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C ATALYSIS IS A KEY PROCESS in a large share of
the chemical industry and in an even larger
share of the petroleum industry. In addition, im-
portant applications of catalysis are found in en-
vironmental areas, in the pharmaceutical industry,
and in agriculture via fertilizers. Since most
chemical reactions which proceed merely upon
mixing and heating must already have been dis-
covered, the technological importance of catalysis
can only increase with time. Both homogeneous
and heterogeneous catalysis are involved in techno-
logically important processes and it is unlikely
that this situation will change. Each type of
catalysis has its advantages; however, hetero-
geneous catalysis is particularly advantageous in
the important case of large volume operations.

Research in catalysis encompasses a wide
variety of aspects. One is concerned with the basic
chemistry of the catalyst and of the catalytic re-
action, with the kinetics of the reaction, with its
mechanism and the nature of the adsorbed species
which are intermediates in the mechanism, and the
exact structure of the solid catalyst. One is also
concerned with the catalytic reaction engineering
associated with transport effects, reactor design,
catalyst design, and other factors of importance
in technological application. At the other end of
the scale, the relatively new area of surface
chemical physics, which is concerned with the
nature of single crystal surfaces, their interaction
with molecules from the gas phase, and now in-
creasingly with the reactions of adsorbed species
-at single crystal planes, is making an ever increas-
ing contribution to the understanding of hetero-
geneous catalysis.

An important result of these very different
aspects of heterogeneous catalysis is that it has
now necessarily become an interdisciplinary area
of research. It is not easy for one person to master
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the techniques of proper measurement of catalytic
kinetics, methodology of isotopic tracer studies,
handling the rather complicated organic molecules
involved in many catalytic processes, knowledge of
coordination chemistry and organometallic chemis-
try needed to understand reactions at the surfaces
of catalysts, the many techniques of physical
characterization, the methods and interpretation
of electron spectroscopies—and at the same time
be able to master the theory of diffusion and re-
action and be expert in reactor design. Thus while
a very central component of catalysis research at
Northwestern is located in the Chemical Engineer-
ing Department, it will be seen below that sub-
stantial interactions with two other departments
(Chemistry and Materials Science and Engineer-
ing) are involved in the overall program.

CATALYSIS LAB FACILITIES

URRENTLY IN OUR DEPARTMENT, the effort in
catalysis research involves three post-doctoral
fellows, fifteen Ph.D. students, and four M.S.
students. These students are engaged in over ten
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different projects which include studies on
different types of catalysts, as well as studies on
various types of reactions such as hydrogenation,
hydrogenolysis, isomerization, Fischer-Tropsch
synthesis, methanol synthesis, selective oxidation,
total oxidation, and deactivation. In most of the
projects, the objective is to search for funda-
mental chemical principles that govern the cata-
lytic reaction. One particular emphasis being
pursued is to relate the morphology and the com-
position of a catalyst to the kinetics and the
product selectivity of various reactions as well as
to the poisoning resistance characteristics. In
order to accomplish the above objective, it is
necessary to fully characterize the catalysts
chemically and physically. Chemical characteriza-
tion involves the study of reduction, oxidation, and
carefully chosen catalytic probe reactions. Physi-
cal characterization involves measurements of bulk
and surface morphology and composition. There-
fore, as stated above, we attack this combined
material and chemical science problem by ap-
propriate collaboration with faculty in the Ma-
terials Science and Engineering and Chemistry
Departments. Another feature is that we recog-
nize the importance and need to characterize the
catalysts under practical reaction conditions. Thus
as far as possible, spectroscopies capable of in situ
measurements are used. Currently these include
primarily x-ray diffraction and Mossbauer spectro-
scopy. Finally, whenever appropriate, the re-
actions are conducted at elevated pressures.

In other cases where in situ spectroscopic
measurements cannot be conveniently performed,
the catalysts are routinely characterized by various
techniques such as BET surface area measure-
ments, selective chemisorption, temperature pro-
grammed reduction, temperature programmed de-
sorption, and x-ray diffraction. Whenever ap-
propriate, they are also studied with Mossbauer
spectroscopy, Auger electron spectroscopy, low
energy electron diffraction, and transmission
electron microscopy. While a large number of these
techniques are available in our Department and
many are dedicated to the projects involved, we
also make heavy use of the Materials Science
facilities of the Northwestern Materials Research
Center, and the analytical facility of the Chemis-
try Department. The three Materials Science
facilities most often used are the x-ray facility,
the Mossbauer facility, and the electron micro-
scopy facility. The x-ray facility houses more than
ten x-ray diffractometers all of which are slaved
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to microcomputers. For high intensity measure-
ments there are two rotating anode x-ray sources,
and we have also made use of the Cornell syn-
chrotron center in recent research. In addition to
obtaining the detailed structural information on
metallic catalysts that will be discussed later, the
x-ray facility is routinely used for particle size
determination, single crystal alignment, and strue-
tural identification from diffraction patterns. The
Mossbauer facility is used primarily to character-
ize supported iron, iron alloy, iron carbide and
nitride catalysts. It houses two spectrometers. The
electron microscope facility is used primarily to
characterize supported metal and supported oxide
catalysts by transmission electron microscopy both
in the bright field and the dark field modes.

The Chemistry analytical facilities are being
used currently mostly for the analytical aspects of
catalyst preparation. It houses a wide variety of
spectrometers such as infrared, Fourier trans-
formed infrared, UV-visible, NMR, GC-MS and

An important result of these very

different aspects of heterogeneous catalysis
is that it has now necessarily become an
interdisciplinary area of research.

other spectrometers, as well as a carbon-hydrogen-
nitrogen analysis service; of these, the FTIR is
currently of most use in our catalysis projects. A
C* high field NMR will be available soon. The
technique of magic angle spinning will permit its
use on solid catalysts, so useful NMR techniques
will become possible.

The Chemical Engineering Department has
two ultra high vacuum chambers for modern
surface analyses. Each chamber is equipped with
a low energy electron diffractometer for the de-
termination of surface atomic crystallography, an
Auger electron spectrometer for surface composi-
tion determination, and a quadrupole mass spectro-
meter for reaction studies; these are dedicated
pieces of equipment. When needed, x-ray and ultra-
violet photoelectron spectrometers (XPS and
UPS) are also available in the Materials Science
surface facility.

The chemical characterizations that we use the
most are adsorption/desorption, reduction and re-
action measurements. Reaction product determina-
tion is often performed by gas chromatography
and mass spectrometry. As far as possible,
routine analyses of the products are performed
by microcomputers. An Apple II Plus and a NU
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Most of the current work is associated with various problems related
to catalyst deactivation, primarily by the mechanism of poisoning—so much so that
Jim Carberry has suggested we dub ourselves the L. Borgia Laboratory of Catalyst Decay

Micro 80 computer are connected to the mass
spectrometers, and recording integrators are used
with gas chromatographs. In the near future, we
expect to see a large increase in the use of micro-
computers to automate data acquisition and pro-
cessing.

When stating the general objective in catalysis
research earlier, we emphasized the need to use
various techniques in materials and chemical
characterization. It is natural then that our re-
search would benefit from scientific exchange and
collaboration with experts in the Materials
Science and Chemistry disciplines. Indeed cross-
disciplinary collaborative research has been a
unique and fruitful experience at Northwestern.
In the past six or seven years, there have been
four extensive projects that involve direct partici-
pation from faculty and students in Chemistry
and/or Materials Sciences. Three of these will be
discussed in greater detail later. In addition to
these formal collaborations, there are countless in-
formal discussions and consultations. For example,
neither of us has formal training in the area of
ultra high vacuum surface science. Thus when
we set up the surface analytical tools, the task
was made much easier when Professor Peter Stair
of Chemistry and Professor Yip-Wa Chung of
Materials Sciences offered to share their wisdom
and experience.

CATALYTIC REACTION ENGINEERING

ATALYTIC REACTION ENGINEERING has had a

rather long history in our department and
names of faculty both past and present who have
contributed research in this area include J. S.
Dranoff, H. M. Hulburt, Y. G. Kim, J. M. Smith,
and G. Thodos. Over the years this work has en-
compassed a wide variety of interests including
kinetic studies, pore diffusion problems, catalytic
reactor design and analysis, photocatalytic re-
actions, and catalyst deactivation. Most of the
current work is associated with various problems
related to catalyst deactivation, primarily by the
mechanism of poisoning—so much so that Jim
Carberry has suggested we dub ourselves the L.
Borgia Laboratory of Catalyst Decay.

Many of the techniques and approaches that
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we have mentioned in the previous section carry
over directly to the work in catalyst deactivation.
To this we may add one special type of ‘“spectro-
scopy”: the fixed bed reactor or single catalyst
particle undergoing catalyst decay. Our particular
interests have been in how catalyst poisoning or
coke formation influences the dynamics of parti-
cles or reactors. These effects manifest themselves
in two ways; first, the existence of deactivation
itself means that our familiar steady-state
problems become unsteady-state ones (with vastly
differing time scales) and, second, the dynamics
of partially deactivated systems to perturbations
in concentration or temperature are different from
those of undeactivated systems.

Another aspect that is somewhat unique to
these “spectroscopies” is the fact that they are
completely tied in with the measurement of
gradients. Thus, rather than gradientless reactors,
we have ‘“grandientfull” ones, and much of our
work has dealt with the reconciliation of theoreti-
cal models of varying degrees of complexity to ex-
perimental data on the motion of thermal waves
within fixed bed reactors or individual catalyst
particles.

Some of our more recent work on poisoning
has a clear interrelation with the catalysis
studies of supported metals. In that work (de-
scribed in more detail below) a major interest is
in the relationship between the morphology of a
supported metal crystallite, in particular size, and
its catalytic properties. It has been shown that for
certain reactions the specific activity of an in-
dividual metal atom depends upon the size of the
crystallite in which it is found; in such instances
the reaction is termed “structure sensitive.” It
stands to reason that it is possible that the poison-
ing of such metal crystallites could also be struc-
ture sensitive, and if so, one might use some good
catalytic reaction engineering to try to tailor the
catalyst for maximum resistance to poisoning.
Systems such as carbon monoxide on platinum are
being investigated in this work and, since there
is a considerable amount of information available

from surface chemical physics studies on such

systems, the additional hope is that we can effect
some bridging of results from the two types of
experiments.
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OUR CLUB: THE CATALYSIS, ENGINEERING AND
SURFACE SCIENCE SEMINAR

T HE INTENSE INTEREST IN catalysis and catalytic

reaction engineering, and the extensive in-
volvement among various faculty in different de-
partments result in a core group of over thirty-
five graduate students working in these areas.
This large number of students enables us to have
a weekly seminar group. The participants in the
seminars are both graduate students and faculty,
and topics span a wide range from surface chemi-
cal physics calculations and measurements to
surface organometallic chemistry, to reaction
kinetics and mechanisms, and to catalyst deactiva-
tion engineering. The students are therefore being
exposed to a broad view. Visitors often inject new
ideas and approaches also.

While we enjoy and benefit from the collabora-
tive atmosphere among people in various disci-
plines, graduate students in our department also
receive a coordinated introduction to catalysis re-
search through a series of courses. Currently,
there are three courses on this subject in our de-
partment. One course surveys the various spectro-
scopic methods currently used in catalysis; one
surveys the modern theory and current research;
one surveys the industrial and processing aspects
of catalysis. In addition, students commonly take
courses in advanced Kkinetics, x-ray diffraction,
electron microscopy and others. In the reaction
engineering area, in addition to an entry level
graduate course in kinetics and reactor design, an
advanced reactor course is offered covering gas-
liquid, multiphase, chromatographic, and fluidized
bed design and analysis. In recent years we have
also been offering a course on reactor stability in
alternate years. Our modest goal in both catalysis
and reaction engineering is to make our students
as broadly-based and as knowledgeable as possible.

SOME EXAMPLES

HUS FAR WE HAVE HIGHLIGHTED the special

features of our research efforts in general
terms. Now we discuss as examples three projects
to illustrate in detail some of these features.

Fischer-Tropsch Catalysis

The catalytic production of higher hydro-
carbons from CO and H, is known as the Fischer-
Tropsch process. The possible change of the source
of raw material from crude oil to other fossil fuel
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has renewed interest in the study of this process.
We are studying this on iron, promoted iron, and
iron alloy catalysts to determine how the proper-
ties of iron and the chemical nature of the catalysts
are being affected by the alloying agents and
promoters, and what their relationship is to the
activity and product selectivity. One of us (JBB)
in collaboration with Professor L. Schwartz in
Materials Science (who provides expertise in
Mossbauer spectroscopy and electron microscopy)
began this project by studying supported iron
catalysts. Starting with a calcined supported iron
oxide, the reduction of the oxide to metal can be

1.002
9% '
. 988
.978

«970

.994
. 986

.978

.970

RELATIVE INTENSITY
re
<
o
[*

.986

.978

.970

996

£ 992

.988

V984

-9 -6 -3 0 LI 9
VEZLOCITY (mm/sec)

FIGURE 1. Identification of oxidation-reduction for a
5% (wh) Fe/SiO, catalyst via Mossbauer
spectroscopy. (a) calcined sample, (b) re=
duced in H, for 12 h, (c) Specirum of (b)
after exposure to O, at room temperature,
(d) Reduced in H. at 425 °C for 24 h in a
differential reactor.
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FIGURE 2. Identification of the carburization of a 5%
(wt) Fe/SiO, catalyst via Mossbauer spectro-
scopy. (a) Carburized by 1:3 CO in H. at
250 °C for 6 h, (b) Spectrum of (a) at liquid
N. temperature, (c) Carburized by 1:3 CO
in H, at 255 °C for 1.5 h in a differential
reactor.

easily monitored by Mossbauer spectroscopy (Fig.
1). However the reduced metal is not very active
for the F'T reaction. Instead, the activity slowly in-
creases with time on stream. Simultaneously the
Mossbauer pattern slowly converts into one
characteristic of iron carbide (Fig. 2), which is
then the active phase. The reduction behavior of
the iron oxides is found to depend on the mode of
preparation. While attempting to interpret this
by the different crystallite sizes, we discovered
that x-ray line broadening and Méssbauer adsorp-
tion analysis gave misleading results on the
crystallite sizes of the iron particles on the support.
What happened was that both of these techniques
give sizes of the crystallites that are atomically
well ordered. Yet they cannot distinguish whether
these crystallites are physically separated from
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each other, or clumped together to form a big
cluster. Transmission electron microscopy which
sees crystallites directly can easily distinguish
these possibilities. Indeed depending on the de-
tails in the catalyst pretreatment, different de-
grees of clustering can be obtained.

The type of information obtained for the
supported iron catalyst can likewise be obtained
for the promoted and alloyed catalysts. Coupling
Mossbauer, kinetics and reduction measurements,
we found that some promoters affect the carbiding
of the catalysts, some affect the activity and se-
lectivity, while some affect stability of the cata-
lysts. Thus much richer information has been
obtained using this multi-technique approach
than would be possible with only some of these
techniques. It is clear that both the students in-
volved and the scientific understanding benefit
from the collaborative effort.

Supported Noble Metal Catalysis

Noble metal catalysts highly dispersed on an
inert support have long been a subject of research.
However, only recently have there been developed
techniques that permit us physically to probe
these metal clusters of only a small number of
atoms. Analysis of diffuse x-ray scattering now
can provide information on the average size, the
size distribution, the degree of perfection, and
crystallographic orientation of these crystallites.
This makes possible a very meaningful study that
involves a careful, well documented preparation
of these catalysts, x-ray characterization, and
chemical characterization by chemisorption,
deuterium isotope exchange reaction, hydrogena-
tion, isomerization and hydrogenolysis reactions.
This extensive program involves the participation
of three faculty: John Butt, R. L. Burwell, Jr. of
Chemistry, and J. B. Cohen of Materials Sciences.
An interesting result of this work is that it has
been found that the small noble metal crystallites
are crystallographically perfect down to as small
as two nanometers in diameter. Furthermore the
activity and selectivity in the test reactions vary
by less than a factor of five when the metal
crystallite sizes change from less than two nano-
meters to over fifteen nanometers. Pretreatment
conditions have a much more profound effect than
particle size alone.

Another study that was made possible by this
collaboration was the in situ x-ray characteriza-
tion of supported Pd catalysts. Fig. 3 shows some
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of the findings in which a Pd/SiO, catalyst was
being exposed to a reaction mixture of hydrogen
and methyleyclopropane. If the starting catalyst
was Pd, the reaction mixture results in the forma-
tion of a mixture Pd metal and Pd hydride at
steady state. If the starting catalyst was Pd
hydride, the steady state of the catalyst was also
a mixture of Pd metal and hydride but of a
different proportion. We think this is the first
report of multiple steady states of a working
catalyst obtained by direct observation.

Mixed Oxide Catalysis

Almost all commercial oxide catalysts are
multicomponent, and it is of interest to understand
how these different components affect each other
catalytically. In particular, some of these com-
ponents in industrial catalysts are added as
promoters and their functions are not fully under-
stood. Our effort in this area has been to elucidate
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FIGURE 3. The multiple steady states of a Pd/SiO.
catalyst in the hydrogenolysis of methyl-
cyclopropane at 0 °C. (a) Starting with
100% Pd, steady state catalyst is 70%
metal, 30% hydride, (b) Starting with 10%
metal and 90% hydride, steady state
catalyst is unchanged.
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One is also concerned with the

catalytic reaction engineering associated with

transport effects, reactor design, catalyst design . . .

the effect of these promoters on bulk structural
stabilization, reducibility, and activity and se-
lectivity. The catalytic system being investigated
is the selective oxidative dehydrogenation of
butene to butadiene over ferrite catalysts promoted
by zinc and/or chromium. To achieve our objec-
tive, the surface and the bulk of the catalysts
must be well characterized. This would involve in
addition to catalytic measurements, measurements
of surface composition, bulk structure, reduction
behavior and chemisorption. H. Kung, in col-
laboration with Professor Y. W. Chung of Ma-
terials Science and Professor P. Stair of Chemis-
try, has measured quantitatively the surface
density of iron even though the samples are
electrically insulating. Temperature programmed
reduction and reaction further suggest that the
reducibility of the oxide greatly affects the se-
lectivity of the reaction. In particular, the carbon
dioxide production is reduced on catalysts more re-
sistant to reduction. These and other observations
allow us to conclude that the Zn and Cr additives
act as structural promoters by stabilizing the bulk
against reduction and structural transformation.
They also stabilize-the surface against reduction
which leads to enhanced selectivity. Finally, they
affect the active sites through Ilong range
electronic interaction which results in enhanced
activity by lowering the activation energy of the
reaction.

Concluding Statement

HE EXAMPLES ABOVE SERVE TO illustrate the

emphasis and the approach in most of our
catalytic research effort. To reiterate, we aim at
fundamental understanding of catalytic reactions
through detailed studies of the solid and the re-
action. A very special feature is that we try to
involve workers in other disciplines who bring in
a wide spectrum of expertise. This allows us to
make use of the fullest potential of many physical
and chemical techniques in a manner that would
be impossible for a single worker. Thus the re-
search problem can be more satisfactorily solved.
The collaboration also benefits the graduate
students by broadening their experience and
knowledge. We might add that the same state-
ment pertains to the faculty. O
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