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Design Strategies for the Synthesis of Zeolites with Large or Extra-Large
Features
Allen Burton
ExxonMobil Research and Engineering Company
Clinton, NJ, USA
Abstract
Organic structure directing agents (SDAs) are instrumental in guiding the formation of highsilica zeolites. A strategy in our efforts has been to avoid the promotion of common zeolites (e.g.
ZSM-5, ZSM-12) by employing diquaternary ammonium molecules (diquats) with bulky end
groups that make them unlikely to fit within the channel systems of these “default” phases.
Although these prior efforts produced a few novel zeolites phases, we still were unable to avoid
known phases like ZSM-50 (EUO) or the SSZ-26/33 family of zeolites. We postulated that the
placement of additional bulk within the center of the diquaternary ammonium molecules would
make the SDA molecules less likely to form common materials. To be effective SDAs, it is also
important that the molecules be relatively stable under the conditions of synthesis. Zeolites are
typically prepared under highly basic conditions at high temperatures, and the first appearance of
a novel zeolite may require weeks or even months of heating. To this end, we have prepared
diquat molecules with phenyl or cyclohexyl cores that have at least 3 methylene carbons between
them and the bulky end groups. This family of molecules provides many avenues for design in
terms of the o,m, or p-placement of the methylene chains to the phenyl core, the nature of the
core, the nature of the ends groups, and the length of the methylene chains. Small changes in
this family have dramatic effects on the zeolite phase selectivity. This strategy led to the
discovery of zeolites with novel frameworks: EMM-28, EMM-31, EMM-41, and EMM-59.

We continued the theme of bulky SDA molecules by examining quats or diquats synthesized
from benzimidaolium derivatives. These efforts led to the discovery of zeolites that either have
very large cages or extra-large pores or windows. In one case, we discovered a highly siliceous
composition of a zeolite that previously has been prepared as a low-silica zeolite. Our
examination of this material led to the realization that the diquaternary ammonium analogues
have the ability to intramolecularly pi-stack to form large molecular assemblies. Here we
introduce the concept of intramolecular assembly that is akin to folding of biologically-based
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macromolecules. We subsequently designed other molecules that can intramolecularly pi-stack
by using simple 1-step alkylation reactions with inexpensive chemical reagents. We will show
how these easily prepared molecules are able to direct zeolites that previously required
molecules that are expensive or difficult to prepare. Furthermore, we will show how some of
these molecules are able to make “exotic” zeolite phases in compositions not previously
attainable.

Bio sketch
Allen Burton received his Ph.D. from the University of Delaware (1995-2000) where he worked
with Professor Raul Lobo. He did a short post-doc at Cal Tech with Professor Mark Davis and
then worked at Chevron in Richmond, CA for 8 years. Since December 2009 he worked at
ExxonMobil in Clinton, NJ. He is an inventor/co-inventor on at least 50 patents or pending patent
applications relating to zeolite synthesis, zeolite modification, or zeolite applications.
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Exploring Delicate Structural Features on Zeolites via Combined
Experimental and Computer Simulation Methods
Istvan Halasz
PQ Corporation R&D Center
Conshohocken, Pennsylvania

Abstract
Researchers usually have assumptions and conjectures about the structural cause when see some
unexpected phenomena pertaining to a just made zeolite. Yet, when it seems not to be critical,
they often skip or postpone the tedious work needed to a thorough exploration of the cause
especially in industrial R&D environment. Here I will show three examples when PQ R&D
researchers along with some non-PQ colleagues indeed went after the deeper understanding of
some peculiar phenomena pertaining to variously made and treated zeolites.

One example relates to an unexpectedly large difference between the FTIR spectra of the Brønsted
acidic hydroxyls (BA-OH) on a commercial SAPO-34 material when measured with diffuse
reflectance (DRIFT) and transmission (TR) sampling techniques.

We proved that DRIFT

emphasizes sites from a 15-20 Å deep surface layer of crystallites while TR emphasizes the
average of bulk sites. Also ascertained that, contrary to suggestions in the literature, the surface
specific BA-OH sites are not phosphorous related. They belong to an Al atom on the surface
positioned into a geometrically specific lattice position.

In the second example we deal with the cause of the strong hydrophobicity of two commercial,
proton exchanged, Si/Al ~ 40 ratio Y zeolites from Zeolyst International, CBV 901 and CBV 780.
The former one adsorbs about one order of magnitude less water than a Si/Al ~ 4330 ratio MFI
structured Silicalite while the latter one adsorbs about twice as much water than the Silicalite.
Employing the above-described DRIFT versus TR FTIR comparisons, we show that the CBV 901
crystallites are surrounded with a thin hydrophobic layer, which has no BA-OH groups. Using
computer modeling, we compared the role of the Al associated BA-OH groups and the Si-OH
containing lattice defects to explain why two hydrophobic Y zeolites with identical Si/Al ratios
adsorb substantially different amounts of H2O.
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The third example is about the stability of hydroxyl nests [Si-OH]4 in acid leached zeolites. We
could not detect with thermogravimetry and FTIR spectroscopy any sign of the presence of such
nests when about 20% of Al was “rived” out from a Si/Al ~ 2.55 ratio commercial Y zeolite (CBV
100), even when the material remained at room temperature during the whole process. Despite the
wide spread belief that a thermally stable (up to 400°C!) [Si-OH]4 would remain on the place of
the removed tetrahedral Al atoms, we could not find any solid proof for their existence in the
literature. By creating such entities artificially in computer models, we demonstrate that FTIR
would be able to show their presence. Molecular dynamics calculations indicate that even if they
form their existence may be ephemeral on a picosecond scale at 25°C.

Bio sketch
Istvan obtained Ph.D. degree from the Hungarian Academy of Sciences (HAS) while studying the
fundamentals of acid-base catalysis and developing efficient processes for pharmaceutical, fine
chemical and petrochemical industries in the Hungarian Hydrocarbon Institute. Later his research
focused on zeolite catalysis, oxide superconductor synthesis, and catalytic fume abatement from
mobile and stationary exhausts in the chemical research laboratories of HAS, Technical University
of Vienna, Wayne State University in Detroit and University of Iowa. He joined PQ R&D about
21 years ago to characterize the structure and properties of silica based materials. He organized
scientific meetings and served in various board positions in scientific organizations, including
chairing the Philadelphia Catalysis Club and being president of the North-East Corridor Zeolite
Association (NECZA). Edited one book on catalysis, (co)authored ca.120 papers, book chapters
and patents, and held 100 conference presentations.
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Targeted Discovery: Small Pore Zeolites for Industrial Applications
Tracy M. Davis
Chevron Energy Technology Co.
Richmond, CA, USA
Abstract
Small-pore zeolites show unique functionality in industrial applications including smallmolecule gas separations and selective catalytic reduction (SCR) of NOx. As an example,
Chevron’s SSZ-13 and SSZ-39 small-pore zeolites continue to serve as catalysts in mobile
exhaust clean-up applications worldwide. Driven by tightening air quality regulations and
demands for improved separation technology, researchers are challenged to discover new smallpore zeolites with novel structures and broader composition range. Accelerated by molecular
modeling and structural analysis techniques, our research program at Chevron has recently
discovered more than a dozen novel small-pore zeolites.
Chevron’s synthetic methodology from conception to realization of novel zeolite structures will
be presented during the first part of this presentation. Subsequently, two applications for these
novel zeolites will be considered: 1) light gas separation and 2) methanol conversion. It will be
shown that the exemplified separations are critical processes in chemical plants and provide a
low-cost alternative for recovering high purity products. In consideration of methanol conversion
chemistry, small-pore zeolites with extraordinarily high ethylene selectivity will be presented.
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Bio sketch
Tracy Davis joined Chevron in 2007 and is currently the New Business Development Manager
for Materials and Catalysts. Prior to this, Dr. Davis worked as a research engineer for 10-years
where she designed new zeolites for various applications including hydroprocessing of refinery
feeds, gas separation technologies and emission control catalysts.
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Realizing the Commercial Potential of Hierarchical Zeolites
Javier Garcia-Martinez
Laboratorio de Nanotecnología Molecular, Dpto. Química Inorgánica, Universidad de Alicante,
Ap. 99, E-03690 Alicante, Spain
Rive Technology, Inc., 1 Deer Park Drive, Monmouth Junction, NJ 08852, USA.
Abstract
The development of intracrystalline mesoporosity within zeolites has been a long-standing goal in
catalysis as it greatly contributes to alleviate the diffusion limitations of these widely used
microporous materials. During my presentation, I will discuss the main techniques that have been
developed during the last years to produce zeolites with controlled mesoarchitectures comparing
the different methods, their advantages and limitations. Among the different techniques used to
characterize the composition, porosity and structure of these materials, I will present
unprecedented insights on the formation of intracrystalline mesoporosity in zeolites obtained by
in situ synchrotron X-ray diffraction, Atomic Force Microscopy (AFM), and Liquid Cell
Transmission Electron Microscopy (Liq-TEM). By combining experimental results and theoretical
calculations, the presence of intracrystalline mesoporosity was recently confirmed. Moreover,
through the direct observation of individual zeolite crystals by in situ AFM and Liq-TEM, we have
been able to provide the first time resolved visualization of the formation of mesoporosity in
zeolites.

The presence of this mesoporosity was further evidenced through ex situ gas adsorption, which
also confirmed the preservation of most of the microporosity of the zeolites. All these new insights,
obtained by combining a number of time-resolved techniques, are an example of the enormous
potential of current in situ characterization methods for the rational design of hierarchical zeolites
with superior properties and optimal catalytic performance as it has been proved at lab, pilot plant,
and industrial scale.

In a commercial operation in a refinery, a steady increase in LPG olifinicity was observed through
replacing the incumbent FCC catalyst by another containing the mesostructured Y zeolite.
Commercial data confirmed the observed trend using an equilibrium catalyst from the refinery and
analyzed in an ACE unit. A gradual increase in the LPG olefinicity was also observed at the
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refinery as the concentration of the FCC catalyst containing mesostructured Y zeolite in the
circulating inventory steadily increased. In this commercial trial, the most important yield shift
was the increase in butylene selectivity. Furthermore, a very valuable increase in gasoline octane
was also observed due to a higher concentration of olefins in the lighter gasoline fraction.

The commercialization of hierarchical zeolites through the MIT spin-off Rive Technology as
superior refining catalysts is an example of academic entrepreneurship, which is expected to foster
the development of new hierarchical zeolites and their use in both existing processes and new
opportunities. Finally, I cover other applications of hierarchical zeolites in catalysis, including
biomass valorization and fine chemistry, ending with a personal view of the new directions, and
opportunities in this field.
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Bio sketch
Professor of Inorganic Chemistry and Director of the Molecular Nanotechnology Laboratory of
the University of Alicante (UA) where he teaches and leads a world's leading research center on
nanomaterials for energy applications. Published extensively in the areas of nanomaterials and
energy and is the author of more than twenty five patents. His latest books are “Mesoporous
Zeolites” (Wiley-VCH 2015) and “Chemistry Entrepreneurship” (Wiley-VCH 2019)

Founder of the technology-based company Rive Technology, which markets the technology he
developed during his Fulbright postdoctoral stay at the Massachusetts Institute of Technology
(MIT). Since 2012, the catalysts commercialized by Rive Technology are already used in several
refineries, significantly increasing the production of fuels and the energy efficiency of the process.

His scientific and business leadership has been recognized with some of the most important awards.
In 2015 he received the Emerging Researcher and in 2018 the Kathryn C. Hach Award for
Entrepreneurial Success both from the American Chemical Society. In 2014, Javier was presented
with the King James I Award by the Queen of Spain. Javier is a member of the Emerging
Technologies Council of the World Economic Forum, of the Young Global Academy, of the
Executive Committee of the IUPAC, and Fellow of the Royal Society of Chemistry.
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Gas Storage in Porous Coordination Cages
Eric Bloch
Department of Chemistry and Biochemistry
University of Delaware
Newark, DE, USA
Abstract
Methane and hydrogen are becoming increasingly important fuels for a variety of factors. The
depletion of worldwide petroleum supplies, coupled with the constantly increasing levels of
accessible natural gas reserves, make them attractive alternative fuels. Although more than 64
million American homes utilize natural gas for heating, its poor volumetric energy density of just
0.04 MJ/L, compared to 32.4 MJ/L for gasoline, has prevented the widespread use of natural gas
in the transportation sector. This problem is exacerbated for hydrogen which has negligible
volumetric energy density at STP. Adsorbed gas systems offer promise in this regard, contingent
on the advent of porous storage materials with sufficient capacity. Porosity in network solids,
including zeolites, activated carbons, and metal-organic frameworks, has been widely interrogated
for decades. In molecular systems, however, it is a relatively novel phenomenon. This is somewhat
surprising given the fact that porous molecules can display surface areas that rival those of metalorganic frameworks. This talk will focus on the design, synthesis, and characterization of highly
porous coordination cages for small molecule storage. Further, it will detail the intriguing interplay
between surface area and solubility in a class of paddlewheel-based cages. We have recently shown
that these materials, which conceptually serve as soluble metal-organic framework analogs,
display impressive porosity under specific synthesis and activation conditions. Although these
cages are typically amorphous upon activation, a strategy in which pillaring ligands are utilized
endow the materials with high crystallinity and thus compatibility with diffraction methods for the
identification and optimization of gas binding sites.
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Bio sketch
Eric Bloch is an assistant professor in the Department of Chemistry and Biochemistry at the
University of Delaware. Research in his group focuses on the design, synthesis, and
characterization of novel porous materials for applications related to energy, the environment, and
human health. The Bloch Group is particularly focused on the realization of new hybrid
inorganic/organic molecular adsorbents for the storage of small molecules. Dr. Bloch Received his
PhD in Inorganic Chemistry from the University of California-Berkeley in 2014 working for Prof.
Jeffrey R. Long in the area of metal-organic frameworks for gas separations and catalysis. Prior to
arriving at the University of Delaware, Bloch completed a postdoctoral fellowship in the labs of
Prof. Daniel Nocera at Harvard University focusing on small molecule activation with bimetallic
transition metal complexes.

14

Proximity matters: Catalytic consequences and control of active site proximity
in zeolites
William F. Schneider
Department of Chemical and Biomolecular Engineering
Department of Chemistry and Biochemistry
University of Notre Dame
Notre Dame, IN, USA
Abstract
Catalytic activity in zeolites is often associated with extralattice ions that charge compensate a
minority of Al3+ ions on a lattice primarily populated by Si4+. The density of those Al3+ ions
(generally expressed as a silicon-to-aluminum ratio, or SAR) determines the total concentration
of exchangeable sites, but the proximity of the Al3+ ions can exert influence over the reactivity
and even the chemical identity of the extralattice ions at those exchange sites. While it can be
difficult to interrogate these proximity effects in the laboratory, computational (density
functional theory) models provide perfect control over atom locations and an ability to ask and
answer questions about how this proximity influences ion exchange and reactivity. In this
presentation I will describe our work to understand the relationship between Al proximity, ion
exchange, and reactivity in the context of Cu-SSZ-13 zeolites (Science 2017, 357, 898) used
commercially for the selective catalytic reduction of NOx and Fe-SSZ-13 zeolites (ACS Catal.
2018, 8, 10119) of interest for partial methane oxidation. I will also discuss the use of
computational models to discover approaches to develop reporters of Al proximity and even to
control that proximity under synthetic conditions. The work highlights the role of proximity as a
key design parameter in zeolite catalysis.
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Bio sketch
Bill Schneider’s expertise is in chemical applications of density functional theory (DFT)
simulations. After receiving his Ph.D. in Inorganic Chemistry in 1991 from the Ohio State
University, he began his professional career in the Ford Motor Company Research Laboratory
working on a variety of problems related to the environmental impacts of automobile emissions.
At Ford he developed an interest in the catalytic chemistry of NOx for diesel emissions control,
and he has published extensively on the chemistry and mechanisms of NOx decomposition,
selective catalytic reduction, trapping, and oxidation catalysis. In 2004 he joined the Chemical
and Biomolecular Engineering faculty at the University of Notre Dame as an Associate
Professor. At Notre Dame he has continued his research into the theory and molecular simulation
of heterogeneous catalysis, with particular emphasis on reaction environment effects on catalytic
materials and their implications for mechanism and reactivity. He was promoted to Professor in
2010 and awarded the H. Clifford and Evelyn A. Brosey Chair in the College of Engineering in
2016. He has co-authored more than 190 papers and book chapters, is a Fellow of the American
Association for the Advancement of Science, is a Senior Editor for The Journal of Physical
Chemistry, and was the 2018 recipient of the Giuseppe Parravano Award of the Michigan
Catalysis Society.
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2019-NECZA Poster Abstract
Type: Deputy Chief for Chemical Sciences
Consideration in poster competition: No
Poster Number: 1
High-pressure Reference Isotherms
using Reference Materials
Roger D. van Zee
Facility for Adsorbent Characterization & Testing.
National Institute of Standards & Technology, Gaithersburg, Maryland USA
Adsorbent materials have many applications, including those related to gas storage, gas purification, catalytic
reforming, and the environment. Despite major progress in adsorption technology and physical adsorption
characterization, measurement challenges still exist for high-pressure measurements. For example, protocols for
measuring high-pressure gas adsorption isotherms on well-defined nanoporous materials have not been standardized.
To address such issues, the NIST Facility for Adsorbent Characterization and Testing (“FACT Lab”) has coördinated
international interlaboratory studies (ILSs) of high-pressure adsorption isotherm measurements using zeolitic
reference materials.1 In these ILSs, samples were distributed to the participants along with a measurement protocol;
participants then measured adsorption isotherms in their laboratories. The first study investigated the surface excess
adsorption isotherm for carbon dioxide on a synthetic Zeolite SM-5 (NIST Reference Material™ 8852), at 20 °C to a
pressure of 4.5 MPa (45 bar). Eleven participants submitted fifty-two isotherms. The datasets underwent statistical
evaluation. A reference isotherm with associated uncertainties was derived from the evaluated datasets.2 A second
study measured methane adsorption on a synthetic Zeolite Y (NIST Reference Material™ 8850), at 25 °C to 8 MPa
(80 bar). Eighteen participants submitted twenty-six datasets containing over one-hundred isotherms. Again, a
reference isotherm was derived from the submitted and evaluated datasets. A third ILS is underway to determine
reference isotherms for mixed gas adsorption. This poster will present the methods and findings of these investigations.
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[1] S. Turner et al, Microporous and Mesoporous Materials, 107 (2008) 252.
[2] H.G.T. Nguyen, Adsorption, 24 (2018) 531/.
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2019-NECZA Poster Abstract
Type: Graduate
Consideration in poster competition: No
Poster Number: 2
Catalytic Behavior of Lewis Acid Sites in Hierarchical Lamellar Titanium Silicalite1 Zeolites
Wei Wu1, Dat T. Tran2, Sichao Cheng3, Yuan Zhang3, Na Li4, Huiyong Chen4, YaHuei (Cathy) Chin5, Libo Yao6 and Dongxia Liu1*
1

Department of Chemical and Biomolecular Engineering, University of Maryland, College Park, MD 20742, USA
2
CCDC Army Research Laboratory, FCDD-RLS-DE, 2800 Powder Mill Road, Adelphi, MD 20783, USA
3
School of Chemical Engineering, Northwest University, Xi’an, Shaanxi, 710069, China
4
Department of Chemical Engineering and Applied Chemistry, University of Toronto, 200 College Street, Toronto,
ON, M5S 3E5, Canada
Hierarchical two-dimensional (2D) lamellar zeolites contain framework Brønsted and/or Lewis acid sites
distributed within meso-/micropores and exhibit remarkable catalytic performance for reactions involving bulky
molecules. Previous studies mainly focused on the Brønsted-type acidity contained within 2D zeolite nanosheets. Here,
we synthesized 2D lamellar titanium silicalite-1 (TS-1) zeolites, which contain exclusively Lewis acid sites (without
Brønsted sites), quantitatively described the strength and local environment of these sites, and evaluated their
cyclooctene epoxidation reactivities. 2D multilamellar TS-1 zeolites, without and with pillarization (by silica and
silica/titania mixture pillars, respectively) treatment, were prepared as hierarchical lamellar TS-1 zeolites. The quantity
and accessibility of Lewis acidity centers (i.e., titanium (Ti)-sites) were assessed by organic base titrations. The
catalytic behaviors of external (i.e., in mesopores and on external surface) and internal (i.e., in micropore) acid sites
were evaluated by rigorous kinetics analysis of cyclooctene epoxidation with hydrogen peroxide (H 2O2) in acetonitrile
solvent. In comparison to their microporous analogy (i.e., 3D TS-1), the hierarchical TS-1 zeolites exhibit up to 10fold higher Lewis acid site accessibility to cyclooctene. The activity of external acid sites in cyclooctene conversion
decreased with increasing mesoporosity, while the activity of Lewis acid sites in H 2O2 decomposition exhibited an
opposite trend. For the first time, the present study evaluated kinetics of the entire reaction network in epoxidation of
cyclooctene with H2O2, and elucidated the activity differences of external Lewis acidic Ti-sites in hierarchical lamellar
TS-1 zeolites in this reaction.
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2019-NECZA Poster Abstract
Type: Graduate
Consideration in poster competition: Yes
Poster Number: 3
Solvent effects on elementary reactions in solid-acid catalyzed reactions: Acidbase interactions in zeolites
Yanyu Mu1, William A. Elliott1, Robert M. Rioux1,2*
1

Chemical Engineering, Pennsylvania State University, 201 Old Main, University Park, PA 16802,
2
Chemistry, Pennsylvania State University, 201 Old Main, University Park, PA 16802

Biomass-derived molecules are characterized by high oxygen content and low volatility necessitating their
conversion to value-added products by catalytic routes in the liquid-phase which often necessitates the use of a solvent.
Solvents introduce thermodynamic non-idealities that if accounted for can be used to rigorously compare the behavior
of catalysts in the condensed phase or the vapor-phase (where we ensure ideality). Catalytic cycles are comprised of
multiple steps, all of which may be influenced by the presence of solvent.
In this work, we demonstrate the impact of solvent on the adsorption of pyridine in solid acids (zeolites)
using isothermal titration calorimetry (ITC). ITC experiments demonstrate the choice of solvent strongly affects
adsorption thermodynamics of pyridine on HZSM-5. We examine the impact of solvent addition on the gas-phase
adsorption thermodynamics of pyridine on Brønsted acid sites using calorimetry. A comparison of the liquid- and
gas-phase calorimetry results for pyridine adsorption on H-ZSM5 will be shown for two solvents – water and heptane.
The comparison of the calorimetry results in the two phases demonstrates the impact of solvent on acid-base reactions
on zeolites depends on the Si/Al ratio of the zeolites.
We will further report the results for measuring the heat of adsorption of pyridine on HZSM-5 in the presence
of different solvents (water, DMSO, heptane and acetonitrile) using ITC. Differences in measured enthalpies in ITC
are caused by the different extent to which the initial state and the final state are solvated. The solvation effect is
influenced by the uptake of solvent molecules by zeolites and the interactions between solvent molecules and zeolites.
For the low Si/Al ratio (Si/Al=11.5 and 40), the dependence of measured enthalpies in ITC on the choice of solvent
correlates with Kamlet-Taft parameters, which only characterize the interactions between solvent molecules and
Brønsted acid sites. The differences of measured enthalpies determined by ITC are explained by developing BornHaber cycles for zeolites with different Si/Al ratio in different solvents.
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2019-NECZA Poster Abstract
Type: post-doctoral researcher
Consideration in poster competition: No
Poster Number: 4
Facile synthesis of UTD-1 via supramolecular assembly templating approach
Fei-Jian Chen,1,3,* Zi-Hao Gao,2 Wen-Wen Zi,2 Hong-Bin Du,2,* and Wei Fan,3,*
1

2

Department of Chemistry, Bengbu Medical College, Bengbu, 233030, China
Key Laboratory of Coordination Chemistry, School of Chemistry and Chemical Engineering, Nanjing University,
Nanjing, 210023, China
3
Department of Chemical Engineering, University of Massachusetts Amherst, Amherst, MA 01003Department

Extra-large-pore zeolites are a class of important porous materials that have great potential
in industrial applications as catalysts, adsorbents, etc. Organic structure directing agents (OSDAs)
play a key role in the synthesis of extra-large pore zeolites. In this paper, we designed a cheap,
easily available, aromatic OSDA to prepare the extra-large-pore zeolite UTD-1(here named as
NUD-5) by using a supramolecular assembly templating (SAT) approach. NUD-5 has a zeolite
framework with one-dimensional 14-member-ring pore channels, which is identical to UTD-1.
The OSDA in NUD-5 can be completely removed by calcination and Al can also be directly
incorporated into the NUD-5 framework during the synthesis, showing advantages over UTD-1.
Al-NUD-5 possesses strong acidity in the alkylation of benzene with methanol. Structural analysis
of NUD-5 revealed that one-dimensional supramolecular assembles of OSDAs acted as a template
for the formation of NUD-5, implying the SAT approach is a powerful preparative method to extralarge-pore zeolites.

Supramolecular assemblies formed in NUD-5 viewed along its 14-Member Ring channels
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2019-NECZA Poster Abstract
Type: Graduate
Consideration in poster competition: No
Poster Number: 5
Vapor-Phase Strategy to Pillaring of Two-Dimensional Zeolite
Kechen. Song,1, 2 Wei Wu2, Dongxia Liu2,*
1

School of Chemical and Environmental Engineering, China University of Mining and technology (Beijing), 11,
Xueyuan Road, Beijing, 100083, China
2
Department of Chemical and Biomolecular Engineering, University of Maryland, College Park, MD, 20742

Two-dimensional (2D) layered zeolites are new forms of 3D zeolite frameworks. They can be pillared to form more
open porous structures with increased access for reactants that are too big for the micropores of zeolites. The current
pillaring procedure, however, requires intercalation of pillaring pre-cursors by dispersing 2D zeolite in an alkoxide
liquid and hydrolyzing entrapped alkoxide to form inorganic oxide pillars in an aqueous alkaline solution. Both steps
use excess solvents, generate significant waste, and require multiple synthesis and separation steps. Here we report a
vapor phase pillarization (VPP) process to produce pillared zeolites from 2D layered zeolite structures. The VPP
process has ~100% efficiency of alkoxide usage in the intercalation step, requires less (and, in some cases, zero) water
addition in the hydrolysis step, does not require separation for product recovery, and generates no liquid waste.
Furthermore, synthesis of pillared zeolites via the VPP process can be accomplished within a single apparatus with
one-time operation. The pillared zeolite prepared by the VPP method preserved zeolitic layered structure as well as
acidity and showed enhancement in catalytic alkylation of mesitylene with benzyl alcohol compared to 2D layered
zeolite without pillarization treatment.
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2019-NECZA Poster Abstract
Type: Graduate
Consideration in poster competition: Yes
Poster Number: 6
The Critical Role of Tricyclic Bridges Including Neighboring Rings for
Understanding Raman Spectra of Zeolites
Tongkun Wang,1,† Song Luo,2,† Geoffrey A. Tompsett,3 Michael T. Timko,3 Wei
Fan,2,* and Scott M. Auerbach1,2,*
1

Department of Chemistry and 2Department of Chemical Engineering, University of Massachusetts Amherst,
Amherst, MA 01003
3
Department of Chemical Engineering, Worcester Polytechnic Institute, Worcester, MA 01609
†
Co-first authors

Understanding formation mechanisms during zeolite crystallization remains an unfulfilled “Holy Grail” in
the field of zeolite science. Raman spectroscopy provides an effective tool for studying the evolution of silica
framework structures, because Raman can shed light on medium-range structures such as rings that exist in zeolites,
and that form during crystallization processes. It is often assumed that Raman bands can be assigned to individual
rings, although comparisons between Raman spectra of zeolites with the same collections of rings show distinct
differences in spectra, casting doubt on this basic assumption. We address this issue with an integrated approach
combining experiment and modeling to achieve a systematic study of zeolite synthesis, spectroscopy, and periodic
DFT study of several pure-silica zeolites. Excellent agreement between experimental and simulated Raman spectra
was obtained, and a consistent Raman assignment method rigorously attributed Raman signals to our newly defined
“tricyclic bridges” – three zeolite rings sharing a common Si-O-Si bridge. Furthermore, it was found that the
vibrational frequency of a given Raman band can be related to the smallest ring of its tricyclic bridge, and not to the
ring that actually vibrates. Finally, an anti-correlation was discovered (with R2 =0.88) between Raman frequency and
Si-O-Si angle for tricyclic bridges with 4-membered ring as its smallest ring. These findings will help to open new
ways to research amorphous structures of precursor gels during zeolite synthesis and its gradual changes during
crystallization, where structural information is difficult to obtain.
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Carbocation-Mediated Cyclization of Conjugated Trienes in Acid Zeolites: A DFT
Investigation
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Aromatic hydrocarbons are important petrochemicals and precursors to fuel additives, polymers, and 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 is a barrier,
but 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. 3 However,
these mechanisms 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, but previously suggested mechanisms—developed on the assumption that the most stable
carbocations dominate the reaction pathway—violate so-called “Olah’s rules for carbocation rearrangements”. 7
Using density functional theory, two parallel elementary reaction pathways were developed to describe the conversion
of hexatriene to cyclohexadiene, a potential cyclic aromatic precursor. Both pathways respect “Olah’s rules” and
consist of two processes: ring formation and ring expansion, the latter being rate determining for both pathways. In
the gas phase, Pathway 2 is kinetically favored, but in cluster models of the faujasite acid site, ΔΔG° ‡ is negative only
for ring expansion in Pathway 1 due to favorable interactions between the zeolite and that transition state. This work
clarifies the catalytic role of carbocation chemistry in converting linear olefins to cyclic hydrocarbons in acid zeolites.
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It has been shown that single phase chabazite (CHA) in a mixed cation form (Na/KCHA (X Kz~21%)) having
an Si/Al (SAR) range of 1.35 to 1.6 has both high oxygen diffusivity (D/r2) and high kinetic selectivity of O2 over Ar
when compared to their respective pure cation forms. Due to the kinetic nature of the separation, the O 2/Ar kinetic
selectivity of Al-rich CHA was shown to be a strong function of the potassium cation exchange level as well as the
SAR of the Al-rich CHA at low and ambient temperatures. The CHA adsorbents were prepared by interzeolite
conversion of faujasite (FAU) (X or Y type) in both powder and beaded form. The SAR of the CHA, formed by this
interzeolite conversion is controlled by the Si/Al atomic ratio, the total alkalinity, and the water content. Activation
studies needed for successful adsorption measurements clearly show that the Al content and K + exchange level
strongly affect the adsorbent’s hydrothermal stability. The O2 and Ar adsorption properties of different pure and mixed
alkali cation forms of CHA(1.4-2.4) at 175K show a significant decrease in Ar adsorption in 3KNaCHA at SAR<1.6.
Kinetic adsorption data collected at 303K also shows the highest O2 uptake rate and O2/Ar kinetic selectivity for the
3KNaCHA(1.6) composition. Simulation results predict that these novel Al-rich compositions provide similar Ar
recovery and double the Ar productivity, compared to other adsorbents, for an ambient temperature pressure swing
adsorption (ArPSA) process.
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The methanol to hydrocarbons (MTH) reaction is a way of taking methanol or dimethyl ether (DME) and
converting it into fuels and chemicals. The zeolite H-[Al]Beta has been shown to catalyze, predominantly, the
formation of triptane and isobutane1. The alkanes are formed via hydrogen transfer reactions of the isostructural olefins,
triptene and isobutene, formed through the successive methylation of small olefins in the olefin cycle of the MTH
reactions. The hydride donors (other olefins) can then undergo further reactions to give aromatic products such as
hexamethylbenzenes; these 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
strength2,3. In the MTH process, this allows the olefins to remain as alkenes instead of undergoing hydrogen transfer
to be converted to alkanes, which are less valuable species. The small quantities of aromatics formed are xylenes
instead of hexamethylbenzenes. At the same time, the weaker acid strength reduces rates and thus the reaction
temperature of Fe-zeolites must be relatively high leading to rapid deactivation. To reduce reaction temperatures, a
chain initiator can be added to start the chain growth and the olefin cycle. For example, isobutene, when cofed with
DME over H-ZSM5, is effective for measuring relative rates of olefin methylation and hydrogen transfer reactions in
the methanol to olefins reaction4. This report investigates the potential of chain initiators for the olefin cycle to increase
catalytic rates in Fe-zeolites. As Figure 1 shows, DME was essentially unreactive at 240 °C over H-[Fe]Beta but after
addition of isobutene, the consumption rate of DME increased significantly. After stopping the isobutene flow, DME
consumption rate decreased back to its initial low value. This result suggests that isobutene is essential to the operation
of the olefin cycle under these reaction conditions. Analysis of the GC chromatogram showed that the species
generated—while the isobutene was co-fed—were C5, C6, and C7 species and no aromatics were detected. Co-feeding
isobutene overcomes low catalytic rates by increasing the DME consumption rate at otherwise low reaction
temperatures.

Figure 1. DME consumption rate over H-[Fe]Beta at 240 °C showing the effect of the presence or absence of
isobutene in the feed. Isobutene was turned on during the 265th minute and turned off during the 685th minute.
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The ability to synthesize covalent organic frameworks (COFs) with structure and function tailored to
specific applications requires a strategy suitable for navigating complexities associated with building block (BB)
identification, synthesis, and assembly into target frameworks. In this poster, we will demonstrate a computationalexperimental design approach to accomplish this task. The approach employs coarse-grained simulations to identify
the geometry and number of orthogonal functionalities of non-symmetric building block ligands suitable for
efficient assembly into extended porous crystalline frameworks.1 We specifically demonstrate how building block
geometry and binding specificity is critical for increasing crystallization propensity and decreasing polymorphism.
The resulting coarse-grained building blocks are then translated to detailed molecular representations that match the
structural and functional constraints. Synthesis routes to the ligands themselves, as well as conditions for their
assembly into extended frameworks, are identified, with characterization of the resulting frameworks.
In this poster, we will specifically demonstrate this computational-experimental design approach for the
direct, bottom-up synthesis of a new multi-porous COF comprised of a combined imine and boronate ester
backbone. New structural BBs, with geometry and orthogonal functionalities identified by coarse-grained
simulations, have been synthesized and successfully assembled, under ambient to solvothermal conditions, into
extended structures. Synthesis-structure relations correlating the extent of crystallinity of the resulting frameworks
with solvents and catalysts used for solvothermal synthesis will be presented. Specifically, comparisons will be
made between how acetic acid versus Lewis acids (e.g., metal triflate)2 can be exploited to selectively catalyze imine
bond formation without affecting borane bond formation. Comprehensive characterization of the structure and
stability of these materials will be presented, including insight into the porous framework by a combination of N 2
physisorption and X-ray diffraction indexed on the basis of simulated diffraction patterns. Solid-state NMR and
FTIR reveal insight into the imine and boronate ester linkages, and SEM and TEM analyses have been used to
investigate the bundled tubular crystal habit. On the basis of this example, the prospects of the computationalexperimental design approach for the rational design of application-tailored COFs will be discussed.
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Multi-scale control of micro-to meso-structure of carbon molecular sieve
powders, films and membranes
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The design and synthesis of hierarchically structured porous materials have gained significant interest for various
applications ranging from separations, catalysis, adsorption, to energy storage. It is imperative to develop strategies
that can simultaneously control micropores/microstructure, mesopores/macropores and morphology from powders to
films for impacting function and facilitating transport.1 Recently, we have shown how we can use a silica nanoparticle
(NP)-glucose co-assembly templating strategy to synthesize three-dimensionally (3D) ordered hierarchical carbon
powders. We found that the template-replica interfacial phenomena can be exploited to enhance the surface area and
mesopore volume of the replica carbons and simultaneously impact the sp 2 graphitic microstructure2, without the need
for high temperatures or metal catalysts. 3
Motivated by the unexploited potential of the template-replica interface for multi-scale structuring of porous
materials, we extend the versatility of the interfacial phenomenon to carbon molecular sieve precursors (CMS). In this
poster, we show how temperature-tunable surface chemistry of silica is employed to tailor the graphitic content of
poly(pyromellitic dianhydride-co-4,4’-oxydianiline) (PAA) derived carbon films under mild carbonization
temperatures (600-900 C). The interfacial origin of this effect is confirmed through studies showing a decrease in
graphitic character with increasing film thickness. Studies also show enhancement of graphitic character in thin carbon
films as compared with untemplated CMS, with maximum sensitivity near the beginning of the carbonization process
(around 600 C). We hypothesize that the interface-mediated tunability of the replica graphitic character derives from
adsorption-induced orientation of PAA molecules once the surface silanol density of the silica template is reduced to
the point of approximate registry with PAA molecular dimensions. 4
We further show how we can structure these CMS materials into ultrathin (~10 nm) microporous layers selfsupported on 3D ordered mesoporous (3DOm) films through the silica NP templating strategy. These films can be
transferred to a variety of porous substrates using a facile water-assisted delamination technique, eliminating the need
of depositing polymer stamps. The large area of the 3D structured replica material in intimate contact with the template
offers the potential of simultaneously impacting the microstructure, and, thereby, the carbon molecular sieving
properties. On the other hand, we have also identified a template-free route using the same CMS precursor (PAA) to
synthesize particles with flower-like morphology.5 This one-pot and scalable strategy leads to attractive textural
properties of these carbonaceous powders. We demonstrate that microporosity (< 1 nm) plays a key role in capturing
CO2 through sorption at ambient conditions, which is competitive to materials that require tedious synthesis steps or
additional heteroatom doping. These strategies show promise in high selectivity-high throughput separations of small
gaseous molecules (He, CO2, N2). In summary, this work highlights the importance of developing critical synthesisstructure-function relations for multi-scale structuring of porous CMS materials.
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Accurate experimental quantification of the thermodynamics behind shape selective zeolite adsorption
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 thermophysical properties.
Linear correlations between the entropies of an alkane’s adsorbed and bulk phases were previously
demonstrated experimentally through the works of Campbell & Sellers 2 for two-dimensional catalytic surfaces and
Abdelrahman & Dauenhauer3 for acidic zeolites. We expand upon this study by circumventing the lack of
experimental data and instead using simulations. In our work, we implement The Free Energy and Advanced Sampling
Simulation Toolkit4 to facilitate a Canonical Monte Carlo simulation within several siliceous zeolites. Further, we use
the Transferable Potentials for Phase Equilibrium (TRAPPE), a united-atom forcefield to model our molecules, as
well as (TRAPPE-Zeo) to model our frameworks5.
Our results demonstrate that such linear trends occur across a diverse range of molecules for siliceous zeolites.
Additionally, we model adsorption within ideal geometries using fictitious molecules to examine the association
between pore geometry, molecular shape, and entropy. The ability to reproduce these trends across diverse geometries,
fluid-solid interaction strengths and fictious molecules suggests that such correlations are preserved across many
systems. Ultimately, these trends are useful as engineering correlations, which provide reasonable values for adsorbate
entropies without the need for experiments or simulations.
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