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High-Throughput Studies of Ag Catalysts for Ethylene Epoxidation
Faculty: Mark Barteau, Jochen Lauterbach (Chemical Engineering)
Graduate Student: Joe Dellamorte (Chemical Engineering) 

In the past, we have demonstrated the efficacy of rational catalyst design with the prediction 
and subsequent validation of the improved performance of a Cu-Ag bimetallic catalyst over 
the unpromoted Ag for ethylene epoxidation. In order to expand this analysis for the ethylene 
epoxidation system, several other catalyst combinations have been studied, including Au-Ag, 
Pt-Ag, Pd-Ag, and Cd-Ag. The figure on the right shows the comparison of EO selectivities 
between recent high-throughput experiments and microkinetic modeling results based on the 
oxametallacycle mechanism. Two metals, Pt and Cd, significantly deviate from the modeling 
results. Therefore, refinement of the model will be needed, particularly in the case of Cd, which 
shows a significantly higher selectivity than the prediction. Cd-Ag catalysts have shown large 
increases in the conversion as well. Characterization using SEM shows a redistribution of the 
Ag exhibiting a smaller average particle size and therefore a larger surface area. 

Further improvements in the EO selectivity have also been seen for co-impregnated Re-Ag 
catalysts. Specifically, the addition of 1 ppm vinyl chloride to the feed stream of Re-Ag catalysts 
increases selectivities to >70%. The addition of vinyl chloride also causes an increase in the 
conversion of ethylene by the co-impregnated Re-Ag catalysts, contrary to previous results for Ag and Cu-Ag catalysts where activity decreases were 
seen. The change in conversion can be attributed to a change in Ag morphology, with an increase in surface area similar to the Cd-Ag system.
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Reflection of the past year
This past year has been a rewarding one for CCST with increased funding, over 80 journal publications, and 
many talks at national and international conferences.  CCST faculty and students have won numerous awards. 
The quality and productivity of our research efforts continue to make CCST one of the leading academic catalysis 
centers worldwide. 

Prof. Jingguang Chen stepped down from being the CCST director in December 2007. His leadership during the 
past nearly 8 years has been instrumental in taking the center to its current status. This year we launched the first 

issue of CCST News, our quarterly newsletter, with the hope of keeping sponsors, alumni, and friends abreast of 
recent CCST developments.

In addition to our traditional strength in surface science, heterogeneous and homogeneous catalysis, theoretical 
modeling, catalyst design, reactor design, and materials synthesis and characterization methods, many CCST 
faculty members are expanding their efforts in energy-related research. We are also more actively involved in the 
utilization and organization of the national synchrotron, neutron, and supercomputing facilities.  

We hope you will find this report of the Center’s activities informative and useful.  We invite your questions, 
comments and visits, whether in person, by email, or via our website at [www.che.udel.edu/ccst].  We look forward 
to continuing fruitful collaborations with our industrial sponsors.  

Thirty years of history
It has been 30 years since the center was dedicated in April 1978. The Center for Catalytic Science and Technology 
was formally established in 1977 following 9 years of catalysis research from a nucleus of faculty hired in the 
chemical engineering department around 1969. Arthur B. Metzner, then chairman of the department, was 
instrumental in supporting the idea of a center. The first director of CCST was Jim Katzer (later with Mobil 
Research and Development Company). Bruce Gates was one of the co-founders, and later one of the directors who 
brought a lot of energy and enthusiasm to CCST activities. Ken Bischoff was among the first group of faculty who 
significantly contributed to the CCST success over many years. George Schuit from Eindhoven joined in 1970 for 
a sabbatical year and came back regularly for succeeding years. He provided much of the expertise for catalysis. 
Al Stiles from DuPont in the role of a research professor brought in 42 years of industrial experience in the early 
1970s that guided the group. The first generation of CCST faculty was later expanded by a vigorous group of young 
faculty including Mark Barteau, Cecil Dybowski, Hank Foley, Michael Klein, Doug Ridge from both the chemical 
engineering and chemistry and biochemistry departments. Other past CCST faculty include J. Bulkowski, H. Gold, 
S. Groh, D. Heck, H. Kwart, J. Olson, A. Rheingold, G. Schrader, R. Weber.

The industrial advisory council, led at first by Paul Weisz of Mobil, has always been instrumental in identifying 
opportunities for research and strengthening industry-CCST relations. Many industrial sponsors (12 in 1978-79 
and 23 in 1981) have partnered over the years with CCST faculty. This has always been and continues to be an 
important avenue for funding, research ideas, education enhancement, and collaboration. With the change in 
funding and corporate strategies, CCST funding has also shifted from mainly (~70%) industrial in the first few 
years to mainly federal in the past few years. NSF and DOE have been instrumental in supporting CCST research. 

Reflecting on the success of CCST over the past 30 years, education of graduate students and postdocs has always 
been central to the center’s mission. Hundreds of CCST alumni are working around the globe. More than 70% of 
our alumni have found employment with CCST sponsors. A large fraction of our alumni have obtained academic 
positions and have been very successful. 

The annual CCST expenditures (at the level of $2.5 to $3 million), the number of publications (over 80), the number 
of graduate students and postdocs (over 60), and the large number of attendees (over 100) in our annual symposia 
over the past few years (under the directorship of Jingguang Chen) speak to the vibrant environment of CCST and 
the continuous success of the center in the future.
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Facilities

Located in Colburn, Spencer, Brown, Drake 
and DuPont Laboratories, the Center has a wide 
array of equipment for preparation and advanced 
characterization of catalysts through spectroscopy 
and reaction. Included in these items are 
computational facilities for chemical and reaction 
engineering modeling. The following highlights 
facilities dedicated to catalysis studies:

Reactors

A variety of flow and batch reactor systems 
operate at pressures ranging from a few torr to 
5000 psi. These reactors are interfaced with GC, 
MS, or GC/MS instruments for on-line product 
analysis.

Fourier Transform Infrared Spectrometers

Five Fourier transform spectrometers are 
employed for catalyst characterization and 
reactant adsorption studies, using transmission, 
photoacoustic, and diffuse reflectance techniques.

Scanning Probe Microscopes

Five Scanning Probe Microscopes with 
collective capability for air, liquid or vacuum 
operation, provide real space imaging of the 
atomic structure of surfaces by STM and AFM. 
These instruments facilitate study of the relation 
of the structure of modern catalytic materials to 
their surface reactivity.

Microbalance Reactor Laboratory

This laboratory houses three microbalance 
reactors which permit measurement of catalyst 
mass changes during reaction. These include 
a dual pan electrobalance, and a TEOM 1500 
Inertial Mass Analyzer (Rupprecht and Patashnick, 
Inc.) configured to operate as a differential reactor 
with no dead volume or bypass.

UV-Visible Spectrometer

This instrument is a new HP 8453 
spectrophotometer with a single-beam, 
microprocessor-controlled collimating optics. 
A Labsphere RSA-HP53 diffuse reflectance and 
transmittance accessory for solids, turbid or 
strongly scattering samples is utilized for the study 
of heterogeneous catalysts.

Adsorption Instruments

We have added a new Micromeritics ASAP 
2010 instrument to the CCST laboratories. The 
instrument can be used to measure adsorption 
capacities, surface areas, pore-size distributions 
at 77 K up to 300 K. We have also added an 
Altamira Instruments (Model AMI-200ip) 
for chemisorption, physisorption, and TPR 
measurements.

Surface Analysis Instruments

Fifteen ultra-high vacuum surface analysis 
instruments are housed in the center. These 
instruments are all equipped for multiple electron 
spectroscopic techniques for determining surface 
composition, surface structure, and surface 
reaction chemistry. Techniques include Auger 
Electron Spectroscopy (AES) , Low Energy 
Electron Diffraction (LEED), mass spectrometry, 
Temperature Programmed Desorption 
(TPD). X-ray and Ultraviolet Photoelectron 
Spectroscopies (XPS and UPS), Ion Scattering 
Spectroscopy (ISS), High Resolution Electron 
Energy Loss Spectroscopy (HREELS), FT-IR, 
Ellipsomicroscopy for Surface Imaging (EMSI), 
and Photoemission electron microscopy (PEEM).

Solid State NMR Spectrometers

Two NMR spectrometers with capabilities 
for analysis of solid samples are housed in the 
Chemistry Department, and are used to study the 
properties of catalyst surfaces. One instrument 
operates at low field and can probe carbon-
containing reactants, surface intermediates, 
and products. The second instrument operates 
at 300 MHz and can probe heavier nuclei such 
as silicon and aluminum in the catalysts under 
investigation.

Short Contact Time Reactors

Two reactor systems have been constructed 
for studying extremely fast and/or high 
temperature reaction systems. Catalyst contact 
times of milliseconds are routinely examined with 
reaction temperatures in excess of 1000°C. Short 
contact time reactions can be studied over both 
monolithic and standard supported catalysts with 
feasible contact times as short as 0.5 milliseconds 
over monolithic catalysts.

Xray Diffraction

A Phillips X’Pert-MPD diffractometer has been 
added for the characterization of polycrystalline 
samples. The instrument is equipped with an 
attachment for the analysis of thin films. In 
addition, it has an environmental chamber to 
carry out variable temperature (77-750 K) and 
controlled atmosphere x-ray powder diffraction 
studies. A new Anton-Paar SAXSess camera is 
used for small angle x-ray studies of catalysts 
and catalyst supports. A state-of-the-art Siemens 
single crystal diffractometer with a CCD detector 
is accessed through the Department of Chemistry 
and Biochemistry.

 Computer Facilities and Modeling Software

The CCST computational facilities include 
six Beowulf clusters, all running CentOS Linux 
version 4.2 deployed with Warewulf. These 
clusters have a total of ~300 processors available 
for computation: 16 1.8 GHz Xeons, 44 2.4 
GHz Xeons, 36 2.6 GHz Xeons, and 42 AMD 
Opteron 248 processors. Taken together, peak 
computational power is nearly a trillion floating-
point operations per second (1 teraflops). These 
systems have a combined total disk storage 
capacity of 2 terabytes. The use of a single 
operating system over the clusters creates full 
binary compatibility between systems, which 
drastically reduces software development time. 
The newest of these clusters is using Ammasso 
RMDA Ethernet cards for extremely efficient 
parallel communications. The center also has 
several legacy systems - Silicon Graphics Solid 
Impact R10000 workstations (195 MHz, 64 bit 
microprocessor), and a Silicon Graphics Indigo 
XZ R4400 (150 MHz and 32 bit microprocessor). 

Commercial software packages available on 
these machines include the Cerius and Insight 
II, ADF, Gaussian 98/03, Dacapo, Fluent, 
CHEMKIN, Matlab and Femlab. In-house 
software development ranges from simple 
reactor models to MPI based parallel molecular 
dynamics codes. Analysis of experimental data, 
such as Rietveld refinement of powder diffraction 
data and transmission electron microscopy 
simulations, is also done. To assist in-house 
software development we have the Portland 
Group Compiler Suite, Intel Fortran Compiler, 
Intel Math Kernel Library, and a wide range of 
scientific libraries, licensed under the GPL or a 
similar open-source license.

High-Throughput Screening Laboratory

A 16-well reactor with temperature 
measurement and flow control for each reactor 
is available for high-throughput experiment. 
Attached to the reactor is an FTIR imaging set-up 
as truly parallel, quantitative high-throughput 
technique. It is used to study supported catalysts 
under realistic reaction conditions as well as 
under transient conditions (temporal resolution 
less than 2 seconds for the quantification of 16 
reactor effluents).

 Thermogravimetric Analyzer

A Cahn TGA 121 thermogravimetric analyzer 
is part of the Center’s facilities (up to 1.5 g,  
0.1 mg resolution). The instrument can be used 
for temperatures up to 1100°C, for adsorption 
capacity measurements, controlled atmosphere 
experiments, etc.
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