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Scientific Program (ALL times EST)
10:20 – 10:30

Welcome Remarks and Meeting Logistics

10:30 – 11:15

Mervyn Shannon (Johnson Matthey, London)
“JMZ-11: A set of non-stochastic intergrowths in the CHA-GME
System featuring a “sfw-GME” tail

11:15 – 12:00

Camille Petit (Imperial College, London)
“A molecular engineering approach to using metal organic
frameworks for gas separation”
David Danaci (substitute)
"A TVSA adsorbent screening tool for post-combustion carbon
capture"

12:00 – 12:45

Flash Talk Session 1

12:45 – 1:15

Break

1:15 – 2:00

Joel Schmidt (Chevron Energy Technology Co.)
"Zeolite Synthesis: How to Leverage the Past to Become a More
Effective Experimentalist"

2:00 – 2:45

Enrique Iglesia (University of California, Berkeley)
"Mechanistic Insights into Acid Catalysis: The Myths and
Challenges of Small Voids"

2:45 – 3:25

Flash Talk Session II

3:25 – 3:30

Break

3:30 – 4:15

Gennady Gor (New Jersey Institute of Technology)
“Compressibility of nitrogen in nanopores”

4:15 – 5:00

Aditya Bhan (University of Minnesota)
“Chemistries mediating deactivation in methanol-tohydrocarbons conversion and strategies to mitigate them”
3

5:00

Closing remarks

5:00 – 6:00

Optional Social Hour

Flash Talk Breakouts
Flash Talk Session 1 : 12-12:45 PM EST
Breakout Room 1A
Synthesis and Separations
Alex Hoffman, University of Florida
Yu Liang, University of Houston
Song Luo, UMass Amherst
Trevor Lardinois, Purdue University
Adam Mallette, University of Houston
Anthony Vallace, Villanova University

Assessing Al proximity in MFI Zeolites Using Both
Experiment and Theory
Strontium Ions Function as both an Accelerant and
Structure-directing Agent of Chabazite
Crystallization
On the Roles of Fluoride in Crystallization of
Siliceous LTA Zeolite
Interconversion of agglomerated Pd domains and
mononuclear Pd(II) cations in CHA zeolites
Zinc-Incorporated FAU Zeolite: Simultaneous Control
Over Crystallization Kinetics, Interzeolite
Conversions, and Physicochemical Properties
Improved Al-rich Chabazite Synthesis Enables a
Diverse Range of Gas Separations

Breakout Room 1B
Diffusion, Adsorption, and Solvent Effects
Hayat Adawi, Princeton University

Han Chen, UMass Amherst
Rishabh Jain, University of Houston
John Di Iorio, MIT
Ajibola Lawal, UMass Amherst
Christopher Rzepa, Lehigh University

Effects of mesopores in hierarchical zeolites on
reaction-diffusion-deactivation during Friedel-Crafts
alkylation of 1,3,5-trimethylbenzene with benzyl
alcohol
Kinetic Investigation into the Effect of Water on
Alkylamine Hofmann Elimination over H-ZSM-5
Seed-Assisted Synthesis of Self-Pillared Pentasil (SPP)
Zeolites
Ordered Hydrogen-Bonded Alcohol Networks
Confined in Lewis Acid Zeolites Accelerate Transfer
Hydrogenation Turnover Rates
Understanding the entropic contributions of
irreversibly bound adsorbates on zeolite surfaces
Towards Data-Driven Structure-Property Relations
for Predicting Adsorption Entropy in Siliceous
Zeolites
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Flash Talk Breakouts
Flash Talk Session 2 : 2:45-3:25 PM EST
Breakout Room 2A
Proton Catalyzed Reactions
Mark LaFollette, University of
Delaware
Heng Dai, University of Houston
Zhichen Shi, University of Minnesota
Jason Lee, University of Delaware
Deependra Parmar, University of
Houston

Olefin methylation and chain initiators in the
methanol to hydrocarbon reaction over iron zeolites
Finned Zeolite Catalysts
Tuning Ethylene-to-Propylene ratio in Methanol-toOlefins Conversion on Window-Cage Type Zeolites
Carbocation-Mediated Cyclization of Conjugated
Trienes in Acid Zeolites
Highly Stable MCM-22 Catalysts with Enhanced ParaXylene Selectivity

Breakout Room 2B
Beyond (Only) Protons
Casey Jones, Purdue University
Calley Eads, Brookhaven National Lab
Rachel Yang, Princeton University
Laura Wilcox, Purdue University
Jason Gulbinski, UMass Amherst

Effects of Cu-Zeolite Pore Size, Shape and
Connectivity on the Selective Catalytic Reduction of
NOX with NH3
Enhanced Catalysis Under 2D Silica: A CO Oxidation
Study
Fe and Cr metal-organic frameworks for benign aryl
alkene oxidation
Influence of Copper Site Structure and Proximity in
Cu-CHA Zeolites on Partial Methane Oxidation to
Methanol
Phosphoric Acid impregnated on Zeolite BEA and
Silica Supports for Renewable p-Xylene Production
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JMZ-11: A Set of Non-Stochastic Intergrowths in the CHA-GME
System Featuring a “sfw-GME” Tail
Mervyn Shannon
Authors: Mervyn D. Shannon, Sanyuan Yang, Daniel Gilleland, Misbah Sarwar, Nicholas
McNamara, Joseph Fedeyko and Alessandro Turrina (Johnson Matthey) and Alvaro Mayoral
(University of Zaragoza)
Johnson Matthey
London
Abstract
JMZ-11 is a family of molecular sieves comprising intergrowths of cha and aft having an "sfwGME tail". The "sfw-GME tail" can be visualised by electron microscopy and the intergrowth
quantified by analysis using a Reichweite 2 DIFFaX model. The gme cavities providing the
support framework for cavities larger than cha are implicit in the model but omitted in the
descriptions.
DIFFaX modelling of CHA-GME intergrowths in the literature are based on the stacking of layers
5Å thick. These layers have a six ring on, say, the A site linked to another on, say, the B site. The
stacking involves either a mirror 1.5Å above B site to yield ABBA…. or GME type stacking, or
an inversion to yield ABBC…. or CHA type stacking. Structures in the literature appear to be
either stochastic intergrowths of these layers, for example Babelite, or intergrowths of a limited
number of cavity sizes such as SSZ-52.
JMZ-11 materials have a very large volume fraction occupied by cavities of the size of sfw or
larger (the "sfw-GME tail") that are well represented by a monotonically decreasing distribution
that follows the binomial representation. The proportions of cha and aft cavities do not conform
to that distribution. A DIFFaX model with memory of the previous two layers known as
Reichweite 2 provides good representation of the powder diffraction patterns. The starting point
for estimation of the 4 independent parameters in the model is obtained from analysis of aberrationcorrected STEM HAADF images.
The presentation will a description of the model, discuss examples of the family of structures and
refer to the structure directing agents that give rise to them.
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Bio sketch
Mervyn D Shannon received his B. Sc. in Physics in 1974 and his PhD on Electron Diffraction
Studies and Applications to Rutile Catalysts in 1979 both from the University of Bristol. From 1974
until 2007 he worked for Imperial Chemical Industries rising to Science and Technology
Specialist/Business Scientist concentrating on structure/property characterization of materials
by electron microscopy and various diffraction methods. From 1979 to 1994 much of his work
related to zeolites, and five structures were solved using combinations of electron diffraction,
electron microscopy, model building and simulation of powder XRD patterns for ordered and
disordered structures. From 2007 to 2009 he worked in the same role for Intertek after their
purchase of the ICI Measurement Science Group before leaving to become Director of the
EPSRC’s SuperSTEM UK Facility for aberration-corrected Scanning TEM at Daresbury from 1999
until 2005. During this time his studies of zeolites resumed in conjunction with Johnson Matthey.
After stepping down from this role he became a part-time Research Associate with JM. He is also
a part-time Research Fellow at the University of Portsmouth and a Visiting Professor at the
University of Liverpool. His current work is focused on structural modelling of (disordered)
zeolites.
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A TVSA Adsorbent Screening Tool for Post-Combustion Carbon Capture
David Danaci
Imperial College London
Abstract
Metal-organic frameworks (MOFs) have received significant attention by the research
community for CO2 capture. However, there has been little focus on the industrial application
of these materials in cyclic processes. This is unsurprising given that MOFs generally have low
synthesis yields and comparatively higher costs, which can hamper technology development
cycles leading to delayed commercialization.
In this work, we aim to identify the MOF properties and process conditions that yield better
performance for post-combustion carbon capture, from both power and industrial emissions.
The identification of these could better direct research efforts, leading to more efficient
development process. To achieve this, we first developed a simplified pressure-vacuum swing
adsorption (PVSA) model with integrated process economics [1]. The PVSA model is based on a
one bed, three-step equilibrium cycle which reflects the non-isothermal nature of adsorption
while still allowing rapid solutions [2]. Temperature swing adsorption (TSA) would traditionally
have been disregarded for this application due to prohibitively long cycle times, rapid TSA
technologies are gaining popularity and they may enable the deployment of TSA to these very
large-scale applications.
For the PVSA case, we found that improving selectivity by reducing N2 adsorption, and
improving CO2 working capacity by having moderate enthalpies of adsorption yield the greatest
process improvements both technically and economically. For TSA, there are a much wider
range of isotherms which yield good performance. This is due to the fact that adsorbents which
perform well for PVSA are those that do not show significant thermal effects, whereas for TSA,
thermal effects are desired to take advantage of the temperature driving force.
MOFs that displayed poor performance for PVSA such as Ni- and Mg-MOF-74, and HKUST-1,
showed significantly improved separation performance in TSA due to their higher enthalpies of
adsorption. When TVSA is employed for a flue gas containing ≈4 %mol CO2, the DOE targets of 95
%mol purity and 90 % recovery were able to be achieved by some adsorbents (Mg-MOF-74, NiMOF-74, UTSA-16, zeolite 5A, zeolite 13X). With one (UTSA-16) being able to match the energy
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consumption of conventional MEA-based amine absorption processes. This is facilitated by
TVSA allowing lower vacuum levels to be used during regeneration, reducing electrical energy
consumption.
The process economics for the TSA/TVSA case are currently being finalized, however, initial
results show that higher working capacities can be obtained which leads to lower adsorbent
inventories. Reduced vacuum requirements are also advantageous. However, whether these
can offset the longer cycle times due to bed cooling is to be determined.
[1] – D. Danaci et al., Mol. Syst. Des. Eng., 2020, 5, 212-231
[2] – B.J. Maring, P.A. Webley, Int. J. Greenh. Gas. Con., 2013, 15, 16-31
Bio sketch

David Danaci is a research associate at The Department of Chemical Engineering in the Faculty
of Engineering at Imperial College London. He received his PhD in Chemical Engineering in 2018
from The University of Melbourne.
His research focuses on adsorption-based separations for CO2 capture and is a combination of
experimental work (materials synthesis to pilot-scale), process modelling, and techno-economic
analysis. His other research interests include, gas separation, porous materials, physical
chemistry of materials, and catalysis.
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A Molecular Engineering Approach to Using Metal Organic Frameworks for Gas
Separation
Camille Petit
Imperial College,
London

Abstract
Metal-organic frameworks (MOFs) are now an integral part of the adsorbents family. They bring
a different chemistry and pore structure compared to other adsorbents and thereby complement
and extend the range of applications. Today, we count over 100,000 MOF structures in the
Cambridge Crystallographic Database. For this reason, a trial-and-error approach to identify a
suitable MOF for a given separation is like finding a needle in a haystack. In this talk, we will show
how we employ molecular engineering to answer two key questions and ultimately identify the
best MOF(s) for a specific gas separation:
1) How can one quickly screen many MOF structures?
2) What does best mean?
We will explain how we use a combination of molecular modelling, process modelling and
experimental work to address these points. We will present this work in the context of two
industrially relevant separations, i.e. CO2/N2 separation and CO/N2 separation.
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Bio sketch
Dr Camille Petit is a Reader in the Department of Chemical Engineering at Imperial College
London. Prior to this appointment, she was a postdoctoral researcher at Columbia University.
She received her PhD in Chemistry in 2011 from the Graduate Center of the City University of
New York.
Her research focuses on elucidating the fundamentals of porous materials formation, structure,
and chemistry to exploit them in interfacial applications, i.e. separation of molecules and solar
fuel production. Her work also investigates the implications of using these materials at the largescale. Materials of interest include metal-organic frameworks (MOFs)- and nitride-based
materials. Dr Petit has published > 70 peer-reviewed articles. She has one granted patent and has
filed two others, all related to the development of sorbent materials.
Dr Petit is the recipient of the 2020 RSC Barrer Award, 2019 Philip Leverhulme Prize for
Engineering, 2019 ERC Starting Grant, and 2017 AIChE’s 35 under 35 award.
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Zeolite Synthesis: How to Leverage the Past to Become a More Effective
Experimentalist
Joel Schmidt
Chevron Energy Technology Co.
Richmond, CA, USA
Abstract
The history of zeolite synthesis contains several advances of paramount importance, such as:
the first synthetic zeolite, the use of organic structure directing agents,
(silico)aluminophosphate compositions, and the use of fluoride as well as more exotic
heteroatoms. These landmark achievements all have added a new direction of study to the
field. However, careful accounting of the landscape of publications and patents reveals that this
field is also subject to the so called “nostalgia pendulum,” whereby research “discoveries” tend
to be resurrected every few decades. In this presentation I will first give a few examples to
demonstrate the cycle of research, and then highlight some data mining, extraction and
analysis strategies that can be used to avoid these pitfalls and enable us to push investigations
into truly novel directions. Finally, I will conclude by offering some insight into how we combine
this data with current laboratory outcomes to achieve a more effective design of experiments.
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Bio sketch
Joel E. Schmidt obtained his BS and MS degrees in Chemical Engineering at The University of
Dayton (Dayton, OH, USA), and at this time did research in the Thermal Sciences and Materials
Branch of the US Air Force Research Labs. He received his Ph.D. in Chemical Engineering from
California Institute of Technology (Pasadena, CA, USA) in 2015 in the group of Mark E. Davis
where he researched zeolite synthesis, including the bulk synthesis of enantiomerically
enriched chiral zeolites. He worked as a postdoctoral researcher at Utrecht University (The
Netherlands) in the group of Bert M. Weckhuysen on projects using advanced characterization
techniques to study zeolite catalysts such as atom probe tomography and X-ray microscopy. In
2018 he began working at Chevron Energy Technology Company (San Francisco, CA) as a
member of the Catalytic Materials technical team.
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Mechanistic Insights into Acid Catalysis: The Myths and Challenges of Small
Voids
Enrique Iglesia
University of California
Berkeley
Abstract
The sieving and confinement properties that confer upon zeotypes their remarkable catalytic
diversity also interfere with direct inquiries into the mechanism of proton-catalyzed chemical
transformations within their molecular-sized voids. The carbocation chemistry that mediates
acid catalysis must often be inferred from data of blurred chemical origins, leading to imaginative
concepts that have become part of the canon; some of these deserve reinterpretation, assisted
by theory and experimentation of evolving fidelity. This lecture covers some examples for acid
catalysis, but the concepts are relevant in general to catalytic chemistries within confined
environments.
Selectivity and reactivity differences among Al-based zeotypes are often attributed to their
different acid strength. Instead, they reflect confinement and sieving effects that favor specific
transition states and/or the diffusion of certain molecules that the observer then detects. The
acid strength of aluminosilicates is, in fact, essentially the same for all frameworks; it can be
varied, with strong consequences for catalysis, only by replacing Al with other trivalent
heteroatoms. Certain zeolites form multibranched isomers or β-scission products in reactions of
n-alkanes, preferences often taken as evidence of their different “acidity” (an imprecise and not
useful term). Such trends reflect instead the selective retention of the more highly branched
isomers that act as required precursors in β-scission. In fact, the relative formation rates of
monomethyl and dimethyl isomers are not affected by acid strength, and β-scission is favored
over isomerization on weaker acids. The effects of acid strength (a precise and useful term that
is frustratingly inaccessible to experimental quantification for solid acids) on reactivity merely
reflect differences in charge among the relevant transition states, inextricably linked, in the case
of small voids, to confinement effects mediated by van der Waals contacts that reflect differences
in size and shape among transition states. The preferential location of methyl branches near the
end of hydrocarbon chains among alkane isomerization products formed on one-dimensional
zeolitic acids has been quaintly ascribed to “pore mouth catalysis”, a comforting heuristic visual
of how the end of a reactant molecule selectively accesses intracrystalline protons. Such terminal
methyls merely reflect a preference for effusing terminal isomers, brought to an extreme by the
large intracrystalline diffusional barriers imposed by one-dimensional channels. The final
example addresses whether zeotypes can activate H2, an observation often ascribed to
adventitious metal impurities or to certain types of “coke”. In fact, protons catalyze
hydrogenation turnovers; they do so at rates precisely predicted by those of their well-known
reverse reactions (monomolecular dehydrogenation). Reaction-derived organic residues do
catalyze hydrogenation-dehydrogenation events; they do so quite competently, but with kinetic
fingerprints that are clearly discernable from those of proton-catalyzed routes.
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The author acknowledges the technical contributions from Aditya Bhan, Robert Carr, Rajamani
Gounder, Stanley Herrmann, Andrew Jones, Phillip Kester, William Knaeble, Josef Macht, Gina
Noh, Michele Sarazen, and Stacey Zones and the financial support of BP, Chevron, and the U.S.
Department of Energy.
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Bio sketch
Enrique Iglesia is the Theodore Vermeulen Chair in Chemical Engineering and the University of
California at Berkeley and a Laboratory Fellow at the Pacific Northwest National Laboratory. He
holds degrees in chemical engineering from Princeton and Stanford and honorary doctorates
from the Universidad Politecnica de Valencia and the Technical University of Munich. He joined
the Berkeley faculty in 1993 after research and management positions at the Exxon Corporate
Research Labs. Iglesia is a member of the National Academy of Engineering, the National
Academy of Inventors, the American Academy of Arts and Sciences. He is former Editor-in-Chief
at the Journal of Catalysis and a Fellow of AIChE and ACS. He has received the Somorjai, Olah,
and Murphree Awards from ACS, the Alpha Chi Sigma, Wilhelm and Walker Awards from AIChE,
the Emmett, Burwell, Boudart, and Distinguished Service Awards from the North American
Catalysis Society. He has been named the Francois Gault Lecturer by the European Federation
of Catalysis Societies and the Cross-Canada Lecturer by the Chemical Institute of Canada. He
was awarded the ENI Prize, the Kozo Tanabe Prize in Acid-Base Catalysis, and the Natural Gas
Conversion Award. His dedication to teaching was recognized with the Donald Sterling Noyce
Teaching Prize, the highest teaching recognition in the physical sciences at Berkeley. He has coauthored more than 350 publications and 40 patents. The Iglesia research group addresses
conceptual and practical challenges in heterogeneous catalysis in areas relevant to energy, to
the synthesis of chemicals and fuels, and to the prevention and abatement and prevention of
the environmental impact of energy conversion and use by combining kinetic, spectroscopic,
isotopic and theoretical methods with the synthesis of inorganic solids with novel architectures.
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Compressibility of Nitrogen in Nanopores
Gennady Gor
New Jersey Institute of Technology
Newark, NJ
Abstract
Nitrogen adsorption is one of the main characterization techniques for nanoporous materials.
An experimental adsorption isotherm provides information about the surface area and pore
size distribution (PSD) for a sample. In this presentation I will show that additional insight into
the pore sizes can be gained when in the course of nitrogen adsorption experiment, the speed
of sound propagation through a sample is measured.
I will start with the analysis of the literature data on ultrasound propagation through a
nanoporous Vycor glass sample during nitrogen adsorption experiment [1], to show that such
data provide the change of the longitudinal and shear moduli of the sample as a function of
relative vapor pressure. It appears that the shear modulus of the sample does not change upon
filling the pores, evidencing that adsorbed nitrogen at 77 K has zero shear modulus, similarly to
a bulk liquid. The longitudinal modulus of the sample behaves differently: it changes abruptly at
the capillary condensation and keeps gradually increasing thereafter. Then I will present the
predictions for the longitudinal modulus of the nitrogen-saturated Vycor glass based on the
Gassmann equation [2], where the compressibility of adsorbed nitrogen is calculated from
Monte Carlo molecular simulation [3]. Such theoretical predictions match the longitudinal
modulus derived from the experimental data. Additionally, I will show the results of molecular
simulations to model nitrogen adsorbed in silica pores of sizes ranging from 2 to 8 nm,
suggesting that the isothermal elastic modulus of adsorbed nitrogen depends linearly on the
inverse pore size. This dependence, along with the proposed recipe for probing the modulus of
adsorbed nitrogen, sets up the grounds for extracting additional information about the porous
samples, when the nitrogen adsorption is combined with ultrasonic experiments.
[1] K. L. Warner, J. R. Beamish, J. Appl. Phys., 1988, 63(9), 4372.
[2] G. Y. Gor, B. Gurevich, Geophys. Res. Lett., 2018, 45, 146-155.
17

[3] M. A. Maximov, G. Y. Gor, Langmuir, 2018, 34, 15650.

Bio sketch
Gennady Gor received Ph.D. in theoretical physics from St. Petersburg State University, Russia in
2009. He continued his postdoctoral research in the United States, at Rutgers University,
Princeton University and Naval Research Laboratory. In 2016 he joined Chemical and Materials
Engineering department at NJIT as an assistant professor. He authored more than 50 peerreviewed publications and is the recipient of the National Research Council Associateship (2014)
and the NSF CAREER Award (2020). Dr. Gors Computational Laboratory for Porous Materials
employs a set of modeling techniques, such as Monte Carlo and molecular dynamics simulations,
density functional theory and finite element methods, to study materials ranging from
nanoporous adsorbents to macroporous polymers and geological porous media.
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Chemistries Mediating Deactivation in Methanol-to-Hydrocarbons Conversion
and Strategies to Mitigate Them
Aditya Bhan
University of Minnesota
Abstract
The dehydrative conversion of methanol to hydrocarbons (MTH) on solid acid catalysts is the
final step in upgrading any gasifiable carbon feedstock to fuels and chemicals. MTH occurs via
an autocatalytic reaction sequence in which a zeolite/zeotype cavity hosts an unsaturated
hydrocarbon guest to together constitute the supramolecular chain carrier that engages in a
complex network of reactions for chain carrier propagation. This complex network of reactions
is summarized by dual catalytic cycles where the olefins-based chemistries of methylation and
β-scission are coupled with the aromatics-based chemistries of methylation and dealkylation
through hydrogen transfer and cyclization steps. This mechanistic scheme, known as the
hydrocarbon pool mechanism, has provided context for rationalizing structure-function
relationships in MTH catalysis over the past decade. This description however, is devoid of
mechanistic guidance on pathways that mediate catalyst deactivation. Deactivation in MTH
catalysis is initiated by unproductive dehydrogenation reactions of methanol to form
formaldehyde via methanol disproportionation and olefin transfer hydrogenation. Subsequent
alkylation reactions between formaldehyde and active olefinic/aromatic co-catalysts instigate
cascades for dehydrocyclization, resulting in the formation of inactive polycyclic aromatic
hydrocarbons and termination of the chain carrier.
Addition of a distinct catalytic function that selectively decomposes formaldehyde mitigates
chain carrier termination without disrupting the high selectivity to ethylene and propylene in
methanol-to-hydrocarbons catalysis on small-pore zeolites and zeotypes. The efficacy of this
bifunctional strategy to prolong catalyst lifetime increases with increasing proximity between
the active sites for formaldehyde decomposition and the H+ sites of the zeolite/zeotype. Coprocessing sacrificial hydrogen donors mitigates chain carrier termination by intercepting, via
saturation, intermediates along dehydrocyclization cascades. This strategy increases in efficacy
19

with increasing concentration of the hydrogen donor and provides opportunity to realize
steady-state methanol-to-hydrocarbons catalysis on small-pore zeolites and zeotypes.
Bio sketch
Aditya Bhan received his Bachelor of Technology (B. Tech.) in Chemical Engineering from IIT
Kanpur in 2000 and his PhD in Chemical Engineering from Purdue University in 2005. From
January 2005 to August 2007, he was a postdoctoral scholar at the University of California at
Berkeley and since then he has been on the Chemical Engineering and Materials Science faculty
at the University of Minnesota where he currently serves as the Shell Chair Professor in
Chemical Engineering. He leads a research group that focuses on mechanistic characterization
of catalysts useful in energy conversion and petrochemical synthesis. In the recent past, his
group at the University of Minnesota has been recognized with the Young Researcher Award
from the Acid-Base Catalysis Society and the Ipatieff Prize from the American Chemical Society.
He serves as Editor for Journal of Catalysis and as Chair of the ACS Catalysis Science &
Technology Division.
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Flash Talk Session 1 : 12-12:45 PM EST
Breakout Room 1A
Synthesis and Separations

2020-NECZA Poster Abstract
Type: Graduate

Assessing Al proximity in MFI Zeolites Using Both Experiment and Theory

1

2

Alexander J. Hoffman,1 Claire T. Nimlos2, Young Gul Hur2, Byung Jin Lee2,
John R. Di Iorio2, David Hibbitts1,*, Rajamani Gounder2,*

Department of Chemical Engineering, University of Florida, 1030 Center Dr, Gainesville, FL 32608
Davidson School of Chemical Engineering, Purdue University, 610 Purdue Mall, West Lafayette, IN 47907

Aluminum siting and proximity are tunable properties that affect reactivity and selectivity in zeolite
frameworks. Recent work showed that two Al in 6-MR in the highly symmetric CHA framework—which has only
one unique tetrahedral site (T-site)—could be selectively titrated by Co2+, thus allowing for rigorous quantification of
‘paired’ Al sites.1 Moreover, the fraction of these paired sites can be controlled by altering the ratio of organic
(trimethyl adamantylammonium, TMAda+) and inorganic (Na+) structure-directing agents (SDAs) during synthesis.1
Subsequent kinetic2 and theoretical3 studies indicated that Al sites sharing 6-MR have first- and zero-order methanol
dehydration rate constants that are 7.2× and 4.4× higher than isolated sites because co-adsorbed CH3OH mediate
interactions between paired sites. Identifying, studying, and controlling Al pairing in the MFI framework, however,
has remained elusive despite its industrial relevance because of the low-symmetry of MFI (12 T-sites).
Experimental Co2+ titrations of MFI samples at 353 K synthesized using a tetrapropylammonium (TPA +)
SDA (Si/Al = 37–95) indicate that the fraction of paired sites—as defined by Co2+ uptake—increases with decreasing
Si/Al.4 This contrasts with CHA zeolites, for which samples synthesized using only organic TMAda + SDAs contained
no paired sites that were titrated by Co2+ (Si/Al = 15–30).1 DFT calculations of MFI with occluded TPA+ indicate that
Al prefers to site at the T12 position and that the stability of a TPA-form appears to be governed by coulombic
interactions between an anionic Al T-site and the N of the TPA+ as well as the intrinsic site preference of Al in the
framework. Filtering structures based on Al-N coulombic interactions allowed us to examine a subset of two-Al, twoTPA+ calculations to assess Al siting. These calculations indicate that TPA-only syntheses can generate structures
with Al separated by < 7 Å. Finally, adding Co2+ to the Al pairs produced by this search indicates that Co2+ prefers to
exchange at Al pairs that share small 5- or 6-membered rings, with exchange energies (ΔECo-exch) up to 47 kJ mol−1
lower than the best binding energies at Al pairs in other motifs (Al in larger rings, not sharing rings, or at neighboring
positions violating Lowenstein’s rule). These DFT results match experiments, which show that some MFI crystals
synthesized using only TPA+ as an SDA can exchange Co2+, further indicating that a combination of theory and
experiment can precisely characterize paired Al in MFI and partially explain the factors controlling Al distribution.

References
[1] J.R. Di Iorio.; R. Gounder, Chem. Mater. 28 (2016) 2236.
[2] J.R. Di Iorio; C.T. Nimlos; R. Gounder, ACS Catal., 7 (2017) 6663.
[3] A.J. Hoffman; J.S. Bates; J.R. Di Iorio; S.V. Nystrom; C.T. Nimlos; R. Gounder; D. Hibbitts, Angew. Chemie
Int. Ed., 59 (2020) 18686.
[4] C.T. Nimlos; A.J. Hoffman; Y.G. Hur; B.J. Lee; J.R. Di Iorio; D. Hibbitts; R. Gounder, Chem. Mater., 32 (2020)
9277.

2020-NECZA Poster Abstract
Type: Graduate

Strontium Ions Function as both an Accelerant and Structure-directing Agent of
Chabazite Crystallization
Yu Liang1, Allan J. Jacobson1,*, and Jeffrey D. Rimer1,2,*
1

Department of Chemistry, University of Houston, Houston, TX 77204
Chemical and Biomolecular Engineering, University of Houston, Houston, TX 77204

2

Zeolite crystallization often requires the presence of an organic structure-directing agent (SDA) to facilitate the
formation of nanoporous cages and channels. Among the limited number of zeolites that can be synthesized in organicfree media, alkali metals are most commonly employed as inorganic SDAs. Many zeolites derived solely form alkali
metals as SDAs are usually prepared under moderate conditions using temperatures less than 100 °C and synthesis
times on the order of hours.1 One notable exception is zeolite chabazite (CHA framework), which is prepared from
potassium ions and requires atypically long crystallization times on the order of weeks. Attaining practical synthesis
times on the order of days necessitates an alternative approach, such as the use of zeolite crystal seeds. In this poster,
we will summarize our studies of chabazite synthesis from growth solutions prepared via the partial substitution of
potassium with strontium. We have found these conditions generate purely crystalline chabazite within hours without
the need for either organics or crystal seeds. Studies of strontium inclusion in seed-assisted syntheses also reveal
shorter synthesis time. Notably, we show that strontium has a pronounced impact on the kinetics of chabazite
formation, leading to 14- and 3-fold reductions in crystallization time compared to pure potassium syntheses in the
absence and presence of crystal seeds, respectively. Using a combination of 29Si and 27Al MAS NMR spectroscopy,
we also show that strontium functions as an SDA based on its ability to alter Q4(nAl)29Si speciation, thereby
redistributing tetrahedral Al sites in the framework. Given the widespread application of chabazite in adsorption and
separation processes, designing facile and efficient synthesis approaches with concomitant control of physicochemical
properties is commercially relevant.
References
[1] Oleksiak, M.D. and Rimer, J.D., Rev. Chem. Eng. 30 (2014) 1-49
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Fluoride (F-) is an essential ingredient in the synthesis of low-defect zeolites. However, the unique roles of
F- for zeolite crystallization, in particular for zeolites with double four-membered ring (D4R) have not been fully
understood. Herein, via integration of periodic DFT calculation and experimental study of the Raman spectra of
siliceous LTA (Si-LTA), Raman bands associated with D4Rs of LTA with a F- residing inside and empty D4Rs were
identified. Through thermodynamic computations, the chemical properties of F- that promote zeolite crystallizations
were identified: apart from the good fit in D4Rs and the strong charge-balancing with the organic structure-directing
agents (OSDAs), there also exists a powerful chemical stabilization of D4R units with a F -, which uniquely allows Fto involve in structure direction of zeolites. These discoveries open new ways to investigate the hierarchical assembly
processes of more network materials made up of corner-sharing tetrahedra where the structural information was always
limited in the past, and to further control nanopore hydrophobicity and design syntheses of zeolites with new structures
and compositions.
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Interconversion of agglomerated Pd domains and mononuclear Pd(II) cations in
CHA zeolites
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Aqueous-phase exchange processes require mononuclear transition metal complexes to diffuse within
intrazeolite pore networks with their water solvation shells in order to replace extraframework cations of higher
chemical potential. The exchange of solvated transition metal complexes that are larger than the zeolite pore-limiting
diameter are hindered by intracrystalline transport phenomena; thus, metal complexes and agglomerates tend to
preferentially deposit near the surfaces of crystallites. As a result, post-synthetic treatments are required to more
uniformly disperse metal cations throughout zeolite crystallites via solid-state ion-exchange processes, as explored
here in the context of agglomerated and mononuclear Pd structures in small-pore CHA zeolites.
Pd-exchanged CHA zeolites have emerged as candidate materials for passive NO x adsorption (PNA),1
wherein mononuclear Pd cations serve as the purported NOx adsorption sites under PNA-relevant conditions.2
Although it has been observed that the formation of mononuclear Pd ion sites depends on the specific zeolite material
properties and treatment conditions used, several underlying chemical and mechanistic details remain unclear. In situ
DRUV-Vis and Pd K-edge XAS data reveal that solution-phase methods introduce mononuclear Pd complexes (i.e.,
Pd(II)(NH3)4) onto CHA zeolite supports, and subsequent thermal treatments (573–723 K; air) convert mononuclear
Pd-amine complexes into agglomerated domains of metallic Pd (formed via H2 generated in situ) and then PdO phases.
Following, PdO domains redisperse to form mononuclear Pd(II) ion sites (>723 K). Progressive air treatment of PdCHA to higher temperatures (1023 K) facilitates migration of Pd ions into deeper regions within zeolite crystallites,
as indicated by a suite of titration, spectroscopic, and microscopy techniques (H 2 TPR, NH4+-back exchange, XPS,
STEM/EDS). A suite of CHA zeolites was synthesized with similar bulk Al density (Si/Al = 9‒15) but varied
percentages of 2 Al sites in their 6-membered rings (6-MR, 0‒28%, quantified by Co2+ titration).3 The amounts of
mononuclear Pd2+ formed after air treatment to 1023 K increased systematically with the number of 6-MR 2 Al sites,
consistent with DFT calculations that showed Pd2+ at 6-MR 2 Al sites of CHA are thermodynamically more stable
than [PdOH]+ compensating isolated Al sites.4 In summary, these findings show that solid-state ion-exchange
processes are dominant pathways to form mononuclear Pd(II) cations in CHA zeolites, the extent to which depends
on the conditions used for post-synthetic treatments and on the bulk and atomic-scale properties of the zeolite support.
These observed Pd structural changes can help rationalize why high temperature air treatments (1023 K) lead to
improved NOx adsorption (per Pd) in PNA applications.5
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Bifunctional zeolites possessing both Brønsted and Lewis acidity have emerged as fascinating materials owing to their
potential to improve both catalyst performance and stability.1 However, optimizing these properties is challenging in
large part because zeolite crystallization is not well-understood, particularly when the addition of heteroatoms, such
as tin, zinc, or gallium, obfuscates molecular phenomena. To this end, we study organic-free systems of significant
industrial relevance. Namely, from amorphous precursors, FAU and later GIS zeolites crystallize according to the
Ostwald rule of stages. FAU is well-established as the catalyst for fluid catalytic cracking and GIS, though less
prevalent, is gaining interest as an adsorbent for the direct air capture of CO 2. Here we use a combination of
experiments and modeling to characterize zincoaluminosilicate growth solutions throughout stepwise crystallization
processes wherein we elucidate the challenges associated with bifunctional zeolite synthesis and evaluate the efficacy
of zinc on suppressing zeolite nucleation and crystal growth. Furthermore, show that it is possible to take advantage
of suppressed kinetics to control phase purity and stabilize two metastable zeolites: FAU and LTA (Figure 1).

Figure 1. Ternary kinetic phase diagrams with growth solution molar compositions of 9 Si:1 Al:11 NaOH:x Zn:190
H2O with x = 0 (left)2,3 and x = 0.2 (right). Syntheses were hydrothermally treated for 7 days at 100°C.
We additionally elucidate the mechanisms responsible for this effect; namely, soluble zincate and aluminate species
compete to bind with silicate oligomers, which effectively increases the energetic barrier to GIS nucleation. Our work
demonstrates the lack of an epitaxial relationship between FAU and GIS zeolites, which underscores a possible
pathway for interzeolite conversions between two frameworks lacking common structural building units. Finally, we
discuss that adding zinc to growth solutions can, in addition to stabilizing FAU, alter the physicochemical properties
of the zeolite by incorporating into the framework. This study demonstrates a novel technique for studying zeolite
crystallization phenomena by suppressing growth kinetics using soluble transition metal species.
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It has been shown that mixed cation (Na/K) Al-rich chabazite (CHA) kinetically selectively adsorbs O2 over Ar. Alrich CHA can be synthesized from either interzeolite conversion (IZC) of NaHY, NaHX, steamed NaKX or by seedassisted and non-seeded gel routes. It was shown that defects, induced by deamination or steaming allowed for the
conversion of NaX to CHA(1.5). Characterization of the defects included N2 physisorption, 29Si MAS NMR, 29Si
CPMAS NMR and 27Al MAS NMR. Steam alone was effective for producing a self-bound NaX precursor that, after
K+ exchange, could be converted in situ to CHA(1.5) without any macroscopic change in the extrudate. A working
hypothesis that guided the initial gel synthesis work is that the product phase and SAR is a strong function of the SiO2
solubility for the given gel system and addition of a seed would nucleate a CHA phase. The O2 and Ar isotherms at
175K (-98°C) obtained for 3KNaCHA(1.5-1.7) showed a drastic change in the O2/Ar selectivity caused by adding a
single monovalent cation to the composition. Mixed monovalent/divalent (Li/Ca) Al-rich CHA can be tailored to
effectively remove N2 from N2-containg streams. Adsorption studies on pure and mixed alkali/alkaline earth CHA(2.0)
showed homogeneous isosteric heats and low N2 Henry’s constants for the pure Na and Li forms as well as
Ca2Li8CHA(2.0); whereas a heterogenous heat and significant increase in Henry’s constant were observed for higher
Ca loadings in this mixed Ca/Li system. This behavior strongly suggests that in the dehydrated form, ≤2Ca/uc site
inside the hexagonal prism of CHA, inaccessible to N 2. This work shows the specific cation content and/or SAR, of
the phase pure, Al-rich CHA can be tailored to exhibit highly effective adsorbents for removing N2 from N2-containg
streams or purifying Ar.
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Effects of mesopores in hierarchical zeolites on reaction-diffusion-deactivation
during Friedel-Crafts alkylation of 1,3,5-trimethylbenzene with benzyl alcohol
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Conventional microporous (< 2 nm pore diameters) zeolites enable selective conversions of guest compounds through
molecular sieving and van der Waals (vdW) stabilization, but conversion of bulky reactants and production of bulky
products are also oftentimes hindered by severe diffusion constraints in relatively narrow micropores that may lead to
premature catalyst deactivation by fouling, altered selectivity due to diffusion-enhanced secondary reactions, and/or
low catalyst efficiencies. Mesopores (2-50 nm pore diameters) introduced to hybrid micropore-mesopore “hierarchical”
zeolites via post-synthetic acid/base leaching or organic templating have demonstrated improved temporal conversions
and increased selectivity of bulkier products,1 but a thorough understanding of reaction-diffusion-deactivation
relationships in hierarchical systems needs further development based on mechanistic analyses and observed changes
in parallel reaction rate and deactivation rate parameters. Here, the liquid-phase, batch Friedel-Crafts alkylation of the
bulky 1,3,5-trimethylbenzene (TMB, rvdW = 0.36 nm) with benzyl alcohol (BA, rvdW = 0.30 nm) to form 1,3,5trimethyl-2-benzylbenzene (TM2B, rvdW = 0.38 nm) at 393 K was probed on lab-synthesized and commercially
sourced microporous zeolites (MFI, MOR, BEA), their hierarchical analogs (MFI-H, MOR-H, BEA-H), and a purely
mesoporous aluminosilicate control (Al-MCM-41) with varying channel diameters, channel connectivity, and/or
crystal sizes. The refluxed batch system was run neat with a reagent molar ratio of TMB:BA = 35:1, such that the
competing, secondary self-etherification of BA to form dibenzyl ether (DBE, rvdW = 0.32 nm) was diffusion-enhanced
and did not occur at the expense of TMB alkylation, thereby facilitating separable kinetics.2 Internal diffusion
constraints imposed by the large microcrystal analogs (0.9-20 μm crystal diameters) of MOR and BEA suppressed
fractional conversion of BA to form TM2B after 2 h relative to their small nanocrystal analogs (50-200 nm crystal
diameters). Similarly, the 10-membered ring pores in MFI suppressed fractional conversions relative to the larger, 12membered ring pores in MOR and BEA due to constrained internal diffusion in the narrower MFI channels. However,
selectivity to TM2B did not decrease unilaterally with suppressed internal diffusion, suggesting that certain channel
architectures exhibit preferential solvation of alkylation moieties. Increasing desilication times of parent MFI in dilute
NaOH yielded MFI-H with up to 62 % greater mesopore volume than the parent MFI that systematically increased
conversion of BA to TM2B after 2 h by up to 4x and drastically suppressed first order deactivation rate constants.
Exclusive alkylation (TM2B selectivity of unity) observed on MOR-H, yet similar conversion of BA to TM2B on AlMCM-41 after 2 h, points to the advantage of vdW stabilization within zeolitic channels contrasted against the
uniformly large (6.2 nm diameter) pores of mesoporous aluminosilicates. Conclusions drawn from pseudo first-order
alkylation rate constants with respect to BA as well as first-order deactivation parameters are supported by BA
conversion profiles for catalyst materials fit to rate laws derived from first principles. Results from these reactions
yield fundamental insight into zeolite structure-function relations that extend broadly to other zeolite-catalyzed
processes for more efficient chemical and fuel production.
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Kinetic Investigation into the Effect of Water on Alkylamine Hofmann Elimination
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Catalytic transformations over solid acid catalysts frequently involve water as a solvent, particularly when
considering sustainable chemical conversions related to biomass upgrading. While it is well recognized that water can
significantly affect catalytic kinetics over solid acids, the means by which this occurs remains debated. The challenge
usually arises from the highly non-ideal thermodynamics of the aqueous phase, further complicated by reactions that
already involve water as a reactant or product. We present a kinetic investigation of the vapor phase Hofmann
elimination of tert-butylamine (TBA) over H-ZSM-5 as a model reaction for deciphering the effect of water on solid
acid catalysis. The Hofmann elimination offers a purely Brønsted acid catalyzed and water-free chemistry, allowing
us to systematically study the effect of a solvent like water in the more thermodynamically ideal vapor phase. Kinetic
measurements in the absence of water reveal a tert-butylammonium adsorbate as the most abundant reaction
intermediate, with its E1-like unimolecular decomposition as the rate determining step (Figure 1A). This reduces the
apparent kinetic measurements to those of the rate determining step, which we interrogate in the presence of controlled
water partial pressures. Water reduces the rate of Hofmann elimination (Figure 1B) and increases the apparent
activation energy. Linearization of rates based on Langmuir isotherm indicates that water cluster formation around
the Brønsted acid site is unlikely. Rate measurements with increasing total pressure but at a fixed ratio of Pwater/ PTBA
reveal a mechanism by which water hinders the rate of reaction, without competing for adsorption on the catalytically
active Brønsted acid sites. We propose two hypotheses based on the results: water preferentially de-stabilizes the
kinetically relevant transition state; alternatively, water occupies a neighboring framework site crucial to the Brønsted
acid catalytic cycle. Lastly, microkinetic modelling is carried out trying to capture the kinetic effect of water over
various partial pressures and temperatures.

Figure 1. A. Proposed E1 mechanism of Hofmann elimination over a Brønsted acid site in an aluminosilicate
zeolite; B. Rate ratios of wet and dry condition against varying Pwater, over H-ZSM-5 with Si/Al = 11.5 ( /□) and
Si/Al = 140 ( /○) at 473 K and 503 K, with PTBA = 10 Torr.
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Zeolites are nanoporous aluminosilicates with unique properties that are utilized in commercial applications ranging
from ion exchange to catalysis in the petrochemical industry. The small pores of zeolites impose diffusion limitations
that can be mitigated via the synthesis of ultra-small crystals or hierarchical materials possessing markedly reduced
diffusion path lengths.1,2 Synthesis of these materials often requires the use of an organic structure-directing agent
(OSDA), which poses commercial limitations owing to high economic and environmental costs. One alternate
approach to either decrease or eliminate organics in zeolite synthesis is the use of seed crystals, which can reduce the
total synthesis time, eliminate impurities, and alter particle size.3
Here we will discuss an exciting discovery wherein the judicious selection of seeds can produce hierarchical selfpillared pentasil (SPP) zeolites4 with intergrown nanosheets without the use of organics. Our findings reveal with
unprecedented clarity the nonclassical pathway of SPP formation involving the nucleation of crystals at the exterior
surface of amorphous precursor particles, leading to SPP crystals. We also explore the effects of various parameters,
such as seed structure, chemical composition, temperature, and time on the physicochemical properties of SPP zeolites
and confirm that these materials exhibit improved performance in catalytic reactions such as methanol to hydrocarbons
anf Friedel craft alkylation compared to conventional ZSM-5 catalyst.
Overall, in-depth analysis of zeolite crystallization enables the improved understanding of underlying mechanisms of
formation as a basis to develop novel methods in the rational design of nanoporous materials with tailored
physicochemical properties.
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Ordered Hydrogen-Bonded Alcohol Networks Confined in Lewis
Acid Zeolites Accelerate Transfer Hydrogenation Turnover Rates
John R. Di Iorio, Blake A. Johnson, and Yuriy Román-Leshkov*
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The disruption of ordered water structures confined within the microporous pockets of enzymes and zeolites
alters the free energy landscape of adsorption and catalysis, but mechanistic understanding of how confined,
nonaqueous solvents influence catalysis remains unclear. Here, we investigate how the framework polarity of Sncontaining zeolite Beta influences reaction and adsorption free energy barriers in nonaqueous solvents using the
intermolecular transfer hydrogenation reaction between 2-butanol and cyclohexanone.1 Initial turnover rates (333-393
K; per open Sn site) were measured in a 2-butanol solvent and increase linearly on both hydrophobic (Sn-Beta-F) and
hydrophilic (Sn-Beta-OH) zeolites at low cyclohexanone concentration and transition to a zero-order kinetic regime
with increasing concentration. Apparent zero-order rate constants (per open Sn) are ~10x larger on Sn-Beta-F than on
Sn-Beta-OH at all temperatures investigated (333-393 K), reflecting the preferential stabilization of the hydride-shift
transition state, relative to the co-adsorbed 2-butanol-cyclohexanone adduct, within Sn-Beta-F (Figure 1a).
Cyclohexanone adsorption equilibrium constants, extracted from first-order kinetic data, increase with increasing
temperature on both Sn-Beta zeolites, but are more sensitive to changes in temperature on Sn-Beta-F (~10x larger at
393 K than 333 K) than on Sn-Beta-OH (~2.5x larger at 393 K than 333 K). These results suggest that hydrophobic
and hydrophilic Sn-Beta zeolites confine different intraporous solvent environments that alter cyclohexanone
adsorption and transfer hydrogenation reaction barriers. IR spectra of 2-butanol adsorbed at different coverages on
Sn-Beta zeolites (Figure 1b) reveal the preferential stabilization of dimeric 2-butanol networks (2-butanol dimers:
~3510 cm-1) in hydrophobic Sn-Beta-F zeolites near saturation, whereas the structure of 2-butanol adsorbed within
hydrophilic Sn-Beta-OH more closely resembles that of liquid-like H-bonding networks (2-butanol oligomers: ~3300
cm-1). The more tightly ordered 2-butanol solvent structure present in the pores of Sn-Beta-F leads to lower apparent
activation free energy barriers (by ~7 kJ mol-1) and more positive adsorption enthalpies and entropies (by 29 kJ mol-1
and 70 J mol-1 K-1, respectively) than those measured on Sn-Beta-OH. These more positive adsorption enthalpies and
entropies on hydrophobic Sn-Beta-F zeolites likely arise because adsorption within an ordered H-bonding network is
dominated by the breakup of solvent-solvent interactions that results in an increase in solvent disorder. Collectively,
these results highlight the importance of framework polarity on zeolite catalysis in the liquid-phase because the pores
of hydrophobic zeolites organize confined alcohol H-bonding networks (Figure 1c) in a manner that mimics biological
catalysts, which use precisely positioned amino acid residues to regulate solvent structure within enzymatic active
sites. Moreover, the ability of the zeolite pore to control the structure of confined nonaqueous H-bonding networks
offers a unique dimension to design and engineer microporous adsorbents and catalysts beyond the active site.
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Figure 1. (a) Apparent zero-order rate constants (per open Sn) measured on Sn-Beta-F (red) and Sn-BetaOH (blue) as a function of temperature (333-393 K). (b) IR spectra of 2-butanol adsorbed on (i) Sn-BetaF (red) and (ii) Sn-Beta-OH (blue) measured as a function of 2-butanol pressure at 303 K. (c) Scheme of
adsorbed 2-butanol molecules organized within the pores of hydrophobic and hydrophilic Sn-Beta zeolites.
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The design of solid acid catalysts has greatly benefitted from understanding the energetics (enthalpy and entropy)
of adsorbates, where the relative stability of surface species dictates the overall catalytic turnover frequency. While
enthalpic contributions are relatively well understood, limited information exists for entropic contributions to the
adsorption 1, particularly for strongly bound species representative of reaction intermediates and transition states.
This is due to the fact that traditional methods used to measure an adsorbate’s entropy, require the
adsorption/desorption process to equilibrate 2. Strongly bound intermediate like alkylamines adsorbed on a
Bronsted acid site however do not equilibrate on relevant timescales, given their negligible rate of desorption,
which limits the applicability of existing methods. To overcome this issue, we apply the concept of adsorption
assisted desorption by investigating the co-adsorption of multiple strongly bound adsorbates. While one strong
adsorbate does not equilibrate due to limited desorption, two or more strongly bound adsorbate can continuously
displace one another from an active site and attain adsorption/desorption equilibrium. Applying this concept to
alkylamine adsorption on Brønsted acid sites in H-ZSM5 (Si/Al = 140), we demonstrate for the first time the
experimental ability 3 to measure the overall adsorption thermodynamics of strongly bound species. Despite the
relatively strong adsorption, we find that the Langmuir adsorption isotherm can capture the adsorption of multiple
alkylamines varying in size and basicity over a wide range of conditions. By comparing a homologous family of
sec-alkylamines, varying only in alkyl chain length, we find a fixed contribution to both adsorption enthalpy and
entropy per methylene unit. N-alkylamines terminal adsorption, is favored on H-ZSM5 catalyst when compared
with the central adsorption of sec-alkylamines. In the co-adsorption study of IPA and NPA, the entropic difference
of 45 J mol-1 K-1, suggests that n-alkylamines are further restricted than sec-alkylamines as they interact with the
H-ZSM5 catalyst, resulting in n-propylamine, having a larger adsorption enthalpy in the tune of 21 kJ mol-1. The
adsorption energetic trend observed for sec-alkylamines (C3-C5), is repeated in n-alkylamines (C3-C5) Figure 1.

Figure 1: Adsorption Energetics of iso and n-propylamine (red), sec and n-butylamine (green), sec and npentylamine (blue), over H-ZSM5 (Si/Al = 140). A. Adsorption Enthalpy difference for every methylene unit
increase. B. Adsorption entropy difference for every methylene unit increase.
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A thorough understanding behind shape selective zeolite adsorption and its effect on the entropy remains
elusive1. Furthermore, the interaction of both the adsorbent pore structure and adsorbate molecular structure on
entropic transfer quantities is largely unexplored and, consequently, significant opportunities exist for the development
of systems or correlations for relating the adsorption-thermodynamics to fundamental and more easily measured
physical properties. Previous works using experimental data have demonstrated simple linear scaling relationships
between the gas- and adsorbed-phase entropies2,3, allowing for sensible predictions based on more-easily obtained
physical parameters. However, the resultant conclusions were based on experimental data for a relatively small subset
of industrially relevant alkanes and a few alcohols.
Motivated by these results in the literature, here we computationally explore the generality of such
relationships across multiple classes of molecules and frameworks. We model our adsorption systems (i.e., the
adsorbates and adsorbents) by implementing TraPPE forcefields 4 and quantify the adsorbate entropy by performing
canonical Monte-Carlo integrations (cf. Widom test particle method)5 using the FEASST6 molecular simulation
package. Our dataset was composed of thirty-seven adsorbates, across ten functional categories, adsorbed within five
siliceous zeolite structures. Our results show that simple linear correlations between the gas- and adsorbed-phase
entropies, to a good first approximation, continued to exist for our larger and more diverse set of molecules.7 Moreover,
we have found that each correlation was largely dependent on the zeolite’s size, characterized by physical descriptors
such as the largest cavity diameter and occupiable volume, indicating that the adsorbate entropy may be predicted
using such metrics. To further elicit such “structure-topology-thermochemistry” relations, we have expanded our
dataset to include over eight thousand combinations between molecules and zeolites, each consisting of twenty-four
unique topological features for zeolites and eleven unique molecular descriptors. Ultimately, our effort is to develop
an interpretable data-driven model, which, given framework and molecular descriptors of the system, may be used to
predict the adsorbate entropies of novel systems.
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Olefin methylation and chain initiators in the methanol to hydrocarbon reaction
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The methanol to hydrocarbons (MTH) reaction is a pathway for taking methanol or dimethyl
ether (DME) and converting it into fuels and chemicals. The reaction is catalyzed by various acid zeolites
and using the large-pore zeolite H-[Al]Beta, the products contain predominantly triptane and isobutane.
The alkanes are formed via hydrogen transfer reactions of the isostructural olefins formed through the
successive methylation of small olefins in the olefin cycle of the MTH reaction. The hydride donors
(other olefins) then undergo further reactions to produce aromatic species such as n-methylbenzenes;
these side products are not valuable as a fuel and lead to catalyst deactivation. Zeolite catalysts
containing framework iron (instead of aluminum) reduce the rate of hydrogen transfer reactions due to
their weaker Brønsted acid strength, but at the same time reduce methylation rates: on Fe-zeolites thus,
reaction temperature must be relatively high often leading to rapid deactivation. To reduce reaction
temperatures, a chain initiator can be added to the feed to jumpstart chain growth and the olefin cycle.
We have found, for example, that pure DME is essentially unreactive at 240 °C over H-[Fe]Beta, but after
the addition of isobutene, the consumption rate of DME increased significantly (see Figure 1). After
stopping the isobutene flow, DME consumption rate decreased back to its initial low value. Co-feeding
isobutene thus overcomes low catalytic rates by increasing the DME consumption rate at otherwise low
reaction temperatures where the precursors to stimulate the formation of the carbon pool, do not form
in significant rates. These results suggest that, over Fe-zeolites, small olefins can initiate the methylation
of olefins and the olefin cycle. This is a valuable property that allows for carbon from shale gas, for
example, to be incorporated into larger molecules more suited for uses as fuels and chemicals than
traditional MTH reaction products. The methylation of other molecules, including pentenes and other
olefins, over Fe-zeolites is also reported.

Figure 1 240 °C, 20 PSIG, and WHSV 6.12 gDMEgCatalyst-1 hour -1 15.2/1 DME/Isobutene Ratio,
≈1.5-2% DME Conversion, The red lines correspond to Isobutene being turned on and off.

Finned Zeolite Catalysts
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Confined channels and cages of zeolites have been widely used as shape-selective heterogeneous catalysts in the
(petro)chemical industry. A common objective in the design of zeolite is to overcome the inherent mass transport
limitations of micropores. The advent of two-dimensional1 or self-pillared zeolites2 exhibit superior catalytic
performance to conventional zeolites. In this poster, we will describe an alternative approach to reduce the internal
diffusion limitations of zeolites via the introduction of fin-like protrusions on zeolite surfaces by secondary growth.
We will discuss the synthesis of multiple frameworks with nano-sized fins (size α) which exhibit an identical
crystallographic registry with the interior crystal (size β) and show their superior catalytic performance relative to
conventional analogues.3
This new class of mass transport enhanced zeolites were synthesized by secondary growth using finely tuned
composition that allows for the epitaxial growth of fins on the surface of seed crystals. Here we will discuss examples
of several finned zeolites with disparate 3-dimensional pore networks to demonstrate the broader applicability of this
approach. We also demonstrate a proof of concept using commercial zeolite samples where finned analogues improve
their catalytic performance. Our studies of synthesis and methanol to hydrocarbon (MTH) catalytic testing as
benchmark reaction are coupled with state-of-the-art characterization using techniques such as high-resolution
electron tomography, operando spectroscopy, novel acid titration methods, and molecular modeling to correlate
structural features of finned zeolites and their diffusion properties with enhanced catalyst performance.
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Tuning Ethylene-to-Propylene ratio in Methanol-to-Olefins Conversion on
Window-Cage Type Zeolites
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Methanol-to-olefins (MTO) conversion on window-cage type zeolite or zeotype catalysts produce streams
rich in ethylene-to-propylene as the topological characteristics of these materials prevent egress of heavy hydrocarbons.
While cumulatively ethylene and propylene selectivity is high, tuning relative selectivity of the effluent hydrocarbons
towards ethylene without deleterious effect on catalyst lifetime remains a major challenge. Here, we demonstrate and
rationalize a strategy that modulates ethylene-to-propylene (E/P) ratio during MTO on materials where
methylbenzenes entrained within the cavities engage with methanol to give ethylene and propylene.
We demonstrate that varying inlet methanol pressure and space velocity engenders > 2.3x increment in E/P
ratio when compared at similar turnover numbers during MTO on HSAPO-34, HSSZ-13, and HSSZ-39 (Fig. 1a) at
sub-complete methanol conversion while maintaining high olefins selectivity (> 85 %C) and increments in catalyst
lifetime (1 – 3x). This trend in selectivity can be rationalized based on the effect of methanol pressure on both the
speciation of entrained methylbenzenes and the instantaneous ethylene-to-propylene ratio. The former is corroborated
by the increasing trend in molar ratio of tetra-methylbenzene to the sum of penta-methylbenzene and hexamethylbenzene with decreasing inlet methanol pressure and increasing methanol contact time (Fig. 1b), suggesting
that decreasing methanol pressure shifts the distribution of entrained methylbenzenes towards tetra-methylbenzene,
which, consequently, increases ethylene selectivity during MTO. The latter is supported by instantaneous increase in
ethylene-to-propylene ratio during transient experiment where inlet methanol pressure was step-increased while the
hydrocarbon pool composition remained invariant within 1-2 catalyst turnovers (Fig. 1c), suggesting a direct impact
of methanol on instantaneous ethylene-to-propylene ratio plausibly because of differences in methanol order
dependence of dealkylation rates of aromatic precursors to ethylene and propylene. These results evidence and
rationalize the critical role of local methanol concentration in modulating product selectivity during methanol
conversion on window-cage type materials by mediating the maturation of hydrocarbon pool and influencing the
instantaneous light olefins selectivity.
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Figure 1. (a) Cumulative ethylene-to-propylene ratio on HSAPO-34, HSSZ-13, HSSZ-39 with respect to the product
of inlet methanol pressure and space velocity at sub-complete methanol conversion, (b) The molar ratio of tetramethylbenzene to the sum of penta-methylbenzene and hexa-methylbenzene with respect to inlet methanol pressure
and contact time during methanol conversion on HSAPO-34, and (c) Inlet methanol pressure and instantaneous
ethylene-to-propylene molar ratio with respect to time-on-stream and turnover number during transient experiment on
HSAPO-34 where inlet methanol pressure was step-increased from 0.5 kPa to 8.5 kPa.
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Aromatic hydrocarbons are important petrochemicals and precursors to fuel additives, polymers, and many
fine chemicals. There is renewed interest in direct synthesis of aromatics from methanol or from light alkanes.
Industrial processes for these feedstocks often use acid zeolite catalysts—H-ZSM-5, Ga-ZSM-5 (Cyclar; UOP/BP)1—
but despite their prevalence, the mechanism driving the formation of aromatic species remains uncertain. This can be
seen as a barrier, but it is also an opportunity for designing effective and economic next-generation aromatization
catalysts.2
There is general consensus on the importance of “carbon pool” mechanisms to generate hydrocarbons in the
methanol to hydrocarbons reactions.3 These mechanisms, however, only map out the connectivity of experimentally
observed hydrocarbons.4 No agreed-upon detailed sequence of elementary steps can describe conversion of linear
hydrocarbons to cyclic intermediates, let alone aromatic rings. 2 Evidence based on in situ IR5 and UV-Vis
spectroscopy6 suggests that conjugated trienes are prevalent during aromatization and could be a primary species that
undergoes cyclization. Previously suggested mechanisms for triene cyclization in the context of zeolite-catalyzed
aromatization—developed on the assumption that the most stable carbocations dominate the reaction pathway—
contradict so-called “Olah’s rules for carbocation rearrangements”.7
Using density functional theory, a comprehensive reaction network was developed to describe the conversion
of hexatriene to cyclohexadiene, a precursor to aromatic compounds (see scheme 1). This network consists of two
pathways that respect "Olah's rules", but are also interconnected by cyclic cation rearrangements not observed by Olah
in his experiments using superacids. These exceptions underscore the limitations of Olah's observations in the context
of gas-phase zeolite-catalyzed chemistry. Studies of this reaction network in a DFT cluster model of H-FAU provided
insights on possible catalytic roles of acid zeolites in the cyclization of linear olefins to cyclic hydrocarbons.

Scheme 1.
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Para-xylene (pX) is one of the most important aromatic compounds that is used to synthesize various fine
chemicals. An emerging and commercially attractive route to produce pX is toluene alkylation with methanol. Many
zeolite-based shape selective catalysts have been considered for this process; however, these catalysts often suffer
from short catalyst lifetime and low feed utilization. Here we report on the performance of MCM-22 (MWW type)
zeolite for toluene alkylation with methanol under high reactants pressures (4.2 MPa), showing exceptional catalyst
stability (> 30 days) while maintaining high toluene conversion (25%), without the use of hydrogen/water diluents.
Our findings reveal that increasing reaction operating pressure results in a multi-fold improvement in catalyst lifetime
due to the suppression of side reactions, such as methanol-to-hydrocarbons and multiple alkylation of aromatic rings.
Notably, during the course of the reaction, pX selectivity increases from its thermodynamic composition (23%) to a
steady value of 58%, leading to the highest mass time yield ever obtained for this reaction.
To understand the origin of high pX selectivity and catalyst stability, we used a combination of experimental testing,
density functional theory and molecular dynamics. With these techniques, we have deconvoluted the role of three
different topological features in the MCM-22 catalyst: sinusoidal channels, surface pockets, and supercages. We have
found that the sinusoidal channels are very selective towards pX with both transition state selectivity and diffusion
limitations favoring pX formation, while surface pockets are unselective in nature and their deactivation is essential
for high pX selectivity. Interestingly, the supercages play a crucial part for high catalyst lifetime and pX selectivity.
Even though the supercages partially deactivate at the beginning of the reaction by coke deposition, they are
responsible for turnovers at long time on stream. Furthermore, the deposited coke species in the supercages promote
coke formation on the surface pockets, leading to high pX selectivity. The nature of coke species in supercages greatly
influence the rate of coke deposition on the external pockets. This sequential coke evolution in MCM-22 is referred
to as “spatiotemporal coke coupling” between supercages and surface pockets. Overall, this study provides a
commercial viable route for pX production as well as the new insights into MCM-22 reaction chemistry, which can
have profound impact on the various alkylation reactions.
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The selective catalytic reduction (SCR) of NO X with NH3 using Cu-exchanged chabazite (CHA) zeolites is
the industrially used technology for NOX abatement onboard heavy-duty diesel and lean-burn engines. The SCR
reaction over Cu-zeolites proceeds via a redox cycle of CuI/CuII ions. In the low-temperature kinetic regime (<573 K),
wherein Cu ions are solvated by NH3 and are locally mobilized within zeolite voids, the CuI oxidation and CuII
reduction half-cycles have different Cu site and density requirements 1,2. As a result, steady-state SCR rates and the
number of active Cu sites on Cu-CHA depend on both sample composition and reaction conditions3. SCR rates (473
K, per Cu) measured over a wide range of O2 pressures (1-60 kPa) enable quantifying rate constants in kinetic regimes
that are first-order and zero-order in O2 pressure, which respectively describe rates of dual-site CuI oxidation and
single-site CuII reduction steps4. These data reveal that the rates of both CuI oxidation and CuII reduction half-cycles
depend on the spatial density of Cu ions, and their mobility with void spaces defined by the pore topology. Apparent
zero-order rate constants are lower on FER (2D) and MOR (1D) when compared to CHA (3D), indicating that lower
pore dimensionality reduces the effective volumetric footprint that mobile Cu I(NH3)2 complexes can occupy during
steady-state catalysis, consistent with metadynamics simulations and stochastic simulations to estimate the fraction of
Cu sites that can oxidize under reaction conditions. Apparent first-order rate constants on CHA (3D) are greater than
or equal to those measured on other zeolite frameworks across the range of Cu densities studied, highlighting the
advantages of a window-cage framework such as CHA to facilitate Cu ion mobility. These findings are also consistent
with in operando and transient CuI oxidation and CuII reduction experiments, which respectively show that the fraction
of CuI that is oxidized by O2 (at 473 K) is lower on FER than CHA and that the rate of reducing isolated CuII sites is
independent of zeolite topology.
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Interfacially confined microenvironments have recently gained attention in catalysis, as they can be used to
modulate reaction chemistry. The emergence of a two-dimensional (2D) nanospace at the interface between a 2D
material and its support can promote varying kinetic and energetic schemes based on molecular level confinement
effects imposed in this reduced volume. I will report on the use of a 2D oxide cover, bilayer silica, on catalytically
active Pd(111) undergoing the CO oxidation reaction. We “uncover” mechanistic insights about the structure-activity
relationship with and without a 2D silica overlayer using in situ infrared and X-ray spectroscopy and mass
spectrometry methods. We find that the CO oxidation reaction on Pd(111) benefits from confinement effects imposed
on surface adsorbates under 2D silica. This interaction results in a lower and more dispersed coverage of CO
adsorbates with restricted CO adsorption geometries, which promote oxygen adsorption and lay the foundation for the
formation of a reactive surface oxide, resulting in 20% more CO2 production than Pd alone.
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Metal-organic frameworks (MOFs) are promising solid materials that have shown versatility in application,1,2
owing to their unique physicochemical properties and the modularity of their building block constituents; metal nodes
(ions or oxide clusters) and organic ligands assemble to form a wide range of microporous and mesoporous networks
that have resulted in notable reactivity and selectivity for some reactions, such as mild alkyl and aryl oxidation by
benign oxidants.1,3 While widespread MOF use is limited by thermochemical instability relative to more conventional
porous solids like zeolites, one exception is the MIL-101 family, which contains some of the most thermochemically
tenable MOFs synthesized to date, with some stable up to 548 K in common polar and nonpolar solvents. Here, we
focus on rigorous kinetic and deactivation mechanistic studies during styrene oxidation by hydrogen peroxide over Fe
and Cr (both earth-abundant transition metals) MIL-101 variants, as both demonstrate activity for organic oxidation
chemistry and do not suffer from fast, severe leaching unlike some other first-row transition metal analogs.4
Based on literature precedent, it is likely that a mechanism involving radical intermediates characterizes
styrene oxidation by hydrogen peroxide over Fe- and Cr-based materials,3 though respective metal cycles may differ.
From batch kinetic studies at 323 K, we find that intrinsic reactivity for Fe is unambiguously higher, as lumped firstorder rate constants (normalized by initial mass loading and by moles of metal) with respect to styrene are higher for
Fe ((1.8±0.1)×10-3 s-1 g-1, 20.2±1.6 s-1 mol-1) than Cr ((5.1±1.1)×10-4 s-1 g-1, 2.4±0.5 s-1 mol-1), despite Fe having a
lower metal loading (91 μmol Fe g-1 cat. vs. 180 μmol Cr g-1 cat.); the kinetic nature of these parameters is supported
by calculated Weisz-Prater numbers much less than unity. Styrene conversion plateaus to similar values on both Fe
(33.2±1.5 %, 7.2 ks) and Cr (39.6±1.3 %, 21.6 ks), but product distributions, especially at low conversion (<10 %),
assert that Cr is more selective for styrene oxide whereas Fe prefers benzaldehyde, suggesting dissimilarities in metal
electronic nature that preferentially stabilize different transition states. Finally, rates (mM styrene s-1 gcatalyst-1) from
recyclability experiments reveal that Fe (II, III) active sites show greater stability and reactivation potential than Cr,
which suffers metal leaching during reaction as confirmed from UV-Vis spectroscopy. Overall, this work elucidates
intrinsic reactivity differences through kinetic descriptors and highlights (ir)reversible changes in material properties
that impact observed catalytic activity and recyclability.
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Copper-exchanged zeolites have received renewed attention as materials that facilitate partial methane oxidation
(PMO), with many proposals for the structure of the active site that include mononuclear and polynuclear Cu species.13
Investigation of model heterogeneous materials with well-defined Cu speciation, prepared using judiciously chosen
synthetic and treatment procedures, can facilitate precise identification of the Cu structures that form after high
temperature O2 treatments (723 K) and that activate methane at low temperature (473 K). Chabazite (CHA) zeolites
are high-symmetry frameworks that contain a single tetrahedral site (T-site). The distribution of framework Al
(Al−O(−Si−O)x−Al) between isolated (x ≥ 3) and paired (x = 1,2) arrangements in CHA influences the speciation of
Cu2+ at paired aluminum sites (Z2Cu) and [Cu(II)OH]+ at isolated aluminum sites (ZCuOH).4 Here, we synthesized
Cu-CHA to contain solely Z2Cu sites (Si/Al=4.5, Cu/Al=0.08, 0.21) or ZCuOH sites (Si/Al=15-25, Cu/Al=0.06-0.30)
of varying density, or a mixture of Z2Cu and ZCuOH sites (Si/Al=15-25, Cu/Al=0.10-0.40). The amount of Z2Cu and
ZCuOH sites on each sample was quantified with titration of residual Brønsted acid sites using NH3, which
respectively occurs with 2:1 or 1:1 H+:Cu2+ exchange stoichiometry.4 This suite of Cu-CHA samples was studied for
stoichiometric PMO reaction cycles (activation in 20 kPa O2 at 723 K for 6 h, exposure to 21 kPa CH4 at 473 K for
0.5 h, exposure to 2.5 kPa H2O at 473 K to extract CH3OH for 1 h). Methanol yields (per Cu) do not depend
systematically on total Cu content or on Z2Cu content but increase systematically with the spatial density of ZCuOH
sites. ZCuOH sites are precursors to the polynuclear Cu-oxo sites that form after O2 activation treatments and that
behave as PMO active sites.5-6 The structures of these sites were characterized using X-ray absorption, UV-Visible
and Raman spectroscopies, and the transient kinetic changes in their formation upon O 2 activation and consumption
upon CH4 exposure were quantified to probe differences in reactivity.
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P-xylene is an important commodity chemical currently derived from fossil fuels, but previous studies have
shown a renewable pathway to produce p-xylene from a Diels Adler cycloaddition of lignocellulosic biomass derived
2,5-dimethylfuran and ethylene, with subsequent dehydration of the cycloadduct to produce p-xylene over a solid acid
catalyst. Typical aluminum containing zeolite BEA can achieve 75% selectivity to p-xylene through this reaction, but
the phosphoric acid-impregnated dealuminated BEA have recently been reported to achieve over 95% selectivity
towards p-xylene1,2. However, the complex kinetics of the reaction and the possibility of phosphorus-containing acid
sites hydrolyzing in-situ as water is produced through dehydration present difficulties to identifying acid sites in the
p-xylene reaction. In this study, a probe reaction in which no water is produced was used to study the phosphoruscontaining catalysts. A Hoffman elimination of t-butylamine in a temperature-programmed desorption experiment
over the P-containing catalysts was used to count their Brønsted acid sites3. t-Butylamine was saturated on the catalyst
surface, followed by a temperature increase to the catalyst bed, which would reactively desorb the t-butylamine from
the Brønsted acid sites to form isobutene, and the amount of isobutene detected by GC could provide acid site density
with calibration. To investigate the acid site structure and density of phosphoric acid impregnated BEA, the Si/P ratio
was varied from 27 to 3. At lower Si/P ratios, phosphorus can potentially form more oligomeric phosphate and silicon
phosphate species, which could lead to reduced activity. Agreement was established between the differences in initial
reaction rate in p-xylene reaction and Brønsted acid site density between P-BEA Si/P=3 and Si/P=27. Phosphoric acid
impregnated on other solid supports, such as fumed silica, were also studied. A similar decrease in Bronsted acid site
density upon the high temperature calcination was observed, as was the formation a silicon phosphate phase.
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