reduced diffusion path length.
Furthermore, the syntheses were successfully scaled up from 0.2 g to 20 g of product per
batch.
Besides, kinetic investigations of the SSZ-13 crystallization by interzeolite conversion using
the steam sterilizer were performed. After two hours at 150 °C, reflections of the CHA
topology appear, however the reflections of the FAU starting material are still dominant.
After 4 hours, the CHA phase is becoming dominant and becomes the only phase after 8
hours. Thereafter, no changes in the XRD patterns are observed. Different gel
compositions (OSDA content, varying alkalinity) alter the kinetics of the interzeolite
conversion significantly allowing to obtain insights into the interplay between FAU
dissolution and CHA crystallization in steam-assisted crystallization.

a)

b)
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d)

c)

Figure 1 – Characterization of the zeolite SSZ-13 prepared by SAC in a small Teflon-lined autoclave and a steam
sterilizer
a) X-ray diffraction patterns of the different products in comparison to the starting HY zeolite; b)
thermogravimetric analysis; and scanning electron micrographs of the product prepared in the Teflon-lined
autoclave (c ) and the steriliser (d)

References
[1] C. S. Cundy, P. A. Cox, Microporous and Mesoporous Materials 82, 1-78 (2005).
[2] M. Matsukata, M. Ogura, T. Osaki, P.R. Hari Prasad Rao, M. Nomura, E. Kikuchi, Topics in
Catalysis 9, 77-92 (1999).
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In recent years, fluorescent lamps have been replaced by LED lamps, which
generate a large amount of waste. In Brazil, the production of waste from fluorescent lamps
and improper disposal is still a source of environmental problems. In order to find an
application for this type of waste with greater added value, the use of fluorescent lamp
waste as an additional source of Si, Al, and P in the production of SAPO-11 AEL zeolites,
with a molar composition of 1.0 Al2O3:1.0 P2O5:1.2 DPA:0.3 SiO2:120 H2O. The procedure
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adopted for synthesis using residues was based on a process already reported in the
literature. The residue used in this study has a P2O5/SiO2 ratio of 2.35 and Si/Al ratio of
0.51. The Residue was used in powder form and presents a mixture of 3 crystalline phases:
92.39% of calcium phosphate (V) fluoride chloride, 2.84% of quartz (high), and 4.76% of
yttrium oxide. In this work, two studies will be presented, one of crystallization time, where
the times of 24, 48, and 72 h were studied for the amount of 0.5 g of residue in the
synthesis. And the crystallization time of 72 h for the use of 1 g of residue. The samples are
named according to the following model xSRy, where x is the crystallization time and y is
the amount of residue. To maintain the molar composition of the synthesis gel in addition to
dipropylamine (DPA, Aldrich > 99%), the following reagents were used as a source of
aluminum, silicon, and phosphorus: aluminum hydroxide (Aldrich 76.5%), tetraethyl
orthosilicate (TEOS, Aldrich, 98%) and orthophosphoric acid (Merck 85%).

Figure 1 shows the diffractograms of samples synthesized with 0.5 g of residue with crystallization times of
24, 48, and 72h. Figure 2 compares the diffractograms of samples with 0.5 and 1 g of residue, with a crystallization time
of
72 h.
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Figure 1 - XRD patterns of samples by using phosphor powder
(S = SAPO-11)
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Figure
2 - XRD patterns of samples by using phosphor powder 0,5 and 1 g
with 72 h synthesis time. (S = SAPO-11)
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Table 1 - Identified Phases by Rietveld refinement.

Samples

SAPO11(a)

SAPO31(b)

24/SR0.5
48/SR0.5
72/SR0.5
72/SR1

30.77
43.79
66.74
37.36

21.68
27.24
n.d.
n.d.

Identified Phases (%)
Calcium
Aluminum
Phosphate (V)
Phosphate
Fluoride Chloride
(V) (d)
(c)
16.66
19.23
13.27
5.32

Aluminum
Phosphate
Tridymite (e)

30.88
9.74
20.00
n.d.

n.d.
n.d.
n.d.
57.32

a) Zeolite type AEL database_IZA [2], b) zeolite type ATO database_IZA [2] , c) database code-ICSD 203026, d)
database_code_ICSD 88566 and
e) reference [1].

In the diffractograms of Figure 1 the phases SAPO-11 is identified. The synthesis
72SR0.5 presented the highest amount of the phase of interest, SAPO -11 with 66.74%
(Table 1) according to quantification via Rietveld refinement, the presence of SAPO-31 was
also not observed. When the amount of residue was increased to 1, keeping the best
crystallization time of 72 h, the amount of SAPO-11 formed was lower, 37.36%. The
formation of SAPO-31 was not observed, but the formation of a high amount of aluminium
phosphate tridymite (57.32%).
In literature, the superficial area of SAPO-11 is in the range of 150 and 250 m2/g [2–
5]. Sample 72HSR05, with the highest content of SAPO-11, showed a BET area of 113
m2/g with a micropore volume of 0.03 cm3/g. The P2O5/SiO2 ratio for this sample was 3.6
with a Si/Al ratio of 0.14.
Considering that the residue presents crystalline phases, and these are less
reactive, a greater amount of residue hindered the formation of SAPO-11. This is
exemplified when we compare samples 72SR0.5 and 72SR1, where different
concentrations of the desired phase (SAPO-11) are obtained, 66.74% and 37.36%
respectively.
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1. Introduction
Fly ash is harmful and its disposal / utilization is the major issue from environmental point of
view. Waste coal fly ash (CFA), generated in huge quantity in thermal power plants, and its
conversion into useful materials for various applications is one of the thrust research areas
in recent times. Owing to presence of silica and alumina as major content of fly ash, it was
thought of interest to utilize it as silica and alumina source for the synthesis of zeolites. The
synthesis of several zeolites (for e.g. X, P and Zeolite A types) from CFA are reported [1,
2]. In the present endeavor, initially the zeolite has been synthesized using only ~12 % per
batch (Batch composition: 6 Na2O: Al2O3: 30 SiO2: 780 H2O) [3]. Later it was increased to
80% with aim to maximize CFA utilization by varying Al2O3 molar ratio and increase
catalytic / sorption properties. The resultant zeolitic materials (Mordenite and Analcime type
zeolites) were characterized by several characterization techniques such as, SEM-EDX,
XRD, TGA, FT-IR, solid state NMR and N2 adsorption-desorption.

2. Experimental
CFA based zeolites were hydrothermally synthesized initially, following the gel composition
of 6 Na2O : Al2O3 : 30 SiO2 : 780 H2O and by partial modification [in terms of change in
silica and alumina sources and Na2O (6 or12) / Al2O3 (1/2/3/5/10) molar ratio] in the
reported method [4]. Synthesis solutions were obtained by mixing aqueous solutions of
NaOH and CFA as alumina and silica source. Thereafter, 5 Wt.% Mordenite as a seeding
agent (based on silica) has been introduced into this mixture and then it was allowed to stir
for 15-20 min. The resultant gel was transferred into Teflon lined agitated stainless steel
autoclave reactor and stirred (~400 rpm) at 170°C for varied time period (24, 36, 48 and 60
h). The product was filtered, washed with distilled water until pH of the filtrate becomes <
10 pH. The resultant material is then subjected to ion exchange treatment as per reported
method with 50 mL/g of 1M ammonium salt solution [5]. Finally, the product is filtered and
dried overnight at 100°C in an oven. Material synthesized after this stage was then calcined
at 550°C for 5 h (heating rate, 1°C/min) to convert it into acidic form. The materials thus
synthesized were identified as Mordenite (FZSH) and Analcime (FANAH) based on X-ray
diffraction (XRD) results.
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3. Results and Discussion
XRD
XRD patterns of fly ash, Analcime and Mordenite zeolites
are shown in Fig. 1. Typical peaks of Mordenite are
observed at 2θ° values, 13.48, 19.62, 22.26, 25.68,
26.24, 27.62, and 30.9 (Fig. 1d), which are found quite
matching with reported peaks (2θ° = 13.5, 19.6, 22.3,
25.7, 26.3, 27.5 and 30.9) [6]. Similarly, Fig. 1b and 1c
show the intense diffraction peaks at 2θo,15.88, 25.98,
and 30.58, due to (211), (400), and (322) crystal planes,
respectively. These peaks are corresponding to
Analcime zeolite according to the standard file number
01-076-907 [7]. This study indicated that after the
hydrothermal reaction, the only crystalline phase existed
in the product was the Analcime zeolite.

SEM analysis
SEM image of the fly ash (Fig. 2a) shows regular spherical crystal without aggregation,
while the crystal size and morphology of FZSH (Fig. 2c & 2d) were found to be irregular
spherical to prismatic aggregates, which looks quite similar to the crystal morphology of the
Mordenite synthesized as per reported method, using neat chemicals [4], (see Figure 1b).
In the SEM images (Fig. 2 c & 2d), large zeolite aggregates were observed. Mordenite
possesses orthorhombic crystals and one-dimensional system of large pores. The crystals
appeared as spherical and prismatic aggregates. Few of these aggregates were found
loosely bound with each other and few in highly compacted form, as reported by Robson
and Lillerud [8].

The morphologies of CFA particles and synthesized Analcime type zeolite (FANAH)
particles investigated by the SEM analysis are illustrated in Fig. 3c and 3d, respectively. It
is seen that the CFA particles (Fig. 3a) are spherical in shape. Figure 3b exhibit the
prismatic irregular shape of the FZSH (Mordenite type zeolite), while the well crystallized
Analcime type zeolite [Fig. (3c) with 5M Al2O3 and (3d) with 10M Al2O3] exhibited an
isometric trapezohedron or deltoidal icositetrahedron morphology [3,7].
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Figure 2. SEM of (a) Fly Ash (Magnification: 6000×),
(b) MOR (Magnification: 20000×) synthesized as per
reported method, (c and d) FZSH (Magnification:
20000×)[3].

Figure 3. SEM of (a) Fly Ash (Magnification: 10000×),
(b) FZSH (Mordenite type zeolite) (Magnification:
20000×), (c and d) Analcime type zeolite synthesized
using coal fly ash with 5M and 10M Al2O3 composition
in gel (Magnification: 10000×).

It can be seen that some small crystals emerged on the surface of intergrowths Analcime
crystals. According to the report by Ge et al. [9], when two particles with different sizes
attach to each other, energetic factors drive the larger particle to grow, drawing from the
smaller particle, which shrinks. Also, some nano rods and fibers are observed. The similar
observation has been reported by Azizi et al. [10]. Further, FT-IR analysis of synthesized
materials shows typical bands corresponding to zeolitic materials. Thermal analysis
indicated good thermal stability of the synthesized zeolites. Typical framework peaks are
also observed in solid state NMR (29Si and 27Al).
4. Conclusions
In this study, an attempt has been made to utilize fly ash waste for the synthesis of low cost
Mordenite and Analcime type zeolites. The present attempt leads to reduction in fly ash
disposal cost and contribute towards low cost production of value added materials like
zeolites, which has remarkable environmental applications in the area of adsorption,
separation, storage and catalysis.
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The promising performance of zeolites is related to the density, strength, and location of
intrazeolitic active sites, as well as the size, shape, and dimensionality of the pore systems
containing regular channels and cavities [1,2]. Since Brønsted acid sites, Si-O(H)-Al, in
zeolites are generally created when protons compensate for the negative framework
charges induced by incorporating Al3+ into a silica framework, it is not difficult to conjecture
that the position and relative concentration of Al atoms in the tetrahedral sites (T-sites) of
the framework can alter the location and properties of acid sites in zeolites. In addition, the
distribution of proximal Al sites can generate ion-exchange sites to stabilize divalent extraframework species (e.g., Cu, Co, Fe). Apart from its effect on the formation of active sites
for redox catalysts, the proximity of two Al sites in the framework has been demonstrated to
influence the selectivity in acid-catalyzed reactions despite nearly equal amounts of acid
sites to each other [3-7].

Therefore, considerable attention has been devoted to controlling the Al incorporation to
optimize the performance as industrial solid catalysts and to develop new acid- and redoxcatalyzed reactions. Given that ‘first-generation’ zeolites synthesized without any organic
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additives (started before the 1960s) typically have a Si/Al ratio of less than 5, the use of
alkylamines and alkylammonium ions, commonly acting as organic structure-directing
agents (SDAs) in zeolite synthesis has long been recognized as one of the best-known
strategies for controlling the Al incorporation in the resulting zeolites [8]. Indeed, many
synthetic strategies based on the introduction of a broad spectrum of organic SDAs, such
as charge density mismatch approach, supramolecular self-assembly, and alkali metalcrown ether complexes, have led to the expansion of the compositional range of crystalline
microporous materials [9,10].
Here we review aspects of direct synthetic strategies with the aim to highlight recent
attempts to fine-tune the Al incorporation in zeolites. They are subdivided with respect to
the variations in raw materials, such as organic/inorganic additives and T-atom sources,
and the use of controlled or preformed aluminosilicate precursors as starting materials.
Based on the fact that positively charged SDAs can interact with negatively charged
oxygen of framework AlO4- units and usually end up entrapped inside certain void spaces
of resulting zeolite, the cooperative effects of multiple SDAs on the regulation of the spatial
distribution of Al atoms in the zeolite framework was observed depending on the type of
inorganic/organic SDA used (Figure 1a). In addition, the preferred positions of other
heteroatoms (e.g., B, Sn, Ge) at particular T-sites due to different average T-O distances
and T-O-T angles from Si (or Al) could be exploited in competition for Al incorporation. The
overall synthetic strategies also reveal that the unique arrangement of Al atoms in zeolites
can depend on the appropriate interaction of cationic adducts with various (alumino)silicate
species that are formed (or dissolved) in the liquid phase during the zeolite nucleation and
growth. On the other hand, the use of crystalline aluminosilicate precursors as starting
materials yielded metastable zeolites with respect to divalent cation exchange sites, which
is one of the important factors for achieving good redox performance (Figure 1b).

Figure 1 (a) Al organization during the CHA crystallization when TMAda+ was used alone (left) or in combination with
Na+ ions (right). Reprinted with permission from ref [7]. (b) Co2+ uptake of a series of SSZ-13 (CHA, Si/Al ~ 35)
separated as a function of synthesis time at 160 °C. Reprinted with permission from ref [4].
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1.

Introduction

In the present study, zeolite H-BEA catalyst has been modified by controlled desilication
post modification route using first with a cationic surfactant, 6-bromohexyl trimethyl
ammonium bromide (6-BTAB) (designated as HZBK1) as mesotemplate and second with
BTAB and yeast (designated as MZβ-BYK1). These newly synthesized mesozeolites have
been characterized by several characterization techniques such as, small and wide-angle
XRD, FT–IR, BET surface area, etc. [1]. Levulinic acid (LA) is a top value-added chemical
from lignocellulosics. LA is an important chemical building block for a wide variety of
compounds and used as a precursor for pharmaceuticals, cosmetics, plasticizers and
several other additives. Esters of levulinic acid like ethyl levulinate have extensive use in
perfumery. One of the LA esters, n-hexyl levulinate has recently been identified as a
potential fuel additive / blending component to modify fossil fuel properties. Since handling
of water soluble fuels is difficult, their replacement with levulinate esters of higher molecular
weight alcohols are of great interest in the recent times. n-Its presence in the diesel
increases conductivity and lubricity of diesel.
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2.

Experimental

Synthesis of mesoporous H-BEA catalysts
Parent Zeolite H-BEA were obtained from Sud-Chemie India Pvt. Ltd., Vadodara, Gujarat,
India. The H-form of the parent zeolites were prepared by ion exchange of the Na-form
samples with aqueous solution of NH4NO3 (1M) followed by drying and calcination at 550
°C. The mesozeolite material has been synthesized by sol-gel method from alkali treated
microporous zeolite precursors and in the presence of yeast and 6-BTAB surfactant as a
mesotemplate. The materials were characterized by various characterization techniques
such as, SXRD, WXRD, TGA, FT-IR, solid state NMR (29Si and 27Al), N2 sorption
isotherms, and NH3-TPD.

Catalytic application of mesozeolites in esterification of LA
The catalysts were activated before loading into the reactor by heating at 100 °C for 34 hrs. All the reactions were carried out in a 50 ml RBF attached to a condenser and
equipped with a magnetic stirrer under heating in an oil bath. The calculation of the
amount of reactants was done in accordance with the molar ratio for each reaction.
This setup is heated up to 393 K, reaction being administered for 2-6 h with constant
uniform stirring, and eventually the products are collected once the catalyst is removed.
The consumed catalysts were collected by filtering and ethanol washing. The yield of
the product formed was calculated by titrating the combined liquid against 0.1 M
alcoholic potassium hydroxide (KOH) solution. The yield of the ester was calculated
using the formula: % Yield = [(X-Y)/X] ✕ M ✕ 100, where X is the acid value of the
sample before reaction, Y is the acid value of sample reserved after reaction and M is
the molar ratio of LA : alcohol.

3.

Results and Discussion

FT-IR:
The FT-IR spectra of all three zeolites (parent H-BEA, MZβ-BYK1 and HZBK1) were found
to exhibit characteristic bands of microporous zeolite H-BEA (Fig. 2). The band at 1637
cm−1 is attributed to –OH bending vibrations of H2O molecules. The broad bands at 1219
and 1089 cm−1 are attributed to asymmetric stretching of external and internal vibration
bands, corresponding to SiO4 or AlO4 of siliceous materials. Apart from these, the band at
around 798 cm−1 is attributed to the symmetric stretching vibrations of SiO4 and AlO4. The
small band corresponding to Si–O–Si bending was observed at around 462 cm−1 [2].
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Fig. 2 FT-IR spectrum of parent H-BEA MZβ-BYK1 and
HZBK1

Fig. 3 XRD patterns of parent H-BEA, MZβ-BYK1 and
HZBK1

XRD:
The WXRD patterns of parent H-BEA, MZβ-BYK1 and HZBK1 are presented in Fig. 3. The
main characteristic peaks of parent H-BEA are observed between 2θ values 7°–10° and
23°–25°. In case of MZβ-BYK1 and HZBK1, the position of these peaks was not altered
indicating the absence of any phase impurities after post modification treatment. The wide
angle XRD of modified zeolites indicated less intense reflections as compared to parent HBEA zeolite due to lower crystallinity [3]. Further, low angle XRD patterns of mesozeolites
reflects peaks corresponding to presence of hexagonal phase as usually seen in case of
MCM-41 type of material.

N2 sorption isotherms
The specific surface area of parent H-BEA, MZβ-BYK1 and HZBK1 were calculated by BET
method. N2 adsorption–desorption isotherms of parent zeolite BEA exhibited Type-I
hysteresis loop, which is designated to microporous material, zeolite H-BEA. In case of
MZβ-BYK1 and HZBK1, a typical Type-IV adsorption branch consisting of H4 hysteresis
loop is observed. H4 loop is generally found with aggregated crystals of zeolites and
mesozeolites

Catalytic activity
A study in order to compare the catalytic efficiency of modified zeolites to synthesize nhexyl levulinate via LA esterification reaction with n-hexyl levulinic acid was performed
under the reaction conditions of 393K temperature, molar ratio of (LA:alcohol) 1:6, and
catalyst concentration of 7% (w/w) with respect to levulinic acid. The time for each reaction
was 4 h. Parent zeolite H-BEA and mesozeolites HZBK1 and MZβ-BYK1 were used as
catalysts and the % LA conversion of the reactions were compared. Mesozeolites showed
enhanced activity as compared to their counter parts. Amongst the studied catalysts,
zeolite MZβ-BYK1 was found most efficient due to its low to moderate acidity along with
suitable Si/Al ratio and higher surface area for the synthesis of n-hexyl levulinate.
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4. Conclusion:
The resultant novel mesozeolite materials showed better catalytic performance towards the
synthesis of n-hexyl levulinate via levulinic acid esterification reaction with n-hexanol which
may be due to their higher surface area, bimodal porosity and zeolitic crystallinity as
compared to parent zeolite H-BEA. The use of yeast has been found to improve catalytic
properties of corresponding mesozeolite catalyst (MZβ-BYK1) as compared to HZBK1
catalyst under optimum conditions of LA: alcohol 1:6, catalyst concentration 7%; reaction
time 4 h and at a temperature of 393K. The newly synthesized mesozeolite catalysts can
be further employed to catalyse organic transformations involving complex organic
molecules. Also, they can be explored as promising supports, storage and multifunctional
materials.
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Since the description of the structure of polymorph A of zeolite Beta, the synthesis of
enantiomerically pure zeolites has been one of the most challenging objectives in zeolite
synthesis [1,2]. In an early article of Davis’ group, the formation of polymorph A enriched
zeolite Beta was claimed [3]. However, this discovery was far from the pure zeolite
enantiomer. More recently, the same research team has described the enantiomeric
enrichment of the chiral zeolite STW [4]. In this case, the presence of one of the
enantiomers in a proportion much higher than 50% was unambiguously proved by
preferential adsorption of chiral alcohols and by detecting enantiomeric excess in the
catalytically driven reaction of epoxide aperture. However, still in this report, the zeolite
STW crystallised as a mixture of two enantiomeric polymorphs. The enantiomeric excess of
the different chiral zeolites was driven by chiral organic structure directing agents (OSDAs).
The synthesis of these chiral OSDAs was very laborious involving several steps for their
preparation, and therefore it was very far from being trivial.
Here, we report the synthesis of the homochiral zeolite STW by using a sugar-derived
OSDA that can be easily synthesized as an enantiomerically pure compound with very high
yields and involving only two synthesis steps for its preparation.
Sugars are ubiquitous natural products that can be functionalised with nitrogen-containing
molecules yielding charged quaternary amino derivatives. These sugar-based OSDAs are
stable under the harsh conditions of zeolite crystallization (aqueous media, high
temperature, alkaline media. etc.). Thus, we carried out a systematic study of the potential
application of this family of chiral organic cations as OSDAs for the synthesis of zeolites.
Among them, we found that sugar-based imidazolium derivatives were very selective for
crystallizing pure zeolite STW, especially in the presence of Ge and in fluoride media.
The optimum composition of the synthesis gel for crystallization of zeolite STW was as
follows:
(1-x) SiO2 : x GeO2 : y Al2O3 : 025 ch-OSDA(OH)2 : 0.5 HF : 5 H2O
This gel was heated at 150ºC for 12 days under continuous rotation of the autoclaves. The
collected sample consists of very large crystals having the typical shape of hexagonal
bipyramid characteristic of zeolite STW (Figure 1). Most of these crystals were large
enough for performing single-crystal X-Ray diffraction (SCXRD) analyses. Thus, we
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collected data corresponding to 10 crystals of three different synthesis compositions
reported in Table 1.

Table 1.
Gel composition of the STW samples used for SCXRD studies

Zeolite

x

y

2-STW-a

0.33

0

2-STW-b

0.33

0

2-STW-25

0.33

0.04

Figure 1.
Typical crystal of STW sample

The symmetry parameters of the 30 crystals were calculated taking into account the
contribution of the electron density of the ch-OSDA molecule using the statistical method of
A. L. Spek et al. [5]. This procedure was applied to determine the absolute configuration of
experimental data obtained by SCRXD, which generates a reliable absolute configuration
assignment for each crystal sample. Flack parameters were close to 0 confirming that the
absolute structure of all the analysed crystals was P6122 (S).
Additionally, the same methodology was applied to a racemic STW sample with a similar
composition to 2-STW-a analysing 11 crystals. In this case, it was found that 5 crystals
possess the absolute P6122 (S) configuration, whilst the 6 others show P6522 (R)
symmetry, indicating the strength of this methodology for assessing chiral properties in
zeolite and fully confirming that the ch-OSDA was an exceptional chiral template for the
crystallization of homochiral zeolite STW.
The ch-OSDA-STW structure is shown in Figure 2.
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Figure 2 Structure of the as-made S-STW. (H atoms are omitted for clarity)

There, it is seen that the helicoidal arrangement of the ch-OSDA molecules fills the pores of
the inorganic STW structure and provides the right configuration for templating the final
chiral structure of the zeolite.
The purity of the STW sample was studied by performing the Rietveld analysis of the
Powder X-Ray diffraction pattern of the as-made 2-STW-a sample. This confirms that the
analysed single crystals were fully representative of the whole sample. Finally, the main
features of the X-Ray diffraction pattern of the sample are retained upon calcination
(avoiding moisture exposure). The resulting solid shows a micropore volume and BET
surface area of 0.17 cm3/g and 450 m2/g, respectively, indicating that the STW structure is
retained upon ch-OSDA removal.
Thus, we can safely claim that the employ of sugar derived Organic Structure Directing
Agents has allowed the selective crystallization of a zeolite enantiomerically pure for the
first time.
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The fixation of catalytic metal complexes is a very active field in heterogeneous catalysis as
it combines selectivity of homogeneous catalysis with higher robustness, easier separation
and possibility of recycling. The growing interest for the very specific catalytic activity of
gold in cyclization and oxidation reactions involving Au(III) and Au(I) ions prompted us to
investigate this metal. However, the interfacial chemistry of ionic gold is not yet developed
as it readily reduces to Au (0) atoms that migrates and aggregates irreversibly. The idea is
to stabilize single Au(III) ions on a surface to avoid the formation of Au(I) pairs during the
catalytic cycles. These pairs of ions indeed dismutate into Au(III) and Au(0) pairs opening
the irreversible route of metallic gold at room temperature.
We propose to investigate stabilization of single Au(III) ions in mesoporous silica based
materials having a particularly large surface areas (1000 g/nm2) and appropriate pores (> 3
nm) for efficient molecular internal diffusion and useful catalytic application. The
stabilization is obtained by selective adsorption on TinOx oxohydroxotitanium subnano
islands – n =3, size  0.7 nm – themselves fixed on the siliceous internal pores of the
mesoporous silica support by grafting titanium alkoxides in the presence of a molecular
pattern.
The nuclearity of the oxohydroxotitanium subnano islands is monitored after calcination
from the blue shift of the ligand to metal transfer band (LMCT) of the grafted TinOx subnano
islands. [1] Then AuCl4- ions are selectively adorbed from a water solution by TiOH2+ groups
in the pH range 2 to 6, between the ZPC SiO2 and TiO2. Washing with water confirms that
without TinOx islands gold retention drops from 90 to 0.5%. In addition, the AuCl4- remains
stable up to 80°C, the pinkish coloration of gold start to appear (less than 1% of gold) at a
temperature of 100°C.
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To further investigate the elimination of chloride around supported gold, we revisited the
successive equilibria of AuCl4- with [AuClx(OH)y]- (x+y = 4) in solution for future quantitative
analysis of the UV-visible spectra. We were surprized by some contradictions concerning
the intermediate [AuCl3(OH)]-, [AuCl2(OH)2]- and [AuCl(OH)3]- species compering reported
UV and Raman spectroscopic studies. This prompted us to investigate the UV range 250 to
400 nm not yet reported.[2] We discovered new bands, 3 isosbestic points and a more
precise value of the molar extinction coefficient for [AuCl4]-. Our target is now to investigate
these species on TinOx islands in correlation with their redox stability.

Figure 1: Heterogeneous catalyst
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Global population is expected to increase by 25% in the next 30 years, which is led by an
energy- and resource- intensive economic growth [1]. Half of the energy consumption of the
industrial sector comes from chemical separation processes (distillation, drying and
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evaporation) mainly due to their thermal energy high demand. Therefore, the development
of more energy-efficient and carbon-neutral processes is necessary to reduce fuel
consumption and greenhouse gases emissions [2]. Membranes have proven in recent
years to be one of the most promising separation technologies, with straightforward scaleup, low fabrication costs, reduced environmental impact and wide application field: from
gas separation, water treatment, nanofiltration, pervaporation to fuel cells [3].

Figure 50 – Covalent Organic Framework
SEM image of synthesized COF

The limited permeability and selectivity of membranes is the main obstacle for their gas
separation industrial application, requiring the development of new materials to improve
their separation performance, such novel materials are zeolites, activated carbons, Metal
Organic Frameworks (MOFs) or Covalent Organic Frameworks (COFs) [4,5]. The latter,
obtained by covalent bonding of light elements (H, B, C, N and O) [6], are solids with
crystalline architecture, permanent porous structure, high surface area, adjustable pore
size and functionality, with good polymer compatibility. Among the available methods for
the synthesis of COFs, the solvothermal method is the most widely used as it allows for
good control of the reactive medium, with the downside of using long reaction times (up to
nine days), multiple organic solvents and high temperatures [5]. It is therefore necessary to
find other ways of obtaining COFs that are more efficient and have less environmental
impact [7].
In this work, more environmentally friendly and sustainable methods for the synthesis of
COFs, based on the supplied energy control and the choice of green solvents, are
developed for their application in membrane separation processes. Characterization of the
obtained materials are determined by different analysis: crystallinity by X-ray diffraction
(XRD), surface area by nitrogen adsorption (BET), thermal stability by thermogravimetric
analysis (TGA) and morphology as well as particle sizes by scanning and transmission
electron microscopy (SEM/TEM). Bulk particulates with different morphologies were
synthesized using the proposed greener methods, achieving particles with intricate porosity
(Figure 50). Also, synthesis temperature control was deemed crucial for achieving good
crystallinity (Figure 51) and high surface areas.
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Figure 51 – COF diffraction patterns
X-ray diffraction (XRD) pattern of the COF synthesized by a more environmentally friendly method at high (a) and low
(b) temperatures, as well as simulated pattern (c).
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Despite the recent successful applications of ZIF-76 glass composites, its low-yield
solvothermal synthesis still largely relies on DMF or DEF or both as solvents and takes
several days[1]. The goal of our research was to prepare ZIF-76 both mechanochemically
and solvothermally using a green solvent.

Green solvothermal synthesis
Based on our previous success in using gamma-valero-lactone (GVL) as a substitute for
DMF[2], we first attempted classic solvothermal synthesis in which DMF was replaced by a
GVL/methanol mixture in a 1:1 volume ratio. The reaction did not yield any product. We
hypothesized that this was due to the lack of the base that is traditionally formed by the
thermal decomposition of DMF. We tested our hypothesis by adding an aqueous solution of
NaOH to the clear reaction mixture, where a precipitate formed shortly after addition. PXRD
analysis [Figure 1] of the product showed that ZIF-76 was obtained.
Both, reaction time and temperature, were optimized, with the final optimized procedure
being at RT and 24 h with constant stirring. Increasing the reaction temperature resulted in
a negligible difference in crystallinity.

Figure 52: PXRD of green synthesized and DMF synthesized ZIF-76

Mechanochemical synthesis
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The recent popularity of the mechanochemical approach to MOF synthesis can be
attributed to the high yields and low amounts of solvents used[3]. Based on the success
with GVL in the solvothermal synthesis, we decided to use it as an initial solvent in liquid
assisted grinding (LAG). PXRD of the pure GVL LAG samples showed mostly ZnO with
some amorphous phase. Addition of water resulted in increased crystallinity and partial
formation of ZIF-76 from ZnO. Further addition of water resulted in complete conversion of
ZnO to the desired framework [Figure 2].

Figure 53: PXRD of ball-milled ZIF-76 with increasing water addition

Characterization and glass forming ability
Both the prepared ZIFs were then characterized using SEM/EDX, N2 physisorption, MASNMR, TGA/DTG and DSC.
In conclusion, we could summarize, that we successfully applied a green synthesis
approach for ZIF-76 preparation for the first time, with LAG procedure.
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Introduction
Zeolites are one of the well-known solid acid catalysts in the petrochemical field, and the
acidity is coming from the bridging OH groups between the framework Si and Al atoms. The
location of the framework Al atoms, therefore, is directly related to the position of Brønsted
acid sites. In order to improve the catalytic activity, controlling the location of acid sites
using the direct synthesis method is an effective approach, which is oftentimes achieved by
selecting the OSDA [1] and/or the starting materials [2].
In this study, we have focused on the MSE-type aluminosilicate zeolites. The MSE-type
structure has consisted of a three-dimensional structure with the interconnecting 12-10-10ring channels and the 18-12-ring supercage connected to 10-ring channel. The first
synthesis of MSE-type aluminosilicate, MCM-68, was reported by Mobil researchers [3].
UZM-35, another MSE-type aluminosilicate, was also discovered by UOP LLC researchers
in 2011 [4]. However, there are only a few reports on the catalysis of UZM-35 so far,
because synthesis of UZM-35 is highly elaborated.
In this wrok, the synthesis conditions of UZM-35 were optimized. Then, we investogated
the acid site location in the MSE-type zeolites, UZM-35 and MCM-68, by using 27Al
MQMAS NMR and in-situ IR measurements with probe molecules, where the difference in
the distribution of the acid sites between UZM-35 and MCM-68 was clarified. Furthermore,
we clarified the effect of the acid site location on the catalytic performance in the cracking
of hydrocarbons.

Experimental part
UZM-35 was synthesized using dimethyldipropylammonium hydroxide (DMDPAOH, 40
wt%) as an OSDA according to the reports with a slight modification [5]. The molar
composition of the synthetic gel was 1.0 SiO2: 0.067 Al(OH)3: 0.45 DMDPAOH: 0.15 KOH:
0.05 NaOH: 15 H2O with 5 wt% of calcined MCM-68 or 20 wt% of calcined UZM-35 as a
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seed crystal. The obtained final gel was transferred to a Teflon-lined stainless-steel
autoclave, and hydrothermally treatment was performed at 448 K for 4 days.
N,N,N’,N’-tetraethylbicyclo[2.2.2]oct-7-ene-2,3:5,6-dipyrrolidinium iodide, (TEBOP(I)2),
was used as OSDA for synthesis of MCM-68 [6]. The molar composition of the synthetic
gel was set at 1.0 SiO2: 0.1 Al(OH)3: 0.1 TEBOP(I)2: 0.375 KOH: 30 H2O. The obtained gel
was transferred to an autoclave and hydrothermally treated at 433 K for 16 days.
27Al

MQMAS NMR measurements was conducted in order to clarify the environment and
the location of the framework Al atoms. The number of Brønsted acid sites located at 12and 10-ring in MSE-type zeolites was estimated by IR spectroscopy with pyridine (Py) and
2,6-di-tert-butylpyridine (DTBPy) as probe molecules.

Results and discussion
Fig. 1(A) shows XRD patterns of
the obtained UZM-35 and MCM68. UZM-35_2nd was synthesized
with 20 wt% of calcined UZM-35
as a seed crystal. The MSE-type
phase was confirmed in all
samples. From SEM images (Fig.
1(B)), MCM-68 particles were ca.
150 nm with cubic-like shape.
UZM-35 particles were ca. 500600
nm
with
a
plate-like
morphology
as
secondary
particles consisted of primary
particles sized 100-200 nm. In
UZM-35_2nd,
the
particle
morphology was slightly changed.
Their Si/Al atomic ratios were almost
similar; it was estimated from ICPAES measurement at 8 and 9,
respectively. The acid strength was
characterized
by
NH3-TPD
measurement,
and
we
have
concluded that the acid strength of
Brønsted acid sites between UZM-35
and MCM-68 was almost the same,
implying that the acid strength is not
affected by the types of OSDAs.

Figure 1 (A) XRD patterns and (B) SEM
images

27Al

MQMAS NMR measurement
was conducted in order to clarify the
environment and the location of the
Figure 2 27Al MQMAS NMR spectra of (a) UZM-35 and (b) MCM-68.
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Overall view (right) and enlarged view (left).

framework Al atoms. 27Al MQMAS NMR spectra of UZM-35 and MCM-68 are shown in Fig.
2, and the corresponding MAS NMR spectra are provided in the F2 axis. The isotropic
spectra free of second-order quadrupolar broadening are obtained by the projection along
the F1 axis. Three gravity centers, T-a, T-b and T-c, were observed at around 50–65 ppm
in the two-dimensional plots of both samples, which are assigned at the framework Al
species, the tetrahedrally coordinated species [6]. Besides, the peaks attributed to the
extra-framework Al species, the octahedrally coordinated species, were detected around 0
ppm in the F1 axis. In addition, the broad peaks at 5 and 65 ppm were observed in MCM68 (Fig. 2(b)), which were assigned at the tetrahedral Al species (T-d) interacted with the
octahedral Al species (Oh-b) located in 12-ring channels in our previous study. Moreover,
the location of T-a and T-c species were also assigned to the 10-ring channels and/or
supercage and 12-ring channels, respectively. In this study, the presence of T-d species
was clearly different; the number of T-d sites in MCM-68 (Fig. 2(b)) was larger than that of
UZM-35 (Fig. 2(a)). The differences were also observed in T-c sites in addition to T-d sites.
It seems indistinct in UZM-35 (Fig. 2(a)), while the shoulder peak was clearly observed at
64 ppm in both axes in MCM-68 (Fig. 2(b)). These results suggest that the amount of the
framework Al atoms located in 12-ring channels of MCM-68 are larger than that of UZM-35.
The number of Brønsted acid sites located at 12- and 10-ring in MSE-type zeolites was
estimated by IR spectroscopy with Py and DTBPy as probe molecules. Py can enter 10and 12-ring windows, while DTBPy does not have access to the 10-ring pore. The number
of acid sites, therefore, can be distinguished between 10- and 12-ring windows using these
molecules. Interestingly, the number of Brønsted acid sites located on 12-ring channels of
UZM-35 was smaller than that of MCM-68. It is in good agreement with the 27Al MQMAS
NMR results. The types of OSDA might be considered as one of the origins of the different
distributions of the framework Al atoms due to their differences in size, valence and counter
anion. However, the mechanism of the generation of different framework Al distributions is
still unclear and under investigation.
Conclusions
The location of Brønsted acid sites in the MSE-type structure was clarified by the
spectroscopic approaches, 27Al MQMAS NMR and in-situ IR measurements with probe
molecules, where the remarkable difference in the acid site distribution was observed
between UZM-35 and MCM-68; 60 and 33% of acid sites could be assigned to the 12-ring
channel for MCM-68 and UZM-35, respectively.
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Abstract: CON-type boroaluminosilicate zeolites ([Al,B]-CON-C) were directly
synthesized from a synthetic gel containing surfactant. [Al,B]-CON-C were confirmed to
exhibit smaller particles and larger external surface area compared to those of the
[Al,B]-CON zeolites crystalized from surfactant-free-gels. In the methanol-to-olefin
(MTO) reaction, [Al,B]-CON-C showed a longer catalyst lifetime compared to the
corresponding [Al,B]-CON, with maintaining a characteristic high propylene selectivity.
A systematic investigation of the MTO reaction and the spectroscopic analyses
unveiled a dual role of surfactant during the crystallization process, that control over the
particle size and Al location.
Keywords: CON-type boroaluminosilicate zeolites, Surfactant, MTO reaction.
1. Introduction
Zeolites have been paid attention to their interests and utility, especially for a
heterogeneous catalyst. One of the advantages based on their framework structure is
the shape selectivity of reactants and products in the catalysis. Zeolites are therefore
widely used as a catalyst for the light olefin production, e.g., methanol-to-olefin (MTO)
reaction [1].
Recently, various zeolites based MTO catalysts have been reported. Especially,
the zeolites with 10- and 12- membered ring pores have been paid attention in terms of
their potential long catalytic lifetimes and high propylene selectivity compared to that of
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8 membered ring systems [2,3]. We have first found that the CON-type
boroaluminosilicate zeolite was an excellent catalyst for the selective formation of light
olefins [4,5]. In addition, it was revealed that the substitution of Al by Ga atoms [6] can
modify the acidic properties, leading to improved catalytic performance. Very recently,
we have reported the successful extension of the catalyst lifetime by the improvement
of the diffusion property via mesopores formation inside the particle [7]. However, the
hydrothermal alkaline treatment in the presence of cationic surfactant,
hexadecyltrimethylammonium bromide (CTAB) is required. Therefore, the development
of a facile preparation method for hierarchically structured CON-type zeolite catalysts
has been strongly desired.
In this study, we directly synthesized CON-type boroaluminosilicate zeolites
([Al,B]-CON-C) from a synthetic gel containing CTAB, and we investigated their
physicochemical properties to clarify the influence of the presence of CTAB on the
properties of the compounded [Al,B]-CON-x-C (x: input Si/Al ratio; x = 200–600).
Moreover, we systematically investigated the catalytic performance of these [Al,B]CON-x-C zeolites in the MTO reaction, together with those of [Al,B]-CON-x synthesized
from a gel without CTAB as control samples. The results indicate that [Al,B]-CON-x-C,
showed a longer catalytic lifetime than [Al,B]-CON-x, while maintaining the
characteristic acidic properties of [Al,B]-CON-x and resulting in high propylene
selectivity [8].
2. Experimental
The CON-type aluminosilicate zeolites [Al,B]-CON were synthesized
hydrothermally from the mother gel, containing a N,N,N-Trimethyl-(–)-cismyrtanylammonium hydroxide (TMMAOH, organic structure-directing agent), NaOH,
boric acid, aluminum sulfate, fumed silica (Cab-O-Sil M7D), with or without using
CTAB. The molar composition of the resulting mother gel was 1 SiO2: 0.1 H3BO3:
0.0025–0.00083 Al2(SO4)3: 0.1 NaOH: 0.2 TMMAOH: 0 or 0.01 CTAB: 30 H2O. The
prepared mother gel was crystallized at 170 °C for 7 days. The obtained as-made
sample was then converted to H+-type zeolite by the calcination at 600 °C for 6 h, after
the ion-exchange using 2.5 M NH4NO3 aq. The obtained [Al,B]-CON-x-(C) were
characterized by XRD, SEM, ICP-AES, N2 adsorption, NH3-TPD, FT-IR, and MAS NMR
spectroscopic analysis. The MTO reaction was carried out in a quartz tubular flow
microreactor loaded with zeolite pellets using a fixed-bed reactor. The hydrocarbon
products in the reacted gas were analysed using an online gas chromatograph with a
flame ionization detector. The catalyst was calcined prior to the reaction at 520 °C for 1
h under a N2 flow, before the reactor was cooled to the reaction temperature (500 °C).
3. Results and discussion

Regardless of the presence or absence of CTAB in the synthetic gel, all the
prepared samples showed an XRD pattern characteristic for CON-type zeolite. BET
specific surface areas and micropore volumes of [Al,B]-CON-x-C are comparable to
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those of the [Al,B]-CON-x as well as previously reported [Al,B]-CON and a clear
difference derived from CTAB could not be observed(Figure1). However, interestingly,
a significant influence was observed in their external surface area (Sext). For [Al, B]CON-x (x = 200–600), Sext values of 42–80 m2·g–1 were obtained, whereas those of
[Al,B]CON-x-C were found to be much larger (90–113 m2·g–1), which clearly suggests
that the presence of CTAB contributes to the expansion of the Sext of the constructed
[Al,B]-CON particles. It is also worth noting that [Al,B]-CON-400-C showed the largest
Sext value, implying that the influence of the CTAB on the Sext of the [Al,B]-CON
depends on the Si/Al molar ratio, and that it most effectively manifests at an Si/Al ratio
of ca. 400.

In the MTO catalysis, Table 1. Physicochemical propertiesof CON-type zeolite catalyst
[Al,B]-CON-x (x = 200,
Si/Ala Si/Ba
Acid amountb SBETc
Vmicroc
Sextc
313, 400, and 500) [Al,B]/m2 g–
/m2 g–
maintain
a
methanol CON–
–
/mmol g-cat–1 1
/cm3 g–1 1
conversion rate of over
85% for 4, 10, 19, and 13 313
341
31
0.026
600
0.22
53
h, whereas the analogous
313-Cd
353
29
0.023
640
0.22
102
values for [Al,B]-CON-x-C
are 6, 19, 33, and 20 h, 400
431
31
0.018
591
0.22
59
respectively (Figure1). The
400-Cd
411
28
0.016
625
0.21
113
difference in the catalytic
525
30
0.014
599
0.23
58
lifetime can be reasonably 500
explained in terms of the
500-Cd
534
29
0.013
627
0.22
102
larger Sext of [Al,B]-CON-xC compared to those of a ICP-AES， b NH3-TPD， c N2 ads.，
[Al, B]-CON-x (x = 200, d catalyst prepared from the gel containing CTAB
313, 400, and 500). Based
on a comprehensive consideration of the physicochemical and catalytic properties of
the series of [Al,B]-CON-x-(C) zeolites, it was confirmed that the presence of CTAB in
the synthetic gel contributes to an increase in the surface area of the catalyst particles,
as well as a prolongation of their catalyst lifetime due to the suppression of pore
blockage.
The MTO catalysis of [Al,B]-CON-x-(C) as well as the dual role for CTAB, control
over the particle size and Al location will be presented in detail.
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4. Conclusions
The direct synthesis of [Al,B]-CON zeolites from a gel containing the surfactant
CTAB was systematically investigated. It could be confirmed a contribution of CTAB to
the widening of the Sext of the [Al,B]-CON zeolites, by the SEM and physicochemical
measurements. In the MTO reaction, [Al,B]-CON zeolites prepared using a CTABcontaining gel showed increased catalytic lifetime, which strongly suggests a beneficial
influence of CTAB for prolonging the catalyst lifetime without compromising the
characteristic propylene selectivity.

Figure1. MTO reactions over CON-type zeolites: a) [Al, B]-CON-400 and b) [Al, B]-CON-400-C (reaction conditions: 50
mg catalyst, 50% MeOH diluted with N2 (9.4 mL min–1), WHSV = 15 h–1, W/F = 2.1 g h mol–1, reaction temp.: 500 °C;
dotted lines represent 85%.
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The small-pore zeolites are established as essential molecular sieves in applications
related with heterogeneous catalysis, gas separation, adsorption, and ion exchange [1].
Such applications are affected by the pore size, type of channels, crystal size, and
morphology. Zeolite P has a gismondine (GIS) framework type, comprising eightmember ring channels with a pore diameter of ca. 3.0 Å. GIS-type zeolite exhibit
unusual structural flexibility. The distortion of the framework generates two isotypes, P1
and P2, which have similar but slightly different pore sizes and pore shapes. All dcc
chains in P1 crystals are aligned in the same direction, whereas P2 crystals exhibit
alternating dcc chains that are misaligned by ± 15-degree rotation. This slight change
in the orientation of dcc chains leads to a narrower 8-MR pore aperture for P2
compared to P1 [2].
The aim of this study is to develop an organic template-free synthesis of P1 and P2
zeolites with different particle sizes and Si/Al ratios. Zeolite P with sphere-like
morphology (SM) NaP1-SM and NaP2-SM were synthesized using growth solutions
with molar composition 1 Al2O3:5 SiO2:5 Na2O:220 H2O and 1 Al2O3:10 SiO2:6
Na2O:240 H2O, respectively, aged for 30 min then heated for 1 day at 120 °C. Zeolite P
with diamont-like morphology NaP1-DM and NaP2-DM were prepared using gels with
composition 1 Al2O3; 5 SiO2; 5 Na2O; 220 H2O and 1 Al2O3; 10 SiO2; 6 Na2O; 200 H2O,
respectively. The gels were aged at room temperature for 1 day then heated at 100 °C
for 7 days (figure 1).
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Figure 1: Synthetic routes to zeolite NaP1 and NaP2 with diamond-like (DM) and sphere-like (DM) morphology.

All zeolite P materials were characterized by X-Ray Diffraction (XRD), Scanning
Electron Microscopy (SEM), chemical analysis, and physisorption measurements. The
results revealed that there were no impurity peaks in the synthesized zeolite P
samples. The difference in XRD patterns between P1 (figure 2 (A)) and P2 (figure 2
(B)) are a consequence of structural differences. P1 has a cubic I-4 symmetry, while P2
exhibit a tetragonal I41/amd symmetry. The splitting of peaks refers to two rotating
types of SBU planes or four member-ring (4MR) in P2 structure [2]. It was found that
for each zeolite P type, the XRD patterns differ by intensity and surface area of the
peaks which can be associated with the morphology and crystal size of the samples. In
addition, they display different properties, P2 is more siliceous than P1, which makes it
more thermally stable compared to P1.
The bleu XRD patterns in Figure 2 correspond to the spherical particles built up of
intergrown zeolite crystallites. At the same time, the red XRD patterns correspond to
the samples with diamond-like morphology with clear crystal edges.

Figure 2: XRD patterns of NaP1 (A) and NaP2 (B) synthesized according to routes 1 and 2, respectively.

Chemical element analysis was carried out to study the variation of Si/Al in zeolite P
samples. It showed that Si/Al ratio in the product increased from P1 to P2 as the
increasing of Si/Al ratio in the initial gel from 5 to 10. However, both P2 samples could
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not reach the same Si/Al due to the difference in precursor sources and the operation
of the synthesis.

Table 1: Chemical element analysis of the synthesized samples calculated using ICP.

sample

Si

Al

Na

O

Si/Al

NaP1-SM

9.5

6.5

6.8

32

1.47

NaP1-DM

9.4

6.5

6.9

32

1.46

NaP2-SM

10.1

5.8

6.1

32

1.75

NaP2-DM

10.5

6.4

6.8

32

1.64

In summary, the control of the synthetic conditions allows tuning the morphology of
zeolite P crystals. This approach could be used to synthesize GIS-type zeolites with
predetermined properties The future studies will focus on the impact of zeolite P
particle size and morphology in adsorption/separation and ion-exchange applications.
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Titanium-containing silica catalysts, such as titanosilicate zeolites and titaniumcontaining mesoporous silica, are useful for a variety of organic oxidation reactions. [1]
From the viewpoint of catalytic activity, it is crucial to control the amount, distribution,
and state of Ti in the catalyst. However, it has been difficult to control the environment
of the metal active sites using conventional synthetic methods such as hydrothermal
methods. One method that has recently attracted attention is the building-block method
using well-defined siloxane and/or metallosiloxane compounds, which enables the
design of porous materials on a molecular scale. However, catalytically active
nanoporous materials possessing isolated four-coordinated Ti with sufficiently high
density in silica matrices have not been obtained. The design of unsaturated Ti sites
and dinuclear Ti sites is also an attractive challenge in the field of Ti-containing silicabased catalysts[2,3].
In this study, we synthesized porous materials with isolated Ti sites (Ti(OSi) 4) by the
reaction of cage siloxane modified with dimethylsilanol groups and titanium alkoxide
(Figure 1, top), and their catalytic activities for cyclohexene epoxidation were
investigated.[4] Furthermore, we prepared unique Ti sites, i.e., unsaturated Ti site or
dinuclear Ti site, incorporated in the siloxane frameworks using the reaction of
incompletely condensed cage-type siloxane and titanium alkoxide, followed by
hydrolysis of the Ti-OiPr group (Figure 1, bottom).[5]

Figure 1 Ti-containing siloxane-based catalysts with unique Ti sites.
(Top: porous network with isolated tetrahedral Ti site, bottom: molecules with unsaturated Ti site or dinuclear Ti site)
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Nucleation and growth of aluminosilicate zeolites has largely
remained a black box, as these porous crystals typically emerge
in highly complex, multiphasic synthesis media. The complexity of
these media restricts experimental access to nucleation and
crystallisation processes at a molecular level. Zeolite synthesis
from clear, monophasic inorganic hydrated silicate ionic liquids
opens new possibilities.[1]
Hydrated Silicate Ionic Liquids are encountered by reducing the
water content and increasing the charge density in inorganic
alkalisilicate mixtures. They easily form through coacervation upon
hydrolysis tetraethyl orthosilicate (TEOS) in stoichiometric, strongly
alkaline aqueous solutions (> 2.5M MOH, M=alkali metal), [1] or are
also easily obtained by digestion of silicates in the presence of
excess alkali metal hydroxides. Controlled addition of aluminate to
such an inorganic HSIL yields a transparent liquid containing hypo-

FIGURE 54: OVERVIEW OF ZEOLITE CRYSTAL
FORMATION FROM PRE-NUCLEATION ION
PAIRS.
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hydrated, ion-stabilized aluminosilicate oligomers. These aluminate-doped HSILs are
homogeneous and monophasic liquids containing a limited number of chemical
species.
Reducing the water content and increasing charge density of classical alkali
hydroxide/aluminosilicate zeolite synthesis mixtures shifts these
IGURE 55: ALUMINOSILICATE ANION – SODIUM CATION
typically multiphasic crystallization media into the realm of clear, FION
PAIRS INITIATE ZEOLITE FORMATION FROM
LIQUIDS. A, VISUAL OVERVIEW OF
monophasic inorganic hydrated silicate ionic liquids (HSILs). Such HOMOGENEOUS
FITTED 27AL MAS NMR SPECTRA. INDIVIDUAL FITS
synthesis media can best be described as room temperature melts AND FITTING PARAMETER TRENDS ARE SUPPLIED IN FIG.
S5 AND FIG. S6. HIGHLIGHTED RED AND BLUE
of hydrated silicate and yield zeolites in a matter of hours at CONTRIBUTIONS RESEMBLE THE ALUMINATE IN THE PRENUCLEATION COMPLEX AND COLLOIDAL FRACTIONS,
moderate temperatures, in absence of any gel phase, providing RESPECTIVELY. B, RELATIVE CONTRIBUTION OF
VARIOUS ALUMINOSILICATE SPECIES IN RECORDED
zeolite synthesis conditions accessible to nearly any
27AL MAS NMR SPECTRA. FOR PLOTTING CLARITY,
THE SPECIES PRESENT IN ALL SAMPLES, BEING
ALUMINOSILICATE DIMERS AND (UN)BRANCHED 3-RINGS
WERE NOT SHOWN. C, QUANTITATIVE ANALYSIS OF THE
XRD MEASUREMENTS, BASED ON THE TOTAL BRAGG
REFLECTION SURFACE AFTER ABSORPTION CORRECTION
AND BACKGROUND SUBTRACTION.

molecular level characterization method.[2,3] As a proof of concept,
zeolite crystallisation in HSiL based media has been investigated in
conditions with very low and very high Al supersaturation.
In HSiL based zeolite synthesis mixtures with low Al
concentration, a combination of in situ moving electrode
electrochemical impedance spectroscopy, ex situ
quantitative 27Al HRMAS NMR spectroscopy and
diffraction has enabled access to the chemistry and
kinetics of zeolite nucleation and crystallisation.[4] The
observations reveal nucleation of zeolites to occur via
supramolecular organization of pre-nucleation clusters,
consisting of aluminosilicate-anions, ion-paired to alkali
cations (Figure 1). This aligns zeolite nucleation with
modern nucleation theory and validates current
nucleation models for porous materials. This represents
a major step towards prediction and control of porous
crystal formation. Based on the conductivity data and
final yields, a crystallisation model based on a surface FIGURE 56: FRAMEWORKS FORMED BY
COMPOSITION
IN
QUALITATIVE
growth mechanism has been derived. The excellent BATCH
TERNARY DIAGRAM REPRESENTATION. A
agreement between experiment and theory indicates “+”-SIGN INDICATES A PHASE MIXTURE,
WHILE
A
“/”-SIGN
INDICATES
AN
zeolite crystallisation from highly ionic media to proceed INTERGROWTH OF TWO FRAMEWORKS. THE
OF SYNTHESIZED SAMPLES
via a multi-step mechanism, involving an initial COMPOSITIONS
ILLUSTRATED IN THE TERNARY DIAGRAMS
reversible surface condensation of a growth unit, (GRAY POINTS). (RIGHT) FRAMEWORK SI/AL
RATIO REPRESENTED AS A FUNCTION OF
followed by incorporation of that unit into the growing BATCH ALKALINITY [SIO2]/[MOH] AND
crystal. The first step is governed by the liquid phase BATCH CATION HYDRATION [H2O]/[MOH].
concentration and surface energy, while the final step
shows a correlation to the mobility of the cation involved.
Using Na, K and Cs based, Al doped hydrated silicate ionic liquids (HSIL), phase
selection and framework silicon-to-aluminum ratio during inorganic zeolite synthesis
were studied as function of batch composition.[2] The results demonstrated the
aluminum content of a zeolite framework synthesized these highly alkaline HSIL based
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media to be a direct function of the synthesis liquid composition and revealed a cation
dependent continuous relation between batch stoichiometry and framework aluminum
content, valid across the phase boundaries of all different zeolites in the system (Figure
3): ABW , ANA, CAN, CHA, EDI, GIS, GME, LTL, MER, and SOD. The framework
aluminum content directly correlates to the type of alkali cation and gradually changes
with batch alkalinity and dilution, confirming zeolite formation in these systems to occur
through a solution-mediated mechanism involving concerted assembly of soluble
cation-oligomer ion pairs. Phase selection is a consequence of the stability for a
particular framework at the given aluminum content and alkali type. This implies zeolite
polymorphism and composition to be fully determined by the liquid speciation
preceding crystal nucleation and growth.
Crystallization hydroxysodalite from Na based, Al doped HSiL zeolite nucleation media
enabled for the first time to establish a direct link between an inorganic structure in
synthesis solution and a pore-filling extraframework species in the zeolite crystal
formed, demonstrating hydroxysodalite to be templated by [Na4(H3O2)]3+ sodium superions.[5] The dynamic and short-lived nature of these superionic structures in the
synthesis liquid clearly does not impede their structure-directing function. This is
consistent with crystallisation processes occurring via transient density fluctuations
resulting in the temporary local occurrence of ordered organisations exceeding the
solubility of the crystals being formed. Hydroxysodalite only forms in presence of these
super-ions found in the zeolite after crystallisation, and their increased concentration
leads to fast nucleation.
Switching from zeolite crystallisation in homogeneous HSiL media doped with traces of
Al, to biphasic media containing a HSiL liquid phase and an Al(OH)3 as sparsely
insoluble source of Al, enabled to synthesize large crystals of phase pure, defect free
JBW-type zeolite with crystals exhibiting exceptional degree of ordering of the T-atoms
and sodium cations.[6] The structure was fully characterized via NMR crystallography
including X-ray refinement, solid-state NMR spectroscopy and electron microscopy.
The phase purity and exceptional exceptional degree of ordering of the T- and extraframwork cations enabled to observe second-order quadrupolar NMR patterns for Al
and Na atoms, as well as distinct resonances for the Si T-sites. The exceptional degree
of order, obtained from a biphasic system, again implies a solution mediated
crystallisation mechanism where the sparsely soluble Al source serves as reservoir of
Al. This observation provides a first correlation between zeolite synthesis in monophasic HSiL based synthesis liquids and classical zeolite synthesis in inorganic geltype media where the gel phase also could serve as reservoir of nutrients for an
interstitial ionic liquid like medium contained in the gel.
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Introduction
Zeolites are the most widely used heterogeneous catalysts in industry. This is due to
their unique properties such as high specific surface areas, high structural and
compositional versatility, high thermal and hydrothermal stability, Brönsted and/or
Lewis acidity, and porosity of molecular size. However, in practice, this microporosity
leads to diffusional problems of reactants and products, with the consequent rapid
catalytic deactivation [1]. One possibility to alleviate this diffusional limitation is the
generation of intracrystalline mesoporosity, thus converting zeolites into materials with
hierarchical porosity. One of the most successful strategies in this goal is the postsynthesis treatment of zeolites under hydrothermal conditions in a basic medium and in
the presence of a surfactant, which allows the generation of mesoporosity of uniform
size, whose diameter is given by the micelles of the surfactant, which are eliminated by
subsequent calcination [2].his strategy has been extensively investigated for zeolite
faujasite [2] and to a lesser extent for zeolite beta [3], for a relatively narrow Si/Al ratio
range (around 18-30) and commonly using cetyltrimethylammonium (CTA+) as
surfactant. Attempts to extend this methodology to other large or medium pore zeolites
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with a low Si/Al ratio led to materials with mesoporosity with a more heterogeneous
size distribution (to assume that it is directed by the CTA+ surfactant) and suspiciously
ordered in space (to assume that it is intracrystalline) [4].
This work presents a systematic study of this strategy to generate mordernite zeolite
with hierarchical porosity. Mordenite possesses large micropores (12R) in two space
dimensions, in contrast to the other two large-pore zeolites in which this strategy has
been successful, faujasite and beta, both with 3-D pores. Apart from the undoubted
academic interest of the study, it is also of applied interest, since mordenite is used
industrially in different catalytic processes [5].
Experimental
We have started from a commercial mordenite (Zeolyst, CBV-21A), having a Si/Al ratio
of 10 and being in an ammonium form. The hierarchical mordenite was prepared by
following several steps. First of all, the sample was calcined in air atmosphere at 550
ºC for 5 hours (sample MOR,). Secondly, in order to increase the Si/Al ratio, the

calcined zeolite was partially dealuminated by means of two consecutive procedures: a
water vapour treatment at 750 ºC for 2 hours, and subsequently a reflux at 95 ºC in a 6
M HCl solution for 4 hours, following a previously reported recipe [6]. This sample was
called MOR-d. Finally, both samples MOR and MOR-d were treated under basic
conditions in the presence of the surfactant CTA+ by using TMAOH
(tetramethylammonium hydroxide) in a 0.4 M concentration at temperature of 80 ºC for
6h. The resultant samples were called MOR-CTA and MOR-d-CTA, respectively. All
samples were characterized by X-ray diffraction (XRD), thermogravimetric analysis
(TGA), infrared spectroscopy (FTIR), transmission electron microscopy (TEM) and N2
adsorption/desorption isotherms at -196 ºC.
Results and discussion
Figure 1 shows the XRD patterns registered in both low (B) and high (A) 2θ angle of
the four mordenite samples. All the samples have acceptable crystallinity (Figure 1A),
though that of MOR-d-CTA is somewhat lower, as expected in a process that entails
certain recrystallization [2]. However, the crystallinity of the non-dealuminated sample
MOR does not suffer during the basic treatment to become MOR-CTA. No other
crystalline phases were detected in any of the samples.
More explicit changes can be detected at low 2θ angle (Figure 1B). No peak is found in
the low-angle region for samples MOR, MOR-CTA and MOR-d. However, a very broad
signal of tiny intensity is found in the low-angle XRD pattern of the sample MOR-dCTA. More importantly, the shape and the 2θ position of such peak does not
correspond to mesoporosity templated by micelles of the surfactant CTA+. In order to
MOR-d-CTA

B

Intensity / a.u.

MOR-d

MOR-CTA

Intensity / a.u.
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underline this important interpretation, sample MOR-d was surfactant-treated at 120 ºC
(sample MOR-d-CTA-120C). This sample exhibits the intense low-angle peak
characteristic of a mesoporous MCM-41 material (Figure 1B), whose formation at
expenses of the zeolite would have been promoted by the high treatment temperature.
The low intense XRD peak of the sample MOR-d-CTA substantially differ from this
well-defined MCM-41-like peak of the sample MOR-d-CTA-120C, whose position of
both indeed matches with the main peak of the XRD pattern of a conventional MCM-41
material unlike the broad peak of the sample MOR-d-CTA.
Figure 1. XRD patterns of the four different mordenite samples registered at different 2θ angles: (A) 2θ range of 5-40º
and (B) low 2θ angle, from 1 to 5º. The XRD pattern of the sample MOR-d-CTA-120C (black) is also shown in (B) for
comparison purposes.

N2 isotherms as well as their corresponding pore size distribution of the adsorption
branches of the four mordenite samples are shown in Figure 2, which contains Table 1
as an inset. The calcined mordenite (MOR) shows the isotherm of type I of a
microporous material with almost no contribution of mesoporosity (external surface
area Sext of 27 m2g-1 and mesopore volume Vmes of 0.080 cm3g-1). The dealumination
process (sample MOR-d) leads to the formation of some mesoporosity (Sext = 67 m2g-1;
Vmes = 0.124 cm3g-1) with a broad size range (centred on ca. 10 nm), with no significant
loss of microporosity, in good agreement with Figure 1A. The surfactant treatment of
the non-dealuminated sample (sample MOR-CTA) gives a modest quantity of
mesoporosity (Sext = 56 m2g-1; Vmes = 0.109 cm3g-1), with narrower distribution, which
together with its diameter (around 5 nm) suggests that CTA+ micelles do not template
such scarce mesoporosity. On the contrary, the same treatment carried out on the
sample previously dealuminated (sample MOR-d-CTA) leads to the formation of
substantial amount of mesopores (Sext = 336 m2g-1; Vmes = 0.340 cm3g-1) with a quite
narrow pore size distribution centred at 3.0 nm that is consistent with ordered
mesoporosity induced by CTA+ micelles. This fact, together with the absence of a lowangle peak (Figure 1B), the high content of surfactant detected by TGA (20 wt.% in
MOR-d-CTA vs. 12 wt.% in MOR-CTA) and the location of 3-nm-sized pores within the
mordenite crystals by TEM (not shown) strongly suggest that the surfactant CTA+
indeed templates mesoporosity within the mordenite crystals. It is particularly relevant
that CTA+ only plays this role when this zeolite has a relatively high Si/Al ratio, not
including for instance the commercial mordenite of Si/Al ratio of 10, at least not under
the conditions studied in this work.
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A
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Table 1 – Textural properties of the four mordenite samples.
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Figure 2. N2 adsorption/desorption isotherms (A) and pore size distribution of the adsorption braches (B) of the four
mordenite samples. BET (SBET) area as well as both micropore (Vmic) and mesopore (Vmes) volumes are given in Table
1(Fig. 2A inset).
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Introduction
H2 is a major component of today's industry. At the same time, the demand for D 2 will
be growing with respect to the developing fusion power technologies. However, D 2 is
mainly produced using cryogenic distillation, which is a well-established, but costintensive process [1]. Therefore, there is an increasing interest in developing new
effective and economically reasonable production routes for D2.
In 2016, Physick et al. [2] achieved H2/D2 separation by breakthrough experiments
using a single pass through a packed bed of caesium cation-exchanged chabazite
zeolite at 293 K. For this purpose, synthetic zeolite chabazite (CHA) cation exchanged
with Cs+ was applied. The Cs+ cations act as selective “trapdoors” allowing the guest
molecules to enter the zeolite cages by moving toward the molecule and returning to its
original position in the center of the aperture afterwards [3]. Here, we present
synthesis protocols and characterization of Cs- and Cs-Cu-containing CHA-type
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zeolites in order to further investigate the effect of caesium cations for H2/D2 separation
by the trapdoor effect.

Experimental Part
Zeolite CHA was synthesized via hydrothermal conversion of zeolite Y according to the
method reported by M. Bourgogne et al. [4]. The gel for the synthesis was prepared
using a mixture of CBV400 (zeolite Y) in 1 M KOH solution in a polypropylene bottle.
The gel was placed in a preheated oven at 365 K for 4 days. Afterwards, the solid was
washed to remove KOH until neutral pH and dried overnight at 365 K. The assynthesized zeolite CHA was transformed to the Cs-form (CHA_Cs_x3) via ionexchange with an aqueous 1 M solution of caesium chloride for 24 hours 3 times in a
row. Also, as-synthesized zeolite CHA was transformed to a bimetallic, Cs-Cu-form
(CHA_CsCu_x3) via a s-step ion-exchange with a 1 M aqueous solution of caesium
chloride and, simultaneously, anhydrous copper acetate with a target Cu2+ loading of
0.7 wt.-%. The materials were characterized with the respect to their structure by X-ray
diffraction (XRD), elemental composition by inductively coupled plasma optical
emission spectrometry (ICP-OES) and morphology by both scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). Furthermore,
continuous wave electron paramagnetic resonance (CW EPR) was used for the
characterization of the bimetallic form CHA_CsCu_x3.

Results and Discussion
XRD analysis confirms that the CHA framework is preserved after ion-exchange (Fig.
1). SEM images (Fig. 2) show the presence of flake-like particles within all the
investigated samples with particle sizes of several hundred nm. TEM overview imaging
of CHA_CsCu_x3 (Fig. 3) confirms the presence of flake-like particles having sizes of
up to 500 nm. As illustrated in Fig. 3, the flakes consist of an aggregate of crystals with
sizes of ~ 50 nm, indicating high crystallinity. The elemental composition of synthesized
chabazites is close to the composition for trapdoor chabazites reported by Shang et al.
[5] and the ratio nSi/nAl is less than 3 for all samples, which is reported to be necessary
for a trapdoor zeolite. The EPR spectrum of hydrated CHA_CsCu_x3 sample at 77 K
(Fig.4) shows an unusual splitting pattern that correlates to the reversed g-value (gxx,yy
> gzz) [6,7]. We suspect that the configuration of the dominant Cu2+ complex is the
species A with a trigonal bipyramidal configuration, [Cu(Of)3(X)2]2+ where X = OH- or
residual Cl-. This assumption is based on the similar spin Hamiltonian parameter
obtained from the pulse EPR study of hydrated Cu-Cd X zeolites provided by Narayana
and Kevan [7]. The spin Hamiltonian parameter for all species obtained by EasySpin
spectral simulation is given in the Table 1. The presence of rigid and mobile
[Cu(H2O)6]2+ species (labeled as species B and C, respectively) improves the
simulation of EPR spectra at 77 K. Species B characterized by giso = 2.145 whereas
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species C has the parameter gxx,yy = 2.06 , gzz = 2.38, Axx,yy = 30 MHz, Azz = 430 MHz
typical for hydrated state of Cu2+ in various zeolites [8–10]. Further studies are needed
to understand the thermal stability of species A by performing evacuation at several
elevated temperatures. In addition, a pulse EPR study of dehydrated CHA_CsCu_x3
will be conducted to precisely determine the configuration of Cu2+ complexes.

Table 1. Spin Hamiltonian parameters used for special simulation of CHA_CsCu_x3.

Cu species

gxx,yy

gzz

Axx,yy [MHz]

Azz [MHz]

Iwpp [mT]

Assignment

A

2.270 ±
0.003

1.997 ±
0.003

50 ± 5

270 ± 5

3.0 ± 0.2

[Cu(Of)3(X)2]2+

B

2.145*

-

-

-

-

[Cu(H2O)6]2+

C

2.060 ±
0.003

2.380 ±
0.003

30 ± 5

430 ± 5

3.0 ± 0.2

[Cu(H2O)6]2+

* giso is an isotropic g-value
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Figure 1. XRD patterns of synthesized materials.

Figure 2. SEM images of prepared zeolites: a) CHA_Cs_x3, b)
CHA_CsCu_x3, c) CHA.
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Figure 4. CW EPR spectra of CHA_CsCu_x3.
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Resorufin is one of the most used and widely studied fluorescent probes in both the fields
of life and materials science; however, its fluorescent properties are still not fully
understood [1]. According to the current understanding, the molecule is highly fluorescent
in deprotonated form, whilst protonated resorufin is weakly fluorescent and does not
possess desirable qualities for a probe molecule (Fig. 1a) [2–3]. In this work, we show that
protonated resorufin can in fact be strongly fluorescent when it is confined within the
micropores of a zeolite material (Figs. 1b–c). We show that the resorufin molecules are
stabilized in the zeolite micropores enhancing fluorescence, while its luminescence is
suppressed in aqueous solution through aggregation-induced quenching. The small size of
the probe along with these new insights into its fluorescence behaviour make it uniquely
placed to investigate microporous materials, such as zeolites.
We showcase the use of resorufin as an environment-specific probe that reports on
microporosity. We demonstrate its application in large zeolite-β crystals by visualizing the
real-time bulk transport of resorufin through a single zeolite crystal (Fig. 1d–e) and relating
it to the zeolite’s hierarchical pore structure. Mass transport is often the limiting step in the
industrial application of zeolite-based materials due to strong interaction between the guest
molecules and host pores [4]. Therefore, characterization of their pore network and
understanding mass transport therein is of paramount importance for the design of more
efficient zeolites. We directly visualized how resorufin preferentially entered the crystal
through the side edges via the exposed straight channels (6.7 Å, crystallographic a/b axis).
The observed diffusion anisotropy is in line with our understanding of the pore structure that
the sinusoidal pore openings are exposed at the surface of the pyramidal subunits (5.6 Å, c
axis). Resorufin is only 1.7 Å smaller than the sinusoidal pores and is not likely to diffuse
through, which explains the negligible diffusion along the direction of these pores. The
diffusion boundary between the crystalline subunits impedes diffusion along the straight
pores, which is evident

from the clear diffusion front parallel to the inter-subunit boundaries (white dashed lines in
Fig. 1d). Our approach provides a direct and visual insight of molecular diffusion through
zeolites and its correlation with the zeolite’s pore structure.
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Figure 1 a) Properties of resorufin in basic (left) and acidic (right) aqueous solution. Deprotonated resorufin (Res −) can
be efficiently excited at a wavelength of 560 nm resulting in bright fluorescence, while protonated resorufin (ResH) is
only weakly fluorescent and can be excited at 493 nm. b–c) False color confocal laser scanning microscopy (CLSM)
micrographs of a zeolite-β crystal with Si/Al = 50 incubated for 3 hours in a slightly basic resorufin solution. The
excitation wavelengths given in (a) were used to selectively excite Res− (b) and ResH (c). The micrographs were
recorded through the centre plane of the same zeolite crystal, while keeping the excitation intensity constant for
comparison. We observe that ResH is weakly fluorescent in solution, but highly fluorescent when confined inside the
zeolite crystal. d) Visualization of bulk diffusion of ResH through large zeolite-β crystals. CLSM images are presented
for three time intervals directly revealing the ResH concentration evolution. The crystallographic axes are indicated in
the first image. The dashed line indicates the diffusion front parallel to the boundaries between the crystalline subunits.
e) The morphology of the zeolite-β crystals is shown in the scanning electron microscope micrograph.
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Time-resolved IR spectroscopic studies conducted over a temporal range stretching
from seconds to several dozen miliseconds offer possibility to observe intermediate
reactive species crucial for in-depth understanding of the reaction pathways. Rapid
scan spectroscopy (IR, UV-Vis) enables to track the phenomena inherent to each
catalytic process, i.e. diffusion, adsorption, and surface reaction, all of them in the
appropriate time domain and under conditions required for the working catalyst
(operando). Operando spectroscopy is an approach which successfully combines all
changes in the UV-Vis-IR spectra with catalyst activity and selectivity and defines
reaction pathway under realistic conditions. Working in operando rapid scan regime
(high temperature, flow conditions) results in collecting the very extensive spectrum
data of extremely both low intensity and complexity of the bands. Implementation of
two-dimensional correlation analysis to spectroscopic data (2D COS RS UV-Vis-IR
spectroscopy) attained for catalytic processes makes possible to identify spectral
features of intermediate species confined inside the microporous channels/cavities of
zeolites, and the sequence of the intermediates appearance on the catalyst surface.
The isomerization of xylenes can be recalled as the prime example of the zeolites
shape-selectivity. The methylbenzenium and methyl-substituted diphenylmethane as
the key intermediate species during o- and m-xylene isomerisation were identified by
2D COS RS IR spectroscopy [1] – Fig. 1. Also the transformation of zeolite-confined
small hydrocarbons and hydrocarbons derivatives was investigated to define nanoscale
effects, reaction mechanism, thus improved catalytic properties. The roles of ketene
and its derivates (i.e. acylium ion and surface acetyl) associated with direct CC bond
coupling during carbonylation reaction in depth investigated [2]. Unique band of
acylium ion was observed exclusively in H-MOR confirming the specificity of the 8-MR
pores activity. In contrast, the surface acetyl species were identified in H-SSZ-13 as the
predominant species. The FT-IR time-resolved operando study revealed also that the
reaction pathway in ethanol transformation over ZSM-5 is controlled by the proximity of
aluminium atoms in the framework. The zeolite ZSM-5 containing mostly isolated Al
atoms was found to transform ethanol in the associative pathway, while over ZSM-5
containing a dominating fraction of two aluminium atoms in one ring the ethanol
molecules were converted in the dissociative route [3]. The polymer chain cracking can
be also assessed in operando studies and 2D COS analysis. All these findings indicate
that the 2D COS spectroscopy is a versatile tool particularly addressed to
understanding the transformation of small molecules confined in zeolites.
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Figure 1 – 2D COS IR maps documenting formation of methylbenzenium ions in ZSM-5 (A) and methyl-substituted
diphenylmethane in TNU-9 (B) during o- and m-xylene isomerization. The formation of the above mentioned
intermediated species from substrate molecules is indicated by red arrows.
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Abstract
Zeolites have been game-changing materials in oil refining and petrochemistry over the
last 60 years and have the potential to play the same role in the emerging processes of
the energy and environmental transition. Although zeolites are crystalline inorganic
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solids, their structures are not perfect and the presence of defect sites – mainly
Brønsted acid sites and silanols – influences their thermal and chemical resistance as
well as their performances in key areas such as catalysis, gas and liquid separations
and ion-exchange. In this work, we review the defects in zeolites and the
characterization techniques used for their identification and quantification with the focus
on spectroscopic and modelling approaches we recently used to understand them in
depth.

A defect in a zeolite is defined as a perturbation in the crystalline arrangement that will
somehow break the perfect symmetry expected from the periodic association of TO 4
units [1]. While a neutral network is ideally expected in pure silica zeolites, the
presence of Al3+ in a Si4+ oxide (O2-) network creates a negative charge on the
framework necessarily balanced by an extra-framework positive charge. Brønsted acid
sites (BAS), often referred to as bridged hydroxyls, are formed when the extraframework positive charge is a proton bound to one of the oxygens in the Al
tetrahedron [Si–O(H)–Al]. Such a ‘‘defect’’ is at the origin of the remarkable properties
of zeolites in acid catalysed reactions as these sites and the reactants are confined in a
well-defined molecular-size environment [2].
Silanols (Si–OH) are also structural defects in the internal structure or on the external
surface of zeolites. The internal ones commonly result from unbalanced charges in the
zeolitic framework, while the external silanols are needed to complete the valence of
oxygen atoms once the crystal growth stops.
These silanols display a weaker acid strength than the BAS and are typically
constituted of hydroxyl groups. Thus, differenttypes of silanol defects are commonly
present in zeolites as outlined in Figure 1.

Figure 1 - Schematic representation of different types of silanols grouped into three main categories: isolated external
silanols, connectivity defects and vacancy defects. Green dotted lines indicate hydrogen bonding [1].
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An overview of the advances made in the characterization of defects in zeolites is
presented. We focus on diffraction on spectroscopies (e.g. Infrared (IR) and Nuclear
Magnetic Resonance (NMR)). They are the most used and have contributed to a
wealth of information on the identification, quantification and accessibility of Brønsted
acid sites and silanol structural defects in zeolites. Theoretical modelling is also
included as it provides added value to understand the experimental characterization
results.
Herein, we’ll show from our recent works [4-6], how insightful is the combination of
theoretical calculation with IR and multinuclear / multidimensional NMR (1H, 29Si, 14N,
2D, 27Al) to understand the hydroxyl groups at the atomic scale. The information
obtained from each technique is summarized in Table 1.
Table 1. Characterization techniques to probe defects in zeolites

Technique

Target

Information

X-ray diffraction (XRD)

Crystallographic planes

Lattice parameters, symmetry

Fourier transform infrared (FTIR)

Nuclear spins

Local order, bonding, distances

Nuclear magnetic resonance
(NMR)

Dipolar bonds

Bond vibration, acidity

The best strategy to describe zeolite defects is their combination as each one
highlights a specific feature such as dynamics, atomic, and structural.
Furthermore, advantages and disadvantages may derive from the presence of hydroxyl
defects in zeolites (Figure 2). Their presence can boost zeolite catalytic and adsorption
efficiency while being very important in biomedical applications. However, silanols can
also trigger some issues, such as coking, stability loss and low selectivity. Silanol
defects also contribute to a gain in versatility of zeolites enabling the insertion of
different T-atoms in the zeolitic framework [6].
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Figure 2. Summary of the main advantages and disadvantages of silanol defects in zeolites [1].
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Porous crystalline materials, such as zeolites, metal-organic frameworks (MOFs), and
covalent organic frameworks (COFs), have been widely used as absorbents, ionexchangers, selective catalysts, etc. The unique properties of such materials are
associated with their well-defined pores and channels of molecular dimensions.
Because of the close structure-property relationship, numerous efforts have been made
to develop the materials with new pore structures and compositions and subsequently
exploit their applications. Therefore, a crucial part in the study of porous crystalline
materials is to reveal their atomic structures and underlying properties.
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X-ray diffraction method has been applied for structural determination of crystalline
materials for more than one century. However, challenges are still remaining on the
structural analysis of nanocrystalline materials which are too small to be studied by
single crystal X-ray diffraction. X-ray and neutron powder diffraction are the
alternatives. Nevertheless, additional challenges rise due to peak overlapping when
treating samples with large unit cells and/or when multiple phases co-exist.
By taking the advantages of the strong interaction between electrons and matter, threedimensional electron diffraction (3DED) has been developed to meet these challenges.
Nowadays, a complete 3DED data can be acquired in 15-150 seconds using
continuous goniometer tilt, and the electron dose can be limited to below 0.1 e Å -2. This
method has been used for analysis of complex structures, especially for porous
crystalline materials such as zeolites and MOFs, where the electron dose is crucial for
limiting radiation damage[1,2]. I will demonstrate the ab initio structure determination of
one of the most complicated zeolitic structures, PST-5, by 3DED[3]. Notably, only by
using 3DED, we can discover and fundamentally understand the unique 3D-3D
topotactic transformation, which takes advantage of weak bonding in PST-5, and
transforms to PST-6. By adopting the transformation, it could open a new way for
synthesis of targeted zeolites, especially those which may not be feasible by
conventional methods. In addition, I will present our recent development by using
3DED to probe molecular motions in MOF nanocrystals, where different degrees of
motions can be identified[4]. Last but not least, I will present using 3DED to directly
locate guest molecules in open framework materials, where different configurations of
the guest molecule can be identified atom-by-atom.
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Zeolites are well-known microporous catalysts, involved in many industrial applications.
Their microporosity yet impedes diffusion of bulky molecules, enhances secondary
reactions and coking. To overcome these drawbacks, zeolites with hierarchical bimodal
porosity, e.g. micropores and mesopores are developed. In this context, it is important
to develop/use methods able to evaluate accurately the textural properties of
mesoporous zeolites. Nitrogen adsorption isotherms at 77 K are commonly used to
characterize porous materials. Application of the classical t-plot to the nitrogen
isotherm can be in theory used for determining the micro- and mesopore surface areas
and pore volumes. However, computational studies proved that classical t-plot analysis
overestimates the mesopore surface areas and underestimates the micropore volumes
for hierarchical micro-/mesoporous materials [1-3]. Measurements performed with
mechanical mixtures of FAU-Y and MCM-41 allows to provide corrections, which are
up to date limited to mesoporous FAU-Y [4-5]. The present work describes specific
corrections of the t-plot for a broader series of zeolites including MFI, *BEA and MOR,
based on t-plot analysis of a set of mechanical mixtures of zeolites and MCM-41
(Figure 1) [6]. Corrections of t-plot analysis are provided to assess real micropore
volume ((Vmic)cal) and real mesopore plus external surface area ((Smes+ext)cal) in
comparison to values obtained by classical t-plot (Vmic)tpt and (Smes+ext)tpt, respectively,
as a function of the ratio of micropore to total pore volume (Vmic/Vtot)tpt determined by
classical t-plot analysis (Figure 1).

MOR, *BEA

ZSM-5 FAU-Y *BEA
FAU-Y
ZSM-5
MOR
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Figure 1 - Comparison of t-plot determination of (left) Vmic and (right) Smes+ext with calculated values from the weight
percentage of Al-MCM-41 and zeolites: (triangles) FAU-Y, (plain squares) ZSM-5, (empty squares) MOR, (circles)
*BEA.

Minor correction factors are required for MOR, whilst for MFI and *BEA similar
corrections as for the FAU-Y are inferred for the micropore volume. As far as the
surface area is concerned higher correction factors are required for MFI compared to
*BEA. Then, the mesopore volume is calculated by subtracting the real micropore
volume to the total pore volume and the micropore surface area by subtracting the real
mesopore plus external surface area from the total surface area (S BET). As the use of
SBET for zeolites is a question of debate, we demonstrated that SBET matches the
theoretical N2 accessible surface area for FAU-Y. It is further the case for ZSM-5, but
with a perfect compensation of the underestimation of the surface area of the channels
by the overestimation of the surface area of the intersections. For *BEA, S BET
represents the surface of the main channels without the surface of the small connecting
channels. For MOR, SBET represents the surface of the channels plus the surface of the
side pockets [6].
This corrected t-plot analysis is applied to characterize a great variety of mesoporous
zeolites (Figure 2) prepared by a micelle-templating procedure inspired from Goto et al.
[7] from commercial zeolites using octadecyltrimethylammonium (C18TAB) as
surfactant and different amount of NaOH [6]. Micro- and mesopore volumes are
calculated as well as micropore surface areas and mesopore plus external surface
areas [6]. The corrected t-plot analysis allows to select catalysts with: (i) equal
micropore and mesopore volumes, (ii) equal micropore and mesopore plus external
surface areas, (ii) equal micropore volume as the zeolite and additional mesopore
volume.
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Figure 2 - Nitrogen sorption isotherms at 77 K of the commercial zeolites and of some examples of the mesoporous
zeolites prepared by micelle-templating using C18TAB (in bracket is indicated the NaOH/Si ratio used in the synthesis).

Corrected t-plot analysis obtained from N2 isotherms at 77 K matches the micro- and
mesopore volumes obtained by cumulative pore volumes from Ar isotherms at 87 K
with NLDFT method, but the surface areas provided by the instrument for cumulative
surface area determined from Ar isotherms largely overestimate total surface areas [8].
Corrected t-plot analysis allows to determine both pore volumes and surface areas
from N2 isotherms at 77 K.
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Although the fluid catalytic cracking (FCC) process is being practiced for over 80 years
to convert crude oil into usable products, there is still a lot to learn about the
mechanism behind the catalytic cracking. The reason for this is both to tune the
selectivity between fuels and chemicals and to be able to effectively use different
feedstocks (i.e., biomass and plastic waste) in future refinery processes. It is generally
accepted that catalytic cracking involves the formation of carbenium ions and that
several acid-catalyzed reaction pathways can occur (in parallel), which leads to the
formation of the products.[1] However, the exact location and strength of the acid sites
and the influence of the zeolite-binder interface and the material properties, for
example, is still studied. To gain a different view on those open questions, we approach
them from the perspective of the feedstock molecule: which path will it take through the
pore space of the FCC catalyst particle and which interactions and reactions will it
encounter and where?

To realize this approach, different fluorescent probe molecules have been used to
study the reactivity and location of the zeolite domains and the pore network of
industrial FCC catalyst particles with Confocal Fluorescence Microscopy
(CFM).[2,3,4,5] In this work, we focus on an inventive new method to probe the local
acidity and hydrophobicity in model FCC catalyst particles by using amphipathic carbon
dots (CD) as well as conjugated hydrophilic porphyrin-based macromolecules, showing
pH-dependent fluorescence.[6] By using these chemo-sensitive fluorescent probes we
can spatially resolve the local hydrophobicity and pH and distinguish different
components in 3D with non-invasive, non-destructive CFM.

An extensive set of model FCC catalyst particles was used, differentiating in binder
material and/or deactivation method, either steam deactivated or metal deactivated
with Ni and V. We were able to differentiate between the different components in a
catalyst particle and study the influence of composition and/or deactivation method on
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the local hydrophobicity and acidity. This was done by analyzing the spectral changes
in the emission spectra of the chemo-sensitive fluorescent probes (see Figure 1).

Figure 1 – Schematic overview of the procedure
Catalyst particles were stained with Carbon Dots (CDs) and Porphyrin and excited with a 405 nm laser. A
2D CFM image, a virtual slice of a 3D volume, was measured. Based on the emission spectra a false colourmap was
produced.
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New zeolitic frameworks are commonly synthesized under hydrothermal conditions.
However, this hydrothermal synthesis has several constraints, including the limited
number of zeolite structures that can be produced via this route [1]. The relationship
between synthesis conditions and the structure of the resulting material is still poorly
understood and new zeolite structures are often discovered by using a trial-and-error
approach. Notwithstanding these difficulties, the Assembly − Disassembly –
Organization − Reassembly (ADOR) process has been used extensively to prepare
new zeolite frameworks from germanosilicate precursors [2]. ADOR exploits the lability
of Ge−O bonds in germanosilicate zeolites containing double-four-ring units (D4R)
(along with the tendency to remove germanium from the material). These Ge-rich D4R
units can be thus hydrolysed, leaving only the Si-rich layers intact [3]. The disassembly
step exploits the lability of the bonds in the presence of water to selectively disconnect
the framework, prior to reorganization into new framework topologies. However, a
mechanistic understanding of this crucial step is lacking: specifically, the roles of
heteroatom (germanium) content and water loading in zeolite hydrolytic instability. In
this work, ab initio free energy simulations, coupled with water vapor adsorption
measurements reveal that collectivity effects control the reactivity of the archetypal
ADORable zeolite UTL toward water. A transition between reversible and irreversible
water adsorption occurs as water loading is increased, leading to reactive
transformations. Clustering of germanium is observed to activate hitherto unreported
favorable hydrolysis mechanisms beyond a threshold concentration of three atoms per
double four ring unit, demonstrating that the heteroatom distribution and collectivity in
the hydrolysis mechanism can drastically influence zeolite framework instability.
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Figure 1
First (a) and second cycle (b) of the experimental water vapor adsorption (●) and
desorption (○) on UTL samples at 20°C and (c) water vapor adsorption (●)
desorption (○) isotherms of UTL-2.5 at 20°C with maximum p/p0 = 0.30, 0.33,
0.34 and 0.41 [4].

The combined experimental and computational methods of the UTL hydrolysis
mechanism revealed that adsorption consists of two different modes: one reversible, at
low partial pressures, and the other irreversible, at high partial pressures. The amounts
of water adsorbed in both modes depend on the germanium content, displaying a step
change in the amount of irreversibly adsorbed water molecules approximately at Si/Ge
= 8.5, which is equivalent to ∼4 germaniums per unit cell. The simulations at the
density functional level, including biased molecular dynamics, clearly related such twomodal behavior to water physisorption at low water partial pressures and to reactive
hydrolytic transformation at high partial pressures. These findings suggest that control
over heteroatom content, distribution, and hydration level is important to achieve the
controlled partial hydrolysis of zeolitic frameworks and is likely to apply not only to other
ADORable germanosilicate zeolites but also to Lewis acidic zeolites in general [4].
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The ADOR (Assembly-Disassembly-Organisation-Reassembly) process for the
synthesis of novel zeolites is a potent and proven approach for obtaining zeolite
phases in a rational and designed fashion.[1] Despite a priori knowledge about high
similarities of the framework of a given parent material to its ADOR derived daughter
zeolites, detailed structural analysis of produced phases is still far from trivial. Several
factors complicate crystal structure elucidation of ADOR zeolites: 1) widespread
polycrystalline sample; 2) small crystallite size, often below 1 μm in at least one
dimension; and 3) possible disorder due to the nature of the synthesis.

Although 3DED (3-dimensional electron diffraction) techniques may not yet be
considered fully routine analysis methods, recent years have seen great developments
spearheaded by several groups around the world.[2] As such, initially faced obstacles
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are gradually overcome and accessibility of this type of analysis to a broader range of
scientists has been achieved. The method itself allows to circumvent limitations of
traditionally used X-ray diffraction techniques for structure solution. Using 3DED, above
mentioned difficulties encountered often with zeolite samples, especially ADOR
zeolites, are of only limited concern or can be addressed much more efficiently.

Our work demonstrates the suitability of 3DED methodology for data collection with
ensuing structure solution and refinement of ADOR daughter zeolite phases, employing
mainly cRED (continuous rotation electron diffraction).[3] In addition to well-known
advantages of this approach to structure elucidation, the features of the employed
ADOR synthesis method including the inherent information of likely present topological
features facilitate a streamlined workflow. Retainment or strong similarity of unit cell
dimensions and symmetry helps in identification of possible solutions for materials with
novel framework topologies.

Figure 1 – Concept of ADOR zeolites and continuous rotation electron diffraction (cRED).
Relation of a parental zeolite phase (zeolite framework UTL) and a daughter phase (framework PCR), retaining general
symmetry of the unit cell and a change only in of the directions (left); and schematic setup for a cRED (continuous
rotation electron diffraction)
experiment (right).
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Introduction
Titano-silicalite-1 (TS-1) was for the first time synthesized in 1983 [1]. Since then,
titanium (Ti)-containing silicalites have continuously been studied concerning their
synthesis, structure and catalytic properties due to their high performance as catalysts,
especially in oxidations [2]. Several concepts for improving TS-1 as catalyst (in
epoxidations with H2O2) have recently been reported [3]. One of them is the
introduction of a secondary pore system into the purely microporous TS-1 [4]. On the
other hand, With et al. [5] reported a composite catalyst in which the catalytically active
TS-1 is combined with a sorptive functionality of a polymer-based spherical activated
carbon (SAC). This new composite catalyst shows higher catalytic activity (based on
Ti-sites) than pure TS-1. However, the exact role of the SAC in the TS-1-catalyzed
liquid-phase epoxidation is not clear.
In the present work, the synthesis of TS-1 and two composite catalysts of TS-1 and
SAC with an increasing TS-1 content, was carried out following the methodology of
With et al. [5]. The influence of activated spherical carbon on the mass-transfer
properties was studied by pulse field gradient NMR, which allows for the direct
determination of diffusion coefficients of probe molecules inside porous material.
Furthermore, the role of adsorption in the catalytic conversion using these composite
materials is investigate to understand the effect of composite formation on catalytic
activity.

Experimental Part
The synthesis of TS-1, and TS-1/SAC composites was carried out according to With et
al. [5]. The SAC supports were supplied by Blücher GmbH. Diffusion experiments were
conducted by 1H NMR using a wide bore 9.4 Bruker BioSpin spectrometer following the
experimental methodology from Dvoyashkin et al. [6]. Catalytic experiments were
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conducted in the liquid-phase using a two-neck round-bottom flask (V = 25 mL)
containing a magnetic stirrer and connected to a reflux condenser at 323 K. In a typical
experiment, 10 mL of acetonitrile (99.9%, VWR) were added with 90 mg of MO (≥ 99%,
Sigma-Aldrich) and 150 mg of the catalyst. The reaction mixture including the catalyst
was stirred (stirring speed = 600 min-1) for 5 h at 323K before starting the reaction.
Samples were taken at 0, 0.5, 1.5, 3 and 5 h intervals before staring the reaction via
H2O2 addition to investigate adsorption effects. After 5 h, 140 mg of H2O2 (30 wt.-%
aqueous solution, Sigma-Aldrich) were added to initiate the reaction and samples were
taken after 5.5, 6.5, 8 and 10 h. A defined amount of the sample (0.1 mL) was diluted in
0.5 mL of acetonitrile and analyzed by gas chromatography (Shimadzu GC 2010
equipped with a flame ionization detector). The turnover number (TON) of MO
conversion was calculated according to Wilde et al. [4] as moles of methyl oleate
converted per mole of titanium sites present in the catalyst.

Results and Discussion
Scanning electron microscopy (SEM) images confirm the formation of TS-1 crystals on
the outer surface of (Figure 1) as well as within the pores of SAC. The presence of
MFI-type crystals was further confirmed by the characteristic reflections at 2θ = 7.9°,
8.9°, 23.1°, 23.9° and 24.4° determined by X-ray diffraction (XRD). Weight fractions of
TS-1 and SAC in the synthesized composites as determined by thermogravimetric
analysis (TGA) were 26 and 74 wt.-% (Composite_A) and 56 and 44 wt.-%
(Composite_B). Figure 2 shows an illustration of the three assumed MO diffusion
regimes in a TS-1/SAC composite particle as determined by PFG-NMR. Bulk diffusion
(D1), diffusion in the inter-crystalline spaces formed by the aggregation of TS-1 crystals
(D2) and diffusion within the pores of SAC (D3). The MO diffusion coefficient denoted as
D1 is equal to the diffusivity value of the MO in bulk within the uncertainty of the
experiment (D1 = 2.3 x 10-10 m2 s-1). D2 is consistent with the inter-crystalline diffusion
found by Dvoyashkin et al. earlier for pure TS-1 (D2 = 6.5 x 10-11 m2 s-1 and Dlit = 5.0 x
10-11 m2 s-1, respectively) [6]. D3 is assigned to the diffusion in the pores of the SAC.
Since these pores are below 10 nm in size and strong interactions between the MO
molecules and the pore walls are expected, the low diffusion coefficient is plausible.
Furthermore, MO diffusion is not expected to be observed in the TS-1 micropores (0.54
nm) as the size of the MO is too large to access them (approx. 2.5 nm).
Figure 3 displays the probability of finding MO molecules within the different diffusion
regimes for the two composite materials (Composite_A and Composite_B) and the
pure components they are made up of (TS-1 and SAC). As expected, in SAC and TS-1
only two types of MO diffusion are observed, i.e. D1 and D2 for TS-1 (absence of SAC
pores), and D1 and D3 for SAC (absence of TS-1 forming inter-crystalline space).
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Figure 1: SEM image of TS-1/SAC composite catalyst.

Figure 2: Illustration of the three types of MO diffusion into a
composite particle of TS-1 and SAC followed by PFG-NMR
spectroscopy.

With increasing TS-1 content in the composite, the probability of finding MO molecules
with the D2 diffusion coefficient increases, i.e. the population of molecules diffusing
between the intercrystalline spaces of TS-1 increases. Furthermore, the diffusion in the
SAC pores decreases notably with the increase of the TS-1 content. This is explained
by the TS-1 crystals blocking part of the pore system of the SAC as characterized via
nitrogen sorption, mercury intrusion porosimetry and SEM images (not shown here).
Experiments of MO adsorption prior to reaction initiation via H2O2 addition (first five
hours) indicate a significant adsorption of the reactant molecules on the solid materials
without reaction occurring. This suggests that a reduction in reactant concentration is
caused by the interplay of reaction and (unreactive) adsorption on the catalyst surface
(Figure 4). The prepared catalysts were studied in the epoxidation of MO to eMO
(epoxy methyl oleate) for comparison of catalytic activity. Composite_B showed the
highest production of eMO per Ti active site (6.9 mol mol-1) followed by Composite_A
(4.0 mol mol-1) and TS-1 (1.1 mol mol-1) after 10 h. This demonstrates that Ti atoms
are more effectively used in composites as compared to pure and unsupported TS-1.
Furthermore, increasing the TS-1 content in the composite materials increases the Ticontent normalized activity despite the overall mass-transfer being slower in the
composite with higher TS-1 loading. This counterintuitive finding can be explained in
terms of a partial blockage of the smaller SAC pores by TS-1 preventing the unwanted
diffusion and adsorption of reactants in these pores as well as with the increased
probability of finding reactant molecules within the inter-crystalline space between
agglomerated TS-1 crystals.
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Figure 3: Probability of finding MO molecules with the Di
diffusivity in TS-1, SAC, Composite_A, and Composite_B.

Figure 4: Apparent conversion expressed as 1
in the MO epoxidation with H2O2 initiation.
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(2016).
P.C. With, N. Wilde, A. Modrow, S. Fichtner, B. Böhringer, R. Gläser, Chem. Ing. Tech., 87,
1424‑1430 (2015).
M. Dvoyashkin, N. Wilde, J. Haase, R. Gläser, RSC Adv., 8, 38941‑38944 (2018).

P02.010. INFLUENCE OF THE SILICA PORE WALL POLARITY ON THE
STRUCTURE OF WATER IN MESOPORES
C. Weinberger*, F. Zysk, M. Hartmann, N. K. Kaliannan, W. Keil, T. D. Kühne, M.
Tiemann
Faculty of Science, Department of Chemistry, Paderborn University, Germany
christian.weinberger@upb.de
Water molecules experience restrictions in hydrogen bonding in the spatial
confinement of cylindrical mesopores. The pore wall influences the behavior of water
not only because of the pore size but because of its strength of interactions with the
water molecules [1,2]. The molecular orientation and coordination, i.e., the 'structure of
water', is influenced by the strength of interactions at the solid-fluid interface. The pore
wall-to-water interactions can be chemically tuned by modifying the silica surface. In
this work pristine (hydrophilic) mesoporous silica (so-called MCM-41, pore size ~ 4 nm)
exhibits a silanol group (≡Si-OH) density of around 2 nm-2. After reaction with
trimethylsilyl chloride, about 80% of those groups are converted to ≡Si-O-Si(CH3)3,
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leading to a hydrophobization of the silica surface. While N2 and H2O sorption
experiments reveal its degree of functionalization and surface chemistry, the polarity
change affects the structure of water within the porous host drastically. IR spectroscopy
measurements reveal that a hydrophilic environment leads to surface-near 'ice-like'
water (Figure (a)), which exhibits a lower coordination number (~4.0) and a more
ordered water structure compared to 'liquid-like' water (coordination number ~ 4.4,
Figure (b)). The latter can be observed more towards the center of the hydrophilic pore
but completely dominates within the hydrophobic environment. This effect is due to the
poor wall-to-water interactions after chemical hydrophobization (Figure (c)).

Figure IR spectra of water in a hydrophilic (a) and hydrophobic (b) environment [3]. On the one hand, strong wall-towater interactions (hydrophilic pore) lead to an 'ice-like' water structure. On the other hand, in a hydrophobic
environment, the water molecules prefer to interact with each other rather than with the pore wall. Hence, a mainly
'liquid-like' water phase is formed.

The calculations of the coordination number, surface distance, and angular distribution
of water relative to the surface enable a more profound understanding of the
interactions at the interface. In addition, simulated sum-frequency generation (SFG)
spectra, which are surface-specific and inhibit information about the orientation of the
water stretching modes, complement the experimental results. The combination of
experimental and theoretical observations gives a deeper insight into the interplay
between mesopore surface polarity and the water structure within a confined
environment [3].
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We have a very well established picture of what a zeolite looks like: the picture (Figure
1) is of a perfectly ordered, static material and is something you will see at this
conference many times. Of course, we know that zeolites contain defects and they
also vibrate, so they are neither perfect nor static in real life.
We know that at high temperature exposure to water can lead to changes in the zeolite
structure and composition (for example when a zeolite is steamed [1]). However, as we
move towards the use of renewables as feedstocks in reactions that we would like
zeolites to catalyse, we are becoming much more interested in how they interact with
liquid water. Recent work on the interaction between zeolites and hot liquid water [2,3]
has shown that there can be a reaction that causes degradation of the structure, and
that this is correlated with the number of defects.
In the work that I will describe here we have shown that even at room temperature
there is a ‘reaction’ between liquid water and zeolites that leads to exchange of the
oxygen atoms in the Si-O-Si and Si-O-Al units. We have followed this process using
isotopic enrichment experiments using H217O followed by solid-state NMR. The
experimetns show that enrichement is relatively fast as we can show that the
enrichment is clearly measureable after one day (Figure 2), and that the enrichment
occurs at the level well beyind the number of defects in the material [4,5]. The zeolites
tend not to degrade during the experiments. In this presentation I will explain the
experiments we have carried out to determine whether the process is toplogy and/or
composition dependent.

691

The facile isotopic exchange that these experiments show could have some interesting
implications for how we view zeolites. Importantly, to get isotopic enrichment bonds
must be broken and reformed. This means the static view of a zeolite needs to be
modified to ensure we understand that the bonds in the framework are not always
connected, and that as a consequence pores and windows could change size and
shape. I will discuss what I think this means for our understanding of adsorption of
substrates by zeolites under these conditions.

Figure 1. The structure of zeolite CHA
as drawn on the IZA website

Figure 2. MAS (a,c) and triple quantum (b,d) MAS 17O NMR spectra for a CHA
zeolite (Si/Al = 11) after exposure to water for one (a,b) and 28 (c,d). The Si-17OSi and Si-17O-Al regions are highlighted in orange and yellow respectively.
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USY zeolites used in catalysis are prepared from NaY by a complex sequence of NH 4
ion exchange and thermal dealumination steps (steaming), eventually followed by a
leaching (by acids or complexing agents) of the extraframework aluminum species
generated by dealumination. The thermal dealumination generates mesopores within
the zeolite crystals. Since faujasite crystals are rather large (cross section in the order
of 0.5 µm), the generation of mesopores supposedly favors the transport of reactants
and products to and from the acid sites in the crystal. This paradigm is generally
accepted and has, by the way, motivated an intensive research activity concerning the
preparation of hierarchical faujasite zeolites with increased or improved mesoporosity
[1]. Yet, there is surprisingly little factual evidence for the role of mesopores in mass
transfer in catalytic reactions with commercial USY zeolites. The seminal PFG NMR
work of Kortunov arrived at the surprising conclusion that mesopores did not
significantly enhance intracrystalline diffusion, because most of the mesopores were
occluded [2]. Galarneau et al. used the same technique to compare the diffusion
coefficients of the commercial USY zeolites CBV720 and of highly mesoporous USY
zeolite prepared by “riving” (base/surfactant treatment) and observed an 6-fold
increase of D in the rived zeolite [3]. However, given the mean square displacement,
the study certainly probed intraparticle and not intracrystalline diffusion.
The approach taken is this work is different. We used relaxation methods to evaluate
diffusive exchange between the different porosity compartments in a shaped zeolite
support that could be used in industrial processes. Zeolite extrudates were prepared on
purpose for the present study, with a very high zeolite content, so as to be as sensible
as possible to the role of zeolite microporosity. We first used NMR cryoporometry to
quantify unambiguously the amount of micro, meso and macroprosity. Then we
measured relaxation properties T1 and T2 as well as relaxation exchange properties
T2-exchange-T2 to evaluate diffusional exchanges.
The diffusional exchange was evaluated for two USY zeolites: CBV400 (a USY with an
Si/Al = 2.5 and a low mesopore volume) and CBV720 (a dealuminated USY with Si/Al
= 17 and a mesopore volume of 0.27 ml/g). The zeolites were shaped to extrudates by
means of a boehmite binder (zeolite content of 50%). Both extrudates had similar
meso- and macropore volumes according to N2 adsorption and Hg intrusion
measurements.
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The porosity of the extrudates was first characterized by NMR cryoporometry. This
method relies on the shift of the melting temperature of a liquid confined in pores as a
function of the pore diameter. The pores are filled with water and the NMR signal of
liquid (non-frozen) water is recorded as a function of the temperature, from -29°C to
0°C. Figure 1 shows the pore size distribution of the CBV720 extrudates obtained by
this method. Meso- and macropores (both mainly due to the alumina binder) are clearly
identified. We note that NMRC has an advantage over Hg porometry because it covers
the full range of mesopore and macropore sizes (from 2 nm to 1 µm); moreover, it is
not affected by percolation effects (occluded pores). The volume of unfrozen water at 29°C corresponds to the micropore volume (volume of pores below 2 nm). It can be
determined by a T2 relaxation time experiment.

a)

b)

Figure 1 – a) Pore size distribution of the CBV720 extrudates obtained from NMR cyroporometry b) T2 relaxation time
measurements for determination of the micropore volume. At -29°C, components above 0.15 ms correspond to unfrozen
water in pores below 2nm.

Figure 2 – Relaxation exchange experiments performed with squalane at 90°C. The off-diagonal amplitudes indicate
diffusive coupling between different types of pores.
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For characterizing diffusive exchange between micro, meso- and macropores in the
extrudate, squalane was used. Squalane is the largest alkane molecule in a liquid state
at room temperature and therefore well suited to study molecular exchange between
the different porosity compartments. First T1-T2 maps of extrudates imbibed with
squalane were measured. They allow identifying the different porosity compartments
via their characteristic T2 values and T1/T2 ratios. The relative “abundance” of
squalane in the different porosity compartments can, therefore, be evaluated.
Microporosity is largely underestimated by T2 relaxation, implying a strong diffusive
coupling with at least the mesoporosity for both systems. Molecules exchanging
between the micro and mesoporosity will mainly be counted in the apparent
mesoporosity peak, and thus the apparent mesoporosity fraction is largely
overestimated. A similar discussion can be made between the meso and macroporosity
generating a small overestimation of macroporosity.
To characterize the exchange between the different pore compartments further, T2
relaxation exchange experiments were carried out. The off-diagonal peaks represent
the exchange between different pore compartments. It clearly shows that a vivid
exchange of squalane between micro and mesopores is taking place. A mathematical
model allows evaluating the rate and the extent of the exchange. Quite interestingly,
the model suggests that the rate of exchange is the same for CBV400 and CBV720,
but the extent of exchange increases by 40% for the latter. Our interpretation is that the
mesopores in CBV720 generate a higher external surface for the zeolite crystals and
therefore favor the exchange between the zeolite micropores and the mesopore of the
extrudate particle (generated by the alumina binder). This provides a new insight into
the mass transfer phenomena in zeolite catalyst and shows the usefulness of NMR
relaxation experiments to study these effects.
Very different results were obtained when the exchange experiments were carried out
with the polar molecule iso-propanol. In that case, the strength of interaction of the
alcohol with the zeolite framework governed its residence time in the micropores and
the rate of exchange with the other pore compartments. This shows that mass transfer
phenomena within a zeolite catalyst strongly depend on the system, which is studied.
Transport and adsorption may be interdependent.
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Oxygen makes up the majority of a zeolite structure, but 17O NMR is not used routinely
as an NMR technique due to the low isotope abundance of 17O (0.037%) and the
expensive cost of isotopically enriching materials. Nevertheless, 17O NMR is a useful
technique to distinguish between oxygen-containing molecules, framework oxygens
and water within zeolites [1][2]. Recently theoretical methods such as DFT-NMR
calculations have been used to interpret experimental results and simulate
experimental NMR spectra [3]. Machine learning allows for better analysis of DFT data
to obtain information and predict 17O NMR parameters for these zeolites[4].
This research aims to understand, using 17O NMR, the dynamic behaviour of zeolites
and the lability of framework bonds and how easily siliceous zeolites can be enriched
using H217O at room temperature. Also, we aim to understand the effects of
temperature, acidity and silanols on the rate of 17O NMR enrichment. Secondly,
theoretical calculations and machine learning will interpret 17O NMR data in siliceous
zeolites.
For the experimental work, every zeolite was characterised using PXRD, 29Si NMR
one-pulse and CP, with 17O MQMAS, one-pulse and spin-echo H217O slurries of
siliceous zeolites. The H217O slurrying process was a 1:1 ratio between the zeolite and
40 wt.% H217O. 17O NMR was measured in several siliceous zeolites with varying
numbers of T-atoms to observe how the 17O NMR spectra would appear for each
zeolite. Density Functional Theory – Nuclear magnetic Resonance (DFT-NMR) and
Neural Network Potentials - Molecular dynamics (NNP-MD) calculations [5] were used
to determine the 17O and 29Si NMR parameters for the siliceous zeolites measured
experimentally. In addition, machine learning was used to analyse the NMR data and
predict the 17O NMR parameters.
Preliminary results have shown that siliceous zeolites undergo a fast enrichment after
day one, hence fast 17O exchange at room temperature to produce a 17O NMR spectra
experimentally. DFT-MD was used to calculate the 17O shielding, followed by lasso
regression (LASSO) to find that the most essential features are mean T-O distance and
T-O-T angles. Future work will employ NNP-MD to generate improved statistics for the
simulation of 17O NMR, including temperature effects.
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Figure 1 – 29Si for siliceous AFI

Figure 2 – 17O MQMAS for siliceous AFI

Si NMR spectrum for siliceous AFI before H217O slurrying. It
shows that siliceous AFI has more than one T site and silanols in
the structure.

Siliceous AFI slurry seventy days after 40wt.% H217O enrichment
showing the enriched framework oxygens in the sample.

29

Figure 3 – Intensity against time (days) plot for
isotropic projections taken from 17O MQMAS.

Figure 4 – Average 17O NMR shielding plot against
mean T-O.

Measured intensity is taken from isotropic projections from
each MQMAS

Correlation between mean T- distances and average 17O
NMR shielding.
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The incorporation of Ti heteroatoms into zeolite frameworks has exhibited remarkable
catalytic activity and selectivity in oxidation reactions[1], e.g., propylene epoxidation
and phenol hydroxylation, which have been realized industrial production large-scale.
However, the rational design, the location of titanium atoms at specific sites or the
atomic structure evaluation during the synthesis process has seldom been
investigated. The incorporation of the substituted metal atoms is regarded as defects in
zeolite frameworks. Defect can be defined as the interruption of the periodic structure;
including for instance, the substituted metal atom, atomic vacancies, framework Al
accompanied by a strong acid site or the silanol groups are common defects found in
zeolites. Controllable point defects are highly demanded as they provide the possibility
to of tuning the porosity of conventional frameworks generating hierarchical pores and
altering the micropore size to achieve new zeolite framework topologies.
Here, we carried out a comprehensive structural analysis based on spherical aberration
corrected (Cs-corrected) scanning transmission electron microscopy (STEM) combined
with electron diffraction to elucidate a pre-designed synthesis route, starting from a
highly defective MSE-type zeolite[2], named YNU-2P, to Ti-incorporated , denoted as
Ti-YNU-2 via steamed YNU-2ST, see Figure 1. MSE framework type zeolite has space
group P4/2mnm with a tetragonal unit cell of a = b = 18.25 Å, c = 20.56 Å. It contains a
12 membered ring (MR) straight channel along the [001] direction and two 10MR
channels along [100] and [110] directions.
The synthesis procedure contains a three-step defective mediated mechanism: (1)
defect-contained YNU-2P was synthesized by dry-gel conversion; (2) a steaming
process was used to transform the defects in the precursor and to stabilize the
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framework by reducing of structural vacancies; (3) titanium atoms are grafted to the
vacant sites with some of them migrating to the energy-favorable sites.
Results and discussion
The particular features corresponding to each of the three zeolites are analyzed and
discussed. This includes the existence of atomic vacancies and the presence of the
OSDA for YNU-2P. Combining selected area electron diffraction and three-dimensional
electron diffraction, vacancies were recognized by the change of the diffraction
intensity following with the ab-initio structure solution and refinement to estimate the
number of vacancies in the crystal. Moreover, the specific sites with different silicon
occupancies have been observed directly by Cs-corrected STEM to be randomly
distributed across the YNU-2P crystal. For YNU-2ST, the stabilized structure after
steaming process, we focused on the mesopores, which were generated and their
relationship with the point defects of the parental material. The mesopores were
formed by the chemical attack of water molecules to the original defects in YNU-2P
deduced from regular mesopore centered on the defective site and by the significant
reduction of the atomic vacancies observed in YNU-2P. The possible Ti identification in
Ti-YNU-2 was investigated by Cs-corrected STEM, which would initially occupy the
remaining defective sites of the precursor material and that could be transferred to
more energy-favorable site. The existence of titanium in the material was confirmed by
both electron dispersion spectroscopy and the electron energy loss spectroscopy.
Figure 1 depicts the schematic representation of the three MSE models, together with
the correspondent electron microscopy observations. The STEM study suggested that
the synthesis of the titanosilicate Ti-YNU-2 through the existence of point defects could
be accomplished by the controllable incorporation of titanium atoms into the zeolitic
framework. Low angle annular dark field data together with elemental contrast analysis
and the quantitative differential phase contrast (qDPC) micrographs taken under low
electron dose condition have been applied in order to obtain a complete dataset of
information based on the contrast variations while preserving the structure under the
STEM imaging conditions. Our results highlight that the versatility of the (S)TEM
technique[3-5] that can achieve deeper understanding of zeolites catalytic materials at
the atomic level and act as a significant characterization tool for synthetic chemistry[6].
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Figure 1. Schematic structure models and the corresponding aberration corrected STEM micrographs of YNU-2
zeolites.
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Zeolites are typical metastable polycrystalline materials often naturally composed of
submicron-sized crystals with complex structures and frequently synthesized as multiphases. These make phase and structure analysis challenging using the conventional
single-crystal or powder X-ray diffraction (SCXRD or PXRD) method. Enormous trialand-error experiments are required to obtain pure phase samples for phase
identification and structure determination. Over the last decade, three-dimensional
electron diffraction (3D ED), which is analogous to SCXRD while operating at a much
smaller scale (>50 nm), has been well developed for structure determination. 1
Recently, serial rotation electron diffraction (SerialRED), which can automatically
examine hundreds of crystals and collect 3D ED data for phase analysis and structure
determination, have been developed.2 It combines structure determination and phase
analysis in a single technique, which may provide greater insight than available from
either SCXRD or PXRD alone.

Herein, we demonstrate that the accurate framework structure of zeolite SCM-25 and
the entire range of noncovalent interactions in a nanocrystalline hybrid material can be
determined by 3D ED (Figure 1).3,4 We also show that SerialRED can rapidly access
the reliable phase and structural information of complex polycrystalline products via
high-throughput screening (Figure 1).5 Five zeolite phases with distinct pore
architectures were identified in one product, the most complex mixture ever discovered
in zeolite chemistry. Some of the phases are of ultra-low contents, similar unit cells,
and/or identical morphologies.
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Figure 1 High-throughput phase analysis and accurate structure determination of complex
polycrystalline products using 3D ED.
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During the past two centuries, CO2 concentration in the atmosphere increased from
280 ppm to 400 ppm (highest value during the last 6500 centuries) which led to the
current anthropogenic global warming [1]. As a result, capturing CO2 emitted from
various industries is a key strategy considered and has received significant attention
[2,3]. Four technologies are currently employed for CO2 capture: (i) absorption with
amine-based solvents, (ii) adsorption by nanoporous solids, (iii) cryogenic distillation,
and (iv) membranes [2]. Between the considered materials for CO2 adsorption, zeolites
have the advantages of being inorganic non-toxic materials with high stability,
selectivity determined by their crystalline nature and chemical composition and
reasonable costs [4].

Chabazite (CHA) zeolites with low Si/Al ratio (< 3.0) are excellent CO 2 adsorbents for
separation of CO2 gasses from CH4 or N2 streams. So far, two mechanisms for the
selective adsorption of CO2 on CHA have been proposed: molecular sieving due to the
differences between the CHA pore size and molecule kinetic diameter, and windowkeeping mechanism by the presence of extra-framework cations (EFCs) [5]. The latter,
described as molecular trapdoor behavior, occurs due to the occupation of the zeolite
8MRs by EFCs which control the access to the zeolite pore network whereby the EFCs
reject or admit different guest molecules based on their interactions with them [5].
Although these two proposed mechanisms (i.e. molecular sieving and trapdoor
behavior) have significant contribution in CO2 adsorption, a comprehensive study to
elucidate the role of the silanol sites in zeolites (i.e. defect sites) on CO 2 adsorption
behavior and capacity is missing. As an example, it is already known that the CO2
adsorption on various microporous silica nanoparticles is due to the hydrogen bonding
between residual silanol sites and CO2 guest molecules resulting in significant CO2
adsorption capacities (e.g. ~1.9 mmol g-1 in microporous silica) [6]. These results
provoke the question whether silanol sites participate in CO2 adsorption in zeolitic
materials.

Recently, we reported the one-pot synthesis of CHA zeolite with small nanocrystals (<
60 nm) and Si/Al ratio of 2.0 without using organic structure-directing agents [7]. Here
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we focus on understanding the role of silanol sites in zeolite nanocrystals on their CO 2
adsorption behavior. The as prepared nanosized CHA zeolite will be abbreviated as
AP-CHA and compared with two other cationic forms of this nanosized zeolite crystals
containing mainly K+ and Cs+; these samples will be labeled as K-CHA and Cs-CHA,
respectively (chemical composition in Table 1). The silanol sites of these materials
were studied by in situ FTIR and 1H MAS NMR spectroscopy before and after CO2
adsorption.

The total concentration of silanol sites for the samples determined by 1H MAS NMR
spectroscopy before and after CO2 adsorption is summarized in Table 1. As shown, the
total concentration of the silanol sites changes upon ion exchange with K+ and Cs+
alkali cations. The AP-CHA sample presents a silanol concentration of 2.05 mmol g-1
and upon ion exchange with Cs+ (Cs-CHA sample), the silanol concentration
decreases to 1.06 mmol g-1. While, for the K-CHA sample the total silanol concentration
increases to 2.86 mmol g-1 compared to AP-CHA sample (2.05 mmol g-1). The 1H MAS
NMR spectra of activated samples in different alkali forms are shown in Figure 1a. Four
distinct regions of silanol sites were detected: 1. silanol sites interacting with cations (in
purple), 2. isolated or weakly hydrogen bonded silanol sites (in blue), 3. moderately
hydrogen bonded silanol sites (in yellow), and 4. strongly hydrogen bonded silanol
nests (in green). As the 1H chemical shift increases, the H-bonding length and the
strength of H-bond increased [8]. The 1H MAS NMR spectra of the different alkali forms
of nanosized CHA under adsorption of CO2 (27.2 kPa) in equilibrium are depicted in
Figure 1b. The results clearly show that the adsorption of CO 2 increases the H-bonding
strength as the distribution of higher H-bonded species in 1H MAS NMR spectra
increases (yellow and green peaks) (Figure 1a and b). However, the total concentration
of silanol sites remains constant before and after CO2 adsorption for the different
samples of nanosized CHA but the K-CHA sample (Table 1). Figure 1c clearly show
that exchanging the EFCs with K+ or Cs+ cations linearly influences the concentration of
the silanol sites in the different nanosized CHA samples. In fact, since big Cs+ cations
(3.4 Å) are partially responsible for stabilization of CHA cages [7], decreasing the level
of Cs+ cations in the unit cell (from 10.5 to 1.0) generates more isolated silanol sites
(from 0.52 to 2.04 mmol H g-1; blue peaks in Figure 1a). In addition, decreasing Cs+
level opens up the porosity which means that CO2 molecules can interact with these
defect sites easier. This can be illustrated by decrease of the concentration of the total
silanol sites from 2.86 to 1.93 mmol g-1 upon adsorption of 27.2 kPa of CO2 gas in the
K-CHA samples with the least Cs+ cations (Table 1 and Figure 2b and c). This
suggests that in sample K-CHA, 0.93 mmol g-1 of silanol sites participate in the CO2
adsorption by deprotonation of these sites. The nature and type of this interaction is still
under study. To the best of our knowledge, this is the first work revealing the role of
silanol sites in zeolites on their CO2 adsorption capacity revealed by precise
spectroscopy (NMR and IR) study.
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Table 1. Composition and silanol concentration of nanosized AP-CHA, K-CHA, and Cs-CHA
zeolite samples prior and under CO2 (27.2 kPa) determined by 1H MAS NMR (adamantane was
used as a reference).
Without CO2

27.2 kPa of CO2

COH / mmol H g-1

COH / mmol H g-1

Na1.8K5.7Cs4.0Al11.1Si24.8O72

2.05

2.02

K-CHA

K10.4Cs1.0Al11.4Si24.9O72

2.86

1.93

Cs-CHA

K1.8Cs10.5Al11.7Si24.2O72

1.06

1.00

Sample

Chemical formula

AP-CHA

Figure 57. 1H MAS NMR spectra of nanosized AP-CHA, K-CHA, and Cs-CHA zeolite samples
(a) before and (b) after CO2 adsorption (27.2 kPa); all samples were pretreated at 623 K under
high vacuum (10-6 kPa) prior measurements. Color code: peaks in light grey corresponds to the
rotor signal, purple for silanol sites interacting with cations, blue for isolated silanol sites,
yellow for low hydrogen bonded silanol sites, and green for high hydrogen bonded silanol
nests; generally, as chemical shift increases, H-bonding length decreases. (c) CO2 capacity vs
the concentration of silanol sites, K+, and Cs+ levels.
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The ADOR process allows the synthesis of zeolites that are unobtainable by standard
hydrothermal conditions.[1] The first step of the process is the assembly (A) of a parent
zeolite that comprises of Ge-containing double-4-rings (d4r), these d4r provide a
structural weakness in the framework that allow for a controlled hydrolysis to take
place. This hydrolysis results in the disassembly (D) of the framework into an
intermediate state. This is followed by an organisation or rearrangement step of the
intermediates (O) and a final reassembly step to form a new material (R). By nature of
the bond-breaking and rearrangement of the ADOR process, there is an increase of
disorder in the zeolite structures as the reaction proceeds through the D and O steps,
before some order is recovered in the R step. This disorder can make the ADOR
process more challenging to follow accurately by traditional X-ray diffraction
techniques.

Total scattering experiments can be extremely useful
to probe systems with a loss of long range order, due
to the consideration of both the Bragg and diffuse
scattering on an equal basis. From the total
scattering measurements we can obtain the pair
distribution function (PDF) which provides information
on the distribution of distances between atom pairs.
Owing to the loss of long range order during certain
stages of the ADOR process, PDF has become an
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extremely useful tool to further understand the ADOR mechanism at an atomic
level.[2][3][4]

Recent work at the Diamond Light Source has used Figure 1: The initial (black) and final (red) PDF for the
PDF to study the reassembly step in more detail. In IPC-1P in situ calcination. The calculated difference (grey)
this crucial stage of the process, the final 3D structure indicates the peak changes during reassembly.
is formed. A calcination (usually at ~500+ °C) transforms the 2D layered intermediate
material formed from disassembly, to the fully connected 3D framework via silanol
condensation.
Three
intermediate
materials;
IPC-1P,
IPC-2P and IPC-6P, were prepared by hydrolysis of the parent zeolite UTL under
different conditions, these materials were then calcined in situ to obtain PDF data of
this bond-forming reassembly process.

The resulting PDFs highlighted the
differences occurring for the reassembly
of the fully disconnected structure, IPC1P, compared to the two partially
reconnected structures, IPC-2P and IPC6P. For the reassembly of the layered
IPC-1P, we observe significant peak
changes over time as the layers are first
organised and then reconnected to form
the fully connected framework, IPC-4
(Figure 1). In the case of the partially
connected
IPC-2P
and
Figure 2: The calcined as-synthesised (red) and IPC-6P however, the main observed
hydrolysed (blue) PDF of the ISV framework showing the
peak changes are indicative of the bond
loss of long range order for the hydrolysed framework.
forming silanol condensations to the final
.
frameworks of IPC-2 and IPC-6 respectively, with no obvious organisation step taking
place.

A second project looked at the disassembly of four zeolite frameworks with multidirectional lability due to the high presence of d4r. The four frameworks selected for the
project were ITH, ISV, BEC and IWS. The aim of the project was to obtain PDF data of
the materials both before and after hydrolysis to observe if any short range order
remained. This was to understand if any non-hydrolysable zeolite units remained
structurally intact. All materials were disassembled under acidic conditions and showed
a high level of structural collapse by initial PXRD analysis.
The resulting PDFs showed a loss of long range order for all hydrolysed samples when
compared to the PDFs of the intact materials (shown for ISV in Figure 2). There was
however, still the presence of some short range order out to an interatomic distance of
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~8/9 Å in all cases. This indicates that small ordered fragments still remain after
disassembly of these frameworks and work is currently ongoing with this project in an
attempt to identify the nature of these units.
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Introduction
One of the most emerging applications of Metal-Organic Frameworks (MOFs) is their
use as enzyme supports, giving rise to active solid recyclable biocatalysts [1,2]. Many
of these biocatalysts are prepared by one-pot (also denoted as in-situ, one-step or denovo) methodologies, taking advantage of the fact that the methods for preparing these
biocatalytic composites Enzyme@MOF are sustainable and compatible with the
enzymatic activity: room temperature, without any energy input, in aqueous solution
and at moderate pH [2]. The characterization of the resultant composites is not easy in
aspects as key as the precise location of the enzyme or the interaction enzyme-MOF.
Moreover, it is presumable that the enzyme molecules, which are present in the
synthesis media of the MOF support, are not mere spectators but they could play an
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important role in the formation, especially considering (i) the well-known strong affinity
between MOFs and enzymes and that (ii) enzymes are formed by amino acids, which
have similar reactivity towards metals to that given by the MOF organic linkers,
particularly these based on carboxylate.
This work attempts to shed light on the nature of enzyme-MOF interactions within
lipase@MOF composites prepared through in-situ methodologies, by means of Pair
Distribution Function (PDF) patterns recorded under synchrotron radiation. Unlike the
conventional X-ray diffraction (XRD) technique, PDF gives information at short and
medium range. Moreover, in contrast to the limitation of conventional XRD of
exclusively studying crystalline materials, PDF can also study liquids, gels, amorphous
materials and even composites [3]. It give valuable and singular information of
extremely nanocrystalline MOFs [4]. We have systematically changed the nature of the
MOF support in the lipase@MOF composites, selecting either NH2-MIL-53(Al) or FeBTC, both sustainably prepared. These two MOF materials, which have been
successfully used in the immobilization of lipase [5,6], were chosen as representative
MOF-based supports of nanocrystalline and semimorphous nature, respectively. In
both supports, enzyme loads of 25 and 100 mg per g of biocatalyst were studied as
well as enzyme-free support. For comparison purposes, conventional NH2-MIL-53(Al)
(prepared at high temperature), MIL-100(Fe) and the commercial semi-amorphous FeBTC (Basolite F-300) were also studied.
Data acquisition
Synchrotron radiation powder XRD (SR-PXRD) data were collected in Debye–Scherrer
(transmission) mode on the powder diffraction endstation at the BL04-MSPD beamline
at the ALBA synchrotron light facility (Barcelona, Spain). An incident X-ray wavelength
of 0.41279 (2) Å (30 keV) was used, and determined from a Si640d NIST standard (a =
5.43123 Å) measurement. To obtain the PDF data, the one-dimensional XRD intensity
I(Q) data for the samples as well as for the empty capillary were imported to the
software xPDF suite.
Results and discussion

Figure 1 shows the XRD patterns of both
conventional and nanocrystalline NH2-MIL-53(Al)
materials as well as the biocatalysts formed by the
in-situ immobilization of different loadings of lipase
(25 and 100 mg of enzyme per g of the biocatalysts
Lip1@NH2-MIL-53(Al) and Lip2@NH2-MIL-53(Al),
respectively). The broadening of the XRD pattern of
the room-temperature NH2-MIL-53(Al) evidences the
extraordinary nanocrystallinity of this sample.

Lip2@NH2-MIL-53(Al)

Lip1@NH2-MIL-53(Al)

Intensity / a.u.

This abstract mainly focuses on the series of
biocatalysts supported on NH2-MIL-53(Al). The PDF
characterization of the biocatalysts supported on FeBTC will be presented in detail in the conference.

Nanocrystalline
NH2-MIL-53(Al)

Conventional
NH2-MIL-53(Al)

2

4

6

8

10

12

2q / º
Figure 1. XRD patterns of the NH2-MIL-53(Al) samples:
conventional (black, at the bottom), nanocrystalline (light
blue), biocatalytic composite Lip1@NH2-MIL-53(Al) (blue)
and biocatalytic composite Lip2@NH2-MIL-53(Al) (dark
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blue, on the top).

Indeed, the average crystal size estimated by Scherrer equation in the nanocrystalline
NH2-MIL-53(Al) (13.3 nm) indicates that the crystalline domains is significantly lower
than the 30 nm sized crystals observed by scanning electron microscopy (SEM)
(results not shown). It suggests that the immediate formation of the MOF by
instantaneous precipitation entails the existence of numerous crystalline defects.
Moreover, the inclusion of the enzyme lipase within the synthesis media in the
preparation of the biocatalysts Lip@NH2-MIL-53(Al) leads to further defects or further
limitations in crystal growth, as evidenced by an even larger broadening of the XRD
reflections. Surprisingly, the particles detected by SEM are practically of the same size.
All these results make clear three important facts: (i) enzyme molecules have indeed
an active role in the formation of the MOF support; (ii) conventional XRD (even if
registered under synchrotron radiation) is far from being enough to structurally
characterize these nanocrystalline and/or composite materials; (iii) a short-range
structural information is required to shed light on the interaction enzyme-MOF.
PDFs of the conventional and nanocrystalline NH2-MIL-53(Al) as well as the difference
between them are shown in Figure 2A. At short range (up to ca. 30 Å), there is a very
good matching between both PDFs. That was expected assuming that both materials
have the same structure, as confirmed by XRD (Figure 1). However, the difference in
intensity of the oscillations beyond 30 Å, which is more evident in the difference curve,
indicates that substantial amount of crystals does not reach size larger than 3 nm for
the nanocrystalline NH2-MIL-53(Al). On the other hand, the largest nanocrystals must
be around 80 Å, since no PDF oscillation is recorded beyond that value. It strongly
contrasts with the crystallite sizes both detected by SEM (~30 nm) and estimated by
applying Scherrer equation to the XRD reflections (13.3 nm). It must be noted that
Scherrer equation entails some intrinsic limitations: (i) it is an estimation, not a direct
measurement; (ii) although this equation is particularly precise for very small
crystallites, in the case of the XRD pattern of the nanocrystalline NH2-MIL-53(Al) only
the lowest angle reflections are isolated enough; and (iii) because of that, we were
forced to use conventional NH2-MIL-53(Al) (average crystal size of ca. 700 nm) as a
reference of ‘infinitely-large’ crystals for calculating instrumental broadening in
Scherrer. Moreover, XRD only detected crystalline domains above certain size able to
diffract, falsifying the average crystal size upwards, whereas PDF detects all existing
species, irrespective of its size, crystallinity, etc.
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Figure 2. (A) PDFs of the conventional (black line) and nanocrystalline (bold light blue) NH2-MIL-53(Al) samples and
their difference (red). The green vertical dashed line at 30 Å is shown as limit of the PDF oscillations of the
nanocrystalline NH2-MIL-53(Al). (B) Short-range normalized PDFs of the conventional (black) and nanocrystalline (light
blue) NH2-MIL-53(Al) and the composites Lip1@NH2-MIL-53(Al) (blue) and Lip2@NH2-MIL-53(Al) (dark blue).

Short-range PDFs of both MOFs NH2-MIL-53(Al) and both composites Lip@NH2-MIL53(Al) are shown in Figure 2B. As expected, the PDF oscillations of the composites
extend over an even smaller range of interatomic distances than the oscillations in the
corresponding enzyme-free nanocrystalline MOF. The last PDF oscillation of
composites barely reaches 15 Å and they are of very low intensity. It means that
enzyme markedly limits the crystal growth of NH2-MIL-53(Al). Moreover, the overlap
between the PDFs of the nanocrystalline NH2-MIL-53(Al) and these of both composites
(not shown) evidences that enzyme even slightly modifies the atomic environments,
despite the imposition of the material crystallinity. Indeed, such modification induced by
lipase becomes much more extensive in the local atomic environments of the MOF FeBTC (PDFs not shown), whose semi-amorphous nature would somehow make its
‘structure’ more labile.
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The incorporation of metals in the channels and cavities of zeolites aimed at controlling
the aggregation state of metal has been the matter of many investigations in the last
years [1]. In the particular case of silver-based materials, the oxidation state and
chemical nature of silver plays an important role in their physical chemical properties as
well as in their applications as antibacterial and antifungal [2,3], as catalysts for
selective oxidation-reduction reactions, or in gas adsorption and separation processes
[4,5]. In this regards, Ag-zeolites have potential industrial applications for the
separation of ethene from ethane, due to the selective adsorption called πcomplexation, which involves ethylene and silver allocated in zeolites frameworks.
Here, the influence of the zeolite topology on the silver species formed and their
interaction with ethylene is investigated using a variety of spectroscopic techniques,
and most especially solid-state NMR (ssNMR).
In this work, small pore zeolites with different structure (CHA, RHO and LTA) and
chemical compositions shown in table 1 have been degassed at 400 ºC prior to the
ethylene adsorption. These zeolites were synthesized by hydrothermal method [6] and
then, silver exchange was carried out at room temperature for 24 hours with a 0.2M
AgNO3 solution and then outgassed at 400°C overnight. Subsequently, an amount
equivalent to one molecule of ethylene per unit cell was adsorbed on each zeolite,
which corresponds to the ethylene/Ag ratio indicated in the last column of table 1.
UV-Vis spectra of the evacuated samples show that most silver remains as Ag+ in
AgRHO, while it is forming clusters in AgCHA and nanoparticles in AgLTA. The 109Ag
solid state NMR spectra show a signal at  109Ag = 30 ppm in the as-prepared samples
assigned to Ag+. In contrast, a very weak signal around  109Ag = 5256 ppm in the Ag0
region was observed after evacuation. The quantification of Ag0 signal shows that there
is a percentage of silver that is not visible by this technique, suggesting the possible
presence of paramagnetic species.
Figure 1A shows the 13C ssNMR spectra of ethylene adsorbed on the three Ag-zeolites
(AgCHA-1et, AgRHO-1et and AgLTA-1et). The spectra of AgCHA-1et and AgRHO-1et
zeolites present a peak at  13C = 110 ppm, while AgLTA-1et shows a broad signal at 
13C = 115 ppm. The resonances are shifted to high fields when compared to ethylene
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gas ( 13C = 120 ppm) indicating the interaction of the alkene molecules with the Agzeolite. The difference shape of the 13C NMR signal of ethylene in zeolite AgLTA-1et
must be related to the higher ethylene/silver molar in this sample.
Figure 1B shows the 109Ag NMR spectra in the region of Ag0 of the Ag-containing
zeolites degassed at 400 ºC and after the adsorption of ethylene. The spectra of the
evacuated zeolites present a peak at  109Ag = 5256 ppm (AgCHA-ev),  109Ag = 5259
ppm (AgRHO-ev) and  109Ag = 5260 ppm (AgLTA-ev). The spectra recorded after the
adsorption of ethylene show a shift of the signals to low fields proving the ethylenesilver interaction. This shift is smaller for the AgLTA-1et than for the AgCHA-1et and
AgRHO-1et zeolites, which could be related with the higher ethylene/silver ratio that
presents AgLTA-1et.

Table 1: Ag-zeolites composition as measured by EDX-SEM.

Samples

Si/Al

Na/Al

Cs/Al

Ag/Al

Ag
%wt

C2H4/Ag

30AgLTA

5.60

-

-

0.24

4.96

1.14

60AgRHO

5.60

0.10

0.38

0.60

13.48

0.20

60AgCHA

4.74

0.18

-

0.54

11.42

0.29

B
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Figure 1: A) 13C CP-MAS NMR spectra of ethylene adsorbed on the 30AgLTA (black), 60AgRHO (red) and 60AgCHA (blue); and B)
109
Ag MAS NMR spectra of 30AgLTA (black), 60AgRHO (red) and 60AgCHA (blue) before and after the adsorption of ethylene.
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In conclusion, solid-state NMR spectroscopy has shown that there is an interaction between silver
and ethylene. The shape and chemical shifts of the signals also change depending on the
ethylene/silver ratio and the state of the silver in the zeolite structure which depends on the
framework topology.
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Cu-exchanged zeolites have received increasing attention in the past 20 years due to
their ability to perform industrially relevant reactions with unprecedented selectivities.
One such reaction is undoubtedly the direct conversion of methane to methanol
(DMTM), a “dream reaction” with severe implications for the energetic, resource
management and environmental sectors [1]. DMTM is, however, very difficult to
achieve in high yields, and as of today no catalyst can simultaneously achieve good
conversion and selectivity in an economically viable scenario [2]. Many efforts have
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been made to understand the mechanisms that allow Cu-zeolites to prevent CH4
overoxidation, thus boosting selectivity towards CH3OH, and many CuxOy species have
been identified as possible (and possibly competing) active sites for this reactivity.
Though the composition and topology of the material clearly influences the outcome,
reaction conditions are also important for active species formation and distribution,
directing the reaction through specific pathways depending on the protocol; one
example of this is the recent development of isothermal protocols for the reaction that
allow to retain the selectivity while avoiding temperature swings [3]. Pre-treatment and
activation history of the material can also play an important role in the outcome of the
reaction: as a matter of fact, it has been recently shown that certain gas-phase
reactants (e.g., NH3) can move the Cu atoms from their initial positions in the
framework, effectively modifying their spatial distribution and ultimately affecting
speciation [4]. This peculiar effect is due to the formation of mobile molecular
complexes that involve one or more Cu sites (e.g., [Cu(NH3)2]+), that are able to modify
the equilibrium position of the metal centres. Preliminary studies from our group
suggested an effect of this modification on the productivity of DMTM over a Cu-SSZ-13
material which was previously extensively characterized [5], as shown in Figure 1b.

Figure 1
a) Operando Diffuse Reflectance UV-Vis spectra for Cu-SSZ-13 during NH3 pre-reduction at 500°C. b) Normalized
CH3OH productivity and selectivity of Cu-SSZ-13 material directly oxidized in O2 or pre-treated in NH3 before oxidation.

The increase in productivity (c.a. 47%) in this material, along with a slight increase in
selectivity, may indicate a role of the repositioning of the Cu atoms (and/or a higher
fraction of Cu(I) species prior to O2 activation) in the overall catalytic process.
Operando spectroscopies (e.g., Diffuse Reflectance UV-Vis, IR and Resonant Raman)
are employed to characterize this material for the whole reaction protocol; an example
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of the obtained results is shown in Figure 1a. In addition, the same methodology is
applied to samples with different topology (e.g., Cu-MOR) to investigate possible
differences due to structural effects.
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Zeolite Carbon Template (ZTC) is a new class of microporous nano-ordered materials
synthetized using 3-D zeolites as a template. Intended as negative replica of the
nanostructured zeolite structure, the ZTC framework consists of ordered microporous
sp2 carbons with a specific surface area higher than 2000 m2/g and significant
microporosity, with a uniform pore structure [1]. Combining these properties with
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electrical conductivity of carbon-based material, ZTCs represent a promising support
for metal catalysis [2], have a good potential for electrocatalytic applications [3] and are
also a good option as effective gas adsorbent in energy storage applications [4].
Several methods have been reported for the synthesis of ZTCs, such as impregnationpolymerization or Chemical Vapour Deposition (CVD) using different hydrocarbon
sources as precursors and zeolite scaffold. It is widely recognised that those
parameters , as well as the synthesis conditions could affect the physicochemical
properties of the final material [5]. After the carbon filling process, zeolite scaffold is
removed from the zeolite/carbon composite by a sequence of acid solutions attacks.
The most used procedures include a double washing step: HF (dissolving the zeolite)
followed by HCl attack. Since a significant number of dangling bonds (unterminated
marginal sites) are formed during the synthesis process, it is possible that during the
removal of the template, the dangling bonds react with H2O or O2 of the environment
and form superficial functional oxygenated groups. Thus, ZTCs usually contain a
relatively large amount of oxygen (about 6–9 wt%) [6], and the presence of such
surface functional groups could affect the performance of the material. Despite the
importance of this aspect, a few work was dedicated to the investigation and analysis
of the oxygenated groups at the ZTC surface, For these reasons, in this work we want
to investigate the role of the acid treatments during ZTC purification procedure in in the
definition of the nature and amount of oxygenated groups.
ZTCs were synthetized starting by a homemade Na-BEA zeolite (Si/Al = 25) via
Chemical Vapour Deposition, using ethylene as a carbon source at high temperature.
In order to study the effect of the acid treatment, after synthesis the ZTC was
recovered from composite materials using HF or HF/HCl solutions to dissolve the
zeolite matrix.
Structural, chemical and morphological characterizations of the synthesized ZTC have
been obtained by X-ray diffraction (XRD), Thermo-gravimetric analysis (TGA/DTA),
Brunauer-Emmett-Teller (BET) analysis.

Figure 1. XRD pattern of BEA zeolite and synthetized ZTC (A), TGA-DTA of ZTCs after HF and HF/HCl purification (B)

The TGA analysis after purification, has shown a total dissolution of the zeolite matrix
already after the HF treatment, with a total weight loss at T > 650 °C, confirming that
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only carbonaceous species (decomposing up to 650 °C) are present. Moreover, the
presence of a defined and large peak in the DTA curve, centred around 540 °C,
indicates the presence of different functional carbon-oxygen groups (Figure 1a).
Whatever the dissolution treatment, the obtained ZTC was a good replica of the 3-D
zeolite framework without the presence of graphene at 2θ = 26° (Figure 1b).
To have a direct view on the functional groups created on the surface of ZTC, FT-IR
spectroscopy was used after the different acid treatments. Spectra analysis showed a
difference in terms of the amount of oxygen when the HCl purification step is added at
the tail end of the HF dissolution of the zeolite (Figure 2).

Figure 2. FT-IR spectra and deconvolutions, in the region 1800-950 cm-1, of the samples ZTC_HF / HCl (A) and
ZTC_HF (B)

From the deconvolution of these spectra, the intensities of the main peaks (1800 cm-1 950 cm-1) were measured and reported in terms of area percentages. It can be
observed (Table 1) that the area of the peak at 1090 cm-1, (assigned to the stretching
of the C-OH bond) varies more than the others.
Table 2: Average of the percentage area of the peaks at specific wavelengths resulting from the
deconvolutional study done on FTIR spectra and ratio between each of these peaks and the sum of the C
= C features.
Area

AREA Ratio

[%] ± Standard Deviation

[-] ± Standard Deviation

C-OC

SAMPLE
C=C

ZTC_HF/HCl

ZTC_HF

C-O
1160

1250
(cm-1)

(cm-1)

21,75
±
0,51

24,31
±
0,55

14,13
±
0,30

22,64
±
0,56

24,52
±
0,52

14,92
±
0,31

C-OH

C-OH

1090
(cm-1)

1050
(cm-1)

4,86
± 0,51

3,45
± 0,52

C=C/

C=C/

C=C/

C=C/

C-O-C

C-O

C-OH

C-OH

0,89 ±
0,01

1,53 ± 0,06

4,47 ± 0,60

7,79 ± 0,77

0,92 ±
0,04

1,51 ± 0,1

6,56 ± 0,87

8,32 ± 0,13

2,79
±
0,21
2,72
±
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0,12

Furthermore, in order to verify an additional effect of the HCl treatment versus the C-C
double bond, the peaks between 1250 cm-1 and 950 cm-1 (C-O-R) resulting from the
deconvolution, were related to the sum of the two Gaussian functions between 1660
cm-1 - 1590 cm-1, corresponding to the two peaks related to the two stretching
adsorption zones of the C = C bond. From the results obtained it can be observed that
the HCl treatment induces a change only in the intensity ratio between C=C and C-O
stretching of the C-OH bond at 1090 cm-1 and 1050 cm-1, so inferring an increase of the
concentration of these specific carbon-oxygen groups.
From the FT-IR proposed methodology two main points are interesting: (i) based on the
area ratios, a new technique is proposed to estimate the oxygen amount and C-O
coordination on the ZTC surface; (ii) the adoption of a secondary HCl washing seems
to affect the oxygen content in the sense of increase of the C-OH groups. Since it is
widely known that surface oxygen significant affect the ZTC properties [7], the samples
were used as adsorption materials for methane and carbon dioxide sequestration. Very
promising values were found, in terms of gas load, depending upon the ZTC postsynthesis treatment.
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Zeolites and their hierarchical analogues offer high catalytic activity in cracking of
polymer waste such as polyethylene and polypropylene giving a valuable hydrocarbons
as end products. The highly desirable properties of micro/mesoporous materials
combined the secondary mesopore system with the intrinsic acidity of microporous
zeolites. The sequential desilication and dealumination processes offer catalysts with
tuneable acidity and porosity. As will be shown the assessment of unique properties of
zeolites (porosity and the acid sites speciation) crucial for the assessment of their
catalytic activity in polymer cracking can be comprehensively done with in situ and
operando FT-IR studies.

Figure 1 FT-IR spectra of C-H stretching region during
neopentane sorption over ZSM-5 zeolite, (inset) trace of bands
intensity change in time
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Figure 2 The schematic representation of operando FT-IR set-up
Typically, the acidity studies of
zeolites involve the use of carbon
monoxide, ammonia, pyridine or substituted-pyridines, as the basicity and kinetic
diameter of the probe molecules is imperative for the strength and accessibility
description when suitable measurement conditions are applied. Herein, the proper
identification of crucial and limiting factors ruling the activity of the microporous and
hierarchical ZSM-5 zeolites was based on FT-IR studies of nature of the realuminated
Al-rich shell and the influence of Lewis acid sites presence. When the zeolites should
serve as catalysts in cracking of large molecules as VGO or polymers the accessibility
of acid sites comes into the picture [1]. The bulky 2,6-di-tert-butylpyridine or even
trimethylacetonitrile can be proposed as probes for in situ IR studies [2,3]. Very often,
the results of studies of acidity and accessibility of sites carried out in situ FT-IR mode
strongly correlate with the materials activity in acid catalysed cracking reactions despite
the fact that catalytic and experimental conditions are extremely differentiated.

Recently, we development the FT-IR rapid scan methodology with neopentane as
probe molecule which allowed for the evaluation of the diffusion and the diffusion time
constant [4]. The spectra were analysed by means of the Crank solution giving the
feasible insight into the movement of neopentane in mutual-dependent systems of
micropores and mesopores in hierarchical ZSM-5 zeolites. The quantitate analysis of
diffusion time constant was found to describe well the catalytic behaviour of the
catalysts studied. Depending on applied desilication agent, thus a type of generated
mesoporosity, the diffusion time constant of hierarchical ZSM-5 zeolites varied,
similarly the sorption capacity for neopentane. The presence of Al-rich shell formed
during caustic leaching of zeolites was also confirmed to the decisive feature of
diffusion of neopentane.

The cracking of polymers over zeolitic catalyst can be evaluated by thermogravimetric
analysis, nevertheless the analysis of catalysts surface and occurring reactions is
impossible by this approach. Operando FT-IR studies coupled with on-line GC and MS
analysis of products offer a deep insight into the catalytic system by referring of the
spectral features of reagents transformed on the catalysts with the resulting product
distribution. The designed reactor with an inert gas feeding system, goes through the
catalyst-polymer mix in form of self-supported wafer placed in quartz cell. The polymer
cracking over catalyst surface is followed by FT-IR spectroscopy in rapid scan mode by
collecting one spectrum within less than one sec. Such methodology provides
important information on the cracking reactions on the catalyst surface and the
deactivation process under the working conditions as well. An effectively tuned acidity
and porosity of hierarchical ZSM-5 zeolites offers a boosting up in the catalytic cracking
of polymers. After catalytic cracking of polymers the TPO-IR measurements of coke
burning off provide important insight about the combustion mechanisms of produced
coke.
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The comprehensive methodology of in situ and operando FT-IR studies allows for
evaluation of acidity, porosity and catalytic activity of zeolites and meso/microporous
materials.
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The deactivation of zeolites by carbonaceous
deposits is a crucial issue in catalytic reactions
involving hydrocarbons transformations. The
carbonaceous species plug the zeolite
micropores and inhibit the diffusion of reactants
and products to and from active sites or even
lead to poisoning of the active sites. Contrary,
the dedicated covering of the catalyst with the
carbonaceous species may also positively
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influence reaction selectivity if the sites with restricted accessibility are required. Prior
knowledge regarding the paths of catalyst deactivation by means of carbonaceous
moiety formation is unequivocally important for designing the zeolitic catalysts with
targeted performance. In this respect, defining the relationship between the coke
speciation and zeolitic catalysts properties which determines the carbonaceous deposit
formation is important research goal. To meet this specific objective, a comprehensive
approach allowing to unwrap the correlations between the coke formation process and
zeolitic catalysts parameters need to be addressed.
Carbonaceous species over the catalysts with acidic property are rapidly formed during
the transformation of ethylene into higher hydrocarbons (ZSM-5, CBV2314E, Zeolyst,
325 oC, 5000 ml/(g۰h), 18 hours) Assessing the nature of such carbonaceous species
was evaluated using operando FT-IR and UV-vis spectroscopic methods. The TPO
experiments of coke removal from spent catalysts were performed from 200 to 550 oC
in flow of synthetic air and followed by FT-IR and UV-vis spectroscopies. The
information on the species in coked catalysts was derived from CO2 evolvution during
TPO reaction followed by FT-IR spectroscopy and mass spectrometry. The complex
band around 1640-1550 cm−1 identifies the coke species formed during the
oligomerization of ethylene over a series of ZSM-5. The position of the coke bands are
indicative of its nature itself. Thus the bands centered at 1615 and 1575 cm -1 suggest
are indicative for species formed by condensation reactions producing C6H7+ olefinic
cations (CH2=CH−CH]CH=CH]CH+ or cyclic alkenyl carbenium ions C6H9+ - the1575
cm−1 band) and polymethyl-benzenes as coke forming compounds (e.g. 1,2,4trimethylbenzene, 1,2,3-trimethyl-benzene – the 1615 cm−1 band).
The shape of the UV−vis spectra provides information that coke on spent catalyst
consists of 1-, 2-, and 3-ring aromatic compounds that are identified by the bands
appearing at 220 and 260 nm only. Both neutral and charged aromatics species are
identified by a complex band in the 220-620 nm region. More specifically, a complex
band at 425 nm is ascribed to 1-methylnaphthalene, in line with its relatively small
bandwidth indicative of a narrow distribution of hydrocarbon species contributing to this
band. The highest amounts of CO2 are formed by the oxidation of residues in ZSM-5
zeolite at temperatures as high as 500 and 550 oC. This confirms further the aromatic
character of coke species formed during ethylene oligomerization.
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With the launch of the XRDynamic 500 automated multipurpose powder X-ray
diffractometer, Anton Paar is breaking new ground in XRD and taking materials
research to the next level. In this presentation the key features and benefits of
XRDynamic 500 for the measurement of zeolites and other microporous or catalysis
samples will be presented.
The core of XRDynamic 500 is the TruBeam™ concept. TruBeam™ comprises a large
goniometer radius and evacuated optics units, automatic change of the beam geometry
and all optics components, and automated instrument and sample alignment routines.
All of these features combine to deliver outstanding data quality (in terms of both
resolution and signal-to-noise ratio) that can be measured with high efficiency in a
straight-forward manner; even users new to XRD can measure excellent quality XRD
data every time. The high level of automation means that you can perform
measurements on one or many samples with different geometries and instrument
configurations in one batch.
The instrument features lend themselves particularly well to the measurement of highquality data at low 2θ angles which can be of great importance for porous systems. In
addition, XRDynamic 500 also offers optimized solutions non-ambient XRD
measurements, where catalytic processes can be simulated at high
temperatures/pressures and even under reactive gas conditions.

In addition to the key instrument features and benefits, application examples from
zeolites will also be presented. XRDynamic 500 is suitable for powder XRD (in
reflection and transmission), grazing incidence XRD, non-ambient XRD, PDF analysis,
SAXS and more, covering a huge range of sample types and application fields. A wide
variety of sample stages and sample holders ensures that there is an optimized
instrument configuration available no matter the type of sample or measurement
conditions required.
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Figure 1 – The XRDynamic 500 multipurpose automated powder X-ray diffractometer.
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Mordenite (MOR) is one of the big five zeolite and is extensively used in
petrochemical as shape selective catalyst in various processes such as alkylation,
isomerization, deshydration, amination reactions [1]. For such applications the acidity
of mordenite is adjusted through dealumination treatments. Next to reducing the
number of framework aluminum atoms these treatments lead to the generation of
secondary porosity, i.e. mesopores and macropores. In the scientific literature the
impact of such post-synthetic modifications of acidity and mesoporosity are frequently
studied [2-3]. Their impact on microporosity is yet scarcely highlighted.
Mordenite features a unique structure presenting one-dimensional 12membered rings (MR) (6.7  7.0 Å) that are connected to one 8-MR channel (2.6  5.7
Å) in the crystallographic c direction and one 8-MR (3.4  4.8 Å) side pocket in the b
direction. A set of modified mordenites was achieved throw dealumination treatments
based on water vapor steaming and soft acid leaching of a parent sample.
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In this communication, we present for the first time the impact of the postsynthetic dealumination treatments (steaming and acid leaching) on the microporosity
of mordenite using high resolution argon, nitrogen physisorption and n-nonane preadsorption techniques to highlight the transformation of the parent MOR monodimensional framework to a bi-dimensional framework of its hierarchical counterparts.
Here, we will show that the destruction of side pockets upon steaming treatments
dealumination is responsible for major structural modifications in the main channel
accessibility.
The parent mordenite features two distinct micropore filling events in the low
pressure region of the argon physisorption isotherms at 87 K (figure 1a). As result, the
micropore size distribution (figure 1a, inset) is bimodal with two maxima found at 5.0 Å
(side pockets) and 6.1 Å (main channels). The steaming at different temperatures (500,
600 and 700 °C) followed by acid wash allowed to observe major modification.
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Figure 1 - Argon physisorption isotherms at 87 K (a), micropore volume related to side pocket and main channel as
function of Bronsted acidity (b).

The severity of steaming treatments not only induces significant decrease in
Brønsted acidity but also modifies deeply the micropore size distributions (figure 1a-b).
The pore volume of side pockets is drastically reduced for steaming temperatures
higher than 500 °C, whereas the pore volume related to the main channels decreases
slightly (figure 1b). However, the side pocket diameter remains almost unchanged,
while main channel porosity is slightly enlarged.
The n-nonane preadsorption technique followed by nitrogen physisorption
technique is a well-established method, allowing to deduce the amount of small
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micropores in a zeolite [4,5]. The accessible micropore volume (

) defined by

Sachse et al. [5] is used to quantify the impact of dealumination on sample
microporosity. The
is determined as the microporous volume of the n-nonane
retaining sample normalized by the total microporous volume of the pristine sample.
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Figure 2 – Nitrogen physisorption isotherms at 77 K of n-nonane retaining samples (a),

and % of remaining n-

nonane as function of Brønsted acidity

For the parent mordenite n-nonane retaining sample, no micropore filling by
nitrogen is observed indicating that the n-nonane blocks the access to entire micropore
system (figure 2,
= 0). This fact is quite surprising since the main channels are too
large to retain properly n-nonane molecules. The mono dimensionality of the parent
MOR framework is certainly responsible for main channel blocking. Our hypothesis is
that n-nonane molecules strongly interact with side pockets and partially blocks the
main channel access avoiding the nitrogen adsorption in the micropores (figure 2a).
Upon dealumination, the retained n-nonane amounts decrease and the
values
increase indicating that n-nonane molecules are less confined due to side pocket
partial destruction. The low-pressure range on nitrogen isotherms of n-nonane retaining
samples represents the main channel filling. In hierarchical samples, n-nonane
molecules block the remaining preserved side pockets but do not avoid main channel
accessibility. Hierarchical samples porosity become bi-dimensional providing more
accessibility to the main channels through the development of a secondary porosity
(figure 2a).
Our results show that n-nonane preadsorption technique can be used to follow
textural changes at the micropore level during hierarchization treatments.
References
[1] K.Tanabea, W.F. Holderich, Applied Catalysis, 181, 399 (1999).
[2] H. Issa, J. Toufaily, T. Hamieh, J.D. Comparot, A. Sachse, L. Pinard, J. Catal. 374, 409 (2019).
[3] A. A. C. Reule, J. A. Sawada, N. semagina, J. Catal. 349 98 (2017).
[4] I.Batonneau-Gener, A.Sachse, J.Phys. Chem C, 123,1235 (2019).
[5] A. Sachse, T. Aumond, J. Rousseau, I. Batonneau-Gener, Adv. Mater. Interfaces, 8, 210035 (2021).

P02.026. PROBING ORGANIC STRUCTURE DIRECTING AGENTS IN ZEOLITES
WITH 3DED
J. Cho, G. Hofer, H. Xu, X. Zou
1 Department of Materials and Environmental Chemistry, Stockholm University, SE106 91 Stockholm, Sweden
jungyoun.cho@mmk.su.se

728

Atomic resolution organic structure directing agents (OSDAs) were elucidated from a
single sub micrometer-sized zeolite crystal. OSDAs are responsible for various zeolite
topologies and acid site distribution, and their accurate assessment is important for
rational design of zeolites with tunable properties[1,2]. 3D electron diffraction (3DED)
methods, especially continuous rotation electron diffraction (cRED),[3] made structural
analysis possible with single crystal diffraction data from crystals too small for X-ray
diffraction experiments. However, OSDAs are especially susceptible to electron
damage and necessitate distinct experimental considerations. Herein, we demonstrate
the influence of electron radiation damage, sample preparation, and sample-specific
considerations on the cRED data quality necessary to acquire accurate atomic position
of OSDAs that form the experimental basis for studying guest molecules adsorbed to
the zeolite framework.

Figure 58.

Difference Coulomb potential maps of STW synthesized with 1,2,3,4,5pentamethylimidazolium as the OSDA. Spherical positive residual potentials (green)
indicate individual carbon or nitrogen atom sensitive to cumulative electron dosage (e /Å2).
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In the last years, a new family of organic structure directing agents (OSDAs) based in
phosphorous (alkyl phosphonium or phosphacenes) have been used for the synthesis
of zeolites allowing the discovery of new zeolitic structures. [1] The positive charge
introduced by the use of organic cations during the zeolite synthesis has to be
balanced by negative charges that can be of different nature, such as heteroatoms (B,
Al, Ga...) or, in the preparation of pure silica zeolites: siloxi (Si-O-) groups or fluoride
anions. It is important to note that there must be one negative charge present in the
material per each organic cation introduced in the structure; which in the case of OH media the specie will be the siloxi groups that are stabilized by the presence of Si-OH
groups nearby. [2]
The procedure for the synthesis of zeolites in fluoride media is well known and
established since the late 80s and it allows obtaining zeolites using pH media near to 7
and very low defective materials. Moreover, the presence of fluoride anions, which are
occluded in the small cages of the zeolites, can be used as NMR probe atoms to
identify the subunits that conform the zeolite because of the different F - environment
will lead to a very different MAS-NMR 19F spectra. [3]
In this study, we compare the effect of the size, nature and symmetry of different
OSDAs (ammonium and phosphonium based) on the negative and positive charge
distributions in the final silicalite-1 zeolites by employing a multinuclear 1D and 2D
solid-state NMR approach.
Silicalite-1 zeolites were synthesized by using 7 different OSDAs, 4 of them symmetric:
tetraethylammonium/phosphonium (TEA/TEP) and tetrapropylammonium/phosphonium
(TPA/TPP), and 3 asymmetric OSDAs: tributyl(methyl)ammonium/phosphonium
(TBMA/TBMP) and tripropyl(methyl)ammonium (TPMA). The zeolites were synthesized
according to the following gels: SiO2: 0.4OSDA:0.4HF:10H2O at 175ºC under stirring
conditions and they are labelled as follows: SDA-MFI. The XRD patterns confirm that
the silicalite-1 can be synthesized by using the cations described above and FESEM
images show that the zeolitic crystals are smaller when P-based cations are used
during the synthesis. 13C MAS-NMR spectra show one signal per each non-equivalent
carbon atom of the OSDA indicating that the OSDAs keeps its integrity and by
elemental analysis was possible to estimate that around four cations per unit cell were
present in the zeolite.
To get more insight on the negative charges that compensate the organic cations
introduced in the MFI structure, 19F and 1H MAS-NMR experiments were performed
and they are depicted on the Figure 1. The 19F MAS-NMR spectra of the TEA/TEP-MFI
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zeolites show the typical signal at around δ19F ~ -65 ppm for the mobile fluoride anions
into the t-mel cages of MFI structure [4] at a chemical shift that depends on the OSDA
used. For the samples synthesized with TPA/TPP or TBMA/TBMP a second signal
appears at δ19F ~ -80 ppm indicating that there exist two different environments for the
fluorine atoms in the t-mel cages. The 1H MAS-NMR spectra show, apart from the 1H
NMR signals from the OSDA in the region δ1H = 0 to 4 ppm, a characteristic signal at
δ1H = 10.5 ppm which is associated with the interaction of silanol groups with
negatively charged siloxi species (Si-O-···HO-Si). These species are responsible for
balancing the excess of positive charge that was not balanced by the fluorine atoms.

Figure 1 – a) 19F and b) 1H MAS-NMR of the synthesized zeolites.

The spatial distribution and the nature of the existing defects were analysed by doing
2D 1H MAS-NMR experiments, both double quantum-single quantum (DQ-SQ) and
triple quantum-single quantum (TQ-SQ). The results, depicted in Figure 2, clearly
indicate two relevant conclusions. First, the siloxi species (Si-O-···HO-Si) are closer to
the terminal methyl groups despite the length of the alkyl chain of the OSDA (Figure 2,
red square) and; second, the siloxi group is surrounded by three silanol groups (Figure
2b, blue square) even when changing the size and nature of the organic cations. [2]

Figure 2 – a) 1H DQ-SQ and b) 1H TQ-SQ MAS-NMR spectra of the TPP-MFI zeolite.
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Figure 3 compares the 2D 19F-1H MAS-NMR spectra measured at 850 MHz of the
TPA- and TPMA-MFI zeolites. The spectra show two different behaviours; the 19F NMR
signal at δ19F ~ -65 ppm correlates with all the organic protons meaning that the
fluorine atoms placed in the t-mel cage are spatially near all the 1H of the propyl chains.
Moreover, some fluorine atoms in TPMA-MFI zeolite are near to the isolated methyl
group of the asymmetric TPMA cation. In contrast, the signal at δ 19F ~ -80 ppm only
correlates with the terminal –CH3 groups of the propyl chains.

Figure 3 – 1H-19F HMQC MAS-NMR of the zeolites TPA-MFI (black) and TPMA-MFI (red).

In conclusion, location and distribution of the negative charges in the zeolites is not a
trivial issue and there are many aspects to consider. From one side, the siloxi groups
are surrounded by three silanol groups in the MFI structure and they are located
exclusively near the terminal methyl groups of the OSDA, but the position of these
groups should be different, for TEA/TEP or TPA/TPP cations. From the other side, the
fluorine atoms giving signals at δ19F ~ -65 ppm and δ19F ~ -80 ppm are probably
located in spatially different t-mel cages (inside of the unit cell) of the zeolite suggested
by the fact that they correlate with different 1H of the OSDAs.
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Introduction and Objective
The main synthetic routes for the preparation of zeolites and zeotypes are
hydrothermal crystallization in autoclaves at temperatures between 80° and 200 °C,
often using organic structure directing agents. The synthesis involves three main
stages namely the induction period, in which nuclei’s are formed, the period of particle
growth and the period of equilibrium [1]. At present, different hypothesis about the
mechanisms lying behind the induction and particle growth period have been
suggested [1-4].
In comparison to long known zeolites, the synthesis of the much younger metal organic
frameworks (MOFs) is less investigated. It appears, however, to be different from
classical zeolite crystallization. The proposed models for the synthesis of MOF includes
the formation of nucleation building units (NBU), which are “the minimum assembly of
atoms, ions or molecules which, by condensation of the group with others (identical or
different) give rise to the final solid” [5]. The nature of these NBUs is widely discussed,
but at present still little is known. Recently, the formation of [Al(H 2O)4-HBDC]2+ PBUs
has been suggested for the syntheses of MIL-53 [6].
Understanding of the mechanism of molecular sieve synthesis will allow developing
improved concepts for manufacturing those. For this reason, in-situ monitoring of the
synthesis is getting more attention, since it allows obtaining additional insights, which
might be missed by ex-situ characterization alone. In-situ ultrasonic diagnostic is a
valuable technique for studying the synthesis, since it is non-destructive, robust and
offers sufficient time resolution. In this study, the synthesis of zeolite A as well as of
MOFs HKUST-1 and MIL-53 has been followed in-situ ultrasonic diagnostics in a
comparative way.
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Experimental Section

An exemplary set-up for an US monitoring reaction chamber is depicted in figure 1 a.
The transducers can be placed directly into the fluid, or alternatively outside the
reaction chamber attached to the autoclave walls (1 b). In order to determine the
ultrasound velocity, the run time of the ultrasound signal between two transducers with
a given distance is measured. In addition, the dampening of the ultrasonic signal is
recorded. The formation of the denser solid phases (zeolites; MOFs) dampens the
ultrasonic signal and, thus, the formation of zeolite crystals is observable. The
dampening depends on the properties of the solid formed (viz. the elasticity) and on the
properties of the reaction system.
Zeolite A was synthesized using colloidal silicon dioxide, aluminium isopropoxide and
tetramethylammonium hydroxide as organic template as described in [7]. Sodium
hydroxide was used as mineralizer. The MOF HKUST-1 (Cu3btc2) was synthesized
from 1,3,5-benzenetricarboxylic acid, copper (II) nitrate trihydrate in DMF as reported in
[8]. MCM-53 is synthesized as reported in [6].

Results and Discussion
The crystallization of Zeolite A is observed via ultrasonic attenuation (c.f. Figure 1 c).
The decrease in the US signal in the first two hours shows the dissolution of the
amorphous material. After 2 hours, the signal remains constant. This can be ascribed
to the indication phase. During nucleation, the signal remains constant, because only
small variations of the concentration in the solution occurs. However, from eight hours
on the increase of the ultrasonic attenuation can be correlated to the particle growth.
The different gradients in this phase indicate that particle growth has to be divided in
two different processes. The first phase there can ascribed to a three-dimensional
growth phase. Meanwhile, the second growth phase, which is much slower, might be a
one dimensional layer growth.

In figure 1 d, the ultrasonic attenuation of the synthesis of HKUST-1. The synthesis of
this MOF follows a completely different pathway. The growth of the attenuation signal
increases logarithmically mainly without an indication of an induction period. After 16
hours the US-signal stays constant Both syntheses were analysed via Avrami-Erofeey
equation: ln(-ln(1-Ultasonic attenuation) = ln k + n ln(t-t0). The reaction order n and the
rate constant k were determined and collected in Table 1.
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a)

c)

b)

d)

Figure 1 - Set up for ultrasonic measurement and comparison of measured ultrasonic data of zeolite and MOF
synthesis
Reaction chamber with a) internal US diagnostic and heating jacket and b) US diagnostic attached to the walls.
Ultrasonic attenuation signal during c) synthesis of zeolite A at Tsyn = 95 °C and d) synthesis of HKUST-1 at Tsyn = 100
°C

Table 1 – Results of Avrami-Erofeey analysis
Avrami-Erofeey exponents of zeolite A and HKUST-1

Material

Reaction order n / -

Reaction rate k / h-1

Zeolite A (t0 = 2.5 h)

3.32

0.036

HKUST-1 (t0 = 0 h)

0.91

0.397

These findings show that in-situ monitoring of zeolite and MOFs synthesis with
ultrasonic diagnostics is possible and a helpful tool allowing a deeper insight of the
synthesis mechanism. In the case of zeolite A, one observes an S-shaped
crystallization curve, typical for an autocatalytic zeolite formation process, while that of
HKUST-1 exhibits an exponential pattern indicating a different formation process.
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Further characterisation and investigation of different molecular sieve will be given to
understand the underlying formation principle of these two material classes and allow,
finally, the development of improved synthesis recipes.
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Zeolites are inorganic microporous crystalline materials that present well defined
channel systems of molecular dimensions. This characteristic make them useful
materials in multiple applications, such as ion-exchange, adsorption, separation and
catalytic processes. [1,2] As each channel system is characteristic of a specific
framework type, the development of new zeolites is very useful to expand the range of
applications of these materials.
In order to obtain novel materials, several approaches have been attempted. One of
them rely on the use of different families of organic structure directing agents (OSDAs).
[3] The second consists in incorporating different heteroatoms in the zeolitic structure.
[4] Amongst these heteroatoms, the incorporation of germanium has proved to be very
useful, as its larger atomic radius introduces some flexibility to the framework. This
allows the formation of small units, specially the double four ring cages (D4R), resulting
on the formation of structures with very low framework densities, as predicted by Meier
[5]

736

Here we describe a new zeolite, named ITQ-69, obtained using the organic dication
2,5,5,3a,3b-tetramethyloctahydropyrrolo[3,4]pyrrole-2,5-diium (R) as OSDA. [6] This
material can be obtained either in hydroxide or fluoride media, with gel compositions
between pure germania and a Si/Ge ratio of 5.
Elemental analysis and solid state 13C MAS NMR spectroscopy indicate that the OSDA
remains intact after the synthesis, while the weight loss observed by thermogravimetric
analysis (17.5% at 1000K) suggest the presence of a significant porosity hosting the
OSDA.
The OSDA of ITQ-69 can be removed by calcination under dry air. The material retains
most of its structural integrity, even if its powder X-ray diffraction pattern (PXRD) shows
clear distortions. As a result, the isotherms of the calcined material N2 at 77 K present a
surface area of 248 m2 g-1 and t-plot micropore volume of 0.093 cm3 g-1. Taking into
account the chemical composition, referring these values to the hypothetical pure silica
ITQ-69 material, those values would be 356 m2 g-1 and 0.13 cm3 g-1, respectively,
indicating a good microporosity. However, these distortions preclude the structure
determination of the calcined material by powder x-ray diffraction analysis.
Field emission-scanning electron microscopy shows the presence of large crystals,
especially in the case of the Ge-richest samples, suitable for single-crystal X-ray
diffraction (SCXRD) analysis of the structure of zeolte ITQ-69. The analysis of a crystal
with pure germania composition indicates that ITQ-69 presents a triclinic structure with
a P-1 symmetry, and cell parameters a=9.2252(2) Å, b= 9.2383(2) Å, c=9.9724(2) Å,
α=87.159(1)°, β=65.126(1)°, γ=88.309(1)°, and V=770.08(3) Å3.
The SCXRD data allowed determining the complete structure of the framework of ITQ69, as well as locating all the OSDA atoms. Subsequently, the Rietveld refinement of
the PXRD of the pure germania OSDA-containing sample ensured that the measured
single crystal was representative of the whole sample, and confirmed that no
appreciable impurities were present in the material.

Surprisingly, despite the presence of fluoride anions and germanium in the synthesis
gel, both claimed as strong inorganic structure directing agents towards the formation
of D4R units, [7] ITQ-69 presents single 4R units but not D4R. This structure presents
a tridirectional system of interconnected straight small pore channels (8 x 8 x 8R) with
elliptical apertures. In addition, the OSDA molecules are located at the channel
intersections.

The Rietveld refinement of the PXRD data of samples with different Si/Ge ratios
indicates that, when Si is added to the synthesis gel, it incorporates to the structure, as
can be confirmed from a reduction of the unit cell parameters due to the smaller size of
Si compared with Ge. Also, it presents a clear preferential occupation of some given
crystallographic positions. Therefore, Si preferentially incorporates to T-sites not
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involved neither in 4R units or in T-OH groups, while Ge appears preferentially forming
Ge-OH groups. Preferential occupation is less evident in the remaining positions,
corresponding to 4R but not to T-OH groups.

Finally, taking profit of the tridirectional, small pore channel system, adsorption
experiments involving small hydrocarbons were carried out. The results show that ITQ69 can be a promising candidate for the kinetic separation of propylene from propane.
As the diffusion of propylene through the channel system of the zeolite is much faster
than that of propane, it suggests that both hydrocarbons could be separated kinetically
using this new zeolite as a selective adsorbent in refineries.
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The purely silicic zeolite SSZ-74 (type -SVR) was synthesized in fluorinated and nonfluorinated media using the organic structure-directing agents (OSDAs) 1,6-bis(Nmethylpyrrolidinium)hexane (symmetric, (C4N)[C6](NC4)) and 1-methyl-1-[6(trimethylazaniumyl)-hexyl]pyrrolidinium (asymmetric, TM[C6](NC4)) (Table 1).

(C4N)[C6](NC4)
TM[C6](NC4)

Table 1
Experimental molar compositions of the starting synthesis gels and
their synthesis conditions.
Molar compositions
Samples

Time

Temp.
(°C)

R(OH)2
SiO2

R(OH)2

HF

H2O

(days)

Ref

(C4N)[C6](NC4)

0.80

0.40

0.26

2.8

22

150

Asym160

TM[C6](NC4)

0.80

0.40

0

30

22

160

Sym160

(C4N)[C6](NC4)

0.80

0.40

0

30

22

160

Asym170

TM[C6](NC4)

0.80

0.40

0

30

15

170

Sym170

(C4N)[C6](NC4)

0.80

0.40

0

30

15

170

It has been demonstrated that the synthesis of the SSZ-74 zeolite can be performed in
fluoride-free medium with two structurally related OSDAs but preferably with the
asymmetric TM[C6](NC4) OSDA rather than with the symmetric (C4N)[C6](NC4) one
which is more efficient in fluoride media.
The structural study from powder X-rays diffraction of the as-made SSZ-74 zeolites
revealed that the both OSDAs are not located into the channels along [001] but into the
undulated 10-ring channel following the [110] direction (Figure 1).
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(a)

(b)

Figure 1 Projection along [010] of (a) Ref and (b) Asym170 structures showing the OSDAs ((C4N)[C6](NC4) and
(TM[C6](NC4)) inside the undulated channels along approximately the [110] direction. The atoms are colored in blue for
silicon, red for oxygen, brown for carbon, white for hydrogen, and gray for nitrogen.

This surprising result is confirmed energetically using a computational method based
on the non-polarizable Bushuev-Sastre force field [3]. The microscopic models of
anhydrous as-made SSZ-74 zeolites refined in this work with the unit cell chemical
composition expressed by the formula: |(OSDA2+)4|[Si924O176(OH)8(O–)8] was used. As
suggested by this formula, creation of each defect produces two silanol groups (≡Si–
OH) and two siloxy groups (≡Si–O–) thus leading to the presence of eight silanols per
unit cell. Moreover, the silanols can be distributed in six different manners, according to
the oxygen atoms hosting protons. In order to find the most stable configuration(s) we
prepared microscopic models for all six possible distributions (designed as O3|O16;
O3|O32; O3|O33; O16|O32; O16|O33; O32|O33, according to the cif file of the refined
structure). The microscopic model of the anhydrous as-made SSZ-74 zeolite with the
positions of OSDA molecules determined by Baerlocher et al. [2] was taken from the
Bushuev and Sastre publication [3]. The minimized energies of all investigated
systems, presented in Table 2 evidence that the anhydrous as-made SSZ-74 structure
with the OSDA oriented along the c-axis [2] is the less stable one. The most stable
structure corresponds to OSDA (C4N)[C6](NC4) oriented along the [110] direction with
respectively oxygens O16 and O32 hosting protons (Figure 2a).
An inspection of the dihedral angles of the OSDA molecules in the original structure [2]
and in our model reveals a major difference between them: when the OSDA is oriented
down [001], the alkane chain connecting the side N-methyl-N-pyrrolidinium groups is
mostly in syn conformation whereas, in this new model, the chain conformation is all
anti (Figure 2b). The mean dihedral angles of the connecting alkane chains are of 83.7°
when parallel to the c-axis and of 170.1° when parallel to the [110] direction. Moreover,
the relative stabilities of the OSDA molecules in both conformations were estimated
through Density Functional Theory (DFT) quantum mechanical calculations. The values
of energy showed higher relative stability of the all anti conformation by 32 kJ mol–1
(0.33 eV) compared to the syn conformation.
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Table 2. Relative stabilities of anhydrous as-made SSZ-74 zeolites with
different arrangements of the silanol nests structure.
ΔE (eV)

Structure

a

OSDAs oriented along [001]a

1.74

O3|O16b

0.91

O3|O32b Sym160

0. 25

O3|O33b Asym170

1.63

O16|O32b Sym170

0

O16|O33b

1.07

O32|O33b

0.16

References 2 and 3, b OSDA inside the channel oriented along [110].

(a)

(b)

Figure 2 (a) Hydrogen-bonding schemes of sample Ref. The turquoise spheres are the silanol or siloxy groups, the red
spheres the bridging framework oxygen atoms (the silicon atom radii has been reduced to zero for clarity) and (b)
overlay of the OSDAs ((C4N)[C6](NC4)) inside the unit cells of the Ref sample (magenta sticks) after the final Rietveld
refinement and inside the most stable computed model in space group P1 (blue sticks) with O16 and O32 as the oxygen
atoms of the two distinct silanol groups. Due to removal of symmetry, the single OSDA in the Cc model is replaced by
four independent molecules in the primitive P1 cell.
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Three structurally related materials will be
presented, all containing madadiite-type layers
(mag layers), which, however, display different
forms/styles/means of interconnection.
Magadiite is a natural layered sodium silicate
known since 1967. Magadiite-type materials have
also frequently been synthesized and modified in
the lab by research groups around Lagaly,
Schwieger, Pastore, Kooli and many others. The
structure of magadiite, however, has only recently
been solved [1] because of its disordered structure
and since only tiny crystals are available. Magadiite
consists of thick, dense silicate layers (mag layers,
Fig. 1) which are intercalated by rods of
interconnected
edge-sharing
[Na(H2O)6/2]
octahedra (Fig. 3b).

Figure 1: enantiomorphic magadiite-type layers
(orange: Si, blue: terminal OH; bridging O are omitted
for clarity).

There are only weak interactions between neighboring layers by weak ionic bonds and
additional hydrogen bonds involving water molecules of the octahedra and terminal
OH-groups of the layers. Individual layers are enantiomorphic to each other with a d
glide plane. The real structure of
synthetic magadiite is characterized by
stacking disordered mag layers.
Figure 2 displays a section of the
experimental
PXRD
diagram
of
magadiite (black) and a simulated one,
of the idealized, ordered structure
(blue). While the simulated powder
pattern
exhibits
sharp
reflexes
throughout, the experimental powder
Figure 2: PXRD pattern of synthetic magadiite (black)
and simulated PXRD patterns of the ordered (blue)
and disordered structure model(orange).
Corresponding Bragg reflections (black, bottom) are
presented additionally.
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pattern presents a mixture of moderately sharp and broadened reflections. Anisotropic
peak broadening can be observed for specific (hkl) values only. Particularly, (hk0) and
(00l) reflections show small halfwidths, while (h0l), (0kl) and (hkl) reflections exhibit
broader shapes. (00l) reflections are observed to be sharp, indicating the stacking of
layers of identical thickness along the c-axis. The sharp (hk0) reflections prove that the
structure is well ordered in the a-b-plane. These differences between sharp and broad
signals become all the more apparent in direct comparison between experimental and
simulated diagram (see broad reflections for (117), (206), (028)). The stacking disorder
was analyzed in detail by comparing the experimental PXRD pattern with simulated
diffraction patterns of structures characterized by various types of disorder.
The topotactic conversion of layered silicates is an advantageous alternative route to
obtain zeolites with unique frameworks, compositions and morphologies. Using this
route, a new silica zeolite of high density, RWZ-1, was prepared by a refluxing
treatment of protonated natural/synthetic magadiite with N-methylformamide and
subsequent calcination [2-4]. The microporous framework structure of RWZ-1 (Fig. 3a)
is reasonably well ordered and consists of fully interconnected mag layers as layer-like
building units (LLBU). RWZ-1 possesses a one-dimensional pore system of 8-ring
channels exhibiting elliptical cross-sections with free diameters of 3.3 x 4.8Ǻ. In

Figure 3: instructive sections of the structures of(a) RWZ-1 (condensed magadiite), (b) magadiite and (c) RUB-11
(expanded magadiite).

addition to the specific high density of 22.1 Si atoms/1000Ǻ3, an anisotropic linear
thermal expansion behavior was observed, possibly causing a distortion of the eightmembered pores. A promising candidate for further modifications and the application
as catalyst support with shape selectivity, RWZ-1 will remain in the focus of topotactic
conversion of layered silicates.
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The mag layers are also present as LLBUs in silica zeolite RUB-11 (Fig. 3c), which was
hydrothermally synthesized from SiO2/ethylenediamine/H2O in a Xe atmosphere during
a long reaction time. High density RUB-11 (Si30O60 per unit cell) can be regarded as an
Interlayer Expanded Zeolite based on mag layers. These LLBUs are interconnected via
additional Si atoms (indicated in green) leading to a non-interrupted framework with a
two-dimensional pore system consisting of intersecting 8-ring channels. The structure
was analyzed based on electron diffraction data and XRD powder patterns, as well as
NMR spectroscopy. Using the automated electron diffraction tomography method, the
atomic structure has been solved. In conjunction with the results of the Rietveld
refinement of RUB-11, severe disorder was observed. Using the PXRD data, a detailed
analysis of the disorder has been conducted [5].
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The Database of Zeolite Structures [1] has become an indispensable tool for many
zeolite scientists. It provides searchable structural information on all zeolite framework
types that have been assigned a 3-letter code by the Structure Commission. The data
include a complete description of the topology of the framework, a list of materials with
this framework topology, both simulated and measured X-ray powder diffraction
patterns, and in some cases, NMR spectra. An interactive 3D display of the structure
showing its channels and cavities and another showing the tiling arrangement are
provided along with a number of tools and downloadable files. However, zeolites with
disordered framework structures are poorly described within the format of this
database.
Ever since the disordered structure of zeolite Beta was first reported [2], the Structure
Commission has struggled to establish a way of handling such families of structures.
With the advent of improved structure analysis techniques, in particular 3D electron
diffraction, the number of zeolites with well-characterized disorder has grown. In an
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attempt to present information suitable for such disordered zeolites in a consistent
manner, a complementary “Database of Disorderd Zeolite Structures” has been
created. So far, 15 Intergrowth Families are on display. The Intergrowth Families are
classified by the type of disorder: (i) 1-dimensional stacking disorder with (a) a single
layer, (b) a single layer with small connecting units; (ii) 2-dimensional disorder, (iii)
Fault planes and (iv) other types of disorder.

An Intergrowth Family is characterized by (i) the Periodic Building Unit (PerBU) that
describes the ordered parts of the frameworks in this family; (ii) the Connectivity
Pattern that shows how the PerBUs can be connected to one another (see Fig. 1), (iii)
the Simplest Ordered End-Members and (iv) an example of a disordered structure in
this family (Fig. 2). Here, zeolite Beta will serve as an example.

Connectivity pattern
The layers are stacked along the [001] direction using the following connectivity patterns
Symmetry
Operation*

Translation*

m

1/3 a

the next layer cannot be translated along a

m

-1/3 a

the next layer cannot be translated along a

m

1/3 b

the next layer cannot be translated along b

m

-1/3 b

the next layer cannot be translated along b

m

none

connectivity pattern for the next layer
changes with each m operation

Comment

Image

*relative to the previous layer

Figure 1: The Connectivity Pattern showing how one Periodic Building Unit of the Beta framework can
be connected to the next.

For each possible connection, the symmetry operation and translation relative to the
previous PerBU is given, and a comment field for any further information is provided.
The relative arrangement of two connecting PerBUs for each type of connection is
displayed via a clickable link on the right. The effect of a disordered arrangement of
PerBUs on the channel system (e.g. blocking or non-blocking) is indicated.

A few examples of simple ordered end-members are provided to illustrate possible (but
not necessarily observed) stackings of the PerBUs, along with some basic
crystallographic data for that polymorph. The images are color-coded by layer
(according to the connectivity patterns listed above), and can be manipulated by the
user interactively.

Other features of the Database of Disordered Zeolite Structures include:

-

References for materials known to belong to the Intergrowth Family,
Simulated (Fig. 3) and measured X-ray powder diffraction patterns that can be
compared online with a pattern uploaded by the user,
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-

Stack plots of powder patterns simulated for different degrees of disorder,
Cif-files for the ordered end-members.

Polymorph A (Beta_A)
Cell Parmeters;

Ring sizes (# T atoms):
Channel dimensionality:
Channel system:

tetragonal
P 41 2 2 (#91)
a = 12.6614Å
b = 12.6614 Å c = 26.4061 Å
 = 90.0˚
 = 90.0˚
 = 90.0˚
12 6 5 4
Topological (pore opening > 6-ring): 3-dimensional
<100> 12 6.6 x 6.7** <-> [001] 12 5.6 x 5.6*

Beta_A is chiral and has an enantiomer with the space group P 43 2 2
Note: This polymorph has NOT been observed as a pure ordered material

Disorder Example
Simple example of a random stacking
There is no blocking of the 3D channel system.
No simple m connections (green layer) are included, because that combination
has not been observed

Figure 2: Intergrowth Family Beta: an ordered end-member (polymorph A) and an example of a disordered framework
structure.

746

Figure 3: Calculated Powder Patterns for Intergrowths (here: intergrowth of Beta_A and Beta_B).
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Silver ions incorporated to zeolite can serve as active sites in numerous catalytic
reactions as the aromatization of alkanes, alkenes and methanol [1]. The reduction
process of Ag+ cations to various forms of Ag0, clusters or nanoparticles, can occur
upon the thermal treatment with CO, alcohols and alkylobenzenes [2]. Further, the
thermal treatment itself plays an important role in the control of Ag species nature in
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zeolites. An isolated Ag+ cations are the most favoured at temperatures below 400 oC
while higher temperatures facilitate their aggregation [3]. The status of Ag species in
zeolites and their interaction with reactant molecules are of high imporantce [2].

The evolution of Ag species in the oxidative and reductive atmosphere was tracked in
operando UV-vis studies. The temperature was increased gradually from RT to 500 oC
with rate of 10 oC/min, and over 10 min stabilization every 50 oC.
It is well known fact that during oxidation at elevated temperatures the reduction of Ag +
to Ag0 can take place even in pure oxygen atmosphere. This is our case as the bands
placed at 255 and 280 nm (Agm+ and Agn+ clusters, where m<n<8) as well as 367 nm
(Agp0, y>8) increased significantly upon the thermal treatment in synthetic air flow when
the temperature was raised from RT to 500 oC. Also AgNPs can be identified at 430 nm
and 550 nm on UV-vis spectrum (Fig. 1A). On the hand, the reduction under H2
atmosphere with gradual increase of temperature to 500 oC leads to the formation of
new kind Agx+ with lower atomicity degree ( 4<x<8, 300 and 320 nm) accompanied by
development of AgNPs (418 nm) (Fig.1B).

A

Kubelka-Munk

4

2

2

0
200

25-50oC
50-100oC
100-150oC
150-200oC
200-250oC
250-300oC
300-350oC
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450-500oC

4

300

400

500
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Wavelength (nm)

700

800

0
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300

400

500

600

700

B

800

Wavelength (nm)

Figure 1 UV-vis spectra of Ag-ZSM-5 zeolite upon thermal treatment in oxidative (A) and reductive (B) atmosphere
synthetic air and hydrogen during

The status of silver sites in zeolites will influence the process of catalytic
oligomerization of ethylene and methane activation because of the Ag+ cation itself can
serve as the reaction site. Further, the activity of protonic sites present in reduced
sample can be moderated by charged silver cluster presence. This aspect of the
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oligomerization activity influenced by the co-presence of Ag+ cations was studied by
means of 2D COS FT-IR spectroscopy of ethylene transformation over Ag-ZSM-5 and
H-ZSM-5 zeolites at 375 oC over 10 h.

The first period of reaction over HZSM-5 zeolite the ethylene is immediately
transformed to linear hydrocarbon products with conjugated C=C bonds (1660 cm -1)
(Fig. 2). The positive correlation between the 1660 cm-1 band and 1445 cm-1 band
(indicative for ethylene) confirms that both species in overall reaction time serve as
substrates. Thus it can be found that ethylene and hydrocarbons with conjugated C=C
bonds are transformed to aromatic compounds represented by 1590 cm -1 band. This
aromatic character is confirmed by the negative correlation of 1590 cm-1 band with the
alkyl vibration bands of the CH3/CH2 groups represented by the 1365 and 1375 cm-1
bands. The AgZSM-5 zeolite presents distinctly different selectivity of the process:
conjugated linear species are not formed and the main products of the ethylene
oligomerization process are aromatic compounds, e.g. 1,2,4-trimethylbenzene (1505
cm-1) and bulky aromatics seen as 1590 and 1570 cm-1 bands. Homogenous nature of
the oligomerization products is reflected in the maps as well-resolved high intensity
correlation peaks. The participation of Ag+ cation in ethylene transformation is also
confirmed by selectivity of AgZSM-5 catalyst when compared to protonic HZSM-5
zeolite.
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0.001
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Figure 2 2D COS maps of FT-IR spectra registered during ethylene oligomerizaiton over HZSM-5 (A) and AgZSM-(B)
zeolites at 375 oC for 10 h.
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Energies nouvelles, Rond-point de l’échangeur de Solaize, BP3, 69360 Solaize,
France.
2Institut de Physique et Chimie de Matériaux de Strasbourg, UMR 7504 CNRS Université de Strasbourg, 23 rue du Loess BP 43, F-67034 Strasbourg, France
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One of the most used methods for introducing a hierarchical porosity into a FAU Y
zeolite is provided by the dealumination process. In this framework a 3D TEM
characterization via the (S)TEM electron tomography is performed in order to obtain
direct 3D morphological descriptors of the characteristics of the porous network [1-2], in
relation with the dealumination process, with a focus on the mesopores (2-50 nm of
diameter) as observed in Figure 1. The local Si/Al ratio and the elemental mapping is
also analysed by STEM-EDX for monitoring the Al atoms distribution into the grain at
different steps of the dealumination process, as illustrated in Figure 2. The study aims
indeed to relate the morphological, structural and chemical parameters which
characterize the zeolite-based materials after each hydrothermal treatment of step-wise
dealumination. The size and shape distribution of the mesopores, as well as their
accessibility and orientation into the zeolite, the modification of the surface roughness
and of the specific surface area are investigated and compared. Based on the results,
a mechanism of mesopores evolution is also proposed.
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Figure 1. 3D model of a dealuminated Y zeolite after a 620°C steaming

Figure 2. STEM EDX chemical map of the species of a dealuminated Y zeolite after a 700°C steaming
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The ammonia selective catalytic reduction (NH3-SCR) is the basis for the abatement of
nitrogen oxides (NOx) emissions in diesel exhaust systems. Cu-exchanged chabazite
zeolite (Cu-CHA) is a well-known catalyst for the NH3-SCR reaction, thanks to a good
low-temperature activity and stability at high temperature [1]. However, the lowtemperature activity Cu-CHA zeolites is decreased significantly in the presence of small
amounts of SO2 in the exhaust gas, limiting the application of Cu-CHA catalysts to
systems where ultra-low sulfur diesel is available. The activity can be mostly recovered
by heating to about 500 C, but a minor deactivation seems to be permanent. This
implies the presence of a reversible and an irreversible deactivation process, which are
not completely understood [2]. A fundamental molecular-level description of the
interaction of SO2 with the Cu species in Cu-CHA zeolites that are relevant for the NH3SCR reaction is necessary to understand the deactivation mechanism. To this aim we
have studied the effect of SO2 exposure to different, well-defined Cu+ and Cu2+ species
in Cu-CHA catalysts with different Cu and Al contents by in situ UV-Vis-NIR diffuse
reflectance (DR) spectroscopy.

In this study, we have used a Cu-CHA catalyst with a Si/Al ratio of 6.7, and 3.2 wt%
Cu, corresponding to a Cu/Al ratio of 0.24. To obtain the well-defined Cu-species, the
catalyst was first heated at 400 °C for 1 hour in 10% O2/N2. The catalyst was then
cooled to 200 °C, and one of the procedures in Table 1 was applied to obtain the
indicated Cu species, followed by exposure to 50 ppmv SO2 at 200 °C. The four
applied procedures are expected to produce Cu+ (b, c) and Cu2+ species (a, d).
Framework coordinated Cu2+ are formed after treatment in O2 in procedure a. Cu+ is
formed by reduction of Cu2+ with the NO/NH3 mixture, forming mobile [Cu+(NH3)2]+
complexes (procedure b). High temperature treatment of these complexes is expected
to release NH3 ligands and form framework-coordinated Cu+ ions (procedure c). The
reaction of [Cu+(NH3)2]+ complexes with O2 at 200 °C (procedure d) results in mobile
[Cu2+(NH3)4O2]2+ species, which are supposed to be an important intermediate during
low temperature NH3-SCR reaction [3].

Table 1 - The different pre-treatments of the catalysts after oxidation at 400 °C for 1 hour to obtain welldefined Cu+ and Cu2+ species
Procedure

Description

Cu species

752

a

No further pretreatment

Cu2+

b

Reduction in 500 ppmv NO and 600 ppmv NH3 at 200 °C

[Cu+(NH3)2]+

c

Reduction in 500 ppmv NO and 600 ppmv NH3 at 200 °C, followed by heating in N2 at
500 C

Cu+

d

Reduction in 500 ppmv NO and 600 ppmv NH3 at 200 °C, followed by oxidation in O2
at 200 C

[Cu2+(NH3)4O2]2+

Figure 1 shows the DR UV-Vis-NIR spectra before (black) and after (red) SO2 exposure
for all procedures. The spectrum collected after oxidation is reported in Figure 1a. It
shows a broad asymmetrical peak, centered about 12000 cm-1 and with a component
at 22000 cm-1 related to the d-d band of Cu2+ ions, with a ligand to metal charge
transfer (LMCT) absorption between 20000-35000 cm-1. After exposure to SO2, the d-d
band decreases and changes in shape, while the LMCT absorption shifts to lower
energy. This indicates that the oxidation state and the ligands in the coordination
sphere of Cu2+ are significantly changed after SO2 exposure as reported in the
literature [4]. Figure 1b shows the spectrum measured after NO/NH3 treatment, which
is almost flat in the d-d region and shows a LMCT absorption above 30000 cm-1, in
agreement with the formation of solvated [Cu+(NH3)2]+ complexes. After SO2 exposure
a small increase in Cu2+ d-d transitions and related red-shift is observed, which is
however ascribed to a very small O2 contamination. Interestingly, when framework
coordinated Cu+ ions are formed in procedure c (Figure 1c), the spectrum is almost
unchanged after SO2 exposure, indicating that framework coordinated Cu+ ions are
less sensitive to SO2 and O2 contamination with respect to solvated ions with the same
oxidation state. Finally, [Cu2+(NH3)4O2]2+ species were formed in procedure d after
interaction [Cu+(NH3)2]+ complexes with O2 (Figure 1d) [5]. After SO2 exposure, we
observe a significant decrease in the d-d transition assigned to Cu2+ ions in
[Cu2+(NH3)4O2]2+ complexes, while the LMCT only changes slightly in slope. This is in
agreement with some reduction of Cu2+ ions in the [Cu2+(NH3)4O2]2+ complexes to Cu+,
as recently observed by X-ray Absorption spectroscopy [6].
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Figure 1 - UV-Vis-NIR spectra of Cu-CHA (Si/Al=6.7 and Cu/Al= 0.24) after the pre-treatment described in Table 1
(black) and subsequent SO2 exposure (red)

In conclusion, the data indicate a specificity of SO2 interaction which depends on the
oxidation state and ligands of the Cu ions. It is suggested that Cu in the 2+ oxidation
state (framework coordinated Cu2+ and mobile solvated [Cu2+(NH3)4O2]2+ species) are
more sensitive to SO2 than Cu+ ions, which are hardly affected in both framework
coordinated and solvated states. Interestingly, mobilization of Cu + ion in [Cu+(NH3)2]+
species increases their reactivity to small amount of molecular oxygen. Since
[Cu2+(NH3)4O2]2+ complexes are important intermediate in low temperature NH3-SCR,
the logical evolution of this work would be to follow their exposure to SO2 in Cu-CHA
zeolites with different Si/Al ratios and Cu density.
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The specific surface area is key for various application fields of porous materials. Its
reliable determination is therefore crucial for both, materials development as well as
fast and reliable product quality management. New analytical methodologies will in
particular help to accelerate future targeted development of novel functional porous
materials, such as hierarchically ordered nanoporous materials including micromesoporous carbons, mesoporous zeolites and novel micro- or mesoporous material
classes, such as metal organic framework materials (MOFs), aerogels and xerogels.
Surface area assessment is usually based on physical adsorption (e.g. nitrogen and
argon adsorption at 77 and 87 K, respectively) using the Brunauer-Emmett and Teller
(BET) theory. However, the BET method/gas adsorption exhibits a number of
limitations and challenges including (i) time consuming sample preparation and
measurement time, and (ii) reliable surface areas only possible for non-porous and
meso-/macroporous materials to obtain reliable surface areas. In addition, the accuracy
of surface area data obtained from adsorption depends on the proper choice of
adsorptive/probe.
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Within this context, this work evaluates in a rigorous way in-depth Small Angle X-ray
Scattering (SAXS) as an alternative and complimentary approach for fast and reliable
assessment of the surface area of nanoporous materials. To our knowledge, this work
can be considered the first systematic study where the surface areas from SAXS are
compared and validated with true benchmark surface area data. In order to evaluate
the applicability of SAXS for surface area assessment, we utilize silica-based
nanoparticles as well as a well-defined mesoporous controlled pore glass for
systematic SAXS and adsorption studies (argon and nitrogen at 87 K and 77 K,
respectively). Owing to the lack of micro- and narrow mesopores of these model
materials, the BET method based on argon 87 K adsorption can be applied to
determine benchmark surface areas by physisorption. Indeed, excellent agreement
was found between specific surface areas derived from argon 87 K adsorption and
SAXS analysis. A large difference between the surface areas determined with SAXS
compared with nitrogen (77 K) adsorption was detected, also confirming that nitrogen
adsorption is inappropriate for surface area assessment of materials with polar surface
sites, while argon 87 K adsorption is here the proper tool for physisorption
characterization. Furthermore, for the model materials used, the study shows that
SAXS does not require degassing and – along with multi-sample holders and analysis
times of a few minutes per sample only – provides an accurate and extremely fast,
high-throughput approach for determining specific surface areas. We demonstrate that
the determination of specific surface area can be brought with SAXS to a new level,
where parameters such as size of the probing adsorptive and its orientation and thus
its effective cross-sectional area, when adsorbed on the surface, are no longer
affecting the value of the specific surface area determined.
This fundamental study can be considered a major step in enabling SAXS for reliable
surface area assessment for applications both in nanoporous materials development
and quality control, thus boosting SAXS for surface area determination in general, but
in particular also for materials, where the usage of gas adsorption is restricted or not
possible at all. For example, SAXS can potentially overcome difficulties intrinsic to
adsorption analysis arising with microporous materials, where the BET theory is not
applicable or materials, where sorption causes a change in the state of the adsorbent
(e.g. swelling/deformation, adsorbent phase transitions).
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Force field calculations of SiO2 zeolites with fully packed fluoride and organic SDAs
were made with an updated version of zeoTsda [1,2] software, based on Monte
Carlo+Lattice Energy Minimization (MC+LEM). Comparison between fluoridecontaining and fluoride-free calculations using the same organic SDA allowed us to
predict, for a series of 8 SDAs (Figure 1), which zeolite phase was obtained in fluoride
and hydroxide media (Table 1) and also, through a new energy decomposition
scheme, identify energetic contributions driving the synthesis outcome. The energy
decomposition allows to: a) compare the total energies in zeo-OSDA-F systems and
suggest the zeolite phase obtained with each OSDA, with and without fluoride; and b)
compare each energetic term in order to find the dominant contributions to the stability
of zeo-OSDA-F systems in presence and absence of fluoride.
Table 1. Predicted zeolite phase from calculations compared to experiments, in fluoride (F) and hydroxide
(noF) media.
F

noF

SDA
Predicted

Experimental

Predicted

Experimental

sda01

AST

AST/NON

AST/NON

NON

sda02

MEL

MEL

MTW

MTW

sda03

STF

STF

STO

STO

sda04

STF

STF

STO

STO

sda05

STF

NES/CON/STF

STO

STO

sda06

DOH

DOH

STO

STO

sda07

CHA

CHA

CHA

MWW/CHA

sda08

LTA

LTA

UFI

UFI
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For example, the results of sda02 (Table 2) indicate that MEL is the preferred phase in
fluoride media because its total energy, E(Total), is lower than that for MTW (-40.754
and -40.736 eV/SiO2). In the absence of fluoride, the most stable phase becomes
MTW, (-40.557 and -40.577 eV/SiO2) mainly driven by its larger framework stability.

In the presence of fluoride, the electrostatic part of E(zeo-SDAF) is the dominant term
that mostly contributes to the larger stability of MEL (-0.225 eV/SiO2) with respect to
MTW (-0.152 eV/SiO2). In the absence of fluoride, the larger zeolite phase stability,
E(zeo), of MTW (-40.562 eV/SiO2) with respect to MEL (-40.548 eV/SiO2) is the
dominant term that explains the synthesis of MTW.

Table 2. Energy (eV/SiO2) decomposition analysis for the stability of sda02 with MEL and MTW in nonfluoride (top) and fluoride (bottom) media.
zeo-SDA

E(Total)

E(zeo)

E(SDA)
(cou)

E(SDA)
(vdw)

E(SDA)
(intra)

E(zeo-SDA)
(cou)

E(zeoSDA)
(vdw)

sda02_MEL

-40.557

-40.548

0.000

-0.002

0.032

-0.001

-0.038

sda02_MTW

-40.577

-40.562

0.000

0.000

0.025

0.000

-0.040

zeo-SDA

E(Total)

E(zeo)

E(SDAF)
(cou)

E(SDAF)
(vdw)

E(SDAF)
(intra)

E(zeoSDAF)
(cou)

E(zeo-F)
(vdw)

E(zeoSDA)
(vdw)

sda02_MEL

-40.754

-40.473

-0.115

-0.001

0.064

-0.225

0.035

-0.041

sda02_MTW

-40.736

-40.507

-0.110

0

0.055

-0.152

0.017

-0.039
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CAS-15302-91-7,
sda01

CAS-146877-01-2, sda02

CAS-16431-16-6,
sda03

CAS-9947602-89-3, sda04

CAS-947602-90-6,
sda05

CAS-244048-92-8, sda06

CAS-46244-96-6,
sda07

CAS-767624-06-6, sda08

Figure 59. Organic SDAs employed in the study, with CAS names.

Summarizing, subtle differences in the energetics of fluoride and fluoride-free
calculations allow to explain the preferred zeolite phase in each media when using
reported OSDAs. Successful calculations of energetic stability were possible due to: a)
a sophisticated algorithm to automate the zeolite pore filling with OSDA cations and
fluoride anions, including electrostatics; and b) the use of a force field that includes all
the components of the zeolite-OSDA-F models.
Not only organic and fluoride SDAs are driving the synthesis. Also zeolite phase
stability is driving some synthesis products in hydroxide media.
An overall view of the calculations performed [1] shows that the energetic analysis
gives an explanation to the well-known stabilization of D4R-containing pure silica
zeolite phases in the presence of fluoride. Finally, the role of the OSDA through the van
der Waals zeo–OSDA interactions is crucial in hydroxide media but in fluoride media
other factors are also important.
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1-Butanol can be produced through the fermentation of renewable feedstocks by
anaerobic bacteria. An aqueous mixture is obtained, where Acetone, 1-Butanol and
Ethanol (ABE) are present in a ratio 3:6:1. Denayer and co-workers proposed the
association of zeolites with complementary selectivities (CHA and LTA frameworks), in
order to purify 1-butanol from the fermented mixture vapor phase. Such phase contains
a higher concentration of ABE compounds in comparison to water, despite other
operational advantages.[1] Inspired by their experimental process, Molecular Dynamics
(MD) and Monte Carlo (MC) simulations were performed, assessing this separation
process on both LTA and CHA-type zeolites. The procedure involves three main steps:
(i) the fermented vapor phase flowing through an ITQ-29 column (LTA-type zeolite),
operating at 313 K. During this process, butanol and small amounts of ethanol and
water are adsorbed by the adsorbent, while acetone and remaining ethanol and water
cross the column, being collected and discarded. Specially, the adsorption of acetone
molecules are precluded by size, as it possess a kinetic diameter (4.7Å) higher than
pore apertures of both zeolites employed (8-ring dimensions of 4.2⨉4.2Å for LTA and
3.8⨉4.2Å for CHA); (ii) the desorption of butanol, ethanol and water from the ITQ-29
column, at higher temperature (393 K); (iii) the desorbed mixture from the previous
step, passing through a second column of SSZ-13 or SAPO-34 (CHA-type zeolites), at
313 K. Water and ethanol content are adsorbed whilst 1-butanol permeate the column
and is recovered at the end with high purity. After the initial 50 minutes of ITQ-29
desorption, the CHA column is detached from the system, and the subsequent
desorbed content from the first column is pure butanol.
To analyze equilibrium properties, pure component and mixture adsorption isotherms
in the grand canonical ensemble were performed by the Configuration Bias Monte
Carlo method, as implemented in RASPA software.[2] Force fields were selected
during a benchmark procedure. As result, alcohol molecules were modeled by TraPPEUA force field,[3] water molecules by TIP4P/2005 model,[4] and zeolite–alcohol
nonbonded potentials as reported by Martin-Calvo et al. [5]. On the other hand,
diffusional behavior of the mixture in both zeolites was simulated by Molecular
Dynamics methodology, using DL_POLY Classic.[6] The simulation boxes contained 2
unconnected reservoirs (divided by a repulsive wall), and surface silanols in both
zeolite sides facing those reservoirs. In the remaining directions, zeolite periodicity was
maintained. The adsorbates were modeled by the same force fields previously
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employed in the MC simulations, while flexible zeolite frameworks were described by
Ghysels et al. model.[7]
For the pure component adsorption isotherms involving step (i), the maximum uptake
(at 105 Pa) of adsorbates in ITQ-29 framework followed the order: water (15.88
mmol/g) > ethanol (4.15 mmol g/) > butanol (2.28 mmol/g), a trend closely related to
adsorbate sizes. While both alcohols are mainly adsorbed in ITQ-29 α-cavities, water
molecules can also be located in the smaller regions between two adjacent α-cavities.
Such preferential locations were observed in pure component and mixture MC
simulations (Fig. 1a). It is worth mentioning that LTA β-cages (sodalite) are
inaccessible and were blocked during calculations. Considering the fermented vapor
mixture (0.07 butanol : 0.01 ethanol : 0.92 water, black line on Fig. 1b), ethanol uptake
is considerably low (0.015 mmol·g−1), as its concentration in the mixture is small (50
Pa). On the other hand, butanol molecular ratio is increased by 10 times in the
adsorbed mixture (0.71 butanol : 0.01 ethanol : 0.28 water), while water content is
reduced by 70%, reinforcing how ITQ-29 structure is well suited for the butanol
separation step.

(c)

(a)

(b)

(d)

Figure 1 - (a) Mixture uptake at 4569 Pa, in ITQ-29 3⨉3⨉3 channel system (transparent gray). (b) Mixture (0.07 butanol
: 0.01 ethanol : 0.92 water) adsorption isotherm of ITQ-29 zeolite, 313 K. Snapshots during MD simulations of (c) vapor
mixture desorption in ITQ-29 (85 ns, 393 K) and (d) adsorption of ‘desorbed mixture’ in SAPO-34 framework (115 ns,
313 K). Butanol in blue, ethanol in pink, water in cyan. Attractive and repulsive walls in black (c) and gray (d),
respectively, separating left and right reservoirs.

Starting the MD simulation with the uptake illustrated by Fig. 1a, the desorption
process (step ii) was simulated. The system quickly achieves an equilibrium, and only
approximately 20% of the water molecules are desorbed (mostly located close to the
surface silanols). Experimentally, there is a continuous flux of a stripping gas,
redirecting the desorbed molecules to the next column (CHA-type material). Thus, the
equilibrium is displaced and desorption is favored. This was confirmed by a second
simulation containing an attractive wall that only interacts with adsorbate molecules
when they reach the center of both reservoirs, preventing them from being readsorbing. With such approach, all ethanol and water molecules were rapidly desorbed
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from ITQ-29 (after 9 ns), while butanol molecules remained adsorbed until the end of
the simulation (Fig. 1c).
Finally, the diffusion and adsorption of the desorbed mixture in the second column
(step iii) was evaluated for CHA framework, comparing the pure silica and
silicoaluminophosphate materials. On both simulations, performed for 250 ns, only
ethane and water molecules are adsorbed in SSZ-13 and SAPO-34 zeolites,
corroborating with the experimental findings. Larger simulations are needed to possibly
observe a complete adsorption of water molecules from the mixture, first placed at the
left reservoir (R1). Even though, at the end of the simulation, approximately 60% and
40% of the water remained in R1 for SSZ-13 and SAPO-34, respectively, illustrating
the increased hydrophilicity of the silicoaluminophosphate with respect to the silica
material (Fig. 1d). During the simulation, water molecules diffused from R1,
establishing hydrogen bonds with surface silanols close to this reservoir (SR1), being
adsorbed into zeolite channels (bulk), also reaching silanols on the opposite side (S R2)
and the right reservoir (R2). Up to 20% of the water can be interacting with each of the
surfaces throughout the simulation, for both materials. Although water mobility inside
both frameworks is considerable – molecules that reach R2 are rapidly re-adsorbed
due to their small size – the amount of water in the bulk is approximately 20% for pure
silica and 30% for SAPO-34. Such result indicates the increasing zeolite affinity for
water molecules when changing the chemical nature of tetrahedral atoms from Si to
Si,Al,P. Moreover, the presence of Brønsted sites in SAPO-34 enables hydrogen
bonding with the solvent inside the cavities, beyond those established on the surface.
The computational results show that the force fields employed captures the
adsorption/desorption behavior of a complex mixture of polar molecules
(alcohols+water). The computational models including zeolite frameworks with external
surface and reservoirs, mimicking membranes, seem capable of reproducing the
essential behavior of the experimental process of biobutanol recovery. Since the
simulations allow quantifying the results in terms of each molecular component
selectivity, this opens the way to compare, computationally, the performance of
analogous systems by modifying not only the chemical composition of each membrane,
but also the effect of the zeolite structure by testing other frameworks.
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Lewis acidic zeolites have gained much interest recently, owing to their ability to
efficiently catalyse several important reactions [1]. The substitution of Lewis-acid
heteroatoms into zeolitic framework induces increased catalytic activity compared to
purely siliceous zeolites and Brønsted-acidic aluminosilicates. Zeolite Tin-BETA (Sn-β)
is a tin-containing zeolite of the BEA-type framework [2], which has shown remarkable
activity and selectivity for numerous catalytic reactions, such as the Baeyer-Villiger
oxidation (BVO) and the Meerwein-Ponndorf-Verley reductions (MPV reduction), and
other important reaction in the development of green and sustainable technology [3],
Conventional methods of zeolite synthesis, such as hydrothermal synthesis, pose a
problem for wide-spread uptake of this catalyst in industry as the procedure requires
strong acids, such as HF which is both environmentally harmful and industrially
inappropriate, along with high temperatures and pressures. New methods of synthesis,
such as solid-state incorporation (SSI), have successfully inserted Sn into the BEA
framework (figure 1), in a solvent-free way, using lower temperatures and pressures,
without impairing the activity of the catalyst for the BVO and MPV reactions [4].

Figure 1- Steps of forming zeolite Sn-β through SSI with active site transformation depicted.

Though there have been several experimental studies, the exact mechanism of SSI
remains elusive. Therefore, we have embarked on a computational investigation into
the formation of tin sites within the BEA framework, extending on work conducted by
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experimental collaborators [5]. In studying the mechanism of SSI, we employ periodic
Density Functional Theory (DFT) simulations [6,7], along with other contemporary
modelling techniques, such as embedded-cluster methods which employ quantum
mechanics and molecular mechanics (QM/MM) [8] to study the transformation of tincontaining precursors into the active site of the zeolite catalyst. To date our calculations
have been able to elucidate some insight into the mechanism of SSI, for example, the
role of water in alleviating some kinetic barriers (figure 2). Where a network of water
molecules can significantly reduce the kinetic barrier of oxidation via hydrogen
abstraction through proton shuttling, reducing the activation energy from 3.2 to 1.2 eV,
with and without water, respectively. As oxidation of the active site from Sn(II) to Sn(IV)
is a key mechanistic step in the formation of the active catalyst, our results
demonstrates the important of a network of water molecules during SSI.

Figure 2- Potential energy surface for Sn oxidation as a function of Sn-O bond length.

Furthermore, through collaborations with the Fritz-Haber Institute in Berlin, we have
sought to study the effects of anharmonicity within the zeolite framework and its
consequence on simulated vibrational spectra. The finite-difference harmonic
approximation used to describe molecular vibrations thus far is a straightforward and
computationally affordable method, making it widely popular in the literature. The
assumption, however, that the potential energy landscape around any given atom is
harmonic in nature does not hold for complex materials, such as zeolites, where
anharmonic effects are observed. For instance, exothermic catalytic processes within
bulk materials for zeolites, can lead to local increases in temperature that dissipate via
anharmonic effects. Recently, significant advancements have been made to model
anharmonic effects within materials, deriving measures to quantify anharmonicity,
whilst aiming to capture and understand more complex behaviour and properties [9].
Computational techniques afford a high throughput way of classifying materials based
on anharmonic contributions, whilst rationalizing macroscopic properties. Therefore,
through developing our understanding of anharmonic effects within Sn-β, we strive to
understand fundamental properties of the material and better bridge spectroscopic data
and simulation by moving away from the harmonic approximation.
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Early results from this work indicate the strong harmonic nature of BEA compared to
other zeolitic and silicious systems (figure 3). Using a measure for anharmonicity, As, it
is apparent that the vibrational mode, s, of BEA have strong anharmonic
contributions, especially when compared to sodalite and quartz. Furthermore, this
suggests that the harmonic approach as employed by the finite-difference method of
simulating vibrational spectra is not sufficient for system where anharmonicity
dominates such as BEA. Moreover, for valid and accurate comparison between
simulated and experimentally obtained vibrational spectra, which is essential in
uncovering the mechanism of SSI, an anharmonic treatment for the vibrational modes
of BEA is needed.

Figure 3- Quantification of anharmonic contributions,

A
s,

per vibrational mode,

s

, for quartz, zeolite SOD and BEA.
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Mixed matrix membranes (MMMs) incorporating Metal-organic frameworks (MOF) into
polymeric matrices show promising properties for several industrial applications, such
as gas separation, water desalination and pervaporation among others. Especially in
the field of gas separation, MMMs have attracted a great attention owing to their
potential for merging the processability of polymers and the excellent selectivity of MOF
materials. Therefore, understanding gas transport through the MMMs is of significant
importance in MOF-based materials. Here, we choose an ultra-small channel- MOF, as
the filler in the polymer matrix and use our previously developed computational
methods to construct a series of MOF/Polymer interfaces with the selection of both
rigid and more flexible polymers. Subsequently, we performed Grand Canonical Monte
Carlo and our recently proposed concentration gradient-driven molecular dynamics
(CGD-MD) simulations to assess the thermodynamic and dynamic adsorption
properties of these MMMs. Our simulations revealed that the distinct characteristic of
polymer backbones result in different interfacial void regions. We evidenced that not
only the size but also the shape of the interfacial voids region have eminent effects on
the gas transport properties of the MMMs with respect to a selected range of
molecules, e.g. CO2, N2 and CH4. Our results constitute an important step toward the
rational design of MMMs with the optimal interfacial void size/shape to achieve the
highest performance for the separation of industrially relevant gas separations.

P03.005. EXPLORATION OF THE HYPOTHETICAL ZEOLITE AND STRUCTURE
DIRECTING AGENT SPACE WITH COMPUTATIONAL TOOLS
M. Xie, Y. Tseo, D. Schwalbe-Koda, R. Gómez-Bombarelli
Massachusetts Institute of Technology, 77 Massachusetts Ave, Cambridge,
Massachusetts 02139
mrx@mit.edu

Zeolites are promising materials for the sustainable energy and chemical industry, and
can be applied as catalysts and adsorbents for CO2 capture and conversion, hydrogen
production, biomass conversion, flue gas separation and other applications [1]. The
discovery of new zeolites may enable green processes at scale. To date, there is an
enormous hypothetical space of over 300 thousand distinct, stable zeolite frameworks
[2], yet only 262 frameworks have been synthesized [3] and even fewer deployed
industrially. Part of the challenge of discovering new zeolites comes from the trial-anderror process to find structure directing agents (SDAs) capable of synthesizing a
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specific framework. Currently, no work has attempted to explore the massive
hypothetical zeolite and hypothetical SDA design space in tandem due to high
computational cost. In this work, we demonstrate the cumulative power of high
throughput virtual screening and machine learning algorithms to predict binding
energies between zeolites and organic structure directing agents (OSDAs), enabling
rapid selection of potential zeolite-OSDA pairs worth exploring further downstream. Our
design space consists of hypothetical zeolites pulled from literature [2], as well as over
a million OSDAs enumerated from commercially available amines and halides. Using a
neural tangent kernel [4], we compute the matrix of binding energies in an iterative
fashion with active learning, using force field calculations to validate each round of
prediction [5]. This method encodes zeolite and OSDA descriptors within the algorithm,
allowing for interpretability of the results. Our work offers observations into this
hypothetical space and proposes several promising zeolite-OSDA pairs that are worth
closer scrutiny by both computational scientists and experimentalists.
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P03.006. COMPUTATIONAL INVESTIGATIONS INTO MICROPOROUS
STRUCTURES
E. Stacey, M.G. Quesne & C. R. A Catlow
Cardiff University, Cardiff, CF10 3AT
StaceyE@cardiff.ac.uk

We present a comprehensive study of the determination of zeolite framework
energetics using both interatomic potential and quantum mechanical methods for a
large selection of zeolite and ALPO structures, using structural data from the IZA [1],
we relate our results to experimentally determined values. The interatomic potential
methodology in this work utilised the GULP code developed by Gale et al [2–4]
combined with Buckingham potentials derived by Sanders et al [5] for zeolites and Gale
et al [6] for ALPOs. A partial charge model using potentials derived by van Beest et al
[7] was also utilised to assess the extent to which variations in charge influence the
comparison with experimental values. Density Functional Theory (DFT) calculations
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were run using plane wave periodic DFT, employing the VASP code [8–11], which
allows for the determination of the electronic ground state of the framework.

Table 1: Normalised Energy Difference from α-Quartz
Structure

GULP / kJ

DFT / kJ

EXP / kJ

EXP Error
/%

AST

18.1

12.7

10.9

± 1.2

BEA

14.4

11.0

9.3

± 0.8

CFI/CIT-5

12.7

12.0

8.8

± 0.8

CHA

16.3

11.9

11.4

± 1.5

IFR/ITQ-4

15.0

10.3

10.0

± 1.2

ISV/ITQ-7

16.4

12.5

14.4

± 1.1

ITE/ITQ-3

14.1

10.7

10.1

± 1.2

MEL/ZSM-11

10.8

9.2

8.2

± 1.3

MFI/ZSM-5

9.7

8.3

6.8

± 0.8

MWW/ITQ-1

14.4

11.2

10.4

± 1.5

STT/SSZ-23

14.7

11.4

9.2

± 1.2

AFI

11.9

10.0

7.2

NA

EMT

20.1

13.0

10.5

± 0.9

FER

11.8

9.6

6.6

NA

MEI/ZSM-18

18.9

13.0

13.9

± 0.4

MTQ/ZSM-12

8.2

6.5

8.7

NA

Experimental values from the work of Navrotsky et al [12,13]

Lattice energy values and computed total energies were normalised to each tetrahedral
unit (T-site) and the energy difference with respect to the highest energy density
polymorph was reported; α-Quartz and Berlinite. From the results in Table 1; DFT is
better at reproducing lattice energies for all structures, except ZSM-12, at almost
chemical accuracy whilst GULP overestimates by a significant margin. A partial charge
model was utilised to assess the extent ionic charges play a role in overestimating
these values.
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Table 2: Van Beest vs Sanders Potentials Energy Differences from αQuartz
Structure

Beest / kJ

Sanders / kJ

ΔB-S / kJ

AST

18.9806

18.1464

0.8342

BEA

13.6474

14.3861

-0.7387

CFI/CIT-5

18.3278

12.6543

5.6735

CHA

19.4479

16.3034

3.1445

IFR/ITQ-4

13.8845

14.9916

-1.1071

ISV/ITQ-7

16.7860

16.4394

0.3466

ITE/ITQ-3

14.5430

14.1170

0.4260

MEL/ZSM-11

14.1509

10.7572

3.3937

MFI/ZSM-5

13.6166

9.6769

3.9397

MWW/ITQ-1

17.0388

14.3717

2.6671

STT/SSZ-23

15.9617

14.7001

1.2616

AFI

17.8108

11.9310

5.8798

EMT

18.2323

20.1442

-1.9119

FER

13.7495

11.7847

1.9648

MEI/ZSM-18

22.1001

18.8524

3.2477

MTQ/ZSM-12

12.1605

8.1637

3.9968

Table 2 shows that in most cases the Sander’s potentials result in lower energies than
with the Van Beest potentials; however, three structures have lower energies: BEA,
IFR and EMT. BEA is partially disordered which could contribute to the energy
difference. The lower energies for IFR and EMT could indicate that the degree of
assigned charge transfer can play an important role in some structures. DFT
automatically optimises that charge distribution hence is predominantly closer to
experimental values.
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Table 3: Normalised Energy Difference from Berlinite
Structure
GULP
DFT / kJ
EXP / kJ
EXP
/ kJ
Error / %
Berlinite
0
0
0
0.54
AST /ALPO-16
12.46
14.15
10.9
10.9
AFI/ALPO-5
7.52
10.83
7.0
2.15
ALPO-8
8.12
10.35
5.56
1.42
ALPO-11
5.96
10.90
6.18
1.17
ALPO-42 (SAPO-42)
12.93
13.87
7.82
1.94
VPI-5
12.17
14.48
8.38
2.26
Experimental values from the work of Navrotsky et al [12,13]

The data for ALPO structures is shown in Table 3. The interatomic potential
methodology calculates more accurate data when compared to experiment, which may
be attributed to the presence of solvent molecules artificially lowering the energy values
in the experimental data as it is extremely difficult to remove them due to the enhanced
stability their presence creates for the lattice structure. Since the interatomic potentials
are derived from experimental parameters, which may include some effects of these
solvent molecules in the pores of the ALPOs, they more accurately reflect the
experimental energies, at the expense of underestimating the lattice energies of the
pristine mesoporous structures.
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Metal-organic frameworks (MOFs) are an important class of porous hybrid materials
with many applications in established areas like catalysis, gas storage, gas separation
and gas sensing. Here, we focus on a different aspect, namely the use of MOFs as
optical materials. One of the most important properties in this respect is the refractive
index.
Today most optical systems are based on classical materials like glass requiring
precise and work-intensive assembly processes which sometimes even demand
handcraft. In contrast, MOFs offer the great potential to simplify the production process
of optical systems, because they may be used for the preparation of coatings and
optical thin films at room temperature, e.g. via layer-by-layer synthesis or spray-coating
techniques [1,2]. Furthermore, the modular design of a MOF can be used to tune its
optical properties via metal-exchange or linker functionalization to develop a tailored
material for a certain optical system [3,4]. Additionally, MOFs enable the production of
optical components the properties of which can be changed or even switched, making
adaptive optical systems accessible. For example, the refractive index can be adapted
by the adsorption of guest molecules into the porous framework. This pore filling can
be used to tune the refractive index of MOF thin films with optical quality [5].
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Figure 60
The very stable Zr-based UiO-66 as versatile optical material: modulation of the refractive index calculated at
589 nm via linker functionalisation.

Applying quantum chemical methods, the optical properties of MOFs,
specifically their refractive indices, are calculated. For the calculation of the refractive
index, a precise determination of the band gap is necessary, requiring high-quality
electronic structure calculations. Starting from the well-known Zr-based MOF UiO-66,
functional groups are introduced on the linkers and detailed electronic structure
analyses are carried out to develop tailored materials with fine-tuned optical properties
(Fig. 1). Furthermore, the interaction of MOFs with guest molecules are investigated
with regard to the optical properties of the resulting systems.
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The emission of nitrogen oxides NOx has become the main problem among air
pollutants emitted from various sources, such as automotive, energy and heavy
industry. In addition, these oxides are a very serious problem both in terms of impact
on human health and the environment cause for eg. acid rains and photochemical
smog [1-2]. Currently, regulations require a significant reduction of these harmful
oxides and the existing thresholds may be lowered again in the near future. The most
effective way to dispose of nitrogen oxides to meet the required limits is the SCR
deNOx reaction [3-4]. In the SCR process we can distinguish three paths - Fast SCR,
Standard SCR and NO2 SCR and their share depends on the NO to NO2 ratio [5]. An
excellent understanding of these processes will allow us to develop the most efficient
catalyst.

Transition metal-modified zeolites are the catalysts for this reaction that have attracted
the most interest from researchers recently. Based on previous publications [6-7], a
study of the coadsorption reactions of NO I NH3 (deNOx) and NO I N2O (deN2O) on
clinoptilolite zeolite was carried out . Structure of the zeolite contains Cu-Zn bimetallic
dimer, where the metal atoms bond via bridging oxygen (Fig. 1). Ab initio theoretical
calculations based on DFT density functional theory were used in this study. Exchange
and correlation functions were calculated using the Perdew-Burke-Ernzerhof (PBE)
method. A cluster model was used for the calculations - a fragment of clinoptilolite
zeolites with Al2Si16O50H28 structure. In addition to the metal dimer, a partially hydrated
dimer structure with a hydroxyl group on one of the metal atoms was also used.
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Figure 1 Clinoptilolite structure with bimetallic dimer Cu-Ob-Zn use to calculations.

All possible coadsorption configurations have been analysed for both deNOx and
deN2O processes. The study showed that both NH3 and N2O have a specific bond to
metal atoms, while NO has a specific bond to bridging oxygen. Analysis of the
adsorption energy and electron analysis may allow further development of mechanisms
for the SCR process. The main objective of this study was to find a more advantageous
and efficient catalyst for the SCR process than those commonly used in industry.
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Weak hydrogen bonds (HBs) between CH donor groups and O acceptor atoms have
been evidenced and described for several biological molecules, and have a recognized
role in organic and organometallic chemistry.[1] In the case of oxide materials like
zeolites, implications of these HBs in crystal formation and structure direction are
scarcely investigated. There are several reasons for that. CH…O HBs are not easily
identified as their individual signature can be very subtle, and often blurred in the
ensemble of intermolecular interactions. In the case of Organic Structure Directing
Agent (OSDA)-zeolite framework interactions, the difficulty is enhanced by the static
and thermal disorders at the crystallographic positions. Moreover, the large number of
unequivalent atoms in zeolites of complex topology still hinders the identification of
CH…O HBs. Despite these difficulties, we have evidenced the systematic presence of
these interactions for a wide range of zeolites, and investigated their characteristics
through a combination of experimental (crystal structures, IR, NMR) and calculated
(DFT optimizations, dynamics) data. It appears that CH…O HBs are important hostguest interactions in zeolite chemistry that have to be considered along with the most
usual Coulomb and van der Waals interactions.

Tetraalkylammonium cations, widely used as OSDAs in the synthesis of zeolites, are
known for a long time to form CH…X HBs with proton acceptor anions.[2] Besides,
Behrens et al. showed the presence of HBs between the aromatic CH groups of the
organometallic cobaltocenium cation [Co(C5H5)2]+ and the O atoms of silica in the
particular case of the clathrasil NON framework.[3] These interactions have also been
observed occasionally when using more standard cationic OSDAs like imidazoliums or
tetraalkylammoniums.[4,5] In some particular cases, the identified CH…O HBs are of
intramolecular nature for cationic OSDAs like choline, bearing both tetralkylammonium
and hydroxide functions.[6] Besides, studies on the mechanisms of CH activation of
alkanes adsorbed in acidic zeolites also highlighted the role of these weak HBs.[7] It
appears therefore that CH…O hydrogen bonding can form in zeolites and might play
an important role for organisation of the zeolite framework around OSDAs.

We have first studied the possible role of intermolecular CH…O HBs inside the
clathrasil AST obtained through a fluoride route.[5] The measured 14N NMR
quadrupolar coupling constant is higher than that expected for a freely reorienting
TMA+ in the large [46612] cage of the octadecasil framework. This can be explained
thanks to a structural model obtained through DFT calculations. In addition to Coulomb
and van der Waals interactions, the analysis of this model highlights the presence of
775

other interactions - Si-F tetrel bondings inside D4R cages, CH…O HBs between TMA+
and O in framework - that contribute to the whole stabilization of the zeolite-OSDA
assembly.
Dns/as(CH2) = +4/+2 cm-1
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Figure 1. IR CH stretching bands of TPA-F-silicalite-1 recorded at T = 180 and 275 K. The two downshifts at ~2850 and
~2917 cm-1 are assigned respectively to symmetric and antisymmetric modes of CH2.

More recently, we investigated a complex zeolite topology like MFI.[8] A first evidence
of the presence of CH…O bonds comes through the analysis of the crystal structure of
as-synthesized silicalite-1 containing tetrapropylammonium (TPA+) and F atoms.
Several C…O distances are below 3.6 Å and can be related to the presence of weak
HBs. A second experimental indication of CH…O HBs is obtained from IR
measurements as a function of the temperature (Figure 1). Two small but significant
gradual downshifts for n(CH) can be explained by at least one type of CHx groups
involved in HBs. A dynamics simulation of a cluster model centered on TPA+ (at T =
300 K for 1.1 ps) was highly compatible with the experimental crystallographic and 13C
and 14N NMR data. It allowed to evidence 28 weak CH…O HBs that represent 30% of
the energy of the Coulomb electrostatic interaction between OSDA and the zeolite
framework. The strongest and most stable HB found here connects the OSDA to the
[415262] cage containing F atoms and can contribute to preserve zeolite topology during
crystal growth.

A further investigation of zeolite-OSDA assemblies (crystal structures and DFT
optimized models), with very different framework topology, confirms the widespread
presence of directional CH...O HBs.[9] We have demonstrated that CH…O hydrogen
bonds between cationic OSDAs and silica frameworks are ubiquitous for two series of
19+11 available experimental crystal structures presenting well-defined positions for C
and N atoms of the OSDAs, and for Si and O atoms of the FWs. A geometrical model
for these HBs is extrapolated from the COSi and SiOSi angles measurements, showing
a tendency to coplanarity for C, O and Si. The study of five representative zeoliteOSDA assemblies using state-of-the-art DFT-D3 methods confirms these conclusions.
In addition, it shows the importance of the electrostatic interaction in the formation of
these HBs. It appears in particular that the positive charges of cationic OSDAs are
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beard by all the peripheral H atoms. This favors the formation of multiple CH…O bonds
with the negatively charged O atoms of the zeolite framework (Figure 2). Interestingly,
these HBs are present in various directions and are connecting a high number of O
atoms, equal or above the total number of C in OSDAs (herein from 6 to 15). Albeit
weak when considered individually, these multiple and directional hydrogen bonds
participate thus to the global stabilization of the host-guest assemblies, and have to be
considered collectively when discussing zeolite-OSDA intermolecular interactions.

TMA@AST

TMAda@STT

TMI@ITW

TPA@MFI

TMI@TON

Figure 2. Visualisation of the H-bonding scheme around OSDAs for the strongest CH…O HBs (dHO < 2.7 Å, dashed
lines) from DFT-D3 modelled OSDA-zeolite assemblies. Si atoms are represented at the centre of the polyhedra. C, H,
N, O and F atoms are represented as balls using CPK convention (black, white, blue, red, green resp.).
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The MTO reaction catalysed by small-pore cage-based acid zeolites produces a
mixture of short chain olefins that have to diffuse through eight-ring (8R) windows after
their formation by the hydrocarbon pool mechanism1.

Figure 1. Methanol to Olefins, Hydrocarbon Pool mechanism scheme.

In this work, we investigate the key role of intracrystalline diffusion behaviour of
propene in zeolites with different cavity topology and 8R dimensions by performing ab
initio Molecular Dynamics (AIMD) simulations and enhanced sampling techniques
using the CP2K software package and by comparing the results obtained with
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experimental work2. The zeolite structures selected for the study are LEV, CHA, ITE
and LTA (Figure 2).
Pure silica models have been designed for each zeolite structure, and free energy
profiles for propene diffusion have been obtained with the Umbrella Sampling
technique. The results show clear differences among the four materials investigated.
Through a detailed analysis, we identify a clear correlation between the activation
barriers for propene diffusion and topological properties such as the expansion of the
8R during diffusion, which is different for each material depending of its window shape
and width, or physical properties such as the translational entropy of propene as a
function of the cavity volume and its contribution to the final free energy barrier.
Finally, the promotional effect of Brønsted acid sites located in the 8R windows over
the propene diffusion rates is demonstrated for each catalyst (Figure 3) and their
influence over propene translational entropy and its effects on the free energy barrier is
unravelled.

Figure 2. Small pore cage-based zeolite cavities studied in this work.
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Figure 3. Free energy profile comparison of each silica model with its protoned counterpart.
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The high demand for light olefins has resulted in the zeolite catalysed methanol-tohydrocarbons/olefins (MTH/O) process becoming of great industrial and academic
interest, where the development of selective microporous catalysts and a detailed
understanding of the confined molecular behaviour of active species is of paramount
importance. The mobility of methanol molecules to and from the active site can be
affected by factors including Si/Al ratio (and thus acid site density) and methanol
loading, having a significant impact on catalyst activity/selectivity. Classical molecular
dynamics (MD) is a powerful theoretical tool to probe the nanoscale mobility of
methanol in zeolite catalysts, especially in combination with quasielastic neutron
scattering (QENS), where QENS observables may be directly reproduced from the
simulated atomic trajectories, or more broadly, diffusion coefficients and qualitative
behaviours may be obtained/observed to aid in the data analysis. While the effect of
acid site presence, and the comparison of two extreme Si/Al ratios has been studied
either experimentally [1] or with computational methods [2], parametric studies of
nanoscale methanol diffusion across a range of Si/Al ratios are yet to take place –
particularly with different methanol loadings.

Here, methanol diffusion in the Brønsted acidic industrial catalyst H-ZSM-5 has been
modelled using classical MD at 373 - 473 K, using loadings of 3 and 5 molecules of
methanol per unit cell (MPUC), in frameworks with Si/Al = 15, 47, 95, 191 [3]. While the
lower loading exhibits higher diffusivity, self-diffusivities increase at both loadings
between Si/Al = 15 and 95, after which they are independent of composition (only
deviating by ~1.5 × 10−10 m2s−1 over the remaining range). This deviation leads to an ‘rshaped’ curve of diffusivity as a function of Si/Al ratio shown in figure 1. This suggests
that if less than 1 BAS per unit cell (Si/Al > 95) is present, no further trend is observed
in methanol diffusivity with Si/Al ratio. This may be attributed to the infrequency of
methanol-BAS H-bonding interactions, and the steric hindrance of the pore structure
becomes the most significant factor in overall methanol mobility.The trend in diffusivity
with Si/Al ratio is explained in terms of methanol-acid site interactions as shown in
figure 2, while the trend with loading is explained in terms of methanol-methanol
interactions and the resulting methanol structure in the catalyst pores. QENS
observables were reproduced from these classical MD simulations (the intermediate
scattering function, the EISF and QENS broadenings) and will be compared directly
with future QENS experiments to ensure the validity of the employed MD model. These
will lay the foundation for future studies into the effect of composition of active species
behaviour in future MTH catalysts.
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Figure 61.
Plot of self diffusuion coefficients of 3 MPUC and 5 MPUC methanol in H-ZSM-5 with Si/Al =
15, 31, reference [2], 47, 95 and siliceous at5 373K.

Figure 2.
Methanol loaded ZSM-5 framework. An example of the hydrogen bonding interaction
between the methanol oxygen and Brønsted acid hydrogen of the framework.
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Fundamental understanding of the surface reactions that control catalyst performance
is crucial to design and optimize heterogeneous catalysts [1]. Microkinetic modeling
plays an important role in the process of understanding the surface chemistry, as it can
help to identify the critical reaction intermediates and elementary reactions. This work
contributes to the development of a generic microkinetic model for the dehydration of
bio-alcohols towards olefins over zeolite catalysts. The present model can simulate the
dehydration of n-butanol over both H-ZSM-5 and H-MOR. The constructed kinetic
model is based upon the reaction network proposed by John et al. [2,3] for the
dehydration of n-butanol over H-ZSM-5, whom performed Density Functional Theory
(DFT) calculations to obtain kinetic and thermodynamic parameters. Furthermore,
some key kinetic parameters were then fitted to experimental data by Gunst et al., for
n-butanol dehydration over commercially available H-ZSM-5 samples [4]. In this work,
additional catalyst descriptors are implemented to generalize the microkinetic model,
allowing to simulate the behavior of dehydration over H-MOR as well.

To account for Si/Al ratio of the zeolite, which was found to affect the activity of HZSM5, but not the selectivity [4], a catalyst descriptor, Gact, was implemented. This
parameter is related to the activity of the acid site in the zeolite, which is related to the
acid strength, but also to the framework surrounding the active center. This descriptor
shifts the Gibbs energies of all surface species and transition states of surface
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reactions, which means that this parameter does not affect the kinetics and
thermodynamics of the surface reactions, only adsorption and desorption steps are.
Therefore, the selectivity remains unchanged, but the activity can be tuned. Another
descriptor that is implemented is ΔGdimericspecies, which is linked to the stability of dimeric
species on the active site. The stability of dimeric species is strongly influenced by the
void space at the active site. Pore size and geometry can influence this stability and
hence this parameter can be key to adequately simulate the behaviour of different
zeolites. Furthermore we have implemented Ea,isomerization which is also related to the
local environment at the active site, as the local confinement can facilitate
isomerization. Hence, this parameter influences the isomerization kinetics of the
formed alkenes. Our results for the microkinetic modelling of H-MOR are shown in
Figure 1.

By further fitting of these descriptors to multiple zeolite topologies or to multiple zeolite
catalysts with the same topology but different local environments (site proximity,
hierarchized samples,..) we aim to create a generic microkinetic model, which can then
be used to tune zeolite catalyst towards the desired performance.

Figure 1 – XBuOH versus site time (left) for H-MOR at three different temperatures. Si of the reaction products as a
function of XBuOH.  = 513 K,  = 523 K,  = 533 K,  = dibutyl ether,  = trans-2-butene,  = cis-2-butene,  = 1butene p0BuOH = 29 kPa. The full lines represent model simulated results [4].
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Perfluorooctanoic acid (PFOA) has been widely used as a surfactant for various
industrial applications for decades. However, animal studies indicate a range of
adverse health effects associated with PFOA, such as carcinogenicity, immune toxicity,
and reproductive toxicity. Therefore, it is crucial to separate and accumulate PFOA
from wastewater. Owing to low cost, ease of operation and environmental friendliness,
adsorptive separation by porous materials is considered as an extensively used
technique to remove organic contaminants from water. In this work, all-silica zeolites
were considered as adsorbents for PFOA removal, because of their preferable
characteristics in hydrophobicity, suitable pore size, exceptional hydrothermal stability,
and high affinity to organic compounds. We firstly compared 237 all-silica zeolites
based on their computed pore limiting diameter (Fig. 1), PFOA Henry coefficient (Fig.
2) and PFOA ideal permeability coefficient (Table 1) by carrying out Monte Carlo and
molecular dynamics simulations. Four all-silica zeolites, MTW, VET, GON and SFE,
were identified as promising adsorbents due to their optimum pore size, high affinity
towards PFOA and fast PFOA diffusion. Furthermore, we performed umbrella sampling
calculations of PFOA adsorption from water in the four promising all-silica zeolites to
explore the free energy landscape and surface energy barriers (Fig. 3). Based on the
computed free energy profiles, VET zeolite was found to have the lowest ΔG (-114.7 kJ
mol-1) for PFOA adsorption at the H2O-Zeolite interface. Besides, PFOA free energy
profile in SFE was different compared with the other three zeolites, which may be
attributed to the larger interfacial penetration of water.

Keywords: PFOA, All-silica zeolites, Adsorption, Free energy, Umbrella sampling,
Molecular dynamics
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Figure 1 - PLD summaries for 237 all-silica zeolites.

Figure 2 - Henry Coefficient summaries of PFOA for 106 all-silica
zeolites.

Table 1 - The summaries of Ideal Permeability Coefficient for four promising all-silica zeolites.

PLD(Å)

MTW

VET

GON

SFE

5.22

5.53

4.95

5.52

1.61 E+06

9.91 E+05

5.97 E+05

5.21 E+04

1.47 E+03

6.24 E+02

2.18 E+02

6.06 E+02

4.27 E+04

1.12 E+04

2.30 E+03

5.70 E+02

Henry Coefficient
[PFOA] [mol·kg-1·Pa-1]
Diffusion Coefficient
(× 10-12 cm2·s-1)
Ideal Permeability
Coefficient
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(a)

(b)

(c)

(d)

(e)

Figure 3 - (a) System setup for US simulation of PFOA adsorption from water into all-silica zeolite. The free
energy landscapes of PFOA adsorbed from water into four promising all-silica zeolites: (b) MTW (c) VET (d)
GON and (e) SFE.
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Zeolite synthesis is a notoriously challenging field of research with different recipes
giving different crystal morphologies for identical framework types. Being able to predict
or control the shape of the synthesized zeolite product would be beneficial from both a
research and industrial standpoint [1-2]. Currently, there is a limit to how much
information experimental equipment can provide on the nucleation and growth phases
of synthesis. As a result of this, theoretical methods are now being utilized alongside
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the experimental in efforts to provide new insight into this area. One computational
approach that has recently been explored is to simulate zeolite crystal surfaces and
subsequently calculate surface energies [3].

Our research focuses on simulating LTA crystal surfaces to carry out energy
minimization calculations. Previous experimental results have led us to believe that the
Si to Al ratio affects the crystal morphology. The Si to Al ratio is varied between purely
siliceous and 50:50 to observe whether there is any correlation between higher
percentages of aluminium and increased curvature of the crystals. We use
computational methods based on molecular mechanics to calculate the surface
energies which are then plotted to generate Wulff constructions. These minimize the
total surface energy of a crystal at equilibrium to predict the thermodynamically
favoured morphology, in this case for the zeolite to adopt. Monte Carlo methods have
also been used to randomly swap the positions of charge balancing cations throughout
the zeolite channels to determine if it is more favourable for them to be located close to
aluminium atoms in the framework.

Figure 1 – Hydroxylated [001] Miller plane cut for siliceous LTA (red – oxygen, cream – silicon, white – hydrogen)
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Harvesting of water vapor from the air is regarded as a promising way of addressing
the problem of scarcity of potable water experienced by people living in dry parts of the
world. A high content of moisture in the atmosphere, reaching 10% of the available
freshwater pool, makes it a valuable water resource, especially in landlocked countries
that cannot resort to the desalination of seawater [1]. Among different technologies
being developed for water harvesting, those based on water physisorption on
judiciously chosen adsorbents seem to be of great interest. So far, zeolites have been
used for these purposes, nevertheless, metal-organic frameworks (MOFs), comprising
metal cations (or their clusters) interlinked by polydentate organic ligands, appear to be
more appropriate, taking into account the heat of adsorption [2]. MOFs may exhibit also
outstanding water uptake, but do not require a lot of energy to release it due to low
adsorption enthalpy. This may be very useful in places with a large difference between
daytime and night-time temperatures, as this would allow water to be captured at night
and released during the day. In fact, water harvesting pilot devices employing MOFs as
adsorbents have been already proven effective in field tests in desert conditions, even
at a low relative humidity of 20% [3]. Materials used for this application must meet
many criteria, such as e.g. low-pressure condensation in pores, high water uptake,
hydrothermal stability, and not being toxic.

In the context of water harvesting, UiO-66 MOF [4] is being one of the most studied
materials in recent years, due to its high hydrothermal stability. In order to increase the
application possibilities, syntheses of the modified MOFs, e.g. UiO-66-NH2 [5], UiO-66Br [6], or UiO-66-NO2 [7] have been included. In this work, we used density functional
theory (DFT) and Monte Carlo calculations combined with standard volumetric
adsorption and quasi-equilibrated temperature-programmed desorption and adsorption
(QE-TPDA) measurements to study water adsorption in UiO-66 derivatives containing NH2,
-NO2, and -Br substituents (Figure 1).
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Figure 62. Comparison of the simulated (points) and experimental (lines) adsorption isotherms (A) and isobars (B) of
water in UiO-66-NH2, UiO-66-NO2, and UiO-66-Br samples, at 293 K and 2.4 kPa respectively.

Based on DFT modelling, both position, and geometry of the substituents were
determined and one model was selected for each structure. By using Monte Carlo
simulations and the force field developed in our previous work [8] for the adsorption of
water in metal-organic frameworks (MOFs), we reproduced experimental adsorption
isotherms and isobars. Figure 2 shows Average Occupation Profiles for the UiO-66NO2
structure
determined
from
calculations
at
30,
and
2000 Pa. It can be observed that guest molecules at low pressures fill the spaces
around zirconium clusters, while at higher pressures they accumulate around
substituents. This fact indicates that the interactions between water molecules and
-NO2 groups are much stronger than those with -CH groups of the aromatic rings.
Similar behaviour was observed for the -NH2 and -Br derivatives.
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Figure 63. Average occupation profiles of water adsorption in UiO-66-NO2 structure at 293 K. For clarity, the UiO-66NO2 structure model has been superimposed.
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The urgent needs for a more sustainable production of chemicals from renewable
feedstock, like biomass, have caused intensive research efforts in search for novel
porous nano-materials [1]. Due to ability to catalyze many types of hydrocarbon
reactions and specific structure of active sites zeolites are ideal candidates for the
production of chemicals from biomass, e.g. dehydration reactions [2]. Important
properties of zeolites, which make them ideal candidates for transformation of biomass
into high value chemicals, are their high hydrothermal stabilities.
In the present study, we are interested in designing a new theoretical approach for the
synthesis of acrylic acid from lactic acid over zeolite catalysts. The theoretical modeling
of lactic acid dehydration would help in further development and synthesis of zeolite
with declare structure and obtain vibrational structure of substrates, products and
intermediates. Lactic acid adsorption and dehydration toward acrylic acid processes
have been studied in BEA zeolite.
The electronic structures of synthetic beta (BEA) and natural clinoptylolite (CLI) zeolites
were calculated using ab initio density functional theory (DFT) methods (program
StoBe) with the non-local generalized gradient corrected functionals according to
Perdew, Burke, and Ernzerhof (RPBE), in order to account for electron exchange and
correlation. The stabilization dimeric Fe-O-Fe iron complexes in the ZSM-5 framework
had been already investigated using a DFT approach with a cluster model [3]. Cluster
models of beta zeolite (hierarchical zeolite: M2Si12O39H22 and ideal pore M2Si22O64H32)
and clinoptilolite zeolite (hierarchical zeolite: M2Al2Si6O24H16 and ideal pore
M2Al2Si12O40H24) have been used with Sn, Fe, Co and Cu small particles adsorbed
above aluminium centers in the zeolite frame. In case of Sn, the substitution of tin in
the zeolites frame has been also considered.
Possible modes of interaction of lactic acid with different metal cations (Fe, Sn, Co and
Cu) in zeolites frame as well as with added metal nanoparticles have been considered.
The stabilization of monomeric and dimeric metal complexes, such as M-OH, HO-M-OM-OH and M-O-M, in the zeolites frame has been investigated. The interactions of
lactic acid (LA) is observed only above M-O-M dimmer The hydrogen abstraction from
methyl group over different oxygen and OH interactions with metallic sites of dimmer in
the zeolite framework have been observed, which succeed in acrylic acid (AA)
formation (Figure 1).
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Figure 1. Dehydration reaction of LA to AA on metallic dimers in ideal (a) and hierarchical (b) models of the BEA zeolite
(M=Fe, Sn, Co or Cu).

The ideal and hierarchical structure of BEA and CLI zeolite has been considered: the
‘ideal’ model described ideal structure, while the ‘hierarchical’ model indicates zeolite
structure after hierarchization. The metal M-Ob-M dimers have been found to be stable
above oxygen bound with aluminum centers of BEA zeolite. The mechanism of lactic
acid dehydration in Sn-, Fe-, Co- and Cu-BEA zeolite, both ideal and after
hierarchization, has been found. The geometric compatibility of the metallic dimers and
lactic acid allows proposed direct dehydration mechanism, where oxygen center of
hydroxyl group of LA--carbon interacts with metal center of dimer and hydrogen is
subtracted from LA--carbon and bound with bridge oxygen of metal dimer. The
adsorption of lactic acid is endothermic in case of Sn-zeolite and slightly endothermic in
ideal Fe-zeolite and exothermic.

Figure 2 shows the energy diagram of the dehydration reaction of lactic acid to acrylic
acid using zeolite catalysts. The following elements of the dehydration process of lactic
acid to acrylic acid were considered: based on the stabilized metallic dimer (Fig. 2 (1)),
the adsorption of lactic acid was carried out (Fig. 2 (2)). Then, the transition state was
determined (Fig. 2 (3)), for which the reaction barrier was observed, followed by the
desorption process of acrylic acid (Fig. 2 (4)).
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Figure 2. Energy diagram of LA dehydration to AA on M-O-M dimers (where M = Sn, Fe, Cu, Co) in the ideal (left and
hierarchical (right) structure of BEA (upper), and CLI (below). (1) Energy level of M-O-M dimer, (2) Adsorption of LA, (3)
Transition state, (4) Desorption of LA from M-O-M dimer.

Based on the analysis of the energy gain during the conversion of LA to AA, the
catalysts can be ordered according to their activity:
Fe-CLI > Fe-BEA-H > Cu-BEA-H > Fe-BEA > Co-BEA-H > Co-CLI-H
The collected results suggest that the presence of iron dimer complexes, regardless of
the matrix used and the modification method, represent the best active centers on
which the lactic acid conversion process occurs. In addition, it can be noted that in
most cases the beneficial catalysts are those in the hierarchical form.
References
[1] A. Corma, S. Iborra, A. Velty, Chem. Rev., 107, 2411 (2007).
[2] R. Rinaldi, F. Schüth, Energy Environ. Sci., 2, 610 (2009).
[3] I.Czekaj, N. Sobuś, Nano-Design of Zeolite-Based Catalysts for Selective Conversion of Biomass into
Chemicals, Cracow University of Technology Publishing House, Kraków (2018).

Aknowledgment
This work was done under project “Nano-design of zeolite-based catalysts for selective
conversion of biomass into chemicals” supported by the National Science Center, Poland
(Polonez-1 2015/19/P/ST4/02482), which has received funding from the European Union’s
Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant
agreement No. 665778.

794

P03.017. MECHANISM OF DEN2O PROCESS ON FAU ZEOLITE WITH PARTIALLY
HYDRATED CU-ZN BIMETALLIC DIMER
I. Kurzydym I. Czekaj
Department of Organic Chemistry and Technology, Faculty of Chemical Engineering
and Technology, Cracow University of Technology, Poland, Warszawska 24, 31-155
Cracow.
Izabela.kurzydym@doktorant.pk.edu.pl

One of the more current environmental problems associated with the development of
civilization is the excessive release of nitrogen oxides (NOx) into the atmosphere [1].
They pose a serious threat to the environment and also human health by affecting air
quality and creating photochemical smog or acid rain. Additionally, emitted nitrogen
oxides can be precursors to airborne particulate matter (PM2.5), which in addition to
harming human health, can also negatively affect plant growth [2]. However levels of
nitrogen oxides can be lowered by selective catalytic reduction (SCR; deNOx) [3]. In
the SCR process we can distinguish three paths - Fast SCR, Standard SCR and NO2
SCR and their share depends on the NO to NO2 ratio [4]. In recent years, molecular
simulation methods, in particular density functional theory (DFT), have begun to be
used to theoretically describe the SCR process and especially the mechanism of this
process which is not fully understood [5-6].
The studies have shown that the systems representing metallic dimers with an oxygen
atom in the bridge position (M-O-M) have proved to be particularly important in the
deNOx process. Based on previous publications [5-6], a study of the adsorption of NO,
adsorption of N2O and coadsorption reactions of NO and N2O (deN2O) on faujasite
zeolite was carried out. Structure of the zeolite contains Cu-Zn bimetallic dimer, where
the metal atoms bond via bridging oxygen and OH group bonding to Cu or Zn atom
(Fig. 1). Ab initio theoretical calculations based on DFT density functional theory were
used in this study. Exchange and correlation functions were calculated using the
Perdew-Burke-Ernzerhof (PBE) method. A cluster model was used for the calculations
- a fragment of faujasite zeolites with Al2Si22O66H36 structure.

795

Figure 1. Faujasite structure with bimetallic dimer Cu-Ob-Zn use to calculations a) OH group on Cu, b) OH group on Zn.

These calculations allowed us to propose a scheme for the mechanism of the deN2O
process The study showed that N2O have a specific bond to metal atoms, while NO
has a specific bond to bridging oxygen. The main objective of this study was to find a
more advantageous and efficient catalyst for the SCR process than those commonly
used in industry.
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Acid gases (NO2, SO2) commonly occur in complex chemical streams, and metalorganic frameworks (MOFs) have been extensively evaluated for their separation and
removal. During competitive gas adsorption, secondary reactive gas species can form
inside the MOF pores potentially causing framework degradation. Identifying the
reaction mechanisms between nanoconfined gases and the MOF framework is key for
the design of next generation adsorbents. Herein, ab initio molecular dynamics (AIMD)
simulations are used to calculate competitive adsorption of binary and tertiary mixed
acid gases (NO2, SO2, H2O) and in-pore reaction mechanisms for a series of rare earth
(RE)-DOBDC (RE = rare earth; DOBDC = 2,5-dihdroxyterephthalic acid) MOFs.
Spontaneous formation of nitrous acid (HONO) occured via deprotonation of the
DOBDC MOF linker for NOx mixtures. The mixed monodentate and bidentate DOBDC
coordination to the metal clusters allowed for proton transfer from the linker to the NO2,
altering MOF durability. Additionally, competitive adsorption of SO2 and NO2 in dry and
humid conditions is evaluated based on competing binding mechanisms between the
acid gases and the MOF, including the formation of additional reactive species. Our
results identified that MOF pore size affects acid gas access to the metal site and that
interactions of acid gasses with the MOF-linker can be as great or greater than the
metal site. The molecular scale insight gained from AIMD calcuations can be used to
design new MOF compositions and materials with acid gas resistance properties and
for improved separation.
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The synthesis and manipulation of the zeolites require substitution into framework sites
of reactive species, such as Germanium. [Ref. 1] However, the preferential location of
the germanium atoms in ADOR-able zeolites remains poorly understood.[Ref. 2]
Computational investigations can account for the loading of Ge-atoms in Double Four
Ring (D4R) as it is difficult ascertain experimentally. In this work, the optimal locations
and distributions of Ge have been studied
for various zeolite frameworks (e.g. UTL,
BEC, CTH, UOV, IWW)
with Si:Ge ratios
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ranging up to 30 in some cases. A preference for the occupation of the Double Four
Ring (D4R) sites is showcased at some particular Si:Ge ratios, with comparison to
the adjacent and framework sites.
Introduction
The design of microporous zeolite-based materials with tailored
physio-chemical properties depends heavily on the availability of
the layered precursors. [Ref. 3] The presence of
Ge helps to direct

Figure 1 – Ge distribution and its importance
to Zeolite synthesis

the zeolite synthesis by preferential hydrolysis and targeted recondensation.
Hence, it is crucial to the ADOR process. The relative stability of the various
substitution positions and degree of Ge-enrichment of the sites becomes
crucial to understand. (Ref. 1, & 2)
Methods

The dataset consists of approximately 70k structures. The trained NNP shows
excellent agreement. [Ref. 4 & 5] Statistical sampling of ~105 configurations for
each Si/Ge ratio ranging up to via Monte-Carlo Basin Hopping.

MAE (PBE+D3)
[meV/atom]
NNP

4.5

GFN0-xTB

10.8

AIP

70.8

Figure2 – Energy error with respect to PBE+D3 [meV/atom]

Figure3 – SchNet, Illustration of SchNet
with an architectural overview

Results
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Figure 4 - Ge Fraction and Excess Population for various Frameworks across a range of Si/Ge ratio
Overpopulated (D4Rs preferred), Random, Underpopulated (D4Rs non-preferred)

Figure 5- Average Ge count in the D4R's at Si/Ge ~3 Figure 6-"Occupation Factor" of each T-site averaged over all the structures

Conclusion
It should be noted that the effect of F/TMA hasn't been taken into consideration
here, even though it can be believed the effect of such interactions Ge-F` will have
effect on the relative stability of the sites.

Table 1 - Ge energetically prefers clustering in all zeolites but for different sites
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Figure 7- Ge Distribution for various Frameworks across a range of Si/Ge ratio
UTL (Num Ge= 11, Si/Ge = 2.5), BEC (Num Ge= 10, Si/Ge = 2.2), UOV (Num Ge= 24, Si/Ge =2.7), IWW (Num Ge=32,
Si/Ge =2.5)

Next Steps, Refinement at the DFT level for a subset of configurations. More in-depth
analyses of structure-energy correlations – what are the important factors for different
Ge distributions?
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Sub nanometer metal clusters composed by just a few atoms exhibit electronic, optical,
and catalytic properties different from those of larger nanoparticles and bulk metals,
which are associated to the accessibility of their low coordinated atoms and to a
molecular-like electronic structure with discrete energy levels and localized orbitals.
The catalytic properties of metal clusters depend strongly on their size and shape and
can be altered by interactions with protecting ligands or when they are stabilized on
inorganic supports. Understanding the nature and extent of these modifications is key
to potentially achieve a fine tuning of their catalytic performance [1-3].
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Previous theoretical and experimental work in our group has demonstrated that the
ability of copper clusters to dissociate O2, and the subsequent reactivity of the resulting
adsorbed O atoms, is closely linked to the morphology of the cluster. The activation
energy for O2 dissociation on planar (2D) Cu5 clusters is much higher than on 3D Cu5
or Cu7 clusters, making them more resistant against oxidation [4,5]. In this contribution,
we explore how these previously reported trends change when the copper clusters are
confined within the cavities of a zeolite with the CHA structure by means of periodic
density functional (DFT) calculations
For this purpose, we consider three different clusters, Cu5-2D, Cu5-3D and Cu7,
stabilized within the cages of CHA models containing an increasing amount of
framework Al atoms, with nAl = 0, 1 and 2. Next, we investigate the adsorption and
dissociation of molecular O2 on each of the nine resulting Cun-CHA systems using
dispersion-corrected DFT calculations, and analyse the correlations between charge
transfer and activation energy barriers. The total positive charge on the Cu n clusters
increases clearly with the number of Al atoms in the zeolite framework. O 2 adsorption
and its subsequent dissociation into two O atoms involves an additional charge transfer
from the catalyst to the O2 and O species, leaving the Cun clusters highly charged after
the reaction takes place (Figure 1).

Figure 1. Total positive charge on Cun clusters of different size and morphology stabilized in CHA models with
increasing number of framework Al atoms, and its evolution after adsorption of molecular O2 and its dissociation into two
O atoms.
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However, the charge transferred to adsorbed O2 does not directly correlate with the
total charge on the Cun clusters due to the influence of the support. The systems with
the highest Al content are less prone to transfer electron density to adsorbed O2, which
results in a lesser weakening of the O-O bond and consequently in a higher activation
energy for O2 dissociation (Figure 2). The large differences in the activation barriers
observed for Cun clusters supported on neutral pure silica frameworks (blue bars in
Figure 2) are reduced in the systems containing Al (orange and grey bars in Figure 2),
showing that the influence of the support modifies the trends associated to cluster size
and morphology. Therefore, the selection of the support is an additional parameter that
can help to optimize the catalytic activity or the resistance to oxidation of small metal
clusters.

Figure 2. (a) Total charge transferred to adsorbed O2. (b) Activation energy for O2 dissociation. (c) Optimized
geometries of the transition states for O2 dissociation on Cu7 clusters in CHA models with 1 and 2 framework Al atoms.
(c) Relationship between activation energy and charge transferred to adsorbed O2.
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We are using theoretical calculations to analyse the effect of acid site density
on the reactivity of certain key intermediates in the Methanol to Hydrocarbons (MTH)
process to gain more insight into the factors controlling the “hydrocarbons pool”
mechanism and the resulting product distribution. Recent theoretical and experimental
studies [1, 2] showed that “paired” Brønsted acid sites (Figure 1) can enhance the
reactivity of the zeolite catalyst. We are employing static periodic DFT simulations with
VASP to compare the acid strength of “isolated” and “paired” acid sites in addition to
analysing the difference in certain reaction routes of the MTH process based on type of
acid sites configuration.
Furthermore, Molecular Dynamics (MD) techniques as implemented in CP2K
are used to illustrate the chemical environment inside the zeolite pore at different
stages of the MTH process. The MD simulations will model the interaction of different
key intermediates with “isolated” and “paired” acid sites to determine the protonation
rates to quantify the activation capabilities of specific acid sites configurations.
Finally, static periodic DFT simulations are used to investigate the interactions
of a sample molecule with the Brønsted sites of varying proximity to each other, while
being part of different types of pores, in order to further uncover the ideal zeolite
structural characteristics influencing the stability of desired products obtained in the
MTH process.
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a)

b)

Figure 1. Schematic representation of a) “isolated” (left) and “paired” (right) acid sites and b) ethene interacting
with paired acid sites in H-ZSM-5, with colour scheme as follows: Al – green, Si – yellow, O – orange, C – grey
and H – white.
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Many macroscopic properties such as the viscosity of salt solutions, the mobility of ions
as a function of ionic radius, the ionic selectivity of membranes, (among others),
depend on the interactions between dissolved ions, water, and larger molecular units in
solution. A correct microscopic description of these phenomena is essential to get a
detailed understanding of the properties. In this work we study the system water-salt
(LiCl, NaCl, and KCl) from the atomistic point of view to determine the influence of
several factors on the microscopic structure of water and the ion hydration shell.
Furthermore, as a novel approach, we study the influence that confinement of water in
zeolites has on the solubility of salts.
We carry out this study by using the RASPA1 simulation code and force fields available
and validated in the literature for water2 and the ions3.
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Figure 1. Snapshots of the dissociation of a NaCl
cluster in water at 370 K obtained with MD
simulations

Figure 2. Position of the hydration shell in liquid
water as a function of the cation of the salt

We first perform Molecular Dynamics to analyse the effect of temperature and system
size on the dissociation of NaCl, by monitoring the complete dissociation of a small
cluster of salt in liquid water (see figure 1). Then, Monte Carlo simulations are used to
analyze the effect of temperature and system size on the dissociation of salt in liquid
water. In addition, the hydration shell as a function of the cation of the salt (figure 2),
the molarity of the dissolution, and the temperature are computed.
We use three families of commercial zeolites (MFI, FAU, and LTA) to figure out the
effect of confinement in the solubility. We focused on the effect that the concentration
of the salts, the topology of the structure, and the Si/Al ratio, exert on the dissociation
of the salts.
Our results in liquid water are in line with previous reported studies and our novel
approach shows that the topology of the zeolite plays a dominant role. It is possible to
modify the hydration shell and the degree of dissociation of the salt by selecting the
right topology and/or varying the Si/Al ratio of the zeolite..

References
[1] Dubbeldam, D.; Calero, S.; Ellis, D. E.; Snurr, R. Q., Molecular Simulation, 42 (2), 81-101 (2016)
[2] Berendsen, H. J. C.; Grigera, J. R.; Straatsma, T. P. The Journal of Physical Chemistry, 91, 6269–6271
(1987)
[3] Joung, I. S.; Cheatham, T. E. The Journal of Physical Chemistry B,112, 9020–9041 (2008)

805

P03.024. SPLITTING OF DIOXYGEN OVER TRANSITION METAL IONS SITES
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The effect of the local arrangement and nature of transition metal ions (TM) of distant
binuclear transition metal ion sites[ref] on the splitting of dioxygen was studied. These
distant binuclear TM ion sites are formed by two divalent TM ions capable of the II/IV
cycle and located in the distance of ca. 7.5 Å in two adjacent rings of the zeolite
framework. The effect of the distance between the two Fe(II) ions forming these sites,
the geometrical arrangement of the zeolite rings accommodating the Fe(II) ions and the
Al siting in these rings on dioxygen splitting was investigated by DFT calculations of Fe
(II) ions in the ferrierite, beta, mordenite, and A-type zeolite. The effect of the nature of
transition metal ion on dioxygen splitting was studied for Fe(II), Mn(II), Co(II), Cu(II),
Cu(I), and V(II) ions in ferrierite. For selected cases the results of DFT studies were
confirmed experimentally by multi-spectroscopic approach (FTIR and Møssbauer
spectroscopy) and test reaction with methane. Distant binuclear TM ion sites formed by
Fe(II), Mn(II), Co(II) and Ni(II) ions are able to split dioxygen at low temperature when
in proper geometrical arrangement.

Introduction:
Activation of cheap and benign dioxygen to form highly reactive oxygen species
represents one of the keys to modern catalytic technologies.
The selective oxidation of methane to methanol, which represents a highly promising
way for the transformation of methane to (valuable) liquid products, attracts the highest
attention in this field at the present time. Current technology based on the syngas route
is enormously demanding in terms of investment costs and energy and cannot be
employed for the utilization of “waste” methane (biogas and/or waste methane from oil
production). In recent years, significant step ahead has been done, mainly using
zeolite-based systems. However, up to now reported reaction systems are still far from
the realization. Cu(II) containing zeolites are able to selectively oxidize methane to
methanol using dioxygen, but the need of the extraction of methanol using water vapor
leads to low methanol yields and thus represents serious disadvantage of this catalytic
system [1]. Similar obstacle was connected also with the selective oxidation of
methane using N2O over isolated Fe(II) ions in zeolites. Nevertheless, DFT calculations
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suggested direct formation of methanol over oxygen activated over Fe(II) ion in the
zeolite [2]. Recently, the direct formation of methanol from methane oxidized using N 2O
over Fe(II) zeolites without need of water extraction was confirmed experimentally for
Fe-ferrierite [3]. Nevertheless, the oxidation of methane to methanol using expensive
N2O is not economically feasible. Very recently, a new type of active sites which enable
the activation of dioxygen by a new mechanism has been reported [4]. These sites are
formed by two cooperating Fe(II) ions stabilized in the adjacent cationic sites of the
ferrierite zeolite matrix in the distance of ca. 7.5 Å. This ca. twice longer distance
between the Fe(II) centers in rigid zeolite compared to similar structures of active sites
in more flexible metallo-enzymes results in the fact that instead of the formation of a O 2
bridge between the two metal ions, the oxygen molecule is split and two Fe(IV+)O(II-)
species (α-oxygens) are formed. A reaction of the α-oxygens formed over Fe(II)
binuclear sites with methane results in the selective oxidation of methane to form
methanol, which is released from the zeolite without a need of an extraction by water
vapor. However, the development of the technology for methane transformation
requires material with a high activity, selectivity, and stability. Thus, the possibility to
optimize the reaction system for several reaction steps (splitting of dioxygen, selective
oxidation of methane, and product desorption) is required. To accomplish this,
obtaining the knowledge of parameters affecting the performance of the distant
binuclear transition metal ion sites in the splitting of dioxygen is a key step.
Preparations of zeolite matrices with suitable Al organizations is very time-demanding
and makes sense only in the case of the preparation of systems with predicted activity
in the dioxygen splitting.

Experimental:
DFT calculations (VASP program) including molecular dynamics were used to study
the effect of the distance of the zeolite rings, geometrical arrangements of the sites,
and Al siting in the zeolite rings on the splitting dioxygen over Fe(II) binuclear sites.
Adjacent pairs of Fe(II) ions located in the cationic α and β-sites in the framework of
zeolite ferrierite, in β-sites of the zeolites beta and mordenite, and in 6-rings of the Atype zeolite served as model structures. Co(II), Mn(II), Cu(I), Cu(II) and V(II) ions
located in the β-sites in the framework of the zeolite ferrierite were employed to study
the effect of TM ion nature on the activity of binuclear sites in the splitting of dioxygen.
The prediction of the effect of the nature of TM ion on the splitting dioxygen was
experimentally confirmed for Fe(II), Co(II), Mn(II), and Ni(II) ions (Ni(II) ions cannot be
studied by the employed DFT approach) in ferrierite by the combination of FTIR
spectroscopy of antisymmetric T-O-T vibrations perturbed by the ligation of M(II) ion or
M(IV+)O(II-) complex and by the titration of α-oxygen by methane at room temperature.
Methanol in the methane stream was monitored by mass spectrometry and FTIR
spectroscopy of C-H vibrations. An analogous approach was employed to confirm the
theoretical prediction concerning possible activity of Fe(II) binuclear sites in Al-rich beta
zeolite matrices.
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Results and discussion:
Combination of DFT calculations, spectroscopic experiments, and activity tests clearly
shows that on the one hand Fe(II), Co(II), Mn(II), and Ni(II) ions in zeolites are able to
form binuclear sites which can split dioxygen with a low energy barrier (20 – 30
kcal/mol) to create a pair of the α-oxygens. On the other hand, V(II), Cu(I), and Cu(II)
ions do not split oxygen molecule according to our DFT calculations. Essential for
splitting dioxygen over binuclear TM ion sites in zeolite matrices is the local
arrangement of the binuclear sites. The axial arrangement of the site (with TM ions) is
required, non-axial site arrangement or loss of the axial arrangement due to the ligation
of TM ions result in the extinction of the ability to split dioxygen similarly as the too long
or too short distance between the two TM ions (the distance of empty zeolite rings does
not simply correlate to the cation distance). The optimum distance between the two
cations is between 7.0 and 7.5 Å. The siting of Al atoms in the zeolite rings
accommodating the two divalent TM ions does not play a role except when the given Al
siting results in the loss of the axial arrangement of the structure after the ligation of the
cations in the rings. Splitting dioxygen forms a pair of the α-oxygens, which are so
active that they are able to selectively oxidize methane to methanol even at room
temperature.

Figure 1. Non-axial and axial arrangement of binuclear transition metal ion site in zeolite and pair of α-oxygens formed
by splitting of dioxygen over of binuclear transition metal ion site with axial arrangement (from left to right). Oxygen –
red, silicon – gray, aluminum – yellow, TM ion – blue.

Conclusions:
Distant binuclear TM ion sites formed by Fe(II), Co(II), Mn(II) and Ni(II) ions stabilized
in zeolite cationic sites which possess the axial arrangement of the binuclear TM ions
and with the distance between the two cations ranging from 7.0 to 7.5 Å are able to
split dioxygen at low temperatures and form a pair of highly active oxygen species (αoxygens) of M(IV)O(II-) structure. These active oxygens are able to selectively oxidize
methane to methanol at low temperatures.
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1. Introduction
The worldwide alcohols transformation to hydrocarbons has raised considerable
interest in the recent years concerning the demand for renewable alternatives to
petroleum-based fuels and chemicals (Scheme 1). Alcohols can be easily produced
from natural gas, coal and biomass, with lower prices and more availability than crude
oil. Hence, catalytic conversion of alcohols to gasoline range hydrocarbons continues
to receive much attention [1-3].

R-OH

-H2O
R-O-R
+H2O

-H2O
Light olefins

Aromatics
Higher olefins
n/iso-paraffins
Naphthenes

Scheme 1: The proposed main steps in the conversion of alcohol to hydrocarbons

The zeolite class catalysts are adequate to carry out the alcohols to hydrocarbons
process because of their inherent acidity and exceptional shape selectivity properties.
The product distribution in the zeolitic alcohol conversion process depends strongly on
the acidity and the channel structure of the zeolite [3]. In this regard, we thought it
would be worthwhile to evaluate and modify the key physical and chemical properties
(acidity, crystal size and pore size) of the M-ZSM-5 (M = H, Ti and Zr) zeolite to affect
the efficiency of the alcohols to hydrocarbons process. This is done by doping the HZMS-5 zeolite with tetravalent ions (Zr4+ and Ti4+). To the best of our knowledge, the
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evaluation of H-ZSM-5 that is isomorphously framework-substituted with tetravalent
ions (Zr4+ and Ti4+) and its application on the alcohols to hydrocarbons process has not
been reported.

2. Experimental
The M4+-ZSM-5 zeolite materials were hydrothermally synthesized from the assembly
of TPAB with a preformed ZSM-5 solution. The synthesis gel was transferred to an
autoclave and heated at 150 C for 3 days. The resulting as-synthesized solid product
was obtained by filtration, dried at 110 C overnight and calcined at 550 C for 6 hours
to remove organic additives. The performance of each catalyst was tested for its
catalytic effect in the alcohols to hydrocarbons process at reaction conditions of 473573K, 40 bars and WHSV = 1-4 h-1. Liquid and gaseous products were analysed using
GC-FID and GC-TCD.

3. Results and discussion
A
B

Figure 1: SEM images of (a) Ti-ZSM-5 and (b) Zr-ZSM-5.

The M-ZSM-5 (M = H, Ti and Zr) zeolite materials were synthesized successfully using
a hydrothermally synthesis method. These zeolite materials have been characterized
fully using XRD, FT-IR, Al/Si NMR, BET, NH3-TPD, TGA, ICP, SEM and TEM. The
characterization results indicate that the synthesized materials are crystalline and
monophasic; extra phases of ZrO2 and TiO2 were not observed (Figure 1). The catalyst
testing results show that the modified M-ZSM-5 (M = H, Ti and Zr) zeolites are good
catalysts for the alcohols to hydrocarbons process. These catalysts displayed high
selectivity towards C4-C12 hydrocarbons and minimal selectivity towards cracked
products.

4. Conclusions
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In summary, we have demonstrated that the M-ZSM-5 (M = H, Ti and Zr) zeolite
material can be synthesized successfully using a hydrothermal method. These zeolite
materials can efficiently catalyze the alcohols to hydrocarbons process with high
selectivity towards gasoline range hydrocarbons.
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The carbon circular economy provides solution, to address the high levels of CO 2 in the
atmosphere, by researching ways to store, use and remove it. As an inexpensive,
abundant and non-toxic, renewable carbon source, the use of CO2 has received a
great interest in many areas. Lately, the focus of researchers is the production of fuels
and high-value-added chemicals such as alcohol products, throughout the
hydrogenation of CO2. Among alcohol products, ethanol attracts great attention due to
its notable energy density and current engine knowledge. However, the conversion of
CO2 to ethanol has been difficult, due to the presence on the catalyst of various
functional groups and the high energy barrier of the C-C coupling [1]. Therefore, the
development of novel stable heterogeneous nanoparticle catalysts, for the selective
production of ethanol directly from CO2, is of great importance.

Zeolites are the most widely used industrial heterogeneous catalysts. They are
classified as aluminosilicate materials with intracrystalline pores and cavities of
molecular dimensions. The catalytically active sites in zeolite micropores can be acid
sites that result from the charge compensation of the framework with protons, which is
necessary when e.g. Al3+ substitutes Si4+ in the framework. Alternatively, it can also be
redox active sites resulting when the charge compensation is done with redox active
ions such as Cu(II), or Pd(II) rather than with protons [2]. Here we report the
encapsulation of three different zeolite frameworks, BEA, MFI, MOR with metal
nanoparticles. The different zeolite-based catalysts were screened using autoclave
experiments at 200 oC and various CO2/H2 ratios. The best catalysts were further
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tested under high pressure continues flow conditions in order to optimize the selectivity
for ethanol. We have shown that, the structure of the zeolite framework has great
influence on the catalytic activity. All the obtained materials were characterized using
IR, XRD, BET, TEM [3]. Figure 1 illustrates the different zeolite frameworks used, as
well as an illustration of an autoclave reactor.

Fig. 64 Overview of the themes involved in this abstract.
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1. Introduction
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Polyethylene is one of the most produced plastics in the world today, and the amount
of its waste is enormous, which leads to serious environmental problems. Therefore,
plastic waste management is an important issue[1]. Recently, chemical recycling (CR)
has appeared as a promising alternative to solve this problem[2]. Plastic waste can be
converted into valuable products such as monomers or petrochemical feedstocks in
CR. So far, there has been much research on the catalytic cracking of polymers using
zeolites[3]. It is known that *BEA-type zeolites, which have a high external surface area
and large micropores, exhibit very high catalytic activity in the catalytic cracking of
polymers. However, since the control of the external surface area and micropore size is
reaching its limits, new approaches are needed to improve the catalytic activity further.
We focused on the structural defects that exist on the internal and surface of the crystal
and are composed of silanol groups. Silanol groups in zeolites are a significant source
of weak acids that show catalytic activity. In this study, Beta nanoparticles with more
structural defects were prepared using methyltriethoxysilane (MTES).
2. Experimental
Colloidal silica (CS) and MTES were used as the Si source, and aluminum sulfate
hexadecahydrate was used as the Al source. Tetraethylammonium hydroxide (TEAOH)
was used as an organic structure-directing agent (OSDA). The molar ratios of the
precursor solution were x SiO2 (MTES) : (1-x) SiO2 (CS) : 0.3NaOH : 0.5TEAOH :
0.033Al2O3 : 20.7H2O (x = 0.02, 0.04, 0.085, and 0.1). MTES-Beta-x was synthesized
by a dry gel conversion method. For comparison, conventional Beta zeolite was
prepared in the absence of MTES through a similar procedure. The catalytic effect of
the obtained samples on LDPE decomposition was evaluated using thermogravimetry
(TG).
3. Results and discussion
We measured XRD patterns to investigate the effect of MTES on the crystallization of
Beta zeolite. Beta zeolites with high purity were obtained using MTES up to x= 0.085.
In order to obtain insights into acidity, we measured FT-IR spectra using pyridine as a
probe molecule. MTES-Beta-0.085 showed a stronger band at around 1445 cm-1
attributed to Lewis acidity than Beta; MTES promotes the formation of Lewis acid sites
as shown in Figure 1 (a). In order to investigate the origin of Lewis acidity of MTESBeta, we measured 27Al and 1H MAS NMR spectra of Beta and MTES-Beta. According
(a)

(b)

Figure 1 (a) FT-IR spectra of Beta and Beta-SZ after pyridine adsorption and (b) TG curves of obtained samples.
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to these spectra, MTES contributes to a significant increase of silanol groups and
extra-framework aluminum species. It is widely accepted that extra-framework
aluminum species and silanol nests generate Lewis acidity. The thermogravimetric
curves for catalytic degradation of LDPE are measured to investigate catalytic
performances of Beta and MTES-Beta (Figure 1 (b)). MTES-Beta decomposed LDPE
at a lower temperature than Beta; MTES-Beta showed higher catalytic activity on
catalytic degradation of LDPE than Beta. Considering these results, we can conclude
that extra-framework octahedral aluminum and silanol groups increased the Lewis
acidity of Beta and improved LDPE degradation activity.
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Abstract: The CO2-assisted propane dehydrogenation is an attractive catalytic route to
tackle the equilibrium conversion limitation. However, the rational development of a
catalyst is important to achieve high catalytic performance. Herein, we reported the
fabrication of PtZn alloy nanoparticles supported on hierarchical silicalite-1 as catalysts
for CO2-assisted propane dehydrogenation. The synergistic effect of the PtZn alloy
facilitates the equilibrium shift in propane conversion by consuming the produced H 2
from PDH through RWGS, resulting in an outstanding catalytic activity compared to
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monometallic Pt. Moreover, an in-situ DRIFTS was applied to gain insight into the
influence of Pt-Zn catalysts on the mechanistic pathways. This work opens the
perspectives for the design of alloy catalysts to achieve an excellent catalytic activity
for CO2-assisted alkane dehydrogenation.
1. Introduction
Propylene is one of the most important building blocks in various petrochemical
industries, for example, polypropylene, propylene oxide, and acrylic acid. Traditionally,
steam cracking and fluid catalytic cracking (FCC) are the main processes for propylene
production. However, it often suffers from drawbacks such as low propylene selectivity
and requiring a high reaction temperature, leading to high energy consumption and
abundant carbon dioxide emission. Consequently, the development of corresponding
processes to selectively produce propylene has become interesting. To achieve a high
performance of propylene production, the propane dehydrogenation process (PDH)
has been applied because it provides higher propylene selectivity at lower reaction
temperature compared with the traditional processes.[1] However, this process suffers
still from the equilibrium conversion limitation due to the nature of reversible reaction.
Therefore, to circumvent this problem, the CO2 feedstock can be applied as a co-feed
to shift the equilibrium conversion of propane by the consumption of the formed H 2
obtained from the PDH process through reverse water gas shift reaction (RWGS).[2]
Although CO2-assisted propane dehydrogenation via RWGS has been the most
attractive approach, the development of corresponding catalysts, which can promote
effectively both PDH and RWGS reactions and a deep understanding of mechanistic
pathways in CO2-assisted propane dehydrogenation are still in the early stage. Herein,
we demonstrated the rational design of highly dispersed Pt-Zn alloy supported on
hierarchical silicalite-1 nanosheets (SiNS) as a catalyst for CO2-assisted propane
dehydrogenation through RWGS. It was found that the CO2 gas as a co-feed in PDH
reaction indeed improves the propane conversion by shifting the equilibrium conversion
through RWGS. In addition, the Pt-Zn alloy supported on SiNS sample shows an
excellent performance in CO2-assisted propane dehydrogenation through RWGS
compared to the monometallic platinum supported on SiNS. Moreover, several
techniques, such as TEM, XPS, XAS, and in-situ DRIFTS have been systemically
investigated to understand the role of Pt-Zn alloy and mechanistic point of view on
CO2-assisted propane dehydrogenation.
2. Experiments
To fabricate the PtZn alloy nanoparticles supported on hierarchical silicalite-1,
the silicalite-1 nanosheet (SiNS) as catalyst support was synthesized by a
hydrothermal process with the molar composition of 60SiO2: 18TBAOH: 0.75NaOH:
600H2O. After obtaining the hierarchical silicalite-1, a certain amount of platinum (Pt)
and zinc (Zn) were loaded on the hierarchical silicalite-1 by an impregnation method.
The obtained catalysts were denoted as 1Pt-xZn/SiNS, where x represents the amount
(wt%) of zinc with constant content of 1 wt% of Pt. To evaluate the catalytic
performance, the synthesized catalysts were tested in CO2-assisted propane
dehydrogenation, which was carried out in a fixed-bed reactor at 600 ºC under
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atmospheric pressure. In addition, the reaction products were analyzed by an online
gas chromatograph (Agilent 7890B GC) equipped with Flame Ionization Detector (FID)
and Thermal Conductivity Detector (TCD).
3. Results and discussion
The Pt-Zn alloy supported on silicalite-1 nanosheet catalysts (Pt-Zn/SiNS) were
successfully synthesized by an impregnation method. As shown in TEM images (Figure
1A), the Pt-Zn nanoparticles are well dispersed over the entire area of SiNS surfaces
with a particle size of 3.7 ± 1.7 nm for the 1Pt-1Zn/SiNS. The formation of Pt-Zn alloy
was confirmed by scanning transmission electron microscopy-energy dispersive X-ray
spectroscopy (STEM-EDS), high-angle annular dark-field imaging (HAADF), and
corresponding inverse fast fourier transform (IFFT) images. The STEM-EDS mapping
image of 1Pt-1Zn/SiNS (Figure 1B) reveals the homogeneous distribution of Pt and Zn
species, located mostly the same position, implying the formation of an alloy system.
Moreover, the lattice fringe spacing of 0.284 nm was observed as illustrated in Figure
1C-D, corresponding to the (110) facet of PtZn.[3] In terms of catalytic activity, the
prepared samples (1Pt/SiNS, 1Pt-0.5Zn/SiNS, 1Pt-1Zn/SiNS, and 1Pt-2Zn/SiNS) were
tested in CO2-assisted propane dehydrogenation via RWGS reaction as demonstrated
in Figure 2A. Compared to other samples, the 1Pt-1Zn/SiNS sample shows an
excellent catalytic performance with the highest propane conversion of 43%, whereas
the propane conversion over pure Pt (1Pt/SiNS) was only 35%. These results can
imply that the synergistic effect between zinc and platinum in PtZn alloy can enhance
the catalytic activity by shifting equilibrium conversion through RWGS with respect to
the 1Pt/SiNS. To further investigate this synergistic effect, in-situ DRIFTS experiments
of CO2-assisted propane dehydrogenation via RWGS were carried out over 1Pt1Zn/SiNS and 1Pt/SiNS. As shown in Figure 2B-C, the O-H stretching region was also
studied to observe the intermediate species in RWGS. Interestingly, the narrow band at
3600 cm-1 and broad band in the range of 3300-3570 cm-1 attributed to nonbonded
hydroxy group and hydroxy group (H-bonded), respectively,[4] can be clearly observed
in case of the 1Pt-1Zn/SiNS sample, while these IR bands are difficult to be detected
over the 1Pt/SiNS sample. These species are one of the most important intermediate
species from RWGS reaction. This behaviour can confirm that the synergistic effect of
PtZn catalyst significantly promotes the RWGS reaction, which can remarkably improve
the consumption of H2 produced from PDH, resulting in shifting the equilibrium
conversion of propane with respect to the monometallic platinum. Therefore, high
conversion of propane in CO2-assisted propane dehydrogenation can be achieved by
applying the ultrasmall Pt-Zn alloy nanoparticles supported on SiNS.

Figure 1. (A) TEM image, (B) STEM-EDS image, and (C) HAADF and corresponding IFFT images of 1Pt-1Zn/SiNS.
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Figure 2. (A) Catalytic activity in CO2-assisted propane dehydrogenation of: (a) 1Pt/SiNS, (b) 1Pt-0.5Zn/SiNS, (c) 1Pt1Zn/SiNS and (d) 1Pt-2Zn/SiNS (bar chart = propane conversion and ▲= propylene selectivity), (B) and (C) DRIFTS
spectra as a function of time-on-stream (TOS) upon CO2-assisted propane dehydrogenation via RWGS at 550 °C of
1Pt/SiNS and 1Pt-1Zn/SiNS, respectively.

4. Conclusions
The Pt-Zn alloy supported on SiNS samples were successfully prepared with a
high dispersion of PtZn alloy nanoparticles and used as catalysts in CO 2-assisted PDH
reaction. In addition, the catalytic performance of PtZn catalyst can be significantly
improved with a remarkably high propane conversion due to the modified electronic
properties on PtZn alloy surfaces, which can promote equilibrium shifting more than the
monometallic platinum. This example not only opens up the design of alloy metal for
CO2-assisted propane dehydrogenation but also provides interesting strategies for the
development of the other catalysts and processes to achieve an excellent catalytic
activity in the alkane dehydrogenation application.
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Plastic and in general polymers are one of the greatest inventions of humanity. From
the 50s until now, plastic has become an ubiquitous material. However, the lack of
proper waste management with appropriate recycling technologies leads to plastic
pollution, which needs global attention. A great number of studies in literature have
demonstrated the potential of , catalytic pyrolysis at lab-scale and small unit reactors as
a solution to plastic pollution. Nevertheless, the short catalyst lifetime and low product
selectivity remains are few among the bottlenecks related to such process. Several
works have pointed out that acidity is the key factor in catalytic cracking, however,
others show that the diffusion paths as a key challenge to improve on conventional
zeolite which affects the conversion of large molecules. Understand the impact of
meso- and microporosity and their effects on the overall acidity of the catalyst is
a key point to take waste a valuable feedstock. To tackle such gaps, this work
investigates the capability of the implementation of hierarchical catalysts with tunable
acidity to produce high value-products from plastic waste which could be used as
chemical feedstocks. The goal here is to understand the effects of acidity and
hierarchical structure on the catalytic activity in PP pyrolysis. Two catalysts based on
hierarchical supports were synthesized (Figure 1). The first catalyst, Ni supported on
desilicated ZSM5 zeolite (Ni@m-HZSM5W), which has been tagged as "from micro to
meso". For the second catalyst, Ni over mesocellular alumina-silica foam (Ni@AlMCF)
tagged "from meso to micro" was prepared. The aim is to produce support with a
hierarchical structure, improved, by subsequent zeolitization of the parent mesocellular
foam, then increasing the acidic character of the of such structures. The samples were
characterized by XRD, N2-BET, acidity by FTIR-pyridine, TPD of n-propylamine, TEM
and SEM tools. Liquid and gas products from catalytic pyrolysis of PP were
characterized by GC, GC-MS, DHA techniques, etc.
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Figure 1: Representative SEM and TEM images of a) mesocellular foam, b) hierarchized ZSM5

On the one hand, the preliminary results show that a well-tuned Bronsted-Lewis’s
acidity has an important role in the polymer cracking by increasing the life of the
catalysts. Meanwhile, mesoporosity of the material has a more important function in the
selectivity of products. On the other hand, a high degree of microporosity and
uncontrolled acidity is shown to harm the conversion by coke deposition. Nevertheless,
materials with exclusively mesoporosity, or with a low degree of microporosity, fails to
have proper acidity (strength and concentration) to initiate C-C cleavage, therefore
leads to low plastic conversion. A compromise between mesoporosity formation and
depreciation of Bronsted acidity is necessary to achieve desirable impacts on the
product yields. An increase hierarchical factors and acidity strength, without substantial
loss of microporosity are good options to improve the catalyst synthesis processes.
Tuning the catalytic performance is a tricky task but is tremendously important to
achieve desired results. Both acidity and hierarchical factor have to be considered and
monitored during the synthesis process, for optimal catalyst performance.
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Plastic pollution threatens the environment and human well-being, and a global
transition to a circular economy of plastics is vital to address such challenge. Pyrolysis
is a key technology for conversion of unrecyclable end-of-life plastics into value-added
products. Nevertheless, the high energy consumption during plastic pyrolysis limits the
economic feasibility of a scaled-up process. Therefore, development of a more energyefficient process is necessary to realize the full potential of plastic pyrolysis in the
circular economy. This work presents an exploratory study on application of induction
heating in thermal and catalytic pyrolysis of high-density polyethylene (HDPE), lowdensity polyethylene (LDPE) and polypropylene (PP) resins in a stainless-steel fixed
bed reactor. For catalytic pyrolysis, a commercial ZSM-5 zeolite with Si/Al ratio of 23
and an equilibrium fluid catalytic cracking catalyst (E-cat) (supplied by CEPSA, a
Spanish-based international energy company) were used. Thermal analysis revealed
complete decomposition of plastics within 435-500 oC, with the peak decomposition
temperatures of the plastics in the following order: PP < LDPE < HDPE. ZSM-5 zeolite
possessed a higher surface area than E-cat, due to the well-developed microporosity.
The hysteresis loop for ZSM-5 was of H4 type, indicating a mixture of microporosity
and mesoporosity dominated by narrow crack pore. On the other hand, an H3-type
hysteresis loop was observed for E-cat, indicating plate slit, crack and wedge
structures. According to analysis results provided by CEPSA, The ZSM-5 zeolite
possessed a higher total acidity than E-cat. Induction heating resulted in a fast increase
in reactor temperature (with a typical heating rate of 65 oC /min), therefore a complete
conversion of plastics was achieved within 10 minutes for both thermal and catalytic
pyrolysis. Thermal pyrolysis produced waxes (70-75 wt%) and small amount of gas
products, indicating limited degree of polymer cracking within the short reaction time.
The presence of catalyst significantly improved polymer cracking, leading to higher
yields of gas products (55-70 wt%) and liquid products (5- 40 wt%) at the expense of
wax product (0-30 wt%). In general, the gas products were rich in C3 and C4
compounds. The liquid product composition was significantly influenced by the catalyst
properties and polymer chain structure. Catalytic pyrolysis of plastics over ZSM-5
produced liquid products (C7-C15), with high abundance of aromatics (benzene,
toluene, ethylbenzene, xylene and naphthalenes) (44.9-93.0 %) and small amounts of
alkanes and alkenes. On the other hand, catalytic pyrolysis of plastics over E-cat
produced liquid products (C7-C35), which contained alkenes (66.1-72.9 %), alkanes
and a small amount of aromatics. In addition to catalyst properties, the polymer
structure also influenced the product compositions. During thermal pyrolysis, PP (with
branched-chain structure) was more susceptible to decomposition than HDPE and
LDPE (with mainly linear structure). During catalytic pyrolysis, the bulky structure of PP
reduced the effective interactions between the polymer chains and the catalyst active
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sites, leading the lower abundance of aromatics in the products. Thermal analysis of
spent catalysts revealed a more extensive coke formation on ZSM-5 than that on E-cat,
as the higher acidity of the former catalyst promoted coke precursor formation. Based
on these research findings, induction heating is capable of converting plastics into
waxes and chemical feedstocks within a short reaction time. Industrial experience
indicates that induction heating is more energy-efficient than the (traditional) resistive
heating, due to the fast heating/cooling and the avoidance of heat loss during
convective heat transfer from the heat source to the reactor. Thus, plastic pyrolysis via
induction heating could be a key strategy to promote valorisation of unrecyclable endof-life plastics. Studies are currently underway to compare the energy efficiency of
inductively-heated plastic pyrolysis to the state of the art.

Acknowledgment
This work was supported by the European Union’s Horizon 2020 research and
innovation programme under the Marie Skłodowska-Curie grant Agreement No.
754382, GOT ENERGY TALENT. The content of this publication does not reflect the
official opinion of the European Union. Responsibility for the information and views
expressed in this paper lies entirely with the authors. The authors also acknowledge
the mentorship and contributions of CEPSA to this study in term of materials, technical
analysis and intellectual discussions.

P04.007. DIFFUSION AND REACTION LIMITATIONS: CATALYTIC
TRANSALKYLATION OF ALKYLPHENOL TO PHENOL IN SUPERCRITICAL
BENZENE FLUID OVER MFI TYPE ZEOLITE
Jose A. Hernandez Gaitan2, Yuta Nakasaka1, Takuya Yoshikawa1, Norikazu
Nishiyama2, Takao Masuda1
1
Division of Chemical Process Engineering, Faculty of Engineerin5g, Hokkaido
University, N13W8, Kita-ku, Sapporo 060-8628, Japan
2
Division of Chemical Engineering, Graduate School of Engineering Science, Osaka
University, 1-3 Machikaneyama, Toyonaka, Osaka, 560-8531, Japan
ahg17586@gmail.com

1. Introduction
Renewable energy and resources are primary challenges of the 21st century, being one
of the main focus, to insert conventional waste products into circular process. Plantbased waste has been gaining interest in the research community, as new biorefineries
breakthroughs take place. One of the main components of plants is lignin, and it has a
great potential, due to is composition of phenolic compounds, to be used in the
production of high value chemicals, such as phenol. (Worldwide production of lignin is
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around 150 billion tons, out of which 415 million tons are coming from five major crops
[1]).

Lignin is a polymeric material composed of three main monolignols; coumaryl alcohol
(H), coniferyl alcohol (G), and sinapyl alcohol (S) which have the potential to be further
depolymerized into useful chemical blocks, such as phenol. An interesting chemical
process to obtain phenol from lignin is selective hydrogenation which yields several
phenolic monomers that can be further reacted with an organic solvent to obtain
phenol. Understanding the effect of the catalyst and the process in this reaction is key
to further scale up this process.
In this research, we study one of these intermediary reactions for the chemical
breakdown of lignin; transalkylation reactions. We used a similar phenolic compound
found in lignin, para-propylphenol (ppp), and reacted it with benzene using an H-MFItype zeolite as catalyst, under supercritical conditions (which have been proved to
reduce coke formation and build up in the zeolite pores) [2, 3].
2. Experimental
Various MFI-type zeolites were synthesized to use
in the transalkylation reaction. The main two
batches are described in Fig. 1. The reaction was
evaluated using 150 mg of macro- and nano- size
pelletized, crushed, and sieved samples with a
bulk particle size of ca. 0.40 mm.

A fixed bed reactor made of stainless steel with
1.39 cm3 of inner volume was used for the
Figure 1. Zeolite properties

continuous reaction at temperatures of 350, 375 and
400 °C and time factors W/Fppp ranging from 13.8 to
82.6 kg mol-1 s, as seen in Figure 2. Feedstock
solution was 10 % ppp and 90 % benzene.
Pressurization and stabilization stages were made
using pure benzene. Once temperature and pressure
conditions were reached, the feedstock solution was
fed.
3. Results and Discussion
A clear improvement in phenol yield and selectivity
was observed when using nano- size zeolite
compared to the macro- size zeolite. Figure 3 shows
diffusion limitations when using the macro- size zeolite,
located in the transition control condition region

Figure 2. Reactor setup
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compared to the nano- size zeolite, located in the reaction control condition region.

Not only phenol yield is increased but also the selectivity of the reaction was increased
due to the “transit state shape selectivity” of the MFI- type zeolite inside the pores,
decreasing the secondary reactions that take place on the surface of the zeolite.
The main secondary reaction was isomerization reactions, which mainly took place on
the surface of the zeolite. Nano- size zeolite showed higher phenol selectivity and low
isomer yield at higher temperatures, compared to the macro- size zeolite.
Different time factors (W/FPPP, kg mol–1 s) and temperatures were evaluated in the
supercritical region, to determine ideal conversion conditions. As expected, Nano- size
zeolites exhibited the best results in a wide range of temperatures and time factors,
achieving conversions up to 98.4 % with a selectivity of 88.1% at 400 °C and 82.7 kg
mol–1 s.
A 1st order kinetic model was developed, assuming a parallel bimolecular reaction
based on the conversion of ppp to phenol and isomers. Increasing specific reaction
rate constants were observed when the reaction was catalysed by nano- size particles,
compared to the macro- size particles.
The activation energies for the transalkylation reaction were 60.0 and 103 kJ mol-1 for
the macro- and nano- size, respectively, and for the isomerization reaction were 37.9
and 27.8 kJ mol-1 for the macro- and nano- size, respectively. The activation energy
associated with diffusion was 17 kJ mol-1.
As seen in Figure. 3, clear diffusion limitations are present in macro- size range.
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4. Conclusion
The study showed that decreasing the particle size of the zeolite will shift the reaction
conditions from diffusion controlling conditions to reaction controlling conditions and
increase the selectivity of the reaction due to its transit shape selectivity. For analysed
H-MFI- type zeolite (Si/Al = 95), particles with a size (Dp) below 124.61 nm will locate
the reaction on the reaction controlling conditions. High conversion (80 – 90 %) and
selectivity (70 – 80 %), can still be achieved at low temperatures (350 °C) and high
time factors (82.7 kg mol–1 s). Both zeolite properties (size) and process condition (T,
W/FPPP) are key parameters for scaling up the process
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P04.008. NH3-SCR OVER IRON-EXCHANGED SMALL-PORE ZEOLITES WITH
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As one of the most effective after-treatment systems to remove nitrogen oxides (NOx)
emitted by diesel engines, selective catalytic reduction (SCR) has long received much
attention. For the past decade, as a result, several copper- and iron-exchanged smallpore zeolites with different framework topologies, for example, Cu-SSZ-13, Cu-LTA,
and Fe-LTA, have found excellent performance for SCR of NOx by ammonia (NH3SCR). Compared to Cu-exchanged zeolites, on the other hand, it has been repeatedly
shown that Fe-exchanged zeolites show lower selectivity to N2O but better resistance
to sulfur poisoning. Here, we present the NH3-SCR performance of three Feexchanged small-pore zeolites with different topology structure, i.e., Fe-CHA, Fe-AEI
and Fe-LTA under standard and fast SCR conditions. Their SCR activities, the function
of intrazeolitic Fe species and Brønsted acid sites in NH3-SCR will be discussed in
terms of the reaction mechanism, especially of the formation of NH4NO3.
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Symmetrical and asymmetrical ethers produced from renewable feedstock play an
important role in numerous green chemistry technologies[1]. The MFI zeolite with 2D
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system of intersecting 10-ring channels showed the exceptionally high selectivity (78 at
87% conversion) to the targeted cyclopentyl methyl ether when compared with large(FAU, BEA, MOR) and medium-pore (MFI, FER and MWW) zeolites[2]. The aim of
this work was to address the effects of tiny changes in the size of 10-ring
micropores and their intersections on the outcome of cross-etherification of
cyclopentanol with methanol producing the asymmetric cyclopentyl methyl
ether. Furthermore, we tried to understand the effect of textural properties as well as
nature and location of active sites on the mechanism of this reaction. For that purpose,
commercial MFI, nanosponge MFI, and nanolayered MFI zeolites with similar
concentrations of acid sites as well as medium-pore TUN and IMF zeolites with internal
voids, slightly larger from those in MFI were investigated by combined catalytic tests
and infrared adsorption studies.

Figure 1 Representation of the cyclopentanol adducts formed on the surface of the zeolites under studies along
with main products detected for transformation of cyclopentanol in the presence of methanol

Detailed FTIR analysis revealed three forms of adsorption adducts depending of
alcohol loadings and the type of the zeolites: i) neutral single H-bonded adduct, ii) bulky
ionic H-bonded adduct, and iii) neutral cylopentoxy adduct. MFI zeolite is the most
efficient catalyst in cross-etherification reaction of cyclopentanol reaching the yield of
cyclopentyl methyl ether of 70%. Both hierarchical (42% ⎼ 48%) and medium-pore
zeolites (48% ⎼ 58%) exhibited significantly lower yields. The reduced catalytic
performance towards cyclopentyl methyl ether formation can be related to the larger
size of internal voids located in the microporous zeolite as well as the presence of a
high number of strong Lewis acid sites, which are presumably responsible for
catalysing undesired dehydration reaction of cyclopentanol to cyclopentene. The
results clearly show that zeolite selectivity in the transformation of cyclopentanol
depends on the textural and acidic properties of the catalyst as well as the nature of
dominating surface adducts detected by FTIR spectroscopy (Figure 1). The H-bonded
monomeric and dimeric adducts led to formation of CPME; the cylopentoxy groups
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were preferentially transformed into CyPen. Interestingly, the symmetric ethers were
not observed. The presented experimental methodology allows elucidation of the
complex mechanism of cyclopentanol transformation with methanol in the presence of
zeolites as catalysts.
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One route to improve methane usage is through partial oxidation (POx) to liquid
products, such as methanol, which may be utilized as feedstock in other chemical
processes. A major challenge in methane POx is avoiding over-oxidation of methane to
carbon dioxide and water. However, the POx of methane to liquid products remains a
major scientific challenge [1]. It has been shown that similar active sites hosted in
different zeolite lattices can exhibit significantly different reactivity depending on the
size of the zeolite pore apertures [2]. In this work, we investigate the role of small pore
frameworks in the activation and functionalisation of methane over extraframework zinc
sites. The RTH zeolite framework is compared with the CHA and MFI frameworks,
whilst the reactivity of the methyl-zinc species, resulting from C‒H activation, was
investigated using air and ethylene as reactants.
The RTH zeolite (Si/Al = 8) was prepared according to a reported procedure [3] with
minor modifications. The CHA zeolite (Si/Al = 12.5) was prepared by a hydrothermal
method using Ludox (HS40) and FAU (Si/Al =30) as silicon and aluminium sources
respectively [4]. Commercially available MFI zeolite (Clariant, Si/Al = 12.5) was
obtained in the ammonium form and used as received. All zeolites were characterised
using standard laboratory techniques and were confirmed to be of high crystallinity and
pure phase. Zeolites in Brønsted acid form were contacted with zinc vapour prior to
exposure to methane, according to our previously reported procedure [5]. The resulting
Zn-methyl species was contacted with air or ethylene at 25 °C and 250 °C,
respectively. The reactions were monitored with solid state MAS NMR (DE and CP 13C
experiments).
Solid state 29Si NMR analysis of the as-prepared and calcined RTH zeolite show two
distinct peaks at -113 ppm and -107 ppm, and a shoulder at -101 ppm. The distinct
peaks at -113 ppm and -107 ppm can be assigned to the Q4 sites – Si(4Si) and the
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Si(3Si, 1Al) sites respectively, while the shoulder at -101 ppm indicates the presence of
Q3 sites – Si(3Si)OH [3]. The 27Al SSNMR of the as-prepared RTH zeolite showed a
single peak at 54 ppm, which implies that the zeolite was prepared free of any
extraframework aluminium species. The calcined RTH sample showed an additional
peak at 0 ppm, which was confirmed to be a framework-bound, octahedral aluminium
species, similar to a recent report for the MOR framework [6].

Figure 1 – 13C SSNMR spectra of (a) Zn/RTH and (b) Zn/CHA zeolites after 20 minutes successive exposure to
13
CH4 and air. (c) Zn/RTH zeolite after exposure to 13CH4 and ethylene.

Exposure of the Zn/RTH, Zn/CHA and Zn/MFI samples to 13CH4 (13C 99%) showed a
characteristic Zn-methyl signal at −19 ppm [5, 7, 8], which was no longer present upon
exposure to air for three hours. No signal corresponding to methanol nor Zn-methoxy
species was detected (contrary to previous reports on different frameworks in
references 5, 7 and 8), though a Zn-formate species (173 ppm) [7, 8] was detected. At
a shorter contact time with air (10 minutes), both methanol (50 ppm) and zinc formate
species were detected – Figure 1a illustrates this observation on the RTH framework. It
should be noted that the Zn-methyl species is completely consumed after only 10
minutes of aerial exposure. Comparing the CP and DE spectra in Figure 1a and b, it
can be seen that the methanol formed on the RTH zeolite is rigidly bound to/trapped
within the zeolite whereas those on the CHA framework exist as free species. Figure 1c
shows that the Zn-methyl species formed on the RTH framework are also reactive with
ethylene, and similar to the observation with air and judging by the enhanced CP
signals, the RTH framework also produced strongly bounded species in reaction with
ethylene. Quantitative analysis, using a method developed in our group [5], will show
how the different framework topologies influence the reactivity of the Zn-methyl
species. This work demonstrates that the zeolite pore geometry has a non-negligible
influence on the reactivity of the intermediate Zn-methyl species produced during
methane activation.
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Non-oxidative methane dehydroaromatization (MDA) is a promising reaction to directly
convert abundant natural gas into liquid aromatic hydrocarbons (mainly benzene) and
hydrogen. The benchmark Mo/ZSM-5 catalysts can display a benzene selectivity of
60–80% with a thermodynamically limited methane conversion of 10–12% at typical
reaction temperature of 700 °C.[1][2] To make MDA commercially applicable, one
major challenge has to be overcome – rapid and inevitable deactivation of the catalyst
caused by coking. The development of more stable catalysts is hampered by a poor
understanding of the reaction mechanism and the active sites. Understanding how
these catalysts work at the molecular level can aid in mitigating the coking deactivation.
It has been demonstrated that the MDA mechanism involves a pool of (radical)
hydrocarbon reaction intermediates relevant to the formation of aromatics.[3] Further,
in our recent work, we showed that an order of magnitude higher productivity and
lowest coke selectivity of Mo/ZSM-5 catalysts can be achieved by increasing the
reaction pressure from 1 to 15 bar. The positive effect of pressure is valid in a wide
range of Mo loading, reaction temperature and space velocity.[4] There exist several
potentially more stable alternatives to the benchmark Mo/ZSM-5, for example, Fe/ZSM5 can also catalyze the MDA reaction. Although a lower methane conversion and
benzene formation rates are typically obtained when using Fe/ZSM-5, it shows superior
stability as compared to Mo/ZSM-5 catalyst.
In this work, we prepared Fe/ZSM-5 and Mo/ZSM-5 catalysts with a wide range of
metal loadings from 0.1 to 0.5 mmol/g by incipient wetness impregnation and tested
them in MDA reaction at 700 °C (Figure 1a-b). First, we noted that in contrast to
Mo/ZSM-5, Fe/ZSM-5 catalysts exhibit extremely long and loading dependent induction
period of 100–900 min. A lower methane conversion of 20–44 mmol/gcat and lower
benzene yields over those Fe/ZSM-5 catalysts is observed. About 40%-50% of the
converted methane become coke deposits on Fe/ZSM-5 catalysts. By applying
operando X-ray absorption spectroscopy, combined with mass spectrometry, we found
that methane can be activated over Fe-species once the temperature reaches 700 °C,
as evidenced by the significant production of CO and H2, while the onset of benzene
formation only occurred in the prolonged reaction time (Figure 1c). Using in situ
thermogravimetric analysis combined with mass spectrometry, we were able to link the
prolonged induction to the slow accumulation of hydrocarbon pool species. Importantly,
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not only hydrocarbon pool species but also coke was formed much slower over the
Fe/ZSM-5 catalysts, pointing to its higher deactivation stability.
Most of the Fe-species over impregnated catalysts are present as large clusters,
especially for samples with high Fe loading, which can affect the catalytic performance.
To improve the dispersion and activity of zeolite-supported Fe catalysts, we prepared a
series of Fe@ZSM-5 catalysts by a novel one-step hydrothermal synthesis method. We
found that, at low Fe loading, isolated Fe-species can be isomorphously substituted in
the ZSM-5 framework providing active sites for the MDA reaction. With increasing Fe
loading, larger Fe clusters and nanoparticles could also be formed (Figure 1d). The
reduction of Fe-species occurs faster over Fe@ZSM-5, and the induction period is also
significantly shorter than that of impregnated Fe/ZSM-5 catalysts. Compared with
impregnated Mo/ZSM-5 with the same metal loading, Fe@ZSM-5 shows superior
productivity and stability (Figure 1e). We observed that the maximum benzene yield
obtained over Fe@ZSM-5 catalyst can reach 1.6%, which is comparable to that for
impregnated Mo/ZSM-5 catalyst. About two times more methane can be converted
over Fe@ZSM-5 than over conventional impregnated Mo/ZSM-5, due to improved
catalytic activity and increased catalyst lifetime. The current findings open opportunities
for the design of better MDA catalysts and can be of importance in realizing the
commercial application of the MDA reaction.

Figure 1. Catalytic performance of ZSM-5 catalysts with metal loadings from 0.1 to 0.5 mmol/g: (a) Mo/ZSM-5
(Si/Al=13), (b) Fe/ZSM-5 (Si/Al=13) and (e) Fe@ZSM-5 (Si/Al=30) catalysts together with impregnated Mo/ZSM-5
(Si/Al=30) and Fe/ZSM-5 (Si/Al=30) catalysts. Reaction conditions: 0.3 g catalyst, 700 °C, 30 ml/min CH4 (95% CH4
+5% N2). (c) Intensity of the MS signal together with main reduction ΔXANES feature obtained from 0.5 mmol/g
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Fe/ZSM-5 catalyst during the MDA reaction. Reaction conditions: 0.15 g catalyst, 15 ml/min CH4. (d) UV/vis spectra of
fresh Fe@ZSM-5 catalysts.
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Introduction
Hierarchically-arranged meso-/macroporous silica monolithic flow reactors possess
potential advantages such as lower pressure-drop, improved heat and mass transfer
and higher mechanical stability over packed bed reactors [1]. The macropores provide
faster fluid transport and/or improved access to the mesopore system where the
catalytic active phase is usually located [2]. The mesopores possess a high surface for
catalyst loading and are expected to experience slow molecular diffusion. However, the
specific influence of mean macropore or mesopore widths on the mass-transfer and by
extension catalytic activity is a less understood phenomenon. We recently reported no
influence of macropore width variation on catalytic activity when Pt nanoparticles (NPs)
of a size smaller than the mesopore width were loaded within the mesopores of a fixed
width [3]. Here, we report a set of monolithic reactors where also the macropore width
(wmacro) was varied, i.e., 6 µm (Macro-6), 21 µm (Macro-21) or 37 µm (Macro-37) while
maintaining the mesopore width (wmeso) (17 nm) constant (Fig.1 Right). However, in this
case Pd was employed as catalytically active component to ensure a NP size larger
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than the mesopore width domain of monoliths likely resulting in a deposition in the
macropores. We also report an additional set of monolithic reactors with a variation of
mean mesopore width, i.e., 0 nm (Meso-0), 17 nm (Meso-17) or 28 nm (Meso-28) while
keeping the macropore width (5 µm) constant. In this case, Pt was loaded as active
catalytic component to ensure NPs’ size smaller than the mean mesopore width. Each
set of monolithic reactors was studied separately for the influence of each pore system
in relation to catalytic activity. The catalytic conversion normalized by catalyst mass
and pressure-drop at various contact times was studied as a basis of activity
comparison for individual study in the aqueous-phase hydrogenation of p-nitrophenol
(PNP) to p-aminophenol (PAP) [4].

Figure 65 Left Photograph of the monolithic reactor during flow catalysis with color change of yellow (PNP) to colorless
(PAP) indicating reaction progress; Center Illustration showing the mass-transfer regimes within the monolithic flow
reactor linked to meso- and macropore systems in hierarchical silica monolithic reactor; Right Two sets of monolithic
reactors with macropore width variation, fixed mesopore width and vice versa are employed.

Experimental Part
The two sets of silica monoliths with cylindrical shape were synthesized by a sol-gel
method adopted from [5], characterized by mercury intrusion porosimetry and scanning
electron microscopy (SEM). To study the role of macropore width variation, cylindrical
monoliths (length = 20 mm, diameter = 5 mm) were loaded with 1.5 wt.-% Pd at pH 10
via electrostatic adsorption. The monoliths were dried for 72 h at 313 K and calcined at
823 K for 8 h. To study the influence of mesopore width variation, monoliths (length =
10 mm, diameter = 5 mm) were loaded with 1.5 wt.-% Pt, dried for 72 h at 298 K and
calcined at 423 K for 20 h. All the monolithic catalysts were reduced in 10 vol.-% H2 in
N2 atmosphere at 623 K for 4 h before use. The monolithic catalysts were
characterized via inductively-coupled plasma optical emission spectrometry (ICP-OES)
and transmission electron microscopy (TEM). To use the monolithic catalysts as flow
reactors they were cladded into borosilicate glass (Fig.1 Left). For the catalytic
experiments, the aqueous reactant solution (0.4 mM PNP and 1.6 mM NaBH4) was
pumped through the monolithic reactor at 298 K. The pressure-drop over the reactor
was monitored via a pressure transducer and the steady-state concentration of PNP in
the reactor effluent was recorded via online UV-Vis spectroscopy for flow rates
between 2 – 32 cm3 min-1 that were translated into contact times in the range 0.7 – 6 s.
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Results and Discussion
Influence of Macropores in Pd-Loaded Monolithic Reactors
TEM images of the monolithic catalysts, Macro-6 – Macro-37, exhibit evenly distributed
Pd NPs with an average size of 35 nm considerably larger than the mean width of the
mesopores (17 nm). The monoliths obey Darcy’s Law with significantly higher
pressure-drop in Macro-6 (13 bar) as compared to Macro-21 (3.2 bar) and Macro-37 (3
bar) at equal flow rate (40 cm3 min-1). The contact time was manipulated by adjusting
the applied flow rate of reactant solution that causes the pressure-drop variation across
the reactor subsequently. As hydrogen solubility in the liquid phase has an influence on
the catalytic performance, the conversion was normalized to pressure-drop. At equal
contact times of 0.7, 1.5 and 3 s (Fig. 2 Left) corresponding to applied flow rates of 32
– 8 cm3 min-1, a significant increase in catalytic activity was observed for Macro-6
through Macro-37. This indicates that an increase in macropore width reduces the
mass-transfer limitations when the Pd NPs are located outside the dimensional domain
of mesopores.
Influence of Mesopores in Pt-Loaded Monolithic Reactors
For the monolithic catalysts Meso-0 through Meso-28, TEM images show an even
distribution of Pt NPs below 2 nm within the mesopores. The monolithic reactors
operated isobarically as all of them possess a fixed wmacro (5 µm), thus eliminating the
influence of pressure-drop on the catalytic performance. At contact times of 1.5 – 6 s
corresponding to the applied flow rates of 8 – 2 cm3 min-1, a more than four-fold
increase in conversion normalized by Pt mass was observed for an increase in mean
mesopore width from 0 – 28 nm (Fig. 2 Right). This is a strong indication of masstransfer limitations inside the mesopores of the monolithic catalyst when Pt NPs reside
within the mesopores. An increase in mean mesopore width results in a decrease of
diffusion limitations which improves the resulting catalytic performance. Therefore, a
mean mesopore width larger than 28 nm may be required to eliminate mass-transfer
limitations in such a monolithic flow reactor system.

Figure 66 Left Steady state conversion normalized by Pd mass and pressure-drop as a function of mean macropore
width indicated at three different contact times with the corresponding pressure-drops exhibited by the column bars in
the hydrogenation of PNP to PAP (Reacor length = 20 mm, Diameter = 5 mm, cPNP = 0.4 mM, cNaBH4 = 1.6 mM, T = 298
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K) , Right Conversion normalized by Pt mass as a function of mean mesopore width in the hydrogenation of PNP to
PAP (Reactor length = 10 mm, Diameter = 5 mm, cPNP = 0.4 mM, cNaBH4 = 1.6 mM, T = 298 K, Δp = 1.2 bar)
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Oxidative dehydrogenation (ODH) of alkanes to obtain alkenes is considered as
an alternative for steam cracking (SC), fluid catalytic cracking (FCC), or catalytic
dehydrogenation of alkanes (DH). One of the most important classes of the ODH
catalysts are vanadium-based systems. Their performance depends strongly on
vanadium dispersion, oxidation state, and local coordination [1]. On-going debate on
the activity of vanadium centers points to polymeric V-O-V chains as the key-species in
the ODH reaction. To precisely address the catalytic activity to peculiar vanadium sites:
isolated vanadium in tetrahedral or octahedral coordination or polymeric V-O-V chains,
the synthesis of materials with well-defined vanadium centres is required. Zeolites offer
a unique opportunity by stabilizing vanadium ions in different locations.
The
main goal in our work was to study the relationship between the vanadium state and
the catalytic activity it offers in the ODH reaction. Vanadium catalysts were obtained by
classical impregnation using two types of zeolite
Y as supports: HY zeolite with Si/Al ratio of 31
(commercial material modified by steaming and
subsequent acid treatment) and desilicated HYdeSi
zeolite with Si/Al ratio of 18 (zeolite prepared by
caustic treatment with NaOH/TBAOH mixture, as
described in [2]). The preparation was conducted
at acidic environment (pH = 2.5), the final amount
of vanadium phase was 6 wt%. The systems were
tested for the catalytic activity in the ODH of
Figure 1 – The catalytic performance of834
V-HYdeSi
faced with in situ DR UV-vis spectra and 2D COS
map indicating V5+ to V4+ reduction upon the contact
of the catalyst with propane at 400 oC.

propane in a gas-flow fixed-bed reactor coupled to GC in temperature range 400-500
ºC [3]. The nature of the introduced vanadium species was determined by a
combination of spectroscopic techniques such as 51V NMR, in situ 2D COS DR UV-vis,
and in situ FTIR.
Introduction of vanadium slightly affected the crystallinity of the V-HdeSi only.
Specific surface area and pore volume were reduced due to location of vanadium
species in micropores preferentially. In the fresh samples vanadium exhibited +V
oxidation state, which changed during the dehydratation and subsequent reaction with
propane, as evidenced by in situ DR UV-vis (Figure 1). The catalytic tests showed that
V-HY system was less selective than the V-HYdeSi counterpart. The products profiles
indicated that the reaction proceeds according to the Mars - Van Krevelen mechanism.
Our studies showed that the modification of zeolite via caustic treatment can be an
effective method of adjusting zeolite surface basicity - a key parameter that plays a
particularly important role in the ODH process. The significantly developed mesopore
surface ensured the effective attachment of vanadium species to silanol groups and the
formation of isolated (SiO)2(HO)V=O and (SiO)3V=O sites or polymeric, highly
dispersed forms located inside zeolite micropores. Higher basicity of HYdeSi, due to the
presence of the Al-rich shell, aids the activation of the C−H bond leading to higher
selectivity to propene. The realuminated matrix has also a positive effect on the
attachment of the V-species, influencing the reducibility of the catalyst, while the
reduced strength of the protonic sites inhibited the polymerization of propene and the
formation of coke compounds.
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Introduction
Microporous solid acid catalysts, particularly zeolites and zeotypes are widely
considered the benchmark for industrial bulk hydrocarbon transformations. Their high
efficiency derives from the wide range of possible frameworks, with different micropore
sizes and topologies, that can be synthesised. This allows many facets of the reaction
to be controlled, including the size of molecules that can access the pores, and the
ability to favour different transition states within the pore, towards the targeted
formation of specific products. Silicon-substituted aluminophosphates (SAPOs), are
widely used in the industrial methanol-to-olefin reaction, but more recently have shown
excellent activity for ethylene production from low temperature ethanol dehydration.1 In
this work we combine kinetic analysis, computational fluid dynamics (CFD) and
quantum calculations (DFT) to look at the influence of varying substrate size to explore
confinement effects within microporous SAPOs.

Materials and methods
The 3D cage structure SAPO-34 (pore size of 3.8 Å), and 1D channel structure SAPO5 (7.3 Å pore size) were synthesised using standard hydrothermal methods. These
systems were chosen to represent a sterically confined system (SAPO-34) and a larger
unhindered system (SAPO-5). Alcohol dehydration experiments were performed by
varying both the temperature and contact time for ethanol (EtOH), 1-propanol (1-PrOH)
and 2-propanol (2-PrOH) using a fixed bed reactor, allowing rate constants and
activation energies to be calculated. The kinetic data then serves as the chemical input
for our newly developed CFD model in ANSYS Fluent,2 to probe changes in
temperature and chemical composition within the catalytic fixed bed reactor. Periodic
DFT calculations, using CRYSTAL17, were performed to compare the binding energy
of alcohols within an undoped AlPO framework, and a silicon-doped SAPO framework
containing a Brønsted acid site, with preliminary data on the reaction pathway also
being performed.

Results and discussions
Direct comparisons of the reactivity of different substrates; EtOH, 1-PrOH and 2-PrOH,
under identical catalytic conditions at 155 oC (Figure 1) shows many revealing trends.
Our previous work established that ethylene formation in SAPO-34 proceeds via a
diethyl ether intermediate, through a cascade mechanism, with the second step
(ethylene from diethyl ether) being rate determining. Our SAPO-34 data (Figure 1A)
shows both the conversion and product selectivity are strongly linked to the substrate
choice, with the larger 2-PrOH showing the least conversion, but the highest alkene
selectivity, in stark contrast to the EtOH data, with high conversion and low alkene
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selectivity. Combining the SAPO-34 data with the analogous SAPO-5 data (Figure 1B)
we can separate the influence of substrate size (confinement) and the acid site
strength. Unlike the SAPO-34 system, SAPO-5 displays a constant level of conversion,
regardless of the substrate size. Likely this is due to the species behind unhindered,
however could also signify a change in the catalytic mechanism, from the one
operating in SAPO-34.

Figure 1. Showing the catalytic data of alcohol dehydration with A) SAPO-34 and B) SAPO-5 catalysts, focussing on the
influence of varying the substrate size, at 155 oC, tested under identical conditions.

The various alcohols will likely behave differently, not just due to the different sizes, but
also due to their electronic structure. Two CH3 groups (2-PrOH) will have a larger
positive inductive effect on the oxygen-bound carbon, than just one CH3 (EtOH), or one
C2H5 (1-PrOH). It is therefore vital to compare the activity of SAPO-34 with SAPO-5 to
separate what is due to the catalyst confinement, and what is due to the substrate.
Data on at least four different temperatures and seven different flow rates for each of
the six catalyst-substrate combinations has been collected to probe the rate constants
and activation energies of the different systems, which will be presented, for the first
time at this conference.
To explain the difference in behaviour we will present a molecular dynamics study,
probing the difference in reactant (alcohol), intermediate (ether) and product (alkene)
diffusion through the SAPO-5 and SAPO-34 systems. While the acid sites are a
significant factor in the reactivity, the influence of confinement is also explored. If
molecules are free to diffuse through the pore (as in SAPO-5, Figure 2A) then there is
less potential for reaction than if they are confined and held near an acid site (SAPO34, Figure 2B), which will force the reaction further, through Product Selectivity. Figure
2 shows our preliminary work on this, showing the displacement of ethanol and
ethylene molecules through both SAPO-5 and SAPO-34, showing that diffusion
through SAPO-34 is an order of magnitude lower than in SAPO-5.
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Figure 2: Showing the influence of pore size on the diffusion of ethanol (blue) and ethylene (red) in larger pore SAPO-5
(7.3 Å, A) and the smaller pore SAPO-34 (3.8 Å, B).

Significance
To understand and predict the catalytic behaviour of porous systems, a fully defined
model is required that is applicable over a wide range of scales from benchtop test
reactions to industrial plants. This model will require detailed information on chemical
reactivity, diffusion and local changes in temperature and pressure. This will result in a
combined catalysis, spectroscopy and computational study to create such a model,
requiring data from atomic scale calculations (Figure 3A) and reaction pathways, all the
way to bulk diffusion and feed composition (Figure 3B).

Figure 3. A) DFT optimised geometry, showing ethanol bound to a SAPO-34 Bronsted acid site (Green = Hydrogen,
Red = Carbon, Yellow = Silicon, Light grey = Oxygen, Dark Grey = Aluminium and Phosphorus). B) Showing the
variation in the reactive intermediate, diethyl ether, across the reactor bed from top (inlet) to bottom (outlet).
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The application of zeolites as catalysts in base-catalyzed reactions is restricted
when bulky molecules are involved, for example, in the synthesis of fine chemicals,
where reactant molecules cannot access their micropores. A strategy to overcome this
problem would be the synthesis of zeolites containing mesopores to improve the
reactant accessibility to catalytic sites. The basic property of zeolites is due to a
residual negative charge in their structure generated by tetrahedrally coordinated
aluminum in the framework. Therefore, the functionalization of the surface of zeolites
with amine groups, as through the grafting of silanes containing basic nitrogen atoms,
is a way to enhance the basicity of these solids by generating additional basic sites. In
this context, this work studied the synthesis of 4A zeolites through the bottom-up
method,
using
the
organosilane
surfactant
[3-(trimethoxysilyl)propyl]
dimethyloctadecylammonium chloride (TPOAC) as mesopores directing agent and the
functionalization of zeolite surface with (3-aminopropyl)trimethoxysilane (APTMS).
These zeolites were tested as catalysts in the Knoevenagel condensation reaction at
70 °C for 30 min, comparing their catalytic activities with that of a conventional 4A
zeolite, that is, without mesopores.
The hydrothermal synthesis (100°C / 24h) of LTA zeolite in the presence of
TPOAC (42%, Sigma-Aldrich) was performed according to the method described by
Cho et al. [1], in which the molar composition of the reaction mixture was
1 Al2O3: 1.5 SiO2: 5 Na2O: 298 H2O: 0.09 TPOAC. The final calcined solid was named
4A-Meso. Parent 4A zeolite was prepared using the same conditions in the absence of
TPOAC and the final solid was named 4A-Micro. APTMS (4 mL, Sigma-Aldrich, 97%)
treatment of 4A-Meso and 4A-Micro zeolites were performed by reacting 500 mg of
powder for 24 h at 80 °C in the presence of 10 mL of toluene (Sigma-Aldrich, 99,8%).
The solids were recovered by centrifugation and washed with ethanol to remove nongrafted APTMS. The final products were named 4A-Micro-NH2 e 4A-Meso-NH2.
Only the peaks of the LTA structure appeared in the XRD patterns of all
samples, showing that it was possible to synthesize this structure in the presence of
TPOAC without any contaminating phases. The crystalline structure of the samples
was preserved after APTMS treatment. In the 29Si NMR spectrum of 4A-Meso-NH2
sample (Figure 1A) is possible to distinguish two signals in -58 and -67 ppm due to the
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presence of silicon atoms covalent-bonded to carbon atoms (T-type signal), then
proving the functionalization of the surface of the mesoporous zeolite. T 3 units
correspond to silicon atoms saturated by siloxane bonds, and T² units present one
silanol group bonded to the T silicon atom [2]. On the other hand, T-type signals were
not observed in the conventional zeolite spectrum, indicating that functionalization did
not occur in this case. This result is probably due to the higher fraction of silanol groups
in the zeolite with mesopores (4A-Meso-NH2) compared to the conventional one, which
increases its propylamine grafting capacity since the functionalization occurs by the
reaction of APTMS with silanol groups [3]. Considering the functionalization degree as
the relative area of T signals, the deconvolution of 4A-Meso-NH2 spectrum gives 23%
of grafting. The amount of nitrogen and carbon of this zeolite was determined by CHN
elemental analysis, which resulted in 3.293 ± 0.006 mmol/g of carbon, and 0.946 ±
0.005 mmol/g of nitrogen (C/N = 3.5).
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Figure 5- 29Si NMR spectra of mesopore-containing (A) and conventional (B) 4A zeolites treated with APTMS.

A significant change in the nitrogen adsorption isotherm profile of zeolite
synthesized in the presence of TPOAC (4A-Meso) was observed compared to the
isotherm of conventional zeolite (Figure 2-A). Zeolite synthesized with TPOAC
adsorbed a greater amount of nitrogen at intermediate relative pressures (p/p 0 ~ 0.7)
associated with capillary condensation in mesopores, demonstrating that TPOAC
directed the formation of this porosity. In addition to the formation of mesopores, there
is also the generation of silanol defects on the surface of the mesopores, which serve
to anchor propylamine. Comparing the isotherms of 4A-Meso and 4A-Meso-NH2
zeolites, a considerable reduction in the adsorption at intermediate relative pressures
was observed, showing that the volume of mesopores was reduced after the
functionalization of the zeolite surface (Figure 2-A). This result indicates that a certain
amount of the anchored amine blocks the opening of the zeolite 4A-Meso-NH2
mesopores.
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Figure 2- (A) Nitrogen adsorption isotherms (77K) on conventional (4A-Micro), mesopore-containing (4A-Meso), and
APTMS treated (4A-Meso-NH2) zeolites. (B) Catalytic activity of the catalysts in Knoevenagel condensation at 70°C / 30
min.

Zeolites were evaluated as basic catalysts in the model Knoevenagel
condensation reaction between benzaldehyde and ethyl cyanoacetate (Figure 2B). The
zeolite containing mesopores (4A-Meso) shows higher conversion than the
conventional 4A zeolite (4A-Micro). This probably happens due to the improved
accessibility of molecules to active sites, caused by the increase in the external surface
and the presence of mesoporosity. When using amine-functionalized zeolite (4A-MesoNH2), the benzaldehyde conversion achieved was higher than the conversions
obtained with 4A-Meso and 4A-Micro zeolites (about 40% and 70%, respectively).
Propylamine nitrogen is a base that can act as a proton acceptor. Therefore, grafted
propylamine groups generate extra basic sites onto the functionalized zeolite. Thus,
even having a smaller surface and pore volume than its precursor (4A-Meso), the
catalytic activity of this zeolite is greater.
In conclusion, a mesopore-containing 4A zeolite was synthesized using the
organosilane surfactant TPOAC as a mesopore directing agent. The mesoporous
zeolite was functionalized by grafting propylamine to silanol groups located on the
surface of the mesopore wall. In contrast, conventional zeolite could not be
functionalized due to the lack of silanol groups. It was found that the functionalized
zeolite presents superior catalytic activity in the Knoevenagel condensation due to the
combination of improved accessibility with the increased basicity due to the addition of
nitrogen catalytic sites.
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When tritiated water is stored in containers containing zeolite 4A pellets as adsorbate,
the production of gaseous species H2 and O2 induced by self-radiolysis displays a
complex behavior [1]. In a first stage, it is accelerated compared to the production rate
in free water. This “catalytic stage” induced by the Z4A is then followed by a
“recombination stage” where a large decrease is observed until the total disappearance
of the two molecular species in the gas phase. The duration characterizing each stage
depends on many factors, among which the initial water loading ratio of Z4A pellets. In
order to explore this unusual recombination of H2 and O2 into H2O, numerical
investigation using density functional theory as implemented in the CP2K package was
conducted. Ab initio molecular dynamics simulations for large timescales were
performed for various mixtures of those molecules, and for different water loading
ratios. In addition, similar simulations were performed for hydrogen peroxide, another
stable product of water radiolysis. The obtained trajectories were used to compute and
compare mean square displacements and diffusion coefficients to provide insight into
the kinetics of the species in a zeolite K4 unit cell, which is a common, smaller
substitution lattice for the Z4A unit cell. Water and hydrogen peroxide are rapidly
chemisorbed onto the 8R cationic site, while dioxygen and furthermore dihydrogen,
remain mobile. These results help in identifying the most probable encounters, in turn
suggesting a likely reaction path.
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Abstract
This work presents a study of the use of zeolitic catalysts and modified zeotypes for the
reaction of transformation of methanol to hydrocarbons (MTH). Materials of the
aluminophosphate type MeAPO-36 where Me is Zn, Mg and Co were prepared, in
addition to modifying an acidic commercial zeolite with zinc ions by ion exchange. The
materials prepared have been characterized by various physicochemical techniques
and their catalytic properties have been evaluated in an automated fixed-bed reactor,
with on-line product analysis. Zn-modified catalysts and zeolites show higher selectivity
to the BTX fraction (benzene, toluene and xylenes). The commercial zeolite modified
with Zn ions presented a complete conversion of methanol with a higher selectivity of
aromatics compounds total (34.88 % mol) at 400 ° C, as did the ZnAPO-36 zeotype
(57.72 % mol). Zeotypes with divalent metals were selective for the formation of olefins
and light paraffins, due to the presence of larger crystals compared to zeolites, in
addition to having a lower intrinsic acidity than ZSM-5.
Results and discussion
The micropore volumes and BET areas for the samples are summarized in Table 1. It
can be observed that all the MeAPO-36 materials presented areas in the range 300
and 350 m2/g, lower than those of ZSM-5 zeolites These differences can be explained
in base to the longer crystal size and the higher intercrystalline porosity in MeAPO-36
materials in addition show very low non-microporous (external) surface, values
characteristic of this type of materials. On the other hand, the incorporation of Zn in the
zeolite ZSM-5 (HZn5) decreased the surface area, indicating the Zn species were
loaded on the external surface and into the channels of Zn modified HZSM-5
simultaneously. The large surface area is the result of a purely microporous framework
with molecular dimensions for shape selectivity which is a characteristic of zeolites [1].
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Table 1. Elemental composition measured by ICP-OES and textural properties of the
samples

Catalysts

S BET
(m2·g−1)

Smicro
(m2·g−1)

S
external
(m2·g−1)

Vmicro
(cm3·g−1)

% wt
%P

% Me

26.27

2.60

336

273

63

0.19

% Al
23.23

CoAPO-36

366

356

10

0.13

22.45

27.42

2.74

MgAPO-36

322

270

52

0.16

24.12

28.36

2.45

% Al

% Si

% Zn

ZnAPO-36

HZn5

532

358

174

0.11

1.79

35.64

1.00

HZ5

472

326

146

0.10

1.30

37.41

-

XPS spectrum of materials are show in Figure 1. First, CoAPO-36 material (figure 1a)
contains pair of peaks in both Co 2p3/2 and Co 2p1/2 ranges, suggesting the presence
of two types of cobalt surface species. The first peak at 784.1 eV is related to isolated
framework mononuclear Co(II), additional one at 800.5 eV appeared, which might be
linked to octahedral Co(II) in extra-framework positions in agreement with the study on
cobalt present on CoAPO-36 material [2].
The binding energy of Mg 1s for MgAPO-36 was found to be 1308.3 Ev (Figure 1b),
which is slightly higher than that of MgO (1304 eV). Mg incorporated in AlPOs
possesses a higher tendency to draw electrons compared with that of MgO [42]. Figure
1c illustrates the high resolution XPS spectra of Zn 2p in the ZnAPO-36 sample. It
shows doublet peaks corresponding to Zn2+ oxidation state. The XPS spectrum of Zn
2p reveals the binding energies of Zn 2p3/2 at about 1023.4 eV and Zn 2p1/2 centered
at 1046. 2 Ev [3].

844

15000

a)

CoAPO-36

10000

MgAPO-36

b)

40000

ZnAPO-36

c)

9000

14000

35000

Counts

Counts

Counts

8000

13000

7000
6000

12000

30000

25000
5000

11000

20000

4000

10000
810

3000

800

790

Binding Energy (eV)

780

770

1318 1316 1314 1312 1310 1308 1306 1304 1302 1300

Binding Energy (eV)

15000
1050

1045

1040

1035

1030

1025

Binding Energy (eV)

Figure 1. XPS spectra of the studied samples (a) CoAPO-36 (Co 2p), (b) MgAPO-36 (Mg 1s) and (c) ZnAPO-36
(Zn 2p)

Figure 2 shows the methanol conversion results as a function of time for the ZSM-5
zeolites studied in this work. The catalytic performances of HZSM-5 and Zn-modified
HZSM-5 in MTH reaction in 1 h of reaction and WHSV of 4.24 h−1 were listed in Table
2. The introduction of zinc species exhibits a significant influence on the catalyst
lifetime, methanol conversion, and product distribution. The commercial zeolite ZSM-5
modified with Zn turned out to be the most active catalyst in the MTA (aromatics)
process. Higher percentages of selectivity towards the BTX fraction are obtained with
the Zn-modified ZSM-5 zeolite (12.5 mol%) compared to the purely acidic HZ5 zeolite
(6.34 mol%). Zn improved the formation of BTX aromatics in zeolite HZn5 compared to
pure acid zeolite HZ5. The enhanced aromatics formation observed for Zn would be
the result of metal with the acid sites of the zeolites. On the other hand, MeAPO-36
zeotypes presented a rapid deactivation due to their unidirectional 10-ring channels
and their moderate acidity, in addition to presenting a particle size larger than that of
the zeolites observed by SEM. ZnAPO-36 showed good selectivity towards aromatics
(57.7 mol%) due to the incorporation of Zn as an aromatizing agent and CoAPO-36
was active for the formation of light olefins and paraffins (70 mol%). Like the MgAPO36 material with a selectivity of 73 % mol. It is concluded that the intrinsic
physicochemical properties of zeotypes are greatly affected by metal divalent
incorporation, and remarkably influence their catalytic performances in MTO reaction.
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Table 3. Methanol conversion and distribution of
reaction products of selected catalysts.
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Figure 3. Results of methanol
conversion in MTH reaction over ZSM-5
catalyst
Reaction conditions: WHSV 4.24 h-1, 400
°C, 0.5 g of catalyst

Catalyst

HZn5

H5

ZnAPO-36

CoAPO-36

MgAPO-36

Methanol
conversion
(mol %)

99.7

99.5

99.8

40.3

62.36

28.30

% Selectivity
30.2
26.09

32.9

33.52

36.82

35.1

13.32

36.82

39.45

0.73
4.13
7.72

2.58
1.24
2.53

0.18
1.46
1.23

0.73
1.13
1.72

1.02
0.93
1.15

34.88

28.3

57.72

26.70

20.61

12.58

6.34

2.87

3.58

3.32

Olefins C2-C4
Paraffins +
olefins +C5
Benzene
Toluene
Xylenes
Totals
aromatics
compounds
BTX Fraction
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Acetylene, due to its high reactivity, was the main feedstock of the chemical industry in
the first half of the last century. It was used in the production of acetaldehyde, vinyl
chloride, and acrylonitrile. However, after the 1950s, it lost its competitive position to
mainly ethylene and propylene, since coal chemistry had started to be replaced by
petrochemistry1-3. However, due to many reasons, such as the fluctuation in the price
of olefins and the availability of high amount energy produced from renewable sources,
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acetylene may become popular again. With this motivation, a fully remote-controlled,
automated flow reactor system was constructed for acetylene conversion reactions,
including both batch and continuous flow reactors, which allow safe handling of
acetylene up to 30 bars.

Conversion of Acetylene / Selectivity [%]

This study focuses on the heterogeneously catalyzed continuous flow reactions of
concentrated acetylene to produce butenes with a target of high butadiene content
under pressurized conditions. These products are important building blocks for
synthetic polymers, long-chain alcohols and other chemicals. Previous studies from our
group revealed Cu/NaY-zeolite as a promising catalyst for this reaction3. However, it is
very challenging to perform reactions with gaseous acetylene over solid catalysts due
to the high tendency of acetylene to form polymers. Thus, the study offers novel
catalytic systems with the goal of increasing the selectivity towards C4 products,
preferably towards butadiene at improved lifetime of the catalyst.
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Cu(I)/NaY

Cu(I)Cu(II)/NaY_0.25 Cu(I)Cu(II)/NaY_0.5
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Cu(II)/NaY

Butane
Butadiene

Figure 1 - Conversion of acetylene and the product selectivities on CuY synthesized by using copper
precursors with different oxidation states. Catalytic activity compared at time on stream (TOS) of 40 min at 220 °C
and 10 bar with identical copper amounts in the reactor with a gas phase containing 10% C2H2, 40% H2 and 50% N2 by
volume. Selectivities are shown for C2 (mainly ethylene), butane, butylene, butadiene and other C4 products 4.

Copper catalysts were prepared by ion-exchange using copper precursors with
different oxidation sates and NaY zeolite. The characterization of these samples
proved the difference in the initial oxidation state of copper between samples. The
results suggested no formation of copper particles and a successful ion-exchange
procedure which could suggest the presence of atomically disperse copper ions in the
pores of the zeolite. Figure 1 shows the conversion of acetylene and the selectivities
towards C2 and C4 products on Cu/NaY. As can be seen from the figure, the sample
reduced to Cu(0) showed the highest conversion; however, the carbon balance was not
847

closed due to the formation of higher oligomers. The sample, which contained only
Cu(I) initially, had the highest conversion of acetylene and higher selectivity towards C4
compounds than the other catalysts. C4 products included mainly butenes, butadiene,
and some n-butane. The presence of Cu(II) in the system enhanced the hydrogenation
of acetylene and suppressed the coupling reactions, which resulted in low C 4
selectivities and the formation of ethylene and ethane. Moreover, the sample having
only Cu(II) species initially resulted in negligible conversions.

Conversion of Acetylene / Selectivity [%]

Typically, most catalysts undergo rapid deactivation due to the coke and polymer
formation in the catalyst bed. Figure 2 shows the long-term stability during the
hydrogenative oligomerization of acetylene. The first sharp decline in the conversion
might be due to the deactivation of the first layer of catalyst which was designed as
sacrificial layer. During this time the selectivity towards C4 products was lower than to
C2, whereas later the C4 selectivity even increased with time and reached a steady
state value around 60%.
C2
C4
Acetylene Conversion
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Figure 2 - Long term catalyst stability during hydrogenative oligomerization of acetylene. Conversion and
selectivities towards C2 and C4 products plotted over Cu(I)/NaY at 10 bar and 220 °C at WHSV of 14 h-1 based on
acetylene with a gas phase containing 10% C2H2, 40% H2 and 50% N2 by volume 4.

So far, only few catalysts have systematically been studied for the gas phase acetylene
reactions on solid catalysts under pressurized conditions. The combination of the very
high productivity, in the range expected for industrial processes, and the stability of the
catalyst at least over several ten hours observed with Cu(I)/NaY, suggest that this
system may provide a viable pathway for the production of butenes from acetylene.
Even though very good conversion and selectivity towards butenes was achieved,
there is still room for further improvement in the lifetime of the catalyst. A new design of
catalyst with the addition of ionic liquids is under exploration, where it is expected that
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the solubility difference of acetylene and ethylene as well as the solubility of highboiling point side products in the ionic liquids will prolong the lifetime of the catalysts.
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Decrease of CO2 emissions is one of the biggest challenges of the current
generation to achieve a sustainable future. GtL (Gas to Liquid) technologies can play
an important role in the solution, using the Fischer-Tropsch (FT) reaction to transform
syngas (H2 and CO) produced from biomass sources into liquid fuels [1]. Bifunctional
catalysts comprising acid and metal functionalities have attracted a lot of interest to
avoid the final upgrading step and decrease both operational and capital costs.
Hierarchical zeolites have been applied successfully in this field but determining how
their catalytic performance is affected by differences in the structure and acid
properties still needs additional investigation [2].
In this work, HZSM-5 hierarchical zeolites were prepared from commercial parent
zeolites PZ25C and PZ40C with Si/Al ratio of 25 and 40, respectively, by sequential
base-acid treatment (Figure 1) and the effect of their acid properties and mesopore
size was assessed using the FT reaction (fixed-bed reactor). The bifunctional hybrid
catalysts were prepared by physical mixture of the zeolite with a platinum-based
catalyst (Pt/Al2O3) catalyst for hydrogenation and a cobalt-based catalyst promoted
with Rhenium (CoRe/Al2O3) for FT synthesis.

Figure 67. Synthesis diagram of the hierarchical zeolites.
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The zeolites were characterized by powder X-ray diffraction (PXRD), N2
physisorption and thermogravimetric analysis. PXRD characterization results showed a
high crystallinity degree for all samples, since the MFI structure presents a high
resistance to desilication. The N2 physisorption results present in Table 3, confirmed
the successful formation of mesopores, since a large increase in the pore volume and
external surface area was observed in the hierarchical samples after the sequential
treatment. However, a decrease in the micropore volume was also observed for the
hierarchical samples. Applying the BJH method to the N2 physisorption results showed
that the three hierarchical zeolites present different pores size distributions.
Table 3: Textural properties of zeolite samples determined from the N2 adsorption isotherms.
Zeolite reference
PZ25C
NaZ25AIC
TPAZ25AIC
PZ40C
NaZ40AIC
Micropore Volume
0.17
0.15
0.12
0.16
0.14
(cm3g–1)
Mesopore Volume
0.19
0.74
0.61
0.08
0.57
(cm3g–1)
Micropore area (m2g–
384
347
286
388
334
1)
External area (m2g–1)
49
118
187
42
111

The concentration of acid sites present on the zeolites was obtained from
pyridine adsorption/desorption followed by FTIR. From Table 2 it is possible to observe
that after sequential treatment, the hierarchical samples presented a higher number of
Brønsted acid sites at 450 ºC, which could be correlated with higher acid strength. On
the other hand, the amount of acid sites of the hierarchical zeolites was similar to the
parent zeolite for the samples NaZ25AIC and TPAZ25AIC, something that is not
observed for the NaZ40AIC sample that shows a higher silicon removal during the
sequential treatments. Overall, all hierarchical samples presented similar acid
properties and the results are corroborated by NH3 Temperature desorption
experiments and chemical analysis.
Table 4. Concentration of Lewis and Brønsted acid sites present in the zeolitic samples.
Lewis sites (µmolg–1)
Brønsted (µmolg–1)
150ºC
250ºC
350ºC
450ºC
150ºC
250ºC
350ºC
PZ25C
27
22
24
41
305
285
230
NaZ25AIC
33
26
26
35
311
293
240
TPAZ25AIC
53
44
40
55
307
281
234
PZ40C
30
19
23
36
208
191
139
NaZ40AIC
21
18
21
32
323
292
241

450ºC
79
117
90
32
86

Si/Al
27.5
25.7
25.0
36.9
27.5

Before the reaction, 500 mg of catalyst (50 wt.% CoRe/Al2O3, 20 wt.% Pt/Al2O3
and 30 wt.% zeolite) was reduced in situ at 350 ºC with H2 during 10 h. The reaction
conditions used in the tests were T = 220 ºC, P = 20 bar, GHSV = 5 Lg cat–1h–1 and
H2/CO = 2. The reaction was previously performed using the CoRe/Al2O3 catalyst alone
as reference. The addition of zeolites to the catalyst’s mixture increased the CH 4
selectivity, decreased the CO2 selectivity and decreased the wax formation. The
addition of a platinum-based catalyst proved to decrease the olefin content of the liquid
products, but no impact on the CO conversion and CH4 and CO2 selectivity was
observed, showing that platinum was used only as an hydrogenation/dehydrogenation
agent.
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Figure 68. Liquids product distribution of the gasoline fraction for the zeolites a) NaZ25AIC, b) TPAZ25AIC and c)
NaZ40AIC correlated with the pore size distribution of the a.1) NaZ25AIC, b.1) TPAZ25AIC and c.1) NaZ40AIC.

The hierarchical zeolites presented a higher selectivity towards C5-C12 products
and higher formation of isomers. Between the hierarchical zeolites, the variation of
selectivities was smaller, but some differences in the liquid product distribution and
isomer content of the C5-C12 products were detected (Figure 2), which can be
correlated with variations in the textural properties of zeolites.
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Strong Brønsted acid sites were found on YFI (YNU-5) type zeolite by ammonia
infrared-mass spectroscopy temperature-programmed desorption, and quantum
calculations indicated their location in isolated 8-ring, while weak ones, also observed,
were in 12-12-8-ring system. Although the strong Brønsted acid sites were in the
isolated 8-ring, they were accessible from 12-ring, as evidenced by the reactivity with
pyridine and catalytic activities for reactions of bulky molecules. Hopping of proton
around Al atoms in the monoatomic silicate wall separating the ring systems is
suggested. They were the strongest Brønsted acid sites accessible from the 12-ring or
larger space to the best of our knowledge.

Introduction
One of the successfully industrialized zeolites is MFI (ZSM-5) type with strong
Brønsted acidity in 10-ring (medium pore). Application of the MFI type to alkylation /
transalkylation of benzene-derivatives contributes to the petrochemical industry. Next
target should be finding of Brønsted acid sites accessible from 12-ring (large pore) with
strength comparable to the MFI type. However, there is a trend that strong Brønsted
acid sites are found in small spaces; the Brønsted acid strength is in the order FAU <
*BEA < MFI from multiple analysis methods; strong Brønsted acid sites were observed
in 6- and 8-rings (small pore) in FAU and MOR, respectively, whereas the Brønsted
acid sites in 12-rings were weak [1,2]. We propose a reason; quantum chemical
calculations indicate that the ammonia desorption energy or enthalpy (ΔH), as an index
of acid strength, of SiOHAl group is strongly dependent on the Al-O distance; the
smaller the Al-O distance, the stronger the Brønsted acidity. The short distance
between atoms is induced by the compression, which is generated by high space
density of atoms usually at small cavity [3,4].
Recently synthesized YFI (YNU-5, Yokohama National University-5) zeolite has a 1212-8-ring system (hereafter 12rS), i.e., honeycomb-like two dimensional 12-ring layers
three dimensionally connected by twin 8-rings, and isolated 8-ring (hereafter i8r)
separated from 12rS by a monoatomic silicate layer [5]. Generation of strong Brønsted
acidity due to the geometrical property of 8-ring is expected. Conventionally utilized
MOR also has 8- and 12-rings, and in a fact, strong Brønsted acid sites are observed in
the 8-ring of MOR [4]. A part of 8-ring space in MOR is separated from the 12-ring by a
bilayer of silicate, as evidenced by inaccessibility by pyridine [6]. On the contrary,
accessibility from 12rS to the Brønsted acid site in i8r is expected, because the
separating layer has monoatomic thickness. In this study, the acidic property of YFI
was investigated and related with unique framework topology.
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Methods

Density functional theory (DFT) was applied to determine the optimized structures and
total energies of all crystallographically non-equivalent H- and NH4-form zeolites whose
original coordinates were taken from IZA database [7] with an Al atom substituting one
Si atom per unit cell under periodic boundary conditions. YNU-5 zeolite was
synthesized under the presence of Na+, K+, and (CH3)2(C3H7)2N+, and then calcined,
ion exchanged with NH4+ according to Nakazawa et al. [5], and dealumination of ascalcined sample was carried out in refluxing nitric acid [8]. Experimental analysis of the
acidic property was carried out mainly by ammonia infrared-mass spectroscopy
temperature-programmed desorption (IRMS-TPD) [2,4]. In addition, IR of adsorbed
pyridine was studied. These measurements were done after pretreatment at 823 K for
converting NH4+ into H+ by removal of NH3.

Results and Discussion

DFT shows that, in most cases, proton has strong acidity (ΔH > 140 kJ mol−1), if it is
directing to i8r of YFI (▼ in Figure 1, left), while it reveals weak acidity (ΔH < 140 kJ
mol−1) on the 12rS side (▲ in Figure 1). Red spheres in Figure 1 (right) show the
positions where protons show strong acidity, and most of them are in i8r, while the blue
symbols, showing the positions where protons reveal weak acidity, are in 12rS. The
origin of difference of ΔH is suggested by the yellow line in Figure 1 (left). Throughout
various framework topologies, for many data points, the shorter the Al-O distance, the
higher the ΔH, as already discussed [3].
Ammonia IRMS-TPD showed total Brønsted acid amount was always close to
[Al]−[Na]−[K], evidencing high quality of the present YFI samples (Figure 2, left, ○).
Figure 2 (center) shows the distribution of Brønsted acid strength, presented as ΔH, on
various zeolites; on MOR only, the Brønsted acid sites in 8- and 12-rings were
identified based on the wavenumber, and therefore ΔH of these sites are separately
shown [2]. The Brønsted acid
strength was approximately in 12-ring
of MOR < *BEA < MFI < YFI ≈ MWW
< 8-ring of MOR. ΔH of YFI
distributed over 100−170 kJ mol−1 on
the fully-NH4-ion exchanged YFI
(Figure 2, center, red thick line).
Figure 1. Theoretical results. (Left) Ammonia desorption enthalpy
Based on DFT, the weak fraction is (ΔH) plotted against Al-O distance where Brønsted acidic proton
ascribed to 12rS, while the strong is attached at various crystallographically non-equivalent positions
in frameworks with different topologies. (Right) Position where
one is due to i8r. These ΔH values proton generates (red) >140 or (blue) <140 kJ mol−1 of ΔH in YFI
agree with that the strong Brønsted structure; the green honeycomb-form lines show the position of
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acid sites are generated in small pores.
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Figure 2. Experimental results of ammonia IRMS-TPD. (Left) Plots of
Brønsted acid amount in (▲) i8r, ( ) 12rS, and (○) total on (black)
as-calcined, (blue) partly-NH4-ion exchanged, (purple) fully-NH4-ion
exchanged, and (red) dealuminated YFI. (Center) ΔH distribution of
Brønsted acid sites on various zeolites with 0.5−2 mol kg−1 of
Brønsted acid amount. (Right) ΔH distribution of Brønsted acid sites
on (black) as-calcined, (blue) partly-NH4-ion exchanged, (purple)
fully-NH4-ion exchanged, and (red) dealuminated YFI (YNU-5) type
zeolites.
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From the ΔH distributions (Figure 2, right),
Brønsted acid sites in i8r (Figure 2, left, ▲)
and 12rS (
) were quantified on the
assumption that the Brønsted acid sites in i8r
had ΔH >140 kJ mol−1, whereas those in 12rS
had ΔH <140 kJ mol−1. The as-calcined
sample had relatively large amount of the
weak Brønsted acid sites in 12rS, indicating
the enrichment of (CH3)2(C3H7)2N+ (organic
structure directing agent) in 12rS, in
agreement with the structure analysis [5]. Ion
exchange with NH4+ and removing NH3 by
pretreatment mainly increased the strong
Brønsted acid sites in i8r. Dealumination
preferentially removed the weak Brønsted acid
sites from the 12rS.

0.4

Brønsted acid sites in 8- and 12-rings of MOR
showed OH stretching at 3550 (as a tail) and
3610 cm−1, respectively [6] (Figure 3, left, red),
indicating the vibration in 8-ring was shifted to Figure 3. (Left) Infrared (IR) spectrum of (blue) H-YFI (fully-NH4-ion
exchanged YNU-5 pretreated at 823 K) and (red) H-MOR (fully-NH4the lower wavenumber side by interactions ion exchanged JRC-Z-M15 pretreated at 823 K). (Center) Speculated
with adjacent atoms. However, only single mechanism of hopping of proton between 8- and 12-rings on YFI and
peak at 3610 cm−1 was observed on YFI MOR types. (Right) Infrared (IR) spectrum of (A) H-YFI (fully-NH4-ion
exchanged YNU-5 pretreated at 823 K), followed by (B) contact of
(Figure 3, blue), suggesting that protons in the pyridine vapor and (C) further contact with ammonia.
isolated 8-ring hopped (unlocalized) on four
oxygen atoms around Al, as proposed [9]. It is speculated that, at many
crystallographic positions of YFI, the Al atoms are in the separating monoatomic layer
wall, resulting in the proton hopping between i8r and 12rS (Figure 3, center), and
accessibility of the strong Brønsted acid site in i8r by a bulky molecule from the 12-ring
side. The accessibility was evidenced by the diminishing of all the acidic OH groups by
contact with pyridine [10] (Figure 3, right). High catalytic activities for Brønsted acid
catalyzed reactions, i.e., methylation of 2-methylnaphthane with methanol at 673 K,
and pyrolysis of polypropylene at 673 K, were observed. In addition, activity for
hydrogenation of pyroglutamic acid into pyroglutaminol after loading of Ru, for which
necessity of high accessibility of cyclic molecules and strong electron withdrawing
nature of ion exchange site has been clarified [11], supports the presence of strong
Brønsted acid sites accessible by bulky molecules. Reported selectivity for
oligomerization of dimethyl ether typically in 12-ring on dealuminated YFI [12], where
the Brønsted acid sites remained only in i8r as above, is also in agreement with the
accessibility from the 12-ring to the Brønsted acid sites in i8r. To the best of our
knowledge, the presently observed Brønsted acid sites were strongest ones accessible
from the 12-ring or more opened space.
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The palladium–catalysed cross–coupling reaction between alkenes and aryl halides
(Mizoroki–Heck reaction) is a powerful methodology to construct new carbon–carbon
bonds and synthesize new alkenes, in both the intra– and the intermolecular versions
[1]. However, the success of this reaction is in part hampered by an extremely marked
regioselectivity on the double bond, which dictates that electron–poor alkenes react
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exclusively on the beta carbon and electron–rich alkenes mainly react on the alpha
carbon [2]. After fifty years of research, it is difficult to find in the open literature any
catalytic example which contradicts this regioselective pattern for the canonical
coupling. Here, we show that ligand–free, few–atom palladium clusters in solution
catalyse the –selective
intramolecular
Mizoroki–Heck
coupling
of iodoaryl
cinnamates
FI GURE 1 Expanding
the chemical
space of the M
izoroki–Heck
reaction with
regio–
to exo–benzylidene – and –lactones (Figure 1).
irregular catalytic activations.
A)

B)
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E) This work:

R 1 , EDG
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Figure 1 - Expanding the chemical space of the Mizoroki-Heck reaction with regioirregular catalytic activations.

Mechanistic studies support that the –selectivity is induced by a sterically–
encumbered cinnamate–palladium cluster intermediate, and following this rationale, the
–selective intermolecular coupling of aryl iodides with styrenes is here also achieved
with palladium clusters as catalysts, encapsulated within fine–tuned and sterically–
restricted zeolite cavities (Figure 1E). The so– produced 1,1–bisarylethylenes are
further engaged with aryl bromides and one aryl chloride in a metal–free photoredox
catalysed coupling, to give polyaryl substituted alkenes. These ligand–free and
relatively inexpensive different methodologies give access to otherwise difficult to
synthesize alkenes, and significantly expand the chemical space of the Mizoroki–Heck
reaction.
Regioirregular Mizoroki–Heck reactions of electron–deficient alkenes, including the Pd
cluster–catalysed –selective intramolecular coupling of iodoaryl cinnamates, the Pd–
CsX– catalysed –selective intermolecular coupling of aryl iodides and styrenes, and
the organophotocatalysed coupling of aryl bromides with polysubstitued ethylenes
36 to
under visible light, have been achieved in reasonable yields and good selectivity,
give access to exo–benzylidene – and –lactones (14 examples, up to 99% yield),
1,1–bisarylethylenes (24 examples, up to 83% yield) and polyaromatic alkenes (12
examples, up to 80% yield), respectively (Figure 2).

856

FI GURE 3 Scope for the –selective intramolecular coupling of iodoaryl cinnamates.

Figure 2 – Scope for the -selective intramolecular coupling of iodoaryl cinnamates.

These practical, cheap and industrially viable catalytic systems widely expand the
chemical space of the Mizoroki–Heck reaction, and open new ways into the design of
ligand–free Pd catalysts not only for the synthesis of alkenes but also of esters and
polyaromatic molecules [3], while preserving the activation of common aryl halides
[4,5].
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The YFI-type novel framework zeolite [Al]-YNU-5, which is first synthesized by our
research group, is a multidimensional large-pore aluminosilicate with an Si/Al ratio of
about 9 [1-7]. The schematic illustration and pore-structure is shown in Figure 1. It is
possible to deeply dealuminate to the Si/Al ratio of 300 or more without decreasing
crystallinity. In this work, we attempted to prepare a novel titanosilicate [Ti]-YNU-5 by
introducing Ti into the site defects of YNU-5. The [Ti]-YNU-5 could be a promising
catalyst for some oxidation reactions including epoxidation of alkenes and
hydroxylation (oxidation) of phenols using H2O2 as an oxidizing agent. In this work, the
oxidation of phenol (Scheme 1) was investigated.
[Al]-YNU-5 was synthesized by a known method [1-3]. As-synthesized sample was
calcined
at
550ºC
to
remove
organic
structure-directing
agent
(dimethyldipropylammonium cation). The calcined sample was acid-treated twice under
reflux conditions to obtain a deeply dealuminated sample. This was subjected to vaporphase TiCl4 treatment at 600ºC and then calcined at 550ºC to obtain [Ti]-YNU-5.
Oxidation of phenol was typically carried out by stirring titanosilicate catalyst, phenol,
30 wt% H2O2(aq) in a pressure tube at 100ºC for 10 min. In the case of using an
alcoholic additive as a co-solvent [8], the reaction was carried out at 70ºC for 60 min.
After completion of the reaction, the reaction mixture was sufficiently acetylated with
excess Ac2O-K2CO3 and the product was analyzed by GC (FID). Unreacted H2O2 was
quantified by iodine titration.
The powder XRD showed that the prepared [Ti]-YNU-5 retained the YFI framework.
In addition, nitrogen adsorption-desorption measurements gave the type-I isotherms,
indicating that the micropores were intact. Furthermore, in the DR UV-vis spectrum, a
peak attributed to the 4-coordinated Ti(OSi)4 species of the closed site was observed
near 210 nm.
The results of phenol oxidation are shown in Table 1. The prepared [Ti]-YNU-5
showed the same catalytic activity as that of [Ti]-beta, and ortho-isomer (cathecol; CL
in Scheme 1) was formed predominantly among the dihydroxybenzene isomers. This is
probably because the π electron of ortho-position to the phenolic hydroxy group in the
vicinity of the Ti active site occupies a position where it is easy to nucleophilically attack
Oδ+ of Ti−OOH [9]. Next, the effect of the alcoholic additive [8] in a system catalyzed by
[Ti]-YNU-5 was examined. When EtOH was added, the activity significantly decreased
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and the para-selectivity was not improved. When n-PrOH and n-BuOH were added, the
para-selectivity was improved although the activity was slightly reduced. This result
shows that n-PrOH and n-BuOH that interacted with silanol on the external surface of
the particles inhibited the approach of phenol to the Ti active site on the external
surface, suppressing the reaction on the outer surface. This is probably because nPrOH and n-BuOH that interacted with silanols inside the pores increased the steric
restriction by the pores, and suppressed the formation of ortho-isomer. The reason why
the para-selectivity of [Ti]-YNU-5 was not improved even when EtOH was added may
be that the 12-ring of YFI was elliptical, and the pore intersections are too wide. The
intersection between the 12--ring pores and the one-dimensional twin 8-ring pores are
wider than the intersection consisting of three-dimensional 12-ring pores of *BEA. It is
considered that n-PrOH and n-BuOH, which are bulkier than EtOH, are suitable for
tuning the steric restriction inside the pores of [Ti]-YNU-5. These findings are useful for
enhancing the shape-selective character of [Ti]-YNU-5 catalyst. [Ti]-YNU-5 catalyst is
promising for some other reactions and the scope of this catalyst will be discussed in
the presentation.

Figure 1. Schematic illustration of YFI framework showing the pore structure.

Scheme 1. Oxidation of phenol with H2O2.
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Table 1. Effect of additive on the phenol oxidation over titanosilicatesa
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The functionalization of acidic zeolites with amines, through the condensation of
silanes containing amino groups, is a way to generate bifunctional acidic-basic catalyst
[1]. Due to the small pores of zeolites with a sub-nanometric dimension, their
application in catalysis is limited to reactions involving molecules with a kinetic
diameter smaller than their pores. Diffusional restrictions can be reduced by using
zeolites with reduced particle sizes and/or partially crystallized zeolites with short-range
crystalline order and accessibility of bulky molecules [2]. In some reactions like
Knoevenagel condensation, the amorphous precursors of zeolites can present greater
catalytic activity than the fully crystallized zeolite [3].
This work compares the activities of fully crystalline zeolite H-ZSM-5 and its
amorphous and semi-crystalline precursors grafted with propylamine groups. In
addition, the effect of zeolite crystallinity on the acidity and grafting capacity of the
aluminosilicate particles was evaluated.
The fully crystalline Na-ZSM-5 zeolite was synthesized according to the method
described by Silva et al. [4]. The amorphous aluminosilicate precursor used to
synthesize Na-ZSM-5 was recovered and used for further characterization and
comparison to the crystallized sample. The acidic forms of both samples were obtained
by cation exchange with NH4Cl followed by calcination. The solids were functionalized
with (3-Aminopropyl)trimethoxysilane (APTMS) according to the method described by
Zapelini and Cardoso [3]. The fully crystalline ZSM-5 zeolite sample was named HZ-4d
and NHZ-4d after APTMS treatment, and the amorphous sample was named HZ-0d
and NHZ-0d after APTMS treatment.
These solids were tested in the model acid-base catalyzed reaction, the
deacetalization of benzaldehyde dimethyl acetal (BDA) followed by Knoevenagel
condensation with ethyl cyanoacetate (ECA). The reaction was performed in a volume
of 3 mL for 4h at 80 °C, using a molar composition of 1 BDA: 6 ECA: 1 H 2O and 5%
(wt./wt.) of catalyst (BDA basis).
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Scheme 1. Schematic of the acid-base catalyzed deacetalization-Knoevenagel condensation reaction.

As the zeolite crystallizes, the Brønsted acidic sites (BAS) content increases from
6.7 μmol.g-1 for HZ-0d to 436.6 μmol.g-1 for HZ-4d, and the contribution of the Lewis
acidic sites (LAS) to the total acidity of the aluminosilicate decreases from 88.9% for
HZ-0d to 8.2% for HZ-4d (Figures 1). This result is expected due to the aluminum
incorporation in tetrahedral position during the formation of the zeolitic framework [4].
The IR results are in good agreement with 27Al MAS-NMR data. Furthermore, the
thermal removal of the chemisorbed pyridine showed that the BAS of sample HZ-4d is
stronger than for sample HZ-0d.
On the other hand, the formation of the zeolitic structure occurs by the condensation
of silanols. In this sense, the amorphous precursor HZ-0d presents more silanols that
react with the APTMS [3]. The more significant amount of isolated silanols in sample HZ0d is confirmed by the appearance of a band at 3742 cm-1 in the FTIR spectra (Figure
1C). Furthermore, according to the 29Si-NMR spectra (Figure 2), the number of T-type
sites (Si-C bonds) in sample NHZ-0d is greater than in sample NHZ-4d. In summary,
the amorphous sample HZ-0d presents low Brønsted acidity and greater capacity to
anchor nitrogen sites by reacting with APTMS, resulting in a greater number of basic
sites.

Figure 1. FTIR spectra of pyridine on amorphous HZ-0d (A) and fully crystalline HZ-4d (B) samples. (C) FTIR spectra of
samples HZ-0d and HZ-0d in the OH region. Samples were activated at 350 ºC under a secondary vacuum prior to
pyridine adsorption.
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Figure 2. 29Si MAS NMR spectra of amorphous HZ-0d and crystalline HZ-0d samples grafted with APTMS.

The catalytic results of the samples with different degrees of crystallinity grafted with
APTMS are shown in Table 1. In terms of BDA (A) conversion, the crystalline sample
NHZ-4d presents a higher conversion than the amorphous sample NHZ-0d. This result
is attributed to the increased acidity. In contrast, when analyzing the yield of the
condensation product (C), a substantial drop is observed as the crystallinity of the
samples is increased (from 40% to 4.1%). This result is explained by the smaller
amount of propylamine anchored on the zeolitic crystals with high crystallinity and a low
amount of silanols.
Table 1 - Catalytic results of samples with different crystallinity grafted with APTMS.
Catalyst

Crystallinity [%]a

Conversion of A
[%]b

Selectivity to C
[%]b

Yield of C [%]b

NHZ-0d

0

44.1

90.9

40.0

NHZ-1d

7

93.5

20.5

19.1

NHZ-2d

12

93.2

17.4

16.2

NHZ-3d

56

90.5

4.9

4.5

NHZ-4d

100

89.9

4.6

4.1

a

Determined by Rietveld refinements.

b

Described in Scheme 1.
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Cobalt catalysts supported over an oxide material e.g. Al2O3, CeO2, or SiO2 were found
as highly active in the ethanol steam reforming process (ESR). Zeolites with welldefined porous structures and large surface areas seem to be an interesting alternative
to be used as supports for the ESR catalysts. However, the number of papers reporting
the ethanol steam reforming process on zeolite-based catalysts is rather small [1]. It is
due to the high density of acid sites in natural zeolite materials resulting in a significant
share of the ethanol dehydration towards undesired C2H4 [2]. Fortunately, the path of
ethanol dehydration to ethene can be significantly reduced or even eliminated by a
controlled modification of the zeolite properties. The acidity of a zeolite catalytic
system, mostly responsible for ethanol dehydration, can be modified either by doping
with alkali [3] or by decreasing (or even eliminating) the aluminum content in the
structure.
In this study, we evaluated the effectiveness of tuning the ESR performance by
modifying the Si/Al ratio of the zeolite support. A series of cobalt catalysts based on
ZSM-5 zeolite supports with different Si/Al ratios (32 - ) were synthesized and
verified in terms of performance in the ethanol steam reforming process. The most
spectacular results were obtained for catalysts based on zeolite ZSM-5, greatly
depleted in aluminum or synthesized as pure silica zeolite. Such materials indicated
outstanding performance (Figure 1): 100% ethanol conversion, high selectivity to
desired products (e.g. S(H2) > 90%), and very high stability. In turn, the selectivity to
C2H4 is decreasing linearly with Si/Al increase from almost 50% for catalysts based on
zeolite with Si/Al2 of 32 till about 20% for that on ZSM-5(750), ultimately vanishing
completely for Al-free catalysts. The results are outstanding compared to the current
state of the art. Moreover, for 160 h of tests, the catalysts based on Al-free ZSM-5 and
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Al-poor ZSM-5 (Si/Al = 750) preserved 100% conversion, preserving simultaneously
selectivity do H2 of 95% and 92%, respectively.

Figure 1 The comparison of the ethanol conversion and selectivity to H2 and C2H4 products at the 21st hour of the ESR
process at 500°C for ethanol to water molar ratio of 1:12 for the series of cobalt catalysts supported on ZSM-5 zeolite
differing in Si/Al (32 - ) and reference SiO2.

The observed catalytic behavior, herein substantial difference in the ethanol conversion
and selectivity of the catalysts differing in Si/Al ratio, was discussed based on the
results of multifaced physicochemical characterization of the catalysts. The catalysts
were characterized in terms of their composition (ICP, XRF, XRD, XPS), textural
properties (low-temperature N2 adsorption), acidic and redox properties (TPR, and
quantitative Py and CO adsorption FT-IR), morphology (TEM/EDX). In addition, the
used catalysts were characterized in terms of carbon deposit composition (TEM/EDX,
Raman Spectroscopy, UV-VIS, XPS, TG/DTA).
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Since the realization of the existence of chiral zeolite frameworks with helicoidal
channels that was first proposed for polymorph A of zeolite beta,1 inducing chirality in
zeolites has been one of the main challenges in the field. However, even though some
chiral zeolites have been prepared,2 most of the resulting materials were obtained in
racemic form. An obvious strategy to attempt to induce chirality in zeolites has been
through the use of chiral organic structure-directing agents (SDA), trying to transfer
their asymmetry into the nascent zeolite framework through the template effect.3
However, although extensively attempted, trespassing the gap of enriching a chiral
zeolite material in one of the two enantiomorphic polymorphs through the use of chiral
SDAs has only been achieved once with the STW zeolite structure.4
We have been working for some time with alkaloids (1R,2S)-ephedrine and (1S,2S)pseudoephedrine as chiral precursors for building chiral SDAs for the synthesis of new
potentially chiral zeolite frameworks. In the course of these investigations, we recently
discovered an enantiomerically-enriched chiral zeolite material that we called GTM-3,
with -ITV chiral framework structure, by using (1S,2S) or (1R,2R)-N,N-ethyl-methylpseudoephedrinium hydroxide (EMPS) as SDA. GTM-3 meets two crucial features
required for heterogeneous asymmetric catalysis: one is that it comprises a chiral
framework enantio-enriched in one of the enantiomorphic polymorphs, what would
enable its use in enantio-discrimination processes; the second one relates to the -ITV
porous structure, which displays channels in the limit of mesoporosity, with extra-large
pores with openings up to 19 Å. This property makes this catalyst ideal for processing
large chiral molecules in an enantioselective fashion, as typically required in the
pharmaceutical industry.
In order to analyse the ability
of GTM-3 chiral zeolite to
perform
enantioselective
operations, we have studied
its enantioselective catalytic
ROH
activity on a typical chiral
reaction, the ring-aperture of
epoxides by alcohols. It has
been proposed that an
appropriate
size-match
between the chirality of the
zeolite framework and that of
the guest species is required
Scheme 1. Ring-aperture of trans-stilbene oxide with alcohols (R-OH) of
in order to realize a transfer
different size (R= Et, But, Hex, Oct). Species in column are enantiomers.
of chirality into a particular
chiral process. In this work, we explore the influence of the size of the reactants on the
enantio-discrimination ability of GTM-3. Two different epoxides have been studied,
trans-stilbene oxide (TSO) (Scheme 1), and the smaller styrene oxide, which were
reacted with alcohols of different size: ethanol, 1-butanol, 1-hexanol and 1-octanol. On
Trans-stilbene
oxide

Unlike

Like

866

the other hand, we also analyse the nature of the acid sites of GTM-3 by
thermodesorption of pyridine monitored by FTIR.

Results and Discussion
The catalytic reactions were carried out using GTM-3 obtained with (1S,2S)- or
(1R,2R)-N,N-ethyl-methyl-pseudoephedrinium as SDA (SS-GTM-3 and RR-GTM-3,
respectively); enantioselective crystallization experiments demonstrated that these
chiral zeolites displayed opposite handedness. Catalytic experiments were carried out
with 20 wt% catalyst to epoxide, 10 mg/mL of the epoxide in the alcohol used as
reactant and solvent, and 30 ºC as reaction temperature; analysis of the enantiomeric
products was carried out with HPLC using chiral columns. Trans-stilbene oxide is a
chiral reactant consisting in a racemic mixture of (R,R) and (S,S) enantiomers, and
upon reaction with a nucleophile (alcohol), two types of chiral products (each with its
enantiomer pair) are produced, with inversion of configuration (‘unlike’ products, (R,S)
and (S,R)), which occurs through an SN2 mechanism, and with retention of
configuration (‘like’ products, (R,R) and (S,S)), which probably involves a SN1
mechanism (Scheme 1).
Figure 1 shows the enantiomeric excesses (ee’s) obtained with TSO for the ‘unlike’
(left) and ‘like’ (right) products as a function of the number of C atoms in the alcohol
used as nucleophile; as expected, inverse ee’s are observed when using SS-GTM-3
(black lines) and RR-GTM-3 (red lines); 100 % conversion is reached in all the catalytic
reactions. Interestingly, a clear effect of the alcohol chain length on the
enantioselectivity of the GTM-3-catalyzed reaction is observed for the ‘unlike’ products,
displaying a maximum in the epoxide aperture with 1-butanol, reaching ee’s of 27 %.
Rather lower ee values around 10 % are observed for EtOH, possibly because the
transition states involved are too small as to efficiently note the chirality of the GTM-3
helicoidal pores. On the other hand, ee’s achieved with the larger hexanol and octanol
are slightly smaller than that of butanol (~20 %), which might be due to: i) a partial nonselective reaction on the outer surface of the catalyst, or ii) a worse chiral fit of the
transition state on the chiral feature of GTM-3 because of their larger size.
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In the case of ‘like’ products ((R,R) and (S,S)), a slightly different trend is observed
(Figure 1-right). Once again, the lowest ee is found for the ring-opening with ethanol,
while the highest values (around 20 %) are observed for butanol and hexanol
nucleophiles,
GTM-3-SS-TSO unlike
30
30
and
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-30
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Figure 1. Enantiomeric excess of ‘unlike’ (RS/SR) (left) and ‘like’ (RR/SS) products for the
alcohol,
from
aperture of trans-stilbene oxide as a function of the number of C atoms in the alcohol used
as nucleophile, using SS-GTM-3 (black lines) or RR-GTM-3 (red lines).
values close to 2
for ethanol and
butanol to ~1.4
for octanol. All
these differences
observed
for
‘unlike’ and ‘like’
products suggest
a
different
reaction
mechanism.
In
sharp
contrast, no ee’s
at
all
were
observed when
styrene oxide was used as substrate, both with ethanol or hexanol as nucleophiles.
Therefore, our asymmetric catalytic results evidence that the size of the reactants, and
hence of the transition states, plays a dominant role in the manifestation of the chirality
of the GTM-3 framework structure. In the reactions tested here, apparently the reaction
between trans-stilbene oxide and 1-butanol displays the most appropriate host-guest
chiral fit with GTM-3, where this manifests more efficiently its chiral nature, resulting in
the highest enantioselectivity observed.
Figure 2. FTIR spectra recorded after adsorption of pyridine at room temperature on the
calcined sample SS-GTM-3 and subsequent evacuation at increasing temperature (left),
and estimated amount of pyridine adsorbed on acid sites (right).

We finally also analysed the nature of the acid sites that enable the catalytic activity of
GTM-3 by desorption of pyridine monitored by FTIR (Figure 2). Upon adsorption of
pyridine, the resulting spectra of the material show bands characteristic of pyridine
coordinatively bonded to Lewis acid sites at 1613, 1489 and 1452 cm -1, which evolve
into two additional components at 1621 and 1458 cm-1 after evacuation at 100 °C.
Moreover, pyridinium ions bonded to Brønsted sites are also apparent with bands at
1637, 1543 and 1489 cm-1; these Brønsted acid sites might come from the dissociative
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adsorption of minor amounts of water molecules (despite manipulation under dry
atmosphere), which dissociate into OH groups that bind to Ge, increasing its
coordination environment, and protons that bind to bridge O atoms, generating the
Brønsted acid sites. On the other hand, H-bonded pyridine is also observed at 1593,
1489 and 1444 cm-1.5 Bands corresponding to H-bonded pyridine and pyridinium ions
are fully removed after evacuation at temperatures higher than 100 and 200 °C,
respectively, whereas those corresponding to pyridine coordinatively bonded to Lewis
sites are still present after evacuation at 300 °C, although strongly decrease at
temperatures above 150 °C. These results show that these types of acid sites have a
weak/moderate strength. Moreover, additional bands are found at 1591, 1489, 1438
(shoulder) and 1429 cm-1 which, to the best of our knowledge, have not been
previously reported for other germano-silicate zeolites. Interestingly, these bands retain
most of their initial intensity even after evacuation at 300 °C, evidencing a high strength
of these acid sites that seem to be characteristic of this material.
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Introduction
Friedel-Crafts acylation reactions are important routes for the synthesis of important
intermediates to produce pharmaceuticals, dyes, fragrances, and agrochemicals [1].
The reaction is usually performed in the presence of Lewis acids, such as AlCl 3, or
strong Brӧnsted sites like H2SO4, HF or HCl, which in all cases cannot be regenerated,
bringing serious problems of toxicity, corrosion, and disposal issues. To overcome
these problems the use of solid catalysts, especially zeolites with hierarchical porosity
can be a feasible alternative, as it was already explored in previous studies [2,3]. In the
present work Friedel-Crafts acylation of furan with acetic anhydride was studied under
mild conditions using hierarchical ZSM-5 zeolite (MFI structure), prepared through
surfactant mediated technology, using NH4OH and CTAB as surfactant, changing the
duration of the treatment from 3 to 48 h to modulate the generated mesoporosity and,
thus, optimize the catalytic performance, foreseeing the use of larger substrate
molecules with pharmaceutical interest.

Experimental
Commercial HZSM-5 zeolite, from Zeolyst, with Si/Al=15 was pre-treated in a two-step
alkaline+acid treatment, followed by a surfactant templated procedure, according to the
procedure reported by Telebian et al. [4]. In brief, the zeolite was suspended in a 0.25
M NaOH (ratio NaOH/solid=4) at 80 ºC for 1 h followed by 0.65 M HCl at 80 ºC for 3 h
(ratio HCl/solid=4). Then, the pre-treated material (ZSM5_P) was submitted to a
surfactant-templated procedure by suspending 1 g of solid with 80 mL of 0.3 M NH4OH
and 0.3 g of CTAB surfactant. The suspension was placed in stainless steel PTFE lined
autoclaves and heated at 150 ºC under autogenous pressure during 3, 6, 12, 24 or 48
h. The solids were recovered by centrifugation, dried, submitted to 2 cycles of ion
exchange with a 2M NH4NO3 at 80 ºC for 3 h and calcined at 550 ºC under air flow.
The modified samples were named ZSM5_tC, where t is the duration of the treatment
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and C corresponds to CTAB. Parent and modified samples were characterized by
powder X-ray diffraction (Pan’Analaytical PW3050/60X’Pert PRO) and low temperature
N2 adsorption isotherms (Micromeritics ASAP 2010). Catalytic tests were performed at
60 ºC using a molar ratio of 1:5 of furan and acetic anhydride. The reaction products
and unconverted reactants were analysed by GC (Perkin Elmer Auto-System)
equipped with a DB-5MS capillary column and FID detector.

Results and Discussion
The powder X-ray diffraction patterns of parent and modified samples (Fig. 1) show
that the crystal structure typical of MFI zeolite is maintained, though some crystallinity
loss is verified, especially as result of the treatment made to obtain ZSM5_P.
Moreover, the use of longer hydrothermal treatments also resulted in more accentuated
crystallinity loss.

Figure 1 – X-ray patterns of parent and
modified ZSM-5

Figure 2 – N2 adsorption isotherms of
parent and modified ZSM-5

The adsorption-desorption isotherms at -196 ºC (Fig. 2) can be classified as type I+IV
isotherms. The enlargement of the pristine porosity is denoted by the upward deviation
in all relative pressure range, for all but sample ZSM5_48C that presents a curve
almost coincident with that obtained with ZSM5. So, besides formation of larger
micropores, denoted by the upward deviation and the less rectangular curves in the
initial part, the shift in the high relative pressure region shows the increase in the
mesoporous volume. These textural transformations are especially significative when
low treatment times (up to 6 h) were applied.
The catalytic behaviour of parent and modified samples in Friedel-Crafts acylation
reactions was studied using furan as substrate and acetic anhydride as acylating agent
at 60 ºC. Fig. 3 presents the product yield after 60 min reaction time, considering that
the reaction is completely selective into 2-acethylfuran attending to the high stability of
the α-intermediate.
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Figure 3 – Product yield after 60 min time on stream for the acylation of furan at 60 ºC.

As can be observed, the basic+acid pre-treatment led to some decrease in product yield which
was reverted and even exceed the yield obtained when using the pristine ZSM5 catalyst, proving
that some crystal rearrangement occurred during the surfactant-templated method. The analysis of
the effect of the treatment time shows that 3 and, especially 6 h treatment produced the catalysts
with higher product yields, combining the optimal crystallinity and texture. For treatments longer
than 12 h a decrease in product yield is verified which can be attribute to the occurrence of
deactivation phenomena, already reported in the literature [3].
Conclusions
ZSM5 zeolite was modified using the surfactant-templated method in the presence of CTAB and
NH4OH, under autogenous pressure, changing the duration of the treatment from 3 to 48 h. The
characterization of the samples showed the occurrence of textural modifications that are more
important for treatment times up to 6 h, that impacted on the catalytic behaviour for the acylation of
furan by acetic anhydride. The promising results obtained in this study open new perspectives for
the application of larger substrates with potential interest in the synthesis of molecules with
pharmaceutical interest.
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Influences of reaction variables were studied on a cobalt-loaded on MFI zeolite
(Co/MFI) with Si/Al2 = 52 and Co/Al = 0.6, which showed high activity and selectivity for
methylation of benzene with methane. The pretreatment in which methane and
benzene were simultaneously introduced at a low temperature, resulting in the
chemisorption of benzene prior to the reaction with methane, enhanced the activity,
and the pelletization enhanced the reaction rate. At 600 C, the toluene yield 13%
(benzene feed-base) was achieved with keeping high selectivity.

Introduction
Methylation of benzene with methane (1) was found to be catalyzed by cobalt-loaded
MFI zeolite (Co/MFI) at 500-540 C, and the maximum toluene yield normalized by
benzene feed rate was about 3% in our study [1]. In this study, we select a Co/MFI with
high activity and selectivity with screening Si/Al2 and Co/Al molar ratios, and the effects
of pretreatment conditions, catalyst pelletization, temperature and W/F (catalyst weight
/ feed flow rate) are investigated to find a way of production of toluene with high yield.

(1)

Experimental
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Cobalt nitrate was impregnated on NH4-MFI zeolites (Si/Al2 = 22, 30, 44, 48, 51, 52,
61, 63, and 90) in aqueous solutions to prepare Co/MFI (Co/Al = 0.3, 0.45, 0.6, and
0.9). Most of the solvent was removed by drying at 70 C with stirring at 400 rpm. The
yielded solid was dried again at 110 C for 3 h. The obtained Co/MFI powder was
pelletized through molding by compression, milling, and granulating into 0.3-0.5 mm.
The above powder or pellet was used 0.3 or 0.6 g [equivalent to W/F = 4.08 or 8.15 g h
mol total gas -1, respectively] for the reaction.
The effect of pretreatment conditions was investigated as follows in atmospheric
pressure: [pretreatment method (PM) 1] treatment of catalyst at 650 C in N2 flow
followed by cooling the catalyst bed in the N2 flow down to the reaction temperature,
flowing pure methane for 30 min, and adding benzene vapor to start the continuous
flow reaction; [PM 2] treatment at 650 C in O2 flow followed by cooling the bed down
to ≤ 400 C or less in the O2 flow, feeding a mixture of methane and benzene, and then
elevating the temperature at 10 C min-1 up to the reaction temperature. PM1 should
lead the reaction of methane and active species at a high temperature before contact
with benzene, while PM2 is believed to keep the active species under the
chemisorption of benzene before the reaction with methane.
The reaction was performed in a fixed-bed flow reactor at PCH4 = 98.4 kPa, PC6H6 = 2.6
kPa and F = 0.074 mol total gas h−1. The products were analyzed by a mass spectrometer
(MS) directly connected to the outlet, and the selectivity was calculated from the ratio of
toluene and hydrogen production rates; in some cases, the products were quantified
using a gas chromatograph equipped with a hydrogen flame ionization detector (FID)
after collecting by hexane solvent at 0 C or a barrier discharge ionization detector
(BID) through a gas sampling 6-way valve. The reaction conditions are denoted as (1
or 2, meaning pretreatment method 1 or 2, respectively) – (powder or pellet) – (reaction
temperature / C)- (catalyst weight / g).

Results and discussion
First, the catalysts were tested in the conditions "2-powder-540-0.3 ". As shown in
Figure 1, the activity (toluene formation rate averaged in first 4 h of the time on stream)
and selectivity (estimated ratio of the amounts of methane [consumed to the
methylation of benzene] / [consumed to the methylation and simple dehydrogenation of
methane]) are plotted. Here the rate and selectivity analyzed by MS are adopted, and
those from FID and BID were consistent. We selected Co/MFI with Si/Al 2 = 52 and
Co/Al = 0.6 having the highest activity and relatively high selectivity for below tests
under various conditions shown in Figure 2, where the toluene yield is shown by [rate
of toluene recovery] / [rate of benzene feed]).
Comparison between 1-powder-600-0.3 and 2-powder-600-0.3 shows that PM2
provided higher activity of Co/MFI than PM1, indicating a disadvantage of contact with
pure methane prior to the benzene vapor with catalyst. In PM1, pure methane was
contacted to the catalyst at 600 C, probably causing the simple dehydrogenation of
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methane into carbonaceous and hydrogen, and the catalyst is considered to be
deactivated. In PM2, methane and benzene were introduced at a low temperature,
presumably causing chemisorption of benzene on the active site prior to the reaction of
methane. Our preliminary investigations based on quantum chemistry (still
unpresented) suggest that the stabilization of Co species by chemisorption of benzene
balances the high energy required for the activation of methane and reduces the
apparent activation energy of methylation of benzene with methane, and therefore, the
simple dehydrogenation and successive deactivation should be prevented in PM2
where benzene was always present.
Next, comparison between 2-powder-600-0.3 and 2-pellet-600-0.3 indicates
enhancement of reaction rate by pelletization, probably due to efficient diffusion of the
reactants in the catalyst bed.
Comparison among 2-pellet-540~600-0.3 showing that the yield was increased by
elevating the reaction temperature up to 600 C, but at 650 C (2-powder-650-0.3),
obviously the catalyst degradation was quick, and the yield was low; the morphology of
catalyst was different, but the trend was clear.
Then, high W/F was examined to obtain high yield after PM2 at 600 C using pellets
(2-pellet-600-0.6). About 13% of the toluene yield was achieved with gradual
degradation. The benzene ring balance was almost 100%, and only target products
(toluene, and small amounts of xylene and ethylbenzene) were detected by FID,
showing the high selectivity even at the high conversion of benzene (ca. 13%) close to
the equilibrium.

Figure 1. Average methylation selectivity against average
toluene formation rate in Co/MFI [Si/Al2 = 22 (●), 30 (▲ and
●), 44 (●), 48 (●), 51 (▲ and ●), 52 (▲, ● and ■), 61 (●), 63
(▲ and ●) and 90 (▲, ◆, ● and ■) and Co/Al = 0.3 (▲),
0.45 (◆), 0.6 (●) and 0.9 (■)].

Figure 2. Time course of toluene yield under various
conditions on Co/MFI with Si/Al2 = 52 and Co/Al = 0.6)
● 1-powder-600-0.3 ■ 2-powder-600-0.3
◆ 2-powder-650-0.3 (pretreatment was done by
elevating the temperature from 100 C to 650 C)
▲ 2-pellet-540-0.3 ▲ 2-pellet-560-0.3
▲ 2-pellet-580-0.3 ▲ 2-pellet-600-0.3 ▼ 2-pellet600-0.6

Conclusions
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1. Simultaneous introduction of benzene and methane enhanced the catalytic activity.
2. Pelletization enhanced the reaction rate.
3. 600 C was upper limit of the reaction temperature for avoiding quick degradation of
catalyst.
4. The high W/F conditions brought high toluene yield with keeping high selectivity.
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The noble metals loaded over Mordenite and ZSM-5 zeolites were used to form high
active catalysts for complete CO and benzene oxidation. By post-synthesis treatment
with an aqueous solution of HF acid in combination with NH4F buffer, zeolite supports
with secondary porosity were formed. By adding of buffer was achieved the chemical
equilibrium shifts to the preferential formation of highly active HF2- anions which
showed no selectivity to one of the both zeolite skeletal elements (Si and Al). The
formed hierarchical supports on the one hand will possess the properties of the parent
samples (crystal structure, Si/Al ratio, etc.) in combination with increased active surface
area, improved diffusion properties and the presence of additional porosity preventing
the extraction of the metal phase during of the catalytic process. The metals (platinum,
palladium or copper) were loaded by the wet impregnation method over the parent and
hierarchical zeolite samples. The metal phases were fine dispersed as nanoparticles
on the functional porous materials. The selected catalytic reactions are informative for
the catalysts activity and for the structural specifications of the selected zeolite
supports (Mordenite, ZSM-5).
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All samples are characterized by X-ray diffraction analysis, nitrogen adsorption,
transmission electron microscopy and temperature programmed reduction. The
catalytic activity of the samples obtained is investigated in the reaction of complete
oxidation of CO and benzene. The reaction of CO oxidation on mordenite catalysts
shows a clear trend. All metal-parent catalysts exhibit better activity compared to their
treated analogues. While in the reaction of complete oxidation of benzene there is no
significant difference between mordenite parent and mordenite acid-treated catalysts.
While at ZSM-5 catalysts, obtained by treated with HF and NH4F are more active in the
reaction of CO and benzene oxidation, compared with catalysts containing untreated
zeolite. The only exception is copper catalysts in the reaction of CO oxidation, where
more active is catalyst, based on untreated ZSM-5 zeolite. In this case, the key role
plays the oxidative state of copper species loaded on the ZSM-5 zeolites. The
presence of secondary mesoporosity plays a positive role in increasing the catalytic
activity due to improved reagent diffusion [1,2].

Figure 1 - Temperature dependence of: on the left Mordenite catalysts in carbon monoxide and benzene conversion
and on the right ZSM-5 catalysts in carbon monoxide and benzene conversion.
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The synthesis of zeolite from Fly Ash (FA) results in a product of highly added value,
compared with the use of FA as additive to cement or other products. Due to the
content of iron oxides in the fly ash, zeolites synthesized from ash also contain iron in
various forms [1,2]. The presence of iron and traces of other metals in FA transferred
into zeolites, contributes to the better catalytic performance of the catalysts, based on
these zeolites, in oxidation reactions. Catalytic performance of FA zeolites can be
improved further by loading of different novel metal species on the zeolite surface [3].
In the present study, by using of a two-stage process of zeolite synthesis (fusion and
hydrothermal treatment) zeolite X has been synthesized from FA. The same amount of
iron, which is contented in the FA zeolite, was loaded on the reference sample
synthesized from pure chemicals in order to be compared with it. Both samples were
modified with platinum and the catalytic activity for benzene, toluene and hexane
oxidation of the obtained samples was investigated (Fig. 1). The obtained zeolites X
and catalysts based on them, were characterized by scanning electron microscopy, Xray diffraction, Moessbauer spectroscopy, temperature programmed reduction (TPR),
and X-ray photoelectron spectroscopy.
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Figure 1 - Temperature dependence of benzene (A), toluene (B) and hexane (C) conversion over FANaX zeolite, NaX
zeolite (from pure chemicals) and their counterparts modified with Fe and Pt.

The catalytic activity tests in benzene, toluene and hexane oxidation reaction were
carried out in a continuous flow type of glass reactor at atmospheric pressure with a
catalyst bed loading of about 0.5 cm3 (fraction 0.63–0.80 mm), inlet benzene
concentration 42 g m−3 in air, space velocity 4000 h−1; inlet toluene concentration 200
ppm in 16% O2, space velocity 100 000 h−1; inlet hexane concentration 350 ppm in
16% O2, space velocity 100 000 h−1.
The most active samples in the benzene oxidation are platinum modified and among
them the most active is Pt-loaded fly ash zeolite FANaX-0.5Pt (see Fig.1). The
comparison of activity of the FANaX-0.5Pt with that of Pt modified reference
counterpart NaX-4.5Fe0.5Pt synthesized from chemicals, shows that the difference of
temperature for 50 % degree of benzene oxidation (T50) is 10°C and there is almost no
difference in this parameter between NaX-4.5Fe0.5Pt and NaX-05Pt samples. This
could be due to the different oxidation states of iron in FA zeolite and in iron loaded
samples. High difference in catalytic activity of benzene oxidation on FANaX and NaX-
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4.5Fe is observed, in favour of FANaX. This fact also confirms the different states of
iron on both samples.
In the oxidation reactions of toluene and hexane, the behaviour of catalysts is very
similar to that of benzene oxidation. Again, the highest activity is shown by Ptcontaining catalysts followed by FANaX and the lowest activity as it was expected has
the starting supports (NaX and NaX-4.5Fe). From the obtained results, it can be
concluded that the zeolite supports obtained from coal ash have all the characteristics
and properties necessary to form some highly active catalysts competitive of these
catalysts formed by pure chemicals. It has also been observed that the presence of Fe
and/or other metallic components in coal ash in the oxidation of aromatic hydrocarbons
(benzene and toluene) favours the conversion process. While in the oxidation of linear
hydrocarbons (hexane) the catalyst synthesized by pure chemicals with applied Pt
nanoparticles exhibits the highest activity.
These results are very promising and they open the option for utilization of FA by
obtaining of a product with high value and finding of cheaper alternative of X zeolite as
catalytic support.
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Sub-nanometric silver species are an excellent catalyst for the organic reactions.
However, these tiny metal species are difficult to prepare, stabilize and characterize,
since agglomeration into nanoparticles easily occurs. Despite Ag clusters in zeolites
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have been studied for decades,[1-2] catalytic uses in organic synthesis remains very
scarce.[3-5]
Here we show the synthesis of sub-nanometric Ag entities within HY zeolites, obtaining
porous solids with high catalytic activity for organic reactions such as the carbene
insertion reactions. X-ray absorption fine structure combined with other techniques
allows the characterization of the Ag-HY catalyst confirming the presence of ultrasmall
Ag entities in the zeolite. In particular, the Ag-HY solid catalyze the insertion of ethyl
diazoacetate (EDA) into aromatic C-H bonds (Buchner ring expansion reaction) and OH bonds in excellent yields under mild conditions. The catalytic Ag-supported solid can
be recovered after reaction and reused up to ten times without signs of degradation.
These results not only bring Ag to the shortlist of ligand-free metal catalysts for
carbene-mediated reactions but also feature Ag zeolites as competent catalysts for
relatively complex organic reactions, providing a cheap and recoverable solid catalyst
for carbene insertions.

Figure 1
Ag-supported zeolite catalyst.
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In this study, we have observed the selectivity of allylic alcohols in homogenous phase
(VO(acac)2/TBHP) towards the epoxidation or dehydrogenation reactions, which is
subtly controlled by the substituents around the allylic alcohol functionalities (Figure 1)
[1].

Figure 69: Reaction scheme for allylic alcohol epoxidation/dehydrogenation of aliphatic 1a, aromatic 1b, and
both aliphatic and aromatic allylic alcohol 1c. ACN: acetonitrile.

Moreover,
the allylic alcohol epoxidation and dehydrogenation reactivity is
distinguished when VO(acac)2 is used in solution or anchored in a metal organic
framework, VO(acac)(H2O)@4 (Figure 2).

Figure 70: Scope of the reaction using VO(acac)H2O@4 as a catalyst
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The chemical mechanism depends on the electronic profile of alkene substituents
when the vanadyl complex is used in homogenous phase. However, confinement
effects imparted by MOF take advantage of the steric constraints induced by the solid
network on the catalyst, allowing to gain some control on the chemoselectivity of the
reaction toward the dehydrogenation product. These studies are representative of the
change in reactivity imparted by a well-defined structured solid in organometallic
catalysts, and expand the study of vanadium catalyst within MOFs channels. [2],[3].
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Organic halides (R-X, R= alkyl or aryl; X=Cl, Br, I) are fundamental molecules in
biology, industry and synthetic chemistry [1]. Commercially available, simple
aluminosilicates, including alumina, Na faujasite zeolites (NaX and NaY) and ITQ-2 can
catalyze the selective halogen exchange reaction between two different alkyl
organohalides, either in batch or in flow, without any additive or solvent, simply heating
at 130 ºC and with <5 wt% of solid [2]. The zeolite catalyst can be reused up to five
times in batch (Table 1) or used in flow for 6 h without apparent degradation, to give
>800 product-to-catalyst (wt%) productivity (Figure 1).

Table 1. Recycling of Na-Y zeolite under batch conditions after 24 h reaction time.
Use

1

2

3

4

5
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Conversion (%)

98

98

95

98

82

Selectivity to 3 (%)

59

30

46

30

62

Selectivity to 4 (%)

41

70

54

70

38

100
90
80

Conversion (%)

70
60
50
40
30
20
10
0
0

50

100

150

200

250

300

350

Time (min)

Figure 1. In-flow halex reaction of 1-iodobutane 1 and 1,8-dibromooctane 2 with 10 mg of zeolite NaY (pelletized
between 0.4-0.8 µm) in a fixed-bed tubular, after passing a reactant feed flow rate of 0.1 mL·min -1 at 130 ºC. Error bars
account for 5% uncertainty.

The group tolerance of the reaction was firstly studied by performing a robustness
screening test in the presence of different molecules and the results show that the
halex reaction catalyzed by the Na zeolite proceeds well with a variety of functional
groups. Thus, the halex reaction was carried out with organohalides bearing different
functionalities, and the results show that good yields of the corresponding products can
be obtained. (Table 2).

Run

Reagents

1

Time
(h)
24

Product

Yield (%)
93

2
2

24

3

72

4

72

27

51

16

884

5

48

6

48

7

24

8

72

9

72

10

24

11

48

12

24

15

80
>99
47
69

78

80
>99

Mechanistic studies unveil the key role of the zeolite oxygen atoms and sodalite cages
[3] to trigger the heterolytic scission of the R-X bond and generate intermediate alkoxy
and halides species, respectively, which recombine within the zeolite framework
(Figure 2). These results open a new way to synthesize organohalides with simple solid
catalysts and expand the use of aluminosilicates in organic synthesis.

Figure 2. Reaction mechanism for the halex reaction catalyzed by Na-zeolites containing sodalite cages.
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Introduction
Cu exchanged zeolites have shown activity in the selective oxidation of methane in a
cyclic three-stage-process [1,2]. Among zeolite topologies, Cu-oxo dimers and trimers
exchanged in MOR have shown high methanol productivity. There has been reports of
increased activity in CH4 oxidation in the presence of extra-framework aluminum (EFAl)
[3]. However, the structural and electronic impact of EFAl and zeolite topology on the
activity of Cu clusters is not understood.
Here, we report on a series of Cu-exchanged MOR and FER materials that showed
significantly higher activity per Cu than previously reported. The drastic increase in
activity points to an intrinsically different Cu speciation caused by the presence of EFAl
in the micropores [4]. We have identified the co-existence of two different active sites,
one formed by Cu exclusively, the other a new Al-containing Cu-oxo cluster.
Spectroscopic characterization, theory and the chemical reactivity allowed us to define
the cluster composition and rationalize its formation.

Experimental
CuMOR and CuFER materials with Si/Al = 9-11 have been prepared by ion exchange
under controlled conditions and tested in the stepwise methane to methanol reaction.
The materials were characterized by a combination of NMR, IR, UV-vis, Cu K-edge, Cu
L-edge and Al K-edge X-ray absorption spectroscopies. Comparison of experimental
spectra with theory calculations allows identifying the structure of active Cu-oxo and
Cu-Al-oxo clusters.
Results and Discussion
Study of Cu-exchanged MOR and FER with different concentrations of extraframework
Cu and Al shows the synthesis conditions necessary to stabilize Cu-(Al)-oxo clusters
with activity in selective methane oxidation in these zeolites. Given the distinctively high
Cu efficiencies (mol CH4 converted per mol Cu) achieved, the Cu-(Al)-oxo structures
are predicted to have two O active species.
In-situ characterization of CuMOR and CuFER materials by a combination of IR, UV-vis
and XAS spectroscopy points to the formation of Cu-Al-oxo clusters in MOR and FER,
with a metal Cu:Al stoichiometry of 2:1, when EFAl is available in the micropores.
Conversely, the Cu-only active clusters are of different nature. While MOR hosts a
majority of active [Cu3O3]2+, different dimeric clusters are formed in FER and their
ability to activate CH4 is highly dependent on the local environment within the
framework.
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Figure 1. a) Cu L edge XANES spectra of CuMOR materials showing the shift in signal with increasing Cu loading (160,
280 and 450 µmol/g of Cu); b) Cluster models of Cu-Al-oxo species (top) and Cu-oxo species (bottom) in MOR

Activity tests combined with the characterization of the materials shows that Cu-Al-oxo
and Cu-oxo clusters coexist in the studied frameworks, and their formation is
dependent on the concentration of Cu available. Our analysis allowed quantification of
the concentrations of each type of cluster formed in MOR and FER, as well as the
prediction of their activities at high CH4 chemical potentials. The material properties
relevant to the formation of a dominant structure and the effect on the activity of Cu-OM µ-oxo bridges will be discussed.
Conclusions
The combination of experimental spectroscopies and catalytic data of Cu-zeolites
prepared under well controlled conditions has led to identifying the structure of Cu-oxo
clusters active in the stepwise selective oxidation of CH4 to methanol. This work sheds
light on to the important role of extra-framework Al in the formation of catalytically
active transition metal oxo nanoclusters in zeolites.
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Introduction
Vicinal diols are widely abundant in biomass-derived molecules and can be upgraded
to valuable chemicals by cleavage of carbon-carbon bonds, where each carbon is
oxidized to an aldehyde or carboxylic acid [1]. Homogeneous catalysts, for example
Polyoxometalates [2] or Fe based-salts [3] have proven to be quite active and selective
for this reaction. However, typical downsides of homogeneous catalysts i.e. separation,
corrosiveness and often toxicity, reduces the green aspects of their application. Fe is
known to catalyze oxidative transformations and monomeric Fe sites located in zeolite
micropores, in particular, are known for oxidation of methane using H2O2, which led to
methane activation and C-H bond cleavage at mild temperatures [4]. Therefore, we
investigated the unprecedented application of Fe/MFI catalysts in the oxidative
cleavage of carbon-carbon bonds of the bio-derivable ethylene glycol.
Results and discussion
Various promising metals and supports were initially screened in the oxidative
cleavage. While Fe/HMFI55 was very active and highly selective to formic acid (X =
80%; S = 90%), other tested transition metals (Cu, Co, Mn, etc.) and supports (BEA
and MOR zeolites, SiO2, Al2O3, etc) underperformed. Further, we observed that Feimpurities (0.04 wt%) present in the commercial HMFI55 (SiO2/Al2O3=55) zeolite were
already sufficient to catalyze the reaction, in contrast to the in-house prepared HMFI50
with little to no Fe-impurities, which showed no significant catalytic activity. Various Feloadings (0.1 – 5.0 wt%) on HMFI55 were prepared by incipient wetness impregnation
and the nature of the Fe-sites was revealed by UV-Vis spectroscopy (Figure 1).
Tetrahedral and octahedral monomeric Fe3+-sites are dominant for loadings up to 0.5
wt%, indicated by absorption bands centered at 210 nm and 278 nm, while oligomeric
and bulk FexOy sites (360 and 510 nm, respectively) are increasingly present in catalyst
with higher loading. These findings were confirmed by X-ray absorption spectroscopy.
Further, STEM and N2-physisorption analysis showed more Fe2O3 nanoparticles
deposited on the external surface at higher Fe-loadings, which can lead to pore
blockage and inaccessibility of the active site.
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The oxidative cleavage of
O-Fe
ethylene glycol with H2O2
bulk Fe2O3
over the different 0.1 – 5.0
wt%
Fe/MFI
catalysts
5.0Fe/HMFI55
1.0Fe/HMFI55
revealed that the overall
0.5Fe/HMFI55
conversion increases with
0.2Fe/HMFI55
more Fe-loading on the
0.1Fe/HMFI55
HMFI55
zeolite (Figure 2a). However,
HMFI50
the reaction rate decreases
with increasing amount of Fe
in the zeolite, while TOF
normalized by total Fe
200
300
400
500
600
700
800
present increases up to 0.5
Wavelength (nm)
wt% loading then remains
unchanged
(Figure 2a and b).
Figure 1: Solid-state UV-Vis spectra of Fe/HMFI55 catalysts and inFrom the characterization
house made HMFI50. T=tetrahedral; O=octahedral.
results it was well-evident that
below 0.5 wt% Fe the majority of the species are present as isolated or dimeric Fe
species while bulkier Fe-species dominate at higher loadings. Plotting the TOF against
monomeric and oligomeric/bulk Fe-species (Figure 2c) reveals the stark contrast
between these two types of sites: a positive proportion of TOF with the relative amount
of monomeric Fe-sites is observed, while negative correlations of TOF with oligomeric
and bulk FexOy are observed. These findings suggest that highly-dispersed monomeric
Fe-sites are the active sites for the oxidative cleavage reaction, while oligomeric and
bulk Fe-sites act solely as spectators.
T-Fe3+

oligo/cluster

Kubelka-Munk (a.u.)

3+
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Figure 2: a) Conversion of EG to formic acid over time on HMFI55 with varying Fe-loading. b) Comparison of reaction
rate and TOF for catalysts with different Fe-loadings. Dashed lines are provided to guide the eyes. Reaction conditions:
nEG=0.715 mmol; nH2O2=3.6 mmol; VH2O=10 ml; mcat=100 mg; T=323 K. k has been calculated at interpolated reaction
time for X=50%. c) Linear correlation between activity and relative amount of monomeric Fe-sites. d) Negative linear
correlation between activity and relative amount of oligomeric FexOy and bulk Fe-sites.

Upon further investigations with various intermediates as substrates, we propose a
reaction mechanism revealing the intermediate pathways. This mechanism is closely
related to enzymatic oxidation of ethylene glycol [5], where the enzyme partaking in the
reaction also contain active Fe-species in their enzyme pocket, which is mimicked in
the Fe/HMFI55 catalyst [6].
To show the applicability of our catalyst system we also tested other vicinal diols, which
uncover, that the reaction rate decreases with size of the substrate. We assume that
this is due to the active site being less accessible by bulkier substrates i.e. 1,2-butane
diol, further indicating that the active sites are predominantly located in the micropores
of the zeolite catalyst.
Conclusion and outlook
In summary, we demonstrated a new way to catalyze the oxidative cleavage of vicinal
diols by using a heterogeneous catalyst containing isolated Fe-sites confined within the
zeolite cavities. We speculate that the active Fe-sites are of mononuclear nature, while
oligomers and bulk Fe-species act only as spectators. Due to the benign Fe/MFI
catalyst system providing advantages to current alternatives, these findings may be a
first step to pave the way to upgrade bio-available diols in a sustainable way, saving on
waste, catalyst material and overall costs.
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Introduction
Acid-catalyzed reactions of hydrocarbons in the liquid phase, e.g., C-C coupling with
oxygen elimination, are key to produce chemicals and fuels from biomass.[1] Zeolites
are promising catalyst owing their well-defined acidity and nanoscopic pores, which
enhance selectivity and catalytic activity.[2] However, in the liquid phase, the catalytic
activity of acid sites within zeolite micropores depends on the molecular environment
imposed by the nature of solvents and reactants. Solvents impose significant effects by
interacting (via dipolar, electrostatic, and H-bonding interactions) with ground and
transition states along the reaction pathway.[3] Understanding how molecules of
solvents and substrates organize in zeolite pores and how this environment tailors the
catalytic activity remains a frontier area of catalysis. In this work, we explored Brønsted
acid sites (BAS)-catalyzed dehydration of cyclohexanol and the aldol condensation of
acetone in decalin and in water using zeolites with different pore diameter. The results
allow us to quantitatively assess the impact of chemical environment and nature of the
BAS (e.g., framework proton or hydronium ion) on the elementary steps and rate
determining step of the reactions.

Experimental
Zeolite HBEA (Si/Al = 75, 0.66×0.67 nm and 0.56×0.58 nm) was obtained from Clariant
in H-form. Zeolite HMFI (Si/Al = 40, 0.51×0.55 nm, 0.53×0.56 nm) and HFAU (Si/Al =
30, 0.74×0.74 nm) were obtained from Zeolyst International. The catalysts were
activated at 550 °C for 5 h in synthetic air (100 mL/min and 10 °C/min). The aldol
condensation of acetone and cyclohexanol dehydration in decalin or water was carried
out at 40–70 °C and 130–190 °C, respectively (in the kinetic regimes). Filtered aliquots
from the reaction mixtures were then analyzed with an Agilent 7890A GC-FID using
1,3-dimethoxybenzene as internal standard. The initial rates were calculated below 3–
15 % conversion and were normalized to BAS concentration (determined by pyridineIR spectroscopy) to calculate turnover frequencies (TOFs).
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The dehydration of 1-propanol was studied in a flow reactor under kinetic regime and
differential conditions. The adsorption of 1-propanol from the gas phase onto HMFI was
carried out using a TG-DSC (Setaram) connected to a vacuum system and a pressurecontrolled injection system. The gas-phase propanol was stepwise contacted with the
activated HMFI while monitoring the weight increase and heat ﬂux.

Figure 1. TOFs of (a) cyclohexene formation from dehydration of cyclohexanol (0.33 M in water and decalin), (b)
diacetone alcohol formation via self-aldol condensation of neat acetone with different zeolites: HMFI, HBEA and HFAU.
(c) TOF of diacetone formation for HBEA in decalin and water at 50 °C.

Results and Discussion
The dehydration of cyclohexanol in decalin shows signiﬁcantly higher rates than in
water for HBEA and HFAU, while modest enhancement for H-MFI (Fig. 1a). Kinetic and
isotopic measurements, combined with 2H NMR, showed that the dehydration rate is
controlled by C−H bond cleavage (deprotonation of the cyclohexyl cation) in water, and
by C−O bond cleavage in decalin. The higher activity in decalin is due to the lower
activation enthalpies of the formation of the alkoxy intermediate compared to the
hydrated carbenium ion in aqueous solution. However, the enthalpic stabilization by
intermediates in decalin is less significant for HMFI compared to HBEA and HFAU,
leading to opposite trends of dehydration rates in decalin and in water.
Aldol condensation of acetone in neat conditions led to diacetone alcohol as a primary
product, with 95–100 % of selectivity, and mesityl oxide as minor product of on all
zeolites. The TOFs increased with pore diameter from 1.6–16.8 h-1 to 6.1–47.1 h-1, on
HMFI and HBEA, respectively, and then decreased to 0.8–13.6 h-1 for HFAU (Figure
1b). We postulate that the C-C coupled intermediate is stabilized better (by van der
Waals interactions) in HBEA pores considering the volume of H-bound acetone the
product diacetone alcohol (0.085 nm3 and 0.182 nm3, respectively). In decalin, the
reaction rates on HBEA exhibited a first-order dependence with respect to acetone
(Fig. 1c), which resembles the aldol condensation of acetone in gas-phase. As decalin
is an apolar and weakly interacting solvent, we hypothesize that C-C coupling occurs
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via the tautomerization of acetone followed by condensation to diacetone alcohol on
BAS, analogous to gas-phase. With water addition, however, we observed orders of
magnitude lower rates with the dilution of acetone from 13.5 M to 10.8 M. Further
dilution of acetone led to a first order regime on acetone concentration as observed for
the reactions in decalin. We hypothesize that the strong affinity of water to the
framework proton inhibits the adsorption of acetone until fully forming hydronium ions
(14 water molecules per BAS), which occurs at equimolar concentrations of water and
acetone in the bulk of the reaction. We are currently determining the distribution of
compounds in the micropores by in situ NMR spectroscopy.

Conclusion
We show how apolar and aqueous solvents, combined with the confinements of zeolite
pores, are tuned to control the local environment around acid sites. This allows us to
control the reaction rates of C-O bond cleavage and C-C bond formation to steer
selectivity in complex reactions.
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The beneficial use of zeolites as shape-selective catalysts has been widely
demonstrated for petrochemical and refine processes. In order to maximize the
catalytic activity and selectivity and to minimize catalyst decay, it becomes crucial to
control the pore diameter (intrinsic zeolite pore dimensions and shape), the zeolite’s
chemical composition (Si/Al ratio, acid site density) and crystallite size (pore length),
which determine the number and distribution of the active sites and the diffusion
pattern. Apart from the well-documented effect of the crystallite size and acid site
density, we show how the crystal morphology of zeolites with different pores running
along different crystallographic dimensions and, in particular, the preferential exposure
of crystal facets also impact the shape-selective and diffusion behaviour of the zeolites
[1]. In this study, three zeolite descriptors have been studied for a series of ZSM-5
based catalysts in order to maximize the propylene production by oligomerizationcracking of butenes, conducted under fixed-bed conditions at 550ºC and atmospheric
pressure with 0.16 vol.% of 1-butene [2]. The production of propylene from butenes
constitutes an inexpensive on-purpose technology to alleviate the demands of
propylene as well as to exploit the butenes produced by FCC when propylene yield is
increased. For this process, the formation of aromatics and paraffins should be
minimized, not only because selectivity issues, but also to extend the life of the
catalyst.

We have defined chemical composition, crystal size and crystal morphology as the
descriptors that should control activity, selectivity and catalyst life. Then, we have
synthesized zeolite catalysts in where the above named descriptors were varied one at
the time, while maintaining the rest of the catalyst features constant. This methodology
has allowed rationalizing the relative impact of each descriptor and their interplay. We
found that square-shaped crystals with sub-micron sizes and Si/Al~300 (Figure 1a)
facilitate propylene diffusion and decrease the extension of consecutive reactions by
shortening the length of both sinusoidal and straight channels. The number of channel
intersections is also reduced and, as a result, the formation of aromatics and branched
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oligomers leading to coke precursors was minimized, resulting in longer catalyst life.
On the other hand, coffin-type ZSM-5 crystals show crystal discontinuities [3] and
higher diffusional restrictions resulting in successive reactions leading to lower
propylene selectivity and faster catalyst decay.

Interestingly, both propylene selectivity and catalyst life were enhanced for large coffinshaped crystals with intergrowth particles (Figure 1b). We believe that this this
unexpected behaviour is due to the preferential orientation of the twinned subunits,
which expose preferentially sinusoidal pores [4] (Figure 1c) and hence increase the
proportion of openings giving access to the zig-zag channels for the whole crystal. This
allows more recracking events but also prevents the formation and/or diffusion of large
(poly)alkylated aromatic molecules, reported to be formed preferentially in the straight
pores [4]. Besides, light hydrocarbons, such as propene, will preferentially diffuse
through the sinusoidal channels without being further converted into bulkier products
[5], while being consumed in consecutive reactions along the straight channels. Thus,
in this case, the product shape selectivity is affected by the preferential exposure of the
intergrowth facets giving access to zig-zag channels wherein the aromatics production
is reduced. Consequently, both propylene selectivity and catalyst life are enhanced
even for these large crystallites.

Figure 1. (a,b) FESEM micrographs of two synthesized ZSM-5 crystallites, (c)
Projections of the channel directions and orientations for a clean (top) and intergrowth
(bottom) ZSM-5 crsytallite and (d) representation of the balance of diffusional (crystal
size, morphology) and compositional effects (Si/Al) for maximizing propylene production
and catalyst life
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Introduction
Enzymes dispose of tailored microenvironments, which can enable high
enantioselectivities. If one aims for combining the high selectivity of enzymes with the
advantages of heterogeneous catalysis, the immobilization of highly selective complex
catalysts inside the pores of mesoporous silica materials can be envisaged. However,
in order to study the expected confinement effects, the immobilized complexes must be
located exclusively and unambiguously in the mesopores of the support material. Thus,
the efficient and spatially controlled functionalization of mesoporous silica materials as
support materials for these highly selective complexes is very important and can
significantly advance heterogeneous catalysis by mimicking enzymes. The cavity and
channel structure of the support materials should help to form the desired configuration
of the product. In order to ensure that the catalytically active species are located
exclusively in the mesopores, all freely accessible silanol groups on the particle surface
and the pore entrances of the support material must be rendered inert before the
functionalization of the mesopore surface. Various methods for the controlled
functionalization of porous silica are described in literature, but do not unequivocally
demonstrate that selective functionalization of the inner pore walls was achieved while
the particle surface was left inert [1].

Selective Functionalization Procedure
The procedure we used for the selective functionalization of mesoporous materials
started from as synthesized SBA-15 (SBA-15-as). Figure 1 shows the schematic
representation of the selective functionalization procedure. Without removing the
structure-directing template from the pores, the silanol groups on the particle surface
as well as at the pore entrances (summarized as external surface area) are
functionalized
and
consequently
rendered
inert
with
1,1,1-trimethyl-N(trimethylsilyl)silanamine (SBA-15-ex). Then, the triblock copolymer Pluronic® P123,
which was used as structure-directing template, is removed from the pores by Soxhlet
extraction using ethanol as extraction reagent (SBA-15-ex-E). Before the modification
of the pore walls (internal surface area) takes place, residues of the structure-directing
template are removed and the silanol groups on the pore walls are activated. For this
purpose, SBA-15-ex-E is thermally treated in nitrogen at 673 K (SBA-15-ex-E-p).
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Finally, the silanol groups on the pore walls are functionalized with 3azidopropyltriethoxysilane (SBA-15-ex-E-p-in). Variation of the reaction time leads to
different densities of the azide moieties on the pore walls [2]. Click chemistry can now
be used to attach linkers and subsequently noble metal complexes to the azide
moieties, which work as the actual catalysts.

Figure 1 – Schematic description of the selective functionalization procedure for mesoporous silica materials.

Properties of Selectively Functionalized SBA-15

The procedure described above for the functionalization of SBA-15 is to some extent
similar to selective functionalization procedures described in literature. However, by
introducing a separate and independent control step, we can ensure that the procedure
leads to a support material where the functionalization and afterwards the catalyst are
unambiguously and exclusively located in the pores of the support material. During the
control step, the putatively fully functionalized SBA-15-ex is treated with
3-azidopropyltriethoxysilanes. If there are still silanol groups accessible on the external
surface area for 3-azidopropyltriethoxysilane molecules, they will react with them. The
azide moieties on the external surface area are detectable by IR spectroscopy and
elemental analysis after the control step. If all freely accessible silanol groups are
rendered inert after the functionalization of the external surface area with 1,1,1trimethyl-N-(trimethylsilyl)silanamine, the treatment with 3-azidopropyltriethoxysilanes
has no effect. Both, the IR spectrum and the results of elemental analysis show that
our material SBA-15-ex has a fully inert external surface. Since additional gravimetric
studies confirmed the stability of the functional groups on the external surface under
the reaction conditions of the Soxhlet extraction with ethanol and the thermal treatment
in nitrogen, it is assured that only silanol groups on the pore walls will react in the
following functionalization step with 3-azidopropyltriethoxysilanes. With the selectively
functionalized SBA-15, first experiments on the 1,2-addition reaction of phenylboroxine
and N-tosylimine were successfully performed on the Rh catalyst complexes under
confinement [2].

Since the selective functionalization procedure described above starts from SBA-15-as,
this approach has large time and material savings compared to approaches starting
from calcined SBA-15 (SBA-15-calc). This is due to the fact that, in addition to the
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process steps mentioned above, SBA-15 in this case must first be calcined and the
pores must be filled again before the external surface area is modified. Using our
procedure, the organic structure-directing agent can also be recycled since it is
extracted by ethanol and not destroyed by calcination. In addition, the noble metal
component on the mesoporous silica support material can be recovered more easily
after the reaction than in the case of homogeneous catalysis with dissolved metal
complexes.

Another important aspect in the production of selectively functionalized catalysts is their
preparation and use in reactors. Since mesoporous silica materials are often produced
as powders, they must subsequently be shaped. For this purpose, tableting and
extrusion are possible methods. In addition, pressures act on the catalysts, when
reactors are loaded and the reactions are carried out. For example, pressures up to
40 MPa prevail in laboratory-scale reactors and in ultra-fast HPLC setups [3]. With this
in mind, we subjected SBA-15-calc and SBA-15-E-p to a pressure of 39 MPa for
10 min. The results from nitrogen physisorption measurements obtained for the
different surface areas and pore volumes showed that both materials were stable to
this pressure. At a higher pressure of 156 MPa, both samples lose parts of their
porosity as shown by nitrogen physisorption measurements. The broadening of the
characteristic reflections as well as the decrease of the intensity in the SAXS curves
confirm a partial destruction of the nanostructure of the samples pressed at 156 MPa.
Elemental analysis shows that Soxhlet extraction with ethanol does not completely
remove the triblock copolymer Pluronic® P123. However, the results of X-ray analysis
and nitrogen physisorption measurements show that the residual triblock copolymer
Pluronic® P123 has no supporting effect on the lattice structure of SBA-15. In contrast,
nitrogen physisorption measurements show that thermal treatment in nitrogen at 823 K
after the Soxhlet extraction with ethanol has a positive effect on the silica lattice [4]. An
explanation for the positive influence of temperature is that high temperatures lead to a
reordering of the silica lattice. During the synthesis of SBA-15, not all possible
condensation reactions took place resulting in defects in the silica lattice. Heating
during calcination or thermal treatment in nitrogen repairs these defects and causes
shrinkage and simultaneous stabilization of the lattice structure [5].
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Activity of metallozeolite catalysts in the oxidative dehydrogenation of propane by air
was investigated. TM(II) ions were introduced to the zeolite matrix using impregnation
or ion exchange and characterized by the combination of several spectroscopic
methods (e.g. FTIR and UV-Vis spectroscopies), and synchrotron techniques (XAS).
Predominantly, atomically dispersed M(II) ions located in extra-framework positions of
the zeolite matrix were present in the samples. Formation of oxo-M(II) and M(III)
species or oxides was negligible. The formation of M(IV) species upon oxidation
monitored by FTIR spectroscopy of antisymmetric T-O-T vibrations perturbed by the
ligation of TM ions confirmed the presence of unique TM ion sites capable to activate
dioxygen at low temperature. The activity of metallozeolite samples towards oxidative
dehydrogenation reaction by air was investigated under steady-state conditions using a
through-flow reactor with products analyzed by GC. Results of catalytic tests over
metallozeolite catalysts revealed high activity at low temperature and high selectivity to
alkanes of investigated catalysts.
Introduction:
Light alkenes are considered important substrates in olefin polymerization reactions.
Currently, unsaturated hydrocarbons are obtained by steam cracking (SC), fluid
catalytic cracking (FCC), or catalytic dehydrogenation of alkanes (DH) using petroleum
derivatives. The insufficient capacity of currently existing/implemented processes
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compared to the growing demands [1], induces the need to develop new selective
oxidation processes. One of such promising alternatives is oxidative dehydrogenation
(ODH) of light alkanes: CnH2n+2 + 0.5 O2 = CnH2n + H2O. The main challenge in the
ODH research is developing the active and highly selective oxidation catalysts [2],
which will lead the process toward olefin production suppressing the total oxidation of
alkanes. Zeolite-based catalysts with a high population of divalent cations are
promising for the ODH process. Recently, it was shown that divalent transition metal
ion sites embedded in zeolite matrix into specific sites are able to activate O 2 which is
further used for hydrocarbon oxidation. These centers constitute two bare M(II) ions in
β cationic sites across the zeolite channel. This finding inspired us to employ the
zeolites containing TM(II) centers with specific local arrangement as catalysts in the
ODH process.

Experimental:
NMR spectroscopy in the combination with X-ray diffraction was employed to
evidenced crystallinity of the zeolite matrices and state of Al atoms in the zeolite.
Combination of FTIR spectroscopy of antisymmetric T-O-T vibrations of the zeolite
framework by the ligation of M(II) ions into cationic sites and of the adsorption of probe
molecules was employed to analyze occupation of cationic sites of zeolite matrices by
TM(II) ions and capability of these TM(II) ions to interact with oxygen. UV-Vis
spectroscopy was employed to monitor oxidic M(II) species in the samples.
Synchrotron experiments (XAS) were employed to monitor oxidation state of TM ions in
the zeolite. The activity of metallozeolite samples towards alkane oxidative
dehydrogenation by air was investigated under steady-state conditions using a
through-flow reactor with products analyzed by GC.

Results and discussion:
The series of metallozelites with a high loading of M(II) centers were prepared.
Predominantly atomically dispersed M(II) ions were observed in prepared
metallozeolites with M/Al < 0.2. Presence of M(III) species or metallo-oxidic fraction
was negligible. FTIR spectroscopy analysis of antisymmetric vibrations of the zeolite
framework perturbed by the ligation of M(II) ions in the zeolite rings showed, that M(II)
ions in all prepared metallozeolites are predominantly located in β cationic sites, which
suggest possibility of the cooperation of M(II) species. Results obtained from
synchrotron techniques confirmed the presence of M(II) ions in the catalyst.
Results of catalytic tests over metallozeolites revealed high activity and selectivity of
the transformation of alkanes to alkenes using air. Among studied catalysts, the
metallozeolite with M(II) loading M/Al 0.14 showed the best performance in ODH
reaction, with selectivity around 90 %.
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Figure 1. Schematic illustration of two cooperating M(II) sites in the zeolite.

Conclusions:
By combining physicochemical study and catalytic tests of prepared metallozeolites, it
was shown that cooperating M(II) species in the zeolite represent active centers in
ODH reaction of alkanes. These sites are highly active and exhibit high selectivity to
alkenes.
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Cu-CHA zeolite, a heterogeneous catalyst, has received considerable attention in
recent years owing to its potential application in the selective catalytic reduction (SCR)
of NOx species. Here, we elucidate how Cu-containing zeolites can control nitrogen
chemistry to investigate the reaction mechanism of NH3-SCR, which is still not fully
explored. We report the coordination of Cu in chabazite and provide an insight into the
structure of active sites, the possible intermediates, and reaction mechanisms including
their accurate energetics. The recently published results show that [Cu2+(OH)]+ under
the standard NH3-SCR reaction is initially consumed to form an intermediate, which has
been identified as species C (see the diagram below), based on the observation of an
evolving band in the IR spectrum at 1436 cm-1 [1]. We have investigated the NH3-SCR
reaction using the hybrid QM/MM model for zeolites developed by P. Sherwood et al.
[2] as implemented in the Py-ChemShell software package [3]. We calculate the
Infrared and Raman spectra including intensities of characteristic “fingertip” bands in
the full QM/MM setup that will be compared to further available experimental data.

Figure 1. Schematic representation of NH3-SCR of NOx catalytic cycle.
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1. Introduction
The synthetic path for direct conversion of methane to methanol is a hot topic
because methanol is useful as a fuel and a good building block for the generation of
many chemical goods. Recently, the direct conversion of methane to methanol (MTM)
has been under intensive investigations, where, for instance, Cu ion-exchanged or Fesupported zeolites, Cu-SSZ-13 [1] or Fe/ZSM-5 [2], have been reported to show
characteristic catalytic performance. However, there is a trade-off between methane
conversion and methanol selectivity [3], which makes it difficult to promote methanol
production.
Here, we report a novel catalytic process for selective and effective production of
the hydrocarbons production from CH4 under mild conditions. Our strategy is that
produced CH3OH from CH4 is immediately converted to hydrocarbons before overoxidation of CH3OH. For this strategy, we have tackled the design and synthesis of
zeolite catalyst that effectively catalyzes both MTM and MTO reactions under oxidizing
atmosphere; both active sites for MTM and MTO reaction are created in single zeolite
catalyst. Besides, in order to enhance the MTM reaction, oxidative conversion of CH4
was carried out in the presence of steam and highly active oxidant N 2O. In this
sequential reaction, the adjacency between the active Cu site for MTM and acid site
for MTO reactions would be important; acid sites should remain after the introduction
of Cu species by ion-exchange method. Therefore, Al-rich aluminosilicate-type CHA
zeolite was applied here.

2. Experimental
The CHA-aluminosilicate zeolite was synthesized under organic-directing agents
(OSDA)-free method by hydrothermal synthesis. Note that FAU-type zeolite (Si/Al=15)
were applied as a Si source. The obtained solid was recovered by filtration and
washed exhaustively with distilled water. The resulting solid was dried at 373 K
overnight and calcined at 873 K for 3 h in air. The ion-exchange was carried out twice
to obtain NH4+ form using 2.5 M NH4NO3 aqueous solution with stirring at 353 K for 3 h.
The H-form CHA (H/CHA) was prepared by calcinating NH4+ form CHA at 500 K for 4
h. Cu species were introduced into the NH4+ form CHA by ion-exchange method (CuH/CHA). As a control, Na-form CHA zeolite without acid sites (Na/CHA) was prepared
by Na ion-exchange (NaNO3, 2.5M, 3h) and Cu-exchanged one was also prepared by
using same method procedure with Cu-H/CHA but instead of using NH4+ form (CuNa/CHA).
Catalytic oxidative methane conversion reaction was carried out in a continuous
flow reactor under atmospheric pressure. The reaction was carried out at 350 °C with a
mixture of CH4, N2O, and H2O (PCH4 = 0.4 atm, PN2O = 0.4 atm, PH2O = 0.08 atm, PAr =
balance) at 25 mL min-1.
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3. Results and discussion
The XRD patterns of all the
obtained samples showed a typical CHAtype structure. In addition, the XRD
diffraction patterns of Cu-H/CHA and CuNa/CHA did not show any diffractions
originated from Cu species due to the
high dispersion and/or small amount of

Figure 1
Oxidative conversion of CH4 with N2O over CHA zeolite catalysts: a Cu-H/CHA and b Cu-Na/CHA; (○) Conversion of CH4, the bars represent the
selectivity to CH3OH, hydrocarbons, CO and CO2, respectively. Reaction conditions: 100 mg catalyst; PCH4: PN2O: PH2O: PAr = 0.4:0.4:0.08:balance (atm); total
pressure, 0.1 MPa; temperature, 623 K; SV = 1.5×104 mL h-1 g-1 and W/F = 3.7 g-cat h mol-1CH4.

Cu species (metal cation and oxides). The high dispersibility of the Cu species were
also supported by their UV-vis spectra. The physicochemical properties (Si/Al, Na/Al,
Cu/Al and the acid amount) of the obtained samples are summarized in Table 1.
Figure 1 shows the catalytic performance of Cu-H/CHA and Cu-Na/CHA,
indicating that there were clear differences among the samples. Interestingly, both
catalysts exhibited almost similar CH4 and N2O conversions along with time on stream
(TOS). However, there was a marked difference in the product distributions. CuH/CHA mainly produced CH3OH and hydrocarbons, while, for Cu-Na/CHA, the main
product was CO2.
As a control, the CHA zeolite without Cu and acidity
(Na/CHA) did not show any catalytic performance. These
results imply that the cooperative effect of Cu and H+ is
crucial to the production of hydrocarbons, and that the
formations of CO and CO2 are inhibited by the presence of
acid sites. For Cu-H/CHA, the selectivity to CH3OH was
904
Figure 2 GC-MS spectra of dissolved catalysts after
oxidative methane conversion reaction with N2O at
623 K. (a): Na/CHA; (b): Cu-H/CHA and (c): CuNa/CHA.

decreased but that to hydrocarbons was increased along with TOS, suggesting that
the CH4 is converted to the hydrocarbons via CH3OH and/or CH3OH derivates.
Regarding the distribution of the hydrocarbons produced, lower hydrocarbons such as
C2-C4 were selectively produced.
In order to elucidate the production of hydrocarbons, the catalyst after the
reaction was dissolved and the eluate was analyzed by GC-MS (Figure 2).
Hydrocarbons derived from aromatics were only observed on Cu-H/CHA. This is
a typical feature of the MTO reaction over CHA-type zeolite; the hydrocarbons
are produced by dissociation and desorption of the side chains of aromatic
hydrocarbons formed by the “carbon pool” and/or “dual cycle” mechanism [4].
Hence, these results strongly suggest a new route to the production of the
hydrocarbons from CH3OH, which is produced by oxidative conversion of CH 4.
4. Conclusions
In conclusion, we have successfully developed a novel catalytic process for
selective and effective production of the hydrocarbons production from CH 4, and
found the impact of acid sites in zeolite on a sequential progress of MTM and
MTO reactions [5]. An advantage of this process is the suppression of overoxidation of CH3OH produced from oxidative conversion of CH 4, yielding CO and
CO2.
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With the emergency call for carbon neutrality, development of new technologies to
produce renewable and clean energy are attracting increasing attention recent years.
Hydrogen energy is the most promising one due to that the consumption of hydrogen
only produces water. With fuel cell hydrogen can be safely translated to electricity
under mild conditions. However, the storage and transmission of hydrogen is still
challenging. Ammonia borane as a promising hydrogen storage material can release a
high amount of hydrogen with noble metals like Pt, Ru, Rh and Au as catalysts.
Besides, in fuel cell devices, platinum group materials are the predominant class of
materials that are used as the key component to catalyse the oxygen reduction
reaction (ORR). However, the scarcity, high cost, and low efficiency of these noble
metal catalysts prevent the widespread implementation of hydrogen as an affordable
clean energy.
The low cost yet high tunability of metal−organic frameworks (MOFs) provide a unique
platform for tailoring their characteristic properties as new catalysts. I will present stable
MOFs with transition metal ions incorporated at atomic level as efficient catalysts. For
example, we have developed a series of novel multivariate metal−organic frameworks
(MTV-MOFs), MTV-MIL-100, through a solvent-assisted approach[1]. Two Co caions
are anchored in each tri-nuclear cluster with ordered atomic arrangements with one Ti
cation. These ordered and multivariate metal clusters offer an opportunity to enhance
and fine-tune the electronic structures of the crystalline materials. Moreover, mass
transport is improved by taking advantage of the high porosity of the MOF structure.
Combining these key advantages, MTV-MIL-100(Ti,Co) exhibits a high photoactivity in
the photocatalytic hydrolysis of ammonia borane. Moreover, we develop MOF catalysts
by combining Zr-chains to promote high chemical stability and metalloporphyrin ligands
to introduce transition metal ions as redox active-sites[2]. In addition, we tailor the
immobilization and packing of the single redox active atoms at a density that is ideal for
the reaction kinetics of ORR. The obtained MOF catalyst, PCN-226, thereby shows
high ORR activity. We further demonstrate PCN-226 as a promising electrode material
for practical applications in rechargeable Zn-air batteries. These examples represent
two different strategies to design and incorporate transition metals in porous materials
at an atomic level, which could further accelerate the development in searching for
efficient catalysts.
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Water splitting (WS) is one of the most important processes for many applications
associated with carbon-free energy storage and conversion.[1] Water oxidation (WO)
or oxygen evolution reaction (OER) is thermodynamically more demanding than the
hydrogen evolution reaction (HER), since this process involves breaking "O-H" bonds
and creating new "O-O" bonds through a series of multistage processes, involving the
total transfer of 4 electrons and 4 protons, which is kinetically unfavourable. In fact, a
high energy barrier needs to be overcome, which requires a high overpotential. For this
reason, the development of robust and efficient electrocatalysts for OER is a crucial
requirement to eliminate the technological bottleneck and meet the demand for largescale production.[2]
Although precious metal oxides such as IrO2 and RuO2 are, so far, the most efficient
OER electrocatalysts, their high cost, scarcity and low durability make them impractical
for large-scale applications.[3] Therefore, in the last years, great efforts have been
carried out to develop materials based on first-row transition metals that are
electrocatalytically active in OER, low cost and have long-term stability in order to
replace noble metal-based electrocatalysts. Among the first-row transition metals,
cobalt has emerged as an interesting non-noble metal because of its catalytic power
towards WS. In this regard, several cobalt-based catalysts for OER have been
developed in the last decades, which can be classified into the following categories:
Co-N-C composites, Co oxides/hydroxides, Co chalcogenides, and Co phosphides and
phosphates.[4]
Recently, MOF-based materials have attracted great attention as electrocatalysts since
this kind of materials possess unique properties and could provide new opportunities to
prepare highly competitive electrocatalysts for this process. However, few papers have
been published on the construction of cobalt MOFs as electrocatalysts for OER despite
their important structural features, as these types of materials typically exhibit low
conductivity.[5] Moreover, despite the advances in this field, due to the intrinsically high
kinetic barrier for OER, most of the cobalt MOFs studied as electrocatalysts operate in
strongly alkaline media, which implies highly corrosive and harsh conditions for largescale applications. Therefore, a major challenge is the development of new cobalt
MOFs for efficient electrocatalytic oxidation of water at neutral pH. On the other hand,
previous studies have shown that the electrocatalytic active species for the cobalt
mediated OER are the Co(IV)-oxo or Co(III)-oxyl radical species generated from the
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resting state of the cobalt centres by proton coupled electron transfers. In this sense,
different mechanisms have been proposed for the cobalt mediated O-O bond
formation. Unfortunately, despite previous efforts, the exact mechanism is still
unresolved.

Herein, a new cobalt MOF based on well-defined layered double cores (2D-Co-MOF)
has been obtained by solvothermal synthesis using a cubane cobalt cluster
[Co4O4(OAc)4(py)4] as the key precursor and 2,2′-bipyridine-4,4′-dicarboxylic acid as a
ligand. This material extends in two directions of the space forming a 3D layer material
consisting of nanosheets comprised of two single layers with an interplanar distance of
3.491Å. Consecutive nanosheets are further packed into three-dimensional
supramolecular structures through interlayer face-to-face π···π interactions between
pyridine ligands (Figure 1a).[6] Treatment of this π stacked 2D-Co-MOF with water
provokes the exchange of the axial labile pyridine ligands by water molecules that
triggers the delamination of the material producing double nanosheets (delaminated
2D-Co-MOF), which opens up the formation of active cobalt sites for its application in
the OER. Interestingly, we have found that the 3D structure of the delaminated 2D-CoMOF can be regenerated by solvothermal process as has been confirmed by several
techniques (Figure 1b).[6] To the best to our knowledge, this is the first time that MOFs
have shown a “memory effect” in delamination-pillarization process, which is wellknown for the most famous 2D material such as hydrotalcites.

Figure 1. a) X-ray structure of π−π stacked two-layered double nanosheets of 2D-Co-MOF and b) Powder X-ray
diffraction patterns and Raman spectra of the π-stacked 2D-Co-MOF before (black) and after successive treatment with
H2O for 5 min (red) and with pyridine for 2 days at 150 °C (green).

Dispersion of the so-synthesized MOF in an alcoholic Nafion solution gives rise to a
composite (2D-Co-MOF@Nafion) with good adherence to graphite electrodes and
long-term chemical stability. In a sodium phosphate buffer solution at pH 7, this
composite requires to be activated by applying a positive enough potential of 1.2 V (vs.
NHE) for at least 300 minutes. The so-activated electrode displays a well resolved
voltammetric wave associated with the Co (II)/Co(III) redox conversion, and a
concomitant exponentially increasing electrocatalytic current, that anticipates appealing
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properties of the MOF as electrocatalyst for OER (Figure 2a). A comparison of the
typical polarization curve for OER at pH 7 and the corresponding steady states Tafel
plots of the 2D-Co-MOF@Nafion-based electrode with those of the benchmark
catalysts (Figures 2b and 2c), reveal outstanding electrocatalytic activity of the cobalt
MOF. In addition, the stability under reaction conditions, the long-term durability and
the recyclability of the electrocatalyst were studied through chronoamperometric,
voltametric and spectroscopic techniques proving that this material is highly stable and
that the Co centres maintain their coordination sphere and the nanolayers retain their
bilayer structure. The particular topology of the present layered double cores, with quite
distant cobalt centres, precludes the direct coupling between the electrocatalytically
active centres. Based on that, the most plausible mechanism for the O–O bond
formation is the water nucleophilic attack to single Co(IV)-oxo or Co(III)-oxyl centres.
Additionally, the presence of nitrogen containing aromatic equatorial ligands facilitates
the water nucleophilic attack as in the case of the highly efficient cobalt porphyrins.

Figure 2. a) Cyclic voltammograms recorded before (blue line) and after (red line) electrochemical activation, b)
Rotating disk voltammograms and c) steady-state Tafel plots of a pyrolytic graphite electrode modified with the indicated
electrocatalyst. Conditions: in aqueous 0.1M SPB solution pH 7 at 25ºC.
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Due to their high conductivity, stability and accessibility, carbon materials are a widely
used catalyst support material for electrochemical processes. For polymer exchange
membrane fuel cells (PEMFCs), platinum and its alloys on carbon black are the stateof-the-art catalysts [1].
Recently, we demonstrated that the confinement of platinum nanoparticles in the pore
system of hollow graphitic spheres (HGS) leads to improved stability under operating
conditions of the PEMFC by preventing catalyst degradation through agglomeration
and detachment [2]. For the synthesis of HGS, a siliceous hard template with a solid
core and mesoporous shell (SiO2@mSiO2) is prepared by polycondensation of
tetraethyl orthosilicate and octadecyltrimethoxysilane (OTMS) onto solid Stöber-silica
spheres. During the following calcination, uniform mesopores are formed through the
decomposition of the octadecyl chain of OTMS, yielding SiO2@mSiO2 [3]. In the next
step, the pores of the silica shell are filled with carbon and iron, employing the chemical
vapor deposition (CVD) of ferrocene [4]. After annealing and leaching of silica and iron,
uniform, porous and graphitic hollow spheres are obtained. While their electrochemical
performance is superior to commercially available carbon supports, the synthesis of
HGS including CVD and silica leaching prevents broader application. Therefore, we
aim to transfer their high graphitization and porosity to resorcinol-formaldehyde gels
(RF-gels), which allow for a significantly simplified preparation sequence.
RF-gels are polymers prepared through the polycondensation of resorcinol and
formaldehyde. Their synthesis is versatile as changes in pH, temperature, solvent,
drying condition, and added salt, base or acid result in polymers of different
morphology. Due to their high surface area and tailorable porosity, carbonized RF-gels
are investigated as materials for electrochemical devices such as supercapacitors [5].
In this work, we synthesize graphitic RF-spheres by introducing iron salts into the
synthesis mixture. We show how different salts affect the pH of the mixture and the
impact on the morphology of the polymers. Finally, using iron acetylacetone as a
combined porogen and graphitization agent, we present mesoporous and highly
graphitic carbon spheres (GRFs) prepared in a two-step procedure consisting of
polymerization and carbonization. We do not use hydrothermal steps, dry in air
910

overnight and thus evade solvent exchanges, supercritical drying, or post-activation
treatments commonly used to prepare porous RF-gels. In Figure 1, we compare the
GRFs with a reference material prepared without the addition of iron acetylacetonate.

Figure 71: Comparison of the morphology of RF-spheres graphitized with the aid of iron acetylacetone (GRF) and a
reference material prepared without the addition of iron salts.

The comparison of TEM, XRD and Raman spectroscopy clearly shows the formation of
graphitic structures for GRF, which are not present in the reference sample.
Additionally, the porosity was altered from being almost exclusively microporous for the
reference to mesoporous for GRF. Despite this change in texture, the spherical
morphology was maintained. GRF share the initially described high graphitization and
mesoporosity of HGS and are hence suitable as a support for PEMFC catalysts. Using
incipient wetness impregnation and subsequent annealing, highly dispersed platinum
nanoparticles (Pt NPs) were deposited into the pore system of GRF (Pt/GRF). Figure 2
provides a summary of TEM, XRD, and the activity of Pt/GRF for the oxygen reduction
reaction (ORR).
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Figure 72: TEM (left) and XRD (middle) of Pt/GRF. Additionally, the specific activity (SA), mass activity (MA) for the
ORR and electrochemically active surface area (ECSA) of Pt/GRF measured in a rotating disc electrode setup in 0.1 M
HClO4 are displayed (right).

The investigation of Pt/GRF by TEM and XRD reveals the presence of highly dispersed
Pt NPs with an average size below 3 nm. The activity towards the ORR is in
accordance with the literature [6]. The stability under ORR conditions is currently under
investigation, but the high graphitization of the GRF and the successful confinement of
the Pt NPs in the mesopores lead us to expect a highly stable electrocatalyst.
To conclude, we report a synthesis procedure based on the established preparation of
RF-gels, but include iron salts and more precisely iron acetylacetonate. The latter acts
as a porogen and graphitization catalyst in the subsequent carbonization of the
polymer, yielding highly graphitic mesoporous carbon spheres. After deposition of Pt
NPs into the pore system of the carbon, we show that Pt/GRF is active for the ORR.
Due to the simple and scalable synthesis procedure and the beneficial morphology of
GRF resembling the highly stable HGS, we see Pt/GRF as a potential candidate for
industrial application.
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A great deal of effort is made by the scientific community to identify new energy
sources and vectors to replace the fossil fuels. Hydrogen (H2) seems to be a good
candidate to make up for the global energy demand but, the use of this compound as
an energy carrier is limited by the high cost of its storage and transportation. In this
restrictive scenario, ammonia (NH3) provides great advantages which are associated to
its low production cost, high availability, and excellent ability for hydrogen’s chemical
storage. Chemically, it includes 121 kg of H2 per m3 of NH3 and, it is a carbon-free
vector. Thus, ammonia could be used as a "H2 vector" and its decomposition could be
carried out when clean H2 needs to be produced. In general, high decomposition rates
of ammonia require high temperatures (600 °C) due to the thermodynamic endothermic
nature of the reaction (DH298K = 92 kJ·mol-1). Currently, catalysts based on ruthenium
have shown the highest catalytic activity [1–3]. Despite the important influence of the
active phase, the catalytic activity clearly depends on the support and the addition of
promoters. Overall, the support with the best properties for this reaction must have high
electron conductivity, adequate basicity and surface area, thermal stability, as well as
the absence of electron-withdrawing species [2]. In this context, carbon-based
nanomaterials have been shown to be excellent supports in the ammonia
decomposition because they have high conductivity that promotes electron transfer to
ruthenium (Ru) active sites. For that, an adequate carbon-based nanomaterial such as
reduced graphene oxide (rGO) as catalytic support and, an adequate synthesis method
are key factors to develop efficient and highly active catalysts. Thus, the aim of this
work was to study H2 production from ammonia decomposition using ruthenium
supported on reduced graphene oxide. Additionally, the form to incorporate the metal
active phase (Ru) as well as the influence of using a pre-reducing agent (2cloroehtylamine hydrochloride) has been discussed, leading a novel efficient catalyst
for this reaction.
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For the incorporation of Ru, two different ways were carried out. First, Ru was
incorporated by wet impregnation using a solution of RuCl3·3H2O (nominal Ru of 2.5
wt%) over a previously synthesized rGO (2.5Ru-rGO) [4]. Then, the obtained product
was dried at 80 ºC overnight and subsequently calcined at 500 ºC for 1 h under N2 flow
(50 mL min-1). Second, the simultaneous GO reduction and Ru incorporation was
carried out using hydrazine as reducing agent. In this case, an aqueous solution of
graphene oxide (2 g L-1) and the necessary amount of RuCl3·3H2O were sonicated for
1 h. After that, hydrazine (1:1 weight ratio with respect to graphene oxide, GO) was
added and, subsequently the mixture was transferred to a Teflon-lined autoclave for a
hydrothermal treatment for 12 h at 180 °C (2.5Ru-H-rGO). The obtained solid was
centrifugated, washed until neutral pH and dried by lyophilization. Finally, a certain
amount of pre-reducing agent (10:3 weight ratio, agent/GO) was incorporated in a
previous step (2.5Ru-C-rGO), as described in [2].

The catalytic activity of the catalysts (Figure 1) previously treated in situ at 200 ºC with
10% H2/Ar, increased with the reaction temperature as a result of an improvement in
the reaction kinetics and the endothermic nature of the reaction [2]. In the absence of
active phase, NH3 conversion only achieved 4% at 400 ºC. Note that, catalyst
synthesized by simultaneous GO reduction and Ru incorporation, and above all, that
synthesized using the pre-reducing agent, led to higher activity (92% and 65% of NH3
conversion at 400 ºC, respectively) compared to that obtained with the catalyst
synthesised using the traditional impregnation method (55% of NH3 conversion at 400
ºC).
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Figure 2 – A) XRD pattern of rGO and impregnated Ru catalyst and B)
simultaneous GO reduction and Ru incorporation catalysts.

(5v/v%NH3-Ar, GHSV=150.000 mL·g-1·h-1).
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Table 1 – SBET, VP and total basic sites of Ru catalysts
rGO

2.5RurGO

2.5Ru-H-rGO

2.5Ru-C-rGO

SBET (m2 g-1)

333

45

217

56

VP (cm3 g-1)

0.5

0.2

0.6

0.2

Total basic sites
(mmolCO2 gcat-1)

-

-

0.4

1.6

Obtained results showed that the preparation method affected the textural properties of
the catalysts. Thus, the catalyst prepared by wet impregnation showed the lowest
surface area and pore volume, maybe related to the partial pore blockage caused by
metal incorporation (Table 1). Moreover, a sharp decrease of the surface area took
place in the catalyst synthesized using the pre-reduction agent due to the removal of
the oxygen functional groups of the GO structure after the hydrothermal reduction
steps resulted in a higher restructuring of the carbon lattice. XRD pattern of different
samples are shown in Figure 2A and 2B. All catalysts showed two broad peaks at
around 26º and 43.7º related to the diffraction of the (002) and (100) crystallographic
planes. As observed (Figure 2B), (002) diffraction plane of 2.5Ru-C-rGO shifted to
higher 2θ values being much more intense and narrower, indicating that the
corresponding catalyst presented a ‘quasi-graphitic’ structure due to the restoration of
the graphitic structure upon removal of O functionalities. On the other hand, sample
2.5Ru-rGO (Figure 2A) showed a peak at 37º associated with Ru0, indicating a higher
metal particle size (9.5 nm) than the other catalysts, which might cause the decrease
in the SBET and the catalytic activity. It is well-known that ammonia decomposition is a
structure-sensitive reaction [3] and, Ru crystallite sizes between of 3 and 5 nm leads to
a higher concentration of B5 type sites, which in turn, enhance the ammonia
conversion. Then the larger metal size of 2.5Ru-rGO catalyst did not allow to obtain
adequate values of ammonia conversion. In this sense, TEM-EDX images of 2.5Ru-CrGO catalyst (Figure 3) presented in an average Ru size of 3.6 nm and 31.3%
dispersion which improved the hydrogen production from ammonia. Finally, as
observed by CO2 temperature-programmed desorption [2] (Table 1), it is clear that a
pre-reduction of GO with 2-chloroethylamine, increased the total basic sites, obtaining
the best catalytic activity in the ammonia decomposition reaction.
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Figure 3 – EDX mapping, HAADF-STEM and particle size distribution of 2.5Ru-C-rGO catalyst.

Summarizing, 2.5Ru-C-rGO catalyst showed superior activity at lower temperature than
other Ru supported carbon materials described in the literature at the same reaction
condition (5v/v% NH3-Ar), providing virtuous stability (constant conversion over 65 h)
[1,2]. This material showed suitable physicochemical properties (SBET, Ru particle size
and total basic sites) due to the higher capacity of the pre-reducing agent to remove
oxygen functional groups and the incorporation of Ru simultaneously.
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Introduction
The methanol-to-olefins (MTO) reaction is a key technology for providing light
olefins, important building blocks for various chemicals, from non-oil resources. The
MTO catalysts with excellent stability and product selectivity are in high demand, and
especially selective production of C3-C4 species among light olefins is of a great
interest. Recently, CON-type zeolites, comprising a three-dimensional channel with
12R, 12R, and 10R multipores, have been reported as promising acid catalysts in the
MTO reaction to produce C3-C4 species with a high production selectivity. However,
syntheses of CON-type zeolites with the enhanced catalytic performance have been
demonstrated by means of the heteroatom substitution, mesopore introduction and
control of particle size and acid-site location. However, their catalytic performance is
still insufficient, and the development of CON-type zeolite catalysts with high C3-C4
selectivities and long catalytic lifetimes remains a challenge. Coking causes the
deactivation of zeolite catalysts, necessitating frequent combustion cycles to recover
the catalytic performance and leading to the degradation of zeolite structures.
Therefore, the development of zeolite catalysts with long one-pass lifetimes is in high
demand for practical applications.
Downsizing zeolite particles to increase their external surface area is a wellknown strategy for improving their catalytic lifetime against coking. Top-down
approaches via mechanical treatments, such as bead and planetary ball millings, are
employed for the production of downsized zeolite particle. However, zeolite frameworks
are generally degraded in such treatments, and milled zeolites suffer from pore
blockage due to amorphisation. As a result, post-milling recrystallisation methods have
been developed to recover the damaged parts of milled zeolites. It is still difficult to fully
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recover the damaged parts even after post-milling recrystallisation, and careful control
of the reaction conditions is required. Therefore, the recrystallised zeolites possess
increased defect sites in their frameworks. According to previous studies, the defect
sites in the zeolite framework determine the product selectivity in the MTO reaction. For
example, Sazama et al. demonstrated that highly defective ZSM-5 shows a poor
selectivity toward light olefins and a high selectivity toward C6+ hydrocarbons and
butanes. [1] The synthesis of defect-free downsized zeolites to increase the catalytic
lifetime and the selectivity of light olefins in an MTO reaction is of a great interest.
Recently, we have developed a novel liquid-mediated treatment using an aqueous
solution of NH4F/TEAOH for healing the defect sites in zeolite frameworks via migration
of the silicate species in the parent zeolites to produce extremely stable zeolites. [2]
Our motivation in the this study is to apply this method for developing nanosized CONtype zeolite, with a drastically reduced number of defect sites, which exhibit an
excellent catalytic lifetime and a high selectivity toward the C3-C4 olefins evolution.
Experimental
Synthesis of the parent CON-type zeolite. The CON-type zeolite was synthesised
following a previously reported method, [3] using in-house-fabricated N, N, N-trimethyl (−)-cis-myrtanylammonium hydroxide and other raw materials, such as colloidal silica
(Cataloid SI-30), aluminium sulfate, boric acid, and sodium hydroxide. The reactant
composition was 1.0 SiO2: 0.04 H3BO3: 0.00125 Al2(SO4)3: 0.1 NaOH: 0.2 TMMAOH:
21 H2O. Subsequently, 2 wt% of the fabricated silica-based CON-type zeolite was
added as seed to the mixture. After 4 days of hydrothermal treatment at 170 °C, the
resultant mixture was separated into solid and liquid components by filtration, hereafter
referred to as “parent zeolite“ and the supernatant, respectively. In the supernatant,
silicate species were dissolved/dispersed as the main component.
Post-synthetic treatments to prepare the defect-healed zeolite nanoparticles. For
the wet bead-milling, the parent zeolite was mixed with water and subjected to beadmilling, hereafter referred to as “milled zeolite“. For the first recrystallisation, the milled
zeolite was dispersed into the condensed supernatant and sealed in an autoclave. The
autoclave was placed in an oven set at 170 °C for 16h and then cooled to room
temperature. The resultant mixture was washed with water and dried overnight at 80
°C. To the obtained sample, the procedure of the hydrothermal treatment at at 140 °C
for 20 h using the condensed supernatant, washing and drying was applied as the
second recrystallisation, hereafter referred to as “recrystallised zeolite“. For defecthealing, the recrystallised zeolite was mixed with an aqueous solution of NH4F and
TEAOH, with a chemical composition of 0.1 TEAOH: 0.74 NH4F: 15.19 H2O. The
mixture was transferred to an autoclave and heated at 170 °C for 24 h at a rotating
speed of 22 rpm. The resultant mixture was washed with water and dried at 80 °C,
hereafter referred to as “defect-healed zeolite.“ All zeolites were calcined at 600 °C for
6 h in air.
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Result and Discussion
Figure 1 summarises the characterisations of the representative zeolites
obtained in the present protocol. Figure 1(a) shows SEM images of the parent, the
milled, the recrystallised and defect-healed zeolites. The parent and the milled zeolite
particles possessed prism-like and spherical morphologies, respectively. Recrystallised
and defect-healed zeolites possessed spherical morphologies similar to those of milled
zeolites. Figure 1(b) shows a comparison of the size distributions of the zeolites. The
parent zeolite had a broad size distribution in the range of 150–850 nm, and the size of
the zeolite particles decreased to a range of 50–450 nm after the wet bead-milling.
After the recrystallisation and NH4F/TEAOH treatments, no significant change was
observed in the particle size, and the grain growth of fine particles was suppressed.
Figure 1(c-d) shows the 29Si cross-polarisation magic-angle spinning (CP MAS) and
dipolar decoupling (DD) nuclear magnetic resonance (MAS NMR) spectra of the
zeolites. The CP MAS NMR spectrum of the parent zeolite contained two peaks at
−100 and −110 ppm, which were attributed to Q3 and Q4 species, respectively. These
peaks derived from Q3 and Q4 species could also be observed in the CP MAS NMR
spectrum of the milled zeolite. Q3 and Q4 signals were barely observed in the CP MAS
NMR spectra of recrystallised and defect-healed zeolites but were observed in the DD
MAS NMR spectra. This confirmed that the parent and milled zeolites had silanol
groups as defect sites in their frameworks. The differences in the defective structures
were quantitatively compared. Figure 1(e) shows the Q4/Q3 ratios calculated from 29Si
DD MAS NMR spectra and the relative crystallinities of the zeolites estimated from their
powder X-ray diffraction (PXRD) patterns. After the wet bead-milling, both the Q4/Q3
ratio and the relative crystallinity decreased, indicating that the framework of the parent
zeolite was degraded by the mechanical treatment. This degradation indicates that
non-crystalline parts formed in the milled zeolite. After the recrystallisation treatment,
the non-crystalline parts of the milled zeolite recovered, increasing the relative
crystallinity from 61 to 97%. Finally, the relative crystallinity of the CON-zeolite
increased to 100% after NH4F/TEAOH treatment, similar to that of the parent zeolite.
The Q4/Q3 ratios increased during the post-milling recrystallisation and NH4F/TEAOH
treatments. Thus, this protocol allowed us to obtain CON-zeolite nanoparticles with
high crystallinity. The defect-healed zeolite exhibited the longer lifetime (15 h) than the
parent zeolite (7 h) in an MTO reaction due to the increased external surface area and
the decreased defects in its framework (not shown).
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Figure 1 Summary of the characterizations of the parent (black), the milled (green), the recrystallised (red) and defecthealed (blue) zeolites. (a) SEM images. (b) Particle size distributions. (c-d) 29Si CP and DD MAS NMR spectra. (e) Q4/Q3 ratios
and relative crystallinities.
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Introduction
Olefins can be employed in a wide variety of chemical industry application, mainly as
flexible building block for plastics production. Olefins production via dimethyl ether
(DME) dehydration (DME-to-olefins, DTO) acquired increasing interest in the past
years since it represents a pathway to synthesize hydrocarbons through an alternative
and sustainable route with respect to the conventional fossil-based one.
DME can be produced via methanol (MeOH) dehydration or directly through CO/CO 2
hydrogenation. Light olefins can be synthesized from DME by using acid zeolites,
catalysing the requested complex reaction pathway [1].
Silicoaluminophosphates (SAPO) and MFI-type zeolites have been also investigated as
catalysts for DTO. Hirota et al. [2] studied SAPO-34 samples with different crystal size.
Effect of SiO2/Al2O3 ratio on catalytic performance of HZSM-5 samples has been
investigated [3]. The effect of temperature (300-400 °C), space time, and DME
concentration on the reaction performance has been analysed, using a HZSM-5 zeolite
catalyst (SiO2/Al2O3 of 280) [4].
In this work, zeolites with different structure (MFI and FER) and different SiO 2/Al2O3
ratio are synthesized and tested to investigate activity, products selectivity, and lifetime.

Materials and Methods
Zeolites were prepared from a synthesis gel including Na2O, SiO2, Al2O3, H2O and a
structure directing agent (SDA). Tetrapropyl ammonium bromide (TPABr) and
pyrrolidine were used as SDA for the preparation of MFI- and FER-type, respectively.
The obtained gel was crystallized in an autoclave at 180 °C for 96 h (MFI) or 120 h
(FER). After crystallization, the solids were recovered by filtration, washed several
times with distilled water, and dried. The samples were calcined at 550 °C to remove
the organic template from the structure.
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The acidic form was obtained after two ion exchange cycles with NH4Cl followed by a
calcination [5].
The crystalline structure of samples was analysed by X-ray powder diffraction.
Morphology was observed by scanning electronic microscopy (SEM). The Si/Al ratio
was measured by atomic absorption spectroscopy (AAS). Textural properties were
determined by adsorption/desorption isotherms of nitrogen at 77 K. Acidity was
estimated by NH3-TPD, whilst Fourier Transform Infrared spectroscopy (FT-IR) was
used to evaluate Bronsted and Lewis acid sites distribution.
Catalytic tests are carried out at a temperature range of 325-375 °C through system
equipped with a stainless-steel reactor to operate at pressure up to 20 bar. Each
sample have been pre-treated with pure nitrogen at 240 °C to remove eventual
molecules/impurities/moisture adsorbed onto the catalyst surface. Inlet flow comes
from a certified gaseous mixture (DME: 3 mol.-%, N2: balance) bottled in gas cylinders.
Space velocities in a range of about 1-6 gcat h gC-1 (gC refers to the inlet carbon mass)
have been obtained by tuning inlet flow and/or catalyst load. Stream from the cylinder
could be eventually diluted with pure nitrogen to vary total inlet flow and DME partial
pressure.
Gaseous fraction of the outlet stream is analysed via a 2-columns gas chromatograph
(PPQ and HP-5, capable to separate non condensable gases and light hydrocarbons,
respectively) equipped with a thermos-conductivity detector (TCD) and a flame
ionization detector (FID). Time-on-stream (TOS) tests up to 20 hours have been carried
out.
Almost all the liquid collected after condensation is an aqueous solution that can be
analysed through high-performance liquid chromatograph (HPLC) and total organic
carbon (TOC) analysis. The composition of eventual liquid oil fraction (if present in a
sufficient amount) could be investigated through a gas chromatograph equipped with
mass spectrometer (GC-MS). Spent catalysts can be analysed via temperatureprogrammed combustion (TPC) to quantify the content of carbon retained as solid
coke.

Results and discussion

XRD spectra demonstrated samples crystallinity. The acidity data obtained from the
NH3-TPD, and FT-IR analyses were in line with those already present in literature for
comparable materials [5]. Atomic absorption analysis results confirmed, for both
catalysts, the Si/Al ratio established in the synthesis gel.
A single gas analysis run requires about 90 minutes to be carried out to ensure the
elution of all the gaseous compounds. Heavier molecules (toluene and C8-C10
hydrocarbons are firstly detected since they by-pass the second column (PPQ), whilst
DME and lighter paraffins/olefins (up to C7) pass through both the columns and thus
requires longer time to reach FID detector.
Figure 1 presents preliminary results obtained with an MFI-type zeolite with a Si/Al ratio
of 25. The shown conversion and selectivities refers to tests carried out at 3 bar,
flowing an inlet stream of 40 NL h-1 (DME: 3 mol.-%) and with a catalyst load of 150 mg
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(thus leading to a space velocity of about 1.4 gcat h gC-1). Other runs carried out with a
greater amount of zeolite and lower inlet flow (thus at longer residence time) led to
higher conversion (close to 100 %).
Stability tests show that deactivation is faster at higher temperature. At 350 °C
conversion drops from ≈ 92 % (fresh catalyst) to ≈ 56 % after 20 hours of time-onstream, while the conversion decrease at 325 °C is about 8 % (from 52 % to 44 %).
Such different deactivation results also if the conversion is normalized with respect to
the initial value.
Right chart of Figure 1 reports the trend of light compounds selectivity over time for the
test carried out at 350 °C and 1.4 gcat h gC-1. It can be noticed that ethylene selectivity
presents a weakly descending behaviour (commonly to almost all the other TOS runs
at different temperature and space velocity). On the other hand, propylene selectivity
slightly increases during the test. Butenes selectivity present a stronger decrease,
compensated by the growth of butanes amount within the produced mixture. As a
general behaviour, light olefins in the range C2-C4 present a slightly decreasing
cumulated selectivity at 350 °C, but this change between the beginning and the end of
TOS run is not sharp for any of the tested temperatures and space velocities. The ratio
between olefins and paraffines is generally high as the formers are more easily formed
by the catalyst. This phenomenon is clear for C2 and C3 since ethane and propane are
produced in very few amounts (if compared to ethylene and propylene).
For all the investigated operating condition, at least 85 % of the total inlet carbon (fed to
the reactor as DME) exits the system as gaseous phase, while the remaining part can
be ascribed to the collected liquid fraction (both aqueous phase and heavier
hydrocarbons) and to the solid carbon deposited as coke within the solid catalyst.

Figure 1 – Dimethyl ether conversion over time (left) and selectivity/distribution of light products at 350 °C (right).
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Molecular oxygen is an available, cheap, and eco-friendly oxidant; however, its
employment for hydrocarbon transformation represents a
challenge in oxidation catalysis. Very recently, it was shown that
ferrierite zeolite containing divalent Co, Ni, and Fe can dissociate
molecular oxygen [1,2]. Activation of molecular oxygen occurs by
the cooperation of two close transition metals located across the
ferrierite (FER) channel [2]. It was shown that active oxygen
form, stabilized on Fe centres [Fe(IV)=O2-]2+, exhibits strong
oxidation properties towards methane to methanol transformation
already at ambient conditions. This work is focused on the study
of the Fe-FER system’s ability to split O2 and the activity of the
formed [Fe(IV)=O2-]2+ species in methane to methanol oxidation
at 220 °C. The increase in the reaction temperature can open the
possibility of carrying out simultaneous O2 activation, methane
oxidation, and regeneration of active sites under isothermal conditions.
Fe(II) cations were introduced into commercial FER (Tosoh Corp., Si/Al 9) using the
impregnation method. Chemical analysis results confirmed the iron loading in FER
below 1 wt. % (Fe/Al 0.08). This level of iron exchange guarantees the predominant
fraction of Fe(II) in cationic positions in Fe-FER. Thus, obtained Fe-FER with Fe/Al
0.08 was considered as a model material for studying the kinetics of the [Fe(IV)=O 2-]2+
formation by O2 splitting, and reactivity in methane oxidation under in-situ conditions at
220 °C using FTIR and Mössbauer spectroscopy. The products of methane oxidation
were analyzed by FTIR and mass spectrometry methods.
FTIR and Mössbauer spectroscopy results confirmed that in the studied Fe-FER
sample, iron is mainly observed as divalent cations located in cationic positions.
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Fig.1. Evolution of the [Fe(IV)=O2-]2+ in
FTIR spectra FTIR spectra of at 220 °C.

Analysis of in-situ FTIR study recorded in O2 flow showed that within interaction time 0
- 60 min the intensity of the band at 907 cm-1, assigned to Fe(II) in cationic position,
decreases with increasing intensity of the band characteristic for the [Fe(IV)=O 2-]2+ at
897 cm-1 (Fig. 1). The highest intensity of the band assigned to [Fe(IV)=O2-]2+ was
reached after 1h interaction at 220 °C in oxygen flow. Interaction of the [Fe(IV)=O 2-]2+
with CH4 at 220 °C results in the instantaneous vanishing of the band at 897 cm -1, and
the formation of the band at 907 cm-1 typical for Fe(II) siting in a cationic position in
FER. This result confirms that [Fe(IV)=O]2+ is reduced by CH4 with the restoration of
Fe(II) species initially observed in the FTIR spectrum of evacuated Fe-FER. However,
no bands in the region 3000-2700 cm-1 assigned to vibrations of methoxy species
bonded to catalyst surface, nor bands from oxidation products absorbed on Fe-FER
were found. Analysis of the reaction products by two different methods FTIR and mass
spectrometry confirmed the formation of methanol in the gas stream as products of the
reaction of O2 and CH4 over Fe-FER at 220 °C. The performed blank experiments with
no O2 treatment (FTIR and mass spectrometry methods) were free from signals related
to oxidation products, which confirmed that exclusively activated O2 over Fe-FER is
able to oxidize methane.
Concluding, by the combination of FTIR, Mössbauer, and mass spectrometry the
formation and exceptional oxidation properties of the [Fe(IV)=O2-]2+ originating from O2
splitting over cooperating Fe(II) sites in Fe-FER were confirmed. For the first time, the
investigation of [Fe(IV)=O2-]2+ stability at elevated temperatures and oxidation
properties towards methanol formation were proved by in-situ FTIR, and mass
spectrometry. FTIR, and Mössbauer study has shown that two Fe(II) distance centres
embedded in FER work in the redox cycle. Produced methanol was detected in the gas
phase by FTIR and mass spectrometry methods, which proved the desorption of
methane oxidation products from the Fe-FER channel system. The stability of
[Fe(IV)=O2-]2+ at elevated temperatures extends the utility of the Fe-FER system for
methane oxidation in a wide temperature range, which may facilitate the oxidation
products desorption and thus make the process more attractive for possible industrial
purposes.

References
[1] K. Mlekodaj, M. Lemishka, S. Sklenak, J. Dedecek and E. Tabor, Chem. Commun., 57, 3472 (2021).
[2] E. Tabor, J. Dedecek, K. Mlekodaj, Z. Sobalik, P. C. Andrikopoulos and S. Sklenak, Sci. Adv., 6
eaaz9776 (2020).

Aknowledgment
This work was supported by the RVO: 61388955 and the Czech Science Foundation projects
#320922 and #310921.

925

T6: Porous materials to avoid and remove by-products and pollutants.
P06.001. ALL-SILICA ZEOLITES FOR CARBAMAZEPINE REMOVAL: PREDICTING
AND ANALYSING PROMISING ADSORBENTS WITH DENSITY FUNCTIONAL
THEORY CALCULATIONS
M. Fischer1,2,3
1 Crystallography & Geomaterials Research, Faculty of Geosciences, Klagenfurter
Straße 2-4, University of Bremen, 28359 Bremen, Germany
2 Bremen Center for Computational Materials Science, University of Bremen, 28359
Bremen, Germany
3 MAPEX Center for Materials and Processes, University of Bremen, 28359 Bremen,
Germany
michael.fischer@uni-bremen.de

The anticonvulsant drug carbamazepine (5H-dibenzo[b,f]azepine-5-carboxamide,
C15H12N2O, abbreviated CBZ in the following), widely used in the treatment of epilepsy,
is an emerging organic contaminant of considerable concern due to its persistence in
environmental waters and its potential to cause adverse ecological effects [1,2]. While
a discharge of CBZ into the environment should therefore be avoided, conventional
wastewater treatment techniques typically result in only negligible removal [3]. Among
other treatment methods, adsorption onto hydrophobic high-silica or all-silica zeolites
has been proposed as a potential method for CBZ removal [4-6]. However, only a few
zeolite topologies (FAU, MFI, and MOR) have been considered in these experimental
studies. Moreover, a multitude of factors influence the experimentally observed CBZ
adsorption behaviour, and it is difficult to discern the role of topology from other factors
(e.g., different Si/Al ratios, defect concentrations, etc.) on the basis of experimental
data alone. This contribution aims to elucidate how zeolite topology affects the affinity
towards CBZ by employing dispersion-corrected density functional theory (DFT)
calculations for a total of 11 zeolite frameworks, all of which are available in all-silica or
high-silica form.
To start with, the structures of the 11 all-silica zeolites were optimised using DFT,
employing the rev-vdW-DF2 functional that was found to perform well in a previous
study addressing the adsorption of emerging organic contaminants in zeolites [7]. Due
to the size of the CBZ molecule, only structures having pore openings consisting of 12or 14-membered rings (12MRs/14MRs) were considered (experimental results indicate
that 10MR zeolites adsorb negligible amounts of CBZ due to diffusion limitations [5,6]).
Different configurations of CBZ adsorbed in these zeolites were then generated using
preliminary force field simulations, and fully optimised with DFT calculations. For each
framework, the adsorption energy was calculated as a Boltzmann average over the
individual DFT interaction energies. These Boltzmann-weighted adsorption energies
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are shown in Figure 1. Among the frameworks studied, IFR has the highest affinity,
followed by AFI. Both these frameworks have one-dimensional channel systems of
12MRs. A relatively high affinity was also found for the 14MR zeolite CFI. A detailed
analysis of the lowest-energy structures and of quantities like partial charges was
carried out to establish the role of different interactions in determining the affinity of allsilica zeolites towards CBZ.

Figure 1: Left: DFT-computed adsorption energies for 11 zeolite frameworks (Boltzmann averages for T = 298 K). Blue
columns correspond to 12MR zeolites, whereas red columns correspond to 14MR zeolites. Right: Visualisation of CBZ
in the pores of IFR.

In order to evaluate the role of guest-guest interactions, adsorption complexes in which
two CBZ molecules are adsorbed in close proximity were also investigated. Due to the
spatial restrictions imposed by the size and shape of the pores, the contribution of
attractive guest-guest interactions to the total adsorption energy varies rather widely,
with considerable implications on the evolution of the affinity as a function of CBZ
loading. Furthermore, DFT-based molecular dynamics simulations were carried out for
selected frameworks in order to substantiate whether the trends obtained from DFT
optimisations, which ignore thermal vibrations, are affected by the inclusion of
temperature. Although the present contribution makes some important simplifications,
especially with regard to the role of solvent effects and the possible co-adsorption of
water, it allows to draw conclusions which of the studied zeolites can be regarded as
particularly promising adsorbents for CBZ removal, as well as delivering an atomiclevel explanation for their high affinity. The computational protocol employed here could
be straightforwardly transferred to study the adsorption of other emerging organic
contaminants in zeolites. Moreover, the availability of a large set of DFT-optimised
adsorption complexes and their total energies could aid the development of more
accurate force fields for modelling CBZ adsorption.
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Abstract
Increasing eutrophication and climate change in recent years have resulted in the
occurrence of harmful algal blooms (HABs) that release a representative type of
hepatotoxins, called microcystins, the most harmful and common of which is MC-LR1.
Exposure to MCLR-contaminated water, either through ingestion or skin contact and
inhalation, can cause serious health problems, such as vomiting, hemorrhage,
dermatitis, kidney impairment, liver cancer, and even death. Therefore, adopting an
efficient and reliable method to decontaminate water bodies from toxic MC-LR is of
utmost importance for maintaining public health. A safety limit of 1.0 µg/L has been
recommended by the World Health Organization (WHO) for MC-LR concentration in
drinking water2. Various treatment strategies applied thus far to remove MCs can be
categorized into three main groups, including physical methods (e.g., coagulationsedimentation, filtration, adsorption), biodegradation, and chemical degradation (e.g.,
chemical oxidation, photocatalysis, ozonation)3. Microcystins, however, due to their
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unique cyclic structure, demonstrate high stability towards decomposition across a
broad range of temperature and pH1. This resistance to chemical degradation justifies
physical pathways as more efficient methods to eliminate MCs from aquatic systems.
Adsorption, in this regard, represents a fast, simple, low-cost, and effective method of
reducing dissolved MCs in water bodies. Metal-organic frameworks (MOFs),
constructed by the self-assembly of inorganic metal ions/clusters and organic ligands
through coordination bonds, have emerged as an intriguing category of crystalline
porous materials4. Due to their unique physicochemical features, including their wellordered porous structures with a broad range of pore sizes over both microporous and
mesoporous domains, versatile chemical functionalities, ultrahigh porosity and surface
area, and abundant active sites, MOFs have found applications in diverse fields,
including liquid-phase separation and purification5. Herein, MIL-100(Fe) was
synthesized and applied as a water-stable, non-toxic, biodegradable, and efficient MOF
for the adsorptive removal of MC-LR from aqueous solutions consisting of different
congeners of microcystins4. Effect of operational parameters, such as contact time,
adsorbent dosage, initial MC-LR concentration, temperature, and solution pH was
investigated through batch-wise adsorption experiments where the MC-LR
concentrations were analyzed using an HPLC system coupled with mass spectrometry
(HPLC-MS). Adsorption kinetics, isotherms, and thermodynamics were also studied in
detail to define the performance of the developed adsorbent and the adsorption nature.
Results and Discussion
a) Effect of adsorbent dosage and solution pH
As shown in figure 1A, a removal percentage of more than 97% was found using
minimal amounts of adsorbent, indicating the high abundancy of active sorption sites in
the porous structure of the synthesized MIL-100(Fe). The adsorbent to solution ratio of
1:2000 (g: ml), with %removal = 97.12% and qe = 77.25 µg g-1, was chosen as the
optimum adsorbent dosage for the subsequent experiments. Furthermore, figure 1B
demonstrates that the %removal of MC-LR molecules stood on approximately the
same level (over 90%) in the pH range of 4-8, indicating that the synthesized adsorbent
acts efficiently in a wide pH range, without being affected by the solution pH.
(1A)

(1B)
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Figure 1 - Experimental data obtained for the effect of A) adsorbent dosage, and B) solution pH on the adsorptive
removal of MC-LR onto the synthesized MIL-100(Fe). A) initial MC-LR concentration=40 µg g-1; solution pH=8; solution
volume=10 ml; contact time=1 h. B) initial MC-LR concentration=30 µg g-1; adsorbent to solution ratio=1:2000 (g: ml);
contact time=1 h.

b) Effect of contact time and kinetic study
As illustrated in Figure 2, the developed MOF showed a very fast kinetic in adsorbing
MC-LR molecules, with a removal efficiency of near 93% after only 5 minutes. The
kinetics of the adsorption of MC-LR onto MIL-100(Fe) was investigated using three
widely used kinetic models, namely the pseudo-first-order, pseudo-second-order, and
intra-particle diffusion models. The pseudo-second-order kinetic model presented the
best fit with the experimental adsorption data of MC-LR onto MIL-100(Fe), indicating
that chemisorption was the predominant mechanism in the adsorption process.

Figure 2 - Experimental data obtained for the effect of contact time on the adsorptive removal of MC-LR onto the
synthesized MIL-100(Fe). Initial MC-LR concentration=40 µg g-1; solution pH=8; adsorbent to solution ratio=1:2000 (g:
ml).

c) Effect of initial MC-LR concentration and isotherm study
As depicted in Figure 3, despite a 21% drop in the percentage removal with an
approximately 9-fold increase in the initial adsorbate concentration, the %removal
retained its value on a high level (plateaued at around 80%). Furthermore, the
equilibrium adsorption capacity (qe) did not seem to plateau in the investigated
concentration range, indicating that a defined dosage of the synthesized MIL-100(Fe)
can adsorb higher amounts of MC-LR molecules in case of higher concentrations
available. Three isotherm models, namely Langmuir, Freundlich, and Temkin were
studied, among which Langmuir showed the best compatibility with the obtained data.
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Figure 3 - Experimental data obtained for the effect of MC-LR initial concentration on its adsorptive removal onto the
synthesized MIL-100(Fe). Solution pH=8; adsorbent to solution ratio=1:2000 (g: ml); contact time=4h.
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Introduction
Sulphur is a natural component of crude oil and consequently, it is found in its
derivatives such as gasoline, diesel fuel as well as in heavier oil. Combustion of fuel
releases sulphur dioxide, which is very harmful to human beings. To eliminate the
health and environmental problem, it is important to remove sulphur from crude oil
derivatives through the desulfurization processes. Hydrodesulfurization (HDS) is the
most common method of sulphur removal from the fuel feedstock. It consists of the
reaction of sulphur-containing organic compounds with hydrogen, resulting in sulphurfree compounds and H2S. HDS is operated using hydrogen at a high temperature
ranging from 300oC to 450oC and a high pressure of 20 to 100 atm. At the same time,
the hydrogenation of unsaturated carbon-carbon bounds can occur, which deteriorates
the properties of the fuel. Oxidative desulfurization (ODS) is one of the promising new
processes for desulfurization of fuels. Compared to conventional catalytic
hydrodesulfurization, ODS can be carried out under mild conditions and it needs less
energy [1]. The success of the ODS process is determined by the catalyst efficiency in
the oxidation. This, in turn, strongly depends on the nature of the active centers and the
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type of the support material. It is also important that the catalyst dedicated to ODS
process should not only be highly effective but also possible to be reused several
times. In our recent work we have demonstrated a high stability of SBA-15 support
modified with 3-(trihydroxysilyl)-1-propanesulfonic acid (TPS) in liquid phase
esterification processes [2]. In this work we have successively used this promising
support for vanadium species as well as MCF support and applied in ODS process.

Experimental
SBA-15 and MCF materials were prepared according to [2,3]. 3-(trihydroxysilyl)-1propanesulfonic acid (TPS) was immobilized on SBA-15 and MCF using grafting
method, keeping Si/TPS molar ratio of 10. SBA-15 was also impregnated with
vanadium using aqueous solution of ammonium metavanadate or vanadium(IV) oxide
sulfate in the amount that ensured that only the pores of SBA-15 would be filled. The
amount of vanadium in the solution was sufficient to obtain 2 wt.%. The resulting
materials VM/SBA-15 and VS/SBA-15, respectively, were calcined at 500 oC for 6 h. The
materials obtained were characterized using the following methods: XRD, low
temperature N2 adsorption/desorption, XPS, UV-Vis, FTIR combined with pyridine
adsorption. The catalytic activity was examined in oxidative desulfurization of
dibenzothiophene in dodecane. The experiments were also performed with the addition
of acetonitrile, which was used as an extractive phase. The reaction was carried out at
60oC with H2O2/S molar ratio of 6 and in the presence of 1 wt.% of catalyst.
Results and discussion
The typical structures of SBA-15 and MCF supports were determined by low
temperature
N2 physisorption.
For
both
materials
the
characteristic
adsorption/desorption isotherms of type IVa were obtained. The incorporation of TPS
on the surface of the supports by grafting method did not have a negative impact on
mesoporous structure, however, the materials obtained had smaller surface area and
pore volume. The same was observed for SBA-15 impregnated with vanadium,
however this effect was less pronounced. The successful immobilization of TPS
species was confirmed by elemental analysis, whereas the exclusively existence of S 6+
species were determined by XPS analysis. The UV-Vis spectra confirmed the
coexistence of different forms of vanadium species, i.e. isolated vanadium species,
oligomeric vanadium species as well as vanadium oxide. XPS analysis pointed on the
domination of V5+ for VM/SBA-15 and V4+ for VS/SBA-15. Pyridine adsorption study
followed by FTIR measurements indicated the presence of both Lewis and Brønsted
acid sites for vanadium containing SBA-15, whereas for samples modified with TPS
only the Brønsted acid sites were detected.
The catalytic activity of materials obtained was first determined in oxidative
desulphurization of dibenzothiophene in dodecane using hydrogen peroxide. The
reaction was performed within 2 h. For a relative big organic molecules containing
sulphur the SBA-15 materials modified with sulphonic species could be not active due
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to insufficient pore diameter as indicated in literature [4]. In this work for TPS/SBA-15
material a relative low activity, i.e. 31% of conversion was observed. Contrary, for
TPS/MCF catalyst showing much bigger pore size that SBA-15, 72 % of
dibenzothiophene conversion was found. In the same reaction conditions the V M/SBA15 materials showed ca. 20 % of conversion after 10 minutes of reaction. A relatively
low conversion was explained by the fast decomposition of hydrogen peroxide on
vanadium species as well as by aggregation of catalyst particles in the reaction media.
The addition of oxidant step by step during the reaction did not change significantly
dibenzothiophene conversion.
The activity of materials obtained were also determined in the system containing the
extractive phase, i.e. acetonitrile. In the absence of catalyst 55 % of dibenzothiophene
was extracted from dodecane phase after 10 minutes of mixing and no further changes
in the concentration were observed. The same results were obtained in the presence of
TPS/SBA-15, which testify that this material is inactive in extractive oxidative
desulphurization. On the other hand the vanadium containing materials showed a very
good activity, which reached ca. 90% after 45 minutes for the reaction with the addition
of hydrogen peroxide step by step. The stability of these materials was also examined
in the three consecutive catalytic cycles. For that purpose the catalysts was separated
after reaction, dried and applied again in desulphurization process. No changes in
activity was observed, which testified the stability of vanadium containing catalysts.
Conclusion
TPS containing SBA-15 and MCF catalysts as well as vanadium containing SBA-15
were successfully synthesized. The structure of the supports was preserved after
modification procedures. TPS/SBA-15 showed a relative low activity in oxidative
desulphurization of dibenzothiophene. This was not the case of TPS/MCF for which the
conversion of dibenzothiophene was 88%. The vanadium containing materials were
effective and stable in the extractive oxidative desulphurization of dibenzothiophene
showing 90 % of conversion after 45 minutes.
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One of the most effective methods to abate the emission of nitrogen oxides (NOx = NO
+ NO2) from stationary and mobile sources is selective catalytic reduction with
ammonia (NH3-SCR). The commercial vanadium-based catalyst of the technology
exhibits relatively high NO conversion in the temperature region of 300-450 °C.
However, below this range, its activity is considerably lower. Additionally, vanadium is
toxic for the environment and V2O5 actively oxidizes SO2 to SO3, causing the
production of secondary pollution [1]. Hence, new low-temperature catalysts of NH3SCR are in search.
Zeolite-supported materials, particularly modified with transition metals, are among the
leading candidates for the industrial catalysts of NH3-SCR after treatment systems [2].
In recent years, many studies have focused on the application of modified ZSM-5 [3],
SAPO-34 [4], or SSZ-13 [5]. Another attractive zeolites which can be used as the
supports are those of MWW family. However, despite the common interest in the
physicochemical features of these materials, only little research have explored their
catalytic potential in NH3-SCR [6,7]. On the other hand, natural zeolites, such as
clinoptilolite show interesting chemical features as well [8]. What is more, natural
zeolites are characterized by considerably lower cost, comparing to the synthetic ones
[9]. The structures of MCM-22 and clinoptilolite are schematically illustrated in Figure
1.
The study aimed to investigate if natural clinoptilolite or synthetic MCM-22 exhibits
better catalytic performance in NO reduction. Both zeolites were modified with iron by
various methods (wet impregnation or co-precipitation) and studied in NH3-SCR. It was
observed that Fe-doped MCM-22 showed higher conversion of NO below 300 °C,
comparing to Fe-clinoptilolite, regardless of the applied post-synthesis treatment.
Additionally, N2O concentration during the reaction over Fe-MCM-22 samples was kept
on similar level (0-40 ppm) in the entire temperature region. In contrast, for
clinoptilolite-supported catalysts, the amount of N2O was influenced by the modification
procedure. However, in any case it did not exceed 40 ppm. Additionally, Feclinoptilolite exhibited 100% of NO conversion in the high-temperature range. The
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obtained results of NO conversion at 250 and 400 °C (low- and high-temperature
region of NH3-SCR, respectively) obtained for Fe-clinoptilolite and Fe-MCM-22
prepared by various methods are listed in Table 1. The differences in the catalytic
activity of the zeolites were ascribed to different speciation of iron deposited in
clinoptilolite and MCM-22. This effect was related to various structural characterization
of the materials, position of Fe introduced into the zeolitic framework, and acidity.

Table 1
Results of NO conversion at 250 and 400 °C,
obtained for natural and synthetic zeolite
modified with iron (where cop and wi correspond
to
co-precipitation and wet impregnation method,
respectively)

NO conversion (%)
Catalyst
250 °C

400 °C

Fe-Clin (cop)

36

100

Fe-MCM-22
(cop)

48

81

Fe-Clin (wi)

30

100

Fe-MCM-22
(wi)

51

87

Figure 1
Schematic illustration of the structure of clinoptilolite and MCM-22
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When it comes to gas and pollutants removal, zeolites are choice materials: they are
both highly stable and configurable. Thus, they can be adapted to accomodate a wide
array of situations [1].
One possible way to change an aluminosilicate zeolite’s properties is through a cationic
exchange: an operation during which the charge compensation cations of the zeolitic
material are partially substituted. Each aluminium atom constituting a zeolite’s
framework holds a negative charge, which must be compensated by a cation regardless of its nature, or valence. Therefore, it is possible to exchange the cations
present in a zeolite by other cations which might have a smaller
or a larger
ionic radius, and hold a bigger valence [2].
In this study, several samples were prepared from the same starting batch of
commercially available X-faujasite zeolite, using various alkali and alkaline-earth
cations (Li+, K+, Ca2+, Mg2+, Ca2+) to exchange Na+ compensation cations. Then, the
effects of the cationic exchange on the material’s structural and textural properties, as
well as on their adsorption capacities of nitrogen, argon and methane at ambient
temperature were studied.
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Figure 73 - Adsorption isotherms of nitrogen over X faujasites

Some effects were expected, such as an increase of adsorption for the samples
holding smaller cations. However, some samples showed that the interactions between
gas and cation are more complex than first anticipated.
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In the face of climate change, the scientific community is looking for effective solutions
that could reduce the emission of substances harming the environment. Highly
dangerous for human health are soot particles derived from the incomplete combustion
of fuels, especially from vehicles powered by combustion engines. Nano and micro size
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soot particles, penetrating into the body, show mutagenic and carcinogenic properties.
Currently, soot particles are removed from vehicles using DPF filters. Unfortunately,
long-term use leads to blockage of their channels by formed soot. Thus, an effective
catalyst capable of oxidizing it is in request.
The catalysts used commercially are based on noble metals such as Pt, Pd, Rh
dispersed over ceria, or alumina supports. The systems containing more available and
low-priced transition metals are also promising catalysts of the deSoot reaction,
especially since their performance may be improved by the addition of the alkali
promoters [1]. In turn, zeolites with well-defined porous structures and the great surface
area seem to be interesting support materials [2]. In this work, we have investigated the
effect of potassium doping on the performance of cobalt-containing zeolite materials in
the soot combustion reaction.
We have studied a series of cobalt
catalysts based on ferrierite
support (NaKFER) doped with
650
potassium in the range of 0 –
8wt.%.
The
cobalt-containing
600
materials included both, the cobalt550
exchanged ferrierite (CoFER) and
sample, where 10 wt% of cobalt
500
phase was deposited by the
incipient wetness impregnation
450
method on the external surface of
400
ferrierite (10Co NaKFER). The
potassium doping was obtained by
the incipient wetness impregnation
method as well. The materials
were characterized by means of
Figure 1. The comparison of the activity of the K-doped cobaltferrite catalysts in sootN
combustion,
denoted XRF,
as the temperature
low-temperature
XRD, H2-TPR, and SEM/EDX methods. The
2 adsorption,
of 90% conversion in the tight contact.
catalytic activity was investigated by thermogravimetric measurements in the flow of
5%O2/He 50 ml/min + Ar 20 ml/min, using Mettler Toledo TGA/DSC1
Thermogravimetric Analyzer. The catalyst-soot mixtures (tight contact) were prepared
by grinding 50 mg of the catalyst powder with 5 g of soot Printex U soot (particle size
25 nm, specific surface area 100 m2 g−1, with the volatiles content of 4–5 wt.%) in an
agate mortal for 10 min. Next, the mixture was loaded in an alumina crucible and
heated from RT to 800 °C with a rate of 10 °C/min. The products of soot combustion
were followed by the mass spectrometer. The state of the potassium promoter was
investigated by the species resolved thermal alkali desorption studies (SR-TAD). This
technique provides information concerning the energetics of alkali promoters' mobility
(surface diffusion, agglomeration, desorption) [3].
T90% / C

700

The strong enhancement of the activity of the 10Co FER catalyst upon the K doping
was observed. Moreover, presented studies revealed the key importance of the precise
optimization of the K loading and dispersion. As presented in Figure 1, the highest
activity was obtained for catalysts doped with 4 wt% of potassium. This material
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revealed 90% conversion of soot at temperature below 450C, which is a very
promising result.
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Per- polyfluoroalkyl substances (PFAS) have recently drawn great attention due to their
wide distribution in ecosystems and organisms [1]. Strong carbon-fluorine (C–F) bonds
make them extremely resistant to chemical, thermal and biological degradation,
consequently their removal from drinking and natural water is a crucial scientific and
social challenge. In the present work, various organophilic zeolites were investigated
including natural chabazite (CHA) and synthetic Y (FAU), Beta (BEA), L (LTL),
mordenite (MOR) for 18 PFAS with varying chemical properties and molecular
dimensions. The organophilic zeolites were selected based on their cost-efficient
availability on the market, differing in topology, channel systems, SiO2/Al2O3 (SAR),
and free window apertures. This study, therefore, has a two main purposes: (i) to
measure the sorption capacity of commercial zeolite materials for PFAS dissolved in
water and to quantify their removal efficiency for potential use in wastewater and
groundwater remediation, and (ii) to understand zeolite structural features for the
adsorption of PFAS from aqueous solutions. Coupling the information gathered from
these approaches can help in selecting adsorbent materials for water treatment.
Zeolites’ performances were compared to powdered activated carbon (PAC) studied at
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the same conditions. PAC is the material currently most used in PFAS adsorption
remediation technologies, and zeolites could have improved performance due to their
selectivity, catalytic properties, saturation degree and easy regeneration [2-3]. The
selected materials were tested among low and high concentrations for 18 PFAS, and
four different contaminated real water samples (raw water of drinking water plant,
wastewater effluent of wastewater plant, landfill leachate, and landfill groundwater
sites) from Uppsala, Sweden. To evaluate the adsorption capacity a series of batch
experiments were conducted from 0 to 24 h at room temperature. Concentrations of
PFAS in water samples were analysed by solid-phase extraction (SPE) and ultraperformance liquid chromatography coupled to tandem mass spectrometer interfaced
with an electrospray ionisation source in a nega-tive-ion mode (UPLC-(-)ESI-MS/MS).
Non-loaded sorbents and PFAS loaded samples were characterized by X-ray
diffraction and thermal analysis to obtain chemical and mineralogical information, to 1)
verify their modifications and stability after adsorption; 2) evaluate the thermal
desorption of the organics upon heating and 3) estimate the best regeneration
temperature whether they can be re-used for PFAS removal from water. X-ray powder
diffraction (XRPD) patterns were collected at room temperature by using Bruker D8
Advance Diffractometer with a Sol-X detector, Cu Kα1, α2 radiation. Le Bail
refinements were performed using the GSAS package with EXPGUI graphical interface
[4]. The zeolites crystallinity and crystallite sizes were achieved by the Scherrer
equation. TG and DTA measurements of all samples were performed in constant air
flux conditions from room temperature up to 1400 °C using an STA 409 PC LUXX® Netzsch (10 °C/min heating rate). Uptake of PFAS was greatly influenced by
concentration of the solution, PFAS structure, hydrophobicity of the zeolites samples
and their 3D pore system size and distribution. XRPD data reveal lattice modifications
in unit cell parameters after adsorption maintaining the crystallinity of the samples.
Thermal analyses show that PFAS are expelled up to ~700°C and some trapped
carbonaceous materials can be degraded until 1400°C. The adsorption efficiency is
promising at high and low concentrations of PFAS for all the samples except the L
zeolite. The zeolites are not subject to the competitors present in the real water
samples and maintain their selectivity in adsorption. Calcined Beta zeolite with SAR=25
is found to be the most efficient material towards long and short-chain PFAS. These
findings indicated that these materials can be successfully used for the
decontamination of water from PFAS.
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Dyes and pigments are very common in our daily lives, especially in industries such as
textiles, paper, and plastics. About 15% of the total world production of dyes, many of
which are recognized as carcinogens and mutagens, and most of which cause serious
harm to humans and aquatic biota, are released into wastewater [1]. Therefore,
treatment of effluents containing such dyes is vital to reduce their harmful effects. A
wide range of technologies have been developed to remove them from wastewater,
among which methods based on the use of semiconductors are the most widespread.
Between them, TiO2 is the most studied and widely used material, mainly due to its
photostability, availability, and high photocatalytic activity [2]. In this work we set out to
synthesize a pillared lamellar mesoporous TiO2/MFI zeolite (designated as MFIPTi) and
study its photocatalytic activity in the photodegradation of Rhodamine B (RB).

Results and discussion
Formation of a 2D lamellar pillared MFIPTi samples was performed using lamellar MFI
and tetraethyl orthotitanate (TEOTi), following the synthesis method of Na et al. [3],
which we used in our previous work [4]. Stirring time was varied (6, 12 and 24 hours),
and the observed differences in physicochemical properties were evaluated. To confirm
the photocatalytic activity of the MFIPTi materials, the photocatalytic degradation of RB
was studied. The prepared materials showed a lamellar 2D structure of MFI, and
anatase TiO2 forming columns and nanoparticles, according to X-Ray diffraction and
TEM data. MFIPTi-6 had the best textural properties, with a surface area > 320 m2/g
and a pore size of 4.1-4.2 nm. The photocatalytic activity of all MFIPTi materials
depended on the active sites in the TiO2 columns, the mesoporosity of the sample, and
its textural properties, which were influenced by the alkoxide diffusion time. The
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MFIPTi-6 sample showed the best photocatalytic activity for RB degradation, with 98%
degradation at 90 min of UV light irradiation.

XRD analysis (Fig. 1) showed major peaks at 2θ = 7.95°, 8.85°, and 23.14°
corresponding to planes (101), (200), and (332) of the MFI zeolite crystal structure,
respectively. The main planes corresponding to anatase TiO2 were also observed in
the pillared materials, indicating the inclusion of its crystals in the final material. Smallangle diffraction showed the presence of a broad peak at 2θ = 2.32°, which is attributed
to
first-order
reflection
in
the
multilamellar
MFI
zeolite
(d = 3.9 nm). The MFIPTi-6, MFITi-12, and MFITi-24 samples also showed this peak at
2θ equal to 2.7°, 2.65°, and 2.6°, respectively, corresponding to an interplanar distance
of d = 3.3 nm for MFIPTi-6, d = 3.3 nm for MFIPTi-12, and
d = 3.4 nm for MFIPTi-24.

Table 1
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Figure 1 X-Ray diffraction patterns of samples

Diffuse reflectance spectra analysis was used to obtain the bandgap energy for all
materials shown in Table I; note that MFIPTi-6 has the lowest value (3.42 eV) and
MFIPTi-24 has the highest (3.53 eV). This could mean that the bandgap of lamellar
materials with TiO2 pillars increases with longer mixing times.

Textural properties were obtained by N2 adsorption-desorption analysis. The MFIPTi-24
and MFIPTi-6 samples showed high surface area values, which may be due to the
preservation of the mesostructure. Figure 2 shows N2 adsorption-desorption isotherms
and pore size distribution curves for MFIPTi-6, MFIPTi-12 and MFIPTi-24. All materials
exhibit
type IV isotherms, confirming the formation of mesopores. An H3 hysteresis loop (slitshaped
pore)
is
observed
at
942

45

50

P/Po = 0.4-1.0, which is very similar to our previous results [4]. All samples showed
adsorption at low partial pressure, indicating microporous materials. All materials
exhibited a similar strong and sharp peak centered at 4.1-4.2 nm, which is explained by
the stability of the MFI zeolite layers and proves the formation of mesopores.
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Figure 2 N2 adsorption-desorption isotherms (left) and pore size
distribution curves (right) for lamellar mesoporous TiO2/MFI

Figure 3 .TEM image of MFIPTi-12h sample.

materials.

TEM image of the general view of one of the mesoporous materials is shown in Figure
3. The obtained lamellar mesoporous TiO2/MFI materials were tested during
photodegradation process of RB. Table 1 shows the degree of RB degradation for each
of the materials. The degradation of RB increased with reaction time, indicating that the
synthesized materials were active photocatalysts. The photocatalytic efficiency was
higher the shorter the mixing time was. It can be seen that TEOTi forms a more active
catalyst when the diffusion time is short, with MFIPTi-6h being the most active. The
efficiency of TiO2/MFI lamellar mesoporous materials in photocatalytic degradation of
RB is related to three factors: better textural properties, the availability of diffusion of
RB through the mesopores in the columnar zeolite, and the number of Ti active sites in
the materials. In this sense, the better textural properties and lower band gap are due
to the lower diffusion time of the alkoxide, TEOTi.
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Introduction
NOX storage reduction (NSR) and selective catalytic reduction (SCR) are often
used for purification of NOX emitted from diesel engines. NOX conversion at low
temperature (cold start) is still a problem. Passive NOX adsorber (PNA) that adsorbs
NOX while cold start and desorbs at high temperature is promising to control NOX
emission.
Pd/zeolite has well been studied for PNA. Since well-dispersed Pd species play as the
adsorption sites for NOX, how to disperse Pd has been studied [1, 2]. Although
Pd/zeolite has high performance for PNA, Pd is expensive and scarce. PNA without
using Pd is desirable.
NSR is a catalytic system that once adsorbs NOX in the exhaust gas and reduces
NOX in the reducing atmosphere [1]. Alkaline earth metal is used as an adsorber for
NSR [3]. In NSR, adsorbs and desorbs NOX depending on the atmosphere of oxidation
and reduction [3]. Thus, alkaline earth metal is a candidate for PNA.
In this study, we focused on Ca loaded *BEA as PNA, and studied NOX
adsorption and desorption behaviour and reaction mechanism on Ca/*BEA.

Experimental
Ca/*BEA was prepared by an ion exchange method. 1 M Ca(NO3)2 solution
containing H/*BEA (Tosoh, HSZ-920NHA) was stirred at 333 K for 1 h and repeated
this procedure 3 times. The obtained catalyst precursor was dried at 393 K overnight.
Ca/*BEA was obtained by the calcination at 873 K in air.
NO adsorption/desorption tests were performed using the prepared catalyst
weighing 100 mg. Catalyst pretreated in the stream containing 21.0 vol% of O2
944

balanced with Ar for 30 min at 873 K was used as a standard sample, and NO
desorption behaviour was compared with the samples pretreated in Ar at 873 K
(without O2). NO adsorption was performed in the stream containing 1000 ppm of NO
in Ar at 323 K until the adsorption amount of NO was saturated. The sample was then
heated to 873 K at a rate of 5 K min-1 in Ar and desorbed NOX was observed.
Adsorption species were characterized by IR. A thin film of catalyst formed by
pressing the sample was pretreated under the same conditions as those used in the
NO adsorption/desorption test, and a blank IR spectrum was taken. IR spectra were
measured while NO adsorption, after heating at 473 and 723 K.

Results and discussion
Table 1 compared the amounts of NOX desorbed from Ca/*BEA pretreated in the
presence and absence of O2. A larger amount of NOX desorbed was obtained for
Ca/*BEA, and NO2 desorption was observed, when pretreated in Ar + O2, indicating
that Ca/*BEA treated in the presence of O2 had the oxidizing ability for NO to NO2.
Figure 1 shows the NO desorption curves from Ca/*BEA. Ca/*BEA pretreated in Ar + O2
showed desorption both at low and high temperatures. The high temperature peak was
hardly observed in the sample treated in Ar, and contained desorption peaks of NO2
and NO. NO2 generation relates to the adsorption species that desorbs at higher
temperatures.

Table 1 NOX desorption amount from Ca/*BEA
Catalyst

NO + NO2 / μmol g-1

NO / μmol g-1

NO2 / μmol g-1

(NO + NO2) / Ca

Pretreated in Ar + O2

193

112

81.0

0.223

Pretreated in Ar

32.3

30.9

1.25

0.0373
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Figure 1 NO desorption curves from Ca/*BEA pretreated in (a) Ar +O2, and (b) Ar

Figure 2 shows the IR spectra for Ca/*BEA, after NO adsorption, and after heat
treatments at 473 and 723 K. After the NO adsorption, the absorption bands of NO 2
(1630 cm-1), NO2- (1691 cm-1), and NO3- (1484, 1340 cm-1) were observed, similarly to
the previous reports [4, 5]. The adsorption bands of N2O3 (1521 cm-1) and N2O4 (1720
cm-1) were also
observed [5, 6]. NO2- and NO3- were generated by the
disproportionation reaction of NO2 via N2O3 or N2O4. After the heat treatment at 723 K,
the absorption band of NO2 decreased significantly, and those for NO2- and NO3remained. The adsorption species like NO2- and NO3- would be produced by the
disproportionation of NO2 and desorbs as NO.

Figure 2 IR spectra of Ca/*BEA after (a) NO adsorption, (b) heating at 473 K, and (c) heating at 723 K

Conclusion
Ca/*BEA treated in the presence of O2 adsorbed large amount of NOX and had
the oxidizing ability for NO to NO2. Adsorption species like NO2-, NO3- would be
produced by the disproportionation of NO2. Oxidation activity of NO to NO2 is a key
factor for PNA with Ca/*BEA.
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ZIF-derived carbonaceous material, in which Co and Zn were incorporated, showed
much better performance in NO selective adsorption in excess oxygen and wet
atmosphere than conventionally investigated Pd-zeolite.

Introduction
Nitrogen oxide, NOx, is an air pollutant produced in combustion processes and
included in most of exhausts. Against the NOx emission regulations in various
countries and a lower exhaust gas temperature due to improved thermal efficiency of
various combustion processes, interest in NOx removal by adsorption, which can
proceed favorably at low temperatures, has been increasing in recent years, instead of
sole catalytic removal approach. The above adsorption process is known as passive
NOx adsorber (PNA), and palladium-loaded zeolite has been actively studied. Pdzeolite has the advantages of CO-poisoning resistance and (hydro)thermal stability [1],
but it also has problems such as difficulty in controlling the degree of dispersion of
metal species [2] and inactivation by water vapor [1].
Metal-organic framework, MOF, is a porous material composed of metal centers and
organic ligands, and by pyrolysis of MOFs under appropriate conditions, a carbon
material with high water resistance and highly dispersed metals can be prepared [3].
Zeolite-like imidazole framework, ZIF, is a kind of MOF, and ZIF-67 is a type of MOF
composed of a Co center and a 2-methylimidazole ligand [4]. The carbon material
prepared by pyrolysis of ZIF-67 has been reported to exhibit NO adsorption, although
the amount of adsorbed NO decreased due to the metal aggregation [4].
In this study, we aimed to create a highly dispersed Co-containing carbon material. We
prepared Co-supported carbon materials by pyrolysis of Co-ZIF, and evaluated the
degree of metal dispersion, the effect of water vapor on the amount of adsorbed NO,
and the repeated adsorption properties.
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Experimental
ZIF-8 is composed of Zn and 2-methylimidazole. Aqueous solutions of Zn(OAc)2-2H2O
and [Co(NH3)5Cl]Cl2 were mixed with 2-methylimidazole solution and reacted at 353 K
for 1 h. The prepared sample was named as x-Co/Zn-ZIF (x is the molar percentage of
Co in the precursor, calculated by nCo/(nCo+nZn) x100). Furthermore, the ZIF
obtained was pyrolized under nitrogen flow at 1073 K for 2h to obtain x-Co/Zn-CNP,
carbon nano particle. The amount of adsorbed NO was calculated by use of NO
adsorption breakthrough curve. 200 cm3•min-1 of a mixture of 500 ppm NO and 10 %
O2/N2 gas was flown through 90 mg of the adsorbent at 373 K. The
adsorption/desorption process was repeated five times at a constant temperature. The
first adsorption amount was regarded as the sum of reversible and irreversible
adsorption amounts. The adsorption amount obtained stably several times was
regarded as the reversible adsorption amount.
Results and Discussion
NO adsorption capacities of 50-Co/Zn-CNP and Pd-*BEA (Pd 3 wt.%, Si/Al = 5.6) are
shown in Fig. 1. 50-Co/Zn-CNP and Pd-*BEA adsorbed 0.67 and 0.24 mmol NO/g,
respectively. In the presence of 5 % H2O, the adsorption capacity decreased to 85 %
and 67 % of that in the absence of H2O, respectively. Although the metal loading was
the same at 3 wt%, the carbon materials obtained in this study showed superior
adsorption capacity and water resistance. The ratio of NO adsorption to Co loading
was NO/Co = 1. Repeated NO adsorption at 373 K showed a decrease in adsorption
with increasing number of cycles. On the other hand, oxidative heat treatment and
reduction treatment at 473 K almost completely restored the adsorption capacity. As
revealed in TEM observation (Fig. 2), it is quite interesting to note that CNP
synthesized in this way has a core-shell structure, where Co was enriched on the
surface of the grain, leading to the superior adsorption capacity. The effect of factors
such as metal dispersion and carrier hydrophobicity on NO adsorption was compared,
as well as the formation mechanism of such a unique core-shell structure.
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Figure 1 - Comparison of NO adsorptive capacity between 50-Co/Zn-CNP and Pd-BEA with or without the
feed of 5% water vapor.

200 nm

Figure 2 – TEM image of 50-Co/Zn-CNP.
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Zeolites are excellent cation-exchange adsorbents. Zeolites with Si/Al ratio of 1 as LTA
or close to 1 as FAU-X (1 < Si/Al < 1.5) have the highest exchange capacity with 5.4
and 4.8 meq/g, respectively. One interesting application of zeolites is the capture of
radioactive ions coming from management of effluents produced by nuclear industry or
from nuclear accidents such as contaminated sweet and sea waters after Fukushima
disaster. There is a substantial demand for efficient methods to decontaminate the
radionuclide-contaminated water, to maintain captive the contamination into an
adsorbent easier to manage and to decrease the amount of contaminated adsorbents
to be stored. 137Cs and 90Sr are among of the most abundant and hazardous
radionuclides because they are found in many types of wastes and have a relatively
long half-life (30 years). We show that LTA and FAU-X monoliths [1,2] with hierarchical
macro-, meso-, microporosity with uniform and homogeneous macropore networks,
which skeleton is built of nanocrystals are excellent for Sr2+ and Cs+ capture in
continuous flow, respectively [3,4]. These monoliths are obtained by the
pseudomorphic transformation [1,2] of silica monoliths featuring hierarchical (meso/macroporosity) prepared by spinodal decomposition and sol-gel processes [5]. They
are binderless zeolite monoliths, hence with optimal cation-exchange capacity.

LTA and FAU-X zeolite monoliths (0.6 cm diameter, 3 cm length) were used for Sr 2+
and Cs+ capture in aqueous medium, respectively. LTA monoliths were compared to
other LTA zeolite architectures: LTA microcrystals, commercial LTA beads and bimodal
LTA zeolite monoliths (with no mesopores). In batch mode, the presence of mesopores
allowed to increase remarkably by a factor 15 the diffusion of ions, whereas
macropores had no influence on ions transport. In flow mode, only LTA monoliths
featuring macropores proved suitable as microreactors. The LTA monoliths were 1000
times more efficient than packed-beds of LTA beads, and 4 times than bimodal LTA
monoliths due to higher rates of diffusion. LTA monoliths were able to treat efficiently 4
L of Sr2+ solution (10 mg/L) with 1 cm3 of monolith at a flow rate of 0.5 mL/min (or 1
m/h) with no Sr2+ detectable in the effluent (Figure 1). FAU-X monoliths show high rate
of Cs+ adsorption in batch in less than 2 min, much faster than FAU-X particles (60
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min). This result highlights the importance of a homogeneous macropore network in
adsorbents to enhance mass transport and access to the zeolite active sites. FAU-X
monoliths with 20 μm macropore diameter have been used in continuous flow
experiments to capture Cs+ (0.5 mmol/L) in mineral drinking water containing
competing cations (Ca2+, Mg2+, Na+, K+) with flow rates of 0.5–1 mL/min, corresponding
to Darcy rates of 1.5–3 m/h. FAU-X monoliths are very efficient for Cs+ removal and
show ideal steep breakthrough curves characteristic of fast diffusion (Figure 1). FAU-X
monoliths are as excellent as benchmark Cs+ adsorbent Sorbmatech®, based on
copper hexacyanoferrate nanoparticles (15 nm) immobilized into mesoporous silica
particles (250–500 μm) and could represent an alternative adsorbent for safer
processes, avoiding the handling of powders or particles. Above all, this study reveals
the unique hydrodynamic behavior of FAU-X monoliths and opens the route for process
intensification using FAU-X in continuous flow.

Pharmaceutical molecules found in waters may pose a risk (certain cancers, metabolic
disorders or decreased fertility). In water treatments, porous carbon materials have
been widely used as effective adsorbents for antibiotics adsorption due to their large
specific surface area and high porosity. Most of these adsorbents are under particulate
form and most studies are performed in batch reactors. Very few studies concerned the
adsorption of pharmaceutical molecules under flow. For tetracycline it was
demonstrated that a good adsorbent in batch is not automatically a good adsorbent in
flow due to diffusion limitations in the pore networks towards the adsorptive sites and to
the shorter contact time. Carbon monoliths were prepared from hierarchical silica
monoliths [5] as sacrificial templates after their impregnation with sucrose as carbon
precursor [6]. Carbon monoliths exhibit the same uniform network of interconnected
macropores (20 μm diameter) as silica monoliths with a water permeability of 3.5 10 -12
m2. The mesopores (8 - 17 nm diameter) are appropriate to trap large molecules with
optimal diffusion. Carbon monoliths develop a total surface area of 1058 m²/g and a
total pore volume of 6 mL/g corresponding to a porosity of 82%. Carbon monoliths
were used to decontaminate waters containing a mixture of several antibiotics
(ciprofloxacin, amoxicillin, sulfamethoxazole, tetracycline) at a concentration of 20 mg/L
each. A small piece of this carbon monolith (0.6 cm diameter, 0.5 cm length) was able
to remove 93% of the antibiotics contained in 200 mL water solution by adsorption
under flow (1 mL/min) (Figure 1) [7]. These carbon monoliths could represent a highly
efficient solution to purify real wastewater containing pharmaceutical molecules
generally found at low concentration from few ng/L to μg/L. The monolithic nature of
these adsorbents allows to intensify processes as no filtration step is needed and they
are easy to manipulate.

These results highlight the fact that the multiscale pore architecture engineering of an
adsorbent is crucial for process intensification: macropores allow uniform mass
transport of solutions with low pressure drop while the generation of mesopores leads
to faster molecules or ions transport and more efficient microporous network use, both
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in batch and flow modes. Zeolite and carbon monoliths can be regenerated after
passing a NaCl (2 M) solution and a HCl (0.1 M) solution, respectively.
commercial LTA
(3 mm or 0.12 mm)

LTA Monolith

LTA nanocrystals
Monolith

Amorphous
Silica-alumina
Monolith
LTA microcrystals
Monolith

Sr2+

3 μm
Bed volume (L/mL)

FAU-X Monolith

6 μm
Carbon Monolith

Cs+

An bio cs

60 µm

Figure 1 – (left) SEM images of Zeolites (LTA, FAU-X) and Carbon monoliths. (right) Water treatments in flow:
(up) Breakthrough curve of Sr2+ capture with LTA monolith featuring nanocrystals (in blue), (middle)
Breakthrough curve of Cs+ capture with FAU-X monolith in mineral water (with competing cations), (down)
adsorption of antibiotics with carbon monolith.
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Water is a fundamental resource for the development of society being necessary to
guarantee the supply of quality water. Nowadays, this is achieved by using
potabilisation techniques. The most used treatment is the disinfection with chlorine
dioxide. However, this process can produce pollutant by-products such as chlorite and
chlorate. These by-products have negative effects on health such as oxidative stress or
haemoglobin size change. Due to this reason, World Health Organization set a
provisional limit of 0.7 mg L-1 for both pollutants in drinking water.

In this work, catalytic reduction was used to remove these ions from water streams.
Catalysts were prepared by using supported platinum on different zeolites (FAU, BEA,
MWW and MOR) and the activity was compared with that of Pt-Al2O3. The platinum
was added by wet impregnation using platinum chloride as precursor salt, after drying
at room temperature, the material was calcined at 350ºC and before reaction the
catalyst was activated with hydrogen at 200ºC. The catalysts had a 5% of supported
platinum and in a typical reaction with 1 g of catalyst were added to 600 mL of water
containing 50 ppm of chlorate. The experiments were performed in a batch stirred tank
reactor at room temperature and atmospheric pressure, using hydrogen as reducing
agent and ionic chromatography to analyse the reactants and products. The catalysts
were characterized with different techniques such as inductively coupled plasma (ICP),
X-ray diffraction (XRD), temperature programmed reduction (TPR) and N2 adsorption.
The reaction was:
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The study was carried on comparing the activity of 5% Pt catalysts supported on
zeolites with different topologies and Si/Al ratios. The influence of the topology was
studied by comparing zeolites with a Si/Al ratio of 6 (FAU-6 and MOR). As can be seen
in figure 1A, the activity of FAU-6 is higher than the activity of the catalyst supported on
MOR. This difference can be related with the different topology of the zeolites as FAU
is a 3D zeolite with big cavities whilst MOR is a 2D zeolite without these cavities, thus
hindering the diffusion of reactants and/or products. The influence of the Si/Al ratio on
the catalytic activity was studied by using Pt- FAU with different Si/Al ratio (6 and 40).
This study is presented in figure 1B, and as can be observed the activity of the catalyst
with lower Si/Al ratio was much higher than the activity of the catalyst with higher Si/Al
ratio. These results show an enormous influence of the Si/Al ratio on the catalyst
activity, that can be related to a better dispersion of Pt on the zeolite with a higher Al
content or to an activation of the reactants on the acid sites present on the zeolite
surface.
A)

B)

Figure 1 – Chlorate conversion of 5%Pt catalysts supported on: A) zeolites with the same Si/Al ratio (FAU-6 and MOR);
B) FAU with different Si/Al ratio (FAU-6  Si/Al ratio = 6 and FAU-40  Si/Al ratio = 40).

The catalytic activity of 5% Pt catalysts supported on other type of zeolites and on
aluminium oxide was compared and the results are shown in Figure 2A. A laminar
MWW zeolite (Si/Al =16), a BEA zeolite (Si/Al = 12) and gamma alumina were used for
this comparison. As it can be seen Pt-FAU is the most active catalyst, followed by PtAl2O3, Pt-BEA and Pt-MWW. These results show again the influence of the surface
acidity and the topology on the catalyst activity, obtaining the best results with the
materials with higher number of acid sites in their surface (lower Si/Al ratio) and higher
surface area. Both factors will influence the metal dispersion and favour the reactants
diffusion towards the active sites.

Finally, a study of the reuse of the catalyst with highest activity (FAU-6) was done and
the results are shown in figure 2B. As it can be seen this catalyst preserves its activity
throughout 3 successive reactions indicating a high stability of the catalyst.
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A)

B)

Figure 2 – Chlorate conversion of 5%Pt catalysts supported on: A) FAU-6, MWW (SI/Al = 16), BEA (SI/Al =12) and
gamma alumina; B) FAU with Si/Al = 6 during 3 uses of the same catalyst.

The results obtained may conclude that there is a strong influence of the support on the
catalytic activity, obtaining the best results with the catalyst with a higher number of
acid centres, with a high surface area and with lower diffusional problems: These
characteristics are probably improving the dispersion of platinum on the surface of the
support and favouring the interaction of the reactants with the active sites. In this way
the best results have been obtained with the catalyst supported on FAU with a Si/Al
ratio of 6. This catalyst is an active and stable material that can reduce the chlorates in
successive reaction cycles without important deactivation.
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Bisphenol A (BPA) is a highly toxic compound with activity as endocrine disruptor [1],
which was massively used in the plastic bottle industry and as coating of food cans and
it must be eliminated from wastewaters. The continuous removal of trace amounts of
BPA from water (ng⋅l-1 scale) is presently a challenging issue because of the low
degradation constants at these low levels [2]. The laccase enzyme is an
oxidoreductase capable of oxidizing phenolic compounds and it is one of the most
efficient biocatalysts for BPA removal [3]. The immobilization of laccases to lead solid
biocatalysts is essential for their applications as it allows their stabilization and easy
recovery from the liquid reaction media and subsequent reuse.
Metal Organic Frameworks (MOFs) have been increasingly used as supports for
enzymes for the last decade. These are highly porous materials consisting on metal
ions or clusters linked together through multidentate organic molecules [4]. These
materials are hugely versatile in either their composition and structure or their synthesis
methodologies. The latter allow the development of a strategy of MOF synthesis under
mild conditions, compatible with the enzyme activity, the so-called one-step/one-pot
synthesis [5].
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Figure 1. Kinetics of BPA removal (in percentage) from a 25 ppm
aqueous solution for the biocatalyst (in blue), the support (in orange)
and the free enzyme (in green) in a batch reactor. [6]
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adsorbents. Both the free enzyme and the enzyme-free MOF-based support material
considered separately were capable of eliminating BPA successfully. As a result of the
synergistic effects of both components, the one-pot Laccase@NH2-MIL-53(Al)
composite fully removed BPA (more than 98%) in only 3 min, that is, it was even able
to beat the performance of the free enzyme. Moreover, the lack of enzyme leaching
and preserved activity permitted the reuse of the catalyst at least for five reaction
cycles. Thus, the study and design of an enzyme immobilization system on a MOF
support providing high enzyme-support affinity, high enzyme loading, and low enzyme
leaching, together to the synergistic effect of the MOF support activity, had allowed the
obtaining of a catalyst which is amongst the best ones described to date.
This work goes further by studying different aspects of the reaction. In terms of reaction
order, the BPA removal promoted by the enzyme free support seems to fit a second
order kinetics (in orange in Figure 1), which was confirmed by means linearization of
the original data. This is quite different to the rapid BPA degradation promoted by the
free enzyme (in green) and the biocatalyst (in blue), both processes tracing a trend in
straight-line in the range of 0 to 3 minutes of reaction time, clearly suggesting a first
order reaction model. Besides, the reaction rates of the BPA elimination over the
biocatalyst and the free enzyme are the same in practice until 90% of BPA removal is
reached, whereas the influence of the slower second order kinetics emerges in the
range of low concentration of BPA leading to the appearance of a slightly earlier
curvature in the green line with respect to the blue one.
These results suggest that the MOF structure does not provide diffusional control to the
biocatalyst in the BPA degradation and not synergistic effect over the catalytic activity
between the support and the enzyme is evidenced. It suggests BPA can directly
access to the supported enzyme, not through the MOF pores. Since the enzymatic
reaction is prevalent over diffusional effects, the setup of catalytic tests in a continuous
flow reactor PBR (Packed Bed Reactor) was the next step in this investigation.
Continuous-flow reaction tests have been accomplished to treat two aqueous solutions
of 25 and 100 ppm BPA respectively, with two biocatalysts formed by one-pot
immobilized Laccase@NH2-MIL-53(Al) with respective enzyme loadings of 50 and 100
mg of enzyme per g of biocatalyst.
When the initial concentration of BPA was 25 ppm (see Figure 2 (A)), both biocatalysts
removes 100 % of BPA at the beginning of the reaction (during the first 40 minutes)
and are able to eliminate more than 90 % of BPA after 3 hours of operation. Multiplying
by four the initial BPA concentration (see Figure 2(B)), the 100 mg/g - Laccase@NH2MIL-53(Al) biocatalyst was able to maintain the BPA conversion above 80% for 90
minutes. All continuous-flow reaction tests were performed with a significantly lower
amount of the biocatalyst than used in the Batch runs.
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Figure 2. Kinetics of BPA removal (in percentage) from (A) 25 ppm and (B) 100 ppm aqueous solution for the
biocatalysts formed by immobilizating different loadings of laccase (50 (in pink) and 100 mg (in blue) of enzyme per g of
the biocatalyst) and the support (in orange) in a continuous flow reactor (D = 1 cm; QO = 0.2 to 0.5 mL/min; W = 0.13 to
0.2 g cat; ∆P ≈ 1 to 2 inch H2O;).

As a preliminary conclusion it could be stated, that the results obtained in the
continuous PBR provide a step forward to scale up a technology to degrade BPA
based on supported laccases, under a more realistic condition of typical effluents
treatments. For instance, with a significantly lower amount of the biocatalyst than used
in the Batch runs, it has been possible to treat a higher BPA solution volume, even four
times more concentrated. Furthermore, from an environmental point of view, both batch
and continuous experiments, shows the complete BPA degradation during relatively
long periods (3 – 4 hours); likewise, the analysis of COD (chemical oxygen demand) of
samples collected in the outlet of the PBR reveal not significant increase (1.3 – 5.3%)
of the organic load with respect to the initial COD of BPA solutions (approx.. 3000
mg.L-1), which could be attributed to some tiny losses of linker that could be avoided
by advancing in the optimization of the biocatalyst preparation method.
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Introduction
Nowadays, amides can be considered as one of the key intermediaries for industrial
applications. Their role in the obtention of a wide range of chemicals such as
agrochemicals, pharmaceuticals or even polymers make the amide bond formation one
of the most important transformations in organic synthesis [1].
Traditional methodologies for the preparation of amides are based in the reaction of
carboxylic acid derivates (i.e. acid chlorides and anhydrides) and amines, but all these
methodologies are associated with significant drawbacks such as long reaction times,
harsh reaction conditions, large amounts of byproducts, isolation and purification
problems and low to moderate yields [2]. To avoid these problems, several alternative
procedures have been developed along the last decades including the Beckman
rearrangement, Staudinger ligations or oxidative amidation of aldehydes among others
[2]. In this context, special attention have been paid to catalytic oxidative methods that
usually employ oxygen containing carbonyl precursors or oxone as oxidant to achieve
the target functionalization in presence of transition metals. In this line, a recent work
has shown that copper salts (i.e. CuBr) are able to catalyze the oxidative synthesis of
amides from terminal alkynes with moderate yields using dioxygen as oxygen source
albeit this system requires the intervention of 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) as additive [3]. In this context, and in order to improve this synthetic procedure,
here we present a green and efficient copper-based heterogeneous catalyst for the
synthesis of amides. This heterogeneous catalyst is capable of catalysing the synthesis
of amides under relatively mild conditions by reacting a terminal alkyne and a
secondary cyclic amine with high yields using molecular oxygen as oxidant in absence
solvents and avoiding the stoichiometric use of oxidants and additives. Thus, this
aerobic oxidative amidation process can be considered a clean and green alternative to
obtain amides of interest with respect to currently existing methods.
Experimental
Cu/Al2O3 catalyst was synthetized by following an impregnation method. In detail, the
proper amount of Cu(NO3)2·3H2O was dissolved in 20mL of H2O containing 1 g of
Al2O3. The mixture was stirred for 1h at room temperature. After that, water was
evaporated to dryness using a rotary evaporator system. Then, the solid was further
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dried under vacuum at 120oC for 12 hours. The solid was calcined under air flow (100
mL/min, 600oC, 2oC/min, 8h) and then it was characterized using conventional surface
characterization techniques. The resulting catalyst was named as (X)Cu/Al 2O3, where
X refers to Cu loading.
Catalytic tests were carried in an autoclave-type reactor. In a typical procedure, a
mixture of alkyne (3.5 mmol), amine (2.1 mmol), catalyst (0.025 mmol Cu), and ndodecane (20 μL) were placed in the reactor, which was then filled with 4 bar of O 2.
The reactor was heated up to 75ºC, starting the reaction. Reaction samples were taken
at different times, being filtered and analyzed by GC-FID.
Results and discussion
As starting point, a preliminary Cu loading of 1.6wt% was selected considering the
efficiency of this metal loading in the activation of terminal alkynes for homocoupling
reactions [4]. While Al2O3 was selected as support mainly due to its high surface area,
good porosity and thermal stability. The characterization was completed with a series
of techniques: ICP-AES, BET specific surface area, XRD, TEM, UV-Vis, IR, XPS,
Raman, and TPR. In principle, the textural characterization of the resulting solid
1.6Cu/Al2O3 showed a surface area 270 m2/g and an average CuOx particle size of 2.8
nm as can be observed in Figure 1, that shows the TEM image and the histogram of
1.6Cu/Al2O3.

Figure 1 -. TEM image and histogram of the solid 1.6Cu/Al2O3

Once the characterization was completed, 1.6Cu/Al2O3 was applied as catalyst in the
oxidative synthesis of amide 2a starting from piperidine and phenylacetylene 1a as
model reaction (Figure 2) and the main results of activity and selectivity towards 2a are
collected in Table 1.
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Table 1 – Catalytic results obtained for
1.6Cu/Al2O3

Figure 2- Oxidative amide synthesis of 2-phenyl-1-(piperidin1-yl)ethanone 2a.

Catalyst

C(%)
b

S(%)
c

Yield
(%)

TON

CuBr

54

37

20

46

CuBr2

48

48

23

40

1.6Cu/Al2O3

95

84

80

79

Reaction conditions: piperidine (2.1
mmol), phenylacetylene (1a, 3.5
mmol), catalyst (1.2% mol), T = 75ºC,
PO2 = 4 bar; t = 20h; TON: mmol
piperidine transformed/mmol catalyst
at 20h.

Preliminary studies showed that 1.6Cu/Al2O3 gave the best activity and selectivity
values to 2a amide with respect to other homogeneous copper catalysts (CuBr and
CuBr2), which were included in the table as reference (see Table 1). In this case, the
influence of the copper loading on the reaction was also studied in the range between
0.7 and 5.4%. Interestingly, Figure 3 showed a volcano dependence of TOF values for
amide formation with CuOx particle size, displaying a maxima of 28 h-1 at 2.8nm particle
size (1.6Cu/Al2O3 sample).
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Figure 3 - TOF values of amide formation versus CuOx
particle size. Reaction conditions as described in fig.2.

Figure 4 - TPR spectra of the different (X)Cu/Al2O3
samples.
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In addition to this, TPR analysis pointed that the highest particle size (5.4Cu/Al 2O3, 4.2
nm) led to a higher reducibility of the CuOx nanoparticles. Curiously, despite being
more easily reduced this is not the best catalyst as can be deduced from previous
results. This fact may be explained if we take into account that the decrease of surface
active sites with size increase leads to a decrease of catalytic performance (Figure 4).
Conclusion
Heterogeneous copper-based catalysts have revealed as a very promising catalysts for
the direct oxidative synthesis of amides from alkynes and amines with very high yields
under relatively mild conditions in absence of solvent avoiding the stoichiometric use of
oxidants and additives.
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Ion-exchange materials have been investigated for selective capturing of radioactive
137Cs+ and 90Sr2+ from low-concentration sources containing high concentrations of
various competing ions (e.g., Na+, K+, Mg2+, and Ca2+). Inorganic materials have been
more extensively investigated than organic resins because they can withstand the
harsh conditions of nuclear sites, which produce immense heat and radiation. In
particular, zeolites have been investigated the most, because of their low material cost,
commercial availability, diverse structures and compositions, and high compatibility
with cement and glass matrices that are used for the immobilization of radioactive
waste. The ion-exchange properties of typical aluminosilicate zeolites strongly depend
on their framework topologies and compositions. Therefore, for designing highperformance zeolites to capture Cs+/Sr2+, it is crucial to understand the effects of
different zeolite structures and Si/Al ratios on the Cs+/Sr2+ ion-exchange properties. In
previous studies, only a few zeolites have been tested under a wide range of ion962

exchange conditions, with a major focus on searching materials with improved
performances. Unfortunately, such studies have provided limited insight into how
different structural parameters of zeolites affect their Cs+ and Sr2+ capture abilities.
Understanding the structure-property correlation is necessary, not only for the design of
high-performance ion-exchangers of radioactive isotopes, but also for widening our
fundamental knowledge on the ion-exchange processes within zeolites.
In the present study, we prepared thirteen zeolite samples with various
framework structures (LTA, GIS, CHA, MOR, FAU, MFI, and *BEA) and Si/Al ratios,
and rigorously investigated their Cs+ and Sr2+ capture abilities in both simulated
groundwater and seawater to understand the structure-property correlation [1].
Rigorous ion-exchange experiments revealed that Cs+ exhibited an enhanced affinity to
zeolites with high Si/Al ratios (Figures 1a and b), which could be explained by the
dielectric theory. Notably, zeolites containing 8-membered ring (8MR) units showed
extra-high Cs+ selectivity. Structural analysis via Rietveld refinement proved that Cs+
with an ionic size of 3.6 Å were selectively coordinated within 8MR having a cavity size
of 3.6–4.1 Å. Such unique size-selective Cs+ coordination is analogous to ion
complexation by macrocyclic organic ligands (e.g., crown ethers). Divalent Sr2+ showed
decreasing affinity to zeolites as the Si/Al ratio increased (Figures 1c and d), because
of the increasing average Al-Al distance distribution. Sr2+ exchange exhibited an
insignificant dependence on zeolite structures due to its strong hydration, which
inhibited close interaction with zeolite frameworks. In terms of kinetics, Sr2+ exchange
was significantly slower than Cs+ exchange because of the bulkiness of hydrated Sr2+
ions. Therefore, the micropore channels with large apertures (e.g., 12MR) was
beneficial for achieving fast ion-exchange kinetics, especially in the case of Sr2+.

Figure 1. (a) Cs+ removal (%) and (b) distribution coefficient (Kd) of zeolites in simulated groundwater
containing 1 ppm of Cs+, 125 ppm of Na+, 25 ppm of Ca2+, 10 ppm of Mg2+, and 5 ppm of K+. (a) Sr2+ removal (%)
and (b) distribution coefficient (Kd) of zeolites in simulated groundwater containing 1 ppm of Sr 2+, 125 ppm of
Na+, 25 ppm of Ca2+, 10 ppm of Mg2+, and 5 ppm of K+.
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Massive concentration of different species of pollutants are observed almost
everywhere on our planet. Avoiding the uncontrolled disposal of new waste in the
environment and reducing their concentration is the great challenge of this time.
However, some toxic species are particularly hard to be removed, being dissolved in
gaseous or in liquid media, but they cause severe damages both to human and
environmental health. [1,2] Therefore, it is urgent to find effective and versatile
solutions to face the problem.
Zeolites can be successfully applied for adsorption of a wide range of pollutants, both
from aqueous and gaseous media. The great adsorption capacity and the reversibility
of the sequestration process make these materials appealing to face the pollution
issue, as they can remove many different species and they can be easily regenerated
for multiple uses.
However, the particles powdery form prevents from their use in many practical
applications, as it could hinder from recovery and reuse of the zeolites.
Several attempts have been made with the aim of providing them with a coherent
shape, but the use of binding agents typically affect the pristine porosity, causing a
decrement in the overall system performance. [3] Therefore, great efforts are still
devoted to providing the powder with a monolithic shape, without altering its excellent
adsorption ability.
Here, a simple and effective solution has been provided by embedding 13X zeolite
powder (from 50 wt.% up to 90 wt.%) in a chitosan aerogel, obtained by freeze-drying.
The fine tuning of the process conditions is crucial in keeping unaltered 13X zeolite
crystallinity and the highly porous structure of the aerogel is essential in preserving the
pristine zeolites features without affecting the performances. The resulting composite
material exhibits remarkable broad-spectrum adsorption capacity, as assessed by tests
carried out both in liquid and gaseous environments.
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In particular, chitosan-zeolite millimetric aerogel beads were produced and used for
CO2 adsorption, while cylinders of the same material were intended for the removal of
organic dyes from water.
When applied for CO2 removal, the system shows excellent uptake capacity
(4.23 mmol g-1 for zeolite fraction of 0.90), as reported in figure 1. Regeneration of the
beads for multiple uses was also assessed by means of a pressure swing process.[4]
Similarly, the combination of chitosan and 13X zeolite turns out to be optimal for the
adsorption of a wide range of ionic dyes. The polymer becomes positively charged in
water and so can easily adsorb anionic dyes, while surface charge of 13X zeolite is
ideal for cationic dye removal, as shown in figure 2 (maximum adsorption capacity over
200 mg/g and 100 mg/g for Indigo Carmine and Methylene Blue respectively, at an
initial dye concentration of 750 mg/L). [5]
Finally, the adsorption kinetics are very fast, and the samples can be easily
regenerated for repeated uses.
Regardless to the material shape and application, it has also been observed that the
dispersion of the zeolite powder in the aerogel, besides allowing for the production of
an easy-to-handle material, also causes an improvement of the mechanical properties
of chitosan, resulting in a composite material that is optimal for all the intended
applications.

Figure 1 - CO2 adsorption isotherms of Chitosan-13X zeolite aerogels.
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Figure 2 - Indigo Carmine and Methylene Blue adsorption isotherms of composite aerogel.
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Volatile Organic Compounds (VOCs) are important air pollutants and their emission
must be controlled as they are responsible of photochemical smog, contribute to the
greenhouse effect and some of them are toxic. The methods used for the control of
these pollutants are based on adsorption or in thermal/catalytic oxidation. The last one
is the most attractive technique as the destruction of the pollutants can be achieved at
lower temperatures, this is with a lower energetic cost. Some catalysts based on noble
metals [1] are used for the VOCs oxidation, but the price and scarceness of these
966

metals recommend its substitution. In this work we are exploring an alternative based
on the use of zeolites containing a non-noble metal as manganese [2, 3] for the
catalytic oxidation of VOCs, using ethanol as a model molecule.
The experiments were made in a tubular quartz reactor coupled to a gas bubbling
system in a thermostatic bath. A stream of air was passed through a bubbler
containing pure ethanol at 18ºC. This allows the stream to be saturated with ethanol
achieving the desired concentration (3000 ppm) with a total flow of 15 cc/min. The
catalytic tests were carried out varying the temperature between 150 and 400ºC. The
catalysts used were prepared by wet impregnation using a manganese salt and
zeolites with different topology (BEA and MFI) and SiO2/Al2O3 ratio (19 for BEA; 23
and 1000 for MFI). The catalysts have 2.5 or 5 wt. % of manganese and previously to
the reaction they have been calcined at 550ºC. In a typical reaction 0.1 gr of a Mnzeolite were used as catalyst and the reaction products were analysed by gas
chromatography.
The physicochemical properties of the catalysts have been studied using techniques
like BET, DRX, IR-Piridine and TPR. Table 1 shows the surface area and pore volume
of the catalytic systems. As it can be seen all they have a high surface area that
decreases when loading the Mn, with a final surface area of 300-500 m2/g

Table 1. Textural properties of the catalysts
Catalyst
BEA-19
MFI-23
MFI-1000Na
2.5MnBEA-19
5MnBEA-19
5MnMFI-23
5MnMFI-1000Na
5MnSB1133

SBET (m2g-1)
710
425
297
530
498
345
291
439

Micropore volume(m3g-1)
0.300
0.180
0.143
0.221
0.210
0.151
0.142
0.206

Si/Al ratio
19
23
>1000
19
19
23
>1000
>1000

The acidic properties of catalysts based on Beta and MFI type zeolite have been
studied by infrared spectroscopy of the pyridine adsorption as the region between
1400 and 1700 cm-1 provides information about the number and type of acid sites
(Lewis or Brønsted) present on the catalyst surface. It was observed that the intensity
of the bands, this is the number of acid sites decrease in this order: Mn-BEA-19 > MnMFI-23 >>Mn-MFI-1000 and Mn-SB1133, that is directly correlated with the decrease
in the number of Al atoms. In this way the catalyst supported on BEA zeolite with a
SiO2/Al2O3 of 19 is the one with the highest number of acid sites, whilst the catalyst
supported on pure silica zeolites present no Brönsted acidity.
Prior to the catalytic experiments, a blank was made observing that the thermal
oxidation of ethanol needs at least 550ºC for the complete combustion producing some
secondary species like CO, acetaldehyde and ethylene, together with CO2 and water.
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The catalytic activity for the ethanol oxidation was tested with the different Mn-catalysts
observing that the T50 (temperature at which 50% of ethanol is reacted) decreases with
the Brönsted acidity of the samples. This could indicate an initial superior performance
of the catalysts containing Al compared to the pure silica-supported samples that may
be ascribed to a promotional contribution to the ethanol oxidation from the acid sites
present in the zeolites with higher aluminium content.
Nevertheless for a better understanding of these results is necessary to follow the
evolution of the different products formed when increasing the temperature. Figure 1
shows this evolution when using a Mn-catalyst with high aluminium

Figure 1 – Results of the ethanol oxidation at different temperatures using Mn-catalysts supported on zeolites with
different Si/Al ratio. Right: 5 wt. % of Mn on MFI zeolite with a SI/Al ratio of 1000 (5MnSB1133). Left: 5 wt. % of Mn on
BEA zeolite with a Si/Al ratio of 19 (5MnBEA-19)

content (5MnBEA-19) and when using a Mn-catalyst supported on a pure silica zeolite
(5MnSB1133). As it can be seen the mechanism of the reaction is different on both
catalysts. In the Mn-catalyst containing a higher number of acid sites, i.e. that with
lower Si/Al ratio (5MnBEA-19), the reaction starts around 140ºC producing as primary
products acetaldehyde and specially ethylene, due to the presence of Brönsted acidity
that catalyse the ethanol dehydration. This reaction is quite fast but around 270ºC in
which the production of ethylene stops and the increase of the temperature results on
its oxidation to CO2. On the other hand when using a catalyst without acid sites
(5MnSB1133), ethylene is not produced and only a small quantity of acetylene is
formed being ethanol directly oxidized to CO2.
From this study it can be concluded that Mn-catalysts supported on zeolites are active
materials for the ethanol oxidation. It was observed that the mechanism of the reaction
depends on the presence of Brönsted acid sites, this is on the aluminium content of the
zeolite. The presence of these acid sites initially catalyses ethanol dehydration to
ethylene that is subsequently oxidized to CO2. In absence of the acid sites ethanol is
directly oxidized to CO2, achieving a complete oxidation of ethanol at lower
temperatures.
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H2-Temperature Programmed Reduction (TPR) and in-situ Electronic Paramagnetic
Resonance (EPR) Spectroscopy are both characterization methods that have been
applied to copper substituted CHA zeolites to quantify the different types of Cu sites
present. Using the methods described in the literature to analyse data, a discrepancy is
found with respect to the total amount of Cu2+ in 6-membered rings with 2 Al sites,
Z2Cu and the amount of Cu2+ in sites associated with only one Al and a chargecompensating OH group: ZCuOH.
The low temperature peak in H2-TPR conditions is assigned to ZCuOH and the high
temperature peakto Z2Cu in several literature reports.[1,2] An effect of high copper
loading has been observed by Feng Gao et. al.[2] They suggested that the assignment
of the two peaks to ZCuOH and Z2Cu might be too simplistic and found that the
discrepancy is bigger for samples loaded with a high amount of Cu.
In this work we have investigated a concentration series of Cu-CHA by traditional H2TPR, both ex-situ and in-situ EPR and finally, we have also performed in-situ EPR
under H2-TPR conditions. By analysis of the results we have identified and quantified
the different Cu species and put light on the reason for the discrepancy.

Materials
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Cu-CHA samples were provided by Umicore Denmark Aps. The parent CHA zeolite
(Si/Al = 9) is identical for all samples. Cu content is 0.8, 1.6, 2.4, 3.2 and 4.0 wt. % Cu
for Sample 1-5, respectively.

Results from H2-TPR

Figure 1: H2-TPR data and results
from Gaussian fit.
Left: Baseline-corrected H2-TPR data.
Right: Results of Gaussian fit using 4
Gaussians given as area under the
curves. The dashed black line
represent the theoretical amount of
Z2Cu assuming a random distribution of
Al in the zeolite, calculated from [3].

All samples were exposed to an initial dehydration at 250 C, cooling to 50 C and then
ramp to 700 C at 10 C/min in a flow of 10 % H2. The results are shown in Figure 1,
left. The resulting curves were baseline corrected and modelled using Gaussian
deconvolution, see Figure 1, right.

Results from in-situ EPR

Figure 2: EPR data and results from
quantification and spectral fit.
Left: Background-corrected EPR data
of thermally activated samples. Right:
Quantitative results from ex-situ EPR
quantification of EPR active Cu2+ in the
fresh samples (given as total column
heights) and of the activated samples
(amount given as height of red column
and distribution between species as
two shades of red).
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While monitoring with EPR, all samples were exposed to an initial dehydration at 250
C and cooling to room temperature giving the spectra shown on the left in Figure 2.
The spectra from ex-situ quantification of fresh Cu-CHA samples and from in-situ
activation experiments were integrated twice in order to quantify the amount of EPR
active Cu2+. The results are shown in Figure 2 right as the total column height and as
the height of the red column, respectively. The spectra were analysed using Easyspin
[4] and can be distributed according to the EPR-active Cu2+ giving a well-resolved axial
EPR spectrum (clear red) and as a broad featureless spectrum (shaded red).

Conclusions
The data from H2-TPR and from EPR can be reconciled if
1. Z2Cu contribute in the H2-TPR experiment to Peak 2 and Peak 3. In the EPR
experiment they are EPR active and give a well-resolved axial spectrum
2. “ZCuOH” is a collection of several types of species that in the H2-TPR
experiment are collected in Peak 1A and Peak 1B. In the EPR experiment the
ideal symmetric ZCuOH is EPR inactive. At higher Cu concentrations, some of
the “ZCuOH” species contribute to a broad featureless EPR spectrum. It is
hypothesized that these are non-ideal or weakly interacting ZCuOH species.
3. CuxOy is formed in significant amount for samples close to the exchange limit of
Cu/Al = 0.5. The Cu in these species are never observed by EPR (indicated by
a green double arrow in Figure 2, right) and contribute to Peak 3 in H2-TPR.

The analysis of the data taking both sets of information into account suggests that the
commercially produced CHA investigated here has a random distribution of Al between
different 6-member rings, see the black dashed lines in Figure 1, right and in Figure 2,
right. We can also conclude after computational analysis of the EPR spectra that the Al
distribution within an individual 6-member ring is not random. The EPR spectra are
composed by two types of axial signal in a ratio of around 1:7.
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The Sn substituted ZSM-48 nanocrystals (Sn-Si/ZSM-48) have been successfully
fabricated using Sn-Si nanobeads as simultaneous silica and tin precursors via a onepot hydrothermal process with the aid of cyclic diquaternary ammonium (CDM) as an
organic structure-directing agent. The as-synthesized samples were characterized by
means of XRD, XRF, SEM, TEM, EDS, and XPS spectroscopy. This concept
demonstrates that the use of Sn-Si nanobeads is advantageous in terms of improving
crystallization and dissolution rate of zeolite formation, providing a uniform spherical
morphology with high fraction of tetrahedral Sn in the framework. This characteristic
resulted in the enhancement of glucose conversion (32.7%) and fructose selectivity
(95.5%) in the mixed DMSO and water system with respect to the one prepared by a
typical procedure using individual silica and tin sources (Si/ZSM-48-Sn).

Introduction
A biomass-derived glucose is one of the most abundant compounds, which can be
converted to various useful platform chemicals, such as 5-hydroxymethylfurfural, lactic
acid, levulinic acid, and furandicarboxylic acid.[1] Interesting, tin (Sn) based zeolites
have been extensively developed as a Lewis acid catalyst for glucose isomerization to
fructose.[2] Among them, the ZSM-48 (*MRE topology) containing a one dimensional
framework with a 10-membered ring, having a pore diameter of ∼5.6 x 5.3 Å, is one of
the most important candidates.[3] However, the development of the ZSM-48 with
hierarchical structures would be an interesting idea to overcome the diffusion limitation
of bulky molecules into the one-dimensional ZSM-48 framework. Recently, the
homogeneity of metals distributed in the zeolite framework could be controlled by using
the aluminosilicate nanobeads as the simultaneous sources of alumina and silica.[4],[5]
Herein, the one-dimensional porous ZSM-48 zeolite was prepared using simultaneous
Sn-Si nanobeads as a starting material via a simple one-pot hydrothermal process.
Moreover, the systematical study of catalytic activity of glucose isomerization to
fructose over the designed zeolite with various factors, for instance, reaction time,
volume ratio of DMSO, and water was investigated.
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Experimental
Firstly, the tin-silica (Sn-Si) nanobeads were prepared with the molar composition of
5.9EtOH: 1.7H2O: 0.5NH4OH: 0.043TEOS: xSnCl4, where x was 0.00071, 0.00057,
0.00043 and 0, via a precipitation process.[4] Then, the Sn-Si nanobeads were used
as simultaneous tin and silica sources to synthesize the one-dimensional porous ZSM48 zeolite (Sn-Si/ZSM-48) using CDM as a structure-directing agent (SDA).[6],[7] The
well-mixed gel precursor was crystallized at 160ºC at the crystallization time ranging
from 1 to 7 days. The fabricated Sn-Si/ZSM-48 crystal obtained at various
crystallization times were designated as Sn-Si/ZSM-48-XD where X is the
crystallization time (Scheme1, route A) and comparable with the one synthesized by
using individual silica and tin sources (Si/ZSM-48-Sn-5D) (Scheme1, route B). The
designed samples were tested in the catalytic reaction of glucose to fructose, which
was carried out using a glass reactor in both aqueous and organic phases at 120ºC
with different reaction durations (1, 3, 12, and 24 h). The products were analyzed by
HPLC equipped with SH1011 sugar Shodex column.

Scheme 1. Illustration of proposed formation step of spherical ZSM-48 obtained by using (A) simultaneous
tin−silica (Sn-Si) nanobeads and (B) silica (Si) nanobeads mixed with additional tin chloride (SnCl4).

Results and discussion
The morphology of spherically aggregated nanorod-like crystals of the ZSM-48
nanocrystals synthesized by Sn-Si nanobeads (Sn-Si/ZSM-48) is demonstrated as
shown by SEM images in Figure 1A. The TEM-EDS mappings exhibit a well dispersion
of Sn species throughout the Sn-Si/ZSM-48-1D crystals, whereas the Sn species is
located nonuniformly over the surfaces of the Si/ZSM-48-5D sample, as can be seen in
Figure 1B. As illustrated in Table 1, The Sn-Si/ZSM-48-1D sample exhibits a higher
fraction of Sn4+ to Sn2+ (2.13), relating to a higher portion of Sn4+ species with respect
to Si/ZSM-48-5D sample (1.32). According to the benefit of Sn4+ species as a strong
Lewis acid site, it can greatly enhance the catalytic performance in terms of glucose
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conversion and fructose yield to 32.7% and 31.2%, respectively. Meanwhile, the
Si/ZSM-48-5D sample shows only 23.9% of glucose conversion and 22.6% of fructose
yield.

Figure 1. (A) SEM images, (B) TEM-EDS mapping of Si, Sn, and O elemental of (a) Sn-Si/ZSM-48-1D, and (b)
Si/ZSM-48-Sn-5D.

Table 1. Catalytic performance in glucose isomerization: glucose conversion (%), fructose
selectivity (%), yield of fructose (%), and mass balance (%) over different catalysts
Name

Glucose
conversion
(%)

Selectivity (%)
Fructose

Yield of

Lactic
acid

fructose (%)

Mass
balance

4+

Sn /Sn
ratio*

(%)

Sn-Si/ZSM-48-1D

32.7

95.5

4.5

31.2

90

2.13

Si/ZSM-48-Sn-5D

23.9

94.3

5.7

22.6

94

1.32

* Sn4+ to Sn2+ species obtained by XPS-deconvoluted peaks.

Conclusions
Herein, the hierarchical Sn-Si/ZSM-48 zeolite nanostructure has been successfully
synthesized via a one-pot hydrothermal procedure using simultaneous tin-silica (Sn-Si)
nanobeads containing a 1 %wt. of Sn as a starting precursor in the presence of CDM
as a SDA. The results of TEM-EDS and XPS analysis confirm the homogeneous
incorporation of Sn4+ species into the zeolite framework, which could be guaranteed by
the high Sn4+ to Sn2+ ratio. Moreover, the benefit of the hierarchical zeolite with high
Sn4+ content (2.13) is demonstrated in the glucose transformation in terms of
acceptable glucose conversion (32.7%) and high fructose selectivity (95.5%) with
respect to the Si/ZSM-48-Sn-5D zeolite.
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Producing acrylic acid and the four primary acrylate derivatives generates over 16
million kg CO2/yr through today’s dominant petrochemical process, the 2-step oxidation
of propylene. Their broad use across super-absorbent polymers, paints, coatings, and
adhesives industries means these chemicals are necessary for modern life. What if we
could instead sustainably produce a bio-based acrylic at cost parity? We focus on the
use of feeds derived from lactic acid, a C3 oxygenate sustainably fermented at
commercial scale from a range of bio-derived sugar sources.
To tune selectivity in the well-known lactic-to-acrylic dehydration reaction, we co-feed
an inert and site-selective chemical titrant to form an inorganic / organic composite can
provide desirable selectivity tuning. [1] Prior mechanistic work show in Figure 1,
indicates that as methyl lactate (ML) approaches a Na-FAU site, ion exchange /
hydrolysis yields sodium lactate, methanol, and a Brønsted acid site (BAS). [2]
Therefore, sodium lactate is proposed to only undergo dehydration to sodium acrylate
on the in-situ generated BAS. Reverse ion exchange between sodium acrylate and the
BAS then generates acrylic acid as the primary dehydration product and regenerates a
Na-FAU sites for subsequent catalytic cycles.
Here, a yield enhancement from 50 to upwards of 90 C % was demonstrated for methyl
lactate dehydration to methyl acrylate and acrylic acid (Figure 2). Dehydration occurs
over a composite Na-FAU based zeolite catalyst using several classes of amines as
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titrants to suppress side reactions on in situ-generated Brønsted acid sites (BASs).
Both the basicity and steric properties of the titrant molecule affect performance. Our
goal is to maximize the selectivity enhancement and present here the results of several
different amine titrants which outperform the previously studied pyridine derivatives.
[2,3] In particular, we showcase results using a class of diamine titrants which achieve
greater than 90% acrylics yield.

Figure 1

Figure 2

Methyl lactate dehydration yields acrylic acid, methanol
and methyl acrylate, while decarbonylation yields
acetaldehyde, CO and methanol as products. Reprinted
from [3].

Plot of conversion versus selectivity for lactic-to-acrylic
dehydration reactions over catalysts studied previously.
Na-FAU labelled and typically shows ~50% acrylics yield.
Bifunctional composite catalysts comprising amines with
Na-FAU improve yields to 90%.
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Introduction
Fast pyrolysis is considered a promising and relatively simple alternative towards the
valorisation of lignocellulosic biomass. The process occurs under atmospheric
pressure, moderate temperatures (400-700 °C) and oxygen-free conditions, giving rise
to three main products: non-condensable gases, a carbonaceous residue (char) and a
liquid fraction (bio-oil). The latter can be potentially employed as a liquid fuel or as a
source of bio-based chemicals. However, its integration into current fossil fuel
infrastructures is hindered due to its complex composition and poor properties derived
from its high oxygen content. In the last years, catalytic fast pyrolysis (CFP) has been
widely studied as a method for bio-oil upgrading [1]. In this way, a large variety of
catalysts have been evaluated in CFP, including zeolites, metal oxides, metal salts,
carbons, clays and bifunctional catalysts. Among them, acidic zeolites, and concretely
H-ZSM-5, have been the most employed due to their high cracking activity and
convenient selectivity towards forming aromatic hydrocarbons. However, the strong
acidity provokes a substantial decrease in bio-oil yield, favouring coke deposition on
the catalyst and the enhanced production of gases [2]. On the other hand, basic oxides
have also been used as biomass pyrolysis catalysts due to their basic features
promoting ketonisation and aldol condensation reactions, which improves the
deoxygenation of bio-oil by releasing CO2 and the formation of C-C bonds [3].
The present work reports the results obtained in fast pyrolysis of wheat straw
employing a catalytic bed system formed by two catalysts with different acidic and
basic properties: nanocrystalline H-ZSM-5 zeolite and MgO oxide, coupled in series in
the catalytic zone. Furthermore, two different coupling configurations were studied
depending on whether the pyrolytic vapours first passed through the acidic or the basic
catalyst.
Experimental
Wheat straw was selected as raw biomass for the catalytic fast pyrolysis experiments.
Before the catalytic tests, it was milled, washed, and deashed through a pre-treatment
with 1 wt.% HNO3 aqueous solution at 50 °C (ws-ac).
Nanocrystalline H-ZSM-5 with a Si/Al ratio of 39.5 was provided by Süd-Chemie.
For the synthesis of MgO, magnesium nitrate hexahydrate was dissolved in water. The
solution was stirred at room temperature, and an aqueous NaOH solution was added
until the pH value was between 9-10. The resulting gel was aged at room temperature
for 72 h. Then, the solid was recovered by centrifugation and washed three times.
Finally, the sample was dried at 120 °C for 24 h and calcined under air in a tubular
muffle furnace at 600 °C for 3 h.

977

The biomass fast catalytic pyrolysis tests were carried out in a down-flow fixed bed
reactor. The reactor operates at atmospheric pressure, and it is divided into a thermal
non-catalytic (550 °C) and a catalytic section (450 °C). In the catalytic zone, two bed
configurations have been studied with both catalysts physically separated by a metallic
grid: in A+B configuration the pyrolytic vapours first passed through HZSM-5 zeolite,
and in B+A configuration they entered into contact first with MgO oxide.

Results and discussion
Table 1 summarises the physicochemical properties of the catalysts. HZSM-5 exhibit
the highest BET surface, where 86 % corresponds to micropores, and MgO presents a
low BET surface area without microporosity and the largest total pore volume. As might
be expected, the zeolite sample shows the highest acidity, and the magnesium oxide
sample has significant basicity.

Table 1 - Physicochemical properties of the catalysts and their acidity/basicity determined by NH3and CO2-TPD, respectively.
Catalyst

SBETa
(m2/g)

SMZ-EXTb
(m2/g)

SMICROc
(m2/g)

VTd
(cm3/g)

VMZ-EXTe
(cm3/g)

VMICROf
(cm3/g)

Acidity
(mmolNH3/g)

Basicity
(mmolCO2/g)

H-ZSM-5

384

53

331

0.360

0.163

0.197

0.314

0.105

MgO

82

82

–

0.470

0.470

–

0.040

4.127

surface area; bMesopore+external surface area; cMicropore surface area; dTotal pore volume (P/P0 ≈
0.98); eMesopore+external volume; fMicropore volume
aBET

Figure 1.a depicts the bio-oil* (water-free bio-oil), water, permanent gases and coke
yields obtained in the catalytic and thermal tests. Compared to the thermal reaction, the
pyrolysis of ws-ac employing either only one catalyst (MgO and H-ZSM-5) or coupling
both catalysts give rise to a decrease in the bio-oil* yield and, consequently, an
increase in the production of the others fractions. H-ZSM-5 and MgO exhibit similar biooil* yields, but they are reduced when both catalysts are used sequentially, obtaining
the lowest bio-oil* yield with B+A configuration. The highest gas yields are observed
employing staged-bed catalysts where the thermal pyrolytic vapours pass firstly
through the basic catalyst MgO (B+A). Concretely, using this configuration, the CO and
CO2 production are increased, due to the bio-oil* deoxygenation, which leads to the
organic liquid fraction with the lowest oxygen content (see Figure 1.b).
The results of GC-MS analyses, providing the main bio-oil* compounds, are
represented in Figure 1.c. The components have been grouped into different families
according to their main functional groups: carboxylic acids (AC), light oxygenates (LO),
furans (FUR), anhydrosugars (SUG), oxygenated aromatics (O-AR) and aromatic
hydrocarbons (AR).
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The CFP over H-ZSM-5 presents noticeable concentrations of AC, AR and O-AR
families. Acidic properties of H-ZSM-5 zeolite (A) promote dehydration of SUG into
FUR (dienes), favouring their latter transformation into AR via Diels-Alder condensation
with gaseous olefins (dienophiles). MgO (B) is chosen as coupling catalyst due to its
basic features that enhance the production of LO by C-C bond formation reactions (e.g.
ketonisation), at the time that favours both holocellulose and lignin oligomers
decomposition, enhancing the concentration of FUR/SUG, LO and O-AR detected
compounds. Therefore, due to the higher amount of light olefins precursors (AC, LO,
etc.) and furans after the MgO and prior the H-ZSM-5 catalyst bed, the AR
concentration sharply increased in the B+A configuration. Mono-aromatic hydrocarbons
(xylene, toluene, ethylbenzene, mesitylene and styrene), which are components of
high-octane number in gasolines and appreciated in petrochemistry, represent more
than 65 % of this subfamily, followed by indenes and naphthalenes with lesser but
remarkable concentrations. Moreover, indenes have numerous applications in
manufacturing pharmaceutically active compounds, functional molecules, and ligands
for metal complexes [4], whereas naphthalenes are used directly as pesticides and
precursors in the production of dyes, plasticisers, and resins [5].
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Figure 1 - Catalytic pyrolysis of ws-ac over H-ZSM-5 and MgO in single-catalyst and coupling configurations: a)
fraction yields; b) bio-oil* oxygen concentration (dry basis); c) detected mass yields of compound families from
GC-MS analyses.
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Reducing our dependence on crude oil for producing fuels and commodity chemicals is
a major challenge of our time. An alternative renewable feedstock showing significant
potential is lignin - an abundant component of lignocellulosic biomass comprising 40%
of its energy. Zeolite catalysts will be of great importance for lignin depolymerisation
and upgrading, not least due to their commercial use in the petrochemical industry,
where mixed feeds of biomass and crude oil have already been employed [1]. Their
versatile framework topologies and acid site densities also offer reactant and product
selectivity and fine control of the catalytic process.
Methylphenol isomers (cresols) constitute some of the simplest derivatives obtained
from lignin depolymerisation and thus have been implemented in many catalytic studies
as a model lignin molecule [2-3]. They are vital precursors for manufacturing dyes,
agrochemicals, pharmaceuticals, polymers and BTX (benzene, toluene, and xylene)
fuels. Studies of rate limiting processes involved in lignin conversion, including diffusion
throughout the zeolite framework and adsorption onto the acid sites, are scarce in the
literature. Quasielastic (QENS) and inelastic (INS) neutron scattering are uniquely
powerful experimental techniques for studying diffusion and adsorption respectively [4].
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Here, tandem QENS and molecular dynamics (MD) experiments have been employed
to study cresol mobility within Brønsted acidic zeolites as a function of isomer-type
(meta and para-cresol) and zeolite type (H-Y and H-beta). Initially, bulk liquid cresol
diffusion was investigated using QENS to validate computational models for
intermolecular cresol-cresol interactions. Upon dosing cresol isomers into the zeolite
systems, only localised motions were observed on the timescale of the instrument.
Models of isotropic rotation fit closely with the experimental elastic incoherent
scattering function (EISF), shown in Figure 1. A greater population of mobile cresol was
observed in the larger pores of zeolite H-Y (7.4 Å and 13 Å in diameter) compared to
the pores of H-beta (6.7 Å in diameter), with activation energies from 4.2 – 6.6 kJmol-1.
Out of the two isomers, the linear para-cresol displayed a larger percentage of
molecules locally rotating. This shows good agreement with preliminary computational
models.

Figure 74.
(a) models of isotropic rotation with variying mobile proportions fit to the experimental elastic
incoherent scattering factor (EISF) of m-cresol and p-cresol in HY and HBEA at 370 K (b)
diagram of a p-cresol moleucle undergoing isotropic rotation.

Equally essential to the catalytic process are cresol-acid site interactions. INS was
used to probed said interaction strengths by analysing changes in the vibrational
frequencies of the cresol molecules. The shifting and diminishing of peaks relating to
the hydroxyl bending of the cresol (~350 cm-1) when inside the zeolite indicates the
occurrence of adsorption. More complex density functional theory (DFT) calculations
will enable further analysis of cresol interactions with the zeolite framework.
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Zeolites that have proven structural stability against relatively high-temperature
reactions are attracting a lot of attention worldwide, and have great advantages as a
catalyst for sustainable chemistry due to its tuneable acidity and porosity. In recent
studies to produce renewable acrylic acid (AA) from biomass-derived lactic acid (LA),
alkali-exchanged zeolite catalysts (e.g., Na-Y) have been shown to be high selectively.
Since the current technology for the production of acrylic acid from propylene, the basic
raw material of the existing petrochemical industry, causes serious environmental
pollution and harmful factors, the LA-based chemistry is of great importance to realize
the sustainability in the petrochemical industry. The challenge in this chemistry is to
control the reaction selectivity toward the desired dehydration product, i.e., AA, over
the undesired decarbonylation and condensation products, i.e., acetaldehyde and 2,3pentanedione, respectively. Thus, the product selectivity is greatly affected by the
acid/base properties of zeolites. It has been shown that potassium-exchanged zeolites
such as K-ZSM exhibited the significantly high selectivity over 80% toward AA [1].
However, the origin of the high selectivity of ZSM-5 catalyst is not fully understood.
Herein, we systematically investigate the effect of pore structure, the type of alkali
metals, the framework heteroatoms (e.g., boron) and the hierarchical mesoporous
structure on the reactivity and selectivity for the LA reactions. Among various zeolites
as shown in Fig. 1, the MFI structure demonstrates the unique activity and selectivity
for the dehydration of LA to AA. The LA dehydration selectivity is a function of the
electrostatic potential properties of ZSM-5, which is dictated by the type of alkali metals
and the degree of ion exchange. The isomorphic substitution of boron into ZSM-5
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results in the weakening of the BrØnsted acidity produced in-situ during the LA
dehydration and thereby alleviating the formation of coke. The incorporation of
mesoporosity into ZSM-5 through desilication help convert the oligomeric intermediate,
i.e., lactide, to AA due to the enlargement of micropore openings. Overall, our results
would be helpful to design better zeolite catalysts for the selective dehydration of the
LA to AA.

Figure 1. Catalytic activity of various zeolites in the dehydration of lactic acid.
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INTRODUCTION
Dimethyl carbonate (DMC) is an important chemical, since is used as a green and nontoxic solvent, methylating agent, or a potential alternative for phosgene in
polycarbonate synthesis [1]. Also, DMC is used as an electrolyte solvent in lithium
batteries due to its high dielectric constant and as potential additive to fuel oil due to its
high oxygen content and octane number. In spite of this, the manufacture of DMC is
still a technological challenge. Currently, most of DMC is manufactured by liquid phase
methanol oxidative carbonylation (EniChem Process) with important safety concerns
because of the high pressures needed, and the formation of large amounts of HCl in
the reactor. Other proposed alternatives, as the methyl-nitrite carbonylation or the
direct synthesis from methanol and carbon dioxide present important problems, as the
use of toxic intermediates, and the low equilibrium conversion, respectively. The gasphase oxycarbonylation of methanol present important advantages over the liquidphase counterpart, such as being performed at atmospheric pressure and low
temperatures [2]. The first catalysts proposed for this reaction were heterogenized
metal salts, as CuCl2 or copper organometallic salts. However, these catalysts,
although very active, present strong deactivation caused by the water released during
the rection. In the same way, water formation also leads to a significant reaction
inhibition.
The use of zeolites for dispersing Cu active phase is supposed to lead to active
catalysts for this reaction. If the selected zeolite is hydrophilic (as Y zeolites), the
interaction of water molecules with the catalyst support also can avoid the inhibitory
effect of the water. Y zeolites, among other materials such as MCM-41, ZSM-5 or
modified activated carbons, have been tested by authors for this reaction [3]. Thus, the
scope of this work is to test Cu-exchanged Y zeolite as catalyst for obtaining DMC by
methanol oxycarbonylation and study the influence of the feed composition in its
performance.
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MATERIALS AND METHODS
Catalyst preparation
Catalysts were prepared by Solid State Ion Exchange, using CuCl as copper source.
The commercial zeolite NH4-Y (Zeolyst International, Si/Al=6) was used as parent
support. Catalysts with a nominal copper loading of 5% (quantified via ICP-MS) were
prepared from a mixture zeolite/metal precursor (3:1 mass ratio), heated in an inert flow
in a tubular oven at 650ºC for 22 h. Resulting catalysts were characterized by nitrogen
physisorption, observing a small decrease on both BET surface area and pore volume
on the prepared catalysts, probably due to the blockage or collapse of some pores
during the preparation procedure.
Catalytic tests
Experiments were conducted at atmospheric pressure in a stainless steel continuous
gas-phase fixed bed reactor (ID 6.8mm) loaded with 2g of catalyst. The gases were
supplied by Air Liquide in cylinders while their flow rates were set using Bronkhorst
mass flow controllers. Methanol was directly introduced into the gas flow using a
syringe pump and kept in gas phase insulating all the equipment with heating tape. The
reactor effluent was analysed in a gas chromatographer Agilent HP-6890N equipped
with two online detectors: a thermal conductivity sensor (TCD) and a flame ionization
detector (FID). In order to properly separate and analyse all the compounds the
chromatographer was also equipped with 2 online columns: a HP Plot Q column to
separate methanol from DMC and other by-products, and a HP Molsieve 5A column to
separate permanent gases.
RESULTS AND DISCUSSION

r (mol/kg h)

The effect of the temperature on catalyst performance was firstly studied (Fig. 1).
Different reaction pathways have been observed depending on reaction temperature.
At the lowest temperatures considered, (below 120ºC) oxycarbonylation is the main
reaction pathway, yielding dimethyl
1
carbonate with a selectivity of around
0.8
60%.
However,
as
reaction
temperature increases, dehydration
0.6
side
reactions,
yielding
0.4
dimethoxymethane
(DMM)
and
dimethyl ether (DME), take place.
0.2
Thus, at 200ºC dimethyl ether is the
0
main reaction product. The dehydration
100
120
140
160
180
200
of methanol required for the formation
T (°C)
of these by-products is probably
DMC
DMM
DME
catalysed by residual acid centers of
Figure 75. Reaction rates reaction rates of DMC, DME and
DMM and methanol conversion obtained at different the zeolite that were not exchanged
temperatures over Cu-Y catalysts (8.4% O2, 41.9% CO and
16.1% MeOH).
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with copper during the catalyst preparation.
Considering what was observed in Figure 1 the next set of experiments were
performed at 120ºC, where the DMC formation rate was maximum. Those tests were
devoted to explore the dependence of products formation rates on the concentration of
the different reactants while keeping the concentration of the other constant.
CO partial pressure has the greatest influence in the formation of DMC, showing a first
order dependence when CO partial pressures are below 60 kPa (Fig. 2). At higher
partial pressures the reaction rate stays virtually constant. DMM reaction rate slowly
decreases when CO concentration is increased but not significantly.
On the other hand, oxygen partial pressure effect on DMC formation is unclear (Fig. 3).
Reaction rate increases at higher partial pressures, with a maximum at 8.4% of O 2 but
clearly decreases at the highest concentrations. For DMM the reaction rate increases
with O2 partial pressure showing a 0.5 order dependence.

0.2

0.2

0.15

0.15

r (mol/kg h)

r (mol/kg h)

Methanol selectivity observed towards DME in all the tests performed was lower than
5%. The reaction rate of this by-product is not affected by neither the concentration of
CO nor O2, this behaviour was expected considering it only requires the presence of
methanol to form DME.
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Figure 2. Reaction rates of DMC, DME and DME obtained at
different CO partial pressures over Cu-Y catalysts at 120°C
(8.4% O2 and 16.1 % MeOH).

DMC

DMM

DME

Figure 3. Reaction rates of DMC, DME and DME obtained at
different O2 partial pressures over Cu-Y catalysts at 120°C
(41.9% CO and 16.1 % MeOH).

CONCLUSIONS
Cu-Y zeolites have proved to be capable of producing DMC at soft reaction conditions
(120°C and 1bar) with a high selectivity (60-70%). Temperature is a crucial parameter
in order to minimize the formation of by-products, especially DME, which becomes
practically the only product at 200°C. High CO concentrations favour the formation of
DMC (up to partial pressure of 60kPa) while oxygen influence seems unclear.
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Recently, intensive work has been carried out on alternative processes for obtaining
carboxylic acids using inedible raw materials or lignocellulosic biomass. Much attention
is focused on the development of a cost-effective technology, using commonly
available raw materials as well as cheap catalysts as the feed [1,2]. In this case,
special attention is focused on aluminosilicates - zeolites. Due to their structure, these
materials have been used as catalysts in various types of reactions, e.g., dehydration,
isomerization or as redox systems [3,4].
One of the potential compounds obtained from biomass conversion with the
participation of zeolites are lactic acid and formic acid [3,5].
Lactic acid [LAC] is widely used in the food, cosmetic and pharmaceutical industries.
This raw material is also used in the production of biodegradable polymers that can be
used as films or packaging. As the demand for this acid increases, there is a need to
develop alternative technologies to support the microbial production of lactic acid
today. One of the potential raw materials and processes for the preparation of this
valuable compound is the catalytic conversion of dihydroxyacetone (DHA) with the use
of appropriately modified zeolites, in particular of natural origin [6].

Formic acid (FA) is a compound widely used in the chemical, textile, leather and
pharmaceutical industries. Currently, FA is produced from petrochemical raw materials
as a result of the carbonylation of methanol. Unfortunately, this production has a
negative impact on the environment. Therefore, it forces to search for alternative
987

solutions for its production, including biomass [7,8]. The interest in this chemical
compound is growing due to its potential use to power fuel cells and as a material for
hydrogen storage [9]. Formic acid can also be a substitute for some inorganic acids in
chemical processes because it is less corrosive [10].

Figure 1
Potential chemical pathways for the conversion of DHA to LA and FA [11,12].

In our research, we proposed a catalytic conversion of DHA with the use of modified
zeolites - clinoptilolite by introducing metals: Fe, Cu and Co using the sonication
technique. The transformation of DHA was carried out in 0.125M aqueous solution with
0.1 g of catalyst for 5 hours at the temperature of 150 °C. The one-pot method was
used here.The analysis of the obtained products during DHA conversion was
performed using the HPLC-RID technique In chromatographic method, the retention
times of the obtained products were compared with the retention times of the pure
standard components.
Figure 2 shows the results from the conversion of DHA to LA and FA. Various forms of
matrix were used here - clinoptilolite, respectively marked as: 0 - zeolite not subjected
to any modification, 1 - hydrogen form and 1 + 2a + 4 - zeolite treated with hydrochloric
acid. Catalytic conversion of DHA in the liquid phase using the one-pot method in
aqueous solutions leads to formic acid and lactic acid. The highest yields of formic acid
were obtained with the use of catalytic materials: 0-Cu (91.6%) and 1-Cu (93.6%).
Regardless of the sheath used, the presence of copper is an active site for the
production of formic acid. Interestingly, the metal-free in controls sample also shown
formic acid production in high yield. Probably the presence of alkali metals (K +, Ca2+)
and hydrogen forms after ammonium exchange and hierarchization with hydrochloric
acid may be a potential catalyst for the preparation of this compound from DHA. In the
case of lactic acid, it can be seen that the high yield of this compound was achieved
during catalytic tests with cobalt as the active center, regardless of the matrix used.
The yield is 66.2% (1-Co) and 39.5% (1 + 2a + 4-Co), respectively.
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Figure 2
Conversion of DHA and the yield of the leading products: lactic acid (LAC) and formic acid (FA) with control samples a)
and zeolite catalysts with active centers: b) Fe, c) Cu and d) Co.

Our catalytic conversion over clinoptilolite proves the high usage potential of such
natural zeolites with high selectivity in the industrial processes.
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Campholenic aldehyde (CA) is an important
intermediate in the synthesis of several
sandalwood fragrances and can be obtained
through a two-step synthesis, α-pinene
epoxidation followed by α-pinene oxide
isomerization. Isomerization process has been
widely studied in the presence of homogeneous
and heterogeneous acid catalysts providing
different products through competitive and
consecutive reactions (Scheme 1).[1–3] van
Bekkum and co-workers reported the high
catalytic performance of free Al Ti-beta zeolite Scheme 1. Main products of isomerization of -pinene oxide.
for the isomerization of α-pinene oxide, with a CA selectivity of up to 89% in the liquid
phase and up to 94% in the gas phase. Among nanoporous materials with high surface
areas, enhanced activity and shape/size selectivity, zeolites are clear candidates for
this reaction owing to their thermal stability and flexibility in their chemical composition.
Nevertheless, the synthesis of Ti-zeolites in fluoride medium sets out different
drawbacks such as long crystallization time and the use of hazardous fluoride.
Therefore, different approaches have been followed as the use of less toxic sources of
fluoride, or seeds in order to decrease the synthesis time, or the development of postsynthesis methods involving the incorporation of metal (MIV (Sn, Ti, Zr)) into the
tetrahedral defects (sites) of the modified beta zeolite framework. These routes start
with the synthesis of Al or B beta zeolites, followed by heteroatom removal and
creation of defects by acid treatments.[4,5] Then, the silanol groups generated can be
used for anchoring the MIV precursors by different methods (chemical vapour
deposition, solid-state mixing, grafting at solvent reflux, or wetness impregnation).
Additional determining parameter is the presence of alkali ions since the high content
of alkali ions during the zeolite synthesis constitutes an impediment to the
crystallization of pure phase, or modify negatively the catalytic performance of zeolites
for the oxidation process. In contrast, the positive effect of the addition of small
amounts of alkali ions for the epoxidation with H2O2 over TS-1 attributed to the
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neutralization of acid sites and to weak cation–π interactions between heavy alkali
metal cations and adjacent olefin molecules improving their diffusion within the
micropores has been described. Similarly, recent papers reported the positive effect of
the controlled presence of alkali ions in Sn-zeolites on their catalytic performance for
sugar isomerization[6] and epimerization.[7]
Accordingly, we developed a convenient and optimized post-synthetic route for the
preparation of Ti-beta zeolite where Lewis acid sites have been successfully
incorporated into the vacant tetrahedral (T)-sites of a dealuminated beta-framework by
ball-milling solid-state ion-exchange.[8] A tribology-ball milling process was used in
order to increase the interaction between dealuminated-beta zeolite and the Tiprecursor. Consecutive processes of thermal treatment and calcination owing to
reversible hydrolysis of Ti–O–Si bonds and condensation steps allowed modifying the
coordination and thus the nature of Lewis acid Ti centres. Moreover, partial cation
exchange with alkali metal allowed us matching the catalytic properties of Ti-beta. The
prepared Ti-beta catalysts where Ti was tetrahedrally coordinated within the zeolite
framework, exhibited excellent activity as Lewis acid catalysts and stability for the
isomerization of α-pinene oxide into CA in batch and fixed bed reactor systems.
FT-IR CD3CN absorption study was performed to define the coordination and nature of
Ti centres. Two CD3CN bands were detected at ±3736 and ±3746 cm−1, and assigned
to terminal Si–OH groups, involved (at ±3736 cm−1, weakly hydrogen bonded to an
adjacent OH moiety) or not (±3743 cm−1, free Si–OH groups) in weak hydrogen
bonding. These acidic Si–OH groups were partially or totally passivated by postsynthesis modification with alkali cations, post-synthesised Ti-beta samples presenting
a larger density of silanol groups than the Ti-beta synthesised in fluoride media
practically without coordination defects.
Two CD3CN adsorption bands indicating the presence of two type of Lewis acid sites
(LAS) were registered at ±2306 and
±2300 cm−1, they were attributed to
coordinated CD3CN onto the TiIV
LAS, and specifically assigned to
open–closed Ti-Lewis acid centres
by analogy to Sn-Beta.[9] It was
noticeable that the Ti-beta samples
present different densities of Lewis
acid sites and of silanol groups that
was illustrated in the Figure 1 where
Figure 1. Comparison after normalization (sample weight) of
after normalization (wafer weight of
the CD3CN absorbance on Ti-Lewis acid site at () 2308cm-1
the
zeolite
sample),
CD3CN
and weak Brønsted acid SiO-H groups at () 2274 cm-1.
−1
absorbance heights at ±2306 and ±2274 cm were plotted. Clearly, the Ti-beta-PS
sample presents a higher number of strong Ti-Lewis acid sites than other Ti-beta
samples, and that post synthesis thermal treatment and cation exchange modified and
decreased the population of strong Ti-Lewis acid sites (Ti-LAS) and of silanol groups.
For Ti-beta-PS-Li sample, the CD3CN adsorption over Li induced an overlapping of the
band at ±2292 cm−1 together with the band at 2306 cm−1. The lower shift of the bands
indicates that Li can act as a weaker Lewis acid site than Ti, while the changes in the
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intensity of the band at ±2306 cm−1 indicate weakening of Ti-Lewis acid sites. For Tibeta-PS-Na sample, a new band at ±2282 cm−1 was detected indicating that adsorption
on Na was weaker than on Li while both bands at ±2306 and ±2300 cm−1 were
maintained; indicating that Lewis acidity of Ti-atoms was preserved. These results
confirmed the partial cation exchange on SiO–H close to Ti atoms, passivating the
Brønsted acidity of adjacent silanol groups and maintaining the Lewis acidity of Tiatoms but modifying both densities of Ti-Lewis acid and weak Brønsted acid sites.
The catalytic activities of beta samples incorporating different metals with Lewis acid
properties,
prepared
Ti-Beta-PS-HT
Ti-Beta-PS-Na
conventionally
in
fluoride
100%
100%
80%
80%
medium confirmed that Ti was
60%
60%
the more suitable metal to
40%
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20%
perform the isomerization of α0%
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1
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bibliography, giving CA yield and
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selectivity of up to 76.9 and
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82.1%, respectively. A study of
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catalytic
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prepared
by
post-synthetic
Runs
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method
revealed
that
Figure 2. Catalytic results exhibited by different Ti-beta-PS samples
consecutive
processes
of
along the recycles for α-PO isomerization. Reaction conditions:
thermal
treatment
and
microwave heating, 150ºC, 8mg of zeolite, 2 mmol of -PO, 380 mg
of acetonitrile and 8 min of reaction time. ● CA yield, ● CA
calcination owing to reversible
selectivity, ● -PO conversion.
hydrolysis of Ti–O–Si bonds and condensation steps allowed modify the coordination
and thus the nature of Lewis acid Ti centres (partially hydrolysed and nonhydrolysed).
In addition, a study of cation exchange with alkali metals allowed us matching the
catalytic properties of Ti-beta inhibiting the weak Brønsted acidity of the adjacent
silanol groups to Ti-atoms, on the one hand, and adjust the Ti-Lewis acid strength on
the other hand. A study of stability of the activity of the different Ti-beta samples for 8
consecutive runs, revealed that the different catalysts showed a stable catalytic
behaviour and that exchanged-alkali metal samples exhibited the highest catalytic
performance (Figure 2). Noticeably, these results demonstrated that alkali metals were
strongly exchanged and stabilized, exhibiting the Ti-beta-PS-HT-Na(0.1%) the best
catalytic performance. Therefore, under optimized reaction conditions, in batch reactor,
CA yield and selectivity up to 86% were achieved.
Considering industrial application, a study in fixed bed was performed, and the
excellent catalytic behaviour of the post synthetic material and stability were shown.
After optimization of space velocity, temperature and solvent, CA production of 225 g
gcat−1 h−1, with 88% CA selectivity at maximum α-PO conversion was reached. These
results in terms of selectivity are comparable to the best published results in the
presence of ZnBr2 or MOFs, and slightly lower than those in the presence of TiMCM22. With regards to industrial CA production, amount of catalyst, α-PO
concentration and ready availability of the catalysts and cost, the results reported in
this work offer new opportunities to the development of sustainable process.
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Introduction
With the continuing depletion of fossil fuels, energy problems are becoming more
serious. To address this problem, the energy infrastructure must be transformed from a
state dominated by fossil fuels to a state dominated by renewable energy. Biomass is a
promising alternative, since it is a renewable resource for different sectors worldwide,
with lignocellulosic biomass use of 20-25% by 20301. Biomass can be transformed into
bio-oil by different techniques, however, to be able to use it in combustion engines, it
must be subjected to a chemical transformation process that generally consists of two
stages; pyrolysis and refining. The direct use of this bio-oil remains limited due to its
high oxygen content. Many methods have been investigated to improve the quality and
utilization efficiency of bio-oil, such as HDO, emulsification2 hydrocracking2 and
hydrogen production by reforming. Among them, HDO can saturate the more aromatic
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components and alkenes, and then improve the calorific value of bio-oil by increasing
C/O and H/O ratios in organic compounds.
HDO catalysts range from early conventional CoMo and NiMo3 catalysts, to recently
developed catalysts like as transition metals and their phosphides, zeolites, carbonsupported catalysts, etc2. Sulphides and phosphides catalysts demonstrated excellent
resistance to sulfur-containing compounds in bio-oil and therefore considered as a
promising catalyst for HDO reaction. In the case of phosphides, Ni can promote
selectivity towards HDO pathways and also possess both high efficiency and low-cost
properties during the bio-oil upgrading process. Generally, supports such as γ-Al2O3,
SiO2, activated carbon, TiO2, ZrO2, and zeolite are usually chosen as carrier materials
for sulphide catalysts2.
Therefore, the main objective of the present study is to examine the catalytic
hydrodeoxygenation of model molecules such as acetic acid, 4-ethylguaiacol and
furfural, at different temperatures and pressures on Ni2P/HZSM-5 catalyst. The
objective is to obtain biofuels or chemical products with added value and also to better
understand the pathways and mechanisms of the reactions involved during the
hydrodeoxygenation of bio-oil.

Materials, experimental setup and methods
Acetic acid (analytical reagent grade, ≥99.7%) and isopropanol (IP) (GC analysis
grade) were supplied by Fisher Scientific.Furfural (AR, 99%) and 4-ethylguaiacol (AR,
≥98%) were acquired from Aldrich. Two Ni2P/HZSM-5 catalysts with 5% and 10% Ni2P
amounts were prepared by the incipient wetness impregnation method as a first step
and temperature-programmed reduction (TPR) as the second step. The BET surface
area and pore volume of the catalysts were determined based on their N 2
adsorption/desorption behavior at 77 K using a Micromeritics 2020 volumetric
adsorption analyzer. Prior to using the N2 adsorption/desorption, the catalyst samples
were degassed at 200 °C for 1 h. XRD analysis was carried out on a D5000
diffractometer at 40 kV and 40 mA with Cu Kα (λ=0.15406 nm) radiation in the range of
2θ from 10 to 80 °C.

The HDO reaction of acetic acid, 4-ethylguaiacol, and furfural were performed
individually in a continuous fixed-bed reactor of 10 mm inner diameter and 300 mm
length. For each run, the flow rate of the liquid feed from a high-pressure pump was set
to 0.05 mL/min. A catalyst bed of 1 cm height was placed in the middle of the reactor.
The volume of the catalyst bed was then calculated based on the reactor’s diameter. A
weight of 0.43 g of 5% Ni2P/HZSM-5 and 10% Ni2P/HZSM-5 is required for each run.
Liquid products were analyzed by GC-MS (Clarus 580/SQ8S) system for identification,
and another one equipped with the same medium polarity VF-1701-ms column (60 m ×
0.25 mm × 0.25 μm film thickness) and a flame ionization detector (GC-FID) to quantify
the amounts of compounds in the liquid products using n-nonane as the internal
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standard. Gas products were analyzed by GC-TCD-FID equipped with ShinCarbon ST
100 120 column, a methanizer and a hydrogen generator.
Results
The textural properties of the catalysts and their supports are summarized in Table 1.
The Ni2P catalysts showed globally a lower BET surface area and pore volume than
those of their supports HZSM-5 and XRD characterization showed the presence of
crystallized Ni2P phase on the fresh catalysts surface, respectively.
It was found that both catalysts exhibited excellent catalytic activity for HDO reaction,
and a similar behavior of them was observed. On this basis, the 5% Ni 2P/HZSM-5
catalyst was therefore selected to deepen the study by examining the effect of other
parameters. The specific results of HDO of all model molecules were presented in
Table 2
Table 1 Textural properties of different catalysts and supports by N2 adsorption/desorption and
XRD
conditions
item
BET surface area (m2/g-1)
Pore volume

(cm3/g-1)

HZSM-5

5% Ni2P/HZSM-5

10% Ni2P/HZSM-5

328

2,67

236

0,28

0,22

0,18

Average pore diameter (nm)

6

6,4

6,8

Average pore Size (XRD) (nm)

-

>5

14

Table 1 HDO results of different model molecules with 5% Ni2P/HZSMa

Item

Acetic acid

Conversion rate (wt%)
80
Degree of deoxygenation (DOD) (wt%) 77.0
Yield of products (wt%)
YLiq. (free water)
33
YGas
41
YHO
26
a Fixed conditions: 0.43 g 5% Ni P/HZSM-5; 400 °C, 0.5 MPa,
2
ml/min, N2: 10 ml/min, 90 min.

4-ethylguaiacol

Furfural

83
53

100
92

51
39
32
51
14
10
0.05 ml/min of acetic acid, H2: 40

The HDO catalytic tests of acetic acid, 4-ethylguaiacol, and furfural as model molecules
of bio-oil with the use of prepared Ni2P/HZSM-5 catalysts showed that the reaction
temperature has a pronounced effect on the conversion rate and the degree of
deoxygenation (DOD) of acetic acid and furfural using 5% Ni2P/HZSM-5 catalyst.
However, the pressure had a greater effect on the conversion rate and DOD of 4ethylguaiacol HDO than the temperature. Temperature and pressure affected not only
the conversion rate but also the selectivity of products. For acetic acid HDO, the
temperature and pressure mainly affected the decarboxylation, hydrogenation, and
further decarbonylation associated with the release of CO, CH4, and CO2. Aromatic
hydrocarbons were obtained via a further aldol condensation between methyl isobutyl
ketone and acetone molecules followed by dehydration and hydrogenation.
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Conclusions
Two homemade nickel phosphide catalysts (i.e., 5% and 10% Ni2P/HZSM-5) were
prepared using the incipient wetness impregnation method. It was found that the active
Ni2P phase was successfully formed on the catalysts by XRD. Using the 5%
Ni2P/HZSM-5
catalyst,
decarboxylation,
hydrogenation
and
subsequent
decarbonylation during HDO of acetic acid were strongly affected by temperature and
pressure, leading to the release of CO, CH4 and CO2. Cresol, 2,4-dimethylphenol and
2-ethyl-6-methylphenol (reaction intermediates of 4-ethylguaiacol HDO) could be
converted to phenol and BTX by dealkylation, dihydroxylation and isomerization.
Finally, the main reaction of furfural was decarbonylation, producing furan and CO.
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Depletion of fossil fuels, growing concern for reducing pollution and political
commitment have made it crucial to harness renewable energy to a greater extent.
Biomass has emerged as one possible energy source with great potential applications
in the future. Lignocellulosic biomass is an abundantly renewable feedstock for
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producing bio-oil with aromatic hydrocarbons via fast pyrolysis [1]. To enhance the
obtained bio-oil from biomass fast pyrolysis, firstly, it must undergo catalytic upgrading
using efficient catalysts to reduce its oxygen content and heavy hydrocarbons.
Catalysts may be incorporated into co-pyrolysis to remove oxygenated fractions via
decarboxylation, dehydration and decarbonylation, to produce enhanced bio-oil.
Among different catalysts, there has been great interest in zeolites due to their
relatively low cost and availability. Catalyzed zeolites have been used to upgrade the
hydrodeoxygenation of low-value-added product of biomass pyrolysis into useful
chemicals and bio-oil with low oxygen content [2]. However, it is needed to study the
catalytic properties of lignocellulosic biomass derivatives to better understands the
direction of zeolite modification. Hence, traditional zeolites vary in porosity and acidity
that could influence their cracking catalytic effect in biomass pyrolysis. It is important to
tacked in to account the presence of inherent minerals in biomass matrix, such as alkali
and alkaline earth metals (AAEMs), which could interact as catalysts and influence biooil production yields in combination with zeolite effect. In previous studies it was
reported that the presence of potassium favours the formation of low-molecular weight
compounds through catalytic depolymerization and by cracking anhydrosugars during
the thermal decomposition of biomass. Among zeolites, the X zeolite shows the highest
ion-exchange capacity, due to its low Si/Al molar ratio (as low as 1.0, LSX zeolite). In
this zeolite, the Na+ from the synthesis can be easily exchanged by K+ [3], resulting in
high potassium loadings. In addition, FAU framework of X zeolite presents large
cavities with 12R Windows (13 Å) accessible through channels of 7,4 Å which can also
favour the catalytic capacity.
The aim of this work was to research the effect of agricultural waste biomass catalytic
fast pyrolysis on hydrocarbon product selectivity, aimed at enhancing value-added
compounds, such as benzene, toluene and xylene (BTX). The coupling effect of the
AAEMs inherent to the biomass and those in the synthesized zeolites on the production
of hydrocarbons was also evaluated. In this sense, a synthesized NaX zeolite [4] was
potassium exchanged to get KX zeolite. The main properties of both samples are given
in Table 1.
Table 1 - Properties description of synthesized zeolites.
NaX

KX

Si/Al

1.15

1.15

% Na (wt.%)

11.3

2

% K (wt.%)

19.5

50.2

SBET (m2/g)

810

643

Vporo p/p0 = 0.99

0.37

0.3

The catalytic fast pyrolysis was carried out in Py-GC/MS (CDS Pyroprobe 6200 g and
Agilent Technologies 7890B/5977B GC/MS) using different proportions of biomass
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feed and zeolite catalyst. Blends with different biomass/zeolite mass ration (2:1, 1:1
and 1:2) were performed. All the experiments were carried out by keeping the total
feedstock mass at 1 mg ± 0.05 mg and placing it in the middle of a quartz tube (2 mm
diameter and 20 mm long) with a quartz wool base. Fast pyrolysis operational
conditions conducted were 650 ºC, a heating rate of 20 ºC/ms and a residence time of
20 s. Residue from two agroindustrial biomass, olive pomace (OP) and almond shell
(AS), were used as feedstocks. Both samples were collected from the region of
Castilla- La Mancha. Prior to the experiment, the biomass samples were oven-dried for
24 h at 100 ºC, and then milled and sieved to an average particle size of 100-150 µm.
Firstly, the used agricultural waste biomasses were characterized. From proximate
analysis, both biomasses showed high volatile matter content, which was higher in OP.
However, OP had the highest carbon content (49.88%) and lowest oxygen content
(43.99%), which resulted in a high calorific value of 20.01 MJ/kg. Both biomass feeds
were higher in oxygen and hydrogen which might have been caused by the higher
content of hydroxyl (-OH) group in their organic structure. The mineral content
technique revealed that potassium was the most abundant metal inherent in biomass
samples, 3.48 and 1.16 wt.% for OP and AS, respectively.
The product yield from the pyrolysis of biomass/zeolite, as well as those from the raw
materials (OP and AS), are shown in Figure 1. The components detected in the bio-oil
were divided into two groups: hydrocarbons and oxygenates. Hydrocarbons were
mainly composed of olefins, cyclic hydrocarbons and aromatics. Moreover, oxygenates
production was based on alcohols, aldehydes, carboxylic acids, esters, ketones and
phenols. Fig. 1 shows that yields of hydrocarbons in the non-catalytic fast pyrolysis of
OP peaked at 25%, while the remainder were oxygen-containing compounds. The
most representative oxygenate groups detected were phenolics (17.6%) and carboxylic
acids (20%). The addition of either catalyst to OP led to enhanced deoxygenation and
hydrocarbon production, reaching maximum yields at 1:2 proportion. Results showed
that phenolics decreased to zero yields as zeolite proportion increased, promoting
hydrocarbons formation. These macromolecular phenols seriously affect to the quality
of bio-oils. Hydrocarbons were also promoted, reaching maximum yields for 1:2
proportion for both zeolites. KX offered the highest enhancing catalytic selectivity to
hydrocarbons with 74.8% yield, where 8.8% were aromatics. The catalytic effect of KX
over OP was focused to produced olefins and cyclic hydrocarbons. In this sense, 1,3,5cycloheptatriene showed the highest yield of 27.1%. In case of KX addition to the
blend, due to zeolite composition, the amount of K highly increased. This effect could
promote the enhancement of hydrocarbon production in the obtained bio-oil. When NX
zeolite was added to OP, hydrocarbons were promoted in less yield than for KX. The
formation of hydrocarbons might have been limited due to the catalytic effect of the
extra sodium apported by the zeolite. In this case, the zeolite in the sample combined
with the catalytic effect of the inherent AAEMs (especially K) led to a fall in oxygenates
at the expense of a slight rise in the formation of hydrocarbons. It should be noted that
aromatics were not enhanced, which indicates the lack of acid sites in NaX. The
enhancement of mono-aromatic hydrocarbons (MAHs) was represented with the
production of xylene at 1:2 proportion, representing yields of 2% yield when zeolites
were blended at 1:2 proportion.
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AS sample showed an extremely high production of oxygenates, nearly to 97% yield. It
can be deduced from the results that the selectivity of oxygenate-containing
compounds is reduced in the case of NaX zeolite. This deoxygenation yield over AS
was specially observed for 1:2 proportion, being reduced to 32.8 % yield. Results
revealed that the reduction of oxygenates was manifested in a reduction of phenols
selectivity. Note that, the fraction of carboxilyc acids formed increased as zeolites were
used in comparison to raw AS. Only in case of NaX, an enhancement of hydrocarbons
was produced reaching a yield of 64.1% at 1:2 proportion. Aromatics were dominant
hydrocarbons, followed by olefins and cyclic hydrocarbons. Meanwhile, aromatic yields
were BTX, being toluene the most representative. BTX production was enhanced in
comparison to raw AS with yields of 12.4, 34.7 and 8.3% of benzene, toluene and
xylene, respectively. Nonetheless, from aromatic yield of all the AS-NaX, MAHs
compounds were obtained in higher selectivity that poly-aromatic hydrocarbons
(PAHs). From KX results, it is observed that the extra K apported to the blend was not
beneficial for hydrocarbon production due to inherent biomass properties. In contrast,
the extra Na amount of NaX to AS blend promote the formation of hydrocarbon,
specifically value-added aromatics like BTX.

Figure 1 – Product yield obtained from the catalytic fast pyrolysis of OP and AS over NaX and KX zeolites.
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High global demand for energy and chemicals and uncertainty about currently used
fossil fuels have produced an increasing interest to obtain different products from
biomass, that in many cases comes from waste products. In this regard, transformation
of sugars to lactic acid and its derivatives has drawn the attention of many researchers.
Lactic acid is a platform chemical for a wide range of applications in the chemical,
pharmaceutical, cosmetics and food industries [1]. Furthermore, lactic acid is used for
the production of poly-lactic acid (PLA), which is a biodegradable, biocompatible, and
environmentally friendly biopolymer [2].
Lactic acid has been traditionally produced at an industrial level by means of
carbohydrates fermentation. Nevertheless, this biochemical route has some drawbacks
such as nutrient costs, generation of gypsum waste in the neutralization step and low
volumetric productivities [3]. Catalytic conversion is able to overcome the fermentation
problems, especially with heterogeneous catalysts, which are preferable over
homogeneous ones due to its easy handling, simple workup and reusability. On the
other hand, purification of lactic acid from aqueous solutions involves the esterification
of lactic acid with an alcohol to obtain the corresponding alkyl lactate, distillation and
subsequent hydrolysis. Therefore, carrying out the reaction in an alcoholic medium to
obtain the corresponding alkyl lactate facilitates the purification process.
In the last years, our group have carried out the catalytic transformation of sugars to
methyl lactate with good results using different catalysts. Our first works were based on
mesoporous Sn-MCM-41 [4] and metal-organic framework Zn imidazolate ZIF-8 [5].
More recently we have tested other catalyst such as Sn-based carboxylates UZAR-S10
and MIP-177-LT 36 [6] exfoliated layered stannosilicate UZAR-S4 [7], as well as
mesoporous Sn-In-MCM-41 [8] and we have also advanced in MOFs that can be
delaminated (eg. ZIF-7). Figure 1 shows the structures of some of these materials.
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a)

b)

c)

Figure 1 – Catalyst structures: a) Sn-MCM-41 / Sn-In-MCM-41, b) ZIF-8, c) UZAR-S4

The catalysts were synthesised and characterized in depth by various techniques,
namely, XRD, TGA, electron microscopy, adsorption isotherms, among others.
Catalytic tests were carried out in a batch reactor at 160 ºC with reaction times
between 20 and 24 h. The reaction was performed by mixing a given amount of sugar,
glucose or sucrose, containing 1,25 mmol of monosaccharide, with 8 g of methanol and
160 mg of catalyst. Naphthalene was used as internal standard. Products in the
reaction liquid were determined in a gas chromatograph (Agilent 6850) coupled with an
Agilent 5975C mass spectrometry detector. Sugars were determined using a
commercial analytical method (Sucrose/Fructose/D-Glucose Assay Kit, Megazyme).
The absorbance was measured using a V-670 Jasco UV–vis spectrophotometer [5].
Table 1 summarizes our best results for the conversion of glucose and sucrose with
different catalyst.
Table 1 - Catalytic results obtained for sugar conversion with different catalysts using glucose and
sucrose. Experiments were carried out at 160 ºC for 20 h (glucose) and 24 h (sucrose). Average values
and standard deviations correspond to at least 2 experiments.

Catalyst

Sugar

Methyl
lactate

Sugar
Total yield
(%)

yield (%)

conversion
(%)

Sn-MCM-41

Glucose

46.5±0.5

56.0

>99.7

Sn-MCM-41

Sucrose

56.5±2.9

61.1

>99.4

ZIF-8

Glucose

19.8±0.9

22.7

98.1

ZIF-8

Sucrose

34.8±1.7

40.4

>99.4

UZAR-S10

Glucose

10.2±2.3

15.1

97.6

MIP-177-LT

Glucose

21.8±1.4

28.0

>99.7

UZAR-S4

Glucose

37.4±3.6

58.5

98

UZAR-S4

Sucrose

49.9±9.6

63.5

>99.4

Sn-In-MCM-41

Glucose

69.4±1.6

80.3

>99.7

Sn-In-MCM-41

Sucrose

73.9±0.8

83.2

>99.4
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As can be seen, our best results were obtained with Sn-In-MCM-41, with a methyl
lactate yield of 73.9% for the conversion of sucrose and a 69.4% for glucose, which are
among the highest yields reported up to the moment. On the other hand, all these
catalysts were reused up to four catalytic cycles registering only a slight decrease in
methyl lactate yield. Thus confirming that the heterogeneous catalysis is an excellent
candidate for the conversion of sugars to lactic acid and its derivatives.
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Fast-pyrolysis is gaining industrial interest as a cost-effective process to yield liquid
fuels and chemicals from a variety of residues, including lignocellulosic ones, with
potential to replace fossil resources [1]. However, due to the high oxygen content and
complexity of conventional bio-oils, a catalytic upgrading through cracking,
deoxygenation, and aromatization reactions is required to produce a valuable liquid,
miscible with traditional gasoline-kerosene-diesel [2]. Strong acid zeolites are effective
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in deoxygenating bio-oils and producing large amounts of aromatic hydrocarbons, but
they also promote excessive cracking and coking reactions, reducing bio-oil yield and
catalyst lifetime [3]. On the other hand, metal oxides with Lewis acid-base properties,
such as ZrO2, are known to induce positive synergies after their impregnation over the
zeolites [4-5].
While most of the previous works are based on the use of semi-batch reactors, scarce
publications can be found about continuous reaction systems, which is key to
extrapolate the process to an industrial level. In this work, catalytic pyrolysis of oak
woodchips was carried out using a bench-scale, continuous fixed-bed reactor over
nano-ZSM-5 (n-ZSM-5) and ZrO2/n-ZSM-5 catalysts. This reaction system makes
possible to monitor product yields, composition, and catalyst deactivation along the
time on stream. Different temperatures for both thermal (500 ºC) and catalyst bed (450
ºC) zones were employed, with a biomass flow of 5 g/h and 2 g of catalyst loading.
Commercial n-ZSM-5 (Clariant) was modified with 10 wt.% of ZrO2 by a two-step wet
impregnation and both materials were characterized to assess their chemical and
textural properties. As seen in Table 5 and Figure 76, ZrO2 was highly dispersed over
the external surface of the n-ZSM-5 nanocrystals, without almost affecting the
micropore volume. Incorporation of this metal oxide increased the concentration of
Lewis acid sites while that of Brønsted acid sites decreased.

Table 5 Physicochemical properties of the catalysts

Sample

Si/Al

ZrO2
(wt%)

SBETa
(m2/g)

SMES+EXTb
(m2/g)

SMICc
(m2/g)

VTd
(cm3/g)

VMICe
(cm3/g)

Acidity (mmol/g)f
CBRøNSTED

CLEWIS

n-ZSM-5

42

-

445

133

312

0.512

0.186

0.134

0.061

ZrO2/n-ZSM5

42

9.2

395

105

290

0.620

0.173

0.116

0.091

a BET

surface area; b Mesopore + external surface area; c Micropore surface area; d Total pore volume at
P/P0≈ 0.98; e Micropore volume. f Measured by FTIR/pyridine after desorption at 150 ºC. All textural
properties are expressed per gram of zeolitic support in the sample.

(a)

Figure 76

(b)

TEM images of n-ZSM-5 (a), ZrO2/n-ZSM-5 (b) materials. The marked areas in (b) correspond to
regions rich in ZrO2

The use of n-ZSM-5 significantly reduced both bio-oil yield (Figure 77-a) and oxygen
content (Figure 77-b) by increasing water, CO, and CO2 production. Bio-oil
composition (Figure 78) confirms that n-ZSM-5 promotes the production of aromatic
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hydrocarbons (ARH) with a high selectivity towards mono-aromatics. In comparison
with the reference thermal test, the catalyst also increased the total concentration of
GC-MS detected species, indicating a higher conversion of bio-oil oligomers. After ZrO2
impregnation, a moderate decrease in bio-oil yield was observed while enhancing
water and gas yields. In addition, relevant improvements can be observed in the bio-oil
composition after the ZrO2 incorporation, since the total share of GC-MS detected
components was almost 100 wt.% whereas the concentration of aromatic
hydrocarbons in the bio-oil was enhanced reaching values of about 50 wt.%.
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Figure 77 Overall product yields for the 4 h duration test (a) and bio-oil oxygen content vs. time (b).

The time evolution of both bio-oil oxygen content and ARH concentration (Figures 2-b
and 3-a) shows that both catalysts are fast deactivated, losing their activity for
promoting reactions typically catalyzed by Brønsted acid sites (deoxygenation and
Diels-Alder condensation reactions). However, the time evolution of the share of GCMS detected components (Figure 3-a), as well as the bio-oil composition (Figure 3-b),
evidence that the ZrO2/n-ZSM-5 catalyst retain a significant residual activity. In this
way, the bio-oil produced over the ZrO2/n-ZSM-5 catalyst during the 4th hour of time on
stream still present an improved composition regarding the thermal test (higher
concentration of sugars and oxygenated aromatics and lower proportion of oligomers).
These results suggest that the Lewis acidity generated by the ZrO2 incorporation is
more resistant to deactivation than the zeolite acid sites, hence the spent catalyst is still
able to promote oligomer conversion reactions.
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Figure 78 Time evolution of the concentration of aromatic hydrocarbons and the share of GC-MS detected components
in bio-oil (a); 1st and 4th hour bio-oil composition and overall GC-MS detected components share (b).
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Self-pillared pentasil (SPP) is a hierarchical MFI zeolite synthesized using organic
structure directing agent to template the zeolite for obtaining self-pillared nanosheets of
the MFI structure. This work studies the potential of using self-pillared MFI zeolites as
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Total detected conc. (wt%)

(a)

supports for transition metal catalysts in hydrodeoxygenation reactions for bio-oil
upgrading. The details of synthesis procedures for mono- and bi-metallic catalysts are
also presented.
Introduction
Fossil fuels are a major source of energy for most applications today [1]. Bio-oil,
composed of a complex mixture of compounds with high oxygen content (10–40 wt%),
provides a renewable alternative for fossil fuels [2-6]. The oxygen content of bio-oils
diminishes their quality as fuels. Therefore, the main objective for bio-oil upgrading is
removing the oxygen from compounds such as ketones (R-CO-R) and carboxylic acids
(R-COOH), to achieve oxygen contents comparable to crude oil (< 2 wt%) [4,7].
Hydrodeoxygenation (HDO) is the most promising process for bio-oil upgrading
because it employs high hydrogen pressures that allow for low carbon formation rates
as compared to other options (e.g. zeolite cracking) [7]. Catalysts are also utilized to
reduce the required activation energy for the reaction, which minimizes carbon
formation. One type of catalysts that were tested for the HDO of bio-oil are bifunctional
catalysts prepared by loading transition metals onto activated oxygen-containing
supports, such as zeolites [1].

Zeolites are three-dimensional, microporous (pore size < 2 nm), aluminosilicate
structures that contain Brønsted and Lewis acid active sites. Aluminium atoms act as
Lewis acid sites facilitating hydrogenation, while the Brønsted acid sites are
represented by protons that induce the removal of oxygen by dehydroxylation [8].
Zeolites can be synthesized in more than 200 frameworks. Yet, the MFI framework is
amongst the most used zeolites as a support for HDO of bio-oil due to its pore size and
acidity. Conventional MFI zeolites are microporous, with pore sizes of 5.6 nm [9]. On
the other hand, hierarchical MFI zeolites have pores both in the microporous and the
mesoporous (2-50 nm)/macroporous (>50 nm) ranges, making them better suited for
handling bulky molecules. Hierarchical MFI zeolites could be synthesized using organic
structure directing agents (SDAs) to obtain self-pillared nanosheets of the zeolitic
structure [10-12]. Ni-zeolite catalysts prepared using self-pillared MFI, supports were
less prone to deactivation than conventional MFI catalysts for the HDO of methyl
stearate [13]. Bi-metallic MFI catalysts are typically synthesized by co-impregnating a
noble metal such as platinum (Pt) with metals like Ni to achieve enhanced conversion,
selectivity, and life span for the catalysts. Bi-metallic conventional MFI catalysts were
explored by multiple teams for HDO of bio-oil. However, this work aims at studying the
influence of bi-metallic loading into self-pillared MFI supports on the HDO of bio-oil, by
testing platinum-nickel bi-metallic catalysts with different platinum content, and
comparing them with mono-metallic catalysts.
Catalyst Preparation and Characterization
The self-pillared MFI zeolite was prepared by mixing aluminum isopropoxide with
sodium hydroxide solution, and tetra(n-butyl)ammonium hydroxide (TBAOH) solution.
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Once homogeneous, the mixture was added dropwise to tetraethyl orthosilicate, and
stirred for 48 h at room temperature to form a sol with a composition of
100SiO2:0.5Al2O3:30TBAOH:1.25NaOH:1000H2O:400EtOH. The sol was sealed in
Teflon-lined stainless steel autoclaves and heated for 48 h at 115℃. The product was
then washed repeatedly until the pH of the supernatant was less than 9. Later, the
product was dried and calcined in air flow at 550℃ (1℃/min) for 12 h. The calcined
powder was then ion exchanged three times in 1M ammonium nitrate solutions, and
calcined at 550℃ (1℃/min) for 5 h after drying.
Nickel monometallic and nickel-platinum bimetallic catalysts were prepared using the
incipient wetness impregnation (IWI) and ion-exchange (IE) techniques for both
commercial MFI and self-pillared MFI supports. All samples were calcined at 500℃
(1℃/min) for 5 h after metal-encapsulation.
The prepared catalysts were characterized using x-ray diffraction (XRD) to confirm their
crystallinity and phase purity. Scanning and transmission electron microscopies (SEM
and TEM) were also utilized to confirm the morphologies of supports, and to track the
sizes and locations of metal clusters. Additionally, temperature programmed reduction
was used to study the reduction properties of the catalysts, while the acidic properties
of the samples were characterized using ammonia temperature programmed
desorption. Finally, the porosities of catalysts were characterized using N2physisorption.

Results and Discussion
Figures 1 (a) and (c) show TEM images of monometallic samples prepared using
commercial and self-pillared MFI supports respectively. The metal particles deposited
on the commercial MFI sample appeared with sizes greater than 100 nm, whereas the
metal particles in self-pillared MFI samples were mostly smaller than 10 nm. The
bimetallic samples for commercial and self-pillared MFI supports, displayed in Figures
1 (b) and (d), showed improved metal dispersion for both types of supports. The
average metal particle size for the sample in Figure 1 (b) is around 50 nm, which is
much smaller than its monometallic counterpart. Still, the metal particles in all IWI
samples prepared using the commercial MFI support (mostly > 50 nm) were too large
to fit in micropores and mesopores. Consequently, the big metal particles accumulated
at the external surface of the zeolite support (possibly blocking pore entrances), which
resulted in significant drops in porosity for impregnated samples when compared to the
pristine commercial MFI support, as illustrated by Figure 2 (a). On the other hand, the
metal-encapsulated SPP samples had very slight drops in their porosities, as shown in
Figure 2 (b). Moreover, the TPR results in Figure 3 (a) demonstrate a NiO reduction
peak at ~400℃ for the monometallic catalysts, indicating strong metal-support
interactions. As for bimetallic catalysts, the fine Pt-Ni interaction (adjacent sites) greatly
facilitated the NiO reduction as clearly shown by the reduction peak shift to lower
temperatures. Additionally, the competitive impregnation of Pt and Ni may have led to
smaller Ni sizes; thus contributing to easier NiO reduction. Furthermore, the NH3-TPD
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results plotted in Figure 3 (b) showed increased acidic characteristics for IE samples.
Interestingly, the strength of the acid sites also varied as we move from monometallic
to bimetallic systems, where the highest concentrations of total acid sites were
recorded for the bimetallic samples.
(a)

(b)

(c)

(d)

(a)

(a)

(b)

(b)

Figure 1.
TEM images for monometallic and
bimetallic samples prepared using
IWI

Figure 2.

Figure 3.

Nitrogen adsorption isotherms for all
samples

H2-TPR and NH3-TPD results for
samples

Conclusions and Future Work
Self-pillared MFI supports with metal catalysts can be considered as a candidate
fulfilling all the design criteria of a catalyst for the HDO reaction. The bi-metallic nature
secures the low deactivation rates, while the hierarchical MFI support provides good
diffusion rates. For this project, the synthesis of a viable self-pillared MFI product was
successfully completed and used in addition to commercial MFI for the synthesis of
multiple metal-loaded catalysts. All catalysts will be tested for the HDO of palm oil.
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The organic fraction of municipal solid wastes (OFMSW) should be considered a
priority to be used as a source of chemicals within the framework of the circular
economy. Lignocellulosic wastes (biodegradable garden and park wastes) represent a
large percentage among the OFMSW (ca. 20 %). This feedstock has a complex
composition which makes difficult its valorization or treatment. It is composed of three
components: cellulose (40-50%), hemicellulose (25-35%), and lignin (15-20%) [1].
Nowadays, one of the main challenges is the selective depolymerization of these
compounds by chemical or biological transformation for further processing. Catalytic
chemical routes are preferred because of its well-known advantages [2]. Regarding the
catalytic systems, most of the studies are focused on homogeneous, acid and basic,
catalysts which have shown significant results for the production of high value-added
products, [2]. However, the separation problems, reactor corrosion and low catalyst
reutilization of these catalytic systems have prompted the use of heterogeneous
catalysts.
Recently, in our research group, we have explored the catalytic oxidativedepolymerization of lignocellulosic wastes by using cheap and earth-abundant metals
based on Mg and Ca materials supporting Fe and/or V species. [4]. Taking into account
our previous results, we propose here the selective depolymerisation of these
recalcitrant wastes by using mixed oxides based on Mg with improved surface areas as
compared to those shown in the previous studies [4] and supporting Fe and V species.
These materials with enhanced textural properties are expected to maximize the
production of highly-value volatile fatty acids (VFAs) and non-volatile fatty acids
(NVFAs) which can be further processed towards high added-value chemical
compounds [3].
The urban lignocellulosic wastes were collected from an urban waste treatment facility
located in Madrid (Spain), mainly composed of prune and gardening residues. It was
blended and homogenised with a blade mill and screened to achieve less than 10 mm
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particle size prior to the catalytic treatment. Two catalysts based in MgO, have been
used with two different methods. (MgO-1) was synthesized as follows: 8,63 g
Mg(NO3)2, 2 mL of ethylene glycol and 2 mL ultrapure water were added. The mixture
was stirred for 30 min at room temperature, the resultant solid was calcinated with a
heating rate of 10ºC/min up to 600ºC and 2 h at that temperature [4]. (MgO-2) was
prepared using a magnesium ethoxide solution, ethanol, and toluene as reagents. It is
used 2 moles of magnesium ethoxide per 1 mol of toluene/ethanol mixture, the volume
ratio of toluene to ethanol was 1.8 (6.9 g of C4H10MgO2, 5mL of ethanol and 9 ml of
toluene). Prior to drying, the hydrogels were aged for 3 days. After ageing, the caps of
vials containing alcogels were loosened for a few days to allow slow evaporation of the
solvents. Next, the alcogels were vacuum-dried at room temperature. Finally, the vials
were transferred to an oven and heated at 60 °C for 48 h [5]. Metal incorporation was
carried out by means of wet impregnation of the MgO supports with the following ratios
Fe(NO3)3 20% w/w and/or NH4VO3 20% w/w. Table 1 summarizes the main properties
of the synthesized catalysts.

Table 1 - Characterization of the synthesized catalysts
Catalyst
MgO-1
Fe / MgO-1
V / MgO-1
FeV / MgO-1
MgO-2
Fe / MgO-2
V / MgO-2
FeV / MgO-2

BET (m2/g)
34
61
74
68
145
76
56
105

Pore Volume (cm3/g)
0.149
0.334
0.366
0.335
0.335
0.349
0.182
0.355

Average Crystallite size (Å)
290
443
270
328
111
372
241
465

The reactions were performed in a 15 mL ace pressure glass tube stirred with a
magnetic bar; 0.1 g of the lignocellulose material was mixed with 0.02 g of catalyst and
then added 5 mL of ultrapure water. The tube was closed and heated up to 120 ºC.
The liquid phase was analyzed by HPLC to determine the catalytic performance to
mainly VFAs and NVFAs, whereas the remaining solid phase was characterized by
elemental analysis, TGA [6] and XRD to assess the conversion of the three polymers
and close de carbon balance. Table 2 shows the catalytic performance of the different
synthesized materials at short reaction times (45 minutes) in terms of the production of
NVFA and VFA and the conversion of the polymers-containing in the lignocellulose
feedstock. It is observed that the inclusion of Fe and/or V for the MgO-1 support results
in a higher yield of NVFA and VFAs than the MgO-2 supports. Once catalyst screening
was performed, the reaction was conducted for a longer reaction time. For example,
after 2 hours of reaction using the FeV / MgO-1 catalyst, the solid conversion increased
up to 42%, with 13.7% and 5.5% NFVA and VFA yields respectively, where the
concentrations of VFA in the liquid phase were: formic acid: 0.6 g/L, acetic acid: 0.5
g/L, propionic acid: 0.03 g/L and isobutyric acid: 0.04 g/L.
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Table 2 - Catalytic performance of the different catalysts

Catalyst

MgO-1
Yield (%)a

Free of metal
Fe
V
FeV
Catalyst

Sugarsc

NVFAd

VFAe

1.1
1.1
1.1
1.0

5.6
6.2
7.3
7.2

3.4
3.6
3.7
4.0

Other
sf
3.3
14.1
15.8
10.9

Fatty Acids
in Liquid g
88.5
89.6
91.2
91.7
MgO-2

Solid
13.9
23.5
21.5
18.3

Yield(%)

Free of metal
Fe
V
FeV

Conversion (%)b
Hemicellulos
Cellulose
e
9.2
9.4
14.9
25.0
12.3
23.0
18.4
15.7

Lignin
28.7
30.9
34.6
23.9

Conversion (%)

Sugars

NVFA

VFA

Others

1.2
1.1
1.5
1.5

3.8
2.7
4.3
8.2

3.1
2.8
2.8
3.9

3.3
16.1
3.5
0.6

Fatty
Acids in
Liquid
75.0
68.1
70.1
89.1

Solid

Cellulose

Hemicellulos
e

Lignin

16.0
15.2
11.7
14.1

8.4
1.5
8.5
3.8

15.9
23.3
7.5
19.0

31.8
26.5
23.4
25.8

a Grams of carbon of the compounds per grams of carbon in the starting lignocellulosic
solid. b Polymers conversion measured by TGA analysis c Sugars include: glucose,
mannose, xylose and arabinose d NVFAs include: pyruvic acid, lactic acid, oxalic acid,
fumaric acid and succinic acid. e VFAs include: formic acid, acetic acid, propionic acid,
isobutyric acid, butyric acid, valeric acid and hexanoic acid f Other compounds to close
the carbon balance
g Percentage of fatty acids (VFAs and NVFAs) in the dissolved organic fraction of the
aqueous liquid phase

Figure 1 shows the analysis by TGA of the raw lignocellulosic biowaste and the
resultant solid after catalytic treatment with the purpose of monitoring the conversion of
each polymer (cellulose, hemicellulose and lignin). In all the cases, lignin shows the
highest conversion because this polymer is the structural material that covers and
protects cellulose and hemicellulose and hence it must be primarily attacked to access
to the carbohydrates. It should be pointed out that the MgO-1 displays higher
conversion of cellulose, which is one of the polymers that we are interested in
selectively transforming into VFAs or NVFAs.
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B)

A)

Figure 1 – TGA of (A) raw lignocellulosic biowaste before reaction and (B) Remaining solid fraction after
catalytic reaction with MgO-Porous Oxide /FeV catalyst

The stability of the catalysts has also been evaluated through ICP-AES analyses of
metals in the liquid phase of reaction. Low values of metal leaching were determined
(Mg < 9%, V < 0.2% and Fe < 0.01%), revealing a remarkable hydrothermal stability of
the catalysts under the tested reaction conditions.

The results of V and Fe containing MgO supports are quite promising and further
research is undergoing to maximize the selective conversion of carbohydrates towards
short chain carboxylic acids. Note that these results are achieved without any pretreatment of the lignocellulosic raw feedstock.
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Introduction
The glycerol (G) acetalization with acetone (A) is one of the most promising
ways to revalorize the glycerol waste from biodiesel production. This reaction allows to
obtain the cyclic compound, 2,2-dimethyl-1,3-dioxolane-4-methanol, called solketal, a
molecule very useful as oxygenated additive for fuels, among many others applications
such as solvent, plasticizer, etc. The most studied synthesis route involves the use of
acid heterogeneous catalysts and conventional heating as thermal source [1].
However, the use of microwave (Mw) irradiation as heating source would lead to a
considerable energy saving over conventional heating because of the reduction of time
and temperature employed in the reaction, making greener the procedure. In this
research, three types of silicas, one amorphous (Am) and two ordered (KIT-6 or SBA15), functionalized with sulfonic (-SO3H) or propylsulfonic groups (-PrSO3H), have been
synthetized and tested as acid catalysts in the MW-assisted acetalization of glycerol to
obtain solketal. Different synthetic approaches such as grafting, thermal grafting and
hydrothermal grafting were employed, in order to evaluate with which of them the
highest incorporation of sulfonic groups is achieved and, therefore, the highest acidity
value.

Experimental
The different type of silicas, X= Am, KIT-6 or SBA-15, were prepared by a sol–
gel method [2,3] and then, calcined at 450, 550 and 500ºC, respectively. Afterwards,
these silicas were functionalized by three different grafting methods. The sulfonicfunctionalized silicas (X-SO3H) were obtained by grafting of chlorosulfonic acid at mild
conditions.
Moreover,
the
silicas
were
functionalized
with
(3Mercaptopropyl)trimethoxysilane (MPTMS), as a precursor of sulfonic groups,
employing either thermal grafting (refluxing ethanol), X-PrSO3H silicas, or hydrothermal
grafting using stronger conditions (autoclave at 180°C), X-PrSO3H HT silicas.
Subsequently, the thiol groups (-SH) were oxidized to sulfonic groups (-SO3H) with a
H2O2 solution. As reference, an acid commercial catalyst (22%H2SO4 Silica coated)
was also studied. The synthesized silicas were characterized by N2 adsorption
technique, thermogravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS)
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and acid capacity measurements by X-Ray Fluorescence Spectroscopy (XRF). Mwassisted acetalization of G with A was carried out in a CEM-DISCOVER apparatus at
the following conditions: solvent-free system with a G:A molar ratio 1:12, 5%w/w of
catalyst (referred to initial glycerol mass), T=40°C and t=2 min. The qualitative and
quantitative analysis was carried out by GC using N,N-dimethylformamide as internal
standard.
Results and discussion
The TGA results allow not only to confirm the thermal stability of the catalysts
but also to quantify the incorporation of the sulfonic acid groups. XPS analysis
ascertain that all sulfur was successfully oxidized to sulfonic form (-SO3H), and
therefore, the S content obtained from XRF is equivalent to the acidity of the materials.
As can be seen in Table 1, a high incorporation of sulfonic groups into the silicas was
achieved (0.51-0.99 mmol SO3H/g), especially for those functionalized by hydrothermal
grafting. Moreover, the acidity values of the silicas determined by XRF (0.18-0.85 mmol
S/g), agree with the results obtained by TGA.

TGA

Catalyst

mmol
SO3H
/g

XRF

Textural properties

Acidity
2

mmol
S/g

SBET (m /g)

Vp
3

(cm /g)

Dp
(nm)

Am-SO3H

0.51

0.29

508

0.36

3.5

KIT-SO3H

0.54

0.18

603

0.89

5.5

SBA-SO3H

0.73

0.73

559

0.83

5.9

Am-PrSO3H

0.66

0.50

665

0.48

3.7

KIT-PrSO3H

0.60

0.53

589

0.76

5.8

SBA-PrSO3H

0.67

0.41

697

0.86

5.5

Am-PrSO3H HT

0.99

0.84

131

0.14

4.5

KIT-PrSO3H HT

0.91

0.85

458

0.63

5.7

SBA-PrSO3H HT

0.88

0.80

526

0.67

5.4

Commercial
22%H2SO4 Silica
coated

-

1.56

291

0.57

5.9

Table 1. Acidity and
surface properties of
synthetized
sulfonic
silica-based materials.

The values of
surface area and
pore volume for the
functionalized silicas
decreased as the
insertion of acidic
groups
increased,
while the pore size
was
maintained
around 5 nm (Table
1). Therefore, the
insertion of sulfonic
groups does not
affect
the
mesoporosity of the
silica. However, all
solids preserved a
surface area in a
range 458-697 m2/g
and a pore volume
between 0.36 and
0.89 cm3/g, which
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are lower values than those exhibited by their corresponding silicas (S BET Am, KIT,
SBA: 610, 785, 988 m2/g and Vp: 0.48, 0.92 and 1.1 cm3/g, respectively). Am-PrSO3H
HT silica was an exception, exhibiting very low area and pore volume values of 131
m2/g and 0.14 cm3/g, respectively.
The catalytic behavior of the sulfonic materials is related to their acidity, which
depends on the synthetic procedure carried out. Regardless the type of silica, the
materials functionalized by hydrothermal grafting, which exhibited the higher acidity
values, showed the best catalytic behavior, achieving solketal yields around 90%. As
can be seen in Figure 1, sulfonic amorphous and SBA silicas achieved a value of yield
to solketal of 68% and 87%, respectively, whereas that of the KIT-SO3H was 48%. The
silicas functionalized with propylsulfonic groups by thermal grafting, showed a yield to
solketal above 69%. The yield results of the commercial catalyst (22% H2SO4 silica
coated) were equivalent to that obtained with the catalysts X-PrSO3H HT. However,
this commercial catalyst totally lost its activity after the first reuse, whereas the activity
of the catalysts X-PrSO3H HT stayed almost constant after 4 reaction cycles, especially
for Am- and SBA-based ones (see Figure 1).

Figure 1. Correlation between the acidity, determined from XRF, and the value of solketal yield obtained by the studied
silicas. Commercial catalyst is used for comparison purpose.

In summary, the higher acidity of sulfonic silica prepared by a hydrothermal
procedure, ascertain the efficacy of this synthetic approach in the insertion of catalytic
active sites. Moreover, the catalysts synthetized by hydrothermal grafting, which exhibit
the highest acidity values, also showed the best catalytic performances (yields to
solketal around 90%). As the acidity of the materials increased, a higher glycerol
conversion and yield to solketal values were achieved. The high stability of the best
catalysts was also confirmed by reusing them in subsequent reactions. Finally, a
solketal production, comparable to those reported employing higher values of
temperature (≥60ºC) and time of reaction (≥15 min) [4,5], is achieved using Mw
irradiation as a sustainable, green and fast (2 min) technique.
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A catalytic pyrolysis is a promising tool for further upgrading pyrolysis oils components
to value-added fuels and chemicals. The identification of reaction products and the
understanding of the thermal decomposition mechanisms of pyrolysis oils components
on the surface of potential catalysts are essential for developing efficient biomass
conversion technologies [1,2].
In this work, temperature-programmed desorption mass spectrometry (TPD MS), FT-IR
spectroscopy, and thermogravimetry were applied to identify the types of lignin model
1016

compounds (LMC) interactions with metal oxide catalysts. The presence of several
functional groups in the molecules of LMC (pyrocatechol, guaiacol, ferulic (FA), caffeic
(CA), vanillic acids (VA)) leads to the formation of several types of surface complexes.
It was found that active groups of the aromatic ring (-OHar and (-OCH3)ar), as well as
carboxylate groups, were involved in the interaction with the oxide. According to the
FT-IR spectra, CA, FA and VA form carboxylate complexes with a bidentate structure
on the CeO2 surface. In contrast, for CA and FA, in addition to bidentate complexes,
the existence of monodentate complexes is confirmed.
The thermal transformation of lignin model compounds is accompanied by active
dehydration, decarbonylation, and decarboxylation processes. Catalytic pyrolysis of FA
carboxylate complexes leads to the formation of 3-methoxy-4-vinylphenol, Figures 1
and 2. Guaiacol and hydroxybenzene are formed due to the transformation of the
complexes formed through OH- and CH3O-groups of the aromatic ring. The
decomposition of carboxylate complexes occurs at lower temperatures than complexes
formed through OH- and CH3O-groups.

Figure 1 - TPD-curves for the ion with m/z 150 (3methoxy-4-vinilphenol), obtained by pyrolysis of ferulic
acid over nanoceria (а – 0.6 mmol/g, b – 0.9 mmol/g, c –
1.2 mmol/g).

Figure 2 - The decomposition of the bidentate
carboxylate complexes of FA.

The kinetic parameters (temperature of the maximum desorption rate Tmax, reaction
order n, activation energy E≠, pre-exponential factor ν0, and change of activation
entropy ∆S≠) of the formation of the main products of catalytic pyrolysis (4-vinylguaiacol, 4-vinyl-methyl-guaiacol, phenol, guaiacol, cresol, naphthalene, etc.) were
calculated. The catalytic pyrolysis processes of cinnamic acids and VA run through
highly ordered cyclic transition states on the nanoceria surface.
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Plant lignocellulose is considered the most attractive 2D biomass for conversion into
sustainable biofuels and value-added chemicals [1, 2]. Lignin can be a promising
source of various aromatics because it is composed of phenylpropane blocks [3].
Coniferyl-units of ferulic acid are the most common in the structure of lignin. Therefore,
the elucidation of the structure of the surface complexes of ferulic acid and the
mechanisms of thermal decomposition of these complexes on the catalyst surfaces can
help establish the fundamental mechanisms of pyrolysis processes of renewable
biomass.
In this work, the catalytic pyrolysis of ferulic acid over alumina was studied by
temperature-programmed desorption mass spectrometry (TPD MS), in situ FT-IR
spectroscopy, thermogravimetric analysis, and DFT calculations.
Based on quantum chemical calculations, in situ FT-IR spectroscopic, and TPD MS
studies, it has been established that both the carboxyl group and the active groups
(OH-, OCH3-) of the aromatic ring are involved in the interaction of FA with alumina
surface, Fig. 1. Moreover, quantum chemical calculations showed that the formations
of both carboxylate and phenolate complexes are exothermic processes.
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Catalytic transformations of phenolate complexes occur with the formation of
hydroxybenzene, guaiacol and cresols, Fig. 2. In addition, we assume that phenolate
complexes are responsible for forming a polyaromatic coating on the catalyst surface.
Decomposition of this coating leads to the formation and desorption of aromatic
compounds, Fig. 3. These aromatic compounds could be upgraded through catalytic
hydrogenation to liquid alkanes and used as biofuels.

Figure 2 - The possible way of hydroxybenzene and
cresol formation over alumina surface.

Figure 1 - Geometrical structures of Al2O6H6 cluster (1A and 1B).
Structure of intermolecular complex (2A), transition state (2B)
and reaction product (2C) for the interaction of ferulic acid with
Al2O6H6 through carboxyl group. Structure of intermolecular
complex (3A), transition state (3B) and reaction product (3C) for
the interaction of ferulic acid with Al2O6H6 through phenolic
group. The interatomic distances are given in Angstroms.

Figure 3 - TPD-curves for the molecular and/or fragment ions of
aromatics with m/z 78 (benzene), 91 (tropylium ion, C7H7+), 115
(indene), 128 (naphtalene), 141 (methylnaphtalene).

It was found that the main product of the decomposition of carboxylate complexes is 4vinyl guaiacol, which is a promising monomer for the preparation of new types of
polymer materials. The process of catalytic decarboxylation of ferulic acid with the
formation of 4-vinyl guaiacol proceeds at a much lower temperature (Tmax=148 and 197
ºC) than in the direct pyrolysis of ferulic acid (~350 ºC).
The structures of surface complexes of ferulic acid, temperature ranges and products
of their decomposition were established. The kinetic parameters were calculated for
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some products formation (guaiacol, phenol, cresol, naphthalene, methylnaphthalene,
toluene, benzene, etc.), and their formation's probable mechanisms were proposed.

References
[1] F.H. Isikgor and C.R. Becer, Polym Chem., 6 (2015).
[2] A.K. Deepa and P.L. Dhepe, RSC Adv. 4 (2014).
[3] A. J. Ragauskas, G. T. Beckham, M. J. Biddy, R. Chandra, F. Chen, M.F. Davis, B.H. Davison, A.
Richard, R.A. Dixon, P. Gilna, M. Keller, P. Langan, A.K. Naskar, J.N. Saddler, T.J. Tschaplinski, G.A.
Tuskan and C.E. Wyman, Science, 344 (2014).

Aknowledgment – This publication is based on work supported by the grant PID2019109953GB-100 – from Consejeria de Conocimiento, Investigación y Universidad co-financed
with FEDER funds, by the grant FSA3-20-66700 from the U.S. Civilian Research &
Development Foundation (CRDF Global) with funding from the United States Department of
State, by the Swedish Research Council (VR) under contract 348-2014-4250, and by NAS of
Ukraine (Program “New functional substances and materials of chemical production”). This work
was performed using computational facilities of the joint computer cluster of SSI “Institute for
Single Crystals” of the National Academy of Sciences of Ukraine and Institute for Scintillation
Materials of the National Academy of Sciences of Ukraine incorporated into Ukrainian National
Grid.

P07.018. STUDY OF THE INFLUENCE OF THE TEXTURAL PROPERTIES OF BEA
AND MFI ZEOLITES ON THE DIRECT CONVERSION OF ETHANOL TO
BIOKEROSENE USING THE ALCOHOL-TO-JET ROUTE
D. O. Campos1, J. F. S. C. Filho1, G. J. Muchave1, J. M. A. R. Almeida2, P. N.
Romano3, D. A. G. Aranda1, E. F. Sousa-Aguiar1
1 Universidade Federal do Rio de Janeiro – Escola de Química
2 Universidade Federal do Rio de Janeiro – Instituto de Química
3 Universidade Federal do Rio de Janeiro – Campus Caxias
Presenting author: dcampos@eq.ufrj.br

1. Introduction
The synthesis of aliphatic and aromatic hydrocarbons aiming at the production of
biokerosene and having ethanol as raw material (ATJ - Alcohol-to-Jet) occurs from two
distinct reactions, which can be carried out in the same reaction system or in a
sequential manner (one-step reaction). At low temperatures (150 °C to 250 °C) the
dehydration of ethanol reaction takes place, and the ethanol is firstly dehydrated into
ethyl ether and then the ethyl ether is dehydrated into ethylene. On the other hand, at
higher temperatures (>300 °C) there is a more pronounceable tendency for direct
conversion of ethanol into ethylene via an intramolecular dehydration reaction.
Furthermore, the oligomerization of ethylene reaction into “heavier” products occurs,
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mainly BTEX compounds (benzene, toluene, ethylbenzene, and xylenes) are
generated.
Among the catalysts most used in the direct conversion of ethanol to hydrocarbons,
zeolitic solids are outstanding catalysts, mainly because they favor the formation of
BTEX with extremely high conversion values (>80%) [1].
In conclusion, the objective of this work was to carry out a screening using six different
zeolites (3 BEA and 3 MFI) with different SAR values (Si/Al ratio) and textural
properties, in a well-known process condition, previously studied by the research
group. All solids were used in the reaction to produce aliphatic and aromatic
hydrocarbons from the direct conversion of ethanol. All reactions were carried out in a
continuous flow catalytic evaluation unit, and as parameters of the performance of the
catalysts, the values of ethanol conversion, the composition of the fraction of gaseous
products, and the composition of the fraction of organic liquids were used. In this
regard, the present work focused on evaluating six different acidic zeolites in the direct
conversion of ethanol to hydrocarbons, and to evaluating how textural properties and
acidity influence the conversion and stability of these catalysts.
2. Experimental
Six different catalysts were used in the work, 3 ZSM5 zeolites and 3 beta zeolites,
differing from each other by the SAR value and the textural properties, the solids were
named: ZSM5 SAR 20, ZSM5 SAR 80, ZSM5 mesoporous, H-β nano, H-β with SAR <
20 and H-β SAR 300. All catalysts were characterized by XRD, N2 physisorption, TPDNH3, and TGA (before and after each run). All reactions were carried out in a
continuous flow catalytic evaluation unit, the reaction took place in the gas phase,
hydrated ethanol (95% w/w) was vaporized inside the unit, the non-condensable
fraction of products obtained in the reaction was analyzed by a GC-BID, the liquid
organic fraction was analyzed by a GC- MS and GC-FID and the aqueous fraction of
products (polar) were analyzed by HPLC-RID. The catalyst bed was composed of 250
mg of catalyst and 2000 mg of diluent (CSi), the reaction temperature was 375 °C and
the WHSV value was 35 h-1 at 10 bar for 3 h of reaction (TOS).

3. Results and Discussion
Using the XRD technique, it was possible to confirm the structure of each solid used in
the study. Figure 1a shows a characteristic pattern of a ZSM-5 zeolite with four intense
peaks at 6-10° 2θ and 22-25° 2θ. On the other hand, The Figure 1b shows a
characteristic pattern of a beta zeolite, with two intense peaks at 6-10° 2θ and 20-25°
2θ.
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Figure 1 – characteristic diffractograms of zeolites a) H-ZSM5 SAR 80 and b) H-β SAR 300.

From the N2 physisorption data, it was possible to observe that the zeolite which
presented the highest value of total surface area was the H-β SAR 300 (480 m2/g), also
presenting the highest volume of micropores (0.15 cm3/ g). On the other hand, the
ZSM5 SAR 20 zeolite showed the lowest total surface area value (98 m2/g), however,
the highest micropore volume value (0.17 cm3/g). Regarding the acidity of the studied
solids, the H-β SAR 300 was the one that presented the lowest total value (25 cm 3/g
STP), in addition, it was possible to observe the occurrence of 2 distinct peaks in the
TPD-NH3 pattern: the first one with a maximum at 350 °C and the second at 620°C.
Furthermore, the TPD-NH3 pattern presented by all catalysts resembles H-β SAR 300,
however, the ZSM5 zeolite with SAR 80 showed a higher concentration of lower acidity
species and a slight shift from the peak maximum to values close to 400 °C.
Among the catalysts evaluated, the highest ethanol conversion (Figure 2) was
obtained for the zeolite ZSM5 SAR 80 (99,7 % w/w). In this sense, the second-highest
conversion was obtained for the mesoporous ZSM5 zeolite (99,4 % w/w). On the other
hand, ZSM5 SAR 20 was the one that showed the lowest conversion value. (35,5 %
w/w), indicating that the acidity of the catalyst plays a key role in the conversion of
ethanol to ethylene and ethyl ether. Furthermore, it is important to note that of all the
catalysts evaluated only the zeolite HZSM5 SAR 80 generated liquid organic products,
whose composition was mainly BTEX (> 80% w/w).
An important feature observed after each run was the appearance of each of the
exhausted catalysts since a darker coloration can be directly attributed to the presence
of coke in the exhausted catalyst catalysts. In this sense, it was possible to identify the
presence of a characteristic peak attributed to the formation of coke, and the highest
content was observed for the H-β nano zeolite, with a maximum at 520 °C, which
represented almost 15% of the catalyst mass used in the reaction (36 mg).
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Figure 2 – Ethanol conversion values.

4. Conclusions
Among the solids studied, the ZSM5 SAR 80 presented the highest conversion value.
The data indicated that a moderate acidity tends to favor not only the conversion but
also the oligomerization reaction. More acidic zeolites, despite being very active, tend
to form more coke and have a faster deactivation tendency. On the other hand, the
mesoporous HZSM5 zeolite, despite having a total surface area and a greater
predominance of mesopores and the second-highest ethanol conversion in the study,
did not generate condensable organics, indicating a greater tendency to form heavier
non-condensable products, unlike the HZSM5 SAR 80 whose main production was
BTEX.
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Second generation (2G) biomass is mainly composed of saccharides building units [1].
These sugars are a valuable renewable feedstock to produce high added-value
chemicals [2]. In order to obtain separate streams of sugars, a separation step is
necessary after lignocellulose fractionation in a biorefinery [3].
This work aims at studying the separation of 2G monosaccharides molecules (mainly
glucose and xylose) by adsorption, using zeolites and understanding the mechanisms
responsible for this separation. Faujasite-type zeolites NaX (Si/Al = 1.2) and NaY (Si/Al
= 2.6), are exchanged with K+, Ca2+, Sr2+, and Ba2+ and these adsorbents are
characterized. Breakthrough experiments are then performed for monocomponent
aqueous solutions and binary mixtures of glucose and xylose. Frontal tests give
insights about the selectivity and the capacity of the adsorbents.
We found that Ba-exchanged Y zeolite is the most selective to glucose with a
xylose/glucose selectivity of 0.6. Interestingly, the separation selectivity is inverted for
BaX, with a selectivity to xylose of 2.10 as shown in Figure 1. The monocomponent
isotherms show that the temperature does not have an effect on the adsorption
displacement. In order to provide an explanation at the molecular level for this
experimental selectivity, we performed preliminary DFT calculations on periodic
systems (code VASP) on Ba-exchanged model zeolites with Si/Al ratio of 1 (model for
BaX) and Si/Al of 23 (model for BaY). We could characterize several adsorption modes
of glucose and xylose. In both cases we show that the adsorption enthalpy of glucose
is stronger than that of xylose in all exchanged zeolites, thus the enthalpic parameter
does not explain by itself the experimental selectivities. Overall, the chemical
composition of the zeolite has a large influence on xylose/glucose selectivity, which can
be exploited to select a sugar rather than the other.

Figure 1
Breakthrough curves for a mixture of 150 g/kg glucose and 150 g/kg xylose in a) BaY and b) BaX at 30°C
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Abstract
Zeolites are often used in cyclic processes that swing pressure and/or temperature to
perform adsorption and desorption steps. It is recognized that thermal stress may
decrease the process performance of the adsorbent upon prolonged use [1]. Chabazite
(CHA) zeolite material with two distinct compensating cations (Na and K) with a Si/Al
ratio approximately of 2 was investigated by thermally aging the sample using a
laboratory-scale protocol. In the aging procedure, the sample was previously saturated
with water and n-heptane vapors (as a reference hydrocarbon) followed by
pressurization (30 bar) and heating (573 K) with a mixture of CO2 and CH4 [2]. The
proposed aging protocol caused a mild degradation of the crystalline structure of the
samples with a small sample size. The longer the aging time is, the higher degradation
degree is observed in the several studied properties. It may be postulated that the
hydrocarbon present in the aging protocol (n-heptane) is evenly adsorbed in the inner
and outer pores of the zeolite [3] .
Materials and Methods
It was synthetized following the procedure described in [4]. Using the reagents:
aluminate hydroxide, sodium hydroxide 97%, potassium hydroxide 85%,
tetramethylammonium hydroxide pentahydrate 97% and a silica source. The final
synthesis gel has the composition: 0.16 (TMA)2O : 6.67 Na2O : 2.2 K2O : 17.5 SiO2 :
Al2O3 : 276 H2O. The synthesis gel was placed in a propylene bottle inside a preheated
oven at 358.15 K for 4 hours to allow for crystallization. A Premature Aging Protocol,
denominated as PAP-2, regarding the prior protocol already proposed [2]. It is carried
out in the chamber of a gravimetric setup, to profit from the gas inlet/outlet piping and
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pressure/temperature control. It comprises the steps: first, place 1.0 g sample inside
the chamber; then, connect a small cylinder containing 1.0 mL n-heptane and 0.5 mL of
water per gram sample. Followed by the pressurization of the sample chamber up to 30
bar total pressure with a CO2/CH4 mixture. Lastly, increase the system temperature up
to 573 K at 5 K min-1 and leave it at the final temperature for 20, 30, 45 and 60 days. To
analyse the modifications in the chemical composition, structure, thermal resistance
and adsorption properties of zeolite samples before and after undergoing an aging
protocol, several techniques have been employed, such as, X-rays techniques,
elemental analysis – CHN, , Differential Thermogravimetric Analysis/ Differential
Scanning Calorimetry – Mass Spectrometry, Nuclear Magnetic Resonance, isotherms
of probe gases (N2 at 77 K and CO2 at 273 K) and water vapor adsorption isotherms
were carried out at 313 K.

Results and Discussions
The X-ray diffraction patterns of the pristine and aged CHA samples (Figure 1) are
quite similar showing nearly the same peak locations, although with different intensities
[5], [6]. The main reflection peaks found in the angle range (2θ) from 20° to 32° (Miller
Index), at 20.4 (2 0 -1), 22.9 (2 1 -1), 24.7 (2 1 1), 25.8 (2 0 -2) and 30.4° (2 2 -1) agree
with the CHA pattern and the pristine (non-aged) sample. These peaks compose a
fingerprint for the CHA crystal structure [7]. The materials that were aged for 20, 30, 45
and 60 days by PAP-2 show similar diffractograms (Figure 2). However, the peaks
intensity (y-axis) decreases with the aging period, which in turn is reflected in the
materials crystallinity. In all pristine and aged samples, the Binding Energies (BE)
identified by X-ray spectra experiments account for C 1s, assigned to C–C and C–O
bonds. The BE for Si 2p and Al 2p are typical of the tetrahedral coordination found in
aluminosilicates; the BE of O 1s also accounts for aluminosilicates [8]. Interestingly, the
Si/Al ratio increased in the outer surface with the aging period by almost 30%. The
higher thermal resistance presented by Si –O–Si bonds, the Al migration to the inner of
the material and the carbon deposits preferentially in the vicinity of Al centered
tetrahedra influence the increasing of the Si concentration on the surface [1], [9], [10].
The N2 isotherms at 77 K for the pristine CHA sample shows a characteristic behavior
of microporous solids, or type I isotherms, up to 0.8 relative pressure, according to the
IUPAC classification [11]. In the measured pressure range, the adsorbed
concentrations are in agreement with literature data for CHA zeolites [12]. By checking
CO2 isotherms in log scale (Figure 3), the progressive decrease in uptake suggests
that aging leads to pore obstruction. The pristine sample (V) has a maximum
adsorption capacity of 110.7 cm³ g-1, while the most severely aged sample (E60d) has
less than 30% of such capacity. From H2O isotherms (Figure 4), the pristine sample
presents a steeper rise in uptake above 50 mbar as compared to the aged materials,
that could be associated to a higher density of larger pores (interstitial voids or
defects). The interactions of water molecules and the zeolite structure come from the
zeolite affinity for polar molecules that is induced by the unbalanced charges brought
about by AlO4- [13], [14].
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The CEA/DAM has shown great interest for silver-doped zeolites in the past ten years
[1,2], particularly Ag@ZSM-5, as a replacement for activated carbons in the purification
step of the SPALAX process, used in the detection of radioisotopes of xenon released
after nuclear tests. These silver-enhanced zeolites show remarkable low-pressure
xenon adsorption capacities and have already replaced molecular sieves in the
concentration step of the process [3]. However, their lack of stability currently prevents
them from being used in the purification step of the SPALAX process.
The latest studies on the matter [4] lead to think that zeolites containing the most
“defects” are the most performant because they favor a good dispersion of the metal
phase. Now, the challenge is to find the structural parameters that confer an enhanced
stability to nanoparticles, in order to guide the synthesis of a functionalized material
combining performances and durability.
The cost of silver and its reactivity with certain pollutants also lead the CEA/DAM
towards the identification of other metals that could eventually replace silver as the
active phase in these materials [5]. The adsorption of xenon on other transition metals
is studied by ab initio simulations with an objective of finding potential candidates to
functionalize zeolites.
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Introduction
The demand for oxygen and nitrogen spans over a wide range of industries such as
medical, oil refining, metal production, food processing, and aerospace during the past
few decades. The two major technologies for high and low-to-medium volume
productions are cryogenic distillation of liquefied air and pressure swing adsorption
(PSA), respectively [1]. O2 concentrations up to 95% purity can be produced at low cost
via air separation processes such as PSA and vacuum swing adsorption (VSA). The
ion-exchanged zeolite low silica type X (LSX) with a large-pore (7.4 Å), and large-pore
volume (0.489 cm3/g) is one of the best choice of adsorbents [2-4]. The drawback of
LSX zeolite is its strong adsorption capacity of H2O [3]. The proposed study
investigates O2-N2 adsorption and thermal stability (dehydration) of LSX via calculating
kinetic parameters (activation energy E and pre-exponential factor A) and the most
probable mechanisms/models using model free Kissinger, Flynn-Wall-Ozawa (FWL),
and model fitting Coats and Redfern (CR) methods.

Experimental
LiyNa96−y-LSX, AgxLiyNa96−x−y-LSX (A-LSX), AgxNa96−x-LSX, and LiyAgxNa96−x−y-LSX (BLSX) zeolites were synthesized via ion exchange method in different orders using NaLSX (5.00 g), LiCl·H2O (1.5 M), and AgNO3 solution (0.001–0.5 M) [5]. The percentage
of ion exchange and structural characteristics of A-, and B-LSX were measured by
inductively coupled plasma optical emission spectroscopy (ICP-OES) and XRD
techniques. N2-O2 adsorption isotherms were measured at 273 and 298 K. Thermal
analysis were carried out by simultaneous TG and DTG analysis at three heating rates
5, 10, and 15 K min−1.

Results and Discussion
As can be seen in Figure 1, the XRD patterns of two kinds of Ag+ and Li+ ions
exchanged bi-metallic A-LSX and B-LSX zeolites revealed the well resolved reflection
peaks, such as (111), (220), (331), (533), (553), and (715), indicating the typical FAU
structure [6]. However, their peak intensities are decreased in Ag-LSX as compared to
the parent Na-LSX zeolite. Ag18.34Li71.57,Na6.09-LSX (Fig. 1-a) shows almost same
relative crystallinity as that of parent Na-LSX and Li95.95Na0.05-LSX zeolites [7], whereas
pronounced changes in the relative crystallinity of Ag88.46Li3.55Na3.99-LSX has been
observed on increasing silver content (Fig. 1-b).

1030

Table 1- N2-O2 adsorption of Ag18.34,Li71.57,Na6.09-LSX (a),
Ag88.46,Li3.55,Na3.99-LSX
(b),
Li18.32,Ag46.01,Na31.67-LSX
(c),
Li91.04,Ag2.23,Na2.71-LSX (d).
273 K
Sample

298 K

Exchange
(%)

N2
(cm3/g)

O2
(cm3/g)

N2
(cm3/g)

O2
(cm3/g)

(a)

29.3

6.2

19.4

4.0

19.1

(b)

23.1

6.3

17.9

3.6

92.1

(c)

10.7

3.5

5.7

1.2

19.1

(d)

15.9

5.2

9.9

2.5

94.8
Figure 1- XRD patterns of Ag18.34,Li71.57,Na6.09-LSX (a),
Ag88.46,Li3.55,Na3.99-LSX (b), Li18.32,Ag46.01,Na31.67-LSX (c),
Li91.04,Ag2.23,Na2.71-LSX (d) zeolites.

Moreover, in the reverse order of exchange (Li+ in AgxNa96−x-LSX), the relative
crystallinity of characteristic peaks of B-LSX is suffered to a lager extent, particularly
the (2 2 0), (3 3 1), (5 3 3), (5 5 3), and (7 1 5) peaks of Li18.32Ag46.01Na31.67-LSX shows
higher reduction in intensity, whereas (111) peak in Li 91.04Ag2.23Na2.71-LSX shows
reduction in relative crystallinity and (5 3 3), (5 5 3), and (7 1 5) peaks in
Li91.04Ag2.23Na2.71-LSX are shifted to higher angles. In overall, these structural changes
are attributed to large ionic radius of Ag+ ion [6, 7] and order of ion exchange in the
form of competition among ions that would occupy first a particular position at SI, SII,
and SIII sites in the framework.
N2 isotherms exhibit convex shapes upward with the exception of Li18.32,Ag46.01,Na31.67LSX (Fig. 2), which confirms the presence of strong quadrupole interaction between N2
and adsorbent. The corresponding data of N2-O2 are listed in Table 1. Adsorption
capacity of N2 was increased in B-LSX with increasing Li+ content, whereas in A-LSX
the reverse behaviour is observed [5]. Linear adsorption isotherms of O2 indicate weak
interaction between O2 and adsorbent. Low-pressure ‘‘knee’’ (Fig. 2-N2), due to higher
Ag+ of A-LSX shows higher N2 adsorption at low pressure. These zeolites have an
advantage in terms of higher N2 adsorption capacity and selectivity.
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Figure 2-N2/O2 adsorption profiles of Ag18.34,Li71.57,Na6.09LSX (a), Ag88.46,Li3.55,Na3.99-LSX (b), Li18.32,Ag46.01,Na31.67LSX (c), Li91.04,Ag2.23,Na2.71-LSX (d) measured at 273 K.

Figure 3-TG-DTG profiles of Ag18.34,Li71.57,Na6.09-LSX
(a), Ag88.46,Li3.55,Na3.99-LSX (b), Li18.32,Ag46.01,Na31.67-LSX
(c), Li91.04,Ag2.23,Na2.71-LSX (d) measured at three
heating rates 5, 10, and 15 K.

The DTG profiles of A- and B-LSX zeolites exihibit (Fig. 3) three characteristic peaks
with the exception of Li18.32,Ag46.01,Na31.67-LSX zeolite. Peak-I is ascribed to desorption
of physisorbed H2O from surface (site SI) and Peak-II and III are attributed to
chemisorbed H2O from SII and SIII sites [5, 8]. The kinetic parameters calculated using
DTG curves of A- and B-LSX revealed that Peak-III of sample (a) corresponds to
nucleation and growth mechanism (N and G) and diffusion 1D model, while those of
samples (b) and (d) attributed to N and G mechanism and Avrami-Erofeev model,
whereas Peak-II of sample (c) corresponds to Chemical reaction mechanism and 2nd
order model as listed in Table 2.
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Table 2- Kinetic parameters of A- and B-LSX zeolites obtained at three-heating rates using three kinetic
methods.
10K/min
Tp K

(a
)

(b
)

(c
)

(d
)

Kissinger method
E
(KJ/mol)

A

FWL method
E

E

404

66

P-II

498

120

PIII

616

158

P-I

383

64

P-II

535

200

PIII

640

251

8.8x10+15

262

2.6x10+22

262

4.0x10+15

P-I

404

78

2.3x10+5

85

1.0x10+12

66

4.8x10+3

P-II

480

155

3.1x10+12

163

5.3x10+18

151

1.8x10+11

P-I

377

54

P-II

466

122

PIII

595

131

1.6x10+8
6.0x10+8

3.6x10+4
1.1x10+15

2.5x10+3
2.2x10+9
8.3x10+6

128
168
72
209

61
130
141

2.7x10+10
2.9x10+14
1.7x10+15

6.3x10+10
2.3x10+21

2.6x10+9
3.5x10+15
2.2x10+13

85

A

P-I

2.2x10+4

73

A

CR method

128
188
69
200

61
134
261

4.8x10+5
6.6x10+7
3.7x10+9

2.2x10+2
3.9x10+12

1.8x10+3
3.9x10+9
2.3x10+17

Conclusion
The results revealed that high O2 and N2 adsorption occurs on Ag88.46,Li3.55,Na3.99-LSX
and Ag18.34,Li71.57,Na6.09-LSX zeolites at low temperature. The diffusion-based control
dehydration occurs at 273 K, while kinetic-based control dehydration at high
temperatures (298 K). The calculated kinetic parameters are found practically identical
and reliable. The strong adsorption of N2 at low pressure in A-LSX affects the working
capacity of a zeolite, whereas at high pressures the reverse behaviour is observed in
B-samples.
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Small-pore zeolites exhibiting the cation-gating effect, such as the Na+ form of zeolite
rho (Na-RHO) and the Cs+ form of merlinoite (Cs-MER), have been discovered as
potential CO2 adsorbent with unprecedented selectivity toward CH4 and N2 [1,2]. Such
phenomenon arises from the temporary gating cation movement from its position due
to the polar nature of CO2, thus allowing the exclusive admission of CO2 instead of CH4
and N2. However, the slow CO2 adsorption kinetics of Na-RHO and Cs-MER is a
serious drawback in their application as selective CO2 adsorbents. On the other hand,
the presence of mesopores in small-pore zeolites can greatly enhance intrazeolitic CO2
diffusion. Herein, we prepared mesopore-containing Na-RHO and Cs-MER by
ammonium fluoride (NH4F) post-treatments. The CO2 adsorption kinetics of both
zeolites was found to be considerably faster than the corresponding parent zeolites: the
adsorption equilibrium time at 25 °C and 1 bar CO2 decreases from > 2 h to ca. 7 min.
Furthermore, we were able to preserve the CO2 adsorption capacity of each zeolite, as
well as its CO2/N2 and CO2/CH4 selectivities, after being subjected to the optimal
etching conditions. The overall results of this study provide useful insights into the
development of more efficient small-pore zeolite adsorbents for post-combustion
carbon capture and natural gas purifications.
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Methane (CH4), the primary component in natural gas, has been regarded as a clean
energy resource and an important chemical feedstock. CH4 has also proved as a
typical greenhouse gas (GHG) with 28 times higher global warming potential (GWP)
than carbon dioxide (CO2) on a 100-year scale [1]. Low-grade CH4 is challenging to be
utilized by civilian and industry due to the low economic values, current technical gap
and strict safety regulations. Therefore, massive amount of low-grade CH4 from various
scenarios such as biogas, landfill gas, coal mining gas, and boil-off gas from liquefied
natural gas (LNG) facilities, is emitted to the atmosphere or flamed in air directly, which
aggravates the greenhouse gas emissions and causes energy waste. Since 2007,
fugitive CH4 has driven the remarkably increase of atmospheric CH4 concentration and
contributes roughly 16% of GHG emissions (CO2 equivalent) [1-3]. Hence, capture of
CH4 from low concentration sources to town gas can prevent the CH4 from escaping to
the atmosphere and generate extra energy benefits.
Nitrogen (N2) is the major composition in the aforementioned gas sources and has
similar chemical and physical properties as CH4, making the enrichment of low grade
CH4 be more challenging. The common technologies for CH4/N2 separation are
cryogenic distillation, solvent absorption, membranes and adsorption-based process.
Cryogenic distillation is widely used for N2 rejection in large-scale LNG facilities and
only economically viable for CH4-dominant gas mixture at large gas flowrates (> 25
MMscfd). Membranes and solvent absorption show various separation limitations due
to the low selectivity of CH4 over N2 for current membranes and low solubility of CH4 in
solvents. PSA has been investigated as an alternative process for N 2 rejection to meet
the pipeline CH4 specifications (CH4 purity is ≥ 93 mol.%), however, the N2
concentration in feed gas is required to be ≤ 50% in the reported studies, which is
significantly lower than that in the fugitive CH4 gases. Saleman et al. reported the
capture of dilute CH4 via the dual-reflux pressure swing adsorption (DR-PSA) to
upgrade 10.4 mol.% CH4 to 52.1 mol.% with a recovery of 87%, indicating that the DRPSA process was capable of concentrating dilute CH4 from CH4/N2 mixtures [4].
Nevertheless, DR-PSA process requires the gas to be compressed to a pressure
higher than 1 atm, leading to the expansion of CH4 explosion limit range and increasing
the risk of hazard occurrence.
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Herein, we combined the dual reflux strategy with vacuum swing adsorption (VSA)
process, namely the DR-VSA cycle to carry out the enrichment of low grade CH4 at low
operating pressures (≤ 1 bar in this research). The DR-VSA cycle consists of 4 steps,
namely feed (FE), blowdown (BD), purge (PU) and pressurization (PR). The
enrichment of dilute CH4 (molar fraction is between 5 – 20 mol.%) from N2 gas via the
DR-VSA process was numerically studied with a rigorous non-isothermal model
implemented with Aspen Adsorption platform (Fig.1). The bottom vacuum pump was
used to pressurize the heavy product gas from low pressure to high pressure at FE/PU
step and transfer CH4-rich gas at the heavy end during PR/BD step (A-type cycle). The
top pump (dashed line) is only applied to accomplish the pressure inversion (PR/BD
step) using N2-rich gas in the B-type process. Since fugitive CH4 are generally at
atmospheric pressure, the pressure window of the DR-VSA process was set between
0.2 – 1 bar. We evaluated the separation performance of the DR-VSA processes using
two different adsorbents: 1) a commercial activated carbon referred to as ACs, and 2) a
recently developed ionic liquidic zeolites (ILZ). Parametric studies were conducted to
investigate the impact of step duration, heavy product to feed flow ratio and light reflux
flowrate on the separation performance and energy consumption.
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Figure 1 - Process diagram of the DR-VSA model (during Feed/Purge step). Black indicates the valve is closed;
white indicates the valve is open.

Results indicated that the A-type cycle achieved better separation performance than
the B-type cycle, and ILZ adsorbents showed a significant superiority than the ACs. At
optimized conditions, the A-type cycle with ILZ adsorbents was found to achieve the
best separation performance, which can enrich the feed gas of 5, 10, 15 and 20%
methane up to 70.5, 76.1, 80.2 and 81.9% with a recovery of 92.3, 91.3, 90.7 and
92.4%, respectively. The energy analysis suggests that the recovery of low-grade
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methane (even with a concentration as low as 5%) by the DR-VSA process using ILZ
adsorbents is still energy-sustainable and can generate GHG mitigation benefits.
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The development of a suitable adsorbent is the most important component for CO 2
adsorption. Many studies report that to obtain an efficient capture of CO2, the
adsorbent must have high capacity and selectivity for CO2 adsorption, low cost of raw
materials, moderate pore diameter (1 to 10 nm), a high surface area (700 at 1500 m 2 g1), good thermal and hydrothermal stability[1,2]. In addition, amine groups are generally
introduced on the surfaces of silica to improve the material's efficiency for CO2
adsorption. Ordered mesoporous silicas have attracted much attention from the
scientific community due to their structural and physicochemical properties, such as
high surface area, defined pore volume, good thermal stability, and easy handling for
surface modifications with organics. In 1992, the first family of ordered silicas called
M41S (MCM-41, MCM-48, MCM-50), synthesized by the hydrothermal method in the
autoclave was reported by scientists from Mobil Oil Corporation [3]. However, it is known
that the autoclave hydrothermal method costs long times and high temperatures. Thus,
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microwave irradiation has shown good results, being an easy synthesis strategy with
less time and energy. Thus, in this study, MCM-41 mesoporous silicas were
synthesized by microwave irradiation and impregnated with polyethylenimine (PEI).
The silicas were synthesized for 1h at a temperature of 60°C (MCM-41-MW60) and
80°C (MCM-41-MW80) in the microwave reactor. MCM-41-MW60 was impregnated
with PEI in the proportion of 25% (MCM-MW60-P1), 40% (MCM-MW60-P2), and 70%
(MCM-MW60-P3) in mass of PEI[4]. Through the results of XRD, XPS, CHN, TEM, and
N2 Adsorption/Desorption mesostructured materials with ordered two-dimensional and
hexagonal channels were observed, and the confirmation of characteristic
physicochemical properties of these silicas. Figure 1 shows the N2 adsorption and
desorption isotherms and the pore size distribution.
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Figure 1 – (a) N2 adsorption/desorption isotherm at −196 ºC and (b) pore size distribution of the MCM-41-MW silicas.

Most silicas have Type IV(a) isotherms characteristic of mesoporous material, except
for silica MCM-41-MW60-P3 where the adsorption/desorption branch intersects, and a
Type I(a) isotherm is found that is concave to the P/P0 axis and the amount adsorbed
approaches a limit value[5]. As this sample has the highest amount of amine, it is
believed that PEI predominantly occupied the pore openings, thus hindering the entry
of N2 molecules. Through the pore size distribution, some variations can be seen when
the amine is impregnated on the silica surface. Pure silicas have a wider pore
distribution and as the amount of PEI impregnated increases, the pore distribution
becomes narrower, and the adsorbed volume is much smaller. However, MCM-41MW60-P3 does not have the same properties due to saturated pores from excess
amine, which corroborates the great extent of PEI functionalization in silica pores [6].
The textural properties are presented in Table 1. The surface area and the pore volume
decreased according to the amount of PEI impregnated, which can be correlated with
the values obtained by the CHN elemental analysis, since the higher the percentage of
C and N, the lower the surface area. The CO2 adsorption isotherms were performed at
temperatures of 0, 25, 40 ºC and showed that the CO2 adsorption capacity of silicas
decreases with increasing temperature (Figure 2). In addition, it can be seen that the
silica synthesized at 60 °C obtained the best results at all temperatures of the
adsorption, reaching a maximum CO2 adsorption capacity of 1.44 mmol g−1 at 0 °C and
1 bar, being chosen to perform the next tests.
1038

Table 1 – Textural properties and adsorption parameters of MCM-41-MW80 and MCM-41-MW60 obtained
from Langmuir model at 0, 25 and 40 ºC. MCM-41-MW60-P1 MCM-41-MW60-P2 and MCM-41-MW60-P3
obtaneid from Dual-Langmuir model at 25 ºC.
Textural properties

Samples

PEI
(%mass)

MCM-41MW80

-

MCM-41MW60

-

MCM-41MW60-P1

25

MCM-41MW60-P2

40

MCM-41MW60-P3

70

SBET

Smp t-

Vp
Vmp t-plot

plot

Langmuir Adsorption 25
ºC

Dp

C

H

N

qm1

qm2
(mmol
g-1)

(m2
g-1)

(m2g−1)

(cm3
g-1)

(cm3g−1)

(nm)

(%)

(%)

(%)

(mmol
g-1)

744

491.9

0.84

0.36

3.25

0.29

0.74

0.0

4.51

999

780.6

0.89

0.59

3.37

0.22

1.25

0.0

3.58

563

442

0.46

0.27

3.26

9.07

2.18

5.1

1.77

378

288

0.30

0.15

3.19

13.23

2.99

7.6

0.58

33

13

0.04

0.005

5.6

21.15

5.32

11.8

0.47

(ΔH)1
(kJ
mol-1)

-

19.4

-

19.6

1.46

4.43

0.44

To evaluate the stability of the adsorbent, a recycle test was carried out at 25 ºC and 1
bar, where the silica MCM-41-MW60 was stable after three cycles, with minor changes
being noted. After modification with amine, the adsorption capacity of MCM-41-MW60
increased according to the amount of PEI impregnated, being 0.98 and 1.30 mmol g -1
for MCM-MW60-P1 and MCM-41-MW60-P2, respectively. However, for sample MCM41-MW60-P3 there was a sudden drop in adsorption capacity, to 0.47 mmol g -1, where
the PEI probably blocked the silica pores, making the interaction with CO2 difficult.
There is an increase in the CO2 adsorption capacity when using PEI-modified silicas,
however, it was not a very expressive result when compared to pure silica. Table 1
shows that pure silicas exhibit heat of adsorption of the (-ΔH) = 19 kJ mol−1. These
values agree with the literature, where lower -ΔH occur between 15 and 40 kJ mol−1,
associated with weak adsorption due to physisorption processes, while MCM-41
modified with PEI exhibit heat of adsorption between -ΔH = 52 and 57 kJ mol−1, where
values obtained between (-ΔH) = 40 and 90 kJ mol−1 represent strong adsorption,
associated with chemical interactions between CO2 and the adsorbent [4]. The
adsorption capacity obtained for the silica synthesized by microwave irradiation as a
support in the adsorption of CO2 and the good fit of experimental data to the Langmuir
model shows promising results. It is noteworthy that the results obtained for pure silica
are similar to the results obtained for silicas synthesized in 12-96h and even for aminemodified silica[1,4,7]. In the works of [1] the synthesis of MCM-41 by the conventional
method (24h) was reported and they obtained a qads = 0.63 mmol g-1, whereas [7]
synthesized an MCM-41 by the conventional method (96h) and modified with amine
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obtaining a qads= 1.0 mmol g-1, at a temperature of 25 ºC at 1 bar. In this work, with only
1 h of synthesis, it was possible to obtain a CO2 adsorption capacity of qads = 0.88
mmol g-1 at a temperature of 25 ºC and 1 bar. Thus, it is clear that microwave
irradiation reduced the synthesis steps and improved the properties and adsorption
capacity of the silicas.
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Figure 2 - CO2 adsorption isotherms of the porous silicas (a) at 0, 25 and 40 ºC where closed circles represent MCM41-MW60 and open circles MCM-41-MW80 (b) at 25 ºC MCM-41-MW60 modified with amines.
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INTRODUCTION
Coal mining fugitive emissions are usually composed of methane (0.1-30%), air (7099%), high relative humidity (> 80%) and traces of carbon dioxide (0.1%). These
streams constitute an important greenhouse gas source, but they can also be
considered as potential for energy generation and chemical uses. In case of ventilation
air methane (VAM), the methane concentration is very low, between 0.1 and 1%, so
commonly this stream is directly evacuated into the atmosphere. However, VAM
methane could also be recovered and concentrated for subsequent harnessing.
Previous works have demonstrated that swing adsorption processes are the best
available techniques for low-grade methane recovery and concentration [1], being the
adsorbent selection a key point. MOFs have improved the adsorption yields in
processes governed so far by more common materials, such as activated carbons and
zeolites. MOFs present excellent properties for adsorption: high specific surface areas
and total pore volumes, and the structure may present coordinatively unsaturated
metallic ions, which generate preferential adsorption sites. In addition, the tuneable
character of the MOFs provides an infinite number of combinations between organic
ligands and metallic ions, with very different chemical properties. On the other hand,
despite the outstanding and known qualities of MOFs as adsorbents, the coexistence in
the adsorbate streams of other spectator species, such as humidity, can damage the
adsorbent by decreasing its adsorption capacity or by inducing serious structural
modifications [2]. Therefore, this fact also hinders the use of these materials for actual
applications. In fact, scarce works deal with the effect of moisture on fixed bed
processes. Therefore, after selecting three of the most commonly used commercial
MOFs (Basolite C300, Basolite F300 and Basolite A100), the work will focus on the
study of the effect of moisture on the methane separation from a diluted stream, paying
special attention to the adsorbents modifications.

MATERIALS AND METHODS
Three commercial materials supplied by BASF (Basolite C300, Basolite F300 and
Basolite A100) were tested in its original powder form, without any previous chemical
or physical modification. Gases (methane, air, nitrogen, oxygen and helium) were
supplied by Air Liquide. Water used was previously distilled. Fixed-bed adsorption
studies were carried out in an stainless steel tube, 45 and 0.65 cm in length and
diameter, respectively, filled with 0.15 g of each material. In adsorption stages, the gas
flows of air (47.5 ml/min) and methane (2.5 ml/min) were introduced by mass flow
controllers, and the operation temperature was 298 K. In desorption stage, 47.5 ml/min
of air were introduced and the temperature was increased up to 423 K. The outlet of
the fixed bed was analysed by a mass spectrometer. For the experiments performed at
humid conditions, water was introduced as a liquid using a syringe pump, being
1041

immediately vaporized due to the action of several isolated heaters along the
conductions, at 383 K. Two different relative humidities (RH) were tested: 75 and
100%. The ageing of the materials in a wet gas flow was carried out in the same fixedbed device for 1 h at 100% RH and 50 ml/min, to subsequent characterization. For this,
several analysis equipment and techniques were used: thermogravimetry, nitrogen
physisorption (77 K), DRIFT, PXRD and SEM.

RESULTS AND DISCUSSION
Methane retention for the three materials was tested in a fixed-bed device at two
different RH, 75 and 100%, Figure 1. The lower RH scarcely affects the adsorption
capacity, being the highest reduction for Basolite C300, 6.2%. It is due to the significant
water interaction strength with copper (Cu2+) sites of the structure. This interaction is
weaker in case of iron (Fe3+) sites of Basolite F300, registering even a positive effect
(4.6%), due to the generation of hydrates on the surface, on which methane could be
co-adsorbed. Basolite A100 presents a mid-level affectation (3.8%), since the
aluminium (Al3+) open metal sites generate more resistant structures to hydrolysis. At
higher RH, methane capacity decreased for all the materials. Basolite C300 presents a
total reduction of 18.6%, whereas 2.7 and 5.2% were observed for Basolite F300 and
Basolite A100, respectively. In case of Basolite C300 and Basolite A100, water induces
the same effect, it is linked with available open metal sites, occupying available space
for methane molecules. In case of Basolite F300, the water that previously generate
hydrates on the surface, begins to cover all the available surface for adsorption,
increasing the harmful effect with the water partial pressure. Even so, in all cases, it
was registered an increment in the methane concentration at the outlet respect to the
inlet stream (C0 = 5%), even of 42% in case of Basolite C300.

A

B

Figure 1. Comparative of desorption curves of a dry stream (continuous lines) and the same stream with different
relative humidities (pointed lines). A: 75% RH and B: 100% RH. Basolite C300, blue line, Basolite F300, orange line and
Basolite A100, grey line.
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In order to gain further understanding on the water effect, a complete characterization
of the materials after being treated with 100% RH streams was carried out, Figure 2.
Nitrogen physisorption isotherms reveal a decrease in specific surface area and pore
volume for all the materials, especially in micropores. The least affected material is
Basolite F300. DRIFT analysis show that the only affected material is Basolite C300,
with changes in -O-C-O- groups due to water hydrolysis. PXRD diffractograms show
crystalline structural changes for Basolite A100, in addition to a significant crystallinity
reduction for Basolite C300. SEM imaging show the apparition of fissures on the
surface of Basolite C300 particles, and certain agglomeration between particles in case
of Basolite A100. Finally, thermogravimetry shows again that Basolite C300 is the most
affected material, with a methane adsorption capacity reduction around 40%, and a
decrease in the CH4/N2 selectivity, 30%. For the other two materials, the reduction is
lower, especially for Basolite F300, demonstrating the low influence of Fe 3+ open metal
sites in the adsorption process.

B

A

C

Figure 2. Basolite C300 characterization results after water treatment: A, DRIFT analysis, B, PXRD analysis and C,
SEM imaging.

CONCLUSIONS
Results are promising, since it is demonstrated the existence of a fully commercial
material (Basolite F300) that provides good results for the separation of methane from
low-concentrated streams in presence of water, with minor morphological changes.
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Separation of propane / propylene mixtures is of great commercial importance in
petrochemical industries. Currently, this separation is accomplished by cryogenic
distillation under complex conditions which make one of the highest capitals and high
energy-intensive separations process today. For this purpose, adsorption separation
techniques based on porous materials have attracted an extensive interest due to the
potential for tremendous energy savings. In this context, zeolites, often described as
molecular sieves, are the widely used adsorbents in the area of separation and
purification, due to their inherent ability to separate molecules depending on
differences in size and polarity [1]. In the literature, many studies have been conducted
on Linde Type A (LTA) zeolites [2]–[3], however, studies dealing with the effect of
partially substituted cations in cationic zeolite on the Propane / Propylene separationeffectiveness are scarce [4].
In our present work, four LTA zeolites have been synthesized, namely, pure silica
zeolite (Si-LTA) whose framework is neutral and some cationic zeolites: Na-LTA,
MgNa-LTA and LiNa-LTA. The two last-mentioned zeolites are obtained by cation
exchange process of the sodium zeolite (Na-LTA) with well-defined molar ratios.
Textural and structural characterizations were performed using various techniques
such as nitrogen (N2), water (H2O) and carbon dioxide (CO2) sorption measurements at
77 K, 298 K and 273 K respectively, X-ray diffraction (XRD) and thermal analysis
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(TGA). Further, to study the usefulness of the four adsorbents for an efficient
separation of propylene from propane, kinetics and adsorption equilibria were carried
out, and for the first time the pseudo differential enthalpies of adsorption were
measured for both gases at 303 K and up to 5 bar utilizing an accurate and simple
home-made manometer apparatus coupled with calorimeter. Afterwards, various
models have been adopted to correlate isotherm data, with the view to estimate the
IAST (Ideal Adsorbed Solution Theory) selectivity of the aforementioned adsorbents
towards propylene. Also, in order to predict the viability of the use of these sieves for
cyclic adsorptive separation, i.e., pressure swing adsorption (PSA), both the reusability
and the irreversible adsorbed amount of C3H6 were assessed by gravimetric adsorption
at temperatures ranging from 323 to 473 K. Finally, the separation mechanisms as well
as the effect of the presence of monovalent and bivalent cations (Mg2+ and Li+) in the
structure of the four synthesized LTA zeolites were highlighted for the target separation
(C3H6 / C3H8).
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Materials originating from the transformation of industrial waste are gaining more and
more attention, since an increasing trend towards sustainable development principles
is observed in the economic and industrial sectors. In recent years, the possibility of
using hard coal and lignite fly ashes for the synthesis of adsorbents has been
intensively investigated. The coal ash, which is largely composed of Al and Si, can be
used as an aluminosilicate source in the synthesis of zeolites and zeolitic materials [1].
Due to their unique properties, zeolites find many applications in various fields,
including the water purification industry, where they are used as adsorbents of organic
and inorganic contaminants. Zeolites are often modified to increase their adsorption
affinity towards respective compounds. Organic surfactants are one of the most
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popular modifiers. Different surfactants exhibit different structures, charges, and
properties; thus, the proper choice of surfactant can increase the adsorption of selected
pollutants.

In present work, we aimed to prepare and investigate surfactant-modified fly ash-based
zeolites as adsorbents of two pesticides: 2-(2,4-dichlorophenoxy)acetic acid (2,4-D)
and 2-(4-chloro-2-methylphenoxy)acetic acid (MCPA). Two groups of zeolites were
selected: zeolites synthesized directly from fly ash (A-FA and X-FA) [2] and zeolites
synthesized from the Al and Si-rich waste solution recovered from the synthesis of AFA and X-FA (A-UP and X-UP respectively) [3]. Zeolites were modified using cationic
surfactant (hexadecyltrimethylammonium bromide (HDTMA-Br)) and nonionic
surfactant (t-octylphenoxypolyethoxyethanol (Triton X-100; TX100)). The samples were
stirred with HDTMA or TX100 solution at concentrations corresponding to the 1.0
ECEC (external cation exchange capacity) value of each material at 40°C. After 24 h of
stirring, the samples were centrifuged for 10 min at 14,000 rpm, decanted, and dried at
80°C for 24 h. The amount of HDTMA adsorbed during the modification process was
measured by elemental analysis of nitrogen (N), carbon (C), and hydrogen (H), and the
amount of TX100 adsorbed samples were analyzed using high-performance liquid
chromatography with UV-detector. Structural and textural properties of adsorbents
before and after modification was analyzed using powder X-ray diffraction (XRD),
Fourier transform infrared (FTIR), scanning electron microscopy (SEM) and
thermogravimetric analysis/differential thermal analysis (TG/DTA) coupled with the
measurement of the composition of evolved gases. Adsorption of pesticides was tested
under static conditions. 20 mg of each unmodified and modified adsorbent was placed
in test tubes and 7 ml of the solution with a concentration of 4 mg/L. Pesticide sorption
was determined by comparing initial and equilibrium concentrations after 24 h under
stirring. The concentration of each pesticide in water samples was analyzed using highperformance liquid chromatography with a UV detector.
XRD diffractograms indicate that the synthesis of zeolites from fly-ashes was
successful and resulted in the formation of the proper type of zeolite. A-UP and A-FA
consist mostly of zeolite A phase, while X-UP and X-FA are mostly of zeolite X phase.
All of them also contain admixtures of quartz, mullite, and hematite originating from the
fly ash used for synthesis. The highest crystallinity is observed for A-UP and X-UP
samples, which is also confirmed by SEM images. Figures 1b and 1d represent the
typical morphology typical for zeolite A and X, respectively. Figures 1a and 1c show fly
zeolites A-FA and X-FA, where regular forms of zeolite are deposited on spheres or
irregular fragments of unreacted ash as well as fragments of aluminosilicate glaze and
ash spheres. Structural and textural analysis of modified samples shows that
modification is limited only to the external surface of zeolites and since the surfaces of
all zeolites are similar, the changes are subtle. The occurrence of new bands on the
FTIR spectra and peaks related to the decomposition of surfactants on the thermal
analysis graphs prove the effective modification.
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Figure 1
Sem images of samples a) A-UP, b) A-FA, c) X-UP, and d) X-FA

Effectiveness of modification of zeolites is presented in Table 1. For modification the
amount of surfactants used equals the 1 ECEC of each material. For cationic
surfactant, it means that at these conditions a single layer of surfactant should be
formed. However, according to the literature, the formation of a perfect monolayer is
improbable, rather a pseudo-bilayer will be developed [4]. Contrary to HDTMA, TX100
molecules are not adsorbed on cation-exchange positions, thus the modification with
the amount of TX100 equal to 1 ECEC would not lead to a monolayer. Triton X-100
consists of two parts, a hydrophilic polyethylene oxide chain, and an aromatic
hydrocarbon lipophilic or hydrophobic group. Therefore, TX100 molecules can be
bonded to the adsorbent surface by the formation of hydrogen bonds between the
silanol groups and oxygen atoms of the oxyethylenic chain or ion-dipole interactions
[5]. The amount of the HDTMA and TX100 bonded to the zeolites is presented in Table
1.
Table 1
Effectiveness of modification of zeolites
ECEC

Effectiveness of
modification with HDTMA

Effectiveness of
modification with TX100

[meq/100g]

[meq/100g]

[%]

[meq/100g]

[%]

A-FA

22.6

21.2

94

2.88

13

A-UP

15.7

14.5

92

1.49

9

X-FA

13.7

12.5

91

8.32

61

X-UP

6.0

5.5

92

2.33

51

External cation exchange capacity indicates the number of active sites on the surface
of the adsorbent that can bind organic cations. Surfactant’s molecules are attached
only to the external surface of the adsorbent because the molecules are too large to
enter the zeolite channels and modification occurs on the solid surface. Results show
that number of active sites for A-FA and X-FA zeolites is higher than for A-UP and XUP. This is caused by the fact, that A-FA and X-FA zeolites contain irregular fragments
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of unreacted ash, ash cenospheres, and fragments of aluminosilicate glaze, that are
developed during the reaction of fly ash with sodium hydroxide solution, which could
provide additional active sites for binding cations, while A-UP and X-UP exhibit a higher
crystallinity and purity (Figure 1).

The adsorption of pesticides was performed on modified and unmodified samples. 2,4D and MCPA are acids and in aqueous solutions appear as anions; therefore, the
modification of adsorbents with cationic surfactant seems to be preferable for these
compounds. Modification with HDTMA resulted in the formation of the partial bilayer,
thus some HDTMA molecules may be able to bind anionic pesticides with the positively
charged head of the surfactant. Moreover, electrostatic reaction, hydrophilic and
hydrophobic interactions between pesticide molecules and the surface of unmodified
and modified adsorbents are also probable. On the contrary to the HDTMA
modification, modification with nonionic surfactant seems to be less effective,
especially for MCPA. The lack of significant improvements in adsorption may probably
be explained by the similar bonding mechanisms between TX100 and the analyzed
pesticides. Moreover, large TX100 molecules may lie rather horizontally on the surface,
blocking access to the surface of the zeolite.

The results revealed that modifications of zeolites with cationic and nonionic
surfactants were successful, but nonionic and cationic surfactants differ in terms of
mechanism of modification. A comparison of the sorptive behavior between zeolites
modified zeolites demonstrates that only the addition of cationic surfactants to the
adsorbent surface increases the adsorption of MCPA and 2,4-D. A detailed study of the
adsorption of 2,4-D and MCPA is the topic of forthcoming works.
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Nowadays, the demand for Rare Earth Elements (REE) is increasing due to their
extensive use in many technological fields. However, the current political scenario where REE are considered as strategic resources [1]- the monopoly of only a few
countries, the so-called balance problem between demand and natural abundance [2],
and the need to limit the environmental costs of their mining [3], stress the necessity of
a recycling policy of these elements. In terms of volumes, one of the most exploited
REE is Ce [4], which is exploited in a huge number of devices such as NiMH batteries,
fluid catalytic cracking (FCC) catalysts, redox support for three-ways automotive
catalysts, other metal catalysts and fluorescent lamps. The liquors obtained by leaching
these exhausted components can present Ce concentrations ranging from ~0.02 M for the leached solutions coming from the residual waste of exhausted automobile
catalysts- to 0.002 M for FCC. A strategy for the extraction of Ce from these acid
solutions is mandatory for the efficient recycling of this metal. Different methods were
already tested for REEs recovery such as precipitation (double salt precipitation,
oxalate precipitation, carbonate precipitation, hydroxide precipitation), solvent
extraction [5], adsorption [6] or ion exchange [7]. This last is usually applied using
metal-organic frameworks (MOF) materials or resins, however, efficient recycling can
be achieved using other porous materials such as zeolites. Despite the well-known ionexchange properties of these materials, just a few preliminary works investigated their
application for REE separation and recycle [8,9,10]. Thus, their potential use to recover
these elements from acid-leached liquors of industrial waste should be better
investigated.

Ce recovery

1

Figure 1 – The work in a nutshell
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In the present paper, we tested the efficiency of NH4+- exchanged zeolite L (NH4-L) in
Ce recovery from acid solutions. Zeolite L was recently reported as a promising
candidate, among various tested zeolites (FER and FAU), for REEs recovery (Duplouy
2016). A recent study by our group investigated the Ce exchange capacity of three
different cationic forms of zeolite L and proved the efficacy of this zeolite in exchanging
Ce3+ from highly concentrated solutions [11]. The structural study gave new insight on
the sites involved in the exchange, and showed that, after the Ce exchange of the NH 4+
zeolite L, the Ce recovery from the porosities was complete.
For the above-mentioned reasons, in the present work NH4+-L was chosen to test the
effectiveness in exchanging Ce from a very diluted solution ([Ce3+] = 0.002 M), which
mimics the concentration reported for residual liquor of FCC waste [12]. We
experimented different liquid/solid (l/s) ratios (30, 60, 90, 180, 290, 750 mL/g) while, to
follow the requirements of a green process, the temperature was maintained at 25 °C.
In fact, several tests performed at higher (but mild) temperature did not indicate
improvements in the cations exchange process. In a second step, the extraction of Ce
from the Ce-exchanged zeolite L is obtained through a reverse exchange in a NH 4+
solution. This final exchange is proposed to recover the Ce ions for further utilization by
fully exploiting the reversibility of cation exchange in zeolites
NH4+-exchanged zeolite L demonstrated to be a suitable candidate for Ce recovery
from a very diluted solution. Our results indicate that 100 % of Ce can be already
extracted in batch from the solution at room temperature, with a liquid/solid ratio of 30
mL/g and 24 h of contact between zeolite and solution (Figure 2). However in this case
the absolute amount of Ce drawn from the solution is low and the exchange capacity of
the zeolite could be higher . In fact, with a higher liquid/solid ratio of 180 mL/g, 77 %
Ce3+ in solution is drawn in 24 h and the zeolite approaches its maximum exchange
capacity, being ready for an effective counter-exchange cycle. In complete cycles of
uptake and release of Ce, the counter-exchange of NH4+ for Ce3+ allowed the complete
Ce recovery. The kinetics of the process was proved to be fast and consistent with
industrial timing. Despite the NH4-L should be tested in a more complex system (i.e.
with a multi-REE solution), which better simulates a leached liquor, the obtained results
are very promising for future industrial applications. This work can pave the way for the
use of zeolites as “green tools” to recover REE from liquor of different nature in a
circular economy perspective.
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Figure 2- Percentage of Ce withdrawn from the solution (i.e. exchanged) by the zeolite after three days of contact with
the solutions at various liquid/solid ratios. The total percentage of exchanged Ce is reported in the top panel, while in the
bottom one the Ce percentage after 24, 48, 72 h is shown.
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Hierarchically-porous materials present significant advantages as sorbents for solidphase extraction (SPE) methodologies that aim to selectively recover specific metals or
groups of metals for economic or environmental purposes. The high mass transport
rates possible with these sorbents, combined with their high surface area for
adsorption, could facilitate efficient, large-scale extraction of desired metals in a variety
of contexts [1]. Rare earth elements (REEs), for example, are vital components of
various developing technologies, and they are therefore critical to the international
economy. However, the world’s supply of these metals is at risk due to political and
economic concerns. There is a pressing need to develop new ways to extract REEs
from novel feedstocks, such as mine tailings or electronic waste, at an industrial scale,
and hierarchically-porous materials are well-suited to fill this need [2]. Here, we present
a system for the application of both hierarchically-porous silica monoliths (Figure 1) and
hierarchically-porous silica powders for the SPE of scandium (Sc), a valuable REE in
high demand. Unmodified silica exhibits an inherent preference for Sc adsorption due
to the silanol functional groups on the silica surfaces [3], and, with suitable process
design, this selectivity can be exploited to selectively concentrate and purify Sc from a
range of feedstocks. In this study, silica monoliths and powders are employed for Sc
recovery in semi-continuous flow column systems at controlled conditions, followed by
the targeted elution of Sc to further increase the purity of the final product. We present
both a new approach to hierarchically-porous silica monolith production, as well as a
promising scheme for Sc extraction using unmodified silica surfaces under continuous
flow conditions. These simple silica sorbents provide a baseline material for SPE which
can further be modified with various ligands to target different REEs or other desirable
metals. The silica structure itself can furthermore be customized in terms of pore
characteristics, making these materials suitable for a breadth of SPE applications.
Hierarchically-porous silicas therefore display great potential as SPE systems for REE
recovery and beyond.
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(a)
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(b)

Figure 1- (a) Photograph of a hierarchically-porous silica
monolith for Sc extraction, and (b) SEM image of its
macroporous structure.
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Nowadays, there is a high importance of consuming fresh fruits and vegetables (F&V)
in a well-balanced diet. One main issue concerning fruit preservation is ethylene
molecule, a natural plant hormone that is responsible for fruits ripening and
senescence. Thus, its removal from transportation and cold storage chambers is
essential for industrial companies to prevent deterioration or spoilage of F&V and
extend their post-harvest life [1].

Different technologies can be used to remove/avoid ethylene action: 1-MCP inhibition,
KMnO4 scrubbing, thermal/photocatalytic oxidation and adsorption methods. This last
one uses solid porous materials, like zeolites, and seems a promising solution, as
those adsorbents are highly effective for removing ethylene, in particular when using
supported metals. Indeed, the high surface area and pores volume of the supports,
combined with a metal that allows interaction with ethylene via  complexation [2],
make these adsorbents perfect candidates for ethylene trace removal. Due to their
availability and versatility, synthetic and natural zeolites have been studied for ethylene
removal. In particular, the effect of the compensating cation, as well as the nature of
the metal introduced (Pd, Ag, etc.) has been the focus of several studies.

In this work, we studied Ag-based ZSM-5 zeolites for the removal of ethylene, under
conditions close to the ones used in cold storage chambers. Different starting ZSM-5
materials were tested (Si/Al ratio of 15 and 40, H+ or Na+ as compensating cation) and
different amounts of silver were also used. All these parameters were evaluated in the
removal of ethylene from a mixture of C2H4 (50 ppm), He (10% vol.) and N2, by the
means of breakthrough curves experiments; dry and wet (80% RH) conditions were
also tested. Adsorption experiments were performed at 2 ºC. An analysis of variance
(ANOVA) was also performed to identify the factors and interactions that affect
ethylene adsorption capacity. The ethylene adsorption results obtained (see Figure 1)
show that the amount of Ag plays a major role in ethylene adsorption capacity.
However, for AgZSM-5 adsorbents with Si/Al of 15, although the amount of Ag is higher
(because of the higher amount of Al), C2H4 capacity only increases slightly, meaning
that other factors (like the nature of the compensating cation and the Si/Al ratio) may
also play a role as well. In Figure 2, interestingly, it is possible to see that H 2O can
compete with C2H4 as C/C0 >> 1. Nevertheless, by decreasing the amount of H+
species (by increasing the amount of Ag and/or replacing Na+ for H+) competitive
adsorption with water can be drastically reduced, improving the final ethylene
adsorption capacity of the adsorbents.
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Figure 1. Ethylene capacity of AgZSM-5 zeolites with
different amounts of silver (blue: Si/Al = 15; orange: Si/Al
= 40) (80% RH)

Figure 2. Breakthrough curves of AgZSM-5 zeolites (Si/Al
of 40) with different amounts of Ag.

Some characterizations were performed to determine the nature of the Ag species
responsible for the good performance of the various adsorbents. XRD results only
show the peaks from ZSM-5 material, meaning that no peaks contribution from either
Ag2O or Ag phases could be observed. On the other hand, UV-Vis DRS results show
that all the spectra are dominated by Ag+ species. However, from H2-TPR experiments
(see Figure 3), it is possible to distinguish Agn+ species (250-600 ºC) from Ag+ ones
(50-250 ºC), making possible the quantification of both species. If no direct correlation
can be obtained between the ethylene capacity and the total amount of Ag for each
sample, a fair linear relationship (Figure 4) is observed between the amount of C2H4
adsorbed and the amount of Ag+ species (from H2-TPR), showing the importance of
these species in the adsorbents performance. Some regeneration tests were also
performed and showed that adsorbents were capable to maintain their C 2H4 capacity,
even after three consecutive adsorption-regeneration cycles.
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Figure 3. H2 TPR for the Ag based zeolites with Si/Al of
40 (Ag content in wt.%: a) 1.9; b) 2.8; c) 3.2 and d) 3.9)

Figure 4. C2H4 adsorption capacity as a function of H2
consumption from Ag+ species for AgZSM-5 adsorbents.

The statistical analysis performed was useful for modelling and analysing the response
surface where the ethylene adsorption capacity was modelled as function of tested
parameters (Figure 5). By analyzing the model results, it is possible to verify that the
greater the amount of Ag, the greater the ethylene adsorption capacity and that there is
an interaction between Si/Al ratio and Na exchange rate that impact the results. For
ZSM-5 with a lower Si/Al ratio (15) (Figure 5A), better results are obtained in terms of
ethylene adsorption capacity when using the zeolite in the proton form, while for Si/Al
ratio of 40 (Figure 5B), it is preferable to work with the Na form. In this last situation, it
is possible to obtain the highest value of ethylene adsorption capacity in an
atmosphere of 80% RH.

Figure 5. A three-dimensional response surface showing expected ethylene adsorption capacity (wet conditions) as a
function of Ag wt% and Na exchange rate. (A) for ZSM-5 with Si/Al ratio of 15 and (B) for ZSM-5 with Si/Al ratio of 40.
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One of the main challenges of the 21st century is the reduction of greenhouse gas
(GHG) emissions. Transport accounts for 31% of the European Union's CO2 emissions
in 2019, with road transport responsible for 72% of the sector's GHG emissions [1]. In
this context, hydrogen-powered fuel cell vehicles are presented as an eco-friendly
alternative to traditional combustion vehicles, which does not have the limitations of
electric vehicles such as battery weight and slow charging.
Steam methane reforming (SMR) is currently the most cost-effective process for H2
production. However, to achieve carbon neutrality, it is necessary to adapt these
processes to other renewable sources such as biogas and capture the CO 2 produced
[2]. Whatever the source, the H2 produced must be highly purified for use in protonexchange membrane fuel cells (PEMFC), in accordance with the ISO 14687:2019
standard, which establishes a minimum of 99.97% molar hydrogen with a maximum of
0.2 ppm CO, among others [3]. Pressure swing adsorption (PSA) processes are widely
used to purify hydrogen-rich streams. Several beds containing two or three layers of
adsorbents are used in these processes, based on the differences in adsorption
capacities for impurities [4].
In this work, a PSA process to purify hydrogen from SMR (containing 70 - 80% H2, 15 25% CO2, 3 - 6% CH4, 1 - 3% CO, N2 traces, and saturated with water) to the level
required in fuel cell vehicles has been studied from scratch. For this purpose, the
adsorption isotherms and kinetic parameters of commercial adsorbents are obtained
experimentally. Adsorption isotherms are obtained by equilibrium experiments in
volumetric equipment, and kinetic parameters are obtained from the modelling of
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breakthrough curves in fixed bed experiments or from pulse experiments. With these
values, a study is carried out using PSASIM®, a simulation program that solves the
mass, energy, and momentum balances of the PSA process, aiming to obtain the
desired H2 purity maximizing the recovery and productivity.
Three adsorbent layers have been considered in the study. The first layer consists of
silica gel, provided by Grace, to retain water and prevent it from reaching the following
layers. This layer is not usually considered in this kind of studies. The adsorption
isotherms of water on silica gel are shown in Figure 1. The second layer consists of
activated carbon, provided by Chemviron, which reduces the CO2 concentration.
Finally, a zeolite layer, provided by Grace, adsorbs the remaining impurities (N2, CO,
CH4). Figure 2 shows the N2 breakthrough curves on zeolite and the simulated curves
from the obtained parameters.

1.0

H2O, T1
H2O, T2
H2O, T3
Langmuir model

q/qref
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0.4

0.8

1.0

p/pref
Figure 1. Adsorption isotherms of water on silica gel at three temperatures (T1 < T2 < T3) and isotherms fitted to the
Langmuir model.
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Figure 2. Breakthrough curves of N2 on zeolite at three temperatures (T1 < T2 < T3) and simulated breakthrough
curves.

The simulated PSA cycle consists of 4 beds and 9 steps. It has been optimized to
achieve a hydrogen recovery higher than 85%. The results obtained are shown in
Table 1. It is concluded that it is possible to get hydrogen suitable for fuel cell vehicles
through a PSA process with the adsorbents studied, with nitrogen being the impurity
closest to the limit set by the standard.

Table 1. Component mole fractions, recovery, and productivity of H2 product obtained.
y (H2)

0.999723

y (CO)

4.00E-10

y (CO2)

1.33E-21

y (CH4)

5.97E-09

y (H2O)

6.84E-10

y (N2)

2.77E-04

H2 recovery

H2
productivity

(%)

(molH2 m-3bed
s-1)

86.40

2.049
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CO2 hydrogenation to methanol is one of the simplest and economically feasible ways
to valorize captured CO2. Methanol production from syngas is carried out by copperbased catalyst, but there is also a parallel reaction to carbon monoxide favoured at
high temperature. The main problem is that the reaction is controlled by the equilibrium,
leading to low conversion values. [1]
The objective of this work is the study of a sorption enhanced reaction process (SERP),
where the reaction products, methanol and water, are adsorbed during the reaction
step, overcoming the equilibrium restrictions [2]
The SERP proposed consist in a cyclic PSA process divided into four steps: 1)
Pressurization with H2; 2) Reaction-Adsorption; 3) Blowdown; 4) Purge. The PSA
reactor is filled with a homogeneous mixture of commercial Cu/ZnO/Al2O3 catalyst and
commercial 3A zeolite as adsorbent [3]
First, the reaction-adsorption step is studied, in order to stablish time dependent
operation conditions in the cycles. The ranges in operation conditions studied are
presented in Table 1.

Table 1: Operation conditions in the PSA reactor.

Temperature
(ºC)

200-300

High
Pressure
(bar)

Low
Pressure
(bar)

CO2:H2
molar
feed
relation

Molar feed
flow
(mmol/min)

50

1

3:1

0,9-3,5

Catalyst
mass

Catalyst:Adsorbent
mass fraction

(g)

(g)

1,7

0,2:0,8

The results obtained of CO2 conversion at different temperatures, 45 bar and 1 g·mmol1·min-1 (catalyst mass/molar feed flow) are shown in Figure 1. The vertical red line
represented the dead volume of the installation, and horizontal dashed lines the
equilibrium conversion reached.
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Figure 1: CO2 conversion at 45 bar, 1 g·mmol-1·min-1 and different temperatures.

It is observed in Figure 1 that high conversion values could be achieved in the
presence of an adsorbent, overcoming notably the equilibrium by removing the
products during the reaction. The steady state is reached when the adsorbent is
saturated, remaining the conversion close to the equilibrium.
CO2 conversion is higher at 250ºC than 300ºC at short times, due to the higher
adsorption capacity of 3A zeolite. At 200 ºC the trend is different and CO2 conversion is
far from equilibrium in the steady state. This seems to be because of the kinetic
restrictions at low temperature at the fixed contact time.
Cyclic experiments have been carried out at 250ºC, 1 g·mmol-1·min-1 and 45 bar. The
time reaction step is fixed in 30 minutes, and blowdown and purge in 20 minutes.
Pressurization with H2 takes 30 minutes, approximately. The results obtained of 6
consecutive cycles are shown in Figure 2. Vertical red lines indicate the dead volume
of the installation, and grey ones, the end time of each cycle. Moreover, dash
horizontal lines represent the equilibrium.
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Figure 2: CO2 conversion and methanol selectivity in a cyclic SERP at 250ºC, 1 g·mmol-1·min-1 45 bar.

In the first cycle 100% of CO2 is converted, what agrees with Figure 2. In the second
cycle, conversion decrease slightly but remain at high values. It indicates that the
adsorbent is not completely regenerated, being the bed partially saturated in the next
cycle. The conversion stabilizes in the following cycles. Methanol selectivity is higher to
that at equilibrium, even in the steady state and follows the same trend as conversion.
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Covalent organic frameworks (COFs) have emerged in the last decade as potential
adsorbent and membrane candidates for gas separation applications.[1, 2] We used
high-throughput computational screening of COFs to analyze their adsorption- and
membrane-based separation performances for flue gas (CO2/N2:15/85) under various
operating conditions. Adsorption performance metrics, such as adsorption selectivity,
working capacity, regenerability and adsorbent performance score of COFs were
calculated and compared with those of metal organic frameworks (MOFs). Top
performing COFs for pressure swing adsorption (PSA), vacuum swing adsorption
(VSA) and temperature swing adsorption (TSA) processes were identified. Results
showed that TSA is the best operating condition for adsorption-based CO2/N2
separation with COFs. We also investigated how using structures with optimized
geometry and using different partial charge assignment methods affect the predicted
adsorption-based separation performances of COFs and showed that adsorption
performance evaluation metrics could significantly change for some COFs. Combining
GCMC and MD simulations, gas permeabilities of COF membranes were estimated.
Results showed that COFs have comparable CO2 permeabilities with MOFs, however
their membranes selectivities were lower than MOFs due to their large pores, lack of
metal sites and low adsorption selectivities. Structure-performance relations revealed
that among the COFs we studied, the ones with pore sizes <10 Å, accessible surface
areas <4500 m2/g and 0.6<porosities<0.8 are the best materials for selective
separation of CO2 from flue gas.
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The COVID-19 pandemic has promoted the consciousness regarding personal hygiene
and clean surrounding. In this context, the demand for personal and household
cleaning products has increased, thus, enhancing the market growth of surfactants.
Household soap and detergent are the largest applications of surfactants in terms of
volume. Linear alkylbenzene (LAB) is the precursor of sodium linear alkylbenzene
sulfonate (LAS), which is the most versatile and widely used biodegradable surfactant.
In the typical industrial process, linear paraffins are obtained from kerosene by means
of adsorption using 5A zeolite as a molecular sieve adsorbent in a Simulated Moving
Bed (SMB Molex developed by UOP in 1977) [1].
Binders are added into zeolite powders to form particles in order to reduce pressure
drop in industrial beds. However, its addition decreases the adsorption capacity and
diffusion rates. Moreover, binders could lead to coking deactivation and non-desirable
reactions [2].
The objective of this work is the development of a SMB process using a binderless 5A
zeolite adsorbent to obtain n-paraffins from kerosene.
Fixed bed liquid adsorption experiments of dodecane, model mixture
(decane+dodecane+tetradecane) and low odour kerosene have been performed using
the procedure described in the literature [3] at 175ºC and 21 bar. All the organics
where purchased from Sigma-Aldrich and used without further purification. Grace
Davison has supplied binderless zeolite 5A that has been fully characterized.
The experimental conditions are summarized in Table 1. In the adsorption step 2,1%
(wt) of paraffins solved in isooctane were fed to the system until saturation. Afterwards,
a desorption step was carried out using 60% of pentane solved in isooctane. Cyclic
experiments have been performed with kerosene using an adsorption time of 9 minutes
followed by a washing step with isooctane of 9 minutes and a desorption step of 27
minutes.
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Table 1: Operation conditions.
Adsorbent
Experiment

Adsorption
(g)

1

10,3

2

10,3

n-C12 (2,1%)

Temperature
(ºC)

Pressure
(bar)

Flowrate
Desorption
(mL/min)

Adsorption
capacity
(g/ 100g)

175

21

4,6

n-C5 (60%)

12,1

175

21

4,6

n-C5 (60%)

----

175

21

4,6

n-C5 (60%)

----

175

21

4,6

n-C5 (60%)

----

C10+C12+C14
(0,7+0,7+0,7%)
Kerosene
diluted
3

10,3
(2,1%
paraffins)
Kerosene
diluted

4
10,3
(3 cycles)

(2,1%
paraffins)

Figure 1 shows the breakthrough curve of dodecane (n-C12) and mesitylene as tracer
compound. The adsorption capacity is calculated performing the mass balance, leading
to an adsorption capacity of 12,1 g of dodecane per 100 g of adsorbent. This result is in
the same order of magnitude than those obtained in the literature for normal paraffins
in the same operation conditions [3].
The adsorption and desorption breakthrough curves of the paraffins present in the
model mixture are shown in Figures 3 and 4, respectively. The breakthrough time is
higher for tetradecane due to its higher molecular weight. Desorption breakthrough
curves showed that the adsorbent is regenerated using concentrated n-pentane as
displacement agent.
Finally, the desorption breakthrough curves of n-paraffins present in commercial
kerosene are shown in Figure 2. Paraffins can be selectively obtained from real
kerosene using binderless 5A zeolite. In this experiment, a purity higher than 98% was
obtained. Several adsorption-washing-desorption cycles have been performed using
kerosene to demonstrate the reusability of the adsorbent.
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Figure 2: Kerosene desorption breakthrough curve

Figure 1: n-C12 adsorption breakthrough curve
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Figure 3: Model mixture adsorption breakthrough curves
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Figure 4: Model mixture desorption breakthrough curves

A model based on conservation equations has been used to determine the kinetic
parameters of the adsorbent, and a SMB process has been proposed.
Conclussions
Paraffins have been selectively separated from kerosene using a commercially
available binderless 5A zeolite.
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The ability of clinoptilolite to adsorb enables the use of this natural mineral to capture
contaminants from soil or water, drying materials, absorbing noxious odors. The
adsorption capacity of clinoptilolite in activated form during the removal of organic
compounds (phenol, chlorophenol) from wastewater was studied [1]. The our studies
focuses on two industries: catering and breeding (on the example of pigs farms) and
analyzes the composition of odor mixtures in both these industries, followed by a
comparative analysis of the chemical structure of substances and particle size, which
are important for the adsorption process in porous materials such as zeolites. The
catering processes, where the products are quickly processed at high temperatures,
can be a source of organic compounds including n-alkanes, polycyclic aromatic
hydrocarbons (PAHs), fatty acids, as well as aromatic amines (AA) and the already
mentioned heterocyclic aromatic amines (HAA) [2]. Of these, formaldehyde,
acetaldehyde, acrolein, dimethylamine, and volatile organic compounds (VOCs)
including acetone, toluene, or octane appear to be the most significant. Numerous
odorants - such as hydrogen sulfide, ammonia, thiols, sulfides and aromatic amines,
heterocyclic organic compounds with sulfur or nitrogen content, aliphatic alcohols or
phenols, ketones, aldehydes, aliphatic acids, esters, as well as toluene or xylene - are
present in the farm premises and in the air surrounding poultry farms.

In the present study we are interested in designing theoretical and experimental
approach for the odors adsorption processes over natural clinoptilolite CLI zeolites
modified with various metals (Sn and Fe). Dried natural zeolites of different granularity
(clinoptilolite, CLI) and using different binders and synthetic ones (ZSM-5MFI and
FAU), which were subjected to different modifications (alkali metals leaching, metal, Sn
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and Fe subsidization, hierarchization in acidic medium), were investigated, and the
adsorption process of selected odorants (acetaldehyde, dimethylamine, propionic,
pentanoic and octanoic acids) was studied. The metals were introduced during
hydrothermal ion exchange with and without an ammonium exchange step in order to
determine the adsorption capacity. In the theoretical studies the metal centers were
found to be stable above oxygen bound with aluminum centres of CLI zeolites.

The electronic structures of natural clinoptylolite (CLI) zeolites were calculated using ab
initio density functional theory (DFT) methods (program StoBe) with the non-local
generalized gradient corrected functionals according to Perdew, Burke, and Ernzerhof
(RPBE), in order to account for electron exchange and correlation and cluster model
according to our previous studies on zeolites modeling [3]. The adsorption of ammonia,
dimethylamine and propionic acid in a clinoptilolite supercell in the presence of
Brønsted centers and metals (Na, Fe, and Sn) was modeled. Figure 1 presents
adsorption of ammonia and dimethylamine as example of obtained results.

Figure 1
Adsorption of ammonia (left column) and dimethylamine (right column) in a clinoptilolite chamber (middle column): top
adsorption on Brønsted acid centers, bottom adsorption on metallic centers (Na, Sn or Fe).

Summarizing results we could conclude that:
- Stabilization of all groups of odorous substances on clinoptilolite supercell walls
occurs near Brønsted-type acid centers (-Al-OH), so increasing the number of acid
centers will increase the sorption properties of clinoptilolite (Ea<0)
- The presence of alkali metals and transition metals (Sn or Fe) does not favor the
adsorption of most odorous substances (Ea>0)
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- It is possible to trap long odorants (e.g., octanoic acid with a chain length of 11.1 Å) in
clinoptilolite supercells (about 12 Å in size).

Summary of adsorption efficiency:
- Used fraction of CLI most favors removal of acidic odors
- Hierarchization of CLI with hydrochloric acid are favorable for removal efficiency of
actaldehyde and octanoic acid
- CLI without further modifications has sufficient stability for dimethylamine removal
- Transition metals and modified synthetic zeolites should absolutely not be introduced
into the zeolite mixture for odor adsorption purposes. This is because they deteriorate
the removal efficiency of most of the tested odorous substances and may cause
unfavorable processes (e.g.e.g., catalytic), which may lead to the formation of new
unfavorable substances (including odorous substances).

The possibility of using clinoptilolite with a larger granulation (above 2 mm) as an
adsorbent is important due to the economics of production of anti-odor filters, and the
temperature stability of the odor adsorption process compared to the metal-modified
material makes it advisable to use this particular material in actual anti-odor filters.
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Dynamic vapour sorption techniques have applications in many fields including porous
materials such as zeolites, which are often categorised by their affinity for specific
organic vapours, uptake capacity and sorption/desorption kinetics. These properties
can be investigated with ease using DVS instruments with customised methods
allowing for high temperature pre-heating steps, strict temperature control and vapour
flow rate customization. The software provided ensures the sample reaches equilibrium
upon all vapour exposure steps meaning its mass is stable before automatically
proceeding to the next vapour concentration exposure step. Both humidity exposure
and organic vapours can be introduced to the sample in isolation or in combination to
facilitate co-sorption experiments.
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Porous liquids are a recently developed class of novel materials based on the
combination of a porous host and a solvent, that results in a liquid with stable and
permanent porosity due to steric exclusion of solvent molecules from the internal pore
space.[1] Here, we apply periodic density function theory (DFT) studies for evaluation
of gas interactions with a Type 2 porous liquid composed of CC13, a [4+6] imine-based
porous organic cage (POC) structure coordinated by phenol, butyramide, or
dichloromethanol solvents. CC13 was selected due to its documented solubility in a
variety of solvents.[2] Here, the coordination of the solvent molecules around the POC
created stable binding sites within and near the pore window of the POC, which may
affect gas capture by blocking pore windows. Additionally, nudge-elastic-band (NEB)
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calculations were used to identify activation energy barriers for CO2, NO2, and SO2
escape from the pore space, with identification of a stable binding site in the pore
window partially coordinated by the external solvent. Finally, time- and temperaturedependent ab initio molecular dynamics (AIMD) calculations are used to identify
alternative gas capture mechanisms in the porous liquid composition. The results
identify how the presence of a coordinating solvent alters the gas capture properties of
a CC13 POC that can be used to design future porous liquid compositions with
improved gas adsorption properties.
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T9: Selective adsorption and separation of CO2 and its transformation
in valuable products. Decarbonization processes.
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The bulk separation and purification of gases are essential industrial processes in
which zeolites play key roles in a range of different applications including gas
drying/dehydration, desulfurisation, O2 and N2 production, landfill gas separation
(CO2/CH4), and H2 production from methane reforming and refinery off-gas.1 In recent
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decades enormous efforts have been dedicated to the development and assessment of
materials and processes for CO2 separation and capture because of the rising
atmospheric concentration of CO2 and its contribution to anthropogenic global climate
change. The development of microporous materials possessing high CO2 separation
performance has been a central focus of research efforts because of their established
roles in petrochemistry and air separation processes thereby providing a rapidly
deployable solution at an industrial scale.
However, conventional zeolites are composed of particles on the order of microns
which means a CO2 molecule must diffuse a distance through the particle thousands of
times greater than its size. Due to structural inhomogeneity within the particles, such as
an aluminium grading and internal structural defects, the size of the mass transfer zone
can be significant relative to the bed length in a fixed-bed configuration. As a
consequence, subject to the desired purity of the product stream, this means that the
technical usable capacity of a conventional micron-sized zeolite will be significantly less
than its total saturation capacity. This problem can be partly addressed by improving
the access of molecules to the zeolite micropore network through the introduction of
mesoporosity, or by reducing the particle size. However, while the introduction of
mesoporosity can significantly improve the diffusion and catalytic properties of zeolites,
it typically involves either post-synthesis treatments or the use of expensive organic
templates and structure directing agents, increasing the time, cost and waste of the
material production. By preparing zeolites with nanoscale dimensions the distance
guest molecules must diffuse through the particle can be reduced by an order of
magnitude. To take advantage of this we have developed pure inorganic syntheses of
nanozeolites which eliminates the use of expensive organic structure-directing agents
and the need for calcination treatments.2
Here we present breakthrough curve analysis on nano- and micron-sized faujasite (X
type) and chabazite (Figure 1) zeolites comparing their performance for the separation
of CO2 from a dilute stream, a concentration typical of gas-powered station point
sources.
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Figure 1. SEM images of (a) micron-sized and (b) nano-sized chabazite zeolites employed for breakthrough curve
analysis, both scale bars 1 micrometre.

Both zeolites demonstrate high technical usable capacities for CO2, however, the
chabazite nanozeolites show significantly improved diffusion properties. This is
revealed by comparison of the shapes of the curves; the sharper CO2 breakthrough
curve of the nanozeolites indicates a shorter mass transfer zone compared to the
micron-sized zeolites (Figure 2). Furthermore, this demonstrates that the length of the
bed used up until the breakpoint is greater for nanozeolites compared to micron-sized
zeolites due to the relatively shorter mass transfer zone.

Figure 2. CO2 breakthrough curves of micron-sized (black) and nano-sized (blue) potassium chabazite zeolites. The
experiment was performed at 20 °C at 1 bar with flow rate of 40 mL/min). The feed composition was CO 2/N2/He,
5/25/70. The breakpoint is defined as 5% of the inlet CO2 concentration, i.e. ~ 0.25%.
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To keep global warming below 2 ºC in the coming 30 years, the development and
valorization of renewable sources of energy and also the CO2 capture from coal-fired
power plants are important steps for the transition to a clean energy economy. Biogas
is a sustainable and renewable source of energy from the anaerobic decomposition of
organic matter and, together with natural gas, they are a more environmentally friendly
alternative. The presence of CO2 in the biogas composition can reach up to 40 vol.%,
which reduces biogas calorific value, impairs its transport via pipelines, and,
consequently, limits its use [1]. CO2 released from coal-fired power plants has been
contributing to a massive 73% of annual emissions for the energy sector [2]. This value
could be reduced by attaching a recovery unit downstream of these power plants to
recover CO2, avoiding its emissions. Among the processes available to recover CO2
and purify biogas, the adsorption is easy to operate, efficient to provide high recovery
and purity, and more economical when compared to absorption and cryogenic
separations, which have intensive energy consumption. Therefore, this work seeks to
evaluate the adsorption equilibrium and dynamic separation of CO2, CH4, and N2 on
binder-free zeolite 4A in conditions of interest to biogas upgrading and CO2 capture
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from the post-combustion stream. Thus, single- and multi-component studies of CO2,
CH4, and N2 on binder-free zeolite 4A have been investigated through a series of fixed
bed breakthroughs adsorption experiments at 313, 373, and 423 K and partial pressure
up to 3.5 bar. Figure 1a shows the isotherm of CO2, CH4, and N2 on zeolite 4A at 313 K
and partial pressure up to 3.5 bar. As can be seen, CO2 is strongly adsorbed with a
highly nonlinear isotherm (type I) compared to CH4 and N2 which have an almost linear
isotherm and adsorbs much less. The amount adsorbed at 313 K and partial pressure
3.5 bar is significantly different between the compounds, which is around 4.48, 1.35,
and 0.81 mol kg-1 for CO2, CH4, and N2 respectively. To model the equilibrium data, the
dual-site Langmuir model was used for CO2 equilibrium data and the standard
Langmuir model was used for CH4 and N2 equilibrium data. The isotherm models
describe very well the equilibrium data as can be seen in the lines shown in Figure 1a.
The competitive selectivity of CO2 over N2 considering post-combustion stream
condition (CO2/N2:15/85 vol.% at 1 bar and 313 K) is equal to 72. In the case of biogas
condition (CO2/CH4:33/67 vol.% at 1 bar and 313 K), the competitive selectivity of CO2
over CH4 is equal to 38. These results point out that the binder-free zeolite 4A can be
employed to efficiently separate CO2 from CO2/CH4/N2 due to the higher selectivity
towards CO2. These selectivity values were calculated by using the extended dual-site
Langmuir model. To verify a dynamic separation between the components, ternary
breakthrough curves of a mixture of CO2/CH4/N2 (20/20/20 vol.% balanced with He) at
5 bar and 313 K were performed and summarized in Figure 1b. As can be seen, CO 2 is
the most retained component, and CH4 and N2 leave the column practically together at
the beginning of the experiments. This observation is expected since the CO 2 adsorbs
much more than CH4 and N2 on zeolite 4A. An adsorption mathematical model derived
from mass and energy conservation laws was implemented in a personal computer to
predict the dynamic behavior of the adsorption process. Moreover, this mathematical
model includes both effects of axial dispersion and mass-transfer resistances taking
into account an overall effective rate mass-transfer (KLDF) from the linear driving force
model. Before the simulations, the relative importance of the individual axial dispersion
(Dax) and mass-transfer (KLDF) resistances were evaluated from the method of
moments for a linear system by an overall effective rate coefficient presented by
Ruthven [3]. The KLDF term is a lumped parameter that represents a sum of micropore,
macropore, and film resistances, and the axial dispersion is a resistance caused by the
spreading of the flow according to the fluid dynamic and column conditions [3–5]. Both
parameters were estimated from the literature. The method of moments pointed out
that axial dispersion is the dominant mechanism in all experiments performed in this
work. To illustrate this result, CO2 breakthrough curve on zeolite 4A at 373 K and 0.40
bar partial pressure was simulated and the result is shown in Figure 2, wherein the
panel (a) the KLDF was kept constant and Peclet (Pem = uL/Dax) was changed, and (b)
the opposite. From Figure 2, it is clear that the fixed bed adsorption system is governed
by the axial Peclet number for the column, instead of the overall mass transfer
coefficient, since the changes in the Pem influences the concentration profile of the
breakthrough curves and the global mass transfer resistance KLDF has no effect in the
spreading of the curve. Therefore, the zone spreading in the bed is completely
dominated by axial dispersion. The mathematical model implemented in this work as
well as the parameters Dax and KLDF estimated from the literature provide a good
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prediction tool of the experimental breakthrough curves represented by the lines in
Figures 1b and 2ab, which also can be useful to perform process simulation. To solve
the mathematical model the method of lines [6] was used, being the spatial coordinates
discretized by orthogonal collocation [7], and the resulting ordinary and algebraic
differential equations were solved with a stiff integrator, ode15s, available in the
MATLAB library [8]. In summary, this work has shown that the commercial binder-free
zeolite 4A act as an efficient separator of CO2 from CH4 and N2 with selectivities
around 72 over N2 and 38 over CH4, being a good alternative to be used in CO2
capture and biogas upgrading.

Figure 1 – (a) Isotherm of CO2, CH4, and N2 on binder-free zeolite 4A at 313 K; (b) Ternary breakthrough of a mixture
CO2/CH4/N2 (20/20/20 vol.% balanced with He) on binder-free zeolite 4A at 313 K. Symbols = experimental data; Lines
= model.
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Figure 2 – (a) Effect of changing the axial Peclet number, and (b) effect of changing the overall mass transfer coefficient
(KLDF) on CO2 breakthrough curve (373 K and 0.40 bar) on binder-free zeolite 4A. Pem and KLDF were estimated from
the literature. Symbols = experimental data; Lines = model.
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In the last two decades alone, the concentration of CO2 gas in the air has increased
from 280 ppm to 415 ppm, which is an alarming sign for the time to come. To tackle
this problem, 195 countries have already signed the Paris Agreement, to achieve netzero carbon emissions by the middle of the 21st century. For this "Direct Air Capture
(DAC)" is one of the low-cost and effective methods to capture CO2 molecules from the
atmosphere. The concept of DAC was first introduced by Lackner et al. [1]. Class 1
amines impregnated into porous solid supports are likely to exhibit better CO 2
adsorption capacity and are easy to mass produce as well. This study investigated the
CO2 adsorption capacity and cycle stability of silica-based mesoporous materials
containing amines of five different structures; polyethylenimine (PEI),
tetraethylenepentamine (TEPA), triethylenetetramine (TETA), diethylenetriamine
(DETA), and ethylenediamine (EDA) impregnated within three mesoporous silica (SBA15, MCM-48, and MCM-41) under dry and wet ambient air conditions (400 ppm CO2).
During the CO2 capacity measurement of the wet condition, 60% relative humidity was
used. A thermogravimetric analysis (TGA) system was used to measure the CO2
capacity under dry conditions and in parallel, a BELCAT II catalyst analyzer system
was used for the measurement under wet conditions. The amount of amine loaded was
optimized and characterized by using XRD, FTIR, SEM, N2 adsorption/desorption
isotherms, and NMR. This current work is shown graphically in Figure 1.
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Figure 79: Graphical abstract representation of the research work.

The synthesis methods for preparing mesoporous silica SBA-15, MCM-41, and MCM48 were selected from previous reports [2-3]. N2 adsorption/desorption isotherm data
show that the pore sizes of these silicas are in the order SBA-15>MCM-41>MCM-48.
SBA-15 has a larger pore diameter of 6–8 nm, whereas, in MCM-41 and MCM-48, it is
in the range of 2–3 nm. Amine impregnated samples were synthesized using the
impregnation method.
Figure 2 shows the summarized data of CO2 adsorption capacity under dry conditions.
In comparison to SBA-15, the low CO2 adsorption capacity of all the MCM-41 and
MCM-48 samples is most likely associated with their smaller pore size and lower
number of active CO2 adsorption sites after amine loading. The SBA-15 samples
impregnated with 50-60 wt% TEPA and TETA showed a relatively high adsorption
capacity of about 2 mmol g-1. The adsorption capacity of EDA and DETA samples was
less than 0.5 mmol g−1. The zwitterionic mechanism may be responsible for the CO2
adsorption by the amine-based samples and is thus an acid-base reaction [4]. More
number of secondary amine sites may increase the CO2 adsorption capacity under dry
conditions. Perhaps this is the reason for the higher CO2 adsorption capacity of TEPA
and TETA amine samples in dry conditions.

Figure 80: CO2 adsorption capacity of various mesoporous silica adsorbents impregnated with different types of amine
under dry conditions.

The trend of the CO2 adsorption capacity among the top amine structures was as
follows: TETA ≒ TEPA > PEI. The low adsorption capacity of the EDA and DETA
amine samples may be due to the low basicity of the primary amines and/or the
complete impregnation of these amines in the silica structure. At the point, When amine
loading exceeds 60 wt% in all sample series, the amines will block the pores and
overlap the surface, thereby reducing the CO2 adsorption capacity.
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The tendency of the adsorption rate of the sample was almost the same as the trend of
the CO2 adsorption capacity. SBA-15 impregnated with PEI, TETA, and TEPA amine
showed higher adsorption rates than the MCM-41 and MCM-48 samples. However, the
PEI60/ SBA-15 sample showed a high adsorption rate and exhibited a peak CO2
adsorption rate of 0.058 mmol g−1 min−1.

CO2 adsorption capacity / mmol g-1

Practical use of DAC applications requires high CO2 adsorption capacity in humid
environments. Therefore, the observed CO2 adsorption capacity of different
mesoporous silica with 50 wt% amine loading, under humid conditions, is summarized
in figure 3. The amine-loaded SBA-15 samples show higher adsorption capacity than
amine-loaded MCM-41 and MCM-48 samples. From all the tested samples, the highest
adsorption capacity is 2.16 mmol g-1 shown by the PEI50/SBA-15 sample. Apart from
PEI samples, a significant adsorption capacity difference is not observed in other
samples under both atmospheric conditions. This is because the type of amine site
(primary, secondary, and tertiary) may affect the adsorption capacity of samples
according to atmospheric conditions. Under both conditions (dry and wet), the primary
and secondary amine sites bind to CO2 molecules to create carbonate ions. Whereas
tertiary amine sites react with CO2 molecules according to atmospheric conditions. If
moisture is present, the tertiary amine forms bicarbonate with a CO2 molecule. In
addition, the zwitterion mechanism requires a free base for deprotonation of
zwitterions, which is usually provided by adjacent amine groups or by hydroxyl groups
under humidity conditions. Theoretically, the reaction mechanism allows the maximum
amine efficiency under dry conditions as 0.5 mol CO2 / mol N. The obtained adsorption
capacity was 2.16 mmol g−1, 2.12 mmol g−1, and 1.80 mmol g−1 for the PEI50/SBA-15,
TEPA50/SBA-15, and TETA50/SBA-15 samples under wet condition.
2.5

PEI50
TETA50
TEPA50
EDA50
DETA50

2.0
1.5
1.0
0.5
0.0
SBA-15

MCM-41

MCM-48

Figure 81: CO2 adsorption capacity of various simples under a relative humidity of 60%.

In the cyclic adsorption test, SBA-15 impregnated with PEI and TEPA demonstrated
superior cycling stability and maintained a capacity of approximately 2 mmol g −1 over
10 cycles. But the capacity of the TETA50/SBA-15 sample continued to decrease with
each cycle. It starts at 1.7 mmol g−1 and by the end of the 10th cycle, it decreases to 1.4
mmol g−1.
From SEM, no significant change was observed in the morphology of the SBA-15
sample after amine loading. This is a sign that the PEI amine is completely
incorporated into the SBA-15 structure. However, the surface morphology of amineimpregnated MCM-41 and MCM-48 was significantly smoother compared to bare
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MCM-41 and MCM-48 samples. It is also concluded from the N2 adsorption/desorption
isotherm results that the pore radius becomes almost zero when the amine loading is
more than 60 wt.%. Therefore, when the PEI loading exceeds 60 wt% with the SBA-15
sample, it shows low adsorption capacity and adsorption rate. A similar trend has been
shown by other sample series as well. In the FTIR spectra in all the samples, the peak
corresponding to the mesoporous silica did not change even after the impregnation of
the amine. In addition, some new peaks appear in the samples after the amine
impregnation, those can be assigned to the bending or stretching vibrations of the
introduced amine. The X-ray diffraction pattern of the amine-impregnated sample is
similar to the pattern of bare mesoporous silica, except for the loss of peak intensity.
This must be due to the amine-filled pores and the reduction in the absolute silica
amount in the sample.
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The most established technology in the context of
post-combustion CO2 capture is currently relying on
liquid absorption processes utilizing amine solutions.
The main disadvantages with such processes are
solvent degradation and relatively high energy
penalties. Among the variety of alternative methods
that have been proposed to overcome these
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Figure 1: 1.0 mm spheres of CPO27-Ni/MOF-74(Ni) shaped by the
alginate method.

limitations, low temperature processes using solid sorbents is considered one of the
most attractive option for a number of reasons, including low cost and minimal
environmental footprint.
In traditional adsorbent-based technologies, such as air separation, gas drying and
hydrogen purification, the porous material used is usually pelletized and packed in
large columns which are operated in a cyclic manner. After an adsorption step, during
which the adsorbent is being saturated by the most strongly adsorbed component
present in the feed gas, a regeneration step is performed by either a reduction of
pressure (Pressure Swing Adsorption/Vacuum Pressure Swing Adsorption –
PSA/VPSA) or an increase in temperature (Temperature Swing Adsorption, TSA).
For post-combustion CO2 capture and direct air capture (DAC), the purpose of the
separation is to obtain a concentrated product from a relatively diluted feed at ambient
pressure (typical CO2 partial pressure in flue gases ranges between 4 and 20 % for
post combustion, and only slightly above 400 ppm (0.04 %) for DAC). Using traditional
VPSA or TSA processes for separation will require processes with extremely large
footprints and complexity. One example using a Zeolite adsorbent in a VPSA for post
combustion in a coal-fired power plant context concluded that a two-stage process (73
and 23 trains) with a total of 264 columns with 8-meter diameter was needed. TSA
processes have similar challenges due to long heating and cooling times, which
negatively affect their cycle productivity and thus the total process footprint [¡Error! M
arcador no definido.].
To overcome these limitations and contribute to further development of solid
sorbent-based processes for use in post-combustion context, significant effort is
nowadays put on the development of new adsorbents with a focus on improving the
adsorbent capacity and selectivity for CO2. Zeolites and metal organic frameworks are
promising candidates. One type of separation process where temperature change of
the adsorbent can be carried out quite rapidly is the moving-bed temperature swing
adsorption (MBTSA) process. In this process, the adsorbent is moved from an
adsorption section where it captures CO2 from the flue gas, into a hot desorption
section where the CO2 is collected before the adsorbent is moved to a cooling section
and then recycled back to the adsorption section. Only the adsorbent spheres will have
to be heated which shortens the cycle time and the system footprint, compared to
conventional fixed-bed processes.
For the MBTSA process, the adsorbent should show good flow properties, and
spherically shaped adsorbent with diameter in the 0.5 to 1.0 mm range is preferred. In
the presentation we will discuss the production of shaped CPO-27-Ni/MOF-74(Ni) by
the alginate method, the physical characteristics of the shaped bodies (Figure 1), their
sorption behaviour and their performance in a MBTSA process based on mathematical
simulations. The results will be compared with similar simulation where Zeolite 13X
spheres are used as adsorbent.
Acknowledgements
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separation process where temperature change of the adsorbent can be carried out
quite rapidly is the moving-bed temperature swing adsorption (MBTSA) process. In this
process, the adsorbent is moved from an adsorption section where it captures CO 2
from the flue gas, into a hot desorption section where the CO2 is collected before the
adsorbent is moved to a cooling section and then recycled back to the adsorption
section. Only the adsorbent spheres will have to be heated which shortens the cycle
time and the system footprint, compared to conventional fixed-bed processes.
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Hydrotalcite, part of a group of layered double hydroxides is a widely used
porous material. Its layered crystal structure, which is composed of an octahedral
cationic layer and of compensating interlayer space (Figure 1), offers several properties
useful for application in catalysis. In cationic layers, it is possible to incorporate during
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synthesis different divalent and trivalent cations such as magnesium, aluminum, nickel,
or copper. Basic hydrotalcite is composed of magnesium and aluminum. Every other
cation incorporated into the structure has an influence on its physico-chemical
properties and catalytic activity in several reactions. Interlayer space contains interlayer
anions and water molecules, which stabilize crystal structure. Hydrotalcites are most
commonly prepared by co-precipitation. It is also possible to prepare hydrotalcite by
other methods. One of them is rehydration, which uses the memory effect of
hydrotalcite. Memory effect is one of the special properties of hydrotalcite.
Hydrotalcites exposed to the temperature of around 450°C during calcination change
their layered structure to an amorphous mixed oxides structure caused by dehydration
and decarbonization. In case, the mixed oxide structure is exposed to a water solution
of anions, it is possible to regenerate the layered structure, which is called rehydration.
It is possible only in case of calcination in temperature between 400 – 550 °C. In the
case of a higher calcination temperature, a spinel structure is formed from hydrotalcite.
Spinel structure is stable and resistant to rehydration. Incorporation of other cations is
also possible by wetness impregnation of hydrotalcite. Each of the ways of preparation
and incorporation of cations could cause changes in the structure, crystal phase as well
as properties of the catalyst [1].
Hydrogenation reactions of a greenhouse gas like CO2 are a suitable way to
obtain valuable products such as methanol, ethanol, methane, and others. Another
reason to do hydrogenation is also reduction of CO2 emission and the same time obtain
valuable products. Methanol is one of the most valuable chemicals produced by the
hydrogenation of CO2 through the “Power-to-Fuel” concept. Methanol has several
applications as a solvent to produce other valuable chemicals like acetic acid,
methylamines, chlormethanes, and others. Methanol is also used as a biofuel and in
biodiesel production by transesterification of vegetable oils [2].
For comparison of different types of preparation of Ni-Mg/Al hydrotalcite and
their properties, four samples were prepared. By Co-precipitation from nitrates as a
source of cations and Na2CO3 as a source for anions in interlayer space samples, NiMg/Al-Coprecipitated and Mg/Al-HT were prepared. In the case of Ni-Mg/AlCoprecipitated Ni(NO3)2 was added into a solution of magnesium and aluminum
nitrates. The second used way to prepare hydrotalcite was rehydration. Ni-Mg/AlCoprecipitated was calcinated at a temperature of 450°C and then mixed with a
solution of Na2CO3 to regenerate hydrotalcite crystal structure form mixed oxide
structure. The last way to prepare nickel catalyst was wetness impregnation of basic
Mg/Al-HT by Ni(NO3)2 to incorporate nickel into the hydrotalcite structure. Hydrotalcites
were characterized by different methods (XRD, TPDA, TPD-CO2, TG, TPR, XRF,
SBET). For testing and comparing catalyst activity, CO2 hydrogenation in a flow reactor
was used.
Hydrotalcites prepared by different ways of preparation reached the same metal
content in structure (measured by XRF) which was the molar ratio of divalent to
trivalent cations 2/1 and content of all metal cations Mg/Al/Ni was 4.5/2/1. This confirms
the successful preparation of hydrotalcite with incorporated nickel, magnesium, and
aluminum into a layered structure. The formation of hydrotalcite structure was
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confirmed by the measurement of XRD of prepared samples (Figure 2). All obtained
pattern shows diffraction bands which are typical for the crystal layered structure of
hydrotalcite. From XRD patterns lattice parameters (a,c) and crystal size were
calculated. Results did not show significant differences between crystal structures and
did not show the impact of methods of hydrotalcite preparation on the crystallinity of
hydrotalcite. Significant differences were observed in the thermogravimetric analysis of
prepared hydrotalcite (Figure 3).
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Figure 2 – XRD analysis of hydrotalcite structure

Figure 3 – Thermogravimetry analysis of hydrotalcite samples

During thermogravimetry, there are three significant weight losses that occurred
on the dependence of weight loss on temperature. The first small weight loss up to the
temperature of 100 °C presented the loss of physically adsorbed water and the
wetness of the sample. The first significant weight loss between 100 and 300 °C
presents dehydration, which is caused by the removal of water from interlayer space.
The second intensive weight loss represents decarbonization, which is due to the
removal of anions in this case CO32- anion from interlayer space. Dehydration and
decarbonization together made the decomposition of the crystal structure of
hydrotalcite and transmission to mixed oxide structure. The decomposition has
occurred in all prepared samples. Differences were in the case of total weight loss
during calcination. While basic Mg/Al hydrotalcite lost more than 50 wt.% of mass,
Rehydrated sample lost just around 37 wt.%. This could be caused by the smaller
number of anions incorporated into the interlayer space during rehydration. Other
differences were observed in the case of basicity, acidity, and textural properties of
hydrotalcite.
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Introduction
Carbon dioxide (CO2) can be considered an ideal renewable feedstock in the
development of sustainable processes for production of useful chemicals since it is a
waste product of many industrial processes, it is thus inexpensive and widely
available.1 In addition, the cycloaddition of this CO2 to epoxides is a rection of great
interest since not only valorises this waste CO2 but also transforms it into high added
value chemicals such as cyclic carbonates, which are interesting organic intermediates
in the synthesis of polymers. However, the use of CO2 as a starting material and
reagent requires to overcome some limitations such as the high thermodynamic
stability. The use of heterogeneous catalysts is preferred due to its easy separation
from the reaction products, recyclability and high thermal stability. Due to their tunable
pore structure, and wide range of chemical functional groups that can be introduced,
porous organic polymers (POPs) show a strong potential for tunning their catalytic
properties. Most interesting, polymers with amine of imine functionalities have been
proven able to absorb and activate CO2. Poly(azomethine)s (PAMs) are very
interesting materials to be used as heterogeneous catalysts due to their possibility to
anchor metals through the nitrogen atoms of the imine bond and also due to the
insolubility given by the high degree of cross-linking of these porous networks. Thus, in
this work we report the synthesis and characterization of new polyimines from 2,6pyridine dicarboxyaldehyde (DA-Py) and different aromatic diamines (Figure 1) and
their use as heterogeneous catalysts in the CO2 conversion to cyclic carbonates.
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Figure 82. Synthetic approach to PAMs polymers

Results
In the first part of the work, we carried out the synthesis of the polymeric structures by
heating the DA-Py and the corresponding triamine in dioxane or dimethylsulfoxide
(DMSO). The PAMs have been synthesised both by conventional heating (at 100ºC for
3h) and by microwave irradiation as heating method (180ºC for 1,5h), obtaining porous
polymers in relatively short times and yields above 80%. In a second step we prepared
in a simple way the metal containing PAMs from different metallic salts. Among the
metals used Fe and Al were initially selected and tested due to their availability and low
toxicity and cost. The structure of all polymers was confirmed by spectroscopic
techniques as solid state 13C-NMR, FT-IR, elemental analyses, TGA and N2
adsorption/desorption isotherms. Although not noticeable differences have been
encountered in the porosity regarding the heating method employed, the organic
monomers seem to have an influence in the overall porosity of the polymers as show
the good surface obtained (Table 1) for CAT2 vs CAT1 (526 m2/g vs 177 m2/g). The
FT-IR spectra of the polymers show the characteristic band of imine bonding with C=N
vibration around 1629 cm-1. Additionally, the presence of two very weak bands at 1711
cm-1 and 3200 cm-1corresponding to traces of unreacted aldehyde and amine groups
respectively. All polymers have excellent thermal stability with decomposition
temperature (Tdonset) above 400°C. X-Ray diffraction spectra of CAT1 and CAT2
present typical COFs x-ray pattern with intense peaks around 2θ = 5° corresponding to
the (110) plane and a d-spacing of 18.4 Å and 18.0 Å. The reflection from the (003)
plane arises from the 2D sheet stacking corresponding to the peak at 2θ = 25.0° and
24.7° (3.6 Å).

Polymer

SBET(m2/g)

Δ Pore Size
(nm)

Pore Vol.
(cm3/g)

CAT1-T

132

10,3

0,341

CAT1-MW

177

9.1

0,402

CAT2-T

526

3,9

0,517

CAT2-MW

502

4,6

0,576

Table 1. Porous properties of PAMs
Figure 2. Nitrogen adsorption isotherms of PAMs
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The prepared porous polymers (CAT1 and CAT2) were applied as catalysts in the
cycloaddition reaction of CO2 to epoxides such as styrene oxide and epichlorohydrin.
Typically, the synthesis of organic cyclic carbonates needs high carbon dioxide
pressures (10-50 atm) and temperatures from 80 to140ºC.2 Here we report the
conversion of CO2 to cyclic carbonates using porous polymers at mild conditions: 3 bar
of CO2, 80-100ºC, without solvent, with relationships epoxide/metal of 1500 and in the
presence of a base.

Figure 3. Catalytic conditions of epoxide transformation and structures of CAT1 and CAT2

We found that following the above describe protocol, the developed PAMs resulted
very efficient catalysts with conversions between 91% and 98% in only 7 hours and
the formation of the cyclic carbonates as unique products. All polymers showed
similar turnover numbers (TON) around 1400.
Conclusions
A family of poly(azomethine) containing pyridine units (PAMs) were prepared from
commercial 2,6 -diaminopyridine and several triamines using either conventional or
more environmentally friendly microwave heating. The developed PAMs show high
thermal and chemical stability, good porosity and high nitrogen content, which favours
the coordination of different metals such as Al and Fe. These heterogeneous
polyimides are efficient catalysts for the conversion of CO2 into cyclic carbonates by
cycloaddition to epoxides, under mild conditions using 3 bars of CO2 and temperatures
below 100ºC which make them very competitive catalysts. The easy way to prepare
these polymers and the versatility to incorporate different type of metals opens the
possibility of preparing tailor made new heterogeneous metal PAMs catalysts for
different reactions. The final aim of the work is to apply these heterogeneous catalysts
to the synthesis of fully biobased cyclic carbonates derived from waste CO2 and fatty
acid methyl esters (FAME).
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In many industrial processes, water vapor exists either adsorbed on the solids, as part
of waste gases or as a by-product. In this contribution, results of a breakthrough curve
measurement of CO2 and H2O are described. The measurements were performed with
the catalyst analyzer BELCAT II combined with a quadrupole mass spectrometer,
BELMass.
A zeolite molecular sieve 5A was pretreated at 400 °C in helium flow, and breakthrough
curve measurements were carried out either in 1% - CO2/He or CO2/H2O/He mixture
(50 SCCM) flow. Purging with helium as a reactivation treatment followed, and
afterwards a TPD-measurement (temperature programmed desorption) was performed.
The adsorption/desorption amount in each process and the mass balance in the entire
measurement were evaluated from the difference of each profile. The built-in thermal
conductivity detector (TCD) detects unspecific the entire adsorption amount. To
evaluate the concentration and change of the binary-mixture of the specific
constituents, a quadrupole mass spectrometer (BELMass) was used. The
adsorption/desorption amount for CO2 was calculated from the mass spectrum,
m/z=44, and for H2O from m/z=18. Effects of H2O on the desorption and breakthrough
behavior of CO2 are observed and will be discussed. The final TPD up to 400°C after
the breakthrough curve measurement and Helium purge reveals strongly bound
portions of CO2 and in particular of water on the surface of the ZSM-5A zeolite.
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Figure 1 - CO2 / H2O breakthrough curve-TPD measurement
comparison of single / binary component measurement)
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D. Chillè1, G. Papanikolaou1, P. Lanzafame1, S. Perathoner1, G. Centi1
1 Dept. ChiBioFarAm – Industrial Chemistry, University of Messina, ERIC Aisbl and
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The electrocatalytic reduction of CO2 (CO2RR) into valuable chemicals and fuels is one
of the most promising strategies to reduce greenhouse gas emissions, particularly by
using renewable energy [1]. The critical steps for the electrocatalytic CO2 conversion
mainly involve the i) electron transfer, ii) mass diffusion, and iii) electrochemical
reaction on a complex three-phase interface of liquid electrolyte–gaseous CO2–solid
catalyst [2]. Metal–organic frameworks (MOFs) due to their tuneable structure,
including porosity and electronic properties by heteroatom doping, as well as the CO2
adsorption ability can be considered as very interesting materials for the development
of efficient electrocatalysts for CO2RR.
In this work, we report the synthesis, characterization and electrocatalytic activity of BiMOFs based electrodes for the conversion of CO2 to formic acid, an important building
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block for its existing or potential industrial applications in the textile manufacturing, as
antibacterial, in fuel cells and as additive in the cement production.

Two different types of Bi-MOFs were synthesized by a solvothermal method employing
a tricarboxylic acid (trimesic acid) and a dicarboxylic one (terephtalic acid) as organic
linkers in order to evaluate the possible influence of the ligand structure on their
electrocatalytic activity. Moreover, since the electrocatalytic performance of pristine
MOFs may be inhibited due to their poor conductivity and stability, the aforementioned
MOFs have been supported on functionalized carbon nanotubes (CNTs) and the
obtained selectivity and productivity were compared to the Bi/CNTs and unsupported
Bi-MOFs electrocatalysts.
All the developed electrocatalysts were characterized in terms of structure, morphology
and composition by X-Ray Diffractometry (XRD), N2 physisorption and Scanning
Electron Microscopy coupled to an Energy- Dispersive X-ray spectroscopy (SEM-EDX)
analysis (Figure 1).

Figure 1. SEM images and EDX analysis of Bi-MOFs electrocatalysts

Prior the eletrocatalytic tests, the working electrodes (cathode) were prepared by
depositing an ink containing the synthesized electrocatalysts on Gas Diffusion Layer
(GDL, 29 BC Sigracet®) by airbrushing. In order to identify the optimal experimental
conditions for the CO2RR, Cyclic Voltammetry (CYV) of the prepared electrodes was
performed in both Ar or CO2 environment.
All MOFs based cathodes were tested in the CO2RR using a commercial flowcell, by
applying two different potentials (-1.6V and -1.8V Vs Ag/AgCl). The analysis of the
electrocatalytic perfomances evidences that all the developed Bi-MOFs/CNTs
electrocatalysts are active in the electrocatalytic conversion of CO2 showing a
selectivity to formic acid higher than Bi-MOFs and Bi/CNTs electrocatalysts. The higher
value of faradaic efficiency to formic acid (~ 70%) was observed at -1.8V vs Ag/AgCl.
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This behaviour could be explained considering the increase of the CO2 concentration
at the electrocatalyst surface induced by the presence of MOFs [3].
A more in depth analysis of the productivity data allowed to evidence a higher activity
for the Bi-MOFs/CNTs electrocatalyst synthesized by using the dicarboxylic acid as
linker probably due to the lower steric hindrance, facilitating the anchoring on the CNTs
surface.
The results provide interesting insights for the design and development of MOFs based
catalysts for the electrocatalytic conversion of CO2 to high added-value chemicals and
fuels.
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A new type of heterogeneous ruthenium catalyst consisting of isolated single atoms
and disordered clusters stabilized in a mesoporous N-doped carbon matrix
(0.2Ru@NC) has been synthesized with very good activity and remarkable
regioselectivity (up to 92%) towards the obtention of n-heptanal from 1-hexene
(Scheme 1).

Scheme 1. Primary reaction products during 1-hexene hydroformylation catalysed by Ru catalyst 0.2Ru@NC.
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Interestingly, an increase of catalyst activity could be noticed by decreasing the metal
loading. This effect was specially noted for the 0.0125Ru@NC catalyst, which
contained predominantly single atoms and low atomicity clusters according to EXAFS
and Aberration-corrected HAADF-STEM Microscopy afforded the highest TOF number
(208 h-1).
When the Ru loading was increased above 0.2%, a sharp decrease in activity was
observed, (below 78 h-1) together with the formation of nanoparticles (NPs) (i.e.
0.4Ru@NC sample). These results indicate a strong relationship between the catalytic
activity and the size of these Ru entities (figures 1 and 2).
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Figure. 1. Representation of the catalytic data for different
Ru@NC loaded catalyst: Hydroformylation rate, black
(left); Turn over Frequency (TOF), red (assuming all metal
entities are active) and n-heptanal selectivity, blue (right).

Figure 2. Aberration-corrected HAADF-STEM images for
(a)0.0125Ru@NC, (b) 0.025Ru@NC, (c) 0.05Ru@NC, (d)
0.1Ru@NC and (e) 0.2Ru@NC and (f) 0.4%Ru@NC. (g)
the particle size distribution (PSD) for the catalyst
samples.

As previously indicated, the structure-activity relationship of the Ru species was
studied by means of Aberration Corrected Electron Microscopy, revealing the existence
of uniformly distributed Ru single atoms (SAs) in all samples, which are visualized as
bright spots in the High-Angle Annular Dark Field Scanning Transmission Electron
Microscopy (HAADF-STEM) images (Figure 2). According to their particle size
distribution PSDs the percentage of isolated Ru atoms was roughly 40% for the
catalyst with 0.0125 wt% of Ru and around 19-12% in the catalysts with 0.2 and 0.4
wt% of Ru, respectively. In line with these results, the percentage of larger
nanoparticles (2-5 nm size) increased up to 40% when increasing the Ru loading, (0.4
wt%). By combining the catalytic experiments with aberration corrected HAADF-STEM
it is possible to determine de intrinsic activity for each Ru entity, hence assigning the
remarkable activity observed at low loadings to SAs, whereas the lowest activity to
formation of larger size agglomerates such as medium size clusters and nanoparticles.
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One of the major problems of heterogeneous hydroformylation catalyst is the leaching
of the metalic species due to the high syngas pressures used that yield highly soluble
metal-carbonyl compounds. To check the re-usability of the catalyst, the Ru@NC
materials were subjected to 4 consecutive reaction cycles (figure 3.).
Figure 3. Representation of the most important catalytic data for each re-use of A) 0.0125Ru@NC and B)
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As can be seen in figure 3, a small decrease in the activity parameters (TON, TOF) can
be noted, though selectivity towards 1-heptanal is maintained during all recycles for
both catalyst (figure 3.A and 3.B). Finally, the hydroformylation ability of the catalyst
was tested with multiple substrates showing excellent regioselectivities in all cases
(Table 1).

Acknowledgments
The research leading to these results has received funding from the Spanish Ministry of
Science, Innovation and Universities through “Severo Ochoa” Excellence Programme (SEV2016-0683) and RTI2018-099668-B-C21 and PGC2018-101247-B-100 “Programa Estatal de
Generación de Conocimiento”. P.C acknowledge the financial support from “Generalitad
Valenciana” through the project AICO/2020/205. HR-HAADF-STEM measurements were
Table 1. Catalytic results for the hydroformylation of different substrates with 0.2Ru@NC catalyst[a]

Conv.
Entry

Substrate

Yield (%)
TON[c]

TOF[d]

1
2 (n:iso)[b]

3 (n:iso)

4

5

(-)

(h-1)

(%)
1

1-pentene

80

39 (93:07)

<1 (-)

2

30

564

90

2

1-hexene

100

54 (92:08)

3 (100:0)

3

42

862

153

4

Cis-2-hexene

66

9 (81:19)

1 (100:0)

1

55

110

20

5

Trans-2hexene

70

8 (82:18)

2 (100:0)

56

86

25

7

1-octene

94

38 (92:8)

3 (97:3)

3

49

650

111

8

1-nonene

92

37 (87:13)

5 (90:10)

2

46

521

97

9

1-decene

91

44 (90:10)

3 (96:4)

3

43

691

102

10

Cyclohexene[e]

27

25 (-)

0 (-)

2

-

398

136

11

Styrene

80

7 (80:20)[f

0 (-)

33

-

111

35

1

[a] Reaction conditions: 3.2 mmol of substrate, 0.95 mmol of cyclohexane (Internal standard), 100 mg of
the catalyst, 40 bar CO:H2 (1:1), 150 °C, 750 r.p.m, 24 h; [b] ratio of linear product to branched product;
[c] mmol of 1-heptanal/total mmol of Ru; [d] rate of formation of 1-heptanal/total mmol of Ru; [e] 0.95
mmol of heptane as internal standard. [f] additional formation of insoluble oligomers as by-product
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Introduction
Today, modern large-capacity industrial processes are subject to more stringent energy
efficiency requirements regarding greenhouse gas emissions into the atmosphere.
Consequently, engineers and researchers face the challenge of upgrading ethylene
production processes. Ethylene production via steam cracking of ethane and naphtha
requires about 3 EJ primary energy use [1] and is a source of more than 300 million
tons of CO2 annual emissions [2]. The CO2-assisted oxidative ethane dehydrogenation
process (ODH-CO2) offers substantial advantages in reducing energy and greenhouse
gas emissions.
Bulky molybdenum carbide is an alternative catalyst to noble metals in the highly
selective reduction of CO2 to CO [3]. Additionally, supported molybdenum carbide
catalysts demonstrate a high selectivity to ethylene in ODH-CO2. However, one of the
basic problems with Mo2C catalysts operating at high temperatures and atmospheric
pressure is coking or side reactions such as methanation [4] or dry reforming [3].
The present study reports the catalytic performance of ethane CO2-assisted oxidative
ethane dehydrogenation (ODH-CO2) over molybdenum carbide catalysts derived from
MoS2 and MoOx. The active phase was grafted on embryonic zeolite carriers, which
ensure high accessibility and catalysts stability.
Experimental part
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Embryonic zeolites were synthesized according to reference [5], and further used as
carriers of MoS2 and MoO precursors. The molybdenum carbide catalysts were derived
in situ during the interaction with the ethane at high temperatures. The oxide forms of
the samples were obtained either by wetness-impregnation (EZSi-x%MoOx-WI) or by
hydrothermal treatment at 80 °C (EZSi-x%MoOx-HT). The sulfide phase was obtained
by H2S/H2 treatment of both types of oxidic precursors (EZSi-x%MoS2-WI and -HT).
The catalysts were denoted as a function of the amount and the type of Mo precursor
used (EZSi-x%MoS2-d and EZSi-x%MoOx-d), where d stays for derived. The basic
characteristics of embryonic zeolite carriers, MoOX and MoS2 intermediates, and the
exhausted molybdenum carbide catalysts were studied by complementary
physicochemical methods such as 29Si, 27Al MAS NMR, RAMAN and IR spectroscopy,
powder X-ray diffraction, acidity measuremens, and N2 physisorption.
Results and discussion precursor used
The mechanism of the Mo2C formation from MoS2 in the presence of CH4 and H2 was
already reported [6]. We assume a similar mechanism in the presence of ethane. The
formation of the active carbide phase starts in situ during the interaction of MoS2-based
or MoOx-based materials with ethane at temperatures higher than 700 °C. The nature
of the precursor influences the performances of the formed catalyst. The application of
both types of precursors (oxidic and sulfidic) allows hydrogenating CO2 to CO
substantially without any methanation. However, the MoS2-derived samples
demonstrated higher activity in CO2 hydrogenation than the oxide-derived counterpart.
In addition, the sulfide-derived samples resulted in more stable catalysts, i.e., its
deactivation rate was lower than oxide-derived one. The selectivity to by-products
(methane and heavies) was also lower on the MoS2-based catalyst in comparison with
the MoOx-based one.
The influence of the preparation methode, i.e., the impact of WI and HT synthetic
approaches, was studied. Sulfide-derived samples were prepared from the
corresponding oxide precursors. The advantage of the use of various EZSi-5%MoS2
materials was confirmed for both preparation approaches. The sulfidic materials
showed roughly two times lower heavies content compared with ethane thermal
cracking at the same temperature (Fig. 1, EZSi-5%MoS2-WI-d and EZSi-5%MoS2-HT-d).
For MoS2-derived catalysts (EZSi-x%MoS2-WI-d and EZSi-x%MoS2-HT-d), the influence
of the mass content of the active phase, the rate of carburization, and weight hourly
space velocity (WHSV) were studied (Fig.1A, 1B). For both types of samples, the
conversion was higher with the increase of the active phase load from 5 to 9 wt.%
(Fig.1A). It should be noted that the MoS2-HT precursors demonstrated higher activity
than the WI-derived counterparts. The EZSi-5%MoS2-WI-d and EZSi-5%MoS2-HT-d
have shown similar hydrogenation activity, the average CO2 conversions values were
about 38.5 and 39 %, respectivetly. In general, the samples showing the highest
conversion, deactivated more rapidely.
One can see that the EZSi-9%MoS2-HT-d material showed the best performance (Fig.
1). Namely, an average CO2 conversion (44 %) and a moderate deactivation rate (2.5
%/h). Its deactivation rate was 2 times lower that the EZSi-9%MoS2-WI-d sample.
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The impact of WHSV on the performance in CO2 hydrogenation and on the
deactivation rate of the EZSi-9%MoS2-HT-d samples (Fig. 1B) was studied. An increase
of the WHSV led to lower conversion but also in lower deactivation rate.

Fig 1. Comparison of average CO2 conversions (time-o-stream 200 min) and catalyst deactivation rates (CO2
conversion %/h) over: A) where WI- wet-impregnated samples (750 °C, C2H6/CO2=1.4/1, 750oC, P-atm), HThydrothermal treated samples (EZSi-9%MoS2-HT-d (WHSV=5.9 h-1), EZSi-9%MoS2-HT-d-2 (WHSV=11.8 h-1), EZSi9%MoS2-HT-d-3 (WHSV=11.8 h-1) 750 °C, C2H6/CO2=1.4/1, P-atm).

Conclusions
The use of embryonic zeolites as carriers allowed to achieve high dispersion and
accessibility of the Mo2C active species used in the ethane ODH-CO2. The Mo2C
catalyst precursors were deposited by hydrothermal treatment and wetness
impregnation; then the Mo2C was obtained in the course of catalytic reaction. The
hydrothermally prepared samples showed better performances in comparison to the
wetness impregnated ones.
The catalyst monitoring showed that the methanation and the dry-reforming side
reactions could be avoided up to 750oC on these materials. Also, the higher content of
the molybdenum (Mo) on the samples resulted in higher activity. However, the
improvement of the catalyst activity was relatively modest when the Mo content was
increased from 5 to 9 wt%.
The embryonic zeolite-supported Mo2C catalyst derived from a sulfidic precursor shows
superior performances in CO2 hydrogenation than the counterpart derived from an
oxidic precursor.
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The embryonic zeolite-based Mo2C catalyst showed potential to be used in the ethane
ODH-CO2.
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Rising levels of CO2 in the atmosphere are a reality, as consistently reported by
the IPCC’s last research results, and the consequent climate change create an urgency
of developing efficient industrial processes able to reduce greenhouse gases levels to
the threshold set by international organizations. [1]
CO2 methanation reaction, also known as the Sabatier reaction, emerges as
one of the most promising CO2 usage processes, as it presents several advantages
over others, once it offers the possibility of using green hydrogen, produced from
electrolysis, to reduce CO2 and produce synthetic CH4. This gas could be transported
by the already existing natural gas pipeline infrastructure or used for the synthesis of
other chemicals. [2]
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Even though this process is quite exergonic at room temperature, it is usually
conducted at higher temperatures, making use of metal-based catalysts, such as
nickel, supported on inorganic supports. [3] In this study, a series of 5 wt.% Ni catalyst
supported on delaminated ITQ-6 and non-delaminated zeolite pattern (FER zeolite)
have been prepared, characterized and tested for the Sabatier reaction in order to
verify the impact of the delamination on the CO2 methanation reaction.
In this work, the FER zeolite and its correspondent delaminated version, ITQ-6,
with different Si/Al ratios, 30 and ∞ have been also synthesized. From these zeolites,
four different Ni-based catalysts (5% wt. of Ni) were prepared by incipient wetness
impregnation (IWI) and compared with respect to their catalytic performance towards
the Sabatier reaction in order to know the effect of the aluminium content.
FER and ITQ-6 zeolites were obtained from a layered precursor PREFER, with
different Si/Al molar ratios, as indicated in Figure 1. The calcination of this precursor
resulted in the condensation of layers with the formation of the 3D-microporous
crystalline structure of the ferrierite (FER). The delamination of the catalysts support
was confirmed by N2-adsoption analyses, which revealed that while the catalysts based
on FER exhibit a typical profile for structure mostly constituted of micropores, the one
based on ITQ-6 present a profile associated with the presence of mesopores profiles
[4], as seen in Figure 1.
TPR results shown in Figure 2 reveal that Ni reduction occurs at higher
temperatures in ITQ-6 catalysts, suggesting a higher interaction of the nickel with the
delaminated ITQ-6 support. The higher reducibility of the FER catalysts is attributed to
the bigger NiO crystallites, making most of the Ni atoms can be reduced at lower
temperature since they will be interacting weakly with the zeolite surface.
Chemisorption results confirm the results obtained from TPR analyses and
reveal the catalysts based on zeolites containing Al present higher active metallic
surface area in comparison to their counterparts free of Al (table included in Figure 2).
It can be seen also that active metallic surface is also higher in the delaminated
zeolites, regardless of the aluminum content, what can be attributed to their higher
external surface area. This leads to a higher distribution of the metallic nickel particles
with smaller size, as it can be seen in the table include in the Figure 2.
ITQ-6-based catalysts presented higher values for CO2 conversion (Figure 3)
and turnover frequencies (TOF) which has been attributed to the better Ni dispersion
over these catalysts. Over the smaller Ni particles, there was higher H2 uptake on the
metallic phase, as determined by the chemisorption analyses, and higher peripheral
interaction metal-support, facilitating the interaction of both CO2 and H2.
ITQ-6-based catalysts also exhibited higher selectivity towards CH4, always
above 90% over the whole range of temperatures tested, instead of the lower than
70%, exhibited by the FER-based catalysts, Figure 4. The Arrhenius plot over the
range of lower temperatures, when CO2 conversions are low and the occurrence of
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competitive side reactions are negligible, reveal that activation energy for CH4
formation is significantly lower in the ITQ-6-based catalysts (Figure 4) than the ones
found in the FER-based catalysts.
Regarding the Al content, the Si/Al = 30 catalysts exhibited higher CO2
conversion and TOF’s than the counterpart pure silica ones, which was accounted by
the difference in surface -OH groups. Si/Al = ∞ catalysts only exhibit Si-OH hydroxyl
groups, typical of Al-free zeolitic supports, while Si/Al = 30 catalysts present higher
concentration of surface -OH groups due to the presence of not only Si-OH, but also
Al-OH and bridging hydroxyls found in Si-(OH)-Al. The higher concentration of -OH
groups would allow a higher nickel exchanges, improving the metallic nickel dispersion.
In addition, the -OH groups would be also participating for the uptake of CO2 on the
interface metal-support.[5] The combination of both effects, metallic nickel dispersion
and CO2 uptake, would support the higher CO2 conversion values for the catalyst
based on ITQ-6 containing aluminium, as it can be seen in Figure 3.
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Figures

Figure 1. Adsorption-desorption profile for the catalyst used in
this work, and schematic representation of delamination. Image
adapted from Chica. [2] While the FER-based catalysts present
a type-I profile of isotherms, the ITQ-6-based ones present a
type-IV.

Figure 3. CO2 conversion for the 5% wt. Ni catalysts supported
on FER and ITQ-6 zeolites with different Si/Al molar ratios.
Equilibrium values are shown in the orange dashed line.

Figure 2. TPR-H2 profile of zeolite-based catalyst under H2
flow over the range of temperatures between 200°C and
600°C.

Figure 4. Selectivity towards CH4 for the 5% wt. Ni catalysts
supported on FER and ITQ-6 zeolites with different Si/Al molar
ratios, and Arrhenius plot to determine activation energy towards
CH4 formation.
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Introduction
CO2 emissions is one of the major challenges for the next decades. It controls involves,
reducing, capturing and transforming CO2. Actually, CO2 could become a renewable
raw material for obtention of chemicals and energy. CO2 can be transformed directly to
chemicals or through biomass conversion Biomass is a promising alternative, since it is
a renewable resource for different sectors worldwide, with lignocellulosic biomass use
of 20-25% by 20301. Biomass can be transformed into bio-oil and chemicals by
different techniques, among them pyrolysis/gasification coupled with Fischer-Tropsch
(FT) reaction have been studied during the last 3 decades. Nowadays the process is
industrially applied, unfortunately only in a few locations, due to several problems, such
us the poisoning of the FT catalyst by sulphur present in the biomass. Sulphides,
carbides and phosphides catalysts demonstrated excellent resistance to sulfurcontaining compounds in bio-oil and therefore considered as a promising catalyst for
Fischer-Tropsch like reaction.
Therefore, the main objective of the present study is to examine the catalytic activity of
different Fe2C5 on thermal and photo reduction of CO2. The objective is to obtain
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biofuels or chemical products with added value and also to better understand the
pathways and mechanisms of the reactions involved.

Materials, experimental setup and methods
Catalyst preparation
Fe2C5 was prepared as described elsewhere [2]. Briefly, typically 10 g of glucose and
50 mL of water were mixed using magnetic agitation. If needed 1 g KNO3 and
1gCuNO3 were added. The solution was heat at 100ºC using a reflux and stirred
during 30 minutes under N2 atmosphere. After, 9.4 g of FeNO3 were added and kept at
reflux during 2 hours. The resulting solid (around 2 grams) was filter, washed with 10
mL of water and 5 mL ethanol 5 times. Finally, the solid was reduced under 100
mL/min of CO, increasing the temperature at 0.25 ºC/min until 350ºC and kept during
12 hours. mL
The BET surface area and pore volume of the catalysts were determined based on
their N2 adsorption/desorption behavior at 77 K using a Micromeritics 2020 volumetric
adsorption analyzer. Prior, the catalyst samples were degassed at 150 °C for 12 h.
XRD analysis was carried out on a D5000 diffractometer at 40 kV and 40 mA with Cu
Kα (λ=0.15406 nm). SEM images were taken using Jeol 7800 HRSEM.
Fischer-Tropsch like
Reduction of CO and CO2 in gas phase was carried out using Vinci Micro CR Catalytic
Reactor. In a typical reaction, 0.5 g of catalyst were diluted in SiC with a particle size
range of 100-200 µm. The mixture was introduced in a stainless-steel tubular reactor of
0.8 cm internal diameter and purged with N2 flow of 100 mL/min for 30 min at 50 ºC.
Then the temperature was increased at 5ºC/min until 350ºC and kept for 1 hour. Then,
the feeding gas was changed to 100 mL/min of a mixture of CO2 and H2, (molar ratio
of 2) and the pressure were adjusted to 20 bar. The reaction products were analyzed
using an industrial gas chromatograph, ABB model PGC 1000, equipped with a BCC
type column and a BCK type column, using helium as carrier gas
Photo-reduction of CO2
The solids were tested on reduction of CO2 using light as activation energy. A 500 mL
cylindrical glass vessel equipped with a magnetic stirring system, a gas inlet, a gas
outlet and a liquid sampling port was used as reactor. This was placed in the chamber
of a solar box (Suntest CPS,Atlas), which was equipped with a 1500 W air-cooled Xe
lamp working at 550 W·m−2and provided with quartz and glass cut-off filters. The
vessel was loaded with 200 mg of catalyst. The system was purged for 30 min flowing
50 mL/min of CO2 and H2 in a molar ratio of 2. Then, the lamp was switch on and the
reaction started. The gas samples were analyzed using a GC-Zimadzu equipped with
TCD detector and capillary column OV-PLOT Q15 µm.
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Results
The main textural properties of the catalysts are summarized in Table 1.

Table 1 Textural properties of different catalysts and supports by N2 adsorption/desorption and
XRD
conditions
item
BET surface area

(m2/g-1)

Fe2C5

Fe2C5-K

Fe2C5-KCu

177

149

164

Average pore diameter (nm)

6

6.4

6.8

Average particle Size (XRD) (nm)

6

8

8

The Fe2C5 catalysts, doped or not, showed a surface area around 160 m2/g. XRD
characterization showed the presence of crystallized Fe2C5 phase on the fresh
catalysts surface, with estimated particle size (by Scherred equation) around 8 nm.
HRSEM images, Figure 1 b, confirmed the particle size and the porous structure of the
catalyst, and the homogeneity of the nanoparticles throughout the solids.

a

Figure 1.a) Thermal CO2 conversion of catalyst at different temperatures. b) SEM image of Fe2C5.
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The solids exhibited catalytic activity on CO2 reduction, either under thermal and photo
catalytic conditions. Thermal condition resulted in much higher conversion compared
with photo activation, 3.3 mL/min*gcat CO2 and 0.003 mL CO2/h*gcat, respectively.
These conversions are in agreement with the reported literature [2] and [3].
Reaction condition, such as temperature and pressure affected not only the conversion
rate but also the selectivity of products. In thermal reactions, low conversion increased
the fraction of the liquid and solid hydrocarbon obtained, achieving carbon chains
distributions between 6 and 32 atoms of carbon. Under light activation, the main
products were CH4 (60%) and CO (38%). With the doped catalyst higher conversion
were achieved at low reaction temperatures.
Conclusions
Homogeneous nanoparticles of Fe2C5 can be obtained from a simple synthetic
method, using glucose as carbon precursor. The introduction of doping elements as K
and Cu did not affect the porosity and crystallography of the catalyst, however doped
catalyst showed higher catalytic activity at milder reaction conditions.
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Covalent organic polymers (COPs) are a type of supramolecular compounds, formed
by self-assembly of organic units through covalent bonds. We have focused on the
synthesis of four metal-free sulfide covalent organic polymers (SOPs) using aromatic
dithiols compounds as 1,4-dimercaptobenzene or bismuthiol and aromatic trialkyl or
tribromide compounds as 1,3,5-triethynylbenzene or 1,3,5-tris(bromomethyl)benzene
with further interesting applications. Organosulfide synthesis were carried out via click
process through SN2 reaction and by thiol-yne reaction. Obtained solids have been
characterized by thermogravimetric analysis (TGA) to check thermal stability; elemental
analysis (EA), solid state 13C NMR (ssNMR), Fourier transform infrared spectroscopy
(FT-IR) to confirm the synthesis and integrity of SOPs; and scanning and transmission
electron microscopy (FESEM and TEM) and CO2 adsorption to study their morphology
and porosity.
Hypervalent weak atom interactions, so called nonbonded S-X interactions, are of
significant interest because they can control not only the molecular assembly of organic
sulfur compounds in advanced materials but also the structure and reactivity [1]. In this
work, we report on the catalytic activity of solid organosulfide compounds based
covalent organic polymers named SOPs. They are active and reusable heterogeneous
catalysts for esterification, thioesterifications, amidation, Paal Knorr and type I ene
reactions, resulting in high conversions of the expected esters, thioesters, amides,
pyrroles and cycloalcohols, respectively. These reactions are industrial relevant ways
towards the preparation of numerous high added value products [2-3]. The
organosulfides are able to activate the carboxylic acids and ketones through
hypervalent S-O interaction mechanism (Figure 1), sulfide acts as an electron pair
acceptor to increase the reactivity of a substrate, Thus, SOPs are interesting
alternative to typical Lewis acid catalysts, with the advantage and improvement of
working with heterogeneous catalysts due to their reusability.

Figure-1
Synthetic procedure of SOPs

Figure-2
Hypervalent catalysis mechanism by SOPs
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Introduction
The transition to a net-zero carbon emissions economy has become the main
worldwide social and economic challenge within the next decades. Biofuels from lowcarbon footprint feedstocks will play a key role as an alternative to petroleum-based
energy supplies in the transportation and petrochemical industries [1]. However, further
deployment is required to achieve the goals for CO2-reduction emissions. To this end,
the Renewable Energy Directive [2] promotes the use of a number of reduced-carbon
footprint raw materials. The upcoming Fit x 55 legislative train [3] will reinforce the
transition to more sustainable automotive, aviation and marine fuels. As a
consequence, the energy industry is facing with great technological and strategical
challenges leading to novel business models and opportunities.
From at technology standpoint, transesterification of fats and oils and coprocessing of vegetable oil into diesel desulfurization units are well-established
technologies for biofuels production. However, hydrotreating vegetable oils (HVO)
stand-alone units are gaining more attention for the integration of biofuels into refinery
facilities. These stand-alone HVO processes usually comprises two independent
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reaction stages. Firstly, hydrodeoxygenation of triglycerides involving several reactions
and, secondly, a hydroisomerization or dewaxing step to improve cold-flow properties
of biofuels. Several catalysts have been proposed for both reactions, from transitionmetal to noble-metal catalysts with high conversion and selectivity to aliphatic alkanes
[4]. Furthermore, there is a need in the energy industry to increase the production of a
full portfolio of biofuels from bio-LPGs to heavy biofuels.
Hence, the main aim of this research work is the design and selection of
catalysts to obtain the required conversion and selectivity to biofuels in a single onestep hydroisomerization process improving the existing HVO processes. To this end,
metal-based SAPO-11 catalysts are proposed. Its performance is compared to a
reference catalyst in a stirred batch isothermal hydrogenation reactor.

Experimental
Supported Ni-based catalyst was prepared by wetness impregnation method
with a loaded mass fraction Ni of 5% wt. using a nickel (II) nitrate hexahydrate solution
as precursor and SAPO-11 as support. After impregnation, catalyst was dry for 6 h at
353 K, followed by calcination at 823 K for 4 h. Commercial mixed catalyst for
hydrotreatment and isomerization activity was tested in a batch reactor. Established
conditions were used to compare catalysts performance along with synthesized Nibased catalyst.
One-step hydrotreatment process was conducted in a stirred stainless steel 300
ml batch reactor at different temperatures ramps (523 – 623 K). Pelletized catalyst (425
– 710 µm) was placed in a catalyst basket (mesh size < 250 µm) connected to the
stirrer axis. Catalyst was reduced in-situ, according to standard procedures, at 673 K
for 3 h. After reduction, reactor was charged with 100 ml of palm oil. The reactor was
sealed and purged with nitrogen to remove any existing oxygen atmosphere inside.
When first temperature ramp was reached initial hydrogen pressure was set at 40 bar.
Total oxygen removal from triglycerides was analyzed by Fourier-Transform
Infrared Spectroscopy (FTIR). After assuring total conversion of triglycerides and free
fatty acid, samples were analyzed by gas chromatography simulated distillation to
determine each fraction of the liquid product. Furthermore, distribution of normal and
isoparaffinic profiles were analyzed by gas-chromatography (GC – FID) using a nonpolar GC column.

Results and discussion
Hydrogenation of triglycerides double bonds and oxygen removal takes place
on the metal active sites of the catalyst in the presence of hydrogen. Bifunctional
catalysts are needed for hydroisomerization using moderate acidic supports, as SAPO1110

11, to obtain mainly methyl branched paraffins. After the fat splitting, deoxygenation will
happen through a complex network of in-series and in-parallel reactions:
hydrodeoxygenation, decarbonylation and decarboxylation (Figure 1). Then, the
reaction goes further to yield oxygen-free hydrocarbons. In addition to the desired
aliphatic hydrocarbons, cyclization and cracking may yield several side products.

Figure 1 – Possible reaction pathways of triglycerides over catalyst by hydrotreatment process [5]

Time-on-stream to yield full conversion, yield to liquid products and selectivity to
iso-paraffins were the selected variables to assess the performance of different
catalysts. The optimal time to full-conversion was determined for a benchmark catalyst.
The proposed Ni/SAPO-11 showed a different selectivity in terms of product yield, total
liquid product and, exhibited higher selectivity to iso-paraffins.
Commercial catalyst shows a lower cracking side-reactions while the
isomerization activity is lower. Thus, cracking selectivity is slightly increased due to
SAPO-11 acidic properties in comparison to the benchmark catalyst, though. The
complete distribution of products is shown in Figure 2.
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Figure 2 – Total product gas and liquid product distribution in one-stage hydroisomerization: a) benchmark
catalyst and b) Ni/SAPO-11 catalyst
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In spite of the great technological, environmental and economic interests, general
methods for the stabilization of metal nanoparticles against sintering are missing.
Although for some specific systems, it has been achieved by optimizing the interaction
of nanoparticles with a support material or by encapsulation of the metal particles. [1-3]
However, these known catalytic systems are in general rather expensive and difficult to
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synthesize and they cannot be produced in the industrial scale. Therefore, the
development of novel sintering stable heterogeneous nanoparticle catalysts, which find
use in the chemical industry, is of great importance.
Recently, we have developed several different methods for synthesis of catalytic
systems where metal nanoparticles are confined in different zeolite materials. [3-9] As
an example, nickel nanoparticles were encapsulated inside of a MFI zeolite, figure 1.
[6,8,9]
First of all, the aim with encapsulation of metal nanoparticles in a porous matrix like a
zeolite is to prevent the nanoparticles from sintering during a high temperature catalytic
reaction. Furthermore, the porous matrix can also contribute actively to the catalytic
reaction for instance with acid sites in zeolites. Moreover, in our work we have shown
that the metal nanoparticles encapsulated in zeolite materials are only accessible
through the pores, which highly favor size-selective reactions. Here we present the
progress that has been made on the synthesis of encapsulated metal nanoparticles in
various ways and their application in several different catalytic reaction. We have
especially focused on novel materials for selective hydrogenation of CO2 into CO, CH4
and methanol and ethanol respectively. [6,8,9]

Figure 1 - TEM image of nickel nanoparticles encapsulated in MFI zeolite.
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Zeolites are seeing increased use as support material for catalysts used in complete
methane oxidation. They have been shown to reduce sintering and water-induced
deactivation of the active PdO nanoparticles.[1–4] Little attention has however been
given to deactivation by SO2, the third of the three major deactivation phenomena
experienced by palladium-based methane oxidation catalysts. A significant amount of
research has covered how the state-of-the-art Pd/Al2O3 catalyst suffers severely from
SO2 poisoning.[5–7] The few published results point towards SO2 deactivation being
even faster for zeolite-based catalysts, since the support is non-sulfating, unlike for
alumina-based catalysts where the support can, to some extent, shield the palladium
oxide particles.[4,8]

Here, we present a Pd/H-CHA catalyst with remarkable tolerance to SO2. The catalyst
able to withstand more than 200 hours of time on stream in the presence of SO2.
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Figure 1
Catalytic test of Pd/H-CHA in the presence of SO2 (red area). The catalyst is degreened at 500 oC for 1 hour before the
temperature is lowered to 400 oC. Conversion without SO2 is 98%, is 79% just after SO2 addition, and is stable at 94%
after prolonged exposure. The timescale changes at the dashed line. Reaction conditions: 1000 ppm CH4, 10% O2, 5%
CO2, 2 ppm SO2 (when present, red background), N2 balance, GHSV = 126.000 ml h-1 g-1.

The counter-ion in the CHA support influences both the fresh catalytic activity of the
material and the SO2 tolerance. Ion-exchanged samples were obtained by titrating to
pH = 7 with dilute carbonate solutions of alkaline metal ions. The ion exchange affected
the porosity, reducing the accessible micropore volume, see Figure 2, right. The
influence on fresh methane oxidation activity and SO2 tolerance was quantified by a
series of transient experiments where the light-down T502 was used as a measure of
activity. The fresh activity and SO2 tolerance follow similar but opposite trends, see
Figure 2, left. The fresh activity increase when protons are exchanged, and more so by
heavier alkali metal ions. The SO2 tolerance is significantly diminished by exchanging
protons for alkali metal ions

2

Temperature at which there is 50% conversion of methane during a segment of cooling at a steady rate.
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Figure 2
Left: T50 values for a series of transient catalytic tests of Pd/CHA materials with different counter-ions. Exchanging
protons for alkali metal ions increases fresh activity but reduces SO2 tolerance. Reaction conditions: 1000 ppm CH4,
10% O2, 5% CO2, 2 ppm SO2 (when present), N2 balance, GHSV = 126.000 ml h-1 g-1. Right: Micropore volumes
determined by N2-physisorption of Pd/CHA materials with different counter ions.

Discussion and perspectives
Petrov et al. have shown that exchanging protons for e.g. sodium is a way of making
zeolite-supported methane oxidation catalysts more water tolerant.[1,3] The authors
argue that this approach is a viable alternative to using high Si/Al ratio for
hydrophobicity. The idea of improving water tolerance by controlling hydrophobicity of
the zeolite support is widely accepted. In much of this literature however, the problem
of SO2 is not addressed. We emphasize the importance of testing under realistic
conditions with a gas mixture that accurately represents the exhaust of a lean-burn
natural gas engine. Auvinen et al. recently showed that the deactivation caused by
water and SO2 reinforce each other,[9] and indeed the catalyst shown here also
deactivates fast in a feed with both water and SO2 present. The challenge of a
sufficiently durable methane oxidation catalyst is still not overcome, and more work is
required both in understanding the primary deactivation phenomena and the various
features of the catalyst.
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Introduction
Pyrene is a very interesting aromatic chromophore with remarkable optical and
electronic properties that can be easily tuned through chemical modifications with
different functional groups or even with other photoreactive units such as for example
tetrazoles, triazines, or carbazoles [1]. In this work, we focus on the synthesis and
photocatalytic performance of a highly stable porous organic polyimide (PPI-DPPY)
that has been easy and efficiently obtained from solvothermal condensation of 2,7diphenylpyrene
tetracarboxylic
dianhydride
(DPPyDA)
and
1,3,5-tris(4aminophenyl)benzene. The resulting network is formed by a pyrene core (donor) and
two imide groups (acceptor). This polymer has been designed and synthesized after a
previous study where we have explored the photocatalytic activity of a series of
diimides prepared from DPPyDA and different amines. We have taken advantages of
the unique characteristics of DPPyDA as n-type semiconductor with planar structure
and robust thermo- and photo-stability. Thus in this work, we reported, the synthesis,
full characterization (structural, optical, and electrochemical) of four molecular
diphenylpyrene-based diimides (DPPyDI-R) with cyclohexyl (cHex), 2,6-di(isopropyl)phenyl (iPrPh), 4-methoxyphenyl (PhOMe) or 4-chlorophenyl substitution (PhCl)
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(Figure 1). All molecular diimides and the pyrene-based polyimide were applied as
photocatalysts for the oxidation of aromatic sulfides to sulfoxides [2] and 2+2 and 4+2
cycloadditions [3].

Figure 83. Synthesis of diphenyl pyrene-based diimides.

Results
The structure of both molecular, DDPy-DIs, and polyimide, DDPy-PPI, was confirmed
by spectroscopic techniques as NMR, FT-IR, elemental analyses, TGA, N2
adsorption/desorption isotherms and SEM (solid materials). The optical
characterization was also done to choose the most suitable catalyst. The solid-state
UV-vis spectra show that all catalysts absorb light in the blue region of the spectrum,
being the light that have been chosen for the evaluation of photocatalytic performance).
The FT-IR spectrum of PPI-DPPy shows bands at 1780 and 1725 cm-1 characteristics
of the C=O group of the five membered imide rings, and the absorption of the C-N-C
groups appeared at 1345 cm-1. The polymer has excellent thermal stability with a
decomposition temperature at 530°C. The surface area obtained for DDPy-PPI is 710
m2/g. Scanning electron microscopy (SEM) shows a porous texture as loose
agglomerates with irregular shapes and rough surfaces.
All photocatalysts (molecular and polyimides) result very efficient in the oxidation of
aromatic sulfides yielding quantitative and selectively the corresponding sulfoxide
under air atmosphere and blue LED light. It is important to note that when the catalyst
is used for the first time, an induction period is necessary to obtain the radical active
species and after the second cycle this time disappears and the reaction occurs in
much shorter times (Table 1, entries 2, 4, 6, 8, 10). It is also possible the recovery and
recycling both molecular and heterogenized catalysts being this last active and
selective for at least 15 runs (Figure 2).
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Table 1. Photocatalyzed oxidation of aromatic sulfides.a

Entry

Cat.

R

t(h)

Conv. (%)

1
DPPyDI-cHex
CH3
9
100
2
Run-2
CH3
2
100
3
DPPyDI-iPrPh
CH3
2
100
4
Run-2
CH3 0.5
100
5
DPPyDI-PhOMe CH3 14
100
6
Run-2
CH3 10
100
7
DPPyDI-PhCl
CH3 10
100
8
Run-2
CH3
3
100
9
PPI-DPPY
CH3 9.5
100
10
Run-2
CH3
2
100
11
Run-2
H
2.5
100
12
Run-2
Cl
3
100
aSulfide (0.2 mmol), catalyst (0.01 mmol), acetonitrile (0.5 mL), blue LED light (50 W), rt under air
atmosphere (balloon).
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Figure 2. Recycling of PPI-DPPy.

The photocatalytic performance was also evaluated for cycloadditions between 2,3dimethyl-1,3-butadiene and trans-anethole (Table 2). Both catalysts (homogeneous
and heterogeneous) are effective for this reaction, yielding selectively the [2+2] or [4+2]
cycloaddition product depending of diene-en relation and it is necessary an excess of
diene to achieve as unique the Diels-Alder product.

Table 2. Diimides-photocatalyzed cycloadditions.a
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Entry
1
2
3
5
7
4

Cat.
DPPyDIiPrPh

a:b
1:3
1:0
1:1
1:6
1:6
1:3

t(h)
2
2
2
5
2
3

A(%)
100
0
0
0
100
0

B(%)
0
100
100
100
0
0

PPI-DPPY
Recycles
DPPyDIiPrPhb
atrans-anethole (0.1 mmol),
2,3-dimethyl-1,3-butadiene (0.6
mmol), acetonitrile (0.5 mL), r.t., blue LED light (50 W), Cat.
(0.01mol%). bunder N2 atmosphere.

Conclusions
The incorporation of phenyl groups into a pyrene core dianhydride yields an interesting
platform that can be reacted with amines to obtain homogeneous diimides or
heterogeneous polyiimides that can act as efficient photocatalysts in the oxidation of
aromatic sulfides and in cycloaddition reactions. Both, homogeneous and
heterogeneous photocatalysts can be recycled without significant loss neither activity
nor selectivity.
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The high reaction specificity offered by zeolites, owing to their molecular-size
channels combined with Brønsted acidity, confer them exceptional characteristics to
develop catalytic processes for a selective carbon chain propagation from C1
compounds to C2+ platform chemicals. The synthesis of methyl acetate from dimethyl
ether by carbonylation with CO constitutes a widely studied example of selective
carbon chain propagation from a C1 carbon source to a C2 oxygenate compound, in
which the crucial role of the confinement provided by eight-membered ring channels
present in certain zeolite structures (i.e. MOR and/or FER structures) has been
demonstrated [1].
Acetone is an important solvent and chemical intermediate for the production of
acrylates and bisphenol-A, and a precursor for carbonates and epoxy resins. The
acetone industrial manufacturing process involves several reaction steps starting from
oil-derived benzene, involving a first alkylation step in which propylene is consumed,
and producing as final products equimolar amounts of phenol and acetone [2,3]. The
economics of acetone production through this method is, therefore, strongly connected
to phenol market and dependent on the availability of highly demanded olefins (i.e.
propylene). Alternatively, synthesis gas, i.e. a mixture of carbon monoxide (CO),
hydrogen (H2) and, in certain cases, also carbon dioxide (CO2), and its direct C1
derivatives (methanol, DME), represent an attractive carbon source for the production
of commodity chemicals from essentially any carbonaceous feedstock (natural gas,
shale gas, biomass, waste CO2 and green H2, etc). However, the selective chain
propagation from C1 building blocks to specifically C3 compounds remains an important
challenge for catalysis. Here we report how the tandem integration of the reaction of
carbonylation of methoxy compounds (DME) with CO, with subsequent ketonization of
the corresponding C2 carboxylic intermediate products on a zeolite-based composite
catalyst provides a novel and alternative route for the direct synthesis of acetone from
C1 building blocks. A high selectivity is achieved directly from DME/syngas mixtures on
a multifunctional catalyst incorporating two zeolite structures highly effective for DME
carbonylation and methyl acetate hydrolysis, respectively, in the tandem system.
Zeolites with MOR, FER and ETL structures, all containing eight-member ring (8MR)
channels, with SiO2/Al2O3 ~20, have been applied as carbonylation functionalities. The
Brønsted acidic form of the zeolites was modified by incorporation of silver (molar
Ag/Al=0.6). CeO2-based mixed oxides, and composites thereof with nanocrystalline
FER zeolite (SiO2/Al2O3 ~26) have been selected as ketonization functionalities. These
catalyst components have been characterized by X-ray diffraction, solid-state 27AlMAS-NMR, SEM-EDX, HAADF-STEM, XAS and N2 physisorption to assess their
nanoscale structure and surface reactivity. The different catalytic functionalities have
been integrated at various relative amounts and spatial intimacies, from the nm to the
cm regimes, in a single fixed-bed reactor. The catalytic performance has been
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evaluated using as gas feed a synthetic mixture with a 1/45/45/9 DME/CO/H 2/Ar (vol%)
composition (H2/CO=1, CO/DME=45, Ar internal standard for GC analysis) at a total
pressure of 2 MPa, in the temperature range of 523 K – 623 K. Prior to reaction, the
materials have been treated at 598 K or 773 K under N2 flow for 3 h. The reactor’s
effluent was depressurized and analyzed periodically in an Agilent 7890B GC equipped
with two TCD and one FID analysis channels.
The proposed tandem integration leads to the single-pass production of acetone [4].
Major side products are methyl acetate and methanol, which might be recycled to the
process inlet. A reaction temperature of 548 K led to the best performances and was
therefore selected for catalyst optimization. Lower reaction temperatures favoured the
carbonylation step over the ketonization one, increasing the selectivity to the methyl
acetate intermediate product, while higher temperatures favoured heavier oxygenates,
likely via secondary aldol condensation and Michael addition routes from primary
ketone products, and higher hydrocarbons from methanol/DME-to- olefins and
oligomerization paths.
The role of the different components in the ketonization composite has been studied
by combining different relative amounts of Pd/ZrCeOx and nanocrystalline FER zeolite.
Integration of nanocrystalline FER zeolite with the Pd/ZrCeOx led to a significant
increase of the acetone time-yield, which is ascribed to the fact that the initial ester
hydrolysis is rate-determining for the ketonization reaction (Figure 1c). The introduction
of nanosized FER zeolite into the composite function promotes the hydrolysis of methyl
acetate into the corresponding acid, debottlenecking the overall ketonization step. A
Pd/ZrCeOx:FER ratio of 7.5 was selected for further studies on function spatial intimacy.
Lower Pd/ZrCeOx:FER ratios, which correspond to higher excess of the FER zeolite
component, decreased the overall mass-specific acetone yield and favoured
hydrocarbon side-products, likely via acid-catalyzed MTO/DTO pathways followed by
olefin oligomerization and cracking processes.
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Figure 1. a) HAADF-STEM micrograph of the carbonylation component, Ag-MOR, b) STEM-EDS compositional map for
the ketonization FER-Pd/ZrCeOx composite functionality: Si (green), Zr (pink) and Ce (blue), c) Acetone-time-yield
(overall bar height) and product distribution (%C) for different Pd/ZrCeOx:FER ratios in the ketonization catalyst, at 35 h
TOS, d) Selectivity (%C) to acetone versus time on stream (TOS) for different spatial arrangements of carbonylation and
ketonization functionalities. Selectivities are reported in a CO2-free basis. In plots c and d selectivity to CO2 (side
product of the ketonization step) reaches values in the range 20-30 %C, for TOS between 5-40 hours.

In order to assess the influence of the relative ratio between ketonization and
carbonylation functionalities on performance, different amounts of the (FERPd/ZrCeOx) composite have been integrated as a subsequent catalytic bed
downstream of (Ag-MOR). A mass ratio Ag-MOR:FER-Pd/ZrCeOx of 1:2.5 has been
found to provide an optimal balance between the reaction rates for both sequential
reactions, maximizing acetone time-yield. Multifunctional systems with lower ratios
showed faster deactivation of the ketonization functionality, pressumably due to the
deposition of carbonaceous compounds, while higher mass ratios presented
decreasing acetone time-yield at comparable DME conversion levels and acetone
selectivity.
The spatial intimacy between the carbonylation and ketonization functionalities
influences the catalytic performance in terms of DME conversion, selectivity and
stability (Figure 1d). Intermaterial distances going from the nm to the cm regimes have
been studied and the different systems showed similar maximum acetone selectivity.
Intermediate spatial proximity (hundreds of µm distance), achieved by direct blending
of catalyst microparticles in a single packed bed, led to optimal performance. Systems
arranged with further or closer functionality proximities suffered from more prominent
deactivation from approximately 24 hours on stream, presumably due to undesired
migration of species from the ketonization oxide onto (and inhibition of) zeolite
Brønsted acid sites.
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Remarkably, under optimized conditions, essentially full DME conversion (>95%)
alongside 65-70 %C selectivity to acetone (CO2-free basis) could be sustained for at
least 240 h on stream. The results emphasize that optimization of multifunctional
zeolite-based composite catalysts offer promising prospects for new processes of
selective chain-propagation from C1 building platform commodities to selected
chemicals.
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Introduction
Recently hierarchical Faujasite-type zeolites (FAU) with a layer-like morphology have
been applied as solid base catalyst in a liquid phase Knoevenagel condensation [1]
and also as acidic catalyst in the cracking of low-density polyethylene [2]. Independent
of the application and preparation route an increased catalytic activity was monitored
for FAU zeolites with such layer-like morphology. This morphology results from a
rotational intergrowth with zeolite EMT (Ecole Supérieure Mulhouse Chimie two) [3].
Especially for the aluminium rich FAU zeolite X a broad variation of preparation routes
for layer-like morphology is available [4]. These preparation routes differ either in the
type of morphology modifying agent, e.g. an inorganic lithium salt [5] or an
organosilane [6]. But it is also possible to change the conventionally bipyramidal FAU
morphology to layer-like solely via the reduction of the crystallisation temperature and
adjustment of the alkalinity [4]. Ideally the layer-like morphology leads to an enhanced
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accessibility especially of bulky molecules to the catalytically active sites inside such
zeolite crystals, which enables the use of the whole volume of the zeolite crystal as
reaction zone and thus e.g. increases the specific reactant conversion [1,7]. This
contribution shows the influence of the morphological and textural properties of layerlike FAU-type zeolites on their catalytic activity in the liquid phase Knoevenagel
condensation of ethyl cyanoacetate (ECA) and benzaldehyde.
Experimental
The experimental procedure is described in detail in the recently published comparison
of layer-like zeolite X assemblies, which are produced via previously mentioned bottom
up methods, and applied as catalyst for the liquid phase base catalyzed Knoevenagel
condensation of the bulky organic molecules ethyl cyanoacetate (ECA) and
benzaldehyde [1,8]. Three different synthesis routes resulting in different morphological
and textural properties with varying amounts are looked into. Zeolite X layers with high
portion of intracrystalline mesoporosity are obtained in the presence of the organic
mesoporogen TPOAC (resulting in zeolite sample NaX-TPOAC) [5] and intergrown
zeolite X layers with intercrystalline mesoporosity are either obtained via addition of the
inorganic salt Li2CO3 (NaX-Li2CO3) [4] or via an additive-free route (NaX-Addfree) [3].
NaOH-solution
NaX-TPOAC
NaX-Addfree
NaX-Li2CO3
NaX-Conv
without catalyst
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Figure 1 – (A) SEM images of conventional (NaX-Conv) and layer-like morphology (NaX-Addfree, NaX-Li2CO3, NaXTPOAC). (B) Conversion of ethyl cyanoacetate (ECA) with benzaldehyde over the respective zeolitic catalysts with
different morphology at 100°C; for comparison conversion over NaOH solution and in the absence of any catalyst is also
given [1].

Results and discussion
The catalytic activity of the zeolite X samples with different morphology (SEM images
are depicted in Figure 1A) in comparison with conventional zeolite X and NaOH
solution (homogeneous catalyst without any diffusion limitation) is shown for the
conversion of ECA in Figure 1B at 100°C. Since the chemical composition of the zeolite
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samples is almost identical [1] the differences in catalytic acitivity can be assigned to
the different particle size, plate thickness, and textural properties.
The degree of layer-like growth (rotational intergrowth with EMT) can be controlled
either via the synthesis conditions or through the concentration of morphology
modifying agent (MMA), in our contribution Li2CO3 and TPOAC. Besides the degree of
intergrowth these parameters can also control the particle size, plate thickness as well
as the intercrystalline and intracrystalline mesopore volume. Independent of the
preparation route an increase in mesopore volume as well as external surface area can
be observed with increasing layer-like character of the materials [1].
For a further optimized design of these materials in liquid phase catalysis, it is
indispensible to understand which morphological and textural property is rate
determing for the catalytic reaction. Therefore, this contribution focusses on the
correlation of the textural and catalytic properties with the crystal morphology which
can be tailored on the basis of the MMA concentration as well as hydrothermal
treatment temperature.
Additionally for all morphologies it was possible to achieve a full exchange of the
charge balancing sodium ions with potassium ions without significant destruction of the
crystal framework and conservation of the layer-like morphology. Here, we observed an
additional boost in catalytic activity except for the sample prepared via the TPOAC
route.
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Methane dehydro-aromatization (MDA) is one of the most intensively investigated
reaction for the direct conversion of methane to value-added chemicals [1]. It has been
reported that zeolite supported metal catalysts, such as Mo-ZSM-5, are promising
materials for this reaction [2]. It is known that the location and nature of the Mo species
is dependent on the location and density of the Brønsted acid sites, but the impact of
imperfection of the crystalline structure on the speciation and location of Mo species
has been addressed little.

In the present work, ZSM-5 zeolites with different structural imperfections were
prepared to support the introduction of active Mo, and the catalysts were tested in the
MDA reaction. First, the ZSM-5 zeolite (sample P-ZSM-5 corresponds to the parent
sample) was prepared by seed-assisted synthesis in F- medium using nanosized
Silicalite-1 seeds. Second, the P-ZSM-5 sample (Figure 1A) was subjected to two
different treatments: (i) NH4F etching resulting in a sample named F-ZSM-5 and (ii)
alkaline (NaOH) leaching resulting in a sample named OH-ZSM-5 with intracrystalline
porosity. Both treated samples exhibit a hierarchical “donut-like” structure. Finally, all
the three samples: P-ZSM-5, F-ZSM-5 and OH-ZSM-5 were impregnated with 4 wt.%
of molybdenum and named Mo-P-ZSM-5, Mo-F-ZSM-5 and Mo-OH-ZSM-5,
respectively (Figure 1). The spatial distribution of Mo in the three samples was
different.
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Mo-F-ZSM-5

Mo-P-ZSM-5
(a)

Mo-OH-ZSM-5
(c)

(b)

Figure 1. HRTEM pictures of (a) parent Mo-P-ZSM-5 and “donut-like” (b) Mo-F-ZSM-5 and (c) Mo-OH-ZSM-5 zeolites.

The molybdenum containing catalysts were evaluated in the MDA reaction. The
evolution of methane conversion with time on stream (TOS) on the three catalysts is
depicted in Figure 2. The introduction of intracrystalline mesoporosity was found to
enhance the catalytic activity of the “donut-like” zeolite (Mo-OH-ZSM-5) in the MDA
reaction (Figure 2).

CH4 conversion (%)

8

Mo-OH-ZSM-5
Mo-F-ZSM-5
Mo-OH-ZSM-5
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200
400
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Figure 2. Methane conversion as a function of time on stream on molybdenum containing parent and treated “donutlike” zeolites. MDA conditions: 700 °C, atmospheric pressure and WHSV = 1.2 h-1.

The spent catalysts were characterized by TG after 10 h of reaction. The results
revealed the presence of two types of cokes: (i) “soft” coke burning around 500 °C and
(ii) “hard coke” burning around 580 °C. It was found that the content and distribution of
coke depend on the structural features of the samples treated in acidic and basic
media, but not having significant impact on the deactivation (Figure 2).

In summary, the properties of the “donut-like” zeolite catalysts strongly depend on the
post-synthesis treatment applied to remove the zeolite seeds. The “donut-like” zeolites
offer new opportunities for application in catalysis but also for fundamental studies.
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Introduction
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Designing a catalyst for a chosen reaction has long been a challenge in materials
chemistry. The focus may be shifted from attaining desired products from a given
reaction to instead testing a catalyst in a reaction with many pathways and products.
By doing so it allows the pathways that are catalysed to be characteristic of the active
site or sites in the material. Having this additional information, allows the reverse
engineering of materials, which may unveil structure property correlations. Our test
reaction, n-butane isomerisation is typically employed to produce isobutane, a product
of industrial interest as it is a platform molecule and fuel additive. This may be achieved
over a relatively strong acid site within a porous material. Our work concerns
aluminophosphate-5 (AlPO-5) where facile substitution of metals into the AlPO
framework allows the creation of acid sites that vary in strength dependant on the
dopant metal chosen. [1] The isomerisation of n-butane has been shown to go via two
pathways. The monomolecular pathway, involving a secondary carbenium ion
intermediate and the bimolecular pathway which goes via a C8 intermediate and
subsequent scission to form isobutane. [2] The pathway which the reaction follows is
dependent on the identity of the catalyst material. In addition, there are also many side
reactions that are usually supressed to achieve a large yield of isobutane. Allowing
these side reactions to occur means catalysts may be screened, allowing the
association of the catalyst activity with the nature of the active site. Thus, providing a
means to validate the effect of subtle changes in the material on the overall catalyst
identity. Furthermore, addition of noble metal nanoparticles (NP) helps to prevent coke
build up and sustain the catalyst stability.[3],[4] The alkene concentration is moderated by
the metal NP in a reversable Horiuti Polayni mechanism in the presence of a hydrogen
source. The size of the NPs formed by our colloidal deposition technique are likely
larger the micropores in AlPO-5. To circumvent this and pore blockage, mesopores are
added to form a hierarchical (HP) material, allowing the NPs access to internal sites.[5]
The combination of the acid site and the noble metal makes for a multifunctional
material for catalysis, facilitating alternative reaction pathways.
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Materials and Methods
This work is an exploration of metal
dopants in HP-AlPO-5 (AFI) framework
and their consequent effect on Pt NP
formation. The metal dopants, Mg2+ and
Co2+, may lead to two systems. One that
contains strictly Bronsted acid substituted
metal sites (Mg2+) and one that has Lewis
and Bronsted sites (Co2+, Co3+)
respectively. These materials were also
compared to Pt NPs deposited onto the
respective undoped HP-AlPO-5 support.
This is to emphasise the effect of the
metal dopants on the Pt NP formation
and consequent changes to catalyst Figure 2: TEM image of 1wt% Pt/HP-AlPO-5 reduced
selectivity. The HP supports were synthesised by a soft templating method with
Dimethyloctadecyl [3-(trimethoxysilyl) propyl] ammonium chloride solution (DMOD)
which creates silanol sites, adding additional acidity to the support as well as providing
sites to anchor the nanoparticles. 1wt% of Pt NPs were deposited by a colloidal
deposition technique using polyvinyl pyrrolidone (PVP), subsequent washing, and heat
treatment in a reducing atmosphere. PVP forms micelles around the forming NPs
which controls the NP size distribution. Altering the dopant metal will influence the
formation of the Pt nanoparticles and interaction with reactants. As previously stated,
our test reaction is butane isomerisation, but we also aim to test these same catalysts
for butane hydroisomerisation to highlight specifically the effects of the Pt nanoparticles
on the product selectivity.
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Results and discussion
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Figure 3: Box plot of NP distribution for 1 wt% Pt/HPAlPO-5, 1 wt% Pt/HP-CoAlPO-5 and 1 wt% Pt/HPMgAlPO-5 reduced samples
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Addition of Pt NPs to the support material shows no additional peaks in the XRD
diffraction pattern, inferring a retention of the support crystallinity. In addition, the
mesoporous feature is preserved upon Pt deposition, meaning that the deposition
method does not remove mesopores from the catalyst, as shown by N2 physisorption
studies (Figure 1). The addition of Pt nanoparticles to the support framework shows
small, discrete, highly distributed nanoparticles within the HP-AlPO-5 framework
(Figure 2). Comparing the NP size across the Pt/HP-CoAlPO-5 and Pt/HP-MgAlPO-5
shows a narrow size distribution, comparable across all three samples, (Figure 3). This
demonstrates the size control of the colloidal deposition method, using PVP. When
testing these materials in butane isomerisation compared to their parent supports, it’s
clear that the choice of dopant metal, or lack of, is highly influential on catalyst
selectivity, (Figure 4). The parent supports notably show selectivity to propane and
isobutane. This is indicative of cracking and isomerisation behaviour at the acid site.
Methane and ethane selectivity typically increase upon Pt deposition compared to the
respective parent support. This suggests hydrogenolysis behaviour associated with the
Pt NP. Notably, isobutane selectivity increases for Pt/HP-AlPO-5 sample compared to
the parent support. Inferring isomerisation activity still occurs on the Pt deposited
catalysts and doesn’t necessarily require an acid site.

1132

30

Pt

Support

Yield (mol. %)

25

20

15

Methane yield
Ethane yield
Propane yield
Isobutane yield
C4 olefin yield
C5 alkane yield

10

5

0

5
5
5
5
-5
OOOOlPO
AlP
AlP
A
AlP
AlP
g
o
g
o
-C
-M
-C
-M
HP
HP
HP
Pt/
HP
HP
Pt/
Pt/

-5
PO

-Al
HP

Figure 4: Yield plot for 1 wt% Pt/HP-MgAlPO-5, 1wt% Pt/HPCoAlPO-5 and 1 wt% Pt/HP-AlPO-5, compared to their respective
calcined parent supports.

Significance
Pt deposition onto the parent support shows an increase in activity other than onto the
relatively strong HP-MgAlPO-5 support. Striking a fine balance between the strength of
the dopant metal site and the Pt NP loading is crucial to achieving increased catalyst
activity. Depositing Pt onto a support with relatively moderate acid site strength
enhances catalyst activity, mainly increasing hydrogenolysis behaviour and in the
absence of hydrogen, dehydrogenation of alkanes. Hence leading to more
intermediates that are more easily protonated. This is important in understanding the
role of Pt NPs upon support material relative to acid site strength.
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Heterogeneously catalysed processes represent a building block in the currently
employed chemical technology. Among them, supported monometallic or bimetallic
nanoparticles constitute the active phase of catalysts in many industrial processes.
However, these catalysts must possess a tailored sized and dispersed nanoparticle
with high dispersion of active sites and high metal content in order to promote
reactivity, selectivity and stability. Conventional strategies to obtain these kinds of
materials consist in metal salts impregnation or precipitation on support followed by a
reduction step with high thermal treatment with H2 or N2 or by chemical reduction with
sodium borohydride. However, these strategies lead to a poor control degree in term of
size, shape, composition and metal loading. So how to obtain high metal loaded
materials with high distribution?
Recently the use of Metal Organic Frameworks (MOFs) as the precursor of tailored
supported nanoparticles synthesis has been observed. The common strategy is to gain
the crystallinity, the high metal dispersion, and the high metal loading of MOFs in order
to obtain reduced carbon-supported nanoparticles with similar properties. Usually,
thermal treatment as pyrolysis under N2 at high temperature is the optimal strategy in
order to use the MOF as a sacrificial template for the synthesis of supported NPs.[1–3]
However, this method can lead to poor control of nanoparticle size distribution. To
avoid this synthetic problem and to avoid the use of drastic conditions, scientist
community has started to apply chemical decomposition of the MOFs instead of
thermal decomposition. Common, chemical treatment deals with the use of hydrazine,
alkaline borohydrides or amines groups.

1134

Figure 1. schematic resume of the presented synthetic process

In that context, we have developed the synthesis of bimetallic Pd based MOFs and we
have recently shown a soft and tailored transformation of a PdM-MOF (M: non-noble
metal) into M-doped Pd-NPs supported on nanoclusters of MOx@C, improving the
nature of the generated material against other synthetic strategies.[4] Furthermore, the
synthesis set-up toward carbon-supported PdM nanoparticles involves the tailoring of
Chaudret’s procedure based on the use of an amine (aniline) in the presence of
hydrogen (H2), in order to reduce metallic species and to lead to nanoparticle
formation.[5–7] Our modified approach consists of the in-situ generation of the amine
(i.e., aniline), instead of using it as a solvent, to provide the reaction mixture with a slow
supply of amine.[4] It results in a slowly generated heterometallic nanomaterial, thereby
providing a well-controlled and reproducible material comprising both metallic
nanoparticles and MOx-doped graphitic support. (Figure 1). Moreover, introducing a
second metal, would produce a synergetic effect that modifies the surface properties of
Pd catalyst, thereby modulating the adsorption energy of hydrogen or oxygen
intermediates, increasing the active sites, and ultimately improving the catalyst
performance.[8] This soft methodology allows for an improved control of nanoparticle
size and stronger bimetallic nature of the material respect to the most common strategy
based on MOFs pyrolysis. [1–3] Recently, we have reported the synthesis of PdFe
based nanomaterial through our methodology.[4] The material has been used with
good catalytic activity and selectivity in the hydrogenation of nitro-arenes and tandem
reaction. Moreover, this material has been used as bifunctional nanocatalyst for
electrocatalytic water splitting. It displays superior mass activity for oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER), both in alkaline and acid
media, compared with those obtained for benchmarking platinum HER catalyst, and
ruthenium, and iridium oxides OER catalysts. PdFe-NPs also exhibit outstanding
stability against sintering that can be explained by the protecting role of graphitic
carbon layers provided by the organic linker of the MOF. Additionally, the superior
electrocatalytic performance of the bimetallic PdFe-NPs compared with those of
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monometallic Pd/C nanoparticles and FeOx points to a synergetic effect induced by FePd interaction that facilitates the water splitting reaction.[9]
In this work, another promising nanocomposite arising from Pd-In bimetallic MOF
precursors has been studied. PdIn MOFs precursor with analogue structure of PdFe
MOF has been synthesized and our methodology has been successfully applied. The
tailored transformation of a PdIn-MOF leads to In-doped Pd-NPs supported on
nanoclusters of InOx@C. Then, PdIn MOF precursor has been immobilized in several
silica-based mesoporous materials, in order to tune the catalytic properties of the
resulting composites. (Figure 2)

Figure 2: a) Fesem image of PdIn MOF supported on MCM41(1:1 wt%), b) HR-STEM images of PdInNPs supported on
MCM41 resulted from chemical decomposition of (a), respectively c), d) PdIn supported on MCM41 (1:3 wt%), e), f)
PdIn supported on mesoporous silica, g),h) PdIn supported on SBA15.
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Introduction
With the environmental crisis derived from the unlimited emission of carbon oxides and
other pollutants to the atmosphere and the subsequent rise in the global temperature,
great efforts are being put into the elimination of processes that do not follow the
principles of sustainability. In this sense, the non-combusted use of both oil and natural
gas will be of special interest in the coming years. Among the processes that have
arisen the highest expectations, the oxidative dehydrogenation (ODH) of light paraffins
(ethane and propane, mainly) is one of the most promising alternatives to produce
olefins in an environmental-friendly way [1].
At the moment, multicomponent mixed metal oxides based on Mo-V-(Te,Sb)-Nb-O
mixed oxides presenting the orthorhombic bronze-type structure (as-named M1) are
the ones that show the best catalytic performance for ethane ODH [2]. The
orthorhombic bronze-type M1 structure presents 6- and 7-membered rings of cornersharing MO6 octahedra and pentagonal M6O21 unit with MO7 pentagonal bipyramidal
(M= Mo, V, Nb) [3]. Although the multicomponent tetra metallic mixed oxide (Mo-V-TeNb-O M1) shows relatively low surface area, the corresponding orthorhombic Mo−V
oxide presenting the M1 phase could be considered as a microporous support [4] in
where the vanadium atoms are properly dispersed onto the surface, consequently
preventing the further oxidation of the olefin into COx [5].
Moreover, the use of V-containing zeolites and zeotypes [6], with shapes and pore
sizes similar to those of the M1 phase, could represent an easy and less expensive
method to create a new generation of catalysts.
In this study we present, for the first time, the synthesis of undoped and Te-doped MoV oxide (0 < Te/Mo < 0.10; V/Mo= 0.37) presenting M1 phase. In addition, it will be
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compared the catalytic performance of metal oxide bronzes with those achieved over
zeolitic (V-ANA, V-AFI and V-AEI) vanadium containing catalysts in order to stablish
the role of the textural properties and the nature of the vanadium species on the
selectivity to ethylene.
Experimental
M1-presenting mixed oxides, i.e. undoped and Te-doped Mo-V-O, were synthesized
hydrothermally at 175ºC for 3 days, and thermally activated at 400ºC under N 2 stream
[5]. Likewise, V-containing microporous materials, i.e. V-ANA and V-EU-1 [7], VCoAPO-5 [8] and VCo-ALPO-18 [9] were also synthesized by an hydrothermal method for
7-10 days at 150ºC, and finally calcined at 550ºC in an air chamber. All these catalysts
were characterised by several physicochemical techniques such as XRD, TEM, N2/CO2
adsorption, FT-IR, UV-Vis, and XPS. Catalytic tests were conducted in a fixed bed
reactor in continuous connected to a gas chromatograph with a mixture fed with
C2H6/O2/He molar ratio of 9/6/85 (weight of catalyst from 0.2 to 2.0 g and total flow 25100 mL min-1) in the temperature range of 325-400ºC for the M1 catalysts and 400490ºC in the case of the zeolitic materials.
Results and discussion
Catalysts based on the undoped and Te-doped Mo-V oxide catalysts, present the
orthorhombic M1 phase (Fig. 1A). For the Te-doped MoVO M1 catalysts, while
differences in both intensity and width of the diffraction peaks are related to the
dissimilar ability of said atoms to be inserted into the M1 structure, thus causing
differences in the morphology of the catalysts.
Both undoped and Te-doped Mo-V oxide have been further investigated by N2/CO2
adsorption isotherms (Fig. 1B). The results obtained suggest that these changes in
the morphology lead to more microporous materials, especially in the case of the Tedoped MoVO M1 samples with a Te/Mo ratio in the synthesis gel of 0.01 and 0.05.
On the other hand, a well-defined XRD patterns obtained in all cases for the zeolitic
materials suggested the good dispersion of the vanadium atoms into the structure,
which was confirmed later by spectroscopic studies. In any case, a vanadium content
of ca. 0.6 wt% was observed in all cases.
Te-free and Te-containing Mo-V-O catalysts have been studied in the ethane ODH, in
the 350-390ºC reaction temperature range, using a W/F of 16gcat h (molC2H6)-1. Figure
1C shows the variation of the Space Time yield, STYC2H4, in gC2H4 kgcat−1 h−1) with the
Te/Mo ratio in the synthesis gel, for undoped and Te-doped MoV M1 oxides, during the
ethane ODH at 390ºC. The STYC2H4, firstly increases with the tellurium content until a
Te/Mo ratio in the synthesis gel of ca. 0.05, and then decreases when increasing the
tellurium content. We must inform that the selectivity to ethylene depends on the
ethane conversion. Thus, a selectivity to ethylene in the 85-95% or 70-85% range,
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depending on the Te-content in catalyst, was observed for ethane conversion of 20 or
50%, respectively.
In the case of the zeolitic materials, V,Co-containing aluminophosphates, for both AFI
and AEI phase, it has been observed better selectivity to ethylene than those achieved
for V-ANA or V-EU-1 zeolites. In this way, a selectivity to ethylene of ca. 75 or 65%
was observed for V,Co-containing aluminophosphates at ethane conversion of 20 or
50%, respectively.
In the light of these catalytic results, the nature of the vanadium cations present in the
different catalysts is suggested to play a key role in the catalytic pathway mechanism.
In this sense, a surface characterization by XPS (V 2p3/2 core level) was performed,
and the results indicated that the presence of a majority of V 4+ species is required to
obtain the best selectivity values to ethylene (as obtain, although not shown here, for
Te-doped and undoped MoV M1 oxides). Nevertheless, not only the oxidation state of
the vanadium species may influence the catalytic properties. That is why an exhaustive
spectroscopic characterization by means of Raman, FT-IR and UV-Vis studies was
conducted, and correlation results between tetrahedral, octahedral, and
mono/polymeric species will be extensively discussed.
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Figure 1. XRD pattern (A) and CO2-adsorption (B) of undoped and Te-doped (Te/Mo=0.05) MoV M1 oxides. (C)
Variation of the Space Time yield (STYC2H4, in gC2H4 kgcat−1 h−1) with the Te/Mo ratio in the synthesis gel, for
undoped and Te-doped MoV M1 oxides, during the ethane ODH at 390ºC.

In this communication it will be deeply analysed the role of the micropores of different
zeolitic and non-zeolitic structures, as well as the composition and the nature of the
vanadium species present in their structure in order to correlate them with the catalytic
performance in the oxidative dehydrogenation of ethane, with the aim of maximize both
activity and selectivity to ethylene.
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Dimethyl ether (DME) has been identified as a key feedstock for organic synthesis as
well as an environmentally friendly fuel, with low associated emissions of pollutants [14]. It is conventionally obtained from syngas in a two-step process, involving first
methanol (MeOH) synthesis in presence of a metal-oxide catalyst, followed by its
dehydration to DME over an acidic system [5-7]. Considering the significant carbon
footprint of the whole process chain, there is a growing interest to deliver an innovative
one-step process to DME via CO2 conversion in presence of green hydrogen.
Unfortunately, because of the relatively low reactivity of CO2, high reaction
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temperatures and pressures are typically required. Yet, to enhance the rate of CO 2
activation, bifunctional or hybrid catalysts need to be properly designed and developed,
by realizing an optimal distribution of active sites of different nature suitable to deliver
an efficient catalytic process for the direct production of DME. This work highlights the
basic features of innovative 3D printed hybrid systems for the catalytic one-step route
to DME, providing a general assessment in terms of activity-selectivity pattern and
stability with respect to similar systems prepared by conventional procedures.

In this work, hybrid catalysts prepared by 3D printing are proposed as novel systems
characterized by controllable and precise architectures that are unable to be made
through conventional preparation procedures. In particular, a series of zeolite-based
CuZnAl systems was prepared by a highly adaptable in-house 3D printing machine,
allowing for an uniform distribution of the active catalytic material according to various
combination between the metal-oxide(s) and the zeolite, as stacked monoliths, zebra
layered phases or one single phase monolith. Structure, adsorption properties and
surface reactivity of studied catalysts were investigated by BET, XRD, H 2-TPR, SEM
and TEM measurements, while the acidity of the catalysts was evaluated by TPD of
ammonia or pyridine adsorption by FTIR measurements. The 3D printed monoliths
were tested in the one-pot CO2-to-DME hydrogenation process (30 bar, 200-260°C), in
a tubular fixed catalyst bed reactor (i.d., 14 mm; l., 250 mm), with cylinders of various
compositions, diameter 9 mm, length 50 mm and porosity (voidage) 30%. Before the
testing, the catalysts were reduced in situ at 300 °C under “pure” hydrogen at
atmospheric pressure. The reaction stream was analyzed by a GC equipped with a
double-column system connected to a flame ionized detector (CH4, MeOH, DME) and
thermal conductivity detector (H2, N2, CO, CO2) respectively.

In Table 1 the catalytic performance of the 3D prepared catalysts is reported, in terms
of CO2 conversion and selectivity to DME, MeOH and CO, while Figure 1 displays the
stability behaviour of the most active catalyst during 6000 min on stream.
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Table 1 - Activity-selectivity pattern of the prepared 3D
catalysts (30 bar; 260 °C; 800 mLn/gcat/h; CO2/H2/N2, 23/69/8
mol/mol)
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Figure 1 - Test of stability on a single phase monolith
(30 bar; 260 °C; 800 mLn/gcat/h; CO2/H2/N2, 23/69/8 mol/mol)

monolith

For all the samples, no hydrocarbons or coke were found under the adopted
experimental conditions. In particular, at 30 bar and 260 °C, over the two stacked
monoliths, a CO2 conversion of 20.7% was recorded, however with a prevailing CO
selectivity (59.5%) and relatively lower formation both of DME (SDME, 31.9%) and
MeOH (SMeOH, 8.6%).
On the zebra structure, a net decrease of CO2 conversion was observed (XCO2, 14%),
joined to a slight increase of DME selectivity to 39.3% in correspondence of a decrease
of CO selectivity until 47.2%.
At last, the single phase monolith exhibited the best activity-selectivity pattern, attaining
CO2 conversion values as high as 23.2%, paralleled by the highest selectivity to DME
(51.2%) and the lowest formation of carbon monoxide (SCO, 36.9%).
Evidently, the design of a single hybrid multi-site system for DME synthesis by CO2
hydrogenation takes advantage from a suitable proximity of active sites, mirroring a
proper extent of metal-oxide interface for CO2 activation, easy accessibility of acidic
sites to drive MeOH dehydration and controlled Cu° particle size to depress the
formation of side products [8-10].

In terms of stability, the single phase monolith always maintained relatively high CO 2
conversion values (>20%) over time, although a slight deactivation occurred in the first
phase of reaction (TOS = 0–600 min). In terms of product selectivity, MeOH remained
substantially unchanged during time (ca. 15%), while the specular trends of DME and
CO suggest a clear influence of water formed during run in promoting collateral
reforming pathways.

In addition to demonstrating the feasibility of a direct process for the synthesis of DME
via CO2 hydrogenation, overall these results highlight the potential of 3D printing as an
innovative tool for the preparation of hybrid catalysts characterized by controlled
chemico-physical and catalytic properties, suitable to replicate or even to enhance the
behaviour of materials prepared according to conventional methods. It is clear that the
process intensification related to the catalytic technologies for the utilization of carbon
dioxide is forcing towards a further improvement of unconventional procedures for the
development of materials with tailored architectures, being still required an intense
research and development activity to support an industrial exploitation both of product
and process in a short-medium term.
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Introduction
Zeolites have become indispensable in chemical industries due to their many beneficial
properties [1]. The combination of zeolites with active metals results in bifunctional
catalytic systems, which have been reported for excellent activity in numerous catalytic
applications [2]. Among these, ZSM-5 zeolites functionalized with the cheap and
abundant transition metal Ni (Ni/ZSM-5) stand out as highly active and cost-effective
catalysts. It is inevitable that bifunctional Ni/ZSM-5 catalysts have been intensively
investigated. However, in most of the studies, the relation between Al content and the
catalytic activity of the Ni/ZSM-5 catalysts was investigated closely, while the changes
in Ni phases in association with Al content are often overlooked. The chemical nature
of Ni phases, which is also essential for the understanding of the catalytic behaviours,
is usually evaluated indirectly by its temperature-dependent reducibility using
temperature-programmed reduction with H2 (H2-TPR). The quantitative evaluation of
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the Ni phases in Ni/ZSM-5 related to the variation of Al content has not been conducted
and published from 1997 until now. Besides, the varied Al content also leads to
alteration in Al distribution, morphology and Ni phases. The location, nature and the
local environment of Al in zeolites were reported to depend greatly on the hydrothermal
synthesis conditions. Thus, more investigations using advanced characterization
techniques, e.g., NMR, XAS and/or XPS, are required to reveal the interdependence of
Ni and Al sites in the Ni/ZSM-5 bifunctional catalysts. In this study, we focused on the
changes in Ni phases in Ni/ZSM-5 while varying Al content. Accordingly, a series of
ZSM-5 typed zeolites with different Al to Si molar ratio (nAl/nSi = 0.03, 0.04 and 0.05)
was synthesized by a “green” method, i.e., a seed-assisted hydrothermal technique
without unfavourable organic template, which was then loaded with Ni via incipient
wetness impregnation. A systematic study using Ni K-edge XANES (X-ray Absorption
Near Edge structure) and EXAFS (Extended X-ray Absorption Fine Structure) was
carried out to monitor the local structure and chemical state of Ni species in the
catalysts. Furthermore, transmission electron microscopy (TEM) was employed to
examine the morphology of the catalysts. Such combined structural analysis provided
an in-depth understanding of the influence of Al and Ni contents on the formation of
different Ni phases in Ni/ZSM-5 at molecular scale.

Experimental section
ZSM-5 zeolites with different nAl/nSi were prepared using a method, which was
published in a previous work [3]. Subsequently, ZSM-5 zeolites were loaded with Ni via
incipient-wetness impregnation using Ni(NO3)2.6H20 aiming at different Ni to Si molar
ratio, i.e., nNi/nSi = 0.01, 0.03 and 0.05. The obtained catalysts are labelled as Ni/xZSM5-y with x = 100 nAl/nSi and y = 100 nNi/nSi.
All the Ni/ZSM-5 materials were characterized with different techniques for the
elemental composition (SEM-EDX), structural properties (XRD), textural properties (N2
sorption analysis), local structure of Al in zeolites (27Al-NMR) and chemical state of Ni
phases (XAS). Selected samples were further examined by STEM as a supplementary
tool to confirm the chemical state of Ni in Ni/ZSM-5 and thus support the findings in
XAS analysis.
Results and discussion
All catalysts exhibit the MFI framework structure as evidenced in almost identical XRD
patterns exhibiting reflexes at 2q of 7.9°, 8.9°, 23.0° and 23.8° characteristic for ZSM-5
zeolites. After introducing Ni resulting in various Ni content, i.e., wNi = 0.8, 1.6 and
3.4 wt.%, NiO phase is detected by XRD only at wNi ≥ 1.6 wt.% as indicated by a
broad diffraction reflex at 2q of 43.3° corresponding to (200) plane of NiO (PDF#01089-5881. In addition, a type I isotherm typical for highly microporous ZSM-5 zeolites
was recorded regardless of Al and Ni content. The N2 sorption analysis results suggest
a highly comparable pore structure for all studied materials, i.e., a specific surface area
of ca. 400 m2 g-1 and a pore width of ca. 0.8 nm. Further investigation using 27Al-NMR
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reveals that the majority of Al species in the ZSM-5 zeolites is present as tetrahedral Al
(Al[IV]), in addition to a small fraction of octahedral Al (Al[VI]). With increasing Al content,
the specific amount of Al[IV] species is 1.3, 1.7 and 2.3 wt.% for 03ZSM-5, 04ZSM-5 and
05ZSM-5, respectively.

Regarding the chemical state of Ni, the Ni K-edge profile and energy position of all
Ni/ZSM-5 samples indicate that the Ni species are in divalent form octahedrally
coordinated with oxygen atoms, as in NiO crystalline reference sample. The Ni K-edge
profiles of Ni/ZSM-5 samples are very similar, but not identical. To identify the structure
of the Ni2+ species, Ni K-edge EXAFS analysis was employed. All samples exhibit a
local Ni neighbourhood characteristic for crystalline NiO with FCC crystal structure as
shown in Figure 1, left. The FEFF model [4] for the crystalline NiO nanoparticles was
used to solve the EXASF spectra and results in a very good fit confirming that the
majority of introduced Ni existent in the form of NiO phases in most of the samples.
NiO particles (3-50 nm) are also evidenced in the HAADF-STEM micrograph
supplemented with STEM-EDX as exemplarily shown for Ni/04ZSM-5-3 (Figure 1,
right). The sample Ni/05ZSM-5-1, however, displays a significantly different Ni local
structure, with much lower intensity of the second and more distant Ni coordination
shells’ contributions than those in the bulk NiO crystals. Thus, a modified FEFF model,
in which Si atoms in the second coordination shell at 3.2 Å, which can be expected for
Ni2+ cations attached to the zeolite framework via Ni-O-Si bridges, was added in
addition to the octahedral coordination of 6 oxygen atoms in the nearest Ni
coordination shell at a distance of 2.09 Å. The modified FEFF model describes very
well the EXAFS spectrum of Ni/05ZSM-5-1 sample in the k range of 3 – 14 Å−1 and the
R-range of 1.2 – 3.2 Å. Besides, the presence of Ni neighbours in the second
coordination shell was also tested, but the contribution of the Ni backscattering was
ruled out because of the poor fit results. This is also supported by the STEM and EDX
results of Ni/05ZSM-5-1 showing no a well distribution of fine Ni species but no
detection of NiO nanoparticles of 3-50 nm. Furthermore, a combined FEFF model
based on NiO and Ni2+ attached to ZSM-5 framework (as in Ni/05ZSM-5-1) was tested
for all the samples. The obtained results suggest a mixture of NiO and Ni 2+ attached to
ZSM-5 framework in all the studied samples (except for Ni/05ZSM-5-1). The ratio of the
two Ni-containing phases can be estimated from average coordination numbers of Ni
neighbours in second coordination shell, based on which a plausible mechanism of the
formation of two Ni-containing phases is proposed.

Figure 1 - Fourier transform magnitude of k3-weighted Ni K-edge EXAFS spectra of the Ni functionalized ZSM-5
zeolites, calculated in the k range of 3–14 Å-1. The spectrum of the reference crystalline NiO is added for comparison.
Experiment –– (blue solid line); best fit EXAFS model calculated in the R range of 1.2 to 3.3 Å ---- (red dashed line) (left)
and HAADF-STEM micrograph of Ni/05ZSM-5-1 (center) and Ni/04ZSM-5-3 with red arrows marking NiO particles (>
2nm) (right).
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Conclusions
In summary, the combination of the characterization techniques, XAS, XRD and TEM,
sheds additional light in understanding the alteration of Ni-containing phases upon
varying Al to Si molar ratio (nAl/nSi  0.05) in ZSM-5 zeolites. The structural and textural
properties of ZSM-5 are preserved to a large extent after Ni introduction via incipient
wetness impregnation. The impregnated Ni species are present in two phases: 1) cubic
NiO crystals (crystal size of 3-50 nm) with a Fm3m space group and a lattice constant
a = 4.177 Å, and 2) Ni2+ cations attached to zeolite framework as charge compensating
cations forming Ni-O-Si bridges. The relative amount of the two Ni-containing phases
was determined by a combined Ni K-edge XANES and EXAFS analysis. The
systematic investigation enables insights into the interdependence between the
number of Al in ZSM-5 framework and the relative amount of NiO as well as extra
framework Ni cations. NiO plays a crucial role in catalytic conversions, e.g.,
hydrogenation, thus, care must be taken to interpret any changes in catalytic activity
upon varying Al content or Al to Si ratios of ZSM-5, as it affects both the acid and redox
functionality of the bifunctional Ni/ZSM-5 catalysts. The interplay of Ni phases and Al
content might also apply to other types of metals and/or zeolites, which requires further
investigations.
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Quite a large number of metals and their oxides have a multifunctional application and
have recently been the purpose for used in new processes. For instance, alumina,
widely known as a catalyst for the Klaus process and a carrier for catalysts for refining
processes, has recently acquired other applications. In [1] it is described as an effective
carrier for a perspective catalyst for the transesterification of vegetable oils for biodiesel
production. Another component of heterogeneous catalysts known since the
development of the Haber-Bosch process is iron and its oxides. Its purpose for sewage
treatment from organic pollutants is becoming very popular. In [2] the summarization of
the use of iron oxides in oxidation, ozonation, photocatalytic oxidation, etc. is
performed. Nickel and zinc are no less popular than the oxides of aluminum and iron in
catalysts composition. Nickel and its compounds have traditionally been used as
catalysts for methane conversion processes. The directions of the development of
nickel catalysts are connected both with the modernization of existing catalysts [3] and
with the emergence of new uses [4]. With regard to zinc, studies in recent years
indicate that zinc oxide is the most suitable catalyst for the synthesis of biodiesel [5]. To
increase the efficiency of catalysts, the specific surface plays an exceptional role,
which directly depends on the particle size of the obtained oxides. You can get
nanosized oxides of aluminum, iron, nickel, zinc using a variety of methods. One of the
most effective methods is to obtain precursors of nanosized oxides by "wet chemistry"
with their subsequent heat treatment.
Homogeneous precipitation was used to obtain samples of nanosized oxides, and urea
was used as the precipitant. First, the required ratio of reagents in the deposition
process was established. Potentiometric titration methods were used for this purpose,
the results are shown in Table 1.
Table 1. - The ratio of reagents by reactions (1-4)
Ratio
The metal salt

pHprecipitation
NMe/Nurea
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Aluminum nitrate

1,9

4,1-8,2

Ferric nitrate

1,3

2,8-8,2

Nickel nitrate

1,1

7,5-8,4

Zinc nitrate

1,5

6,5-8,7

The precipitation processes can be described by the following reactions (1) - (4):

(1)

(2)

(3)

(4)

The precipitates were thoroughly washed of water-soluble impurities and then calcined
at the appropriate temperature to obtain the corresponding metal oxides. The obtained
precipitates and oxides of metals were analyzed using X-ray, DTA, SEM, and RAMAN
methods. The results of X-ray analysis indicate the following: the crystallites of the
obtained oxides have sizes up to 40 nm, which was determined by the full width at half
maximum (FWHM). Samples of precipitates obtained from a solution of Nickel nitrate
consist of Ni2CO3(OH)2·4H2O and a small amount of basic nitrate Ni3(NO3)2·(ОН)4,
which is confirmed by the results of the X-ray phase, DTA and chemical analysis. In
addition, samples of the catalyst were prepared from nickel precipitates and alumina.
Active alumina was used in two types: similar to traditional industrial and by the
process described by equation (1).
Catalysts were prepared using two kinds of active alumina (γ-A2O3): aluminum nitrate
(the solution was prepared from Al(NO3)3∙9H2O in the laboratory) and urea, as well as
from active alumina similar industrial carrier using nitrate aluminum and ammonia. Both
of the obtained precursors of active alumina have been calcined at the temperature of
723 K for 2 h. Then catalyst samples were prepared from nickel precipitates and
alumina. A specific surface area of the prepared samples was measured via thermal
desorption of argon by BET method. For comprising we used the catalysts samples
that were prepared from industrial nickel hydroxycarbonate and mentioned above
alumina samples.
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The studies of specific surfaces demonstrated that when using active alumina, which is
used in the industry, and obtained value of a specific surface is similar to the industrial
samples 173.8 vs. 170 m2/g. When using another active alumina and industrial nickel
hydroxycarbonate, the value of a specific surface for this sample is became 225.3 m2/g.
The catalyst samples that were prepared from nickel precipitates and alumina which
were obtained by urea precipitation had a specific surface of more than 250 m2/g. The
use of homogeneous precipitation usually helps to obtain nanosized metal oxides,
ensuring a high specific surface of the catalysts. These samples have inherent
sufficient pore volume compared to the industrial samples.
SEM results were carried out for nickel and iron precipitates, sediment morphology was
described. The SEM images of the structures were obtained with Zeiss Evo25 with the
electron. SEM images are presented at figure 1.

b

a

Figure 1 - SEM images of precipitates.
a – iron oxyhydroxide; b - nickel hydroxycarbonate

Figure 1a shows the appearance of the precipitate particles formed by carbamide
precipitation from iron (III) nitrate solution. The particles are rods combined in peanutlike superstructures. The SEM image of the Nickel Hydroxycarbonate (fig.1b) clearly
shows the uniform spherical particles that are combined in agglomerates. The
morphologies of that agglomerates are hard to identify, possibly because of the
agglomeration tendency of the precipitates and the precipitates were hard to grow to be
typical crystals
Therefore, precipitates of aluminum and iron hydroxides and nickel and zinc
hydroxycarbonates were obtained by the method of homogeneous precipitation with
urea. The relationship between the metal salt and the urea required to produce the
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precipitate has been determined. The precipitates obtained after heat treatment give
nanoscale oxides of the corresponding metals, which in turn are suitable for the
creation of catalysts and are able to form catalytic systems with a developed specific
surface area.
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Introduction
A huge amount of plastic wastes are currently disposed after use and not conveniently
treated or valorised, this becoming an increasing environmental problem worldwide.
Particularly, non-recycled plastic wastes account ca. 70% in Europe, which due to their
characteristics or their contamination, they are currently disposed into landfills (27%) or
underexploited through energy recovery (42%). Within iCAREPLAST project [1], the
non-recycled plastic wastes are cost and energy- efficiently processed by combining
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pyrolysis, catalytic treatment and membrane separation technologies to obtain high
added-value chemicals, as they are alkyl-aromatics (BTXs and medium to long-chain
alkyl-aromatics), that can be used to produce virgin-quality polymers or as raw
materials for other processes in petrochemicals, fine chemicals and surfactants
industries. In this sense, after a pyrolysis step of plastic mix (i.e. PE, PP, PS) [2-4], the
pyrolysis liquids obtained mainly contain paraffins (C6-C20+ alkanes), olefins (C6-C20
alkenes) and aromatics (mainly BTXs and ethyl-benzene, among others). Thus, the
catalytic alkylation process considered in iCAREPLAST project entails alkylation of the
aromatics (essentially BTXs) with long-chained olefins to obtain mono-alkyl-aromatics
compounds useful as valuable chemical products in industry. The alkylation of
aromatics (i.e. benzene) with olefins (particularly, long-chain olefins) is a well establish
industrial technology to produce alkyl-benzenes compounds that find various
commercial uses. Homogeneous or heterogeneous catalysts at elevated temperature
are commonly employed in this process. Solid acid catalysts, such as aluminiumsilicates microporous materials having a zeolite framework are the preferred catalysts
due to their controlled acidity and high selectivity for alkylation reaction [5,6].
In this study, available commercial zeolites (H-MOR, H-USY, H-MCM-22, H-Beta, HZSM-5) have been considered for processing the aromatics and olefins type molecules
present in pyrolysis liquids while preserving shape selectivity through alkylation
process. After optimisation of process parameters and preliminary screening of
catalysts, the effect of post-synthesis modification of zeolites, such as mesopores
creation via desilication treatment and metal (Re, Mo, Ni, etc.) doping of zeolites was
evaluated, and the stability under stream of the best catalysts (modified Mordenite-type
materials) adequately assessed.

Experimental Procedure
Catalysts: Commercial zeolites, such as H-USY (CBV720, Si/Al=13.3), H-MOR
(CBV21A, Si/Al=9.0), H-ZSM-5 (CBV2314, Si/Al=10.4), and H-Beta (CP814,
Si/Al=17.7) were purchased from Zeolyst Co. H-Beta (HSZ-930, Si/Al=11.5) was
purchased from Tosho, while H-MCM-22 zeolite was synthesized at ITQ. Desilication
treatment of zeolites was performed in basic medium (i.e. NaOH sol.) by adapting
recipe of ref. [7]. Metals (Re, Mo, Ni, etc.) incorporation in zeolites was done by
wetness impregnation method. All samples were calcined in air at ≥500 ºC before use.
Characterization of solid catalysts was made by ICP, XRD, AE, TG, N2 adsorption
isotherms, FT-IR with pyridine adsorption-desorption, among others.
Catalytic tests: A continuous flow fixed-bed catalytic reactor system (ITQ design) was
employed for studying catalytic alkylation of aromatics with olefins. The system is
composed by a HPLC pump (for liquid feeding), a pressurized recipient for liquids or
gases injection into the reactor, a pre-heating stage before reactor, a stainless-steel
tubular reactor with the catalyst placed in a fix-bed and with internal and external
temperature controls, and electric furnace with temperature control, a pressure
regulation valve and different manometers, and the recovering of liquids and gases at
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the outlet of the reactor for further analysis (GC-TCD and GC-FID). Simple (toluene +
1-hexene in n-decane) and complex (benzene + toluene + ethyl-benzene + 1-hexene +
1-octene + 1-decene in n-decane) model liquid mixtures representative of pyrolysis
liquids were used as feed. System conditioning and definition of standard methodology
was established by using simple liquid mixture with commercial H-USY (CBV720)
catalyst. Reaction conditions: Feed (Molar composition): toluene/1-hexene/n-decane
(1:0.66:1); catalyst: 1 g; W/F: 0.24 h; Temperature: 225 ºC; Pressure: 20 bar; N 2 flow:
11.2 NL/min.
Results and Discussion
After stablishing optimal operational parameters for the catalytic alkylation of aromatics
with olefins with H-USY (CBV720) catalyst, the screening of different commercial
zeolites was carried out by using the simple model mixture (toluene + 1-hexene + ndecane) at 225 °C and 20 bar of pressure. Results obtained in terms of selectivity to
the mono-alkylated aromatics vs toluene conversion plotted in Fig. 1A clearly show that
H-MOR (CBV21A) is the most efficient catalyst (Yield = 48%, productivity = 1.4
mol/g·h), followed by H-MCM-22 (MCM-22) and H-USY (CBV720) with quite similar
mono-alkylated aromatics yield and productivity (Yield = 31%, prod. ≈0.9 mol/g·h). With
respect to selectivity to the mono-alkylated aromatics (Fig. 1B), the general trend is
quite similar for all zeolites, except for the H-ZSM-5 (CBV2314) that practically do not
produce mono-alkylated compounds, mainly due to its small pore diameter inhibiting
toluene alkylation together with strong deactivation by carbon deposition and pores
blockage in the zeolite. Remarkably, higher selectivity to the desired products is
obtained with the rest of zeolites, and especially with H-MOR (CBV21A), thus achieving
total mono-alkylated aromatics selectivity values >90%. More importantly, only one of
the mono-alkylated isomers of alkyl-toluene (para-isomer) is attained with more than
65% selectivity over this H-MOR (CBV21A) catalyst.
On one hand, the high selectivity observed with H-MOR (CBV21A) could be explained
by the 1D channels system with medium-large pores that allows to react the aromatic
with the olefin but preferable in a specific position and direction, thus selectively
yielding the para-isomer. Both H-MCM22 (MCM-22) and H-USY (CBV720) zeolites with
adequate pore sizes also offer high selectivity to the mono-alkylated products (at less
conversion level), although the 2D and 3D channels systems, respectively, could play a
negative role in terms of the distribution of different alkyl-isomers. On the other hand,
deactivation issues for H-MOR (CBV21A) catalyst (and for H-MCM22 and H-USY
zeolites), are the major drawback, this leading to a strong catalytic activity decay in the
process. The creation of mesopores on H-MOR (CBV21A) zeolite via desilication
treatment (together with a slight decrease of Brönsted acidity) accurate a stable
production of the mono-alkylated aromatics during process after TOS >30 h (see Fig.
2), thus avoiding the deactivation issues commonly suffered by this type of alkylation
catalysts. More importantly, the incorporation of Re (0.3 wt%) in desilicated H-MOR
zeolite even improved the outstanding catalytic behaviour and stability of this alkylation
catalyst, which offer very promising results for future applications.
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Figure 1 - Results of catalytic alkylation of toluene + 1-hexene in n-decane (Simple
mixture) over different commercial zeolites; Selectivity to mono-alkylated aromatics vs
toluene (A); Distribution of mono-alkylated aromatics (B).

model
Conversion to

Figure 2 - Effect of desilication of H-MOR and Re doping of desilicated H-MOR on the catalyst activity and stability in
alkylation process.

References
[1] iCAREPLAST project: www.icareplast.eu.
[2] I. Ahmad, M.I. Khan, H. Khan, M. Ishaq, R. Tariq, K. Gul et al., Int. J. Green Energy, 12, 663-671
(2015).
[3] M.S. Abbas-Abadi, M.N. Haghighi, H. Yeganeh, and A.G. McDonald, J. Anal. Appl. Pyrolysis, 109, 272277 (2014).
[4] B. Kunwar, H.N. Cheng, S.R. Chandrashekaran, and B.K. Sharma, Renew. Sustain. Energy Rev., 54,
421-428 (2016).
[5] C. Perego and P. Ingallina, Catal. Today, 73, 3-22 (2002).
[6] C-W. Chen et al., Ind. Eng. Chem. Res., 48, 10359-10363 (2009).
[7] N. Chaouati, A. Soualah, I. Hussein, J-D. Comparot, L. Pinard, Appl. Catal. A:Gen., 526, 95-104 (2016).

Acknowledgment
Authors gratefully acknowledge financial support of iCAREPLAST (this EU project has received
European Union’s Horizon 2020 research and innovation funding under GA Nº 820770).

1153

T11: Membranes.
P11.001. TRASESTERIFICATION MEMBRANE REACTOR WITH AEI-TYPE
ZEOLITE MEMBRANE
YUMA SEKINE 1, MOTOMU SAKAI 2, MASAHIKO MATSUKATA1,2,3
1Department of Applied Chemistry, Waseda University, Tokyo, Japan.
2Research Organization for Nano & Life Innovation, Tokyo, Japan.
3Advanced Research Institute for Science and Engineering, Tokyo, Japan.
mmatsu@waseda.jp

Introduction
Esters produced by transesterification are widely used in fragrances, solvent, and
polymer materials. Transesterification is a reversible reaction used to synthesize esters
like fats and oils, and thus the attainable product yield is limited by thermodynamic
equilibrium. Membrane separation is one of the energy-saving separation methods
compared with distillation and others. A reactor with separation membrane, called a
membrane reactor, enables us to purify the product simultaneously with reaction and
separate products from reaction system to improve product yield. By using a flow
membrane reactor for transesterification, alcohols produced in the reaction system can
continuously be removed by the membrane, thereby improving the yield of the target
ester through equilibrium shift with reduced energy consumption. Zeolite membranes
were supposed to be suitable as a separation membrane in membrane reactors due to
its excellent thermal resistance and chemical stability. AEI-type zeolite has 8membered(0.38×0.38 nm) ring and its membrane is expected to express good
separation performance, that permeates water and other materials selectively. In this
study, we focused on transesterification to produce methanol and fragrance ester. We
developed transesterification membrane reactor using AEI-type zeolite to separate
methanol in situ.
Experimental
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AEI-type zeolite membrane was synthesized by a secondary growth method.
Seed crystals were loaded on the outer surface of -Al2O3 tubular support by a dipcoating method. The seeded support was hydrothermally treated in a synthesis
solution. For the synthesis of AEI membrane, a synthetic solution with the composition
of 1.0SiO2 : 0.010Al2O3 :
0.1Na2O
:
0.50
Tetramethylpiperidinium
hydroxide : 29.2H2O was
used and the hydrothermal
treatment was conducted at
433 K for 24 h. ZSM-5
membrane
was
also
prepared
in
a
similar
synthetic method
To
evaluate
the
Figure 1 Pervaporation separation test apparatus.
methanol permselectivity of
synthesized AEI membrane,
pervaporation separation tests were carried out at 353 K for equimolar mixtures of
methanol and isobutyl alcohol (IBA). Fig. 1 shows the pervaporation separation
membrane test apparatus. For the comparison with other zeolite membrane,
pervaporation separation test with ZSM-5 membrane was also carried out.
Transesterification membrane reactor test with AEI membrane to produce
isobutyl acetate was carried out at 353 K. DOWEX dried at 343 K and grained to
200~500 µm was introduced to the surface of membrane and each membrane side
was fixed to module with graphite rings as shown in Fig.1. The equilibrium composition
mixture of methanol, isobutyl acetate, isobutyl alcohol and methyl acetate (Equilibrium
constant: Ke =0.563, molar composition= 0.29methyl acetate: 0.29isobutyl alcohol:
0.21isobutyl acetate: 0.21methanol) was fed to the surface of membrane. Methanol
was tried to be extracted to the inner side of tubular membrane by vacuuming the inner
side of membrane. The solutions flowed out from both permeate and retentate sides
were analysed for their compositions and the methanol extraction rate and isobutyl
acetate yield were evaluated.
Results and discussion
Fig. 2 shows the results of pervaporation separation test using AEI membrane.
Table 1 compares separation performance with AEI and ZSM-5 membranes in the PV
tests. Although ZSM-5 membrane showed the methanol flux of 0.056 kg m-2 h-1 (the
permeance of 5.69×10-9 mol m-2 s-1 Pa-1) and the maximum methanol/IBA separation
factor of 4.01, AEI membrane showed a much larger methanol flux of 0.593 kg m-2 h-1
(the permeance of 6.08 × 10-8 mol m-2 s-1 Pa-1) and the maximum methanol/IBA
separation factor of 23.0. In addition, the methanol permeance and separation factor
were almost constant over 4 h during the test. Such good methanol separation
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performance of AEI membrane was probably due to the presence of the smaller
micropore of 0.38×0.38 nm in the AEI structure. It was suggested that the micropores
of AEI allowed only methanol to permeate through and inhibited isobutyl alcohol from
entering the micropore. On the other hand, isobutyl alcohol entered the micropore of
ZSM-5 and blocked methanol from entering the micropore. The result of separation test
suggested that AEI membrane was suitable as a membrane for a transesterification
membrane reactor.

Figure 2 PV test with AEI membrane to MeOH/IBA.

Table 1 Comparison of methanol separation performance

Fig. 3 shows the results of isobutyl acetate synthesis membrane reactor test with AEI
membrane. About 20 % of methanol was extracted through AEI membrane. Isobutyl
acetate (AcOIB) yield in this membrane reactor was about 45.0 % compared to the
equilibrium yield of about 42.9 % because selective extraction of methanol from the
reaction system through the AEI membrane changed equilibrium state and the reaction
was allowed to be proceeded further.
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Figure 3 Flow membrane reactor test results for isobutyl acetate
synthesis.

Conclusion
AEI-type zeolite membrane showed good methanol separation performance from a
methanol/isobutyl acetate mixture and can serve as separation membrane in
transesterification membrane reactors. The experimental results showed that extracting
methanol with the AEI membrane increased the AcOIB yield in the transesterification
membrane reactor by approximately 2 %.
This work is partially based on the results obtained from a project commissioned by the New
Energy and Industrial Technology Development Organization (NEDO, Project code: P19004).
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Introduction
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CCU (Carbon dioxide Capture and Utilization) is attracting attention as a way to
achieve carbon neutrality by 2050. Fischer-Tropsch (FT) synthesis, a chemical reaction
to produce e-fuels, is one of the technologies to achieve carbon recycling with CCU. In
FT synthesis, hydrocarbons such as linear paraffins and olefins are produced mainly
from syngas as shown in the following equations.

A characteristic feature of FT synthesis is that the product distribution follows SchulzFlory Distribution Law:

where Wn is the weight fraction of hydrocarbon with carbon number n, α is the chain
growth probability. The chain growth probability α is determined by the type of catalyst
and the reaction conditions. Since this parameter determines the product distribution,
FT synthesis gives hydrocarbons with a broader range of carbon number.
In this reaction, a large amount of water produces simultaneously with
hydrocarbons. It is known that generated water decreases the reaction rate due to the
decrease of the partial pressure of feed [1]. Therefore, the removal of water from FT
synthesis reaction system is expected to reduce such a negative effect and improve
efficiency of the fuel production process by FT synthesis. We investigated the
introduction of a membrane reactor for FT synthesis as a method to remove water
selectively. Because FT synthesis proceeds on severe conditions, high temperature
and high pressure, membranes applied to the reactor must have high thermal and
mechanical resistance as well as hydrophilic property. We chose ZSM-5 as the
membrane material because ZSM-5 possesses these properties. In this study, we
investigated the effects of water removal with the membrane reactor on FT synthesis.

Experimental
K-Fe3O4/γ-Al2O3 used as catalyst for FT synthesis was prepared by a
precipitation and impregnation method using Fe(NO3)3･9H2O, γ-alumina and K2CO3 as
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raw materials, following the method reported by Wan et al. [2]. Na-ZSM-5 membrane
was synthesized by hydrothermal synthesis on the outer surface of α-alumina tubular
support, following the method reported previously [3].
FT synthesis reaction was performed on an apparatus having two reactors: a
conventional fixed-bed flow reactor in the first stage and a membrane reactor with a
fixed bed of catalyst in the second stage. First, a stainless-steel tube was inserted into
the second reactor instead of membrane to prevent permeation, and the activity test
was performed. The first reactor was filled with 0.6 g of K-Fe3O4/γ-Al2O3 catalyst as a
conventional fixed bed, and the same amount of catalyst was packed around the
stainless-steel tube in the second reactor. Reduction for catalyst was carried out by
hydrogen at 673 K for 10 h prior to the reaction. 20 mL(STP) min-1 of mixed-gas
(H2/CO2 = 3/1) was fed to the reactors at 573 K and 0.9 MPa for 6 h. Then, the
stainless-steel tube was replaced with Na-ZSM-5 membrane to evaluate the effects of
membrane reactor. FT synthesis was performed in the membrane reactor with NaZSM-5 membrane for 8 h. The experimental conditions such as catalyst weight,
reaction temperature and pressure were the same as those for the activity test. The
effective membrane area was 2.51×10-3 m2. Ar was fed at 20 mL(STP) min-1 as the
sweep gas inside the tubular support.
Results and discussion
The activity test as reference of membrane reactor test performed using the
stainless-steel tube gave 35.8 % of the average level of CO2 conversion, 32.1 % of the
level of conversion to hydrocarbons, and 3.6 % of that to CO. The product distribution
followed the Schulz-Flory Distribution Law. The chain growth probability, α, was
calculated to be 0.653.
Then, FT synthesis was performed in the membrane reactor with Na-ZSM-5
membrane. The average level of CO2 conversion was 61.3 %, the level of conversion
to hydrocarbons was 57.9 %, and that to CO was 3.4 %. The chain growth probability,
α, was calculated to be 0.593 from the Schulz-Flory Distribution Law. 81 % of H2O
produced by reaction was removed by Na-ZSM-5 membrane. In both experiments,
obvious deactivation of catalyst was hardly observed.
Fig. 1 shows the comparison of the levels of CO2 conversion between without
membrane (SUS) and with membrane (Na-ZSM-5). It is noteworthy that the conversion
remarkably increased from 35.8 to 61.3 % by removing H2O with Na-ZSM-5
membrane, possibly because the reaction rate increased due to the increase of the
partial pressure of raw materials. Therefore, the effect of membrane reactor, promotion
of reaction, was successfully demonstrated. Fig. 2 shows the comparison of the
selectivities of hydrocarbons between without membrane (SUS) and with membrane
(Na-ZSM-5). The chain growth probability, α, and the selectivity were hardly changed
by the introduction of Na-ZSM-5 membrane under these experimental conditions.
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Fig. 1 Comparison of CO2 conversion with and without ZSM-5 membrane.

Fig. 2 Comparison of selectivities to hydrocarbon groups
with and without ZSM-5 membrane.

Conclusion
We developed a membrane reactor for FT synthesis with Na-ZSM-5 membrane.
The level of CO2 conversion increased by more than 25 % by introducing Na-ZSM-5
membrane. The reaction was clearly promoted by removing H2O.
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Membrane technology can play a very important role in reducing the environmental
impact and costs of separation processes, being a tool to implement the so-called
process intensification [1], strategy whose objective is the design and development of
industrial processes more sustainable through the reduction of production costs,
equipment size, energy consumed and waste generation.
In liquid phase separations, among the membranes more used are those that present
an ultra-thin separation layer (the so-called thin film composite (TFC) membranes)
prepared by interfacial polymerization (IP) on a porous support [2] that provides
mechanical resistance. The IP consists of the in-situ polymerization reaction between
two reactive monomers (e.g. diamine and acyl chloride) at the interface of two
immiscible solvents. These TFC membranes can be modified by introducing
nanoparticles, such as Metal Organic frameworks (MOF) during the IP process to
obtain what has been called thin film nanocomposite (TFN) membranes [2]. TFN
membranes have shown certain challenges since the deposition of the nanoparticles is
not controlled, which creates agglomerations of the nanoparticles, inhomogeneities in
their dispersion and/or defects in the nanoparticle-MOF interface, all of them affect the
performance of the membrane in the separation [3]. Instead of embedding MOF
nanoparticles, one possible way to meet the challenge of improving TFN membranes is
to create an intermediate layer between the support and the thin polyamide layer [4-6].
In addition, by selecting the appropriate support, the synthesis of the PA layer can be
better controlled and the performance and resistance of the membrane in the
separation conditions can be improved. In this context, the comparison of different
PA/MOF double layers prepared with the aim of improving separation in nanofiltration
separation processes is presented here.
The structure of the considered double layer membranes can be seen in figure 1.
Different supports are considered: a) Asymmetric polyimide (PI) P84® flat supports
resistant to solvents and prepared by phase inversion [5]. b) Very productive hollow
fibers (given the high value of membrane area per volume (m2/m3)) made of PI P84®
[4]. c) Flat supports of single-walled carbon nanotubes bucky paper (SWCNT-bp) that
offer chemical stability and mechanical robustness [6]. Different MOFs have been
synthesized on these supports, such as: a) ZIF-8 (Zeolitic Imidazol Framework-8)
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consists of a cation of Zn2+ coordinated with the ligand 2-methylimidazolate with a SOD
type zeolitic topology; ZIF-8 can be considered hydrophobic [6]. b) ZIF-93 is another
Zn2+ based ZIF with the ligand 4-methyl-5-imidazolatecarboxaldehyde which increases
hydrophilicity respect ZIF-8; ZIF-93 has a RHO type zeolitic topology [4-6]. c) HKUST1, a hydrophilic MOF with Cu2+ as cation and ligand 1,3,5-bencenetricarboxylate with a
face-centered-cubic structure [5]. The polyamide thin layer was synthesized at the top
of the MOF layer by the interfacial polymerization.

To delve into the properties and separation results, the membranes have been
characterized by various techniques that include: X-ray diffraction analysis (XRD),
Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR),
Thermogravimetric analyses (TGA), Scanning electron microscopy (SEM), Energydispersive X-ray (EDX), Water contact angle measurements, Atomic force microscopy
(AFM) and X-ray photoelectron spectroscopy (XPS).
Nanofiltration experiments using ethanol or water were carried out with a dead-end
membrane module (Sterlitech HP4750) [5] or in a cross-flow filtration installation [7] at
25 °C and 8 or 10 bar feed pressure. Depending of the tested membrane, the
performance was evaluated using feeds of different dyes (rose Bengal (RB), sunset
yellow (SY) and acridine orange (AO)), drugs (diclofenac and naproxen) or salts
(Na2SO4, NaCl and MgCl2). In some cases, long-term experiments or resistance to
chlorine studies have been carried out. In all cases, the membrane performances were
analyzed by measuring the water permeance and calculating the solute rejection. The
concentration of both the permeate and the residue were measured in case of dyes
and drugs by UV spectroscopy (JASCO V-670 spectrophotometer) and in case of salts
by an electric conductivity meter (Mettler Toledo Seven Multi). The nanofiltration
presented here can be used for the treatment of wastewater containing contaminants
such as dyes or drugs, as well as for the recovery of organic solvents by eliminating
solutes dissolved in them.
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TFC
POLYAMIDE (PA)
SUPPORT:
- Flat (F)
- Hollow fiber (HF)
- Polyimide (PI)
- SWCNT-bp

Double layer
POLYAMIDE (PA)
MOF: HKUST-1, ZIF-8, ZIF-93
SUPPORT:
- Flat (F)
- Hollow fiber (HF)
- Polyimide (PI)
- SWCNT-bp
Figure 1 -Membrane architecture scheme.

100

90

95

Ethanol
Rose Bengal

70

90

60
50

85

Water
Rose Bengal

Water
Diclofenac

80

Water
Naproxen

40

Water
Sunset
Yellow

30

75

Rejection (%)

80

70

20

TFC (HF)
PA/ZIF-93/PI (HF)

TFC (F)
PA/ZIF-8/SWCNT-bp (F)
PA/ZIF-93/SWCNT-bp (F)

60

TFC (F)
PA/ZIF-8/SWCNT-bp (F)
PA/ZIF-93/SWCNT-bp (F)

0

TFC (F)
PA/ZIF-93/PI (F)
PA/HKUST-1/PI (F)

65
PA/HKUST-1/PI (F)

10
TFC (F)
PA/ZIF-93/PI (F)

Permeance (L·m-2·h-1·bar-1)

100

Figure 2 - Permeance (bars) and solute rejection (dots) comparison of membranes. The permeance of HF membranes
is multiplied by 100 given the low permeance of the support.

1163

Figure 2 shows some of the results (permeance and solute rejection) obtained in
nanofiltration (solvents: water or ethanol) with some of the membranes that are
compared in this work. It can be seen how the double layer of PA/MOF improves in all
the cases in figure 2 the permeance of the PA membrane without MOF (TFC
membrane), especially in membranes with a MOF more hydrophilic the increase is
more prominent. Rejection does not show such a clear trend, although in the double
PA/ZIF-93 membrane supported on SWCNT-bp the improvement in rejection is notable
compared to the TFC membrane. The characterization carried out has allowed us to
infer that, depending on the characteristics of the membrane, the improvements in
nanofiltration performance are related to the PA layer thickness, MOF porosity,
membrane hydrophilicity and membrane roughness.
In conclusion, double-layer membranes open up a range of possibilities to increase the
performance of nanofiltration processes in water treatment for the removal of
contaminants such as chemicals and drugs, as well as the recovery of organic
solvents.
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The majority of the current energy is produced from burning fossil fuels, being it
electricity, fuel or gas. Without a doubt, these processes result in the emission of carbon
dioxide into the atmosphere. CO2 holds a major share in causing dramatic climate
changes and its impact can now be seen on the world panorama. Gas streams focused
on the separation of CO2 from CH4 (bio-methane upgrading application) are one of the
possible remediation technologies, especially important for the gas industry.

Membranes can provide an eco-friendly and low-energy consumption alternative to
traditional separation techniques. Various membranes with different structures have
been studied for this purpose and thin film composite (TFC) membranes, being
especially attractive due to their high-performance thanks to their small thicknesses (ca.
50 nm) and the possibility of modification with porous nanoparticles (e.g. metal-organic
framework (MOF)). In general, the structure of these membranes is usually prepared by
interfacial polymerization, a procedure in which two monomers react in a two-phase
system, where polymerization takes place in the interface between the aqueous and
organic phases. Figure 1 shows a scheme of the formation of the polyamide thin layer.

Figure 84 – Scheme of the procedure for the fabrication of polyamide (PA) layer by Interfacial
polymerization (IP).
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In this work, we focused on synthesizing a continuous MOF layer on the lumen side of
the hollow fiber instead of MOF being dispersed in the polymeric matrix by microfluidics.
Gas separation with MOF-based thin-film nanocomposite membranes represent a
unique opportunity to produce a technology breakthrough able to address the
environmental tasks just mentioned. Until now the fabrication of these membranes has
been mainly demonstrated with a single hollow fiber (HF) [1, 2]. Thus, a key objective of
this work is the implementation of the microfluidic synthesis methodology at a larger
scale and to increase the number of hollow fiber membranes that can be modified
simultaneously up to 10 hollow fiber membranes at the same time.
Briefly, the synthesis procedure by microfluidics involves using three syringe pumps and
pumping of first: metal salt, second: ligand, and third: methanol to the inner side of the
polysulfone hollow fiber. Figure 2a shows the microfluidic experimental setup for MOF
membrane synthesis. This procedure results in the formation of a thin selective MOF
layer on the inner side of the fiber, as can be depicted in Figure 1b with an inset of the
crystals of ZIF-8 collected at the exit during the synthesis. The fabricated mini-modules
are tested in a gas separation set-up provided by a gas chromatograph for the estimation
of the membrane performance.

a)

b)

Figure 2 - a) Microfluidic experimental setup for membrane synthesis, b) ZIF-8 membrane cross-section.
Adapted from [1].
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Mixed matrix membranes (MMMs) of hybrid membranes consist of a molecular sieve
such as porous crystalline solids (dispersed filler) embedded in a porous polymer
(continuous matrix). Among the different porous materials stand out the zeolites, MOF
(metal-organic frameworks), and the most recently synthesized COF (covalent organic
frameworks). While MOF particles are a class of porous polymeric material consisting
of metal ions linked together by organic bridging ligands (a combination of inorganic
and organic counterparts), COFs are only synthesized by organic materials [1]. COF
arose as a new class of 2-D and 3-D organic solids with extended structures in which
building blocks are linked by strong covalent bonds. They are made entirely from light
elements (H, B, C, N, and O) that are known to form strong covalent bonds in wellestablished and useful materials such as diamond, graphite, and boron nitride [2]. The
preparation of COF materials from molecular building blocks would provide covalent
frameworks that could be functionalized into lightweight materials for diverse
applications ranging from gas storage to catalysis. Figure 1 shows a scheme of MMM
for CO2/CH4 separation (bio-methane application).
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Figure 85 - Scheme of a Mixed matrix membrane containing crystalline molecular sieves for CO2/CH4
separation.

Given the premise of the good performance of zeolites or MOFs embedded in MMMs
for gas separation, specifically in separation processes of industrial and environmental
relevance such as CO2 capture from pre- or post-combustion [3], this work evaluates
different COF candidates that could be successfully used as fillers materials in a
membrane. COF materials will be studied as an alternative to inorganic or organicinorganic porous particles attending to different synthesis procedures, pore structures
and particle sizes. Promising separation performance relies on a proper contact
between filler and continuous polymer matrix, as interfacial defects between both
phases are undesired.
The most popular COF synthesis route is a boron condensation reaction consisting of
the molecular dehydration reaction between boronic acids. For instance, in COF-1 (Fig.
2a) three boronic acid molecules converge to form a planar six-membered B3O3
(boroxine) ring with the elimination of three water molecules. Once selected the
reaction route for the preparation of several COFs, the procedure for the fabrication of
MMMs comprising COF would be analogous to other nanostructured materials (in this
case with MOF particles, see Fig 2b) [4]. The first step is the dispersion of the filler in
the solvent in an ultrasonic bath. Polymer is then added and the whole mixture is
magnetically stirred overnight. Before the casting different intervals of sonicating and
stirring take place to ensure a well-dispersed solution. The membranes are cast on a
flat surface (Petri-type dishes or film applicator) and then left overnight for natural
evaporation. The last step is to place the films in a vacuum oven at a specific
temperature (depending on the polymer glass transition temperature) able to remove
the remaining solvent.
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Figure 2 - a) Condensation reaction of boronic acid used to produce discrete molecule and extended COF-1
[2], b) general scheme for the fabrication of MMMs containing MOFs as fillers [4].

The different COFs in the literature are evaluated by attending to different synthesis
procedures, pore structure, and particle sizes. In general, harsh experimental
conditions (e.g., a reaction in a sealed Pyrex tube, inert atmosphere, suitable solvents,
longer time for crystallization, etc.) are required during COF synthesis to form wellordered crystalline frameworks [5]. The selection of COF particles with low pore size
will allow molecular sieving transport of separating molecules. Two synthesis routes
such as mechanochemistry [5] or via dynamic covalent bonding, synthesizing the COF
in water [6], emerge of considerable interest. This will allow the construction of bonds
through a simple, economical, and environmentally friendly route for MMM fabrication.
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Motivation
Natural gas is stored in underground gas storage or transmission lines for a
considerable period. During this period, the gas may absorb moisture easily. After
synthesis by water electrolysis, hydrogen is water-saturated. The drying of hydrogen
and natural gas, i.e., the removal of H2O, is an important process in gas processing. On
the one hand, this ensures that the gas has a constant calorific value when it is used or
fed into the public gas grid, and on the other hand, in the case of methane the
formation of methane hydrates is prevented (because methane hydrates are
contaminants that can damage the facilities and pipeline). Gas drying can be achieved
using a variety of methods. For the past decades, drying is usually carried out using
triethylene glycol absorption drying systems. This approach is not high-efficient, in
addition, consumes a high amount of energy during the process. Nowadays, as an
alternative, researchers are working to develop inorganic membrane technology for gas
drying. Pilot outcomes show that membrane technology consumes lower energy
compared to other methods and they have high levels of efficiency and low
maintenance costs with the ability to work in a wide range of temperatures and
pressures in corrosive media. Most importantly, membrane technology can also reduce
CO2 emissions during post-combustion treatment. Different types of inorganic
membranes like zeolite, silica, and carbon membranes can be used for this technology
according to their characteristics e.g., polarity, hydrophilicity, pore size, and structural
stability. SSZ-13 with CHA framework type is an aluminosilicate with a threedimensional microstructure and a pore aperture of 0.38 x 0.42 nm, with a high intrinsic
affinity to CO2 adsorption (even in the presence of H2O). In this work, we have
synthesized multifunctional SSZ-13 membranes for CO2 separation and gas drying
applications with high CO2 permeance and CO2/CH4 selectivity during the biogas
upgrading process.

Experimental Procedure
The asymmetric α-alumina tubes (10 mm OD, 7 mm ID, 105 mm length and 200 nm
average pore size) were used for membrane synthesis. The porosity of the tubes was
about 30% according to our test. Both ends were glazed with length of 12 mm for
sealing. The opening area of the inner surface of the support was approximately 16.8
cm2 for membrane growth. The outer surface of the tube was covered by PTFE to
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avoid zeolite attaching and growth on it. The synthesis steps of SSZ-13 membranes
can be seen in Fig. 1.

Figure 1 - SSZ-13 membrane synthesis procedure.

The as-synthesized SSZ-13 membranes were characterized by XRD and FESEM to
investigate the phases, morphology and formed structure and by gas permeation and
gas, drying measurements to study the pore and channel structure and separation
performance.
Results
XRD patterns showed CHA phase is formed as a single phase compared to the
reference peaks on IZA. The peaks also show a high crystallinity structure, both for the
as-synthesized crystals and the formed CHA-membrane layer on the support surface.
FESEM images also displayed that the as-synthesized CHA crystals have a cubic
morphology with high uniformity and an average size of 3 um. The cross-section view
showed intergrown and mesopore zeolite layers formed on the support surface with a
thickness of ~ 7 um. The single gas permeation of SSZ-13 membranes at RT and 423
K exhibited CO2 has the highest permeance compared to He, H2, N2, CH4 and SF6 and
the ideal CO2/CH4 selectivity reaches up to 112 with CO2 permeance of 1.36 x 10-6
[mol/(m2sPa)]. According to the gas mixture measurement (equimolar CO2/CH4 mixture
with a purity of > 99.995 for both gases), at RT and under the feed pressure of 2.55 bar
a CO2/CH4 selectivity of 151 has been achieved with CO2 permeance of 6.20 x 10-7
[mol/(m2sPa)]. Finally, the gas drying measurement showed a selectivity of 1.23 for the
mixture of H2 and CO2 (75:25 vol%) and a separation factor of ~ 7 for H2O: MeOH
(50:50 mol%) at 498 K.
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Utilizing hydrogen energy is viewed as one of the most promising strategies to
effectively mitigate the greenhouse gas effect.[1] However, harsh reaction conditions
such as extremely high temperature and pressure are generally required in the
conventional hydrogen production processes. Currently, 96% of hydrogen is yielded
from methane reforming process, during which the very harsh reaction conditions (e.g.
T: 700-1000 , P: 3-25 bar) are required and substantial CO and CO2 are also
emitted.[2] By contrast, photocatalysis is a promising and sustainable technology since
the hydrogen can be obtained directly from methanol and water using the renewable
and abundant solar energy. Until now, much progress has been made for
photocatalytic H2 production from aqueous methanol solution in the conventional batch
reactors, but with very moderate efficiency because of the poor charge separation in
the semiconductor, the limited mass transfer and so forth.[3]

Herein, we construct a novel flow membrane reactor, together with highly dispersed
CuOx nanoparticles on TiO2 for photocatalytic H2 production from aqueous methanol
solution at mild conditions (Figure 1). The H2 yield is improved significantly as
compared to the widely used batch reactor due to the enhanced mass transfer in the
flow membrane reactor. The diverse characterisation including in-situ X-ray
photoelectron spectroscopy, photoluminescence spectroscopy and so on proposes that
CuOx can serve as electron acceptors to improve charge separation and act as
reduction sites for H2 production. In summary, this work provides an effective and
sustainable route towards H2 production by photocatalytic water reforming of methanol
in a flow system.[4]
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Figure 1 – (a) The diagram of flow membrane reactor for photocatalytic water reforming of methanol, (b) SEM
image and (c) HAADF image of Cu/TiO2.
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Zeolites are defined as crystalline alumosilicate microporous materials. Zeolites are
technological materials with diverse applications that range from heterogeneous
catalysis, ion and molecular separations to drug delivery and sensing. Among the
various applications of zeolites, anion recognition due to the important roles of anions
in various chemical, biological, and environmental processes is remarkable. While
numerous reports is published in anion sensing area but regeneration of anionic
chromophores still stays challenging [1,2]. A simple eco friendly procedure was
developed to prepare zeolite besed composite to prepare heterogeneous sensor. The
obtained composite was accomplished through FT-IR, 1H NMR, UV–Vis, XRD, TGA,
and SEM spectral methods. Zeolite based composite as optic sensor was utilized to
detect CN ̶, AcO- and HCO-3 anions in aqueous solution quantitatively and qualitatively
(Figure 1).

Figure 1. (a) synthesis pathway of Zeolite based composite, (b) naked eye detection of CN ̶, AcO- and HCO-3
anions in presence of zeolite based composite

References

1174

[1] A. Khaleque, M. Alam, M. Hoque, S. Mondal, J. Haider, B. Xu, M.A.H. Johir, A. K. Karmakar, J. L.
Zhou, M. B. Ahmed and M. A. Moni, Environmental Advances, 2, 100019 (2020).
[2] H. Serati-Nouri, A. Jafari, L. Roshangar, M. Dadashpour, Y. Pilehvar-Soltanahmadi and N.
Zarghami, Materials Science & Engineering C, 116, 111225 (2020).

P12.002. UTILIZATION OF AZO ALDEHYDE/ ZEOLITE COMPOSITE IN CN−, ACO−
AND HCO3− ANIONS RECOGNITION STUDIES
M. Zendehdel1, F. Parchegani1
1 Department of Chemistry, Faculty of Science, Arak University, Arak 38156-8-8349,
Iran
E-mail:M-zendehdel@araku.ac.ir & mojganzendehdel@yahoo.com

Zeolites are defined as crystalline alumosilicate microporous materials. Zeolites are
technological materials with diverse applications that range from heterogeneous
catalysis, ion and molecular separations to drug delivery and sensing [1]. Among the
various applications of zeolites, anion recognition due to the important roles of anions
in various chemical, biological, and environmental processes is remarkable. Therefore
a full understanding of chemical reactions and coordination properties of anions can be
a help to solve complex economic and environmental challenges. potential benefits,
including ease of use, safe and economy, could induce development of artificial
molecular receptors with chromogenic subunits that enable convenient monitoring of
anions by the naked eye. So colorimetric anion chemosensor scaffolds including
NH/OH/SH donors can act as anionic binding sites. In all of these subunits, hydrogen
bonding is responsible for π-electron delocalization, which induces the deep color
change of the solution instantly.
While numerous reports is published in anion sensing area but regeneration of anionic
chromophores still stays challenging [2,3]. A simple eco friendly procedure was
developed to prepare zeolite besed composite to prepare heterogeneous sensor. The
functionalized NaY Zeolite sensor prepared via reaction of aldehyde derivative of 1naphthylamine with amino-modified NaY Zeolite support in dry EtOH. The obtained
composite was accomplished through FT-IR, XRD, TGA, and SEM methods (fig1 a-d).
The result shows azo/aldehyde functional on zeolite and creating a solid sensor with
micro-meso structure, high surface area and good crystallites.
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Figure 1. (a) FTIR, (b) XRD, (c) TGA and (d) SEM images of zeolite based composite

Zeolite based composite as optic sensor was utilized to detect CN ̶, AcO- and HCO-3
anions in aqueous solution quantitatively and qualitatively (Figure 2). The visual
distinction and sensing behavior of mentioned sensor upon interaction with sodium
salts of F−, Cl−, Br−, I−, N3−, NO3−, NO2−, SCN−, CN−, AcO−, HSO4−, HCO3−, ClO4−,
H2PO4− anions dissolved in H2O/DMSO (10:90%, v/v) were investigated. The sensitivity
test of sensor revealed that only the addition of CN−, AcO− and HCO3− anions (10 mM)
to 0.1 g/lit solution of sensor induced significant bathochromic shift in peak positions
associated with the sensor absorption. Finally, the designed chemosensor was
recovered and reused various times [4-6].
To investigate the practical application of the azo aldehyde/zeolite sensor in human life
for the selective detection of target anions (CN-, AcO-, HCO3-), different sources were
applied including vinager chips, biscuits and apple seeds. The color of the solution was
changed to yellow in the present of sensor which the corresponding UV-Vis spectra
were also recorded and confirmed the color change results.
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Figure 2. (a) synthesis pathway of Zeolite based composite, (b) naked eye detection of CN ̶, AcO- and HCO-3
anions in presence of zeolite based composite
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P12.003. RESEARCH INTEGRITY: ETHICS IN RESEARCH
Abstract
This presentation deals with general descriptions of ethics in research, ethical
problems in the daily life of researchers as well as addressing offences related to ethics
in research.
Research ethics govern the standards of conduct for scientific researchers, and it is
important to adhere to ethical principles in order to protect the dignity, rights and
welfare of research participants.
Moral and ethics are important aspects to be taken into account with respect to
scientific research.
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Expectations from the scientific community related to research will be addressed as
well as a responsible conduct of research.
National and international actions to enhance ethics in research will be presented and
discussed and the responsibility related to internal and external cooperation partners
will be outlined.
The researcher's daily business will be highlighted including common understanding
and reporting of critical items.
Responsible research and innovation will be underlined through the policy and charter
for researchers announced by the European Union.
Finally, independence, hability, collaboration, scientific authorship and contract
research aspects will be highlighted, as well as commercialization of R&D results [1].
References
[1] D. Slotfeldt-Ellingsen, Forskningsetikk, Universitetsforlaget, Oslo (2020).

P12.004. STYRYL DYE-DOPED MGAPO HYBRID SYSTEM FOR NONLINEAR
OPTICS AND LASER ACTION
A. Oliden-Sánchez1, R. Sola-Llano1, L. Gómez-Hortigüela2, J. Pérez-Pariente2, M.
Lebental3, C. Lafargue3, V. Martínez-Martínez1
1

Departamento de Química Física, Universidad del País Vasco, UPV/EHU Apartado
644, 48080 Bilbao (Spain)
2 Instituto de Catálisis y Petroleoquímica-CSIC, c/Marie Curie 2, 28049, Cantoblanco,
Madrid (Spain)
3 Laboratoire Lumière, matière et interfaces (LuMin) ENS Paris-Saclay, CNRS,
Université Paris-Saclay, CentraleSupelec, 91190, Gif-sur-Yvette, France
ainhoa.oliden@ehu.eus

In this work, a Styryl-type dye (DMASBT, trans-2-[4[(dimethylamino)styryl]benzothiazole) was encapsulated in various 1D-MgAPO
structures (MgAPO-11, MgAPO-36, and MgAPO-5 with AEL, ATS, and AFI structure
types) of different nanochannel dimensions. This fluorophore, in particular, is highly pHdependent and under different acidic conditions leads to the formation of two cationic
species, which are very interesting for the encapsulation into aluminophosphates as
their incorporation is facilitated through Brønsted acid sites generated upon the
isomorphic substitution of Mg atoms in the framework. Taking advantage of the
different protonation behavior of the dye molecules, the materials were synthesized by
the crystallization inclusion method, and the conditions of the synthesis gel were
systematically varied by playing with the acidity, in order to favor higher incorporation of
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one cationic species over the other and thus improve the final optical properties of our
system.
Among all of them, in particular, the narrower pore dimensions of MgAPO-11 allowed
the most favorable conditions for the preferential encapsulation of one of the
protonated DMASBT species (with a proton in the benzothiazole ring) and enabled a
planar and rigid conformation of the dye, with a close fit between the molecular size of
the dye and the dimensions of the host channels. In this way, it was possible to restrict
the inherent flexibility of the DMASBT dye and enhance its fluorescence (60 times
higher than that in aqueous solution), which resulted in different potential optical
properties: on the one hand, it allowed a preferential orientation of the dye molecules
along the AEL host channels enhancing the intrinsic nonlinear optical properties (NLO)
of the dye and leading to a hybrid material with a second-order nonlinear optical
response, such as second harmonic generation; and on the other hand, its very high
fluorescence quantum yields together with the relatively large and well-formed particle
size, led to a new class of solid microlasers [4], in which the system itself acts as a
resonant cavity and the dye as the active medium, resulting in solid-state lasers of 400
x 75 x 8 μm in size.

Figure 1. Illustrative representation of a dye-doped microlaser cavity with its stimulated emission signal and the secondharmonic generation achieved by the preferential arrangement of the dye molecules.
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Solar exposure to UVA and UVB radiation is the main cause of skin cancers, and the
number of annually diagnosed skin cancers is growing year after year. Thus, the use,
empowerment and research of new sunscreen products containing UV filters (UVfs) is
a fundamental topic for the future of material and life sciences.
Organic and inorganic UV filters have become ubiquitous in personal-care products,
packaging, plastics, dyes, and many other sectors. Ideal UV filters should be
photostable and dissipate the absorbed energy efficiently. However, most organic UV
filters are photolabile upon protracted UV exposure, leading to the formation of
photoproducts of unknown toxicity for human health and environment. The chemical
environment surrounding UV filters may strongly affect their behaviour: the interaction
with other components of sunscreen formulations, e.g., may prevent or enhance their
degradation. Particularly, the interaction between photochemically incompatible
ingredients must be avoided. Therefore, much effort has been invested in developing
more effective and safe sunscreens.

Our team recently focused on the preparation and characterization of ZEOfilters [1],
which are hybrid UVfs obtained by the encapsulation of the two organic UV filters
octinoxate (OMC), and avobenzone (AVO) into various zeolites differing for topology
(MOR, FAU, MFI, and LTL) and Si/Al ratio (low-silica: Na-MOR, LTL, ZSM5-30, 13X1180

FAU; high-silica: HS-MOR, ZSM5-398, HS-FAU). The use of zeolites for UV filter
encapsulation was just marginally investigated up to now [2-4]. The project addressed:
i) the optimization of ZEOfilters synthesis; ii) the evaluation of their UV filtering
performances; iii) the assessment of the efficacy and safety of ZEOfilters in simulated
field conditions; iv) the investigation of host-guest and guest-guest interactions.
ZEOfilters were realized and deeply characterized by Elemental Analysis,
Thermogravimetric Analysis, UV-visible Spectroscopy, FT-IR spectroscopy, and
Synchrotron-X-ray Powder Diffraction. The efficacy and safety of ZEOfilters was
evaluated by skin permeation tests, also performed on sunscreen formulations
containing ZEOfilters, solar exposure tests, and leaching tests into simulated seawater.

The encapsulation was found to be effective, even if the properties of ZEOfilters
strongly depend on the zeolite-UVf combination. Figure 1, shows UV-Vis spectra of
several ZEOfilters in vaseline oil, at 1% of organic UV filter in the sample, compared to
free organic UV filters. High silica ZEOfilters, generally display a low UV filtering power,
and appear coloured due to UV filter protonation. Indeed, the protonation of OMC
molecule was confirmed by FT-IR measurements on HS-MOR/OMC system, together
with the inhibition of OMC trans-cis photoisomerization under UV exposure. Among
low-silica zeolites, Na-MOR displays no UVf loading, while the protonated ZSM5-30
presents strong absorption colours alike high-silica zeolites. Conversely, LTL- and
13X-encapsulated molecules exhibit an enhanced UV absorbance also compared to
pristine UV filters.

Figure 1 - UV-Vis spectra of ZEOfilters in vaseline oil

The understanding of structural features responsible for the observed performances is
of paramount importance for the empowerment and development of new hybrid
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materials. Since LTL ZEOfilters display the most promising features, their structural
characterization was deepened using Synchrotron X-ray Powder Diffraction and FTIR,
together with computational techniques. In LTL/OMC, FT-IR highlighted a perturbation
of the ν(C=O) mode of the OMC carbonyl group, which is not observed in the free
molecule, while no protonation was observed. The structural refinement (Figure 2)
showed a bonding distance between the carbonyl oxygen of OMC and the K cations of
the LTL zeolite: this interaction is probably the cause of ν(C=O) perturbation in FT-IR.
Moreover, the carbonyl-K interaction is possibly the key factor in the high and stable
loading of LTL ZEOfilters, as it was already reported in literature for smaller dye
molecules [5]. The structural refinement also highlighted a symmetry reduction from
hexagonal to monoclinic upon absorption of OMC in the LTL.
LTL and 13X-FAU ZEOfilters were demonstrated to be stable under simulated solar UV
exposure when the compounds were tested independently. Skin permeation tests were
performed on bare UVfs, and HS-FAU, HS-MOR, LTL, and 13X-FAU ZEOfilters,
showing a very low permeation through pigskin membrane for all systems (less than
0.2% of the starting amount after 26 hours). The skin permeation of LTL ZEOfilters and
bare UVfs in oil-in-water (O/W) emulsions was also tested, leading again to very low
values for all samples. Most UVfs (encapsulated or not) accumulate in the stratum
corneum and to a lesser extent in epidermis, while the amount in the dermis is
negligible (up to 0.06 μg/cm2). In view of future employment, some O/W formulations
were prepared with different ZEOfilter content (2 or 20 wt.%) and displayed good
rheological properties.
The use of ZEOfilters in cosmetics should provide several advantages: i) the UVf-skin
interaction should be inhibited by the encapsulation; ii) the UVf-UVf interaction should
be prevented by the encapsulation of different UVfs separately; iii) the UVf content of
formulation may be reduced thanks to their enhanced filtering power; iv) UVfs
stabilizers and other co-formulants may be reduced thanks to the improved UVfs
stability.
Due to their increased employment during last decades, UVfs are emerging as a new
class of pollutants, especially in the aquatic environment. Leaching tests performed on
LTL and 13X-FAU ZEOfilters exhibited a very slow leaching of UVfs.
The observed properties and especially the enhancement of UV filtering power is of
paramount importance for the future development and exploitation of ZEOfilters.
Indeed,
a
more
effective, safe and
eco-friendly
sunscreen can be the
key to protect health,
goods
and
environment.
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Figure 2 – LTL/OMC structure.
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The controlled release of anticancer drug 5-Fluorouracil (5FU) from a zeolite based
drug delivery system (DDS) would allow for improved drug bioavailability and help to
prevent premature drug degradation whilst often potentiating its effect, and reducing
side effects [1]. The crystalline, tuneable porous channels of molecular dimensions
characteristic of zeolites can accommodate different drug molecules, making them
ideal candidates for use as controlled release DDSs.
Of particular importance in terms of precisely controlling the release rate is the zeolite
Si/Al ratio, which dictates the number of adsorption sites and has an effect on the
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adsorption and hindrance of the drug within the zeolite pores, affecting the controlled
drug release profile significantly.
Our drug release studies show a difference in the controlled release profile of 5FU from
H-Beta with a Si/Al ratio of 19 and 180, shown in Fig.1 (a). Thermogravimetric analysis
(TGA) indicated that the Si/Al ratio has an effect on drug loading (36.9 wt% for H-Beta
(180) versus 25 wt% for H-Beta (19)) and therefore the amount released over time with approximately twice as much drug being released from the H-Beta (Si/Al = 180)
DDS than from the H-Beta (Si/Al =19) DDS.
Quasielastic neutron scattering (QENS) is a powerful experimental technique used
here to probe the diffusion of 5FU in zeolite Beta. QENS was used in combination with
molecular dynamics (MD) simulations to determine the effect of Si/Al ratio on the
dynamics of the drug in the pores of zeolite Beta on the nanoscale. This combination
allows correlations between the zeolite characteristics, confined molecular behaviour
and the controlled release profile of the drug on the macroscale to be determined.
The elastic incoherent structure factor (EISF) from our QENS measurements (taken at
IN16B – ILL, Grenoble) fit to the Volino-Dianoux model of diffusion confined to a sphere
of radius ~6 Å, roughly the size of an intersection between BEA channels, indicating
the drug resides here. A mobile population of drug molecules of only 6 % in H-Beta
(Si/Al = 19) and 4 % in H-Beta (Si/Al = 180), shown in Fig 1(b), indicates the majority of
the drug is immobile in the zeolite pores on the instrumental timescale, and a
relationship exists between zeolite composition and mobility. Confined diffusion
coefficients extracted from QENS line broadenings show similar diffusivities between
systems on the order of 2 10-10 m2s-1. MD simulations of the same systems
reproduced QENS observables (EISF and QENS broadenings) to qualitative
agreement with the experimental data, with the EISF also fitting to the Volino-Dianoux
model.
The present study highlights the effect of zeolite structure and composition on the
behavior of confined drug molecules on the nanoscale, rationalising observed trends
between zeolite characteristics, such as Si/Al ratio and observed controlled release
profiles of potential anticancer dosage forms. It is evident that drug loading is governed
in part by the Si/Al ratio which therefore affects the amount of drug released over time.

1184

(a)

(b)

Figure 1. (a) Controlled drug release of 5FU from H-Beta (Si/Al 19) and H-Beta (Si/Al 180) in phosphate buffered saline at pH 7.4
over 120 minutes. Data is fit using the Weibull model. (b) Models of confined rotation (Volino model) fit to experimental EISF of 5FU
in H-Beta (Si/Al 19) and H-Beta (Si/Al 180) at 300 K
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1. Introduction
Nanocrystals (NCs) of cesium lead halide (CsPbX3) are promising materials for
optoelectronic applications such as solar cells and light emission technologies (monitor
screens, TV sets, etc.) [1,2]. Unfortunately their stability under ambient conditions
restrict their use in practical applications; their high sensitivity to moisture and oxygen
results in hydrolytic degradation. The development of stable solid-state CsPbX3 NCs to
be used in practical applications remains a challenging task.
Zeolites may be ideal hosts for these NCs, both by organizing them into regular
arrays and by protecting them from attack by water and other compounds in the
environment.
Encapsulation in zeolites has been reported to enhance the
luminescence of semiconductors, organic complexes, and nanoclusters [3]. Recently,
Sun et al. reported the synthesis of CsPbX3 QDs in zeolite Y by a hot-injection method
for potential backlight display applications [4]. First Cs+ ions were introduced to Na-Y
by conventional aqueous methods to give Cs,Na-Y. Then a solution of PbX2 in a mixed
organic solvent was added to Cs,Na-Y at an elevated temperature under N2. The
zeolite products were reported to be “CsPbX3 perovskite QDs” because their properties
were similar to those of the CsPbX3 NCs [5]. (CsPbX3(s) has the perovskite structure.)
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The objectives of this work were (1) to synthesize a stable and highly luminescent
zeolite material by the reaction of PbBr2 with partially Cs+-exchanged zeolite Y (Si/Al =
1.69 with 8.9 Al3+ ions per supercage), (2) to determine the structure and coordination
environments of the QDs in the zeolite, (3) to locate the water molecules that bridge
between them, (4) to observe the effect of this Si/Al ratio on the stability of its QDs, and
(5) to observe the stability of its luminescence under ambient and more extreme
conditions.
2. Experimental
About 1 mg of Cs,Na-Y single crystals and 6.0 mL of ODE were placed in a 50 mL
three-neck flask and degassed as above. The temperature was then raised to 423-443
K and the PbBr2 solution was injected under N2. The mixture was stirred for 0.5 h and
then allowed to cool to room temperature. The product, Pb,Br,H,Cs,Na-Y, was washed
first with n-hexane and then with isopropanol. Finally, it was dried at 333 K for 12 h in
a convection oven. Similarly Pb,Br,H,Cs,Na-Y with less than 20 μm in diameter
powder was prepared for luminescence measurements..
3. Results and Discussion
Zeolite Pb,Br,H,Cs,Na-Y was prepared by the reaction of Cs49Na22-Y with PbBr2 in a
mixed organic solvent, and the structure of a single crystal of it was determined
crystallographically. About 26% of its supercages hold a tetrahedral PbBr 42- ion at their
centers. Each is surrounded by six Cs+ ions, each of which bridges between the two
Br- ions on each edge of the PbBr42- tetrahedron. Each of these four Br- ions also
bonds to a Na+ ion near the center of a 6-ring. The result is a Na4Cs6PbBr48+ quantum
dot (QD) of symmetry 3m (Td). The supercage in this zeolite (Si/Al = 1.69) has an
average charge of 8.9- which nearly balances the 8+ charge of this QD. Water
molecules in 12-rings bridge (Cs+-H2O-Cs+) between QDs in adjacent supercages to
form domains of tetrahedrally arranged QDs. Both these QDs and these domains are
seen directly by electron microscopy (HRTEM). These QDs, when excited by UV
radiation, luminesce sharply at 528 nm (green, FWHM = 17.8 nm) (Fig 1e).
Pb,Br,H,Cs,Na-Y and its luminescence are entirely stable in the atmosphere. Structure
refinement was done in the space group
(a = 24.889(1) Å) with the 886
reflections for which Fo > 3σ(Fo) to the final error index R1 = 0.077. Its composition was
confirmed by energy dispersive X-ray analysis (SEM-EDX).

(a)

(b)

(c)
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(d)

(g)

(f)

(e)

(h)

Figure 1. (a) Five QDs with 12 bridging water molecules. (b) Na4Cs6PbBr48+ QDs with three bridging water
molecules, (c) an in-plane view of that 12-ring Hydrarion level dependence (d) of the absorption spectra (e) of
the emission spectra (both drawn in green). (f) Emission spectra of fully hydrated (immersed in water)
Pb,Br,H,Cs,Na-Y (drawn in red, 1) and after 16 months (drawn in black, 2). (g) Fluorescence lifetimes of partially
hydrated (left) and hydrated Pb,Br,H,Cs,Na-Y (right). (h) Photographs of the samples (above) and their
luminescence images (below). Their luminescence images upon 365 nm UV irradiation are shown in the inset.

4. Conclusions
Water molecules bridge between Na4Cs6PbBr48+ cations (quantum dots or QDs) to
form domains within zeolite Y (Si/Al = 1.69). These QDs luminesce with a sharp line
(FWHM = 17.8 nm) at 528 nm (green) (Fig 1e). Within the zeolite, they are insensitive
to moisture. About 26% of the supercages in the crystal whose structure was
determined contained these QDs at their centers. Centering each is a tetrahedral
PbBr42- ion (Fig 1a). The two Br- ions on each edge of the PbBr42- tetrahedron are
bridged by a Cs+ ion (Fig 1b). Each Br- ion also bonds to a Na+ ion; Pb-Br-Na is linear.
The six Cs+ and four Na+ ions all bond to the zeolite framework. The result is a
Na4Cs6PbBr48+ QD of symmetry 3m (Td) in an environment that deviates somewhat
from that. Three water molecules in each 12-ring within the domains connect these
QDs by bridging between the Cs+ ions of the QDs in adjacent supercages. To retain
these QDs, a FAU zeolite must have at least eight Al3+ ions per supercage.
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1. Introduction
Quantum dots (QDs) of the lead halides have excellent luminescence properties,
however, the toxicity of lead limits their commercial prospects. The tin-based materials
have been studied as lead replacements, unfortunately, it is rather unstable under
ambient conditions.
Zeolites are well known as hosts for encapsulation and stabilization of various
nanoclusters. Recently, Sun et al. reported that QDs of CsPbX3 (X = Cl, Br, and I)
could be introduced into zeolite Y by a two-step method [1]. First, Cs+ ions were
incompletely ion-exchanged into the zeolite by LPIE to give Cs,Na-Y, which was then
exposed to PbX2 (X = Cl, Br, or I) dissolved in a hot mixed organic solvent. However, it
was the complex cations Na4Cs6PbBr48+ [2,3], rather than neutral “QDs of CsPbBr3 with
the perovskite structure”, that had formed within zeolite. The structures of these
cationic QDs are not related to that of perovskite.
The objective of this work was to prepare complex tin halide cations with desirable
luminescent properties within zeolite Y. The compositions and structures of those
cations, as well as their positions and environments within the zeolite, would be learned
by single-crystal crystallography. Finally, the luminescence properties of Sn,I,Cs,Na-Y
would be determined.

2. Experimental
To prepare partially Cs+-exchanged zeolite Y(Cs,Na-Y) crystal, 1 mg of zeolite was
stirred in aqueous CsC2H3O2 for 24h. The product was centrifuged, washed lightly with
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deionized water, and dried in air at 333 K for 12 h. The Cs,Na-Y crystal was then
dehydrated under vacuum at 673 K. To prepare Sn,I,Cs,Na-Y, the procedures used for
the attempted introduction of CsPbX3 (X = Cl, Br, and I) into zeolite Y [1], and to
synthesize CsSnI3 [4] were followed. Tin iodide, 1-octadecene (ODE), oleic acid (OA),
oleylamine (OAm), n-hexane, and isopropanol were all used without further purification.
The Sn,I,Cs,Na-Y crystal was simply evacuated at 294 K. Similarly Sn,I,Cs,Na-Y with
less than 20 μm in diameter powder was prepared for luminescence measurements..

3. Results and Discussion
The crystal structures of fully dehydrated Cs,Na-Y (|Cs51Na24|[Si117Al75O384]-FAU)
and
of
the
partially
hydrated
product
Sn,I,Cs,Na-Y
(|(Na4Cs6Sn4I6)0.625Cs46Na21.5(H2O)26|[Si117Al75O384]-FAU) were determined by singlecrystal crystallography using synchrotron X-radiation. They were refined in the space
group Fd m, (ao = 24.838(2) Å and 24.873(2) Å) with all unique data to the final error
indexes R1 = 0.053 and 0.060 for the 1885 and 1400 reflections for which Fo > 4σ(Fo),
respectively. Tetrahedrally distorted Sn4I44+ cubes, symmetry 4 m (Td), center 7.9% of
the supercages in the zeolite crystal studied. Each is supported there by four Na+ ions
and six Cs+ ions that bridge between its I- ions and oxygen atoms of the zeolite
framework (Fig1a). Each Sn2+ ion bonds to an additional I- ion in the plane of a 12-ring,
which in turn bonds to a Sn2+ ion in a Sn4I44+ group in a neighboring supercage (Fig1a
and 1b). In this way, the Sn4I44+ units connect to form a three-dimensional continuum
with formula Na4Cs6Sn4I612+ per supercage (Fig 1c).

Figure 1 (a) Components of the (Na4Cs6Sn4I612+)n continuum, (b) arrangement of four Sn4I44+ groups about a central group, (c) the
continuum in one unit cell.

When the zeolite framework is anionic, as it always is in aluminosilicate zeolites,
these nanoclusters can be expected to carry charge-balancing positive charges (to be
complex cations). As examples of this, the “nanoparticles of CdS” in zeolite Y were
found crystallographically to be the complex cation Cd4S6+ and Cd5H4S46+ in a 1:1 ratio
[5]. Similarly, the “nanoparticles (nanocrystals, QDs) of CsPbBr3 in zeolites X and Y
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are Na4Cs6PbBr48+ [2, 3]. A fourth example is the Na4Cs6Sn4I612+ of this study. The
zeolite, with its relatively rigid structure and internal electric fields, selects from the
cations and anions that are present in the synthesis mixture, including the chargebalancing cations that were initially present in the zeolite and other ions from the
dissociation or decomposition of water or a solvent, to form these complex cations
within its cavities.
The absorption spectra of Sn,I,Cs,Na-Y upon increasing hydration are shown in Fig
2a. The intensity of the first absorption peak in the partially hydrated sample
decreased with increasing hydration level and its peak shifted from 420 to 360 nm.
The bandgap of partially hydrated Sn,I,Cs,Na-Y was determined to be about 2.95 eV;
upon hydration, it increased to 3.44 eV. The normalized PL emission spectra of three
samples were obtained with a 375 nm. Partially hydrated Sn,I,Cs,Na-Y has a main

Figure 2 (a) Absorption and (b) emission spectra of Sn,I,Cs,Na-Y as a function of hydration level. c) Photographs of samples of partially
and fully hydrated Sn,I,Cs,Na-Y.

peak at 570 nm with two very weak shoulders at 480 and 525 nm (Fig 2b). When
exposed to water, the intensity of the main peak weakened and the intensity of the
other peaks increased. At the intermediate hydration level, the intensities if three
peaks almost became equal. Upon full hydration, however, the peak at 480 nm
became the most intense, while the other two became weaker. As a result, the
luminescence color changed from light yellow in the partially hydrated sample to white
upon full hydration (Fig 2c).
4. Conclusions
Sn4I44+ ions (tetrahedrally distorted cubes) were introduced into zeolite Y by reaction
with SnI2 dissolved in a hot mixed organic solvent. Each is surrounded by six Cs+ ions
and four Na+ ions, all of which bond to the zeolite framework. Each Sn2+ ion bonds to
another I- ion on the plane of 12-ring; that I- ion bridges to another Sn4I44+ group in an
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adjacent supercage. In this way the three-dimensional (Na4Cs6Sn4I612+)n continuum is
formed and stabilized within the zeolite crystal. Partially hydrated zeolite Sn,I,Cs,Na-Y
has a broad luminescence range from 400 to 800 nm. Upon full hydration, the
luminescence of Sn,I,Cs,Na-Y changed from pale yellow to white.
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Increasing demand for the control of indoor ambient environment has led to interest in
a variety of chemical molecules and a lot of research is devoted to the development of
new materials for sensor devices. Since humidity is a very common component in our
environment, control of humidity is important not only for human comfort but also for a
broad spectrum of industries and technologies. The constructive design of a good
humidity sensor is a rather complicated topic, because for designing a highperformance humidity sensor various factors need to be considered like linear
response, high sensitivity, fast response time, chemical and physical stability, wide
operating humidity range and low cost [1].
Zeolites and Zeo-type materials are known for their well-defined porous structure,
moisture holding capacity and ionic conduction properties. Humidity sensing behavior
of these sensors is the measure of proton (H+) conductivity by hopping over the surface
dangling bonds of hydroxyl group [2]. In this study, humidity sensing behavior of
Titano/Vanadosilicate and Vanadium-Substituted ETS-10 thin films is investigated. Two
different zeo-type materials with different types of quantum wires in their structures
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(i.e., –Ti-O-Ti-O-Ti- and –V-O-V-O-V- in the structures of ETS-10 and AM-6,
respectively) were synthesized[3], [4]. In addition to these nanomaterials, VanadiumSubstituted ETS-10 (ETVS-10) films with different concentrations of vanadyl sulfate
were also synthesized to investigate the effects of defective sites on proton conduction.
Figure 1 shows the XRD pattern for ETVS-10 samples with four different V/V+Ti ratios.
By increasing the ratio up to 0.3 small amounts of impurities such as anatase and
cristobalite appear in XRD pattern. Defects in the structure increases the dangling bond
vacancies which lead to the adsorption of more water molecules thus improves the
proton hopping on the hydroxyl group and enhance the humidity sensing behavior of
thin films.
Microporous Titano/Vanadosilicate films were prepared by spin-coating
method. Humidity sensing properties of ETVS-10 sensors with V/V+Ti ratio lower than
0.3 showed to have tailored the desired range of humidity. Figure 2 demonstrates
humidity sensing behavior of all three structures by measuring the change in
impedance with respect to relative humidity. The impedance modulus change is more
than three orders of magnitude in the range from 8% to 97% at 100 Hz.
Response/recovery time is less than 10 seconds. Moreover, high stability and
low hysteresis were also observed which make these sensors work for extended
period.

Figure 86 XRD patterns ETVS-10 with
different V/V+Ti ratio

Figure 87 Impedance values versus
RH for ETS-10 0.11 ETVS-10 and
AM-6 measured at 0.5V,100Hz
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Introduction
There is growing evidence that the ecosystems created by resident bacteria and fungi
(the microbiomes) in the human body, have profound impact on health and disease.
For cancer, these microbiomes are able to influence tumor development and
progression, as well as the response to therapy, as shown by the identification of
polymorphic microbiomes as new emerging hallmarks of cancer (Figure 1) [1].

Figure 1 - Polymorphic microbiomes. Left: new hallmarks of
cancer and Right: multiple tissue microbiomes are implicated in
modulating tumour phenotypes [1].

Chemodynamic therapy (CDT) was
recently proposed as a new
therapeutic approach for cancer. It
involves
generation
of
specific hydroxyl radicals (•OH) from
the hydrogen peroxide (H2O2)
present in the tumor cells via the
Fenton reaction [2]. The advantages
of CDT compare to the conventional
therapies can be ascribed to the
higher specificity, no external field
penetration depth restriction, lower
side effects in normal tissues, higher1193

level ROS generation, lack of
equipment restrictions, and nonmultidrug resistance, showing the
promising future of CDT for clinical
translation [2-4].
Inorganic materials have been widely
used as supports for Fenton catalysts
for environmental applications [5-6].
The diverse and highly controlled structure, along with the chemical properties of
inorganic materials, make zeolites suitable for CDT. Zeolites have already been
recognized as promising candidates for medical and healthcare applications, and as
Fenton heterogeneous catalysts for organic degradation [7-8]. Hierarchical zeolites
differ from the other zeolites by presenting a secondary mesoporous network of inter or
intra-crystalline nature which allows a better mass transfer and access to the active
acid sites [9].These types of zeolites have catalytic, environmental and biological
applications, such as carriers for enzymes [10]. The aim of this study was to assess the
catalytic and the antibacterial activities by Fenton-like reaction in tumor
microenvironment conditions (e.g. low pH).
Experimental

The prepared metal ion-hierarchical zeolite catalysts were evaluated using methylene
blue (MB) as model for Fenton-like reaction and were evaluated against Escherichia
coli (E. coli), methicillin-sensitive Staphylococcus aureus (MSSA) and methicillinresistant Staphylococcus aureus (MRSA). A dual activity, antitumoral was also
evaluated using human lung cancer cells. The resulting Fenton-like catalysts were
prepared by ion-exchange method with manganese (Mn) using FAU, BEA and MFI
hierarchical zeolite structures, as hosts. Hierarchical zeolites were prepared through
post-synthesis modifications: desilication with NaOH followed by acid treatment with
HCl.
Commercial powder zeolites, from Zeolyst International, NaY (Si/Al=2.80), ZSM5
(Si/Al=15) and BEA (Si/Al=32) were submitted to an alkaline treatment with 0.6 M
NaOH for NaY and ZSM5, 0.1 M NaOH for BEA (ratio NaOH/zeolite=30) at 65 ºC for
30 min, followed two cycles of ion exchange with NH4NO3 (2 M) at 80 ºC. Followed by
an acid treatment with HCl (0.1 M), ratio HCl/zeolite=30, at 70 ºC for 3 h. The solids
were recovered by centrifugations, dried, and calcined at 550 ºC under air flow. The
samples were named ZEO_06D for the desilicated samples, followed by “AT” for acid
treated material. Parent and modified samples were characterized by powder X-ray
diffraction (Pan’Analytical PW3050/60X’Pert PRO) and low temperature N 2 adsorption
isotherms (Micromeritics ASAP 2010).
Catalytic tests were carried out in a semi-batch reactor at atmospheric pressure under
stirring, based in physiological and tumor microenvironment conditions: T = 37 °C, pH =
7.4 and 6.4, [H2O2] = 50 µM, tr = 3 h, the reactor was loaded with methylene blue
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solution (5 ppm) and the catalyst dose was 400 mg L-1. The antimicrobial activity of the
samples was evaluated by the agar diffusion technique against E. coli, MSSA and
MRSA following as described in [7], as well as the antitumoral activity by the SBR
assay described in [8].

Results and Discussion
The diffraction patterns of parent and modified zeolite (Figure 2) show that the crystal
structure typical of MFI zeolite was kept although some loss of crystallinity due to the
treatments. The adsorption-desorption isotherms at -196 ºC (Figure 3) can be classified
as type I + IV. For the treated samples, the upward shift in the high relative pressure
region denotes the desired increase in the mesoporous volume, along with a slight
decrease of the microporosity indicated by the downward deviation in the low relative
pressure region. The same behavior was observed for the other FAU and BEA zeolite
structures.

Figure 2 – X-ray patterns of parent and modified ZSM-5.

Figure 3 – N2 adsorption isotherms of parent and
modified ZSM-5.

The catalytic results by Fenton-like reaction show that the dye was degraded under
physiological and tumor microenvironment conditions in the presence of Mnhierarchical zeolite catalysts. As expected, the degradation was enhanced in the pH =
6.4 with [H2O2] = 50 µM at 37 ºC.
Recently, we showed that zeolites are not toxic for cancer cells [8] and the presence of
manganese ion-exchanged in FAU structure, MnNaY, caused a very accentuated
decrease in cell viability, being highly cytotoxic to A375 cells (human skin cancer cell
line), as well as, to the bacterial species used (E. coli, MSSA and MRSA). Results
obtained so far suggest that metal ion-hierarchical zeolite catalysts can be explored as
antibacterial agents, which indirectly may have an impact in malignant tumour
progression. For that, the antitumoral activity using human lung cancer cells will also be
evaluated.
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There are high requirements in terms of durability, strength or, e.g., tightness for
modern cement composites. Scientists are searching for some innovative methods of
cement composites production including using different additives in order to improve
their properties. The simplest form is to add to the cement matrix components with
pozzolanic properties, e.g., microsilica, metacaolinite or fly ash [1]. Recently there have
been a very strong trend in the cement matrix modification at the nano level, where
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influence on the properties of the cement composite of nanofibers or nanopowders (ie.
carbon nanotubes, nanosilicas) were tested. From the economic point of view using of
nano-additives for cement matrix is justified because significant improvement of
cement composites properties can results with small amount of additive. Nowadays,
significant interest in science community is given to the research connected to the
mesoporous silica materials due to their large specific surface area, pore size in
mesoporous range. The most popular representant is MCM-41 (Mobile Composition of
Matter No. 41) which was mentioned in Beck et al. [2]. This kind of material has a
regular pore structure in the range of mesopores with longitudinal channels (diameter
from 2 to 10 nm). The walls of MCM-41 are made of amorphous silica (SiO2) arranged
in a honeycomb-like hexagonal structure. Due to the its unique properties like welldeveloped specific surface area, orderly pore structure, specific pore shape and
distribution and surface modification potential it has become the subject of research in
catalysis, CO2 capturing, or water purification as nanocomposite [3-5]. The MCM-41
used in the study was produced from waste solution after production of synthetic fly
ash-derived zeolites, which made the material much cheaper than its commercial
counterparts. Brief scope of the study is presented in Figure 1.

Figure 1. Scope of the study

Mechanophysical properties were evaluated and the microstructure was analyzed by
various methods (ie.). The most beneficial content of the MCM-41 was found to be
between 0.5 and 1%. Active silica excess is the reason that hydration process occurs
not properly. According to authors knowledge, no studies have been reported in the
literature so far in terms of the evaluation of the influence of the MCM-41 on the
cement matrix properties. The potential of using such material in this direction is high.
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The development and increasing pace of the construction processes are forcing
scientists and engineers of using building materials with increasingly better properties.
When it comes to cementitious composites, one of the most important issues are their
early-age properties as they mainly determine the rate of building erection [1]. Earlyage high mechanical properties of cement composites are also highly desirable in the
prefabrication as it increases the plant productivity, which bring economic advantage.
Nowadays, through the using of some effective additives it is possible to modify the
early-age properties of cementitious composites. The most common and best studied
admixtures that give good effects in gaining accelerating strength are among others
CaCl2, triethanolamine, sodium and calcium nitrate, potassium carbonate, nano-silica,
or nano-CaCO3. Several effective methods are currently known for introducing nanoparticles into the cement matrix structure. One of them is intensive mixing of the nanoadditive suspension with water. Sometimes a superplasticizer is added to the solution,
which is hydrophobic. This improves mixing efficiency and helps even dispersion.
Using of sonication process, often in surfactant presence, is another very popular
method. This method is particularly effective for dispersions of carbon nanotubes,
which, when mixed with cement, form a cement matrix with a nano-reinforcement [2]. In
this study, the results of using the mesoporous silica material in the context of
accelerating the setting and hardening time of a cement matrix is presented. The
mesoporous silica material is MCM-41, which was firstly described by Beck [3], is made
of amorphous silica, whose channels are connected in a honeycomb-like structure. The
diameter of these channels is in the range of 2-10 nm [4]. The unique features have
made MCM-41 very popular in wide branch of applications. On the other hand its main
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limitation is the production prize. However, MCM-41 used in this research was
successfully produced from waste at the Faculty of Civil Engineering and Architecture
of Lublin University of Technology (Poland) [5]. The final product is the same as its
commercial counterparts. It allowed to search for alternative applications of MCM-41 in
areas where this approach has not been economically justified so far. This study aims
to describe the results of a study on the influence of mesoporous silica on the early-age
properties of the cement matrix and the microstructure development. Scope of this
work is showed on Figure 1.

Figure 1. Scope of the conducted research.

A number of physico-mechanical, and compositional properties were tested. MCM-41
was applied in amounts of 0.25-2% by weight of cement in a manner that allowed its
uniform dispersion, and tests were performed as a function of maturation time (after 1,
3, 7, 14, and 28 days). The MCM-41 was found to accelerate the cement hydration
process and its use promotes the formation of a more compact, gel-like CSH phase
with greater cohesion. The results obtained indicate a positive effect of MCM-41 on the
early-age properties of the cement matrix and provide a solid basis for further research
on the development of an admixture directed at accelerating the setting and hardening
time.
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Active substances of plant origin have played an extremely important role throughout
history. It is estimated that about 70-95% of the population of highly developed
countries still use traditional medicines based on plant extracts [1]. Over the past few
years, curcumin has become the most popular plant-derived substance used as a
therapeutic agent. It was isolated from the root of the long thistle Curcuma longa and is
a natural substance belonging to the polyphenol group [2]. Despite its numerous
advantages, curcumin is characterized by low solubility, poor bioavailability, and rapid
degradation under neutral or alkaline pH conditions [3]. The solution to these problems
is to combine curcumin with suitable carriers such as hierarchical zeolites, which
represent a new class of materials [4]. An important part of any therapy is to deliver the
active substance to a specific site in the body and release it for a desired time. [5]. The
use of classical methods of releasing active substances in the human body often does
not bring the expected therapeutic effects. Therefore, work has begun on the use of
photodynamic release of curcumin from appropriately selected carriers of active
substances. The method involves the use of an active substance, referred to as a
"photosensitizer", and radiation of precisely defined energy [6].
For the photodynamic release of curcumin, the carrier, which was a hierarchical zeolite
based on FAU commercial zeolite, was synthesised. Then, phosphate buffer at pH 5.8
was added and glycerine was introduced as a permeation promoter. The process
temperature was maintained at 37°C, and the release process was carried out for 3 h
in a chamber equipped with LEDs of different wavelengths (from 365 nm to 630 nm).
The release rate of curcumin was determined by UV-Vis spectroscopy at the
wavelength of 425 nm.
All the synthesized materials were characterized using several techniques: elemental
analysis, scanning electron microscopy (SEM), Fourier transformed infrared
spectroscopy (FT-IR), N2 adsorption, X-ray diffraction (XRD), differential scanning
colorimetry (DSC) analysis and confocal microscopy.
Through the analysis of the obtained results, it could be concluded that the hierarchical
zeolite based on FAU commercial zeolite and CTABr as a structuring agent (150 mg of
curcumin was applied to the obtained hierarchical material) proved to be the most
favourable curcumin carrier. After numerous experiments, it was found that curcumin
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was released from the hierarchical zeolite to a much greater extent by using LEDs in
the wavelength range of 430 to 550 nm. In such a way, it became possible to release
the active ingredient at 53.24% within 3h, which clearly confirms the effectiveness of
photodynamic release of the active ingredient.
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Arsenic contamination of water is a serious public health problem that currently affects
millions of people around the world. It is naturally present (geogenic) at high levels in
groundwaters of several countries, among them Argentina, Bangladesh, Canada,
Chile, China, India, Japan, Mexico, New Zealand, Taiwan, and the United States. As a
result, the population is exposed to arsenic intake directly through drinking water, food
prepared with contaminated water, and irrigated crops. Prolonged consumption of
arsenic-polluted water produces
various serious long-term effects
on human health, including
respiratory and cardiovascular
diseases, keratosis, neurological
disorders, and skin, lung, and
kidney cancer. Currently, the
World Health Organization (WHO)
recommends that the maximum Figure 1 - Scheme of the integrated photocatalytic oxidation of
permissible
concentration
of As(III) to As(V) and As(V) adsorption system used for continuous
arsenic in drinking water should removal of As in a water stream.
not exceed 10 µg/L [1].
Arsenic is found in water as As(III) and As(V) oxo-anions, with As(III) species showing
higher toxicity and mobility compared to As(V). Conventional treatments of
contaminated water consist on the chemical oxidation of As(III) to As(V) and the
subsequent removal of As(V) using different techniques, including adsorption. In rural
areas where water accessibility and management are in local hands, some of the
conventional treatments used for As-polluted water are not sustainable due to their cost
and lack of efficiency in reducing the concentration of As down to the limit of 10 µg/L.
Hence, the overall objective of our work was to develop a user-friendly, low-cost
technology for the removal of arsenic from drinking water, intended to operate under
real conditions of remote or isolated areas of the planet, in line with the 2030 Agenda
for Sustainable Development Goals (SDGs). To that aim, we have designed a
laboratory-scale continuous flow system (Figure 1) for the treatment of drinking-water
polluted with arsenic, that is based on the photocatalytic oxidation of As(III) to As(V)
under direct sunlight in combination with a subsequent stage of As(V) adsorption on
iron-modified natural zeolites. A previous step implied the independent optimization of
each stage: (i) photocatalytic oxidation and (ii) adsorption.
This contribution focuses on the second step, the synthesis of Fe(III)-modified natural
zeolites and their evaluation in adsorption of As(V). As(V) oxoanions are known to be
efficiently adsorbed on the external surface of ferric oxyhidroxide particles. It is also
known that nanoparticles with high surface area display better adsorption properties.
However, in real applications, such nanosized particles can cause operational issues
related to high water pressure drop or low mechanical stability. Hence, in an attempt to
realize an efficient adsorption of As(V), our proposal was to precipitate nanometric
FeOOH particles on the external surface of natural zeolites, with the nanoparticles
remaining bonded to the external surface of the zeolite. The approach attempted was
based on a double ion-exchange aiming first to achieve a maximum loading of Fe3+ in
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the channels of natural Na-clinoptilolite, and then to further offer another cation that
allows the diffusion of Fe3+ to the outer surface of the zeolite and its precipitation as
FeOOH nanoparticles (Figure 2).
The strategy of supporting the active nanoparticles on the external surface of the
natural zeolite has proven to be efficient in the design of water filters due to the
mechanical strength and operating advantages provided by the grain size and textural
properties of natural zeolites [2]. The starting natural zeolite was a Na-rich clinoptilolite
commercially available as AQUA and named in this work as AQ
(https://www.zeocat.es/english/znaquaeng.htm). Two sources of iron were tested:
FeCl3 (AQ-FeCl) and Fe(NO3)3 (AQ-FeN). The initial iron exchange procedure was
carried out in a single step at room temperature for 18 h at a concentration of 0.01 M to
obtain a pH compatible with avoiding the degradation of the zeolite (samples AQ-FeCl
and AQ-FeN in Table 1). This treatment increased the Fe content by 50 % respect to
the original zeolite (AQ), from 0.9 to 1.5 wt % in the final material, with no apparent
differences between the sources of Fe(III) used. Attempts to further increase the Fe
content by varying pH, time, concentration, number of cycles or temperature were
unsuccessful. Thus, a previous Na+ ion-exchange of the AQ zeolite was performed in
order to activate the mobility of the exchangeable cations potentially available, for
subsequent ion-exchange of Na+ with Fe3+. In this manner, once a clinoptilolite rich in
Na+ was obtained (AQ-Na), further exchange with FeCl3 (AQ-Na-FeCl) and Fe(NO3)3
(AQ-Na-FeN) allowed to reach Fe contents up to 5-6 wt %, 4 times higher than those
using a direct Fe exchange (Table 1).
Once the first step had been optimized and a Fe-rich zeolite was achieved, the second
step was to promote a controlled release of those Fe3+ cations by a subsequent ionexchange, to grow FeOOH nanoparticles anchored to the external zeolite surface. This
step was realized at different pH, using KNO3 (pH 6.07, samples AQ-Na-FeCl-K and
AQ-Na-FeN-K), NaNO3 (pH 6.03, AQ-Na-FeCl-Na and AQ-Na-FeN-Na), and
NH4Cl/NH3 (pH 9.57, AQ-Na-FeCl-NH4 and AQ-Na-FeN-NH4) as sources of
exchangeable cations (M+), as described in Figure 2.

Table 1. Chemical composition and As(V) removal
capacity of selected Fe-exchanged samples.

Figure 2 - Scheme of the strategy used for the synthesis of an efficient adsorbent
for As(V) based on FeOOH nanoparticles supported on natural zeolite.

Sample

%Fe

Q (mg/g)

AQ

0.93

0.00

AQ-FeCl

1.47

AQ-Na-FeCl

5.82

1.21

AQ-Na-FeCl-K

4.21

1.30

AQ-Na-FeCl-Na

4.34

1.18

AQ-Na-FeCl-NH4

4.59

0.05

AQ-FeN

1.46

AQ-Na-FeN

4.99

1.16
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AQ-Na-FeN-K

3.94

1.04

AQ-Na-FeN-Na

3.69

0.88

All the samples were fully characterized by XRD, TGA, SEM-EDX and ICP-OES
chemical analysis, showing that the clinoptilolite structure is maintained in all cases, the
cation exchange was successfully achieved, and the Fe distribution was homogeneous
with no segregated Fe-particles detected. This second treatment produced a small loss
of Fe. Nevertheless, all samples maintained a high iron content, in the range 3.5-4.5 wt
% (Table 1).
These materials were then tested in As(V) adsorption at high concentration (6.3 mg/L)
using an adsorbent dose of 2 g/L, and the As concentration was determined by ICPOES. This preliminary study allowed us to conclude that the pristine natural zeolite
AQUA (AQ) is not active for the elimination of As, being instead very active after the
exchange with Fe using a previous Na-exchange (AQ-Na-FeCl and AQ-Na-FeN). The
subsequent exchange process to grow FeOOH nanoparticles resulted in materials with
low adsorption capacity in the case of the ammonium route (AQ-Na-FeCl-NH4, AQ-NaFeN-NH4), probably due to a low Fe-exchange and/or the particular physico-chemical
characteristics of the nanoparticles formed at high pH. In the case of the KNO3 route,
the sample AQ-Na-FeCl-K retained a large amount of Fe species while displaying the
highest adsorption capacity observed in all the materials (1.30 mg/g), suggesting that in
this case the growth of properly-sized nanoparticles was successful.
Finally, the best adsorbents were tested in adsorption processes of As(V) under more
realistic conditions, from water with lower initial concentrations (200 µg/L), using in this
case atomic fluorescence for analysis of As. Adsorption experiments were performed
with selected materials in aqueous solutions with adsorbent doses in the range of 0.2
to 10 g/L. Results showed that the materials obtained after cation exchange with Na
and then with Fe with both sources (AQ-Na-Fe-Cl and AQ-Na-FeN) displayed good
properties as As(V) adsorbents, with a decrease of at least 50 % of As(V). Interestingly,
these adsorbents were able to reduce the As concentration below the WHO limit of 10
µg/L. The adsorption isotherm was determined for the adsorbent AQ-Na-FeCl at room
temperature (with an aqueous solution of 200 µg/L As(V)), resulting in an adsorption
capacity of 0.20 mg As/g under these low As concentration conditions. Such capacity is
in the range of a commercially available Granulated Iron Hydroxide adsorbent (GEH©102, GEH Wasserchemie), which is based on 100 % FeOOH-nanoparticles, showing
that our composite adsorbent possesses 10 times higher adsorption capacity per Fe.
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Introduction
CO2 is one of the most important gases into the atmosphere. Over the years, human
activities have increased these levels, making CO2 the main contributor to the
greenhouse effect, despite having a lower Global Warming Potential than other gases
(i.e. CH4, NOx, CFC). Many strategies have been investigated to counteract the rising
of CO2 levels into the atmosphere and, among them, the adsorption is considered the
most suitable and environmental friend method concerning CO2 capture, since it needs
low energy requirement and mild operative conditions compare to other expensive
methods.
Concerning the adsorbent materials used for this purpose, zeolites, belonging to
aluminosilicates family, are noteworthy thanks to their outstanding adsorption capacity,
due to their extremely porous structure and high surface area. Recently, natural
zeolites (i.e. Clinoptilolite) have attracted particular attention as sustainable promising
adsorbent to purify ambient air. The advantages are related to high selectivity toward
CO2, its availability in nature and its low-cost. [1]
The main aim of the present work was to study the sorption capacity of Clinoptilolite,
called merely “Clino” from now on, in a broad range of temperature (from room
temperature up to 150°C) and further explore the effect of the nature of different
cations into the framework, therefore testing ion exchange-Clino samples (Na/Clino
and Ca/Clino, respectively) and compare the results with those got from a synthetic
origin zeolite (Linde Type A), in order to identify the main differences and the optimal
adsorption conditions both on a laboratory-scale testing powders and on a large-scale
by using a “cartridge”.

Experimental Method
1205

Clino sample was purchased from Zeolado Company (Greece). In the first part of the
work, the experiments are carried out by testing adsorbent material as a powder,
placing 300 mg in a fixed bed (quartz tube U-shaped) heated up with a furnace and
pretreated with a pure flowrate of N2 at 400°C for 2 h in order to remove impurities prior
to start. The adsorption tests are carried out by flowing a total flowrate of 40 ml/min of a
mixture constituted by 10 vol% CO2 in N2 with W/F =7.5 g·min/l. Experiments are
conducted under atmospheric pressure at different temperatures, kept constant during
each test and monitored by thermocouples placed in the reactor. The outlet stream is
analyzed in continuous by an analyzer linked to the outlet of the reactor and the test
ends when outlet concentration becomes equals to the inlet one. Furthermore, to
investigate the influence of composition, Ca-containing clinoptilolite and Na-containing
clinoptilolite, obtained by ion-exchange method, named Ca/Clino, Na/Clino, are also
tested and the results are compared with those got from a commercial low-cost zeolite
of synthetic origin (supplied by Università di Torino), called CaLTA. The latter part of
the work is related to the scale-up, thus performing experiments on a "cartridge”
(60mm·25mm) supplied by Cornaglia partner, keeping constant the ratio W/F and the
contact time.

Results and Discussion
The adsorption capacity of bare Clino, Na/Clino and Ca/Clino was investigated by
means of breakthrough curves (BTCs), considering the reactor without the adsorbent
(blank) as reference.
As depicted in Fig. 1A, an increasing of temperature negatively affects the sorption
capacity of bare Clino. Consequently, the BTCs are shifted to the left, toward shorter
breakthrough times. Likewise, an analogous trend was observed for both Na/Clino and
Ca/Clino. This is consistent with the fact that adsorption is an exothermic phenomenon,
therefore favored at lower temperatures. Moreover, the amount of captured CO2
(expressed in mmol per gram of adsorbent) was evaluated and compared with the
results achieved with the synthetic origin zeolites CaLTA. The results are displayed in
Fig. 1B, where it is remarked that Ca/Clino has much poorer adsorptive properties than
other samples over the entire temperature range tested, probably due to the nature of
cations present in the Clino framework that hampering the interactions between the
adsorbent and CO2. It is worth mentioning that, comparing natural samples, Na/Clino
has better adsorption capacity up to 60°C than bare Clino, nevertheless at higher
temperature a reverse trend can be observed. Therefore, this initial comparison reveals
that the nature of the cations in the framework has a significant effect on adsorption
capacity, endowing better performance in the case of Na-containing Clino compared to
Ca- containing one.
On the other hand, it is worth noting synthetic zeolite CaLTA exhibits higher adsorption
capacity at medium-low temperature, even though a higher susceptibility to
temperature rise is observed, resulting in a more pronounced reduction of the
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adsorptive properties compared to bare Clino. Surprisingly, when comparing the results
at 150°C, a slightly reversal of the adsorbing capacity trend is noticed, with a better
behavior of Clino.

Figure 1 - Powder tests: Breakthrough curves of Clino (A) and Comparison of CO2 adsorption capacity (B).

Finally, Fig. 2A and 2B report the BTCs and the adsorbing capacity of the samples
obtained from the scale-up, performing tests on cartridge, following the same
procedure as tested for powders. The particle size 0.5-0.9 mm was chosen in order to
avoid both clogging inside the cartridge and preferential paths during the adsorption
tests.
In Fig.2A, it is possible to highlight once again the negative effect of the temperature,
as similarly observed in the tests performed on powders, noting a shift of the BTC
towards the left as the temperature increases. In Fig. 2B the adsorbing capacities of
Clino and CaLTA are illustrated, in which a similar trend to that achieved for powders is
observed, obtaining again a better behavior of Clino at higher temperatures.
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Figure 2 - Cartridge tests: Breakthrough curves of Clino (A) and Comparison of CO2 adsorption capacity (B).

To sum up, the tests carried out demonstrated that, clinoptilolite is an effective, low
cost and, above all, sustainable solution to remove CO2 from the environment, with
promising results. It is important to emphasize that Clino revealed a more stable CO 2
adsorption capacity at high temperature, so it may be the best performing CO 2
adsorbent at 150°C. It is worth mentioning that in terms of price, natural zeolites are
attractive materials to perform these processes, as they are easily available in nature
and do not require expensive treatments. Thus, adsorption on clinoptilolite can be a
sustainable alternative to reduce CO2 levels.
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In Spain, natural zeolites have been found in the South Eastern region of continental
Spain (Cabo de Gata) as a deposit of mordenite being industrially commercialized as
bentonite. The deposit is located in a volcanic geological environment, constituted by
pyroxenic andesites, breccias, tuffs, pyroclasts with andesitic and dacitic composition,
largely altered by the hydrothermal solutions. The recent discovery of this zeolite with
mordenite content up to 97%, has changed the initial vision about that deposit, and
new possible uses of this mineral in the pozzolanic cement industry are foreseen [1].
Concrete and Portland cement-based products are the most widely used materials in
the construction sector. Their environmental impact is considerable. When producing
cement, large amounts of CO2 are released into the atmosphere, mainly as a
consequence of the decarbonization of limestone during the clinkering process.
Per 1000 g of cement, an amount of 900 g of CO2 is emitted into the atmosphere,
approximately 8% of annual global emissions. This environmental problem surrounding
the manufacture of Portland cement has led the scientific community to search for new
alternative cementitious materials. One of the options proposed to reduce CO 2
emissions from the sintering of clinker is to replace part of the cement with natural
uncalcined pozzolanic materials.
The present research aims at characterising mordenite, a tectosilicate belonging to the
zeolite group, for the use as a pozzolanic material in the production of sustainable
cement. For this purpose, a systematic study has been carried out using four samples
of natural mordenite (Z-7, Z-9, Z-12, and Z-26) from the San José-Los Escullos
deposit, located in the province of Almería, Spain. This deposit has been widely studied
from the mining perspective [2].
The samples were firstly characterized using X-ray diffraction, scanning electron
microscopy, thermogravimetric analysis and X-ray fluorescence. X-ray diffraction study
(Figure 1A) of the four samples was carried out in order to identify the phases and
compared with a commercially synthetic mordenite (Sin-01). The analysis showed that
the samples are mainly composed of MOR structure [3], with impurities of smectite
(marked "B" in Figure 1A) and quartz ("Q" in Figure 1A). These impurities do not
appear in the synthetic mordenite due to its monomineral composition.
Scanning Electron Microscopy (Figure 2B) was carried out for the morphological
studies of the samples. The results show crystals of size between 10 µm and 20 µm
with the random presence of larger agglomerated crystals. Sample Z-7 is the most
homogeneous, while sample Z26 presents large agglomerated crystals. The presence
of a high atomic number could be observed as bright spots corresponding to phases of
high Fe content.
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To determine the behaviour of cement with addition of natural mordenite, four mixtures
were prepared, consisting of 75% of 42.5R type I reference cement and 25% of each of
the mordenite samples. The following analytical techniques were carried out on these
mixtures: chemical analysis of the components, chemical analysis of pozzolanicity,
ultrasonic pulse velocity, mechanical strength and determination of setting time.
Compressive strength has been developed to indicate the maximum stress that a
material can withstand under a crushing load until failure. It is performed following the
indication Figure 2 –Scanning Electron Microscopy (SEM)
Figure 1 – X-ray diffraction patterns of the natural
mordenite and commercial synthetic mordenite.
s of the micrographs of natural mordenites from Spain.
European
Standard [4]. Figure 2 shows the results of the mechanical strength analysis (MPa),
and Table 1 shows the results of chemical analysis of the mixture of cement and
mordenite according to the European Standard [5].
Table 1. Results of chemical analysis of the mixture of
mordenite and cement.
Sample

Z-7

Z-9

Z-12

Z-26

Total SiO2

71.35

72.02

72.28

71.8

MgO

0.77

0.87

0.8

0.88

CaO

0.88

1.45

1.24

1.35

Fe2O3

1.15

1.21

1.24

1.39

Al2O3

11.82

11.67

11.58

11.84

a

58.68

61.57

62.12

63.16

Reactive

SiO2
Figure 3 - Results of mechanical resistance of the specimens
b

IR

19.87

16.49

16.83

14.08

c

LoI

5.96

5.97

6.02

6.35

at age of 7 and 28 days.

a

Reactive SiO2 is the part of total silica that reacts with calcium
oxide (CaO) to produce belite (2CaO-SiO2)1210
and alite (3CaO-SiO2),
two of the four major minerals in cement. bIR is the insoluble
residue obtained after treatment with HCl and boiling KOH. cLoss
of ignition at 950 ±251°C.

The results obtained from the characterization and analysis indicate that natural
mordenite meets the established requirements to be used as a partial cement
substitute.
In addition, modelling of the deposit was carried out to estimate and determine its
physical parameters using geological-geophysical methods. For this purpose, an
electrical tomography campaign was carried out to characterize lithologies based on
the electrical resistivity of the materials and their distribution in the subsoil. Also, the
use of samples from cores allows the mineralogical characterization at different depths.
From the data obtained, a 3D geological model (Figure 4) was created to illustrate the
development of the ore body at the surface and depth. These studies failed to establish
the real depth of the aforementioned materials, which has to be considered as a
positive factor, concluding that the deposit is even more extensive in depth [6]. The
modelling software allowed us to calculate the volume of the ore body, which was
approximated to be 988,900 cubic meters (m3). Estimated particle density (ρp) of the
zeolite of 2131 kg/m3, a total of 2,107,345.9 tons is assumed.

Figure 4 - 3D geological model of the deposit.
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