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Charge Density Mismatch Synthesis and Application to UZM-35, a
Material Containing Both 10MR and 12MR Pores
Christopher P. Nicholas
UOP LLC, a Honeywell Company, Des Plaines, IL 60017 USA
Synthetic zeolites are widely used in the refining and petrochemical industry. UOP has been very
active in inventing and patenting new UOP Zeolitic Materials for use in catalytic and adsorptive processes.
Many of these UZM’s have been invented using the charge density mismatch approach to zeolite
synthesis as the CDM approach often allows preparation of unique structures or morphologies.i Recently,
we have shown the impacts of CDM synthesis on solutions utilized to synthesize UZM-5 and UZM-9,
members of the UFI and LTA zeotypes, respectively.ii
Several zeolitic frameworks possess both 10MR and 12MR channels in the same material and are
of interest as catalysts with good conversion and shape selectivity. One of these is the MSE framework
which contains a 12MR straight channel and two zig-zag 10MR channels. The known material of the
MSE framework is MCM-68iii which was synthesized using a complicated bicyclic SDA. Recently, we
have discovered the UZM-35 family of materials, which are also of the MSE zeotype, by utilizing the
CDM approach to zeolite synthesis. A typical preparation utilizes dimethyldipropylammonium hydroxide
in combination with sodium and potassium hydroxide from gels of about Si/Al=10 to yield UZM-35 after
crystallization at 175ºC for 5-10 days.iv
UZM-35 is active in various catalytic transformations including catalytic crackingv and benzene
alkylation.vi A key question throughout catalytic testing was whether the material would give behavior
more reminiscent of 10MR (MFI) or 12MR (beta) channels or some mixture of the two. In these reactions,
UZM-35 shows behavior reminiscent of either 10MR or 12MR channels. Data from catalytic cracking
and alkylation of benzene with ethylene or propylene will be used to attempt to explain the reasons
behind the varied behavior of materials containing both 10MR and 12MR channels.
i.
ii.
iii.
iv.
v.
vi.

A) M.B. Park, Y. Lee, A. Zheng, F.‐S. Xiao, C.P. Nicholas, G.J. Lewis, S.B. Hong J. Amer. Chem. Soc. 2013, 135, 2248‐
55. B) Lewis, G.J. and coworkers Angew. Chem. Int. Ed. Engl. 2003, 42, 1737‐40.
A) Park, M.B.; et.al. Chem. Mater. 2015, 27, 1574‐82. B) Park, M.B.; et.al. Chem. Mater. 2014, 26, 6684‐94.
A) D.C. Calabro, J.C. Cheng, R.A. Crane Jr., C.T. Kresge, S.S. Dhingra, M.A. Steckel, D.L. Stern, S.C. Weston
US6049018 B) D.L. Dorset, S.C. Weston, S.S. Dhingra J. Phys. Chem. B 110 (2006) 2045‐50.
J.G. Moscoso, D.‐Y. Jan, US7922997 and US20120003147.
C.P. Nicholas, D.‐Y. Jan, J.G. Moscoso US7981273 and US8247631
C.P. Nicholas, D.‐Y. Jan, J.G. Moscoso US7982081 and US7982082

Speaker Biography
Chris joined UOP in 2006 after earning a Ph.D. from Northwestern University and working in the
Hard Materials Center of Excellence at Sigma-Aldrich. He has worked throughout the research areas at
UOP, with stints in New Materials, Catalysis Applications, and Exploratory Catalysis. Chris is an
inventor or co-inventor on more than 50 US and foreign patents and coauthor of 17 journal articles and a
book chapter in areas including organometallic chemistry, olefin metathesis and acid catalyzed reactions
using zeolites. He has been involved with the Chicago section of the North American Catalysis Society,
currently serving as a Director. Chris’ research interests encompass the gamut of inorganic and catalytic
technologies ranging from materials synthesis to characterization to catalyst and process development. In
particular, he has enjoyed synthesizing and employing zeolites in acid catalyzed hydrocarbon reactions.

4

Screening porous materials for their gas separation potential
using simultaneous X-ray diffraction and differential scanning calorimetry
(XRD-DSC)
John B Parise
Stony Brook University
The simultaneous use of XRD-DSC is an excellent complement to in silico and database search
as a means to identify targets for selective gas separation. Molecular simulations now quantify and
rapidly test known compounds (for example see [i]), relying on long established chemical insight and
structure-property relationships. On the other hand, the experimental DSC-XRD technique allows rapid
evaluation and ranking of a novel or existing compound's likely ability to separate gases. In combination,
the techniques provide information on a compound's 1) novelty, 2) stability and structural changes upon
activation 3) stability under humidity, and 4) structural change and thermal response upon gas sorption.
We used the in situ XRD-DSC technique to enhance the discovery deployment cycle, initially in
evaluating the effect of humidity on CO2 adsorption performance of metal-organic frameworks (MOFs)
and zeolites. However the strategies developed over the past few years are applicable to a wide range of
materials being considered for separations applications.
Modification of commercial equipment with a custom-built humidity swing chamber and buffer
allow rapid evaluation of heats of absorption and overall stability of many cycles or gas
sorption/desorption. At room temperature, atmospheres can be set to any pressure between 0 – 1 atm at
any relative humidity (RH) between 0 – 80%, while simultaneously recording the heat flow and XRD
pattern of the sample. Typical adsorption experiments are carried out using either vacuum to atmosphere
swings or with different gas atmosphere swings. Examples of studies and applications include
evaluations of separations potentials for light hydrocarbons in Ca-based, porous, metal organic
frameworks, indicating that these have high potential to selectively adsorb ethane, ethylene and acetylene
over methane.
DSC-XRD techniques were useful in discovering the absorption mechanism in a new MOF,
suggesting design criteria for increased selectivity important for treatment of radioactive waste. The
cryogenic separation of noble gases is energy-intensive. Novel frameworks containing polarizing groups
within their pore spaces are selective toward Xe over Kr at ambient conditions, with Xe/Kr selectivity of
about 10 and Xe capacity of 37.1 wt% at 298 K, confirming their practical potential for separating Xe
from Kr. Once identified, breakthrough experiments confirm the potential first identified in screening
experiments using XRD-DSC.
i.

Simon, C.M., Mercado, R., Schnell, S.K., Smit, B., and Haranczyk, M. (2015) What Are the Best
Materials To Separate a Xenon/Krypton Mixture? Chemistry of Materials, 27: 4459-4475.

Speaker Biography
John B Parise earned his Ph.D. from James Cook University, Australia based on research carried
out on synthetic binary and ternary sulfides at Osaka University and the Australian Atomic Energy
Commission. He carried out postdoctoral research with C. T. Prewitt (Stony Brook) and RD Shannon (Du
Pont). His work on zeolites started with his appointment at Du Pont in the early 80s. Parise’s career
includes faculty appointments in Chemistry (Sydney - 83-89 and Stony Brook 89-) and in Geology (Stony
Brook, 89-). He is a joint appointee at Brookhaven National Laboratory (BNL) and directs the Joint
Photon Sciences Institute, which promotes academic-industry-government lab access to the National
Synchrotron Light Source-II at BNL. His research interests include in situ studies of condensed matter,
under conditions expected for engineered device operation.
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A 50 Year Romance with Faujasite
David E. W. Vaughan
Materials Research Institute, Pennsylvania State University
Faujasites have dominated industrial zeolites since the mid-1960s as catalysts, sorbents and ion
exchangers. The simplistic answer to its importance is 40 million BPD of crude oil and petrochemical
processing. Its intrigue is its complexity and diversity, greatly illuminated by modern characterization
methods. My first contact with FAU was in 1964 when Barrer instructed a senior Ph.D. student (R.M.
Gibbons) to explain his Lennard-Jones 12-6 potential calculations for estimating heats of sorption of
various gasses in FAU. My next exposure was in 1968 to observe a 10,000 gallon tank of FAU in
production mode at a Grace- Davison Baltimore plant. Subsequent research involved production problems,
modified syntheses, control of Si/Al ratios, the search for the elusive bss (EMT), T-atom substitutions and
the modification of secondary pore structures by steam and acid treatments. The excellent characterization
and computational capabilities at Exxon greatly expanded our understanding of these materials. The talk
will conclude with some recent observations of large crystals of synthetic Ga-FAU and natural
rhombohedral FAU.
Speaker Biography
The speaker’s background spans the spectrum of zeolite research with studies in Chemistry and
Geology (B.Sc., Durham), Experimental Geochemistry (M.S., Penn State) and Physical Chemistry (Ph.D.,
Imperial College, London). He worked at the W.R. Grace Research Labs in Columbia, MD, from 1967 to
1980, with a focus on zeolite cracking catalysts and sorbents (FAU, FER, LTA, CHA, ERI). He joined
Exxon Corporate Research Labs in 1980 (Linden, NJ), working on more fundamental problems in
synthesis, characterization and catalysts, retiring in 1999 to start a zeolite synthesis program at Penn State,
which continues. He has published 95 papers and issued over 100 patents. He served on IZA Council
from 1983 to 1996, including two terms as Council President (1983-1989); was Chairman of the 6th (Reno)
and 9th (Montreal) IZCs, and Chairman of the 12th (Baltimore) Finance Committee. In the 1990s he served
on several NSF Materials Science Committees.
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Solving the zeolite conundrum
Russell Morris
School of Chemistry, University of St Andrews, UK
Zeolites are extremely important materials in many different applications, from catalysis in oil
refining and automobile exhaust transformations, all the way through to ion exchange and medicine.
Zeolites are defined as porous solids comprising tetrahedral building units, and their structural
architecture plays an important part in their industrial utility. Several researchers, using computational
techniques, have predicted that there are more than 2 million different ways to link tetrahedral units
together to form zeolite structures. However, we have only ever managed to make about 200 different
structures, which means our synthesis success rate is about 0.01%! This is the zeolite conundrum. Why
are we so poor at making zeolites?
In this presentation I will look to answer this question by thinking about the limitations of
traditional synthesis approaches and provide strategies by which such limitations will be overcome. I will
introduce the ADOR (Assembly-disassembly-organisation-reassembly) mechanism of synthesis as a way
by which 'unfeasible' zeolites can be prepared as a way to solve the zeolite conundrum.
Speaker Biography
Russell Morris was born in St Asaph, North Wales and completed a DPhil at the University of
Oxford. From 1991-1995 he was a postdoctoral researcher at the University of California Santa Barbara
before returning to the UK to take up a position at the University of St Andrews, where he is now
Professor of Structural and Materials Chemistry. His research interests lie in the synthesis,
characterisation and application of porous solids. Among his notable research successes are the
development of ionothermal synthesis, the chiral induction of solids built from achiral precursors, the
characterisation of solids using microcrystal X-ray diffraction and the application of porous solids in
medicine and biology, particularly for the delivery of biologically active gases such as nitric oxide. He is
a Fellow of the Royal Society of Edinburgh and the Learned Society of Wales. He currently holds an
EPSRC Senior Fellowship. He is the winner of many awards, including the Royal Society Brian Mercer
Award for Innovation, a major UK award to recognise research that is commercially applicable, given for
his work on developing porous materials as gas delivery devices for medical applications. He is the
current holder of the Royal Society of Chemistry Peter Day Award for Materials Chemistry.

7

From Zeolite Nanoparticles to Hierarchical Structures:
Tailoring the Surface Chemistry for Catalysis
Sarah C. Larsen
Department of Chemistry, University of Iowa
The synthesis and spectroscopic characterization of nanocrystalline zeolites as discrete
nanoparticles or with hierarchical structures will be described. By systematically tuning the reaction
conditions, such as the concentration of the reacting species, temperature, synthesis duration and pH, the
formation of isolated nanocrystals or mesoporous aggregates of zeolites beta and ZSM-5 was achieved.
Zeolite nanocrystals of approximately 20 to 150 nm in diameter or mesoporous aggregates of
approximately 100 to 200 nm in diameter were prepared. The zeolite samples had large surface areas and
mesopore volumes. The zeolites were characterized by electron microscopy, solid state NMR, FTIR,
nitrogen adsorption and powder x-ray diffraction. The ability to systematically control the size,
morphology and composition of zeolites and mesoporous silica has important implications for catalysis.
Several applications will be discussed.
Speaker Biography
Sarah C. Larsen is the Associate Dean for Administrative and Academic Affairs in the Graduate
College and Professor of Chemistry at the University of Iowa (UI). She is also the co-director of the
Nanoscience and Nanotechnology Institute at UI and a senior editor for The Journal of Physical
Chemistry. Professor Larsen has an active research program focused on porous nanoparticles designed
for applications in environmental protection, catalysis, drug delivery and biomedical imaging. Her
innovations and accomplishments in research and curriculum development have been recognized with the
Iowa Women of Innovation Award for Academic Innovation & Leadership in 2011. In 2012 she was
named a Fellow of the American Chemical Society and of the American Association for the
Advancement of Science.
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Enhanced Diffusivity in Mesostructured Zeolites Measured by
Chromatographic Techniques
Michael G. Beaver
Rive Technology, Princeton, NJ
Zeolites are microporous crystalline aluminosilicates having pores of molecular dimensions,
typically <12 Å (thus the name “molecular sieves”). Due to their unique porous properties (uniform and
regular pore sizes, high surface areas, strong acidities and high thermal/hydrothermal stability), they are
widely used in ion-exchange, adsorption, separation and catalytic applications. However, the micropores
can impose diffusion limitations due to the restricted access and slow mass transport to and from active
sites located within the micropores. This phenomenon represents the major drawback in most industrial
applications of zeolites, especially in catalytic reactions such as fluid catalytic cracking.
Rive Technology, Inc. is developing and commercializing the proprietary mesoporous zeolite
technology in catalysis and separation. The technology, called “Riving”, introduces additional, controlled
mesoporosity (pore size > 2 nm) into zeolite crystals through a simple, surfactant-assisted method of
nanoengineering, thus improving mass transport inside the small crystals where reactions (or separation)
take place. We have shown through the use of chromatographic techniques that our mesostructured
materials have enhanced diffusivity relative to their unRived counterparts.

Speaker Biography
Michael Beaver received his Ph.D. from Lehigh University (2005-2010) where he worked with
Professors Hugo Caram and Shivaji Sircar on gas phase adsorptive separations. He spent a year of postdoctoral research at Lehigh under Prof. Mayuresh Kothare developing fast-cycle pressure swing
adsorption systems using zeolites for the production of home medical oxygen. Michael joined Rive
Technology in 2011 and helps lead product R&D and scale-up efforts in the commercialization of their
process.
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2. Michael Letterio, Brian Murphy, Dr. Bingjun Xu, Selectivity Control in the Catalytic Dehydration of
Methyl Lactate over Alkali-Metal Zeolites, University of Delaware
3. Molly Koehle and Raul F. Lobo, Production of para-methylstyrene and para-divinylbenzene from
furanic compounds, University of Delaware
4. Jingye Yu, Shiyu Zhu, Raymond J Gorte, A Flow Reactor Study of Solid Brønsted and Lewis Acid
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Methanol Conversion on Copper containing Small-pore zeolites, University of Delaware
8. Huibo Sheng, Edward P. Schreiner, Weiqing Zheng, Raul F. Lobo, Non-oxidative Coupling of
Methane to Ethylene with Mo2C/[B]-ZSM-5, University of Delaware
9. Yiqing Wu, Laleh Emdadi and Dongxia Liu, Mo/Lamellar MFI zeolite Catalysts with Tunable Meso/microporosity for Direct Methane Aromatization Reactions, University of Maryland
10. Taslima A. Zaman, Ji Woong Chang and Robert M. Rioux, Comparison of Acid Site Density between
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State University
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Maryland
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13. Mohammad Navaid Khan, Scott M. Auerbach, Peter A. Monson, Study of the Effects of Structure
Directing Agents on the Self-Assembly Process of Ordered Microporous Materials, University of
Massachusetts Amherst
14. Daniel G. Gregory, Mark A. Snyder, Stabilization of Metastable Oxides via Surface Modification,
Lehigh University
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15. Yiqun Liu, Manik Mandal, Vinzeno Stagno, Cong Liu, Yingwei Fei, Kai Landskron, Synthesis of
Periodic Mesoporous Silica with Crystalline Pore Walls, Lehigh University
16. Gracia El-Ayle, K. Travis Holman, Structural Analysis of Extremely Confined Gases Inside a
Lipophilic Cage Molecule, Georgetown University
17. Ivana Brekalo, Christopher M. Kane, Joseph R. Ramirez and K. Travis Holman, Templation effects
and novel ZIF structures by solid state synthesis, Georgetown University
18. Xianyin Chen, Debasis Banerjee, Anna M. Plonka, Xiaojun Chan, Jiajie Cen, John A. Daly, Tea Jin
Kim, Alexander Orlov and John B. Parise, Behaviors of Iodine Adsorption on Two Ca-Based MetalOrganic Frameworks, Stony Brook University
19. Joseph R. Ramirez, Amanda N. Ley, Haiyang Yang, Rahul Banerjee, K. Travis, Holman Reproducible
Synthesis of an Elusive Zeolitic Imidazolate Framework via Introduction of a Double-Eight Ring
Template, Georgetown University
20. Amanda N. Ley, K. Travis Holman, Mixed-ligand metal-organometallic MIL-101 analogues
incorporating [CpM]+-functionalized ligands, Georgetown University
21. Megha Sharma, Zheng Tian, Mark A. Snyder, ‘One-Pot’ Hard Templating of Interdigitated Bimodal
Three-Dimensionally Ordered Mesoporous (ib3DOm) Carbons, Lehigh University
22. S.C. Oh, Y. Wu, H. Chen, D.T. Tran, I. C. Lee, Y. Lei, D. Liu, Influences of Cation and Anion
Substitutions on Oxidative Coupling of Methane over Hydroxyapatite Catalysts, University of
Maryland
23. Jonathan Rosen, Gregory Hutchings, and Feng Jiao, Mechanistic Insights into the Electrochemical
Reduction of CO2 to CO on Nanostructured Ag Surfaces, University of Delaware
24. Qi Lu, Feng Jiao, Jingguang Chen, Highly Porous Non-precious Bimetallic Electrocatalysts for
Efficient Hydrogen Evolution, University of Delaware and Columbia University
25. Wesley Luc, Feng Jiao, Highly Active and Stable Water Oxidation Catalysts in Near-Neutral
Environment, University of Delaware
26. Shah Najiba, Cong Liu, Manik Mandal, Jiuhua Chen, Yingwei Fei, Kai Landskron, Synthesis of
mesoporous diamond monoliths from periodic mesoporous SBA-15 type carbon, Lehigh University
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Investigation of Sugar Isomerization Mechanism on Homogeneous Sn-Silicate
Catalysts
Tyler Josephson,1 K. Brand,2 J. Labinger,2 M. Davis,2 D.G. Vlachos,1 S.
Caratzoulas1
1

Chemical Engineering, University of Delaware, 150 Academy St., Newark, DE 19711
2
Chemical Engineering, California Institute of Technology, Pasadena, CA 91125

The isomerization of glucose to fructose has recently emerged as an important route for the conversion of
cellulose to intermediate platforms. Catalysts based on Sn-Beta have been found active for transforming glucose into
its isomer fructose, as well as its epimer mannose. The active sites in these heterogeneous materials are difficult to
characterize, especially under reaction conditions. We developed a homogeneous catalyst model to isolate,
characterize and test different types of active sites, and compare these to heterogeneous catalysts. These
stannasilsequioxane catalysts, or Sn-Cubes, are active for glucose isomerization and epimerization, although they
differ in selectivity from Sn-Beta.
We performed DFT calculations to investigate numerous isomerization and epimerization pathways on this
Sn-Cube catalyst. We modelled glucose adsorption and ring-opening to produce the open chain form of glucose.
From open-chain glucose, we considered three overall reactions to produce either fructose via a C2-C1 hydride
transfer, mannose via a subsequent C1-C2 hydride transfer, and mannose via a C-shift reaction, transfering C3
bonding from C2 to C1. There are three types of pathways available for each reaction: a stepwise mechanism
through a chelate intermediate, and 2 possible concerted mechanisms. Finally, we considered fructose and mannose
ring-closing, reprotonation, and desorption to complete the full catalytic cycle. The highest-barrier steps were found
to be the hydride transfer and C-shift reactions. The complete reaction network was analyzed using the energetic
span model to estimate the relative rates of isomerization and epimerization. We found agreement between our
predictions and kinetic measurements, as well as 13C labelling experiments that distinguish among the different
possible pathways for producing fructose and mannose. The findings from this work are compared to those of SnBeta in order to close the gap between molecular analogues of a heterogeneous catalyst and the actual material.
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Selectivity Control in the Catalytic Dehydration of Methyl Lactate over
Alkali-Metal Zeolites
Michael Letterio1, Brian Murphy1, Dr. Bingjun Xu1*
1

Department of Chemical Engineering, University of Delaware, Newark, DE 19716-2570, USA

Catalytic dehydration of lactic acid and its esters is a promising approach to renewably produce acrylic acid
and its esters, which are currently derived almost entirely from petroleum. Via a combination of fundamental
reactivity and in-situ transmission Fourier Transform infrared (FTIR) spectroscopic investigations, we have
achieved a molecular level understanding of the dehydration reaction mechanism over zeolite NaY. Brønsted acid
sites generated in-situ via surface ion exchange have been identified as the primary active sites for the dehydration
pathway. The key branching point between the desired dehydration and undesired decarbonylation pathways is the
dissociation of methyl lactate on NaY to form adsorbed sodium lactate and surface methyl groups. While the
decarbonylation pathway to acetaldehyde dominates when methyl lactate is not dissociated, adsorbed sodium lactate
may undergo dehydration catalyzed by either Brønsted or Lewis acid sites, although the former are significantly
more active. In order to control selectivity, we have introduced additives into the reactant solution, and shown that
alkaline additives such as pyridine adsorb to in situ generated Brønsted acid sites, which leads to a significant
reduction in selectivity to decarbonylation. The mechanistic understanding gained will enable the rational design of
more efficient catalytic systems for methyl lactate dehydration
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Production of para-methylstyrene and para-divinylbenzene from furanic
compounds
Molly Koehle1 and Raul F. Lobo1,*
1

Catalysis Center for Energy Innovation, University of Delaware, 150 Academy St., Newark, DE 19711

Of the three isomers of methylstyrene, para-methylstyrene is highly desirable because it yields polymers
with superior properties over polystyrene and mixed poly-methylstyrene [1]. However, controlling the substitution
of methylstyrene via direct acylation or alkylation of toluene is difficult because even though the para isomer is
favored, meta and ortho isomers are also formed [1, 2], and separation of the isomer mixture is very difficult due to
their nearly identical properties.
The Diels-Alder cycloaddition and dehydration of substituted furans with ethylene is a plausible route to pmethylstyrene since it is inherently selective to para aromatic species. We have successfully developed a three-step
catalytic route to p-methylstyrene from methylfuran (Scheme 1) at high yield and very high isomer selectivity. The
process uses Friedel-Crafts acylation, selective reductions with hydrogen and Diels-Alder cycloaddition with
ethylene. The raw materials—furans, ethylene and acetic acid—can all be derived from biomass [3,4], thus allowing
‘green’ styrene production from renewable carbon sources. This approach has also been extended to the production
of p-divinylbenzene.

Scheme 1: Production of para-methylstyrene from methylfuran

References
[1] W.W. Kaeding and G.C. Barile, in: B.M. Culbertson and C.U. Pittman, Jr. (Eds.), New Monomers and
Polymers, Plenum Press, New York, NY, 1984, pp. 223-241.
[2] “Aromatic Substitution Reactions.”
http://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/benzrx1.htm
[3] A.A. Rosatella; S.P. Simeonov; R.F.M. Frade, R.F.M..; C.A.M. Afonso, Green Chem., 13 (2011) 754.
[4] C.H. Christensen; J. Rass-Hansen; C.C. Marsden; E. Taarning; K. Egeblad, ChemSusChem, 1 (2008) 283.
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A Flow Reactor Study of Solid Brønsted and Lewis Acid Catalysts for
Reaction of Dimethylfuran and Ethylene to p-Xylene
Jingye Yu1, Shiyu Zhu1, Raymond J Gorte1,*
1

Department of Chemical and Biomolecular Engineering, University of Pennsylvania, 220 South 33rd
Street, Philadelphia, PA, 19104

The Diels-Alder cycloaddition of 2,5-dimethylfuran (DMF) and ethylene, with subsequent dehydration to
p-xylene, were examined over the solid Brønsted acid, H-BEA, and solid Lewis acid, Sn-BEA, using a flow reactor.
The acidity of each catalyst was characterized by TPD-TGA (Temperature programming desorption and temperature
gravity anaylsis). It was shown that Sn-BEA exihibited better performance than H-BEA, showing higher stability
and providing better selectivity to p-xylene. The detailed kinetic study of the reaction varied the reaction
temperature, concentration ratio of 2,5-dimethylfuran and ethylene, space time, etc. on Sn-BEA catalyst. The
reaction rate to form p-xylene was linearly proportional to the product of the concentration of dimethylfuran and the
concentration of ethylene.

15

Alkane Activation by Molybdenum Supported on Low-Acidity Zeolites
Edward P. Schreiner,1 Shewangizaw Teketel1, Raul F. Lobo1
1

Department of Chemical and Biomolecular Engineering, University of Delaware, 150 Academy St,
Newark, 19716

Practical use of hypersonic planes (> Mach 5) has been hindered by overheating of aircraft engine and
electronic components, caused by high fuel combustion rates and air friction1. Current military aircraft can use jet
fuel as a heat sink, but future hypersonic aircraft will exceed the cooling capacity of the fuel2,3. Cooling capacity can
be increased through use of so-called endothermic fuels, which remove thermal energy produced by the aircraft
through endothermic chemical reactions4,5. Cracking reactions are endothermic and the solid acid zeolite, H[Al]ZSM-5, was chosen to catalyze these reactions as it is known to yield light olefins with high selectivity in
fluidized catalytic cracking units6. It was found, however, that secondary bimolecular reactions on H-[Al]ZSM-5
controlled product distribution and reduced process endothermicity7. Subsequently, supported molybdenum carbide
catalysts were investigated as they can react with numerous hydrocarbons producing olefins8.
A number of pure and supported molybdenum carbides were investigated for the dehydrogenation of npentane. Two samples provided the highest reactivity and selectivity toward pentenes: Mo/H-[B]ZSM-5 (zeolite
support) and Mo/Al2O3. These two catalysts exhibited an induction period, with the highest reaction rates observed 1
h after the start of the reaction. This increase in reactivity indicates that the most active form of the catalyst was
formed in the reactor by interaction with the reactant. Slow deactivation was observed over the 5 h on stream
investigated, but unlike the other catalysts tested, the selectivity of the dehydrogenation product from the zeolite
support did not change with time on stream. Dehydrogenation of n-hexane and n-heptane were also tested on the
most active catalysts.
The Mo/H-[B]ZSM-5 catalyst showed the highest conversion of all the catalysts investigated, while
maintaining the same high selectivity towards the dehydrogenation product as Mo/Al2O3. Furthermore, by using H[B]ZSM-5, the undesirable secondary bimolecular reactions observed in acidic H-[Al]ZSM-5, which include
oligomerization and dehydrocyclization reactions, were suppressed, preserving the desired olefinic product.
100

C5= Selectivity (%)

Rate (mmol C5 / gcat-hr)

50
40
30
20
10
0

0

1

2

3

4

5

Time on Stream (hr)

80

Mo2C / -Al2O3
Mo2C / [B]ZSM-5

60

Mo2C / ZrO2
Mo2C / MgO
Bulk Mo2C

40
20
0

0

1

2

3

4

5

Time on Stream (hr)

Figure 1. Rates and pentene carbon selectivity of pentane conversion on various molybdenum carbide
catalysts. Conditions: P = 40 bar, T = 723 K, mcat = 100 mg, WHSV = 188 gC5/gcat-hr, residence time ~ 0.6 s.
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Endothermic Reforming of n-Hexane on metal (Pt, Ga) containing H-ZSM-5
at High Pressures
Yu-Hao Yeh, Jingye Yu, Jing Luo and Raymond J. Gorte
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The supercritical, high-pressure reaction of n-hexane over H-ZSM-5, with and without the addition of Pt
and Ga, has been studied for application to endothermic reforming in scramjet engines. The endothermicities of the
reactions were determined from the product distributions. For unpromoted H-ZSM-5, the product distribution
indicated that the endothermicity is low and decreases with increasing pressure. The addition of Ga to H-ZSM-5 has
a relatively small effect on n-hexane conversion but significantly increases the endothermicity of the reaction by
increasing the selectivity to form small aromatics. The H(Ga)-ZSM-5 catalyst showed no deactivation for at least 5 h
at 633 K and 137 bar n-hexane. By contrast, the addition of Pt had a minor effect on both the rate and the reaction
endothermicity.
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Methane to Methanol Conversion on Copper containing Small-pore zeolites
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Direct conversion of methane to chemicals and fuels has been a long-standing challenge for the field of
catalysis. The large energy barrier for cleavage of the C-H bond of methane and the relative lower energy of C-H
bonds in the desired products—methanol and formaldehyde—renders the selective conversion of methane very
difficult; facile over-oxidation of the products is unavoidable at the conditions where methane activation is possible.
Copper exchanged zeolites (Cu-ZSM-5[1] and Cu-mordenite[2]) have been found to convert methane to methanol
selectively following a 3-step cyclic process: (i) oxidation of the Cu-zeolite with O2 at relatively higher temperatures
(450 °C) to create reactive copper-oxo species, (ii) methane activation at moderate temperatures (120–200 °C) and
(iii) admission of a solvent to extract methanol from the surface. The reactive copper species on Cu-ZSM-5[3] and
Cu-mordenite[4] was found to be a mono-μ-oxo-dicopper complex ([Cu—O—Cu]2+) based on an absorption feature
at 22,700 cm-1 in UV–vis spectra and several unique features in resonance-enhanced Raman spectra. We have
showed that copper exchanged small-pore (8-membered ring) zeolites (Cu-SSZ-13, Cu-SSZ-16 and Cu-SSZ-39)
produced more methanol on a mole of methanol per gram (as high as 39 µmol methanol/gzeolite) and mole of
methanol per mole of Cu basis (up to 0.09) when compared to Cu-ZSM-5 and Cu-mordenite.[5] Here UV–vis and
Raman spectra and in-situ synchrotron X-ray diffraction experiments of Cu-SSZ-13 sample have been used to reveal
characteristics of a trans-µ-1,2-peroxo dicopper(II) species forming upon O2 activation at 450 °C. Lower
temperature activation of Cu-SSZ-13 sample is achieved using N2O at temperatures between 200 °C and 300 °C
which enabled highly selective catalytic conversion of methane to methanol at temperatures between 250 °C and
270 °C.
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Non-oxidative Coupling of Methane to Ethylene with Mo2C/[B]-ZSM-5
Huibo Sheng, Edward P. Schreiner, Weiqing Zheng, Raul F. Lobo*
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of Delaware, 150 Academy Street, Newark, DE, 19716
Effective utilization of methane is of great interest and importance to the chemical industry because of the
rapid growth of shale gas production and lower cost of this raw material1. Due to the high chemical stability of
methane, much effort has been devoted to convert methane to higher hydrocarbons, such as ethylene. Non-oxidative
coupling of methane to ethylene is a promising alternative to generate a carbon stream that can be fed directly into
the existing structure of the chemical industry.
Mo/H-ZSM-5 based catalysts are a well studied group of materials for the methane dehydrogenative
aromatization reaction2. This reaction is thermodynamic limited with only 12% equilibrium conversion of methane
at 700 oC. The commonly accepted reaction mechanism involves two steps with ethylene as the intermediate. While
the second step reaction from ethylene to benzene is an acid catalyzed reaction.
In this work, boron is employed instead of aluminum in the zeolite framework, which leads to a dramatic
decrease in the zeolite acidity. 2% wt. of molybdenum was loaded into the zeolite by wetness impregnation. After
calcination, mono and binuclear Mo oxide was anchored onto the zeolite surface, as a high UV-vis band gap energy
(4.1 eV) was observed3. The further carburized catalyst showed a good selectivity towards ethylene (~90%).
[B]-ZSM-5 was synthesized by the hydrothermal method using tetrapropylammonium bromide (TPABr) as
the organic structure director. Fume silica was used as the silica source and boric acid as the boron source. After
calcination and NH4+ ion exchange, 2% ammonium heptamolybdate was impregnated onto the zeolite support.
Before reaction, the catalyst was calcined and carburized.
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Mo/Lamellar MFI zeolite Catalysts with Tunable Meso-/microporosity
for Direct Methane Aromatization Reactions
Yiqing Wu, Laleh Emdadi and Dongxia Liu
Department of Chemical and Biomolecular Engineering, University of Maryland, College Park, MD,20742
The conversion of methane to hydrocarbons (MTH) is predicted to be economically competitive
with production of hydrocarbons from crude oils. Among different MTH techniques, direct methane aromatization
(DMA) is expected to be promising since it can achieve one-step methane valorization. Mo loaded MFI zeolite has
been one of the best catalysts for DMA reactions. The coke deposition on catalysts with small crystal sizes or
limited mass transport in catalysts with large crystal sizes constrains the performance of Mo/MFI catalysts in DMA
reactions. The emerging hierarchical meso-/microporous lamellar MFI zeolites with the capability of tailoring their
porosity potentially create an opportunity to fine tune the coke deposition and mass transport in catalysts. In this
work [1], the Mo/lamellar MFI zeolite catalysts were systematically studied for DMA reactions. Implications of the
tunable meso-/microporosity on the spatial distribution and catalytic performance of metal-acid sites in Mo/lamellar
MFI catalysts were understood. A balance between the meso- and microporosity in lamellar MFI zeolites and the
resultant active site distributions are needed to realize the improved performance in DMA reactions.
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(C)

(D)

Figure 1. SEM images of MFI-10/0 (A), MFI-10/5 (B), MFI-10/12 (C) and MFI-10/36, showing the tunable
particle sizes and porosity via dual template method. Note: 10/x indicates the molar ratio of C22-6-6 and TPAOH
in recipe.
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Figure 2. Hierarchy factor [2] (HF = (Vmicro/Vtotal) x (Sext/SBET)) of lamellar MFI zeolites (A) shows a volcano
dependence over the ratio of C22-6-6 and TPAOH; Distribution of active sites (Mo and acid sites) on the surface
(B) and aromatics production in DMA reaction (C) show linear dependence over HF.
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Zeolites are predominantly used in the petrochemical industry as solid-acid catalysts for hydrocarbon
reforming. The acid sites available for reaction are often correlated with catalytic activity and hence it is important
to quantify the acid site density.1 Probe adsorbates, such as basic amines, can be used to count acid sites2,3. Further
studies of spatial distribution of acid sites in single-large crystals provides a fundamental understanding of their
structure-function relationships and possibly enable to bridge the gap between the chemistry and kinetics that occur
in sub-micron particles and in single large-body zeolite crystals.
In this study, the aluminum content of ZSM-5 with different Si/Al ratio will be measured using
thermogravimetric analysis (TGA) with various amines, including isopropylamine and pyridine. Both sub-micron
sized samples (obtained from Zeolyst) and single large-body crystal zeolites with similar Si/Al ratios will be
analyzed and compared. We expect the measured Al content to be independent of particle size demonstrating that
all acid sites within the large zeolite crystals are accessible. Electron probe microanalysis (EPMA) will also be
utilized to measure the aluminum content spatially within the large single crystals of ZSM-5 since it is well-known
that Al tends to zone in these particles.
Large ZSM-5 crystals was synthesized by using an established
Table 1. Measured aluminum
procedure4 using a reactant mixture with a composition of
content via ICP and TGA
90SiO2:Al2O3:12Na2O:2100H2O:9TPAOH. X-ray diffraction data
was obtained of the synthesized crystals on a PANalytical Empryean
X-Ray diffractometer using a Cu Kα (λ = 1.5406 A) radiation source in
the range of 2θ = 5-70°. Scanning electron microscope (SEM) images
of the crystals were obtained on a FEI Nova NanoSEM 630 field
emission SEM using the secondary electron detector, 5 kV
accelerating voltage, and 0.22 nA emission current. The sample
composition (Si/Al ratio) was determined by inductively coupled
plasma optical emission spectroscopy (ICP-OES) Agilent 700 Series,
where samples were analyzed three times and the average intensity was
used to obtain the Si and Al concentrations.
For TGA experiments, single bodies calcined at 550°C for 2 weeks
were exposed to amines in the vapor phase at 25 or 50°C until the
weight change of the zeolite sample ceased. The sample was purged in
helium to remove physisorbed adsorbate and then heated from room
temperature to as high as 1000°C at a heating rate of 10°C/min in He
(50 mL/min). For EPMA studies, CAMECA SXFive was used at 15
kV, 0.08 μA sample current, a beam diameter of 0.8 μm producing an
analysis volume of about 2 μm3. Only true cross-sections through the
core of the crystal and oriented approximately parallel or perpendicular
to c were analyzed.
Results in Table 1 compare aluminum content measured using ICP
and TGA results of strongly adsorbed pyridine demonstrate a 1:1
stoichiometry between pyridine and aluminum for both sub-micron
Figure 1. TGA and mass
sized and the single large zeolite crystals independent of Si/Al ratio of
spectrometer
curves for pyridine (m/z
samples. Only pyridine (m/z = 52) desorbed from the sample (Figure 1).
52) in ZSM 5
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The Role of External Acidity of Meso-/Microporous Zeolites in Determining
Selectivity for Acid-Catalyzed Reactions of Benzyl Alcohol
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A comparison of selectivity in catalytic conversion of benzyl alcohol in mesitylene on hybrid lamellar-bulk
MFI (HLBM)1,2 zeolite materials containing dual meso-/microporosity showed that the external Brønsted acidity in
meso-/microporous MFI zeolites effectively impact on selectivity of the parallel alkylation and etherification
reactions. HLBM zeolites, consisting of crystalline bulk microporous core and lamellar mesoporous shell, not only
catalyzed the parallel reactions3,4 on the external environments (external surface and mesopore) but also
etherification reaction in the internal environment (micropore) as illustrated by the completely suppressed alkylation
and retained residual etherification reactions after 2,6-di-tert-butylpyridine (DTBP) poisoning. A systematic study
of HLBM zeolites with tunable meso-/microporous domains achieved by a dual template assisted
synthesis1,5 revealed that parallel alkylation and etherification reactions are tailored by the tunable external acidity
and external surface area of the HLBM zeolites upon tuning the ratio of dual templates in the synthesis. The external
alkylation and etherification reaction rates as a function of cumulative DTBP addition suggested the presence of
Brønsted acid sites with different strengths on external environments of the HLBM zeolites, which influenced the
alkylation reaction, but was irrelevant to the external etherification reaction. The evidence shown here for the
involvement of external acidity in catalyzing parallel reactions and for the role of external acidity with variable
strengths in HLBM zeolite materials extends the scope of observed catalytic behaviors of meso-/microporous zeolite
materials beyond those reflecting transport effects and accessibility of acid sites.
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Experimental study on molecular transport in hierarchical porous materials
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Hierarchical porous materials with both microporous (< 2 nm) and mesoporous (2 – 50 nm) structures are a
subject of active investigation for a number of prospective applications including catalysis, separation, biosensors
and drug delivery. Understanding molecular diffusion in the hierarchical porous materials has, however, been
elusive for decades due to the complexity involved – ranging from configurational diffusion and surface diffusion to
Knudsen diffusion. A fundamental understanding of molecular transport is indispensable for the rational
development of these materials for desired applications.
In this study, mesoporous SBA-15 silicas and hierarchical zeolites of varying microporosity and
mesoporosity were synthesized and the diffusion of different probe molecules in them was studied using the Zero
Length Column (ZLC) technique. Our results demonstrate that the dominant molecular transport mechanism in
MCM-41 is surface diffusion while that for SBA-15 and hierarchical zeolite is configurational diffusion, mainly
because of the presence of microporous structures in the hierarchical zeolite and SBA-15 samples. In the case of
cyclohexane diffusion in SBA-15, our results indicate that the effective diffusion length in these materials might be
much longer than what was previously thought and that the effective diffusivities of cyclohexane are determined by
the extent of microporosity.
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An important research frontier in the field of zeolite synthesis is to understand their formation processes,
which would help in fabrication of tailor-made structures for advanced applications. Structure directing agents
(SDAs) play a key role in the self-assembly process of zeolites as they promote the formation of microporous
crystals. Our research focuses on studying the effects of the properties of quasi-spherical SDAs – SDA size, SDAsilica interaction, as well as SDA concentration – on resulting microporous structures.
We represent the tetrahedral geometry of silicic acid molecules, building blocks of zeolites, as a unit cell on
a body-centered cubic lattice. In our model a silicon atom occupies the center of a unit cell, whereas the hydroxyl
groups are located at the corners. The condensation reaction is modeled as the sharing of hydroxyl groups from two
different tetrahedra on the same site, which results in a decrease in total energy. In the past, we have applied this
model to understand silica polymerization at iso-electric point as well as across pH spectrum, formation of
surfactant-templated mesoporous materials, and thermodynamics of stable crystalline states.
We have included SDAs to study their effects on crystalline states using parallel tempering Monte Carlo
simulations. The SDAs are modeled as quasi-spherical species occupying many sites on the lattice, and attractions to
oxygen atoms. We have systematically studied the effect of size and concentration of the SDAs on the properties of
the resultant framework. We have observed that an increase in SDA size shifts the ring size distribution (RSD) to
larger ring sizes, whereas an increase in the concentration of SDAs shifts the RSD to smaller ring sizes. Moreover
we observed that the attraction strength between SDAs and oxygen atoms (eps) – representative of van der Waals
interaction – plays a key role in determining the resulting materials. Layered materials are formed when eps = 0.
When 0 < eps < 1.2 kcal/mol, we find 3D microporous crystals. For stronger attractions we observe layered
materials again. Therefore, there exists a sweet-spot for the value of attraction strength between SDAs and oxygen
atoms where three dimensional crystalline materials are observed.
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Stabilization of Metastable Oxides via Surface Modification
Daniel G. Gregory, Mark A. Snyder
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Sacrificial templating offers a versatile method of synthesizing new materials with hierarchically porous
structures for use as catalysts and adsorbents. Templating facilitates precise tunability of pore size in order to
engineer materials with rationally designed pores spanning all regimes of porosity (microporous, mesoporous, and
macroporous). This process offers the ability to selectively tailor a catalyst or adsorbent to obtain desirable transport
properties during chemical processing. This work demonstrates the ability to produce three dimensionally ordered
mesoporous (3DOm) materials consisting of titania (TiO2) and zirconia (ZrO2) using a hard templating technique
with colloidal silica; while simultaneously stabilizing the traditionally metastable oxide phases of these materials (i.e.
anatase TiO2 and tetragonal ZrO2) at elevated temperatures.
Having demonstrated both the structural and molecular engineering of materials via templating, the
phenomenon of metastable oxide stabilization is investigated more generally in a series of catalytically active
supported oxide systems. The deposition of a surface oxide on a support is shown to ballast the underlying oxide
while preserving its surface area, crystal structure, and catalytic functionality. This phenomenon is demonstrated by
assessing the stability of TiO2 and ZrO2 when supporting a range of catalytically active surface oxides (e.g.
molybdenum oxide, silica, tungsten oxide, and ceria) during high temperature calcination. HRTEM, XRD, N2
adsorption, and dehydrated IR-spectroscopy are utilized to evaluate catalytic reconstruction and surface functionality
at elevated temperatures. The insight provided by this work allows a rational approach for selecting surface oxides
in order to engineer the pore structure and atomic structure of oxides while limiting catalytic reconstruction during
the synthesis of robust catalysts for high temperature applications.
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The motivation for the synthesis of periodic mesoporous silica materials (with pore sizes from 2 to 50 nm)
20 years ago was to replace the microporous zeolites (which have pore sizes of < 2 nm) in petroleum cracking
applications, because the larger pore size of mesoporous materials allows for faster transport of larger molecules.
However, these mesoporous materials could not replace zeolite materials because they showed lower hydrothermal
stability and lower catalytic activity. This reduced performance has been attributed to the amorphous nature of the
mesoporous materials' channel walls. Here, we have developed a synthetic route to mesoporous aluminosilica with
crystalline pore walls via "nanocasting at high pressure" at 2 GPa and a temperature of 650 oC. This method requires
the use of a mesostructure as the so called "hard template". The synthesized mesoporous aluminosilica materials are
steam stable and are resistant to shrinkage under harsh conditions of hydrothermal treatment at 850 oC. In addition,
we are growing mesoporous quartz single crystal under hydrothermal conditions with porous carbon as the hard
template.
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Structural Analysis of Extremely Confined Gases Inside a Lipophilic Cage
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Many porous host-guest complexes and assemblies have been developed in the past decades for the study
of interactions based on hydrogen bonds, van der Waals forces, and hydrophobic interactions for a wide range of
applications including gas storage, separations, and sensing. Discrete molecules with [ultra]microcavities like
calixarenes, cavitands, cucurbiturils, etc., are not formally defined as being porous, however possess molecule-sized
void spaces allowing the formation of inclusion complexes similar to ultramicroporous materials. In 1981, Andre
Collet introduced a new type of container molecules called cryptophanes. These molecules are macrocycles with a
defined cavity where the guest can be entirely "contained" inside the molecule due to the enforced, hydrophobic
internal cavity. Cryptophanes have been extensively studied over the past 3 decades related to their ability to
selectively encapsulate small molecules and gases.1 The smallest cryptophane, known as cryptophane-111 (111)
where n=m=1 (Fig. 1) has a cavity size limited to ~ 73 Å3, thus allowing it to be an excellent host for small gases
like H2, CH4, Xe, C2H4, and C2H6. In fact, 111 exhibits the highest affinity for Xe (VvdW = 42 Å3) in organic solvents
with a binding constant of 1 × 104 M-1 at 293 K and a very slow decomplexation rate.2 We envision that
cryptophanes may have intriguing properties towards materials that exhibit porosity “without pores” or display
extreme confinement of gaseous species purely by van der Waals forces. To date, all reported derivatives of (±)-111
were obtained by post-synthetically modifying (±)-111, which is prepared by the covalent capping of two
cyclotriphenolene (±)-CTP cups. In effort to make more available functionalized derivatives, trisbromocryptophane111, (±)-Br3-111 was successfully synthesized by the heterocapping of (±)-CTP with trisbromocyclotriphenolene
(±)-Br3-CTP.3 Single crystal X-ray diffraction data were obtained for the guest free (±)-Br3-111 host as well as for
complexes of N2, Ar, Kr, and Xe as shown in Fig. 1. Also, CH4 complexation by (±)-Br3-111 in CD2Cl2 was studied
using 1H NMR spectroscopy to better understand the substituent effect of the bromide on the (±)-111 core in terms
of the binding of gases.

Fig. 1. Thermal ellipsoid plots of small gas complexes of Br3-111
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Templation effects and novel ZIF structures by solid state synthesis
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In the last decade zeolitic imidazolate frameworks (ZIFs), a subclass of metal-organic frameworks (MOFs),
have been rising in popularity due to their diverse topologies, good thermal and chemical stability, and large pore
volumes, which could enable their use for gas-storage, separation of gases, and catalysis.1 However, traditional
solution synthesis methods are very energy demanding, they use large quantities of organic solvents and rather
expensive inorganic nitrates as starting material, and, above all, are often irreproducible and hard to control, giving
mixtures of different ZIF frameworks in often low yields. Mechanochemical alternatives have been proposed,
including neat grinding2, ion and liquid assisted grinding (ILAG)3, and most recently, accelerated aging4.
We explored several different methods for solid-state ZIF synthesis, including neat and liquid-assisted
grinding, slurrying, as well as a modified accelerated aging procedure, giving rise to novel ZIF structures. We also
show that we can, for the first time, direct the outcome of ZIF syntheses to porous frameworks containing a specific
structural motif by employing an organic template using several different synthetic methods (Scheme 1).

Scheme 1. Schematic depiction of the outcome of a ZIF synthesis, with and without template.
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Reprocessing used nuclear fuel presents a unique challenge when dealing with volatile radionuclides such
as isotopes of Kr, Xe and I, due to the volatility and involvement in the environment and long half-life. Efficient
capture of 129I (t1/2 = 15.7 million years) from the nuclear waste stream can help to reduce the risk of releasing iodine
radionuclide into the environment and mitigate concerns about human health problems.[1, 2] We report direct
visualization of iodine sorption sites in two calcium based MOFs (SBMOF-1, [Ca(sdb); sdb: 4,4’-sulfonyldibenzoate]
and SBMOF-2 [Ca(tcpb); tcpb: 1,2,4,5-tetrakis(4-carboxyphenyl)benzene]) from single crystal X-ray diffraction
studies, and characterizations by PXRD, TG-MS and Raman spectroscopy. Both SBMOF-1 and channel type I in
SBMOF-2 contain delocalized π-electron clouds around the channel wall, while channel type II in SBMOF-2 is
enriched with more polarizing –OH group from the not fully deprotonated linker. The more polarizing groups in
type II channel of SBMOF-2 are favored for iodine uptake. Adsorption studies under dry and 33%, 43% relative
humidity conditions reveal that in the presence of water in the gas mixture both SBMOF-1 and SBMOF-2 do not
adsorb any water from atmosphere but do uptake iodine.
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A reproducible synthesis of the elusive merlinoite (MER) topology of a zeolitic imidazolate framework
(ZIF)1-3 has been achieved via kinetic templation of the framework around a simple molecular cavitand, Me,Me,CH2.
The material, (MER)-Me,Me,CH2@Zn16Im32xDMF is confirmed to be porous and exhibits the highest experimental
surface area (1893 m2g-1, BET) yet measured for any porous ZIF. In addition, incorporation of the cavitand not only
serves as an ideal template for double-eight rings (d8rs), but also introduces a molecular recognition component
inside the framework due to the inherent bowl-like cavity of the cavitand.

Templation of double-eight ring (d8r) using Me,Me,CH2
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With one of the largest internal surface areas of any porous material, MIL-101[1] has been studied for an
array of applications including gas capture[2] and various types of catalysis[3]. Previous functionalizations of the
MIL-101 framework for catalysis have focused on post-synthetic modification aided by the use of an
aminoterephthalate ligand, which is later covalently linked to a catalytic moiety, to be used for ethylene dimerization
reactions[4]. Previously, our group has reported the incorporation of [CpFe]+-functionalized ligands into both known
and novel frameworks, resulting in microporous materials with potential applications in catalysis[5,6]. Here, we
present the first examples of mixed-ligand metal-organometallic MIL-101 analogs that incorporate these [CpM]+functionalized ligands (M = Fe, Ru). By varying the synthetic ratios of functionalized to unfunctionalized ligand,
we are able to successfully synthesize and characterize several mixed-ligand metal-organometallic MIL-101 analogs
with varying degrees of organometallic ligand incorporation.
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Three-dimensionally ordered porous carbon films and powders of tunable pore topology show promise in
liquid and gaseous separations, solar cells, as catalyst supports and as supercapacitors. In this poster, we will present
novel one-pot synthesis1 of porous carbons with interdigitated bimodal three-dimensionally ordered mesoporosity
(ib3DOm carbons). Preformed size tunable silica nanoparticles (c.a. 30-50 nm) and a carbon source (glucose) are
mixed in aqueous solutions and convectively co-assembled to form tunable thickness silica-glucose colloidal
crystals. Subsequent polymerization and pyrolysis of the occluded glucose and selective etching of the silica
template leads to carbons with independent but interdigitated spherical and interstitial pore topologies. Mechanistic
studies, informed by small angle x-ray scattering (SAXS), provide fundamental insight into the co-assembly,
polymerization, pyrolysis, and etching steps. Specifically, the process of co-assembly involves apparent modulation
of interparticle interactions by glucose adsorbed to the surface of the silica nanoparticles. This glucose adsorption
influences the degree of ordering and periodicity of the co-assembled silica template and thus d-spacing of
mesopores formed when the template is etched. In addition, the sp2 hybridized carbon allotrope distribution of the
resulting microporous carbons is also impacted, as shown by a combination of Raman and X-ray Photon (XPS)
spectroscopies. We will demonstrate the promise of these ib3DOm carbon materials as electrodes for high
performance supercapacitors, owing to their large micropore volume suitable for ion-storage and size-tunable
mesopores which are helpful for ion transport.
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Lead substituted hydroxyapatite (Pb-HAP) has been an active catalyst for oxidative coupling of methane
(OCM) reactions [1]. Recent report on B-site substituted HAP-CO3, in which the PO43- of HAP are partially
substituted by CO32-, show that its oxide ion conduction is comparable to the YSZ superionic conductor at 700ºC [2].
Given the catalytic properties of Pb-HAP and oxide ion conductive properties of HAP-CO3, Pb-HAP-CO3 is a
promising apatite-based ceramic material possessing CH4 activation and O2 permeation properties for efficient OCM
reactions. In this work, the effects of substitutions for both cation (Pb2+) and anion (CO32-) in HAP structure on
OCM reactions were studied. The composition and physicochemical properties of HAP catalysts were changed by
the cation and anion substitutions, respectively, and as consequences, they influenced the catalytic performances of
HAP structure in OCM reactions. The selectivity to C2 (ethylene and ethane) products increased in the order of
HAP-CO3 < HAP < Pb-HAP CO3 < Pb-HAP, while Pb-HAP-CO3 showed the best stability and comparable C2 yield
(under optimized reaction conditions) to Pb-HAP catalyst. Under different reaction temperature and/or CH4/O2 ratio
in the OCM reactions, the CH4 conversion and C2 or COx (CO and CO2) selectivity showed a strong dependence on
the composition of HAP based catalysts. The present study forms a basis for understanding of the correlations
between the composition, structure, and catalytic performance of HAP and other apatite structured catalysts, which
are potential membrane materials for OCM reactions in membrane reactors.
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Figure 1. (A) Methane conversion with time-on-stream in OCM reactions and (B) Product selectivity for OCM reactions over HAPbased catalysts at 23% conversion under 973 K and 101 kPa pressure conditions and a space velocity of 8800 mL gcat-1.hr-1.
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Figure 2. Effect of methane-to-oxygen (CH4/O2) ratio on C2 selectivity and CH4 conversion at (A) 923 K, (B) 943 K and (C) 973 K at
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Mechanistic Insights into the Electrochemical Reduction of CO2 to CO on
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Electrochemical conversion of CO2 to intermediate chemicals or fuels such as CO is a valuable process for
renewable energy storage and commodity chemical production using a virtually “free” carbon feedstock. For
instance, the CO product can be used downstream as a feedstock in Fischer-Tropsch or gas-to-liquids technologies
to produce chemicals and synthetic fuels. Major challenges facing these technologies today are a poor energy
efficiency, stemming from the high energy penalty (i.e. overpotential) of over 1 Volt needed on the cathodic side, as
well as low reaction rates (i.e. current densities).1
In our lab we have looked at addressing these issues by engineering highly active and efficient
nanostructured catalysts with a high density of active surface sites compared to their bulk counterparts. We have
recently developed a nanoporous Ag electrocatalyst which is able to electrochemically reduce CO2 to CO with a ~92%
selectivity at a rate over 3000 times higher than polycrystalline Ag at a significantly reduced overpotential of less
than 0.50 Volts.2 Through a series of computational and experimental methods, we show that nanostructured
catalysts, such as nanoporous and nanoparticle Ag, are able to stabilize key reaction intermediates such as COOHads
significantly reducing the energy penalty needed to drive the reaction.3 This improvement is likely due to their
higher density of stepped surface sites found on these catalysts, which is an important consideration in future
catalyst design. Further kinetic investigation shows that the mechanism on nanostructured Ag catalysts proceeds
through a fast 1st electron and proton transfer step followed by a rate limiting 2nd proton transfer from H2O. This is in
sharp contrast to the rate determining 1st electron transfer step frequently seen on polycrystalline metals such as Ag.
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A robust and efficient non-precious metal catalyst for hydrogen evolution reaction is one of the key
components for carbon dioxide-free hydrogen production. Here we report that a hierarchical nanoporous coppertitanium bimetallic electrocatalyst is able to produce hydrogen from water under a mild overpotential at more than
twice the rate of state-of-the-art carbon-supported platinum catalyst. Although both copper and titanium are known
to be poor hydrogen evolution catalysts, the combination of these two elements creates unique copper-coppertitanium hollow sites, which have a hydrogen-binding energy very similar to that of platinum, resulting in an
exceptional hydrogen evolution activity. In addition, the hierarchical porosity of the nanoporous copper-titanium
catalyst also contributes to its high hydrogen evolution activity, because it provides a large-surface area for
electrocatalytic hydrogen evolution, and improves the mass transport properties. Moreover, the catalyst is selfsupported, eliminating the overpotential associated with the catalyst/support interface.
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In the past two decades, the electrocatalytic reduction of CO2 to value-added fuels and chemicals as a
solution for decreasing CO2 emissions has attracted much attention because the required electricity may be obtained
at low cost from renewable sources. Furthermore, significant progress has been made in the development of
electrocatalysts for converting CO2 to CO and formate. However, many studies have been devoted only to the
assessment of the cathodic performance in a three-electrode-type batch cell, often neglecting the anodic process, the
water oxidation reaction. This prevents the development of a complete system capable of being scaled-up for
industrial applications.1
To address this issue, we focused on developing highly stable and active electrocatalyst for the water
oxidation reaction in near-neutral conditions. Stable supports were first identified in a screening study in order to
construct and test water oxidation electrodes. One evident challenge we identified was that common transition metal
based catalysts and supports were not robust enough for long term CO2 electrolysis. Our results indicate that
titanium decorated with catalysts such as highly disperse IrO2 nanoparticles, synthesized through a thermal
decomposition method, are highly active and stable under oxidative conditions. Future work will focus on
integrating our highly active nanoporous Ag electrocatalyst for CO2 to CO and IrO2/Ti-mesh into flow cell devices.2
We will also explore nonprecious electrocatalysts to further reduce overall cost.
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Diamond is the material with the greatest hardness and the highest thermal conductivity. Despite its
greatest hardness, due to the existence of well-defined crystal planes, single-crystalline diamond has only a fair
toughness. Compared to single-crystalline diamond, the toughness of nanopolycrystalline diamond is much greater
due to grain boundary barrier to crack growth process. Moreover, a higher isotropy of hardness can be achieved for
nanopolycrystalline diamond. Therefore, high-purity nanopolycrystalline diamond has great potential for industrial
use as cutting tools and abrasion-resistant materials as well as use in diamond anvil cells. Inducing porosity has great
potential to incorporate functionalization in diamond structure. We have synthesized mesoporous
nanopolycrystalline diamond from SBA-15 type carbon under high pressure high temperature condition.
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