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Covalent organic frameworks (COFs): From design to applications

9:50 – 10:35

Allen Burton (ExxonMobil)
The synthesis and structure elucidation of EMM-23: The first high-silica,
multidimensional, extra-large pore zeolite prepared in the absence of
germanium

10:35 – 11:00

Coffee Break – Poster Session I

11:00 – 11:45

Michael Bennett
50 Years of zeolite crystallography

11:45 – 12:15

Poster Session II

12:15-1:15

Lunch and Business Meeting

1:15-2:00

Jeffrey Rimer (University of Houston)
Mechanisms of zeolite crystallization: The intersection of classical and
non-classical pathways

2:00 – 2:30

Selected Poster Presentations (3 x 10 min each)

2:30 – 2:45

Coffee break

2:45 – 3:30

François Fajula (Institute Charles Gerhard, Univ. of Montpellier & CNRS,
IZA Ambassador)
Flow-through structured silica monoliths with multimodal porosity for
process intensification

3:30 – 4:15

Dongxia Liu (University of Maryland)
Hierarchical meso-/microporous zeolites with tunable textural and
catalytic properties by dual template synthesis

4:15

Final remarks and meeting adjournment

3

Covalent organic frameworks (COFs): From design to applications
Yushan Yan
University of Delaware, Department of Chemical and Biomolecular Engineering, Newark, DE
Covalent organic frameworks (COFs) represent an emerging class of crystalline porous organic materials,
which are composed of light elements, typically H, B, C, N, and O, and crystallized into periodic twodimensional (2D) layers or three dimensional (3D) networks by the formation of strong covalent bonds.
The well-defined crystalline porous structures together with tailored functionalities have offered the COF
materials superior potential in diverse applications, such as gas storage, adsorption, catalysis, and
optoelectronics. However, COFs are currently synthesized through only a few chemical reactions, and the
design and preparation of 3D COFs are still considered to be a great challenge, limiting the access and
exploitation of new structures and properties. In this presentation, I will present our recent work on the
preparation of 3D COFs, and the designed synthesis of 2D COFs by the introduction of new reactions.
Moreover, I will share our exploration of these COFs for new applications in size-selective catalysis,
temperature-sensing devices, and ultra-low-k materials.

Speaker Biography
Yushan Yan is the Distinguished Engineering Professor and the Associate Dean for Research and
Entrepreneurship of the College of Engineering at the University of Delaware. He received his B.S. in
Chemical Physics from the University of Science and Technology of China (1983-1988), and Ph.D. in
Chemical Engineering from the California Institute of Technology (1992-1996). He studied
heterogeneous catalysis at the Dalian Institute of Chemical Physics of the Chinese Academy of Sciences
(1988-1992). His prior appointments include Senior Staff Engineer at AlliedSignal Inc. (1996-1998) and
faculty member at the University of California Riverside (1998-2011) (Assistant Professor, 1998-2002;
Associate Professor, 2002-2005; Professor, 2005-2011; Department Chair, 2008-2011).
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The synthesis and structure elucidation of EMM-23: The first high-silica,
multidimensional, extra-large pore zeolite prepared in the absence of
germanium
Allen W. Burton
ExxonMobil Research and Engineering Company, Clinton, NJ
EMM-23 was discovered from preparations in gels with Si/Al > 50 using either 1,1-(pentane-1,5diyl)bis(1-propylpyrrolidinium) hydroxide or 1,1-(hexane-1,6-diyl)bis(1-propylpyrrolidinium) hydroxide
as the organic structure directing agent (SDA). The powder X-ray diffraction pattern of the as-made
material can be indexed in a hexagonal unit cell with a = 19.875(2) and c = 13.910(1) Å. The structure of
EMM-23 was determined from sub-micron sized crystals by combining electron crystallography, solid
state nuclear magnetic resonance (NMR) and powder X-ray diffraction. The structure was refined in
space group P31c. The framework contains highly unusual tri-lobe shaped pores that are bound by 21-24
tetrahedral atoms. These extra-large pores are intersected perpendicularly by a two-dimensional 10-ring
channel system. 29Si MAS NMR of the as-made sample shows that Q2 and Q3 Si species account for 7%
and 26%, respectively, of the total 29Si signal intensity. The presence of the Q2 and Q3 species is due to
two tetrahedral sites on the cusps between the lobes that have partial occupancies of 1/3 and 2/3. The
formation of the highly interrupted structure is facilitated by the high density of extra framework positive
charge introduced by the dicationic SDA. There are two different configurations found for the three SDA
molecules per unit cell. Two of the SDA molecules occupy space both in a lobe and in a cavity at the
intersection of the 10-ring channels. The third SDA is contained entirely within the third lobe with its
methylene chain approximately parallel to the 3-fold axis of the unit cell. We will discuss how the
occupancies of the partially occupied T sites are correlated with the configurations of the SDA molecules.

Speaker Biography
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 has 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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50 Years of Zeolite Crystallography
J. Michael Bennett
The techniques and equipment used in crystallography have changed and grown more sophisticated over
the past 50 years. The early techniques and equipment will be described and how they were used to
determine some of the key elements such as structure and pore size. This lead to significant knowledge of
zeolite science that has been used in all zeolite applications.
Improvements in software, instrumentation, diffraction sources and detectors and with the increase in the
speed of computers have made the task “easier”. How these have enabled the crystallographer and
chemist to determine the crystal structures of more complex molecular sieves will be discussed.

Speaker Biography
Michael Bennett (retired) earned his Ph.D. from the University of Aberdeen, Scotland with a thesis on
“Electron microscope studies on zeolites and other inorganic phases.” He carried out postdoctoral
research with J.V. Smith at the University of Chicago. Bennett’s career included more than 23 years with
Union Carbide Corporation and more than 5 years with Mobil Oil. Bennett has also served as the
Assistant Editor of the ICDD database for more than 5 years. Bennett has consulted for an extensive range
of companies including BOC, Engelhard, Rhome and Haas, Chevron, PQ, Rive, ENDO, and Bristol
Meyers, along with other pharmaceutical companies. He has published more than 40 papers and one
patent primarily in the area of zeolite structure. Bennett has served as an IZA executive council member.
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Mechanisms of zeolite crystallization: The intersection of classical and nonclassical pathways
Jeffrey D. Rimer
University of Houston, Department of Chemical and Biomolecular Engineering,
Houston, TX
Synthetic methods capable of selectively tailoring zeolite size, morphology, and/or crystal structure can
lead to dramatic improvements in their performance; however, the inability to a priori control crystal
growth often yields materials with undesirable or suboptimal physicochemical properties. Given the
growing number of applications for zeolites in areas that span energy to the environment, there exists a
need to expand our fundamental understanding of zeolite growth as well as design synthetic routes to
optimize their properties. In this talk, I will discuss a new advancement in atomic force microscopy (AFM)
that has enabled us to image zeolite surface growth in situ under realistic synthesis conditions (i.e., high
temperature and long duration) [1]. AFM offers unparalleled insight of dynamic processes governing
zeolite growth at near-molecular resolution. We used in situ AFM to characterize zeolite surface growth
over the course of ca. 20 hours of continuous scanning. A systematic study of silicalite-1 revealed that
growth occurs by two concurrent mechanisms: a classical route (i.e., molecule addition) and a nonclassical pathway defined by the addition and subsequent rearrangement of amorphous precursor particles.
We will discuss these findings and place their significance within the broader context of other zeolite
crystal structures that are believed to grow by a variety of different pathways [2].
[1] Lupulescu, A.I. and Rimer, J.D., In Situ Imaging of Silicalite-1 Surface Growth Reveals the
Mechanism of Crystallization,” Science 344 (2014) 729-732
[2] Maldonado, M., Oleksiak, M.D., Chinta, S., Rimer, J.D., Controlling Crystal Polymorphism in
Organic-Free Synthesis of Na-Zeolites, J. Am. Chem. Soc. 135 (2013) 2641-2652

Speaker Biography
Jeffrey Rimer is the Ernest J. and Barbara M. Henley Assistant Professor of Chemical Engineering at the
University of Houston. Rimer received his Ph.D. in Chemical Engineering from the University of
Delaware in 2006. Prior to joining the Department of Chemical and Biomolecular Engineering at Houston
in 2009, he spent two years as a postdoctoral fellow at New York University’s Molecular Design Institute
within the Department of Chemistry. Rimer’s research in the area of crystal engineering focuses on the
rational design of materials with specific applications in the synthesis of microporous catalysts and
adsorbents, and the development of therapeutics to inhibit crystal formation in pathological and infectious
diseases. Rimer has received several awards, including a fellowship from the Welch Foundation, the ACS
Doctoral New Investigator Award, and the NSF CAREER Award. He was a recipient of the Junior
Faculty Research Excellence Award from the Cullen College of Engineering, and was recently honored
by the University of Houston with the Award for Excellence in Research and Scholarship.
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Flow-through Structured Silica Monoliths with Multimodal Porosity for
Process Intensification
François Fajula
Institut Charles Gerhardt. University of Montpellier & CNRS
International Zeolite Association (IZA) Ambassador
The presentation will introduce a new class of silica monolithic flow-through supports featuring a
multimodal hierarchical porosity (of macro/meso and macro/micropores) obtained by sol-gel precipitation
and spinodal phase decomposition.
Unique fluid dynamics improve mass transfer in continuous-flow liquid-phase catalytic processes and
allow a dramatic productivity increase compared to more conventional systems based on packed-bed or
batch systems. Performance improvement has been demonstrated for a series of fine chemicals syntheses
and for the transformations of agrochemicals into products. The surface of the monoliths are readily
functionalized by grafting of organic active functions, by deposition of alumina, by in situ synthesis of
MOF (CuBTC) or metal nanoparticles and by pseudomorphic transformation of the silica skeleton into
zeolite (SOD, LTA) opening opportunities for applications in acid, base and redox catalysis. In most
processes the narrow distribution of contact times leads to improved selectivities and remarkable stability
of the activity.
Monoliths consisting of zeolite LTA have been proposed recently as an innovative solution for the
decontamination of radioactive waste water effluents following the Fukushima disaster. Under rather
complex conditions combining a high salty medium and a near neutral pH, this material demonstrated a
unique efficiency and a considerable advantage as its monolithic form makes it suitable as radioactive
material storage without the need of further solidification processing.

Speaker Biography
After a PhD in physical chemistry prepared in Strasbourg (1978) and a post-doctoral stay at Texas A & M
University (1980) François Fajula joined the Ecole Nationale Supérieure de Chimie of the University of
Montpellier in 1981 where he established a research group working in the fields of the synthesis and
modification of zeolites and their uses in catalysis. He addresses several processes dealing with refining
and petrochemistry, in close collaboration with major industrial groups. From 1994 to 2002 he headed the
laboratory of Catalytic Materials and Catalysis in Organic Chemistry (a joint CNRS/University research
unit), with activities covering the synthesis of porous materials and nano-particles by self-assembly,
heterogeneous catalysis applied to refining, fine chemicals production, environment protection and
remediation, biocatalysis, theoretical chemistry modeling, immobilization and delivery of drugs. In 2007
he became the director of the Institute for Molecular and Materials Chemistry, an Institution dedicated to
research and education, gathering 230 staff and 200 PhD students and post-docs, created under the
auspices of the French Ministry of Research and CNRS to reinforce and strengthen chemistry on the site
of Montpellier.
François Fajula is 64 years old. He is the CNRS Research Director. He is the author of 260 scientific
papers and 35 original patents, several of which were brought to the industrial stage. From 2004 to 2010
he was the president of the International Zeolite Association (IZA). He has received several awards, such
as the CNRS Bronze Medal, the AIChE Award, the Award of the French Chemical Society and, more
recently in 2013, the Award of the International Zeolite Association (IZA). This Award gives to François
Fajula the title of Ambassador of IZA for a period of three years.
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Hierarchical Meso-/microporous Zeolites with Tunable Textural and
Catalytic Properties by Dual Template Synthesis
Dongxia Liu
University of Maryland, Department of Chemical and Biomolecular Engineering,
College Park, MD
The meso-/microporous zeolites couple the catalytic features of micropores and the improved access and
transport consequence of mesopores in a single material, possessing the capacity of processing large
molecules. The synthesis and catalytic behavior investigation of meso-/microporous zeolites has become
the subject of intense research.
This talk highlights the synthesis and catalytic characterizations of meso-/microporous lamellar zeolite
materials, with a focus on tailoring their catalytic performances using a simple one-step dual template
synthesis strategy. By tuning the molar ratio of dual templates in the synthesis, the textural properties of
the lamellar zeolite materials can be systematically tailored. Implications of the tunable meso/microporosity on the spatial distribution and catalytic performance of metal-acid sites in
molybdenum/lamellar zeolite catalysts have been studied using organic chemical titration, x-ray
photoelectron spectroscopy and direct methane aromatization reactions. Volcano-type dependence
between the hierarchy factor, distribution of Brønsted acid and Mo sites, and aromatics production rate
with the dual template ratios in the hydrothermal synthesis suggest that the textural and composition
properties and thus the catalytic performance of the catalysts can be optimized by the designed zeolite
synthesis. The ability to form hierarchical zeolites with tunable meso-/microporosity is important to keep
their potential applications as broad as possible for a specific zeolite structure.

Speaker Biography
Dongxia Liu received her Ph.D. in chemical engineering from University of Rochester in 2009. Her PhD
work focused on Development of Novel Electrolyte Membranes for Intermediate Temperature Fuel Cells.
After graduation, she did 2 years of post-doctorate in University of Minnesota with Prof. Michael
Tsapatsis and Prof. Aditya Bhan, focusing on the synthesis and characterization of novel meso/microporous zeolite catalysts. In 2012, Dongxia Liu joined the department of chemical and biomolecular
engineering at the University of Maryland as an assistant professor. Her research interests lies in the
synthesis, characterization and evaluation of novel hierarchical meso-/microporous materials, which are
used as efficient catalysts in diffusion constrained reactions and as selective membranes for upgrading of
C1 feedstock applications. She has authored more than thirty peer-reviewed journal articles and patent on
these topics and served on the program and organizing committees of various international workshops and
conferences. She is the member of the American Institute of Chemical Engineers (AIChE), Catalysis Club
of Philadelphia (CCP), North American Catalysis Society (NACS), American Chemical Society (ACS),
and American Ceramic Society.
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NECZA 2014 POSTER SESSION PARTICIPANTS & ABSTRACTS
Poster Number Student, Affiliation, Poster Title
1

Bryan Yonemoto, University of Delaware
“Synthesis of New Mesoporous Metal Sulfides”

2

Jason A. Loiland, University of Delaware
“NO Oxidation Reaction Mechanisms Over Microporous Materials”

3

Maura Koehle, University of Delaware
“Catalytic Transformation of bio-mass derived compounds on zeolites containing Lewis
acids”

4

Yu-Hao Yeh, University of Pennsylvania
“n-Hexane cracking at high pressures on H-ZSM-5, H-BEA, H-MOR, and USY for
endothermic reforming”

5

Yiqing Wu, University of Maryland
“Textural and Catalytic Properties of Mo Loaded Hierarchical Meso-/Microporous
Lamellar MFI and MWW Zeolites for Direct Methane Conversion”

6

Atish Kulkarni, Rutgers University
“Oligomerization of Pentenes by Acid Zeolites”

7

Jonathan Rosen, University of Delaware
“A Highly Selective and Inexpensive Nanostructured Zinc Electrocatalyst for Carbon
Dioxide Reduction”

8

Longfei Chao, Rutgers University
“Investigation of Propene and Pentene Dimerization by Zeolites”

9

Jingye Yu, University of Pennsylvania
“Alkali-Exchanged BEA Zeolites as Lewis-Acid Catalysts”

10

Hao Wang, Rutgers University
“Commensurate adsorption of xenon and xenon capture from other noble gases in a
microporous metal-organic framework”

11

Daniel G. Gregory, Lehigh University
“Stabilization of High Surface Area Metastable Oxides via Surface Modification”

10

12

Brian Murphy, University of Delaware
“Towards the mechanistic understanding of zeolite-catalyzed lactic acid dehydration to
acrylic acid via ion exchange at the gas-solid interface”

13

Laleh Emdadi, University of Maryland
“Tailoring morphology, porosity, and activity of meso-/microporous zeolite nanosheet
assemblies by dual template synthesis”

14

Anna M. Plonka, Stony Brook University
“Hydrocarbon Adsorption in a New Ca-based Metal Organic Framework”

15

William R. Woerner, Stony Brook University
“In situ CO2 adsorption studies of metal-organic frameworks and zeolites using XRD-DSC
techniques”

16

Trong Pham, University of Delaware
“Structure-Property Relations of Cation-exchanged Chabazite Zeolites for CO2
Adsorption”

17

Subramanian Vaitheeswaran, University of Massachusetts, Amherst
“On the Rational Design of Zeolite Clusters”

18

Xianyin Chen, Stony Brook University
“Origin of Xe/Kr selectivity in a new microporous metal organic framework”

19

Manik Mandal, Lehigh University
“High Pressure Synthesis with Mesoporous Boron Nitride”

20

Christopher J. Keturakis, Lehigh University
“Operando Molecular Spectroscopy during Catalytic Biomass Pyrolysis”

21

Michael Severance, The Ohio State University
“Evolution of Silver Nanoparticles Within an Aqueous Dispersion of Nano-Sized Zeolite Y:
Mechanism and Applications”

22

Edward P. Schreiner, University of Delaware
“High pressure catalytic conversion of n-pentane on H-ZSM-5”
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Synthesis of New Mesoporous Metal Sulfides
1

Bryan Yonemoto,1 Feng Jiao1,*
Department of Chemical and Biomolecular Engineering, University of Delaware, 150 Academy St, Newark, 19716

Transition metal sulfides, which range from metallic to large band gap materials, are under investigation for a
number of important applications such as: batteries, fuel cells, catalysis, water purification, electrocatalysis, and
solar cells. For these applications higher surface areas and better diffusion pathways from mesoporous metal sulfides
could greatly enhance the performance. To date, however, only isolated examples of nanocast, non-oxide materials
have been reported due to technical challenges during preparation and template removal. Therefore new techniques
and strategies must be developed so mesoporous metal sulfides can be prepared and tested.
One of the major problems during mesoporous metal sulfide synthesis is the large volume contraction
between the metal precursor and the final metal sulfide. For example, converting iron nitrate nonahydrate to iron
disulfide has a 90% difference in unit cell volume per iron atom. The large contraction makes it very likely that
isolated nanoparticles, instead of mesoporous particles form inside a hard template like SBA-15 or KIT-6. To
overcome this issue we introduced the oxide-to-sulfide transformation strategy.1 By first forming a metal oxide
inside the silica template (an easy and well reported process) and then converting to a metal sulfide we eliminate
volume contraction issues. Using this procedure the first report of mesoporous FeS 2, NiS2, and CoS2 were reported
with surface areas consistent with nanocast metal oxides. During the presentation some of the application testing
performed on FeS2, NiS2, and CoS2 will also discussed.

References
[1] B.T. Yonemoto, G.S. Hutchings, F. Jiao, J. Am. Chem. Soc., Vol 136 (2014) 8895-8898.
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NO Oxidation Reaction Mechanisms Over Microporous Materials
Jason A. Loiland, Raul F. Lobo*
Department of Chemical and Biomolecular Engineering, University of Delaware, 150 Academy Street, Newark, DE,
19716
The catalytic NO oxidation is an industrially important reaction currently investigated in the context of
emissions control technologies to abate the release of nitrogen oxides (NOx), particularly in the selective catalytic
reduction of NOx with ammonia (NH3-SCR) using zeolite catalysts. The kinetic importance of NO oxidation in SCR
over zeolites is unclear and seems to depend on the catalyst, as sometimes it has been implicated as the overall ratedetermining step (RDS)1, while in others cases it has been shown to not be the RDS 2. Verma et al. have shown that
NO oxidation can be a useful probe reaction for better understanding of the SCR process3.
NO oxidation rates were measured as a function of temperature from 298-623 K over H-, Na-, and siliceous
CHA materials to observe the effects that aluminum atoms and the extra-framework cation (H+, Na+) have on
reactivity. The materials exhibit two reaction regimes as a function of temperature. Below a temperature of
approximately 423 K, all materials display substantial catalytic reactivity and reaction rates decrease with increasing
temperature, resulting in negative apparent activation energies (-24.9 to -37.5 kJ mol-1). The catalytic rates at low
temperatures are attributed to a confinement effect in the materials’ micropores that accelerate a homogeneous-like
reaction by stabilizing a N2O4‡ transition state inside the zeolite crystals4. The trend with temperature changes above
423 K, and reaction rates over H-SSZ-13 and Na-SSZ-13 increase with increasing temperature, a clear indication
that a different reaction mechanism occurs above 423 K5. The reaction rates over siliceous CHA are low and
unaffected by temperature above 423 K, indicating that the material has minimal catalytic activity in this
temperature window and that framework aluminum atoms with exchanged cations are necessary to observe activity.
In-situ FTIR studies reveal that NO+ is the only observable NxOy species present in measurable concentrations on
the alumino-silicate zeolites at high temperatures, and we have proposed plausible mechanisms for the formation of
NO+ at framework aluminum positions within the zeolite pores.
The results presented in this report show the occurrence of two reaction regimes for the oxidation of NO over
H- and Na-zeolites: activity increases with decreasing temperature below 423 K, and activity increases with
increasing temperature above 423 K. We have quantified, for the first time, the contribution of acid sites to NO
oxidation rates at SCR-relevant temperatures and pressures. We also show that NO + is in equilibrium with gas phase
NO, and desorbs (as NO) leaving behind an oxidized acid site (Si–O•–Al).

References
[1] Metkar, P.S.; Balakotaiah, V.; Harold, M.P. Catal. Today 184, (2012) 115.
[2] Kwak, J.H.; Tran, D.H.; Szanyi, J.; Peden, C.H.F.; Lee, J.H. Catal. Lett. 142, (2012) 295.
[3] Verma, A.A.; Bates, S.A.; Anggara, T.; Paolucci, C.; Parekh, A.A.; Kamasamudram, K.; Yezerets, A.; Miller,
J.T.; Schneider, W.N.; Ribeiro, F.H. J. Catal. 312, (2014) 179.
[4] Loiland, J.A.; Lobo, R.F. J. Catal. 311, (2014) 412.
[5] Loiland, J.A.; Lobo, R.F. Submitted to J.Catal.
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Catalytic Transformation of bio-mass derived compounds on zeolites containing
Lewis acids
1

Maura Koehle1 and Raul Lobo1,*
Catalysis Center for Energy Innovation, Department of Chemical and Biomolecular Engineering, University of
Delaware, Newark, DE 19711

The replacement of conventional petroleum derived fuels and chemicals with renewable raw materials will
alleviate the detrimental effects of climate change and U.S. dependence on foreign oil. Microporous silicates
(zeolites) with Lewis acid sites are effective catalysts for a number of reactions useful in the transformation of
renewable cellulosic compounds (glucose and xylose) to platform chemicals (such as 5-(hydroxymethyl) furfural
and furfural), and to potential diesel replacements (such as furanic ethers) 1-3. Despite their interesting properties,
these catalysts remain poorly understood. Here, the Meerwein-Ponndorf-Verley (MPV) transfer hydrogenation
between isopropanol and furfural is used as a test reaction to compare the properties between solid Lewis acid beta
zeolites isomorphously substituted with Hafnium, Zirconium, and Tin. Catalysts were investigated using a liquidphase continuous-flow microreactor held under 13.7 bar pressure. Because of catalyst deactivation, the effluent was
sampled every 30 minutes from 60 to 240 minutes time on stream, and initial rates were obtained by extrapolation
from a fit to the data. Figure 1 shows initial rates for furfural reduction and rates when the product was present in the
reaction mixture at 348K. Clearly the Hf-containing catalyst produces the highest reaction rates at this temperature.
The observed reduction in rate in the presence of the alcohol suggests competitive adsorption is part of the reason
for the catalyst deactivation. This effect is observed most strongly on Sn-BEA (71% reduction in rate), indicating a
relationship between the observed low rates and a high adsorption coefficient for furfuryl alcohol. Similar, but
weaker, poisoning effects are observed for Hf- and Zr-BEA (37% and 40% reduction in rate respectively), and the
origin of the differences is still being investigated. Results of apparent activation energy and kinetic isotope effect
analyses will also be presented.
Furfuryl Alcohol Rate, Furfuryl Alcohol:Furfural=0
Furfuryl Alcohol Rate, Furfuryl Alcohol:Furfural=0.2

rate [mol furfuryl
alcohol/min/mol metal]

3
2.5
2
1.5
1
0.5
0
Hf-BEA

Zr-BEA

Sn-BEA

Figure 1: Furfuryl alcohol production rate with and without furfuryl alcohol supplied in the feed. Reaction
Conditions: 348K, 200 psi, [Furfural]=0.05 mol/L in Isopropanol
References
[1] D.M. Alonso; J.Q. Bond; J.A. Dumesic, Green Chem. 12 (2010) 1493.
[2] V. Choudhary; S.H. Mushrif; C. Ho; A. Anderko; V. Nikolakis; et al, J. Am. Chem. Soc. 135 (2013) 3997.
[3] M. Balakrishnan; E.R. Sacia; A.T. Bell Green Chem. 14 (2012) 1626.
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n-Hexane cracking at high pressures on H-ZSM-5, H-BEA, H-MOR, and USY for
endothermic reforming
Yu-Hao Yeh, Jing Luo, Balaaji V. Bhaskar and Raymond J. Gorte*
Chemical and Biomolecular Engineering, University of Pennsylvania, Philadelphia, PA 19104

Catalytic cracking of n-hexane was studied over H-ZSM-5, H-BEA, H-MOR, and USY zeolites at pressures
between 1 and 137 bar and temperatures between 573 and 673 K, for application to endothermic reforming for
cooling of aircraft engines. The cracking product distribution over all the zeolites exhibited characteristics of a
bimolecular mechanism under the pressure higher than 1bar. However, significant differences of overall cracking
behavior were observed between medium-pore zeolite H-ZSM-5 and large-pore zeolite H-BEA, H-MOR and USY.
Over H-ZSM-5, the reaction rates were stable for at least several hours, and the rate expression followed a
Langmuir-Hinshelwood shape, with an activation energy that changed by an amount equal to the heat of adsorption
of n-hexane in going from the first-order to the zero-order regimes. By contrast, deactivation happened during nhexane cracking over H-BEA, H-MOR, and USY. At 137 bar, the rates exhibited a slight induction period before
decreasing with time. Moreover, reactions over these zeolites were only weakly dependent on pressure and the
activation energies were relatively low, 50 to 80 kJ/mol. The product distributions showed hexane isomers
constituted a large fraction of the products. Implications of these results for endothermic reforming are discussed.
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Textural and Catalytic Properties of Mo Loaded Hierarchical
Meso-/Microporous Lamellar MFI and MWW Zeolites for Direct Methane
Conversion
Yiqing Wu, Laleh Emdadi and Dongxia Liu
Department of Chemical and Biomolecular Engineering, University of Maryland, College Park, MD, 20742
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The consequences of meso-/microporous zeolite structures on distribution and activity of active sites
(Brønsted acid and metal sites) in molybdenum (Mo) impregnated lamellar MFI and lamellar MWW zeolites were
investigated in direct methane aromatization (DMA) reactions. In comparison with their microporous analogies
(Mo/MFI and Mo/MWW), the mesopores in the Mo/lamellar MFI and Mo/lamellar MWW zeolites (Figure 1 (A-B))
facilitated the dispersion of Mo in zeolite micro-channels, as evidenced by the lower near-surface Si/Mo ratio over
Mo/lamellar zeolites while the overall Si/Mo ratio was similar across all Mo loaded catalysts (Figure 1 (C)). The
catalytic DMA reactions showed that the Mo loaded lamellar MFI and lamellar MWW zeolites enabled efficient
methane conversion, aromatic product formation, and coke accumulation in the initial stage of reaction, while their
performances were similar to those of Mo/MFI and Mo/MWW catalysts in the long term run (Figure 2). The
facilitated transport and accessibility to active sites by mesopores accounted for initial fast reaction and deactivation
rates of Mo loaded lamellar zeolites. After mesopores were clogged by deposited coke in DMA reactions,
micropores of zeolites were responsible for the long term catalyst performances.
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The refining of crude oil produces numerous light hydrocarbons. Of these, C 2-C4 alkenes are commercially
important as precursors for polymers and other chemical products, and C 2-C4 alkanes are sold as fuel. C5
hydrocarbons have limited use, being too light for use in liquid fuels, and too heavy to be gas fuels. If the C 5 fraction
were to be effectively converted to C10 alkanes, then it could be used as gasoline or diesel blending fuel. This
process is envisioned as a stepwise dehydrogenation of pentanes, oligomerization of the pentenes formed, and then
the hydrogenations of the C10 alkenes to the alkanes.
In the present study, we investigate the oligomerization of pentenes to decenes over acid-form zeolites.
Zeolites have been extensively investigated and utilized for light (C2-C4) alkene oligomerization [1] as well as
heavier (e.g. C6) alkenes [2], but we present for the first time an investigation into the effect of zeolite structure and
composition and reaction conditions on the oligomerization of 1-pentene. The primary goal is to obtain high activity
and selectivity for oligomerization over cracking of the pentenes and decenes. Being acid-catalyzed, the products of
the reaction are highly branched, implying higher octane ratings and therefore suitability for gasoline blending.
Of the zeolite structures investigated, ZSM-5 (MFI), Beta (BEA*), Mordenite (MOR), Faujasite (FAU) and
Ferrierite (FER), MOR and FER were unique in showing near complete selectivity for cracking and oligomerization
respectively. The reaction was highly selective toward the formation of C 6 olefins over MOR, indicating that the
primary reaction to occur was the C5 olefins cracking to C2 and C3 olefins, and consequent reaction of light olefins to
form C6 olefins. The reaction over FER led to the formation of high yield of the desired C 10 olefins products, with
high selectivity. The oligomerization reaction over FAU was unique because there was significant catalytic activity
to form C10 olefins at even 0 minutes of heating – room temperature. Due to the unique catalytic activity in presence
of FAU, this particular zeolite was studied in further detail.
Si/Al ratios of FAU were varied to observe the effect of the strength of acid sites on the oligomerization of C5
olefins. It was observed that FAU with a low Si/Al ratio of 2.6 led to cracking of C 5 olefins as the primary reaction,
as opposed to oligomerization. A high yield of C10 olefins was observed over FAU with a moderate Si/Al ratio of 6.
At even higher Si/Al ratios of 15 and 40 for FAU, the overall yield of C10 olefins reduced, with increased coke
deposition observed by a distinct dark coloration of the spent zeolite.

b)

a)

Figure 1: % yield of decenes over a) different zeolite framework types of similar Si/Al ratios, b) FAU zeolite of
different Si/Al ratios.
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A Highly Selective and Inexpensive Nanostructured Zinc Electrocatalyst for
Carbon Dioxide Reduction
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Increased atmospheric emissions of CO2 from the burning of fossil fuels has been cited as one of the primary
causes of climate change.1 In order to reduce CO2 emissions several solutions have been proposed, such as the
increased use of carbon neutral fuels as well as CO 2 sequestration and conversion technologies. Solar fuels or
artificial photosynthetic devices are a promising alternative due to their potential to convert sunlight and highly
undesirable CO2 into a renewable source of liquid fuels such as methane, methanol, and hydrocarbons. Important
components of these technologies are the water splitting and CO2 conversion catalysts, which have significant
effects on the rate of reaction and energy efficiency. A common issue currently affecting state of the art catalysts is
the significant energy penalty (i.e. overpotential) required to drive these reactions. Therefore, developing efficient
catalysts able to operate with smaller overpotential is crucial to the success of solar fuel technologies. Past work in
our lab has focused on developing highly active and inexpensive and transition metal water splitting catalysts. 2 Of
equal importance though, is the development of efficient CO 2 reduction catalysts.
Recently our lab has designed a highly active nanoporous Ag electrocatalyst with the ability to reduce CO 2
selectively towards CO with some of the best rates (i.e. currents) reported to date with dramatically reduced
overpotential.3 CO is a highly desired product which can be easily integrated into existing Fischer-Trospsh or Gasto-liquids (GTL) infrastructure to produce a valuable stream of liquid fuels. Due to the rarity and cost of Ag,
developing other catalysts using less noble transition metals such as Zn is also of significant interest in order to
increase the economic competiveness of these technologies. Electrochemical deposition of metals has shown
promise as a method of synthesizing highly active nanostructured CO 2 reduction catalysts. Taking advantage of this
technique, we were able to develop an electrodeposited Zn catalyst with dendrite morphology by tuning conditions
such as the rate of deposition.4 The electrodeposited Zn catalyst shows the ability to selectively reduce CO 2 at rates
around an order of magnitude higher than bulk Zn with great long term stability. It is likely that the high surface area
and defect sites formed in the electrochemical deposition of Zn are the source of the improved CO 2 reduction
activity and tolerance to the reaction conditions. In-situ X-ray Absorption Spectroscopy was able to characterize the
behavior of the Zn catalyst during CO2 electrolysis, giving further insight into the effect of oxidation state and
coordination on CO2 reduction activity.
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C5 hydrocarbons are major byproducts of a number of commercially important processes including crude oil
refining and Fischer-Tropsch synthesis. Being too light to be used as liquid fuels, they have limited commercial
applications. C10 alkanes could be utilized as gasoline or diesel blending fuels depending on the degree of branching.
Step-wise dehydrogenation of C5 alkanes to produce pentenes, followed by dimerization, and then hydrogenation of
the C10 alkenes would synthesize these more valuable C10 alkanes. In this three step process, acid-form zeolites may
catalyze the oligomerization of the pentene intermediates. However, selectivity for dimerization over cracking of the
olefins is a key challenge. Both the pentenes and the decenes may crack, yielding ethene and propene from pentene
and a combination of C2, C3, C4, C5, C6, C7, and C8 alkenes from the cracking of decene. Any of these secondary
olefins may also undergo oligomerization or cracking.
In the present study, we use a continuous gas phase flowing reaction system that provides precise control of
temperature, pressure, reactant composition and residence time to study the effect of zeolite structure and
composition on the activity and selectivity of pentene dimerization. As propene is a common secondary product
whenever cracking may occur, we also seek to understand the kinetics of propene oligomerization under the same
reaction conditions. Zeolite framework types used in the present study included Mordenite (MOR), Ferrierite (FER),
Faujasite (FAU), ZSM-5 (MFI) and Beta (*BEA). FAU, MFI and BEA showed high activity and similar moderate
C6 olefin selectivity during propene oligomerization. MOR showed very low activity but similar C6= selectivity with
FAU, MFI and *BEA. FER, which is primarily used for skeletal isomerization of olefins, showed high activity and
much higher C6= selectivity than all other zeolites. FER showed very low activity for cracking, and the smaller pores
of FER also prevented the trimerization to form C9 olefins, which were seen in higher concentrations over BEA,
FAU, and MFI. These results are consistent with recent liquid-phase work in our research group that showed that
FER showed very low activity for cracking during pentene oligomerization.

Figure 1: Formation rate and selectivity of different products in propene oligomerization
(Ptotal=1 atm, C3H6 =5% He=95%, flow rate=100ml/min)
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Alkali-Exchanged BEA Zeolites as Lewis-Acid Catalysts
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There has recently been a great deal of interest in the solid Lewis acids because some can selectively catalyze
important reactions that are not effectively carried out by Brønsted acids, such as glucose-fructose isomerization [1].
However, unlike Brønsted acidity, Lewis sites are not well defined and methods for characterization of Lewis
acidity are not well established.
In the gas-phase, alkali cations are generally considered to be one of the simplest Lewis acids [2], leading to
the question whether alkali-exchanged zeolites might be considered solid Lewis acids. Therefore, we set out to
investigate whether alkali-exchanged BEA zeolites could be used as Lewis-acid catalysts and to characterize the
nature of their acid sites. Adsorption of selected probe molecules on alkali-exchanged BEA zeolites over these
materials show that the alkali-exchanged zeolites can be viewed as Lewis-acid catalysts.
In this work the possibility of using alkali-exchanged BEA zeolites as Lewis-acid catalysts was examined
using temperature-programmed desorption (TPD)/thermogravimetric analysis (TGA) measurements of adsorbed
alcohols, diethyl ether, pyridine, 1-hexene and acetonitrile, together with FTIR of CD3CN, calorimetry of CO. The
reactivities of the sites for t-butanol, as well as the heats of adsorption for CO, were found to decrease with
increasing ion size, as expected based on the Lewis acidity of the gas-phase ions. The ʋ(CN) stretching frequency of
CD3CN also decreased with ion size, although the shifts from that of physically adsorbed CD3CN were smaller than
what is observed with framework Sn sites.
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Commensurate adsorption of xenon and xenon capture from other noble gases in
a microporous metal-organic framework1
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Xenon is widely used in illumination and optics, medical science and nuclear energy.2 Currently employed
method for xenon purification in industry is cryogenic distillation of xenon/krypton stream, which exits as a
byproduct of air separation.3 Adsorptive separation, a more environmentally friendly method with lower cost, has
been a promising alternative for xenon capture. While there have been several reports on xenon capture in porous
materials, the selectivity remains relatively low due to similar physical property between xenon and krypton. 4 In this
work we utilize a moisture stable microporous metal-organic framework for xenon capture from other noble gases.
This material, formulated as Co3(HCOO)6, can be synthesized by solvothermal reactions and easily scaled up to
grams. It features a 3D network with 1D channel of which the diameter is ~5Å. The material can take up 2 mmol/g
xenon at room temperature and 1 bar. The adsorption occurs very fast and reaches equilibrium below 0.4 bar,
indicating strong affinity between xenon and the framework. Different adsorption profiles are observed for other
noble gases like krypton and argon, which give linear isotherms. Isosteric heat of adsorption and Henry constant
calculation reveal that xenon has much stronger interaction with the framework than krypton and argon.
Breakthrough measurements show that this material can effectively capture xenon from xenon/krypton mixtures. By
adsorption simulations, we find xenon is commensurately adsorbed in the channel of Co 3(HCOO)6, which explains
the preferred adsorption of xenon.

(a)

(c)

(b)

(d)

Figure 1: (a) Stucture of Co3(HCOO)6
(b)-(d) Sorption isotherms of xenon (b), krypton (c)
and argon (d) in Co3(HCOO)6
(e) Breakthrough curve of a xenon/krypton (10/90)
mixture (black: krypton, red: xenon)
(f) Adsorption simulation of helium@10K and 1
bar (left), xenon@298K and 1 bar (right)
(e)

(f)
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Stabilization of High Surface Area Metastable Oxides via Surface Modification
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Metal oxides are utilized in diverse applications due to their ability to form single component crystals, multicomponent mixed oxide systems, and supported oxides. These materials offer a versatile platform for catalyst design
due to their unique surface chemistries and ability to be structured into high surface area materials. During
preparation of a supported oxide catalyst, low surface free energies enable increased atomic surface mobility and
permit oxides to spread more readily than metals. This facilitates widespread coverage of the support, the ability to
form monolayers, and offers synergetic catalytic effects between the surface oxide and its support. However, high
surface mobility also makes oxides susceptible to sintering, pore collapse, phase transformation, and catalytic
deactivation at elevated temperatures [1]. Therefore, it remains important to develop methods of oxide stabilization
when designing catalysts for operation in extreme environments. This work provides a conceptual framework for the
preservation of metastable oxides at high temperatures via the incorporation of a second supported oxide along the
surface of a metastable support. This concept is demonstrated using a model system consisting of metastable
tetragonal zirconia (t-ZrO2) supported by a colloidal silica support [2]. Samples were calcined at temperatures
ranging from 500-1000 ˚C and characterized with TEM, XRD, and N2 adsorption in order to assess phase
transformation and reconstruction at elevated temperatures. In this system, the presence of silica stabilizes the t-ZrO2
phase and prevents its transformation into monoclinic zirconia even after calcination to 1000˚C. It is proposed that
this concept can be applied to other systems in which surface oxides with high Tammann temperatures [3] are used
to stabilize a metastable supporting oxide, prevent its sintering, reduce surface strains, and preserve its surface area
at elevated temperatures. This knowledge could lead to the development of more robust, high surface area supported
oxide catalysts.

Figure 1: Prevention of t-ZrO2 to m-ZrO2 phase transformation by the incorporation of a surface oxide such as silica
to ballast the metastable tetragonal phase near the surface.
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Towards the mechanistic understanding of zeolite-catalyzed lactic acid
dehydration to acrylic acid via ion exchange at the gas-solid interface
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19716
Dwindling crude oil reserves and increases in natural gas production have changed the carbon source pool for
fuels and chemicals, leading to interest in biomass as a potential feedstock. 1 However, many reactions involving
biomass-derived products, such as the dehydration of lactic acid to produce acrylic acid (an important monomer
currently produced entirely from petroleum)2 have yet to be shown in high yields, and require catalytic
improvements.2 Molecular-level understanding of the interactions between reactants and the surface of solid
catalysts is critical to the rational design of new catalysts for these reactions. Here, in-situ transmission Fourier
transform infrared (FTIR) spectroscopy is employed to investigate the ion exchange between organic molecules
adsorbed from the gas phase and cations in zeolite frameworks. We demonstrate that ion exchange between acidic
hydrogen in organic molecules and the sodium cations in zeolites with the FAU topology produces Brønsted acid
sites and the corresponding adsorbed salt species by identifying signature spectroscopic bands. Furthermore, the pKa
of the organic compounds is identified as a key descriptor in determining the feasibility and extent of the exchange
process. Molecules with pKa below ~10 such as m-cresol (10.09), acrylic acid (4.35) and lactic acid (3.86) show
clear vibrational bands for Brønsted acid sites and the corresponding sodium salts, while molecules with higher pK a
such as trifluoroethanol (12.4) and water (15.7) do not. These data indicate that the degree of dissociation of the
acidic hydrogen is a key element in the ion exchange. Moreover, we have utilized our findings regarding ion
exchange at the gas-solid interface to propose a reaction mechanism for the dehydration of lactic acid to acrylic acid
over sodium zeolites (Figure 1). In summary, the mechanism has three general steps: 1) ion exchange, 2)
dehydration, and 3) displacement. In Step (1), the ion exchange described above occurs on the zeolite surface. The
Brønsted acid site can then catalyze dehydration in Step (2), a well-known organic mechanism. In Step (3), the
stronger acid (lactic) protonates the weaker acid (acrylic), allowing acrylic acid to desorb as product and restarting
the reaction cycle.
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Figure 1. Proposed reaction mechanism for the dehydration of lactic acid to acrylic acid over sodium23
form zeolites with FAU topology.
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Tailoring morphology, porosity, and activity of meso-/microporous zeolite
nanosheet assemblies by dual template synthesis
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A breakthrough in the template synthesis of zeolites was the application of gemini-type, diquaternary
ammonium surfactant ([C22H45-N+(CH3)2-C6H12-N+(CH3)2-C6H13]Br2, C22-6-6) in the synthesis process, which created
two dimensional MFI lamellar structure.1 The template removal by calcination, however, led to collapse of the
ordered lamellar structure. A pillaring process has been employed to create inorganic pillars between the layers of
MFI lamellae, which preserves the layered structure upon removal of the organic templates by calcination. Our
research aims to simplify the pillared lamellar MFI synthesis process by creating a one-step, simple, and tunable
dual template synthesis strategy to design the pillared lamellar zeolite structure. Tetrapropylammonium hydroxide
(TPAOH) and C22-6-6 were used as dual templates to modulate the zeolite morphology and porosity to fine tune the
catalytic properties of the as-synthesized lamellar zeolite structures.
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Figure 1: (A) Ar adsorption-desorption isotherms and (B) rate constants of benzyl alcohol reaction in mesitylene
are systematically changed upon tuning the dual template molar ratios in the synthesis of meso-/microporous MFI
zeolites.
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Large scale hydrocarbon separation is currently performed with cryogenic distillation, which is an energyintensive process. Currently, the separation with selective dry adsorbents capable of operating in higher
temperatures is proposed as more cost effective alternative. To narrow the search for optimal adsorbent it is
necessary to fully understand the key interaction responsible for gas selectivity at molecular level. Synchrotron
powder X-ray diffraction and computational methods are the most common techniques used to identify gas sorption
sites within the crystalline adsorbent. However, the most detailed structural models necessary to elucidate the
adsorbate-adsorbent interaction can be obtained with single crystal XRD techniques.
As the field of Metal-Organic Frameworks (MOFs) has been growing in the past ten years, many examples of
such materials with high surface areas, and excellent gas uptake have been synthesized. Previously it has been
shown that MOFs are highly promising materials for gas separations including various hydrocarbon separation. Here
we present results of integrated studies on hydrocarbon adsorption in a newly synthesized MOF, based on calcium
metal and TCPB linker (1,2,4,5-tetrakis(4-carboxyphenyl)benzene), named as SBU2.
We utilized Differential Scanning Calorimetry coupled with Powder X-ray Diffraction method (DSC-XRD)
to monitor structural changes accompanying activation and gas adsorption. The method also allows for the
measurement of gas adsorption enthalpy and qualitative determination of gas selectivity, and the results suggest the
SBU2 can selectively adsorb heavier hydrocarbons over methane, what is in agreement with gas isotherm
measurements. Single crystal diffraction data allowed us to directly observe hydrocarbon adsorption sites within the
framework and determine that C-H… and C-H…O are the main interactions responsible for strong gas-framework
energy of interaction.

Figure 1: Visualization of hydrocarbon gases adsorbed inside SBU2 material from single crystal
diffraction data.
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In situ CO2 adsorption studies of metal-organic frameworks and zeolites using
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Removing CO2 and other greenhouse gases from anthropogenic sources through gas adsorption in microporous
compounds has become increasingly important as the average global temperature continues to rise. Understanding
the adsorption interactions between gases and microporous solids is essential for the development and optimization
of new functional compounds. However, most CO2 capture experiments study adsorption under ideal dry conditions,
not under humid flue gas conditions where an adsorbent could be employed in an industrial setting.
Combined X-ray diffraction – differential scanning calorimetry (XRD-DSC) measurements have been employed
for the fast screening compounds for microporous gas adsorption as one can quickly quantify an exothermic event
and verify a structural change. Measuring the enthalpy of gas adsorption is complimentary to adsorption isotherms
but is also sensitive to phase transitions during gas loading. The measured enthalpy can be used in conjunction with
isotherm data to determine isosteric heats of adsorption for compounds whose isotherms cannot be modelled using
traditional techniques (e.g. Virial or QC methods).
Using the XRD-DSC technique, the effect of humidity on gas adsorption can be studied in 2 ways, either with
the constant flow of a humid atmosphere with swings between two different gases or with vacuum to humid
atmosphere swings. By coupling a humidity generator and chamber with XRD-DSC techniques, we studied the
effect of humidity on the CO2 adsorption performance of four compounds, one zeolite – NaX, and three metalorganic frameworks – CaSDB, Ni MOF-74, and ZIF-7. Vacuum to humid CO2 swings were employed to evaluate
structural and performance changes.

Figure 1: (Left) The exotherm ratios of successive vacuum – CO2 gas loading swings (1 atm) at 25% relative
humidity for NaX, Ni MOF-74, CaSDB, and ZIF-7. The exotherm is produced during the gas loading when
transitioning from vacuum to the 25% RH CO 2 atmosphere. The exotherm energies of each compound are
normalized to the energy of the first exotherm from CO2 loading. The performance of metal-organic frameworks
that adsorb CO2 through coordination with organic linkers (CaSDB and ZIF-7) are barely affected by the presence of
water. In comparison, compounds that adsorb gases through coordination with undersaturated metal sites (Ni MOF74 and NaX) have a significant reduction in their ability to adsorb CO 2 as water molecules poison the adsorption
sites, which reduces the sites available for future adsorption events as the water cannot be removed by vacuum.
Figure 2: (Right) Successive XRD patterns of Ni MOF-74 under vacuum conditions after exposure to CO2
atmosphere with 25% relative humidity. Figure 1 shows the exotherm of Ni MOF-74 to be steadily decreasing after
humid CO2 loading events, yet the intensities of reflections in the respective XRD patterns do not change at a similar
rate. The intensities of the two major low angle reflections decrease significantly in the first 10 swings but then the
XRD patterns only vary slightly from swing 10 to 35. This indicates the possibility that the bulk sites are initially
preferentially poisoned, with surface site poisoning later resulting in the decrease in gas adsorption.
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Structure-Property Relations of Cation-exchanged Chabazite Zeolites for CO2
Adsorption
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2

CHA-type zeolites have shown to have excellent properties of the adsorption of CO 2, with unexpectedly high
adsorption capacity at relatively high Si/Al ratios (SAR~6). The adsorption of CO2 in Li-, Na-, K-, and Cu-CHA-6
and pure silica chabazites (Si-CHA) was investigated by a combination of volumetric adsorption experiments, Xray, and neutron powder diffraction. These zeolites show high dispersion energy and high charge-quadrupole
interactions between CO2 and 8-membered rings (8MR). In addition, these materials have accessible cation sites for
adsorbates, and high pore volume (Li- and Na-CHA-6) leading to adsorption capacity comparable to low silica
commercial faujasite and Linde type A zeolites. Measured experimental isosteric heats of adsorption of CO 2 depend
significantly on the cation type, cation concentration, and on the amount of adsorbed CO 2 and were interpreted at the
molecular level based on adsorption sites elucidated by Rietveld refinement of x-ray and neutron diffraction data.
Two adsorption sites of CO2 were found in all chabazite samples, in which CO2 site in the 8MR is dominant. The
decrease in the hardness of metal cations Li +>Na+>K+>Cu2+ resulted in a decrease in the direct interaction of these
cations with adsorbate CO2. The formation of CO2 adsorption complexes on dual cation sites was observed on KCHA-6. Our Rietveld refinement results of CO2 and H2O co-adsorbed on Cu-CHA-6 show that water preferentially
adsorbs at the copper sites, while CO2 is located predominantly on the 8MR. The data suggest that water on CuCHA-6 may decrease adsorption capacity only moderately.

Figure 1: Adsorption heats and adsorption sites of CO2 in cation-exchanged chabazite
References
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On the Rational Design of Zeolite Clusters
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We have applied density functional theory calculations to systematically investigate zeolite cluster-size
convergence for two acid-zeolite-catalyzed processes related to the conversion of biomass: (1) the keto-enol
tautomerization of acetone in HZSM-5 and HY, and (2) the protonation and ring opening of furan in HZSM-5. We
have used these reactions as platforms to study two different approaches for constructing successively larger cluster
models of zeolites. One approach for cluster design involves counting framework bonds from a Brønsted acid-site
aluminum atom. Another approach for building clusters involves applying multi-centered distance cutoffs based on
geometries of the zeolite active site, the adsorbed reactant, and the adsorbed product. We have investigated the
convergence of reaction energies using both single-point calculations on clusters containing as many as 166
tetrahedral (T) atoms, and optimizations on clusters with as many as 78 T-atoms. For all reactions studied,
convergence rates of single-point reaction energies agree well with those from optimized values. Converged and
optimized reaction energies agree well with previously published values for all reactions studied. We have found
that clusters generated with multi-centered distance cutoffs yield converged reaction energies with smaller system
sizes than by counting framework bonds. This method employing a single length scale (5 Å) converges reaction
energies to within chemical accuracy (±1 kcal/mol), and includes between 15 and 34 T-atoms in the cluster
depending on the process under study. We suggest a general protocol for generating such clusters for subsequent use
in computational zeolite science.

28

Origin of Xe/Kr selectivity in a new microporous metal organic framework
Xianyin.Chen,1 Anna M. Plonka2, Debasis. Banerjee3 Rajamani. Krishna4 Herber T. Schaef3
Sanjit. Ghose5 Praveen K. Thallapally3,* and John B. Parise1,2,*
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2

Direct observation of adsorbed guest molecules within host framework leads to better understanding of the
detailed adsorbate-adsorbent interactions and, in result, development of more efficient materials for future gas
storage and separation. Specifically, separation of noble gases presents an ongoing challenge due to their similar
sizes and physical properties and improvement over currently used cryogenic methods presents both economical and
environmental benefits. Here we report exact localization of Xe and Kr sorption sites, through single crystal
diffraction method, in a new microporous metal organic framework (named as SBU2). SBU2 shows remarkable
noble gas adsorption properties and high Xe/Kr selectivity, the latter attributed to the specific geometry of the pores,
forming cages built with phenyl rings and enriched with polar -OH groups, both serving as strong adsorption sites
for polarizable Xe gas. The Xe/Kr separation in SBU2 was investigated with experimental and computational
breakthrough methods, which confirmed that SBU2 has a real practical potential for separating Xe from Kr.
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High Pressure Synthesis with Mesoporous Boron Nitride
1
2
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We report high-pressure and high-temperature (HPHT) synthesis of crystalline boron nitride material using
amorphous mesoporous boron nitride. Mesoporous boron nitride was synthesized using mesoporous carbon as hard
template. This mesoporus boron nitride was then subjected to HPHT treatment. It was observed that at a pressure of
14 GPa and temperature of 1300 oC for 3 h, the amorphous boron nitride was transformed completely into cubic
bororn nitride (cBN) nanocrystals as confirmed by XRD. The synthesized cBN nanocrystals have average size of ~
50 nm as confirmed by TEM and SEM. Further optimization of synthesis conditions, it was observed that cBN could
be synthesized even at lower pressure of 10 GPa and temperature of 1000 oC for 30 min. Further, lowering pressure
and temperature, however, hexagonal BN was synthesized. All the materials were characterized by X-ray
diffraction, Raman, TEM, and SEM.
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Operando Molecular Spectroscopy during Catalytic Biomass Pyrolysis
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Perpetually increasing petroleum prices and finite petroleum resources have become large societal concerns
in recent decades, causing a search for new, renewable and energy-efficient sources of liquid hydrocarbon fuel. With
biomass being the only sustainable source of carbon, advances in technology for biomass conversion are critical for
the development of renewable fuel sources. Currently, biomass conversion processes are too inefficient to be utilized
as the primary source of liquid fuels and modern biofuel is simply blended with petroleum based fuels to help lower
costs. The catalytic pyrolysis of biomass has been identified as one alternative route for the production of liquid
fuels and value-added chemicals. The current state of research in this field focuses on improving the biomass
conversion process through technological and process development and catalyst screening. While the process
development research being conducted is fundamental in nature, the catalyst screening studies only seek to discover
an improved catalyst based on existing formulations, not to understand how existing catalysts work. Significant
scientific understanding and improvement of catalysts for biomass pyrolysis can only come from a fundamental
research approach to all aspects of biomass conversion.
We have developed an operando Raman/IR-MS spectroscopy system for catalytic biomass pyrolysis that
simultaneously monitors catalyst structure, biomass structure, surface reaction intermediates, coking, char
formation, and over 40 major gas phase pyrolysis products (determined by GC-MS). Model supported 1-10%
Al2O3/SiO2 catalysts were synthesized and characterized (in situ Raman, in situ IR, and high field (21.1T) ex situ
dehydrated 27Al NMR spectroscopy). The chemical nature (Brönsted or Lewis acid sites; BAS or LAS) of specific
surface AlOx acid sites was determined from in situ IR-CO adsorption. These well-defined catalysts were employed
during the catalytic pyrolysis of cellulose, hemicellulose (xylan), lignin, their monomers (glucose and xylose), and
woody biomass to determine correlations between specific value-added chemicals, required acid site nature, and
surface AlOx active site coordination. Results were also compared to popular HZSM-5 catalysts (Zeolyst) with
different Si/Al ratios (15 to 140).
Results of operando spectroscopy experiments during catalytic biomass pyrolysis revealed that there are
several intermediates on the catalyst surface depending on the biomass source, including furans, conjugated alkenes,
alkenes conjugated to aromatics, and small cyclic rings with carbonyl groups. Demethylation of small aromatics
(such as toluene or xylene) was determined to be the pathway for benzene production while methylation is the route
to larger methylated aromatics such as 1-methylnaphthalene. The catalytically assisted dehydration of xylose into
furfural was observed to be a key step in furfural production. Aromatic polymerization into graphite-like coke was
observed to be the major catalyst deactivation mechanism. The production of furfural, benzene, toluene, and xylene
correlated with the presence of BAS associated with AlO5 while large aromatics, such as naphthalene, correlated
with AlO6 LAS. Similar correlations were found for glucose and cellulose catalytic pyrolysis. In general, cellulose
and xylan (polymers) pyrolysis trends indicate that greater acid site strength is needed than for glucose and xylose
(monomers) pyrolysis. For lignin pyrolysis, strong AlO 4 BAS selectively cleaved the C1-Cα propenyl ligand bond
and enhanced demethoxylation.
This poster will explore the developed correlations for value-added chemicals from each major fraction of
biomass (cellulose, hemicellulose, lignin and whole woody biomass). This is the first application of operando
spectroscopy to biomass conversion and the method developed here paves the way for definitively establishing
catalytic structure-activity relationships for catalytic biomass pyrolysis in future studies.
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Evolution of Silver Nanoparticles Within an Aqueous Dispersion of Nano-Sized
Zeolite Y: Mechanism and Applications
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Stable aqueous dispersion of silver ion-exchanged nanozeolite Y was reacted with the three common
dihydroxyphenols: hydroquinone, catechol and resorcinol1. With hydroquinone and catechol, there was rapid
reduction of the intrazeolitic silver to form metallic silver with complete destruction of the zeolite framework.
Resorcinol, the weakest reducing agent amongst the group behaved differently. The formation of metallic silver was
considerably slower, and the zeolite framework was mostly intact. This made it possible to examine the evolution of
silver cluster formation with optical spectroscopy and transmission electron microscopy. In the first 135 min of
reaction, extinction/fluorescence spectroscopy indicates the formation of Agn<4 and Agn>4 clusters. The smaller
clusters disappear more rapidly with time. For the 1 hr reduced sample, transmission electron microscopy showed
uniform distribution of 1.4 nm Ag particles throughout the zeolite. After 2 hr of reduction, the average size of the
particles was 2.5 nm, and a fraction of these particles appeared on the zeolite surface. With further time of reduction
(3-24 hr), more of the intrazeolitic Ag migrated to the surface, and Ostwald ripening into larger clusters (> 3 nm)
was observed at the zeolite-solution interface. We propose that the slow growth of the silver prevented the
destruction of the zeolite framework. Two factors are considered important for the slow growth of silver with
resorcinol. First, resorcinol is a weak reducing agent. Second, and more importantly, the intrazeolitic pH drops upon
initial silver reduction, as measured by an acidochromic dye, which raises the reduction potential of resorcinol,
thereby arresting further reduction and particle growth. By removing the resorcinol at any stage of the reduction,
stable Ag nanoclusters on nanozeolite samples can be isolated. Such samples were investigated as SERS substrates
as well as a heterogeneous catalyst. Optimal SERS enhancement as well as the optimal rate of reduction of
nitrophenol by NaBH4 was observed with the sample obtained after reaction with resorcinol for 2 hr.

References:
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High pressure catalytic conversion of n-pentane on H-ZSM-5
Edward P. Schreiner, Shewangizaw Teketel, Raul F. Lobo*
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The flight of aircraft and missiles at hypersonic speeds (greater than Mach 5) is hindered by overheating of
the engine and electronic components caused by fuel combustion and air friction.1 Currently, aircraft are cooled by
transferring thermal energy from the engine and sensitive electronic systems to the fuel; in such cases, the maximum
amount of heat that can be removed is determined by the heat capacity, thermal stability, and initial temperature of
the fuel. The cooling capacity can be improved by utilizing endothermic fuels, fuels that undergo endothermic
chemical reactions driven by the thermal energy removed from the aircraft. 2,3 A potential endothermic reaction is
cracking of hydrocarbons on solid catalysts to produce lighter molecules, with olefins being preferred to maximize
endothermicity.
In this study, the effects of temperature (633-723K), pressure (10-60 bar) and weight hourly space velocity
(WHSV) (400-1500 h-1) on the conversion of pentane on H-ZSM-5 were investigated to determine the potential of
this reaction/catalyst system for endothermic cooling. H-ZSM-5 was chosen because of its use in industrial
fluidized catalytic cracking units to increase light olefin yield.4 Pentane was chosen as it is the simplest liquid
hydrocarbon at STP and its high cooling potential (pentane cracking to ethane and propylene has a heat of reaction
of 1.15 MJ/kg). At a temperature of 673K, saturation kinetics (i.e. the rate of pentane consumption does not
increase with increasing pressure) were observed at pressures above 30 bar. At 40 bar and 673K, increasing WHSV
(400-1500) resulted in decreased pentane conversion. Propane and butane were the major products, followed by
heavier C6+ compounds and other light products (C1-C4 paraffins and olefins). An inverse relationship between the
production of C6+ and other light compounds was observed with changes in reaction conditions: C 6+ carbon
selectivity increased from 20% at 10 bar to 27% at 60 bar, while it declined from 28% at 633K to 18% at 723K.
The high selectivity (>70%) to propane and butane, along with the observed changes in the selectivity to light
olefins and heavy C6+ compounds, indicate that bimolecular reactions, such as hydride transfer and alkylation,
control product distribution. While the product distribution from the high pressure conversion of n-pentane resulted
in an endothermic process, hydride transfer reactions led to the transformation of high energy olefins into low
energy paraffins and aromatics, resulting in a decrease of the process endothermicity. Hydride transfer occurs
readily on H-ZSM-5 and other zeolites, and an alternative catalyst that does not promote these reactions should
improve selectivity to light olefins, which will increase cooling capacity of the endothermic fuel.

References
[1] H. Lander; A.C. Nixon, Journal of Aircraft, 8(1971) 200.
[2] N. Gascoin; G. Abraham; P. Gillard, J. Analytical and Applied Pyrolysis, 89(2010) 294.
[3] K. Kim; D.H. Hyeon; S.H. Park; B.H. Chun; B.H. Jeong; J.S. Han; S.H. Kim, Catalysis Today, 232(2014), 63.
[4] A. Farshi; H.R. Abri, Petroleum Science and Technology, 30(2012), 1285.

33

(HIZWLJ (;LJOUPJHS:WLJPÄJH[PVU
KLWLUKPUNVUVW[PVUZZLSLJ[LK!
;LTWLYH[\YLYHUNLMYVTKLN*[V KLN*
7YLZZ\YL9HUNLMYVT-8[VYY[VWZP
6W[PJHS4VKLZPUJS\KL;YHUZTPZZPVU:WLJ\SHY
9LÅLJ[HUJL3HYNL(UNSL9LÅLJ[HUJLHUK
9HTHU:WLJ[YVZJVW`
:OV^UPZ[OL (*]LYZPVU
VW[PTPaLKMVYJH[HS`Z[YLZLHYJO

(HIZWLJ *??!
:WLJPHSPZ[*H[HS`Z[;YHUZTPZZPVU*LSS!
;LTWLYH[\YL9HUNLHTIPLU[[VKLN*

Request your free DVD for technical information!
Contact Dr Val Rossiter:
e-mail: val@aabspec.com

website: www.aabspec.com

From A to Z,
the people you know best,
choose AABSPEC……
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  

Agfa     
  
  
Air  Products  
  
Akzo  Nobel    
  
Alcoa    
  
  
Amoco  
  
  
AT&T    
  
  
BASF  
  
  
Battelle  Institute     
Bayer  
  
  
BMW    
  
  
BP     
  
  
Bruker  
  
  
Campbell  Soup     
Carnegie  Institute  
Carrier  
  
  
Ciba-Geigy    
  
Conoco     
  
&RUQLQJ 

CNRS  
  
  
CSIC    
  
  
Dow  Chemical     
DuPont  
  
  
Exxon  
  
  
Fairchild     
  
Fraunhofer  Institute  
General  Electric     
Gillette  
  
  
GTE     
  
  
Hercules     
  
Hughes  Aircraft     
IBM     
  
  
ICI     
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  

  
  
  
  
  
  
  
  
  
  
  
  
  
  

Intel
International  Paint
Johnson  Wax
Kodak
Lockheed
Loctite
Martin  Marietta
Merck
MIT
Mitsubishi
Mobil
Monsanto
NASA
Nestle
Olin
Ortho
Perkin-Elmer
3¿]HU
PQ
Samsung
SANDIA
SASOL
Schlumberger
Smith  Kline
Thermo  Nicolet
Travenol
Unocal
USDA
USEPA
Westinghouse
Xerox
Zenith

AABSPEC: Advanced Instrumentation for Research!
e-mail: val@aabspec.com

website: www.aabspec.com

