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Non-destructive Characterization of Polycrystalline Microporous Thin Films

Faculty: Dion Vlachos, Raul Lobo (Chemical Engineering), Michael Tsapatsis (University of Minnesota), Stavros Caratzoulas (Visiting Researcher)
Graduate Student:  Khalid Al-Majnouni (Chemical Engineering)
Funding: NSF-NIRT

A challenge in the development of theory and detailed simulation of di�usion through microporous thin �lms has been the prediction of permeation 
performance for real membranes that exhibit permeation anomalies (e.g., unexpectedly low selectivities and deviations from single-crystal theory). 
�is underscores the need for quantitative characterization of microporous membrane polycrystallinity. Fluorescence confocal optical microscopy 
(FCOM) studies involving selective adsorption of dye molecules in polycrystalline features have highlighted the extent of this polycrystallinity in 
zeolite membranes. An example is shown in the �gure below. Quantitative interpretation of FCOM images, however, has remained relatively elusive. 
Consequently, we are developing new experimental and image analysis protocols to more quantitatively characterize confocal images of dye-saturated 
zeolite membranes. �—

a) Non-destructive �uorescence 
confocal optical microscopy (FCOM) 
imaging of zeolite membranes (e.g., 
silicalite-1, NaX) with �uorescent dyes 
selectively adsorbed in non-zeolitic 
pathways, characterizes b) membrane 
polycrystallinity comparable to that 
observed via c) SEM.  
Images shown here are for c-oriented 
silicalite-1 membranes.

Process Intensi�cation in Multifunctional Microchemical Systems

Faculty: Dion Vlachos (Chemical Engineering), Erich Wetzel (Army Research Lab)
Postdoc: George Stefanidis (Chemical Engineering)
Graduate Students: Justin Federici, Matthew Mettler (Chemical Engineering)
Undergrad Student: Megan Zagrobelny (Chemical Engineering)
Funding: NSF-CBET

Future energy production will most probably happen at much smaller scales in a decentralized fashion. Since cost escalates with reduction of plant 
size, it is important to intensify processes. In order to achieve this, we employ microreactors whose transport rates are much faster than their large-
scale counterparts. In addition, we impart multifunctionality in these microsystems, for example, by integrating endothermic and exothermic 
reactions via fast heat transfer through a separating wall to further intensify the system. As another example, we study catalytic membrane 
reactors. Our work employs multiscale modeling that builds on reduced kinetic models derived from fundamental microkinetic models along with 
computational �uid dynamics (CFD) simulations. In addition, we fabricate tunable microreactors with variable surface area, wall conductivity, 
surface to volume ratio, and no moveable parts for various energy generation applications. Processes of interest include partial oxidation, steam 
and dry reforming, autothermal reforming, dehydrogenation, hydrogenation, and ammonia decomposition for hydrogen production for fuel cells. 
Furthermore, we develop guidelines for fast ignition, optimal packing and statistic mixer structures, thermal management (e.g., recuperative and 
regenerative heat integration, such as reverse �ow), and optimum operation of microreactors. In a related project, microreactors are coupled with 
thermoelectric elements to produce electricity in the Watt range or to produce compact reformers. �—

(a) Photograph of and (b) schematic side view (not to 
scale for ease of visualization) of a composite wall, tunable 
microreactor. 
(c) Scanning electron micrograph (SEM) of a porous anodized 
alumina wafer ~75 �m thick (top view). �e pores’ diameter 
is ~50 nm. 
(d) SEM of pores running across the wafer. Catalyst is 
deposited within the wafer via dip-coating. Pt nanoparticles 
are indicated at the right-most TEM images (red circles) at the 
pore mouth but mainly within the pores and are con�rmed by 
elemental analysis. Micromixers 27 are also embedded.
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Reflection of the Past Year
This past year has been remarkable for CCST. In the spring of 2009, we were awarded 

an Energy Frontier Research Center (EFRC) grant by the Department of Energy (DOE) to 
establish a new center on heterogeneous catalysis for biomass conversion to chemicals, fuels, 
and electricity. This new center, the Center of Catalysis for Energy Innovation (CCEI), is 
being funded at $17.5M for 5 years and is one of 2 DOE centers to focus on heterogeneous 
catalysis of renewables. It will be founded based on CCST and will encompass 6 more 
universities as well as the Brookhaven National Laboratories. While we are very excited 
about this opportunity to grow and diversify our research portfolio, we plan to continue the 

breadth of CCST activities, which have been an attraction pole for industrial collaborations and the cornerstone for 
our students’ education. 

Our faculty and students have won numerous awards. Jingguang Chen won the Excellence in Catalysis Award 
from the New York Catalysis Society and became a Fellow of the American Vacuum Society; Mark Barteau won the 
Giuseppe Parravano Award of the Michigan Catalysis Society following his selection in the “One Hundred Engineers 
of the Modern Era” by the AIChE; Dion Vlachos was selected in the Top 100 Engineers (International Biographical 
Centre) and was named the Elizabeth Inez Kelley Professor of Chemical Engineering; Doug Buttrey was a Visiting 
Professor in the Catalysis Research Center of Hokkaido University in Japan. A large number of publications in high 
impact journals including a number of journal covers were published by many of the CCST faculty. CCST faculty, 
including Klaus Theopold, Doug Doren, Mark Barteau, and Jingguang Chen, continue to provide leadership in key 
administrative positions at UD. The quality and productivity of our research efforts continue to make CCST one of the 
leading academic catalysis centers worldwide. 

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

Spotlight on the New Center of Catalysis for Energy Innovation (CCEI)
The Center of Catalysis for Energy Innovation (CCEI) aims at developing innovative, science-based heterogeneous 

catalytic technologies for transformation of biomass materials into fuels, chemicals, and electricity. Biomass offers 
a unique opportunity for a sustainable society with unprecedented impact on the U.S. economy, energy security 
and independence. For this vision to be realized, major scientific hurdles need to be overcome due to the inherent 
complexity of biomass materials and associated processes. Reactions typically take place in a complex multiscale 
environment that renders the rational design of these processes and catalysts very challenging.

The overall objectives of the CCEI-EFRC are to develop the enabling science that can eventually lead to viable, 
economic operation of biorefinery technologies from various biomass feedstocks and to educate the workforce needed 
for these new positions that can lead to further, sustainable economic growth of the U.S. 

We plan to exploit 3 complementary catalytic technological platforms that are anticipated to play key roles in 
biorefineries and energy/chemical production: Non-aqueous phase processing to produce fuels; aqueous phase 
processing to selectively produce chemicals; and direct conversion of biomass derivatives to electricity using novel 
direct carbon fuel cells. 

In order to overcome the scientific barriers arising from handling these feedstocks, the CCEI will develop 3 
crosscutting research thrusts: (1) multiscale modeling, to handle the inherent complexity of the environment in which 
reactions take place; (2) hierarchical multiscale materials that are hydrothermally stable, possess tunable porosity 
with bio-inspired functionality grafted, and minimize molecular traffic resistance while allowing shape selectivity; (3) 
cutting-edge characterization methods to probe reactions often under in situ environment. 

UD faculty members of the new center include D.G. Vlachos (director), J.G. Chen (co-director), R.F. Lobo 
(outreach co-director), M.A. Barteau, J.A. Lauterbach, D.J. Buttrey, D.J. Doren, S.I. Sandler, and K.H. Lee. The center 
will also include faculty from the University of Pennsylvania (R.J. Gorte and J.M. Vohs), Lehigh University (M.A. 
Snyder), University of Massachusetts, Amherst (S.M. Auerbach, G.W. Huber), University of Minnesota (M. Tsapatsis, 
A. Bhan), California Institute of Technology (M.E. Davis), University of Southern California (H. Wang), and 
Brookhaven National Laboratories (A. Frenkel). 

From the Director:

www.che.udel.edu/ccst

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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