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ABSTRACT
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1. Introduction laboratories in industry and academia have started

t 1 binatorial thods t talyti
Combinatorial methods and high throughput © apply combinaforial mefhods fo  catalytic

experimentation(HTE) have resulted in successful
3 7

research’'®. In organometallic catalysis there are

less problems to transfer the knowledge of

. .1 . g 4
drug discoveries ) and materials"”, and several

pharmaceutics in methodology and concepts, with

respect to heterogeneous catalysis. The application

TCorresponding author : djsuh@kist.re.kr of combinatorial methods to heterogeneous
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catalysis, however, requires careful consideration
not only of material composition, but also of the
surface structure. The surface structure of metals
supported on porous substrates is difficult to
determine a priory and it depends critically on the
method of preparation and often on the reaction
environment. Hence, to measure the -catalytic
activity using a combinatorial methodology or high
throughput experimentation, it is necessary to
devise methodologies that account for such effects.
Otherwise, HTE and combinatorial methods can
lead to large amounts of useless results if the
sensitivity of catalysts to the various factors
affecting their surfaces and hence their catalytic
The cost of

research escalates significantly if a combinatorial

activities is not accounted for.
approach is taken without accounting for the
sensitivity of catalysts to the wvarious factors
affecting their surfaces and hence their catalytic
activities.

Our approach to combinatorial catalysis is a
knowledge-based approach. We start with an
exhaustive study of the existing literature that is
synthesized into a reaction model that is used to
select a selected family of materials to be tested.
Fig. 1 schematically shows this inverted pyramid

Catalysts selection strategy

Read lit.= synthesize existing knowledge
in a model of a dream catalyst

U
IR thermography of arrays (50)

U

Parallel reactor (10)

U
Single reactor (1) @
U

Characterization
optimization

Fig. 1 The proposed inverted pyramid experimental approach
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approach that we feel is the most efficient way to
utilize combinatorial and HTE methodologies.

The first level of experimentation is the use of
an in situ, spatially resolved technique such as
infrared thermography(IRT) to test the activity of
an array of eight or nine, and now, up to 50
different The of

experimentation is to use a parallel reactor that

materials. second level
can simultaneously test the activity of ten samples
that are selected from the best activities observed
in the IRT studies. Finally, the best catalyst is
studied in a single flow fixed-bed reactor to get
the reaction rate parameters and is characterized to
its bulk and surface structure. The

knowledge gained from these results is then used

determine

to formulate a revised model of the surface and
the reaction. The revised model is used in a
second round of experiments to optimize the
catalyst. The final model in this approach will
give the best catalyst.

The IRT technique used in our work was first
introduced at Notre Dame by Pawlicki and
Schmitz1”. Our group used it previously to show
the formation of temperature patterns during
auto-oscillations occurring during CO oxidation on
RK/SiO, supported catalystszo’m. Moates et al.>
employed IRT to study an array made of 16 metal
supported catalysts that were prepared by a
conventional method of impregnating pellets of
g-AlL,O; with aqueous solutions of metal salt
Holzwarth et al® wused infrared
thermography to evaluate the catalytic activity of

precursors.

an array with 37 transition metal supported
catalysts during the hydrogenation of hexane and
the oxidation of The

parallel reactor used in the second stage of

isooctane and toluene.
experimentation was designed and developed by

ISRI Inc.*” and tested in our group.
The reaction under study is the oxidative
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decomposition of methanol that may be the
simplest way to genecrate the necessary hydrogen
for portable fuel cells. The

decomposition of methanol offers some obvious

oxidative

advantages over the highly endothermic steam
reforming of methanol, a well-established process
used for the stationary production of hydrogen,
with regard to kinetic aspects. This energetically
favorable, exothermic reaction provides a fast
response to transients and requires no steam. The
Cu- and Pd-based catalysts have been reported to
be active for the oxidative decomposition of

methanol”>>”

. However, none of them including
the traditional catalyst for methanol synthesis
Cw/ZnO is robust enough for on-board hydrogen
production in a variety of conditions. In this work,
we have prepared a series of CwZn/Pd and
CwZn/Pd/M catalysts with different compositions
and metal combinations by the coprecipitation
method and evaluated their reaction characteristics
by the

experimentation.

selective  combinatorial  catalysis

2. Experimental
2.1 IRT Reactor

The experimental system employed in the IRT
studies has been described elsewhere'®'". Tt
includes electronic flow controllers to provide
gases at specific flow rates, temperature control,
the IR-cell reactor and the IR camera(AGA
Thermovision 782). A new IR reactor, shown in
Fig. 2, has an array containing up to 50 wells and
is commercially available from ISRI. In addition
of inlets and outlets for the continuous flow of
gases, the reactor has heaters that are connected to
a temperature controller to maintain the
temperature of the reactors constant. The IR

camera has an infrared detector and an optical

Fig. 2 The IRT reactor with an array of 50 samples

scanner that scans over the whole object
constructing an image in one second. The signal
collected is displayed on a TV monitor and also
recorded in a video tape recorder. During reaction,
the temperature of the reactor is increased step by
step and the IR intensity is recorded after the
image does not change with time. Based on the
temperature calibration with blank experiments, the
real temperature and the temperature difference
with the blank experiment on each spot of the
catalysts are obtained. In the IRT experiments, the
temperature difference between the catalysts under
reaction and the blank experiment is taken as a

descriptor of catalytic activity.

2.2 Parallel Flow Reactor

We also utilize a ten-port micro-reactor
manufactured by ISRI(COMBI Reactor' ) that
allows one to evaluate the activity of the best
catalysts obtained from the IRT studies. The
COMBI Reactor shown in Fig. 3 is interfaced on
line with a fast gas chromatograph(GC), which
provide composition analysis of the effluent from
each of the 10 wells. Each well in the COMBI
has a capacity of up to 1-2 g of catalyst, thus
representing a more scalable result than the one
obtained from the catalyst array that only uses a
few mg of material. The GC provides sequential

analysis of the effluent trapped from each reactor.
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The system also has programmable electronic
flow controllers to meter various gases to the
reactor and a temperature control to maintain the
reactor temperature constant. The most active
catalyst from the COMBI studies is then studied
in detail in a single flow micro-reactor to obtain
kinetic results and compare their consistency with
the proposed model. The model is then modified
accordingly and new formulations/preparations are

chosen to optimize the activity of the materials.

2.3 Catalyst Preparation and Reaction

The catalysts were prepared in a parallel
preparation system according to the carbonate
coprecipitation from aqueous nitrate solutions
using sodium carbonate as a precipitating agent.
The precipitates were aged with stirring, then
filtered, and extensively washed. The resulting
precipitates was dried overnight at 383 K and
calcined in air at 723 K for 5 h. Prior to reaction,
the catalyst was reduced in hydrogen at 573 K for
2 h. The gaseous mixture used for the reaction
consisted of methanol vapor and oxygen, diluted
nitrogen. The inlet concentration of methanol was
managed by using a saturator at the temperature of
273 K. The oxygen/methanol molar ratio in the
feed was kept at 0.5. The reaction products were
analyzed online by two gas chromatographs
connected in series and equipped with thermal

conductivity detectors.

3. Results and Discussion
3.1 Model of the Ideal Catalyst

As shown in Fig. 1, we first start with an
exhaustive search of the existing literature of the
reaction under study to formulate a hypothetical
model of the reaction that guides us to search for
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Fig. 3 The parallel flow COMBI reactor

families of materials that might be active. This
approach differs with a more intensive approach
throughout the
periodic table without guidance on materials that

for searching every material

have a chance to be active or selected for the
reaction under investigation. This model led us to
the selection of two groups of materials that have
the strongest potential to decompose methanol to
hydrogen at low temperatures with the minimum
formation of water. The first group contains
CwZnO, which selectively produces hydrogen and
carbon dioxide. The second group contains Pd,
which exhibits

decomposition of methanol

very high activity for the
to hydrogen and
carbon monoxide. A series of binary Cw/Zn and
ternary Cw/Zn/Pd catalysts were first investigated
to determine the optimal compositions and to
check the existence of a synergistic effect between
the two groups. Next we attempted to obtain
further improvement in catalyst performance by
incorporation of a fourth component to the ternary

catalysts.

3.2 IRT Reactor

A total of 32 catalysts were examined by IRT
in only four experiments. The IRT images of
Cu/Zn, Cu/Zn/Pd, and Cw/Zuo/Pd/M catalysts were
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obtained at various temperatures in the IR cell
with an array of nine spots(one blank spot). Fig. 4
presents a bar diagram of the temperature
difference(DT) obtained from the IRT images of
the catalysts with and without reaction as a good
indicator of catalytic activity reflecting reaction
exothermicity. Fig. 4 shows the effect of the
CwZn ratio and Pd addition on the catalytic
activity of oxidative methanol decomposition at
423-498 K. The catalytic activity is likely to
increase with the increase of the Cu/Zn ratio up to
7/3 or 8/2.
introduction of Pd improves the catalytic activity
significantly. As shown in Fig. 4, the catalyst 7
(CwZn=7/3, 1% Pd) and the catalyst 8(Cuw/Zn=
8/2, 1% Pd) were observed to be the most
promising catalysts. The IRT results for Cu/Zn/Pd
catalysts(not shown) also exhibited no further
increase in the catalytic activity with increasing Pd
contents over 1%. Hence we decided to keep the
CwZn ratio and Pd content at 7/3 or 8/2 and 1%,
respectively, to study the quaternary catalysts.
From additional IRT results for the quaternary
catalysts Cw/Zn/Pd/M(not shown), the potential
promoters were found to be Ce and Zr. The
addition of Zr showed the highest exothermicity.

It can also be seen that the

3.3 Parallel Flow Reactor

Further work proceeded using the parallel flow
COMBI reactor to verify the IRT results under
conditions typical of catalytic exploratory results.
The results for methanol conversion and selectivity
to hydrogen obtained in the parallel flow COMBI
reactor for various catalysts selected from IRT
results are presented in Fig. 5. The results were in
fair accord with the corresponding IRT results.
The addition of Pd to Cu/Zn up to 1% increased
the conversion of methanol and selectivity to
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Fig. 4 IRT results for oxidative methanol decomposition over
various CwZn and Cw/Zn/Pd catalysts. Reaction conditions:
methanol partial pressure 0.036 atm, Oymethanol=0.5, N
balance. Catalysts: 1, CwZn=5/5; 2, CwZn=6/4; 3, CwZn=
7/3; 4, Cu/Zn=8/2; 5, Cw/Zn=5/5, 1% Pd; 6, Cu/Zn=6/4, 1%
Pd; 7, CwZn=7/3, 1% Pd; 8, Cw/Zn=8/2, 1% Pd

hydrogen.  Further catalyst
performance was obtained by incorporation of Ce
or Zr into the CwZn/Pd catalysts. The selectivity
exhibit the
correlation for most catalysts: i.e. the higher the

improvement  in

and conversion usual  inverse
conversion the lower the selectivity. However, the
addition of Pd, Ce, and Zr led to increased
conversion and selectivity. Although IRT was a
quick way to screen which ones were the most
promising catalysts in the selected groups of
catalysts, it may not give sufficiently accurate
results, particularly for complex reaction systems.
Some of possible reactions under the reaction
conditions studied are exothermic(oxidation and
water gas shift reaction) and the others are
endothermic(decomposition and steam reforming).
It is important to note that the IRT results show
the apparent exothermicity of all the reactions
involved.

The quaternary catalyst containing 2% Zr,
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which showed the highest exothermicity, was
actually less active and selective than the other
Cu/Zo/Pd/M  catalysts. The quatemary 1%Pd-u
Zn/Ce7/3/1) catalyst showed 53.6% selectivity at
79.4% conversion being the most active and
selective of all the catalysts tested.

3.4 Single Flow Ractor

Finally the most active and selective catalyst
was studied in a single flow fixed-bed reactor.
The results showed similar conversion-selectivity

results to those obtained in the parallel flow
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Fig. 5 Conversion and selectivity obtained in the parallel
flow COMBI reactor. Reaction conditions: catalyst, 20 mg;
total flow rate, 329.6 cc/min; methanol partial pressure,
0.036 atm; O,/methanol=0.5; N, balance
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Table 1 Oxidative decomposition of methanol over selected
CwZn, Cu/Zn/Pd, and CwZn/Pd/Ce catalysts using a single
flow fixed-bed reactor”

Catalyst: Temp Conversion Selectivity  Selectivity

. of to He (%" to CO; (%)
- (K)  MeOH (%)
CwZn(8/2)
524 61.1 10.6 41.0
no Pd
QWZn(2) 525 89.9 10.5 425
1% Pd° ’ ’ ’
CwZn(8/2)
. 498 914 14.1 47.5
1% Pd

SRS

* Reaction conditions: catalyst, SO mg; total flow rate, 164.8
cc/min; methanol partila pressure, 0.036 atm; O,/methanol=
b0.5; N; balance

After 2 h of time on stream
¢ Weight % based on oxides

COMBI reactor.
between the two types of reactors in quantitative
data probably due to the fact that heat and mass
transfer of the fixed-bed plug flow is different
from that of the parallel reactor. It should be

There are some differences

emphasized that the results presented here were
obtained in a fast track experimental program
comprising four weeks of experiments. A similar
program using a sequential approach would have
taken several months. As pointed out in Fig. 1, it
is now necessary to characterize some of the most
active catalysts to elucidate the main causes for
the superior catalytic performance and then to
design a new model of the ideal catalyst. It is
clearly demonstrated from Table 1, however, that
a Ce containing quaternary catalyst is the most
active and selective of all the catalysts studied.
Further
techniques will help to optimize the catalysts

work using multiple characterization

needed for attaining the objective of this work.

4. Conclusions

al

=

AoHXIEE =28 M8 H3Z 20074 9"



MS& - Eduardo E. Wolf

1) An inverted pyramidal approach using simple
and tested analytical techniques has been
demonstrated for the oxidative decomposition
of methanol.

2) Addition of Pd to CwZn up to 1% increased
the conversion of methanol and selectivity to
hydrogen.

3) Addition of Ce or Zr to Cw/Zn/Pd increased the
conversion of methanol and selectivity to
hydrogen.

4) Further work is needed to characterize and
verify the working hypothesis of the selected
groups of catalysts.
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