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Zn and Ga-Promoted H-ZSM-5 for Endothermic Reforming of Alkanes
Yu-Hao Yeh and Raymond J. Gorte
Department of Chemical & Biomolecular Engineering
University of Pennsylvania, Philadelphia, PA, USA
A major challenge associated with hypersonic aircraft is thermal protection of the engine, since air
cooling is not possible at high velocities. An approach that has been used for controlling the temperatures
of critical engine components in the US Air Force X-51A program involves using the fuel itself as a
coolant before it enters the combustion chamber. While the amount of heat that can be taken up by the
fuel is limited by the maximum temperature to which the fuel can be heated, it is possible to increase the
cooling capacity of the fuel by performing endothermic reactions on it. Two possible reactions that have
been investigated in this work are the acid-catalyzed cracking reactions that occur in acidic zeolites and
the aromatization reactions that occur over Ga- and Zn-exchanged zeolites.
Initial work focused on supercritical, high-pressure reactions of n-hexane over H-ZSM-5, with and
without the addition of Pt, Ga, or Zn, and determined reaction endothermicities 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 or Zn to H-ZSM-5 significantly increased the
endothermicity of the reactions by increasing the selectivity to form small aromatics. By contrast, the
addition of Pt had a minor effect on both the rate and product distribution. Adsorption studies aimed at
understanding the role of Zn in H(Zn)ZSM-5 showed that at low ion-exchange levels, less than 0.5 Zn/Al,
each Zn cation displaced one Brønsted-acid site. FTIR of adsorbed acetonitrile-d3 and calorimetric
measurements of adsorbed CO at 195 K indicated that the exchanged Zn cations form Lewis-acid centers.
A model in which the Zn cations, acting as Lewis-acid centers, polarize intermediates formed at Brønsted
sites provided a way of understanding the observations.
The heat flows associated with conversion of n-hexane on H-ZSM-5 and H(Zn)-ZSM-5 were also
measured directly for reaction at 60 bar and both 673 and 773 K. The acid-catalyzed reactions over HZSM-5 were found to be only mildly endothermic (<10 kJ/mol) at low conversions and exothermic at all
conversions above 50%. The reactions on H(Zn)-ZSM-5 were significantly more endothermic (40 to 50
kJ/mol) for conversions below 70%; however, the reactions also became exothermic at very high
conversions. Measurements of the product distributions showed that the reaction endothermicity for
H(Zn)-ZSM-5 at lower conversions was likely due to formation of significant amounts of benzene,
toluene, and xylene but that these were converted to higher molecular weight products at high conversions.
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Speaker Biography
Ray joined the faculty at the University of Pennsylvania in 1981 after
receiving his PhD in Chemical Engineering from the University of
Minnesota. He is currently the Russell Pearce and Elizabeth Crimian
Heuer Professor of Chemical & Biomolecular Engineering, with a
secondary appointment in Materials Science & Engineering. Since
joining Penn, Ray served as Chairman of Chemical Engineering from
1995 to 2000. He received the 1997 Parravano Award of the
Michigan Catalysis Society, the 1998 Philadelphia Catalysis Club
Award, the 1999 Paul Emmett Award of the North American
Catalysis Society, the 2001 Penn Engineering Distinguished Research
Award, and the 2009 AIChE Wilhelm Award. He served as Chairman
of the Gordon Conference on Catalysis (1998) and Program Chairman
of the 12th International Zeolite Conference (1998). He is an
Associate Editor of the Journal of the Electrochemical Society and
became a Fellow of the society in 2015.
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Modified Precursors for Zeolite Synthesis
Francois Batllo, Wenyong Lin
Nalco Water: An Ecolab Company
Naperville, Il, USA
Silica and alumina are materials of considerable practical importance in the catalysis industry. They are
used as binders to support active catalytic components (precious metals or zeolites) where they sometimes
bring additional catalytic functions. They are also the base precursors for the production of zeolites. The
influence of physicochemical characteristics of silica, alumina and their mixtures on the crystallization,
physical and catalytic properties of the final zeolite has been the object of many studies. Results have
shown that the chemistry, morphology, structure and homogeneity of the individual precursors and their
mixtures have a significant impact on the crystallization kinetics and physicochemical characteristics of
the resulting catalyst materials. The present work describes the development of silica and alumina
precursor materials in various controlled physicochemical molecular configurations and state of
homogeneity and their influence on the crystallization kinetics and physical properties of zeolites.

Speaker Biography
Dr. Francois Batllo is currently a R&D Director
for Nalco Water in Naperville, IL. He holds a
Ph.D. in Physical Chemistry from Université de
Bourgogne in Dijon, France. Professional
interests focus on nanotechnology, system and
material development for various industries. His
current projects include: development of
colloidal materials for catalysts, abrasive and
investment casting applications. Authored over
15 patents and applications and over 30
publications in renowned international scientific
journals.
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Proton-Selective Ion Transport Phenomenon in Zeolite Membranes and Its
Application as Ion Separator for Redox Flow Batteries
Zhi Xu, Ioannis Michos, Zishu Cao, and Junhang Dong
Department of Biomedical, Chemical, and Environmental Engineering
University of Cincinnati, Cincinnati, Ohio, USA
Zeolite membranes have been recently demonstrated in our labs to have the capability of purifying water
from brines through reverse osmosis process and selectively conducting protons in aqueous solutions
when operating in “electrolyte mode”. Experimental and theoretical findings have indicated that ion
separation by zeolite membranes relies primarily on the size exclusion (steric) effect enabled by the
zeolite’s uniformly subnanometer-sized pore openings. It has also been revealed that the zeolite surface
properties, such as hydrophilicity and surface charges, and operating conditions, including temperature,
pressure and solution composition, could significantly influence the ion separation efficiency. This
presentation discusses the proton transport behaviors through MFI-type zeolite membranes with different
framework Si/Al ratios, including the non-ionic silicalite and the aluminum-containing ionic ZSM-5
zeolite membranes. These MFI-type zeolite membranes are also evaluated as a new type of ion separator
for the all-vanadium and iron-chromium redox flow batteries (RFBs) in comparison to the state-of-the-art
benchmark Nafion® membranes. Results of this research have shown that ionic microporous zeolite
membranes may be able to overcome the challenge of tradeoff between ion selectivity and conductivity
associated with conventional polymeric ion separators. These early stage studies of zeolite membranes for
highly selective ion separation could open new opportunities for developing novel inorganic and
inorganic-organic composite membranes for highly efficient water treatment and flow battery systems.

Speaker Biography
Junhang Dong is a Professor of Chemical Engineering in the
Department of Chemical and Environmental Engineering at University
of Cincinnati. He received his Ph.D. in Chemical Engineering from the
Nanjing University of Technology (China) in 1995. He was a visiting
scholar at University of Cincinnati from 1997 to 1998 and then worked
as a Research Associated at the Oak Ridge National Laboratory for over
two years. In 2001, he became an Assistant Professor in the Department
of Chemical and Petroleum Engineering at the New Mexico Institute of
Mining and Technology, and was promoted to Associate Professor in
2005. He moved to the University of Cincinnati in 2006 and was
promoted to Full Professor in 2012.
Dr. Dong’s primary research interest is developing inorganic
membranes and thin films for applications in molecular separations and chemical sensing that are relevant
too clean energy productions and associated environmental management processes. Research activities in
his group mainly include synthesis and characterization of inorganic membrane materials and
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understanding the relationships between the material structure and separation properties. For the past
decades, zeolites and zeolite membranes have been continually a research focus of his team.
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Adsorption in Flexible Structures: Experiments and Simulations
Peter Ravikovitch
Corporate Strategic Research, ExxonMobil Research and Engineering Company
Clinton, NJ, USA
It is customary in adsorption science to consider solid adsorbents as rigid inert materials. Novel metalorganic frameworks and related materials demonstrate that this convenient simplification often fails. This
talk will present experimental and molecular simulations studies of Zeolitic Imidazolate Framework (ZIF)
materials. ZIFs are flexible crystalline frameworks, some of which undergo structural transitions upon
adsorption of guest molecules and external stimuli. Combination of modeling and experiments allowed us
to elucidate the thermodynamics of the phase transitions. We show that accounting for the framework
flexibility is often critical for understanding and predicting adsorption and diffusion properties of
microporous materials.

Speaker Biography
Dr. Peter Ravikovitch is a member of technical staff and
program leader at ExxonMobil Corporate Strategic Research
laboratory in Annandale, New Jersey. He received his Ph.D.
degree in Chemical Engineering from Yale University. His
experience includes a year as a DAAD Fellow at the Johannes
Gutenberg University in Mainz, Germany. Prior to joining
ExxonMobil he had worked for eight years at TRI/Princeton on
advancing and commercializing classical density functional
theory methods for adsorption characterization of nanoporous
materials. After joining ExxonMobil in 2007 he has been involved in a number of projects related to gas
separations. His primary research interests include fundamentals of adsorption and transport in zeolites,
MOFs, carbons, spanning modeling and experiments. He has authored and co-authored more than sixty
publications, totaling eight thousand citations, and over fifteen patents. He currently serves on the board
of directors of the International Adsorption Society and the editorial board of Adsorption journal.
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Enhancement of zeolite active site accessibility:
in-situ versus post-synthesis methods
Valentin Valtchev
Laboratoire Catalyse & Spectrochimie, ENSICAEN - Université de Caen – CNRS,
Caen, France
The first part of the talk is devoted to the control of zeolite properties by in situ methods. The mechanism
of zeolite formation from conventional hydrogel systems typically employed in industrial production of
zeolites will be addressed and new insight in the very early stages of zeolite formation will be provided.
The discussion is based on a recent study conducted with complementary methods (electron tomography,
high resolution and analytical TEM, and hyper polarized 129Xe NMR) in attempt to identify the spatial
and temporal details of zeolite nucleation. It was revealed that the zeolite nucleation is limited to the shell
structure of gel particles and thus the later controls the reaction kinetics. This new finding can be used to
control the number of nuclei and thus the ultimate size of crystallites. Besides the impact of synthesis
conditions on the physicochemical properties of zeolite crystals, important issues as crystalline yield,
level of aggregation and colloidal stability of zeolite particles will be discussed.
The second part of the talk is devoted to a new demetallation process that allows non-selective dissolution
of Si and Al in zeolite frameworks. The application of this approach results in a product with composition
similar to the parent zeolite. The dissolution profiles obtained by this type of dissolution shed new light
on the sub-structure of commercially relevant zeolite crystals (MFI, MOR, FER): particles that appear as
single crystals on macroscopic level are segmented along defect zones exposing numerous nanometer
sized crystalline domains, separated by low-angle boundaries. The concentration, morphology and
distribution of such domains analyzed by electron tomography indicate that this is a common
phenomenon in zeolites, independent of their structure and chemical composition. This is a milestone to
better understand their growth mechanism and rationally design superior catalysts and adsorbents.
Non-selective chemical etching is also used to increase the micropore volume of cage-type zeolites. A 10 %
increase in micropore volume of FAU-type zeolite resulting from the opening of some of the small
(sodalite) cages is achieved. More active sites become accessible and the catalytic performances for these
modified zeolites are substantially improved. The catalytic consequences of the new demetallation
process leaving an additional macroporosity and/or mesoporous cages will be discussed.
Finally, the advantages and disadvantages of in-situ and post-synthesis methods for control of zeolite
properties will be compared.
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Speaker Biography
Dr. Valentin Valtchev is Research Director at the
Laboratory of Catalysis and Spectroscopy (LCS) in Caen,
France and “Thousand Talents” Professor at the State Key
Laboratory of Inorganic Synthesis and Preparative
Chemistry in Jilin University, China. His research involves
synthesis and modification of zeolites and other porous
solids that can be used for catalysis, separation and
molecular recognition. He has published about 200 papers,
a number of review articles and book chapters, 6 books
and 23 patents. Dr. Valtchev is recipient of the highest
recognitions of the Federation of European Zeolite Associations “Baron Axel Cronstedt” award (2014)
and of the International Zeolite Association “Donald Breck” award (2016). He is laureate of the award
“La Recherche 2016: Chimie” in France. In 2016 Valentin Valtchev was elected President of the
International Zeolite Association.

13

Molecular Metal Complex and Metal Cluster Catalysts on Zeolite Supports:
Advances Emerging from Electron Microscopy and Spectroscopy
Bruce Gates
Department of Chemical Engineering, University of California, Davis
David, CA, USA
Industrial catalysts range from the simple—molecules in solution—to the complex—the heterogeneous
surfaces of robust solids. Advances in surface catalysis are emerging as researchers increasingly succeed
in synthesizing and characterizing well-defined molecular species on supports. The best understood
supported catalysts are highly uniform, being isolated on regular materials such as zeolites. Syntheses of
supported molecular catalysts involve reactions of precursor compounds such as
Ir(C2H4)2(acetylacetonate) with support surface OH groups—to give structures such as anchored
Ir(C2H4)2, with the Ir atom bonded to two support oxygen atoms. X-ray absorption and infrared
spectroscopies bolstered by atomic-resolution electron microscopy images and calculations at the level of
density functional theory characterizing the supported species and their bonding to the supports are
responsible for many of the recent advances. The subject is illustrated with examples of molecular
catalysts supported on zeolites and, by contrast, MOFs, with a summary of new opportunities offered by
scanning transmission electron microscopy and high-energy-resolution fluorescence detection X-ray
absorption near edge spectroscopy and questions that might help to guide future research.

Speaker Biography
Professor Gates received his BS degree from UC Berkley in 1961 and
the Ph.D. degree from the University of Washington in 1966. After
spending two years at Chevron Research Co. in Richmond, CA, as a
Research Engineer, he joined the Department of Chemical
Engineering at the University of Delaware as an Assistant Professor in
1969. He served as the director of the Center for Catalytic Science and
Technology from 1981 to 1988. During those two decades, Prof. Gates
made key contributions to hydroprocessing, a technique to remove
contaminants from fuel, and used in oil refineries. In 1992, Bruce
returned to California to join the Department of Chemical Engineering
at UC Davis. He is currently a Distinguished Professor at the
department. Prof. Gates was elected to the National Academy of
Engineering in 2007 for his scholarship on catalysis, innovative
research on hydroprocessing and supported molecular catalysts, and
for his exemplary leadership in collaborative university/industry research. He has contributed more than
530 scientific publications and is the recipient of the 2016 UC Davis College of Engineering Outstanding
Senior Faculty Research Award.
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Recovery of Nitrogen and Phosphorus Nutrients Using Metal-Exchanged ZSM-5
Michael J. Manto, Pengfei Xie, Mitchell A. Keller, Wilhelm E. Liano,
Tiancheng Pu, Chao Wang*
Department of Chemical and Biomolecular Engineering, Johns Hopkins University, 3400 North Charles Street,
Baltimore, MD 21218
Nitrogen (N) and phosphorus (P) are crucial elements for life. Reactive forms of N (such as ammonium)
and inorganic P (or phosphate) are widely applied as fertilizers to promote the growth of plants. A significant
portion (up to 80% in certain cases) of N and P applied to farmland is lost in water. The runoffs from agriculture as
well as other anthropological discharges from municipal and industrial wastewaters cause the enrichment of N and P
in rivers and lakes. This leads to eutrophication, threatening the survival of aquatic species and jeopardizing sources
of clean water. Traditionally, chemical precipitation is used to remove these contaminates during wastewater
treatment. Although feasible for implementation, the struvite derived from direct chemical precipitation is usually
contaminated by toxic substances, deemed inappropriate for reuse, and dumped in landfills. Alternatively, ion
exchange represents a promising approach toward the recovery of the N and P from wastewater. Recent research has
turned to zeolites due to their structural robustness, tunable and selective adsorption properties, employment of
naturally abundant elements and environmental compatibility. We have demonstrated the ability of ZSM-5 sorbents
to recover ammonium in aqueous solutions.1 Modification of ZSM-5 with transition metal cations produces
positively-charged active sites that enable the recovery of phosphate anions.2 After removal of N and P nutrients,
effective release was achieved in brine solutions. Kinetics and sorption capacity were systemically studied with
fittings into different transport models and isotherms, enabling the proposal of ion-exchange mechanisms. The
sorbents were also demonstrated for efficient N and P recovery in the presence of competing anions and from real
wastewater samples. This work highlights the tremendous potential of ZSM-5 sorbents for the recovery of nutrients
from wastewater streams.

References
[1]
M. J. Manto, P. Xie, M. A. Keller, W. E. Liano, T. Pu, C. Wang, “Recovery of Reactive Nitrogen from
Aqueous Solutions Using ZSM-5.” (in press).
[2]
M. J. Manto, P. Xie, M. A. Keller, W. E. Liano, T. Pu, C. Wang, “Recovery of Inorganic Phosphorus Using
Copper-Substituted ZSM‑5.” ACS Sustainable Chem. Eng., 5 (2017) 6192-6200.
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Relationships between the charge-discharge methods and the performance of a
supercapacitive swing adsorption module for CO2 separation
Shan Zhu,1 Kangling Ma1, Kai Landskron1,*
1

Department of Chemistry, Lehigh University, 6 East Packer Avenue, Bethlehem, PA 18015

Introduction: The Supercapacitive Swing Adsorption (SSA) effect is a new phenomenon we discovered
recently.1,2 Selective adsorption and desorption of carbon dioxide from a CO2/N2 mixture was observed upon the
capacitive charging and discharging of activated carbon electrodes. SSA is a promising technology for gas
adsorption and separation due to its facile reversibility, significant sorption capacity, and complete gas selectivity.
So far, however, the studies on SSA were proof-of-concept and of qualitative nature. The optimization of SSA
performance and an understanding of its mechanism is needed. Accordingly, we evaluated the correlation between
energy consumption, CO2 adsorption capacity, and electrical charging-discharge methods. These results provide
fundamental data to explore SSA application and understand its mechanism.
Methods: The cross-sectional view of a SSA module is shown in Figure a. The SSA module was operated
in gas flow-through mode and fed by a moistened 15% : 85% CO2 : N2 gas mixture serving as a flue gas simulant.
The CO2 concentration of SSA effluent gas was analyzed and recorded. The electrochemical behavior of the SSA
module was controlled and measured using a potentiostat in a two-electrode configuration. Four different chargedischarge methods at voltages between 0 and -1 V were used to evaluate SSA performance, namely GCD
(galvanostatic charging-discharging), GCD+Pstat (GCD with potentiostatic holding step between each GCD step),
GCD+OC (GCD with open-circuit holding step between each GCD step), and Combined (galvanostatic charging
followed by holding step at open circuit, and galvanostatic discharging followed by potentiostatic holding step at 0
V).

GCD
GCD+OC
GCD+Pstat
Combined

-0.5

-1.0
0

2000
4000
Time (s)

6000

(d)

GCD
30

Charge

Discharge

20
10
0
0

2000

4000
Time (s)

6000

8000

CO2 concentration (%)

Voltage (V)

0.0

CO2 concentration (%)

(c)

(b)

Combined
30

Charge

Discharge

OC

0V

20
10
0
0

5000

10000
Time (s)

15000

Figure (a). Cross-sectional view of a SSA module. (b). Voltage curves of SSA module obtained for the four chargedischarge methods. CO2 concentration curve of effluent gas for the (c) GCD and (d) Combined methods.
Results: Four metrics were proposed and used to evaluate SSA performance, namely adsorption capacity
(adsorbed CO2 amount per mass of carbon material, mmol.kg-1), energy consumption (energy consumed by
adsorbing unit amount of CO2, kJ.mol-1), adsorption rate (amount of CO2 adsorbed by unit mass of carbon per
second, mol.kg-1.s-1), and time-energy efficiency (adsorbed CO2 amount per unit energy per second, mol.kJ-1.s-1).
Both the energy and CO2 adsorption performance were affected by the charging-discharging methods as shown in
Figure b, c and d. Among the four methods, the GCD showed the lowest CO2 adsorption capacity, but was most
time-energy efficient due to its shortest charging/discharging time and best capacitive performance. Increasing the
GCD current increased capacitive performance but decreased CO2 adsorption capacity. The most time-energy
efficient CO2 adsorption performance was obtained by GCD at 50 mA charging current. The Combined strategy
showed moderate capacitive performance, but highest CO2 adsorption capacity and rate, and lowest energy
consumption. The holding steps were found beneficial to the adsorption and desorption of CO2, which was of
hysteretic nature. The highest CO2 adsorption capacity was measured using the Combined method with 30 min
holding steps.
Conclusions: Our results provide systematic method to evaluate SSA performance and improve the
understanding of the relationships between supercapacitive properties and gas adsorption performance of SSA. This
findings is critical to understanding the mechanism of SSA phenomena and to exploring SSA application.
References
[1]
B. Kokoszka, N.K. Jarrah, C. Liu, D.T. Moore, K. Landskron, Angew. Chemie - Int. Ed., 53 (2014) 3698–
3701.
[2]
C. Liu, K. Landskron, Design, Chem. Commun., 53 (2017) 3661–3664.
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Synthesis of a Mesoporous Aluminosilica Materials with Crystalline Pore Walls
Yiqun Liu, Kai Landskron*
Department of Chemistry, Lehigh University, 6 E Packer Ave., Bethlehem, PA 18015
The crystallization of an amorphous Al-SBA-15 material under a strong flux of Li+ with the retention of
mesostructure is conducted. The crystalline lithium aluminosilicate (LAS) material was fully characterized by XRD,
solid state NMR, TEM, etc. The aluminum in the LAS material was found to have a coordination number of 4,
which makes the material potentially applicable for catalysis.
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High-Pressure Synthesis of sp3-Carbon Nanomaterials within Porous Templates
Damian Paliwoda,1 Maria Baldini,2 Shah Najiba,1
Cong Liu,1 Yingwei Fei2 and Kai Landskron1
1

Department of Chemistry, Lehigh University, 6 E Packer Avenue, Bethlehem, PA 18015, USA
2
Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Rd. NW,
Washington, DC 20015, USA

High pressure is considered as an effective tool for the polymerization of small organic molecules leading
to the formation of sp3-carbon nanophase materials, i. e. nanostructured diamonds. Room temperature and pressureinduced formation of diamondoid-like carbon nanothreads has been reported recently. Badding and co-workers
established that bulk benzene can polymerize and form sp3-carbon nanothreads when slowly compressed above 20
GPa.1 Moreover, the shape and size of diamond-like nanothreads can be easily controlled by using porous templates
acting as hosting materials.2
In our research we have applied two different experimental procedures in order to produce sp3-carbon
nanomaterials. In the first approach a mesoporous anodic alumina oxide porous material was filled by carbon,
compressed and exposed to high temperature within multi-anvil press. We found that the conversion of sp2-carbon
into diamond requires very high temperatures of at least 1600°C. At such temperatures the mesostructure is not
stable anymore which led to the failure of the hard-templating process. Given that we performed a synthesis of
periodic mesostructured sp3-carbon material from benzene-filled periodic mesoporous silicas (SBA-15, FDU-12) at
high pressure. Our SAXS and WAXS data recorded for porous materials filled with benzene indicate high stability
of the host material and show phase transition and further amorphisation of guest molecules at high pressure.

Figure 1. A schematic pathway for the synthesis of sp3-carbon nanomaterials within porous templates.
Acknowledgements: This work was supported by the EFree Project funded by the US Department of Energy.

References
[1] T. C. Fitzgibbons, M. Guthrie, E. S. Xu, V. H. Crespi, S. K. Davidowski, G. D. Cody, N. Alem, J. V. Badding,
Nature Materials 14 (2015) 43.
[2]
A. Lu, F. Schüth, Adv. Mater. 18 (2006) 1793.
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Multi-scale Engineering of Polyimide-derived Carbon Molecular Sieves
Megha Sharma, Mark A. Snyder*
Department of Chemical and Biomolecular Engineering, Lehigh University, Bethlehem, PA, 18015

Applications as diverse as catalysis, membrane separations, energy storage, and drug delivery require
multi-scale control over the structure of porous materials in order to impact or tailor function (microstructure,
microporosity), accessibility and transport (mesoporosity, macroporosity), as well as morphology. Sacrificial
templating by molecular, supermolecular (e.g., micelles, liquid crystals, block co-polymers), or pre-formed
structures (e.g., colloidal crystals, ordered mesoporous materials) have all been demonstrated as viable routes for
casting of structured materials1. With the exception of hierarchically (micro-/meso-) porous zeolites2, the control
over multi-scale pore topologies within a single material has been demonstrated most often for meso-/macro-porous
materials by combining templates of disparate (micron/sub-micron, nanometer) scales.3 We have previously
demonstrated the ability to hard-template ordered mesoporosity in amorphous carbons4 and carbon molecular sieves
(CMS)5 through the replication of silica nanoparticle (ca. 10-50 nm) crystals by a range of carbon molecular
precursors. This poster will describe the extension5 of this strategy to simultaneously tailor the microstructure of
these materials, which is characterized by sp2 hybridized graphene sheets intertwined in a disordered fashion that
create pathways (micropores) for molecular discrimination/sieving.6 Typically, tuning of this microstructure (i.e.,
alignment of graphitic planes) requires carbonization at temperatures as high as 2500 and the presence of metal
catalysts.7
Motivated by substrate-mediated molecular orientation effects identified for ~50-100 µm poly (pyromellitic
dianhydride-co-4,4’-oxydianiline) (PAA) films under similar processing conditions8,9, we show how templatereplica interfacial effects and interfacial surface chemistry alone can be employed to tailor replica carbon
microstructure under much milder carbonization conditions (600-900 ⁰C) and in the absence of specific metal
catalysts when replica dimensions (i.e., distances from the silica template interface) are reduced by orders of
magnitude (i.e., from ca. 100 µm to 1-10 nm scales). Specifically, we show how temperature-tunable silanol surface
chemistry of the template can be used to tailor the graphitic character (e.g., graphitic content relative to turbostratic
carbon, crystalline domain size) of CMS replicas. The interfacial origin of this effect is confirmed through studies
showing a decrease in graphitic character with increasing film thickness. Contact angle measurements confirm the
evolution of the silica template from highly hydroxylated surfaces to ones characterized by fewer isolated silanol
groups. We hypothesize that the interface-mediated tunability of the replica graphitic character derives from
adsorption-induced orientation of PAA molecules once the surface silanol density is reduced to the point of
approximate registry with PAA molecular dimensions.
References
[1]
M. A. Snyder, MRS Bulletin, 41 (2016), 683.
[2]
W. Fan et al. Nat. Mater. 7 (2008), 984.
[3]
N. Petkovich, A. Stein, Chem. Soc. Rev.42 (2013), 3721.
[4]
Z. Tian, M. A. Snyder, Langmuir, 30 (2014), 9828.
[5]
M. Sharma, M. A. Snyder, in preparation.
[6]
H. Foley, Microporous Mater., 4 (1995), 407.
[7]
M. Inagaki, New Carbons, Elsevier, (2014).
[8]
H. Hatori et al. Carbon 30 (1992), 763.
[9]
D. H. Zhong et al. Carbon 38 (2000), 2161.
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Carbon Dioxide High-Pressure Reference Isotherm for Ammonium ZSM-5:
Results of an International Interlaboratory Study
L. Espinal,1 H.G.T Nguyen,1 M. Thommes,1,2 R. D. van Zee1
1

Facility for Adsorbent Characterization & Testing, National Institute of Standards & Technology
Gaithersburg MD 20899
2
Quantachrome Instruments, 1900 Corporate Drive,
Boynton Beach FL 33426

Despite major progress in adsorption technology and physical adsorption characterization during the past
two decades, measurement challenges still exist for high-pressure measurements. For example, protocols for
measuring high-pressure gas adsorption isotherms on well-defined porous materials have not been standardized. To
address this issue, the Facility of Adsorbent Characterization and Testing (“FACT Lab”) coordinated an
international interlaboratory comparison of high-pressure adsorption isotherm measurements of carbon dioxide on
NIST Reference Material RM-88521 (ammonium ZSM-5). The objectives of the round-robin test were to provide an
assessment of comparability of isotherms across measurement platforms as currently practiced, to generate reference
isotherms on a widely available reference material to serve as a standard for the adsorption community, and to
recommend of best-practices for high-pressure isotherm measurements based on the results of the exercise. Eleven
laboratories participated in this exercise. In this poster, we report the results of this study.

Figure: Excess adsorption isotherms submitted to the interlaboratory
study, with the extracted reference isotherm and uncertainty interval.
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Nuclear power is considered a clean source of energy (emission-free). Currently it provides ~11% of the
world’s electricity. As the need for energy and especially clean energy will continue to increase rapidly, the demand
for nuclear energy will most likely follow the same trend. During the nuclear energy production circle, a highly
acidic, reactive and wet off-gas mixture is generated, specifically at the spend-fuel reprocessing step. This gas
mixture contains highly radioactive chemical species which must be captured and stored properly to insure safe
nuclear energy usage. Among various nuclear waste species, radioactive organic iodides (ROIs) are known to be
particularly difficult to capture. Current capture materials used in nuclear industry are primarily Ag-exchanged or impregnated zeolites. Their performance is not sufficient due to relatively low uptake capacity, high cost and poor
recyclability.
In this poster, we present our recent research results1, 2 on developing a new type of materials that can
efficiently capture ROIs including methyl iodide. The material is based on a well-known metal-organic framework,
MIL-101-Cr, which is highly porous and stable. Exceptionally high performance has been achieved by grafting
various tertiary amines to the open metal sites in MIL-101-Cr. MIL-101-Cr-DMEDA (DMEDA = N,Ndimethylethylenediamine) is found to have a record-high CH3I uptake, 80 wt% at 150 ℃.2 This high capacity is 5.3
times that of the current leading adsorbent material, Ag0@MOR (15 wt%). In addition, the modified MIL-101-Cr
adsorbents also perform better than Ag-impregnated
zeolites under humid conditions, which is a crucial
aspect for real-world applications. More importantly,
the pristine MIL-101-Cr can be fully regenerated and
refunctionalized. The recycled material retains ~97100% of the original loading capacity after several
cycles. In summary, with high stability, outstanding
adsorption efficiency, low cost and full recyclability,
this new MOF-based molecular trap series surpass the
current leading capture materials, showing substantial
promise for improving ROI capture technology.

References
[1]
B. Li, J. Li*, Nat. Commun., 8 (2017) 485.
[2]
B. Li, J. Li*, Faraday Discuss., 201 (2017) 47.

23

Dynamic Metal-Organic Framework with “Breathing Effect” Induced by Guest
Molecules
Q. Chen,1,2 Y. Liu,1 H. Wang,1 Y. Xia,2 J. Li1,*
1

Department of Chemistry and Chemical Biology, Rutgers University, 610 Taylor Road, Piscataway, NJ 08854
School of Materials Science and Engineering, Nankai University, 38 Tongyan Road, Tianjin, China 300350

2

Dynamic materials which are sensitive to external stimuli (such as light, temperature, small molecules et.al)
are vitally important for the applications in chemical sensing, switches, drug delivery and other related fields.
Among these, dynamic metal-organic frameworks (MOFs) featuring reversible single crystal to single crystal (SCSC) transformations under external stimuli have attracted great attention due to the convenience of exploring the
detailed solid structure transformation or solid reactions at the molecular and even atomic level by single-crystal Xray diffraction techniques.
Herein, we report a reversible SC-SC transformation of a novel metal-organic framework composed of two
interpenetrating networks. The structure transformation is induced by the guest molecules in the framework.
Particularly, a reversible “breathing effect” was observed in the framework during the transformation process. The
as-synthesized framework (1-DMF) is a pillar-layer structure. The metals and the linker ligands form a twodimensional (2D) layer while the pillar ligands are perpendicular to the layers. The porosity of 1-DMF calculated by
PLATON is about 50.8%, after removing the DMF solvent molecules filling in the pores. After immersed in CH3OH
for 3 days, the crystals can transform to 1-MeOH, in which the pillars are slant. The angle between the pillars and
layers in 1-MeOH is about 47° and the porosity of 1-MeOH calculated by PLATON is decreased to 39.9%. The
adsorption isotherms of 1 for N2 at 77K and C3H8 at 295K also confirmed the “breathing effect”. At low pressure,
both isotherms almost show no adsorptions. However, when the pressure rises to a certain value, a sudden rise in the
gas uptake is observed in both isotherms, which is likely related to the structure transformation and “breathing
effect”. The dynamic feature of the framework may be useful for selective adsorptions. Further study is in progress.
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Biomass conversion reactions are frequently conducted in a solvent, due to the highly oxygenated nature of
the feedstock.1,2 Thus, heterogeneous catalytic active sites exist at a solid-liquid interface, where the solvent can
modify surface and adsorbate energetics. Even when the solvent does not play a direct role in the reaction
mechanism, it can stabilize or destabilize adsorbates, intermediates, and transition states, often leading to markedly
different rates and selectivities between solvent choices.3–6 However, solvent effects are poorly understood because
catalyst characterization techniques, such as probe molecule adsorption in FTIR, are most often conducted under
vacuum or in vapor phase.7,8 Further, most studies on solvent effects focus on screening solvents via catalytic
activity testing, where multiple factors that can influence reactivity exist simultaneously: competitive adsorption,
stabilization of reactants and transition states, and phase equilibria differences. Thus, there is currently a need for
experimental techniques capable of extracting fundamental thermodynamic properties of solvents in simple systems,
with the end goal of decoupling the effects of solvent in catalytic activity tests.9
Attenuated total reflection (ATR) fourier transform infrared spectroscopy (FTIR) was used to characterize
zeolites with probe molecules in the presence of solvent. The technique detected that basic probe molecules like
pyridine became protonated by a purely Lewis acidic zeolite (Na/Y) in the presence of liquid water.10 This example
shows that solvent choice has unique interactions with the zeolite framework, and the zeolite micropores can give
solvent molecules properties unique from their bulk phase counterparts. The ATR-FTIR was further developed into
a quantitative technique, with a procedure for determining extinction coefficients for adsorbed pyridine on zeolites
in the presence of solvent.11 This allowed for quantitative comparisons of the effect of solvent on probe molecule
uptake and protonation in zeolite pores. Ongoing applications of the ATR-FTIR cell include adsorption isotherms
and diffusion measurements in porous materials in liquid phase. Further, the effect of solvent on charge stabilization
in zeolite pores was studied using a homemade temperature program desorption (TPD) set up under back
pressurized, flowing solvent. Preliminary pyridine desorption temperatures from H/ZSM-5 and H/Beta reveal that
the ability of a solvent to stabilize pyridinium ions decreases in the order: water > acetonitrile > alcohol > alkane ≈
vacuum.
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Butadiene is an indispensable monomer to the production of synthetic rubber.1 It is also used in other
important copolymers with unique characteristics, such as styrene-butadiene rubber (SBR) and the impact-resistant
ABS (acrylonitrile-butadiene-styrene) plastic. In the classic petrochemical approach butadience is recovered after
separation of the C4 cut from naphtha crackers, where ethylene is the main product. However, the recent shale gas
revolution increases reliance on non-conventional, shale-derived feeds for ethylene production, which leads to a
shortage in C3/C4 olefins including butadiene.2 Therefore, new, on-purpose butadiene production routes that are not
coupled to ethylene production need to be developed.
In this work, we present a bio-based route to butadiene from tetrahydrofuran (THF), which can be produced
by decarbonylation and reduction of biomass-derived furfural. The Brønsted-acidic zeolite HZSM-5 has shown good
selectivity for THF dehydration to butadiene at low conversions, but the selectivity decreases at high conversions,
due to byproducts such as formaldehyde and propene.3 In this paper, we present different decomposition pathways
of THF on HZSM-5 using density functional theory (DFT) calculations, and elucidate reaction mechanisms for the
formation of butadiene, formaldehyde and propene. . In addition, we develop a microkinetic model in order to
identify key surface intermediates and the rate-limiting step and compare with experimentally obtained apparent
activation energies and kinetics.
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The development of efficient and economically competitive processes to produce valuable chemicals from
biomass-based feedstocks is critical to reducing dependence on fossil carbon sources for a sustainable future.1-3
Lactates are atom-efficient products of cellulose (via glucose) and have been identified as platform molecules for
future biorefineries with direct conversion routes to multiple value-added products including acrylates. Additionally,
methyl lactate is a model compound for many of the challenges facing biomass conversion, especially the selective
removal of functional groups from highly oxygenated. In particular, selective dehydration to acrylic acid and its
alkyl esters is desirable, as acrylates are produced almost entirely from petroleum-derived propylene, and polymer
derivatives of these compounds are used in a wide range of consumer goods including absorbents, paints, coatings,
and adhesives.4 However, the development of a lactate dehydration catalyst that is simultaneously active, selective,
and durable is challenging, hindered by a lack of mechanistic understanding of the key pathways involved.
Utilizing activity studies, in situ FTIR spectroscopy, and catalyst characterization techniques we have
achieved a molecular-level understanding of the major reaction pathways for methyl lactate over a heterogeneous
NaY zeolite catalyst. We have found that in situ ion exchange between methyl lactate and surface Na+ to form
sodium lactate and Brønsted acid sites (with the assistance of water) is necessary for selective dehydration.5-6 The in
situ generated Brønsted acid sites are highly active for both decarbonylation to acetaldehyde and decomposition to
coke, the two major side pathways of the reaction.6-7 An alkaline species, i.e. pyridine, mixed into the reaction feed
significantly improves dehydration selectivity by titrating the Brønsted acid sites while allowing Lewis acidcatalyzed dehydration to proceed.7 When pyridine is used, coke formation is substantially suppressed, but catalyst
deactivation occurs due to pore-filling by bulky acid-base organic complexes, which block reactant access to surface
sites.8 The mechanistic understanding of all major pathways (dehydration, decarbonylation, decomposition, and
deactivation) will provide the basis for the rational design of a new active, selective, and durable catalyst for this key
bottleneck reaction leading to the synthesis of renewably-sourced fine chemicals.
References
[1]
U.S. Department of Energy. 2004. Top Value Added Chemicals from Biomass. T. Werpy and G. Peterson
(Leads), PNNL/NREL/EERE. 68p.
[2]
Corma, A.; Iborra, S.; Velty, A., Chem. Rev. 107 (2007), 2411
[3]
Vennestrom, P.N.R.; Osmundsen, C.M.; Christensen, C.H.; Taarning, E., Angew. Chem. 50 (2011) 10502
[4]
Dusselier, M.; Van Wouve, P.; Dewaele, A.; Makshina, E.; Sels, B.F., Energ. Environ. Sci. 6 (2013), 1415
[5]
Murphy, B. M.; Xu, B., Top. Catal. 58 (2015), 393
[6]
Murphy, B. M.; Letterio, M. P.; Xu, B., J. Catal. 339 (2016), 21
[7]
Murphy, B. M.; Letterio, M. P.; Xu, B., ACS Catal. 6 (2016), 5117
[8]
Murphy, B. M.; Letterio, M. P.; Xu, B. ACS Catal. 7 (2017), 1912

27

Formaldehyde-isobutene Prins condensation to isoprene over MFI zeolite
Efterpi (Efi) Vasiliadou 1 and Raul Lobo 1,2*
1

Catalysis Center for Energy Innovation, University of Delaware, Newark, Delaware 19716, United States
Center for Catalytic Science and Technology, Department of Chemical and Biomolecular Engineering, University
of Delaware, Newark, Delaware 19716, United States
* lobo@udel.edu

2

Product Yield, %

The condensation of aldehydes with olefins is a pathway to form useful organic chemicals.1 The reaction of
formaldehyde with lower olefins, also called Prins condensation, is of increasing interest because of the availability
of inexpensive lower olefins, as well as the availability of formaldehyde as a one-carbon electrophile. We have
investigated the condensation of formaldehyde with isobutene to form 3-methyl-3-buten-1-ol selectively; this
product can further dehydrate to isoprene, over acid catalysts. Isoprene is primarily obtained as a by-product from
the five-carbon fraction stream of steam cracking; however, the yields to isoprene are usually low and are decreasing
even more as lighter feedstocks, such as ethylene, are processed.2 This creates opportunities for development of
high-yield on-purpose routes for the production of isoprene, such as Prins condensation.
We have found that H-ZSM-5 is an effective and selective catalyst for Prins reaction between formaldehyde with
isobutene; 3-methyl-3-buten-1-ol is formed selectively (selectivity up to 87%) at high formaldehyde conversions
(higher that 40%). Undesired sequential reactions
of the products such as Prins cyclization of 340
methyl-3-buten-1-ol with formaldehyde, and
Hetero-Diels-Alder of isoprene with formaldehyde
35
producing six carbon compounds are much slower
due to the steric effects of the medium pore H30
ZSM-5 zeolite. Si/Al ratio was found to have a
25
significant impact on product selectivity (Figure 1);
under the optimum Si/Al ratio (Si/Al=40) 320
methyl-3-buten-1-ol dehydration rate is high
enough to form isoprene in one-step at 423K and
15
short reaction times (1h). Important reaction
parameters such as reaction time, temperature,
10
isobutene/formaldehyde ratio and reactant/catalyst
5
ratio were investigated to optimize the process.
0
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Figure 1 Influence of Si/Al ratio on product yield, H-ZSM-5, T=423K, t=1h
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