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Indirect methanol fuel cells currently being investigated at General Motors for transportation
applications require removal of carbon monoxide from the hydrogen-rich gas stream produced by
the fuel processing section. A variety of catalytic materials, including noble metals (Pt, Pd, Rh,
and Ru) and base metals (Co/Cu, Ni/Co/Fe, Ag. Cr, Fe, and Mn). were evaluated in a laboratory
reactor feedstream containing CO, H,, and O, in order to identify alternate catalysts which are
more effective than currently used PUYALQO; in selectively oxidizing CO in the presence of excess
H,. Both Ru/ALO; and Rh/ALO; are among the most active catalysts for CO oxidation, achieving
nearly complete CO conversion at temperatures as low as 100°C (compared to ~200°C required
for currently used Pt/AlLO;). Furthermore, the Ru/AlL(; and Rh/ALO; catalysts were found 1o be
exceptionally selective for CO oxidation, making it possible to purify the fuel cell feedstream with

a minimum loss of the energy content associated with H,, <

INTRODUCTION

Indirect methanol fuel cells are being in-
vestigated at General Motors Corporation
as a possible energy source for vehicle pro-
pulsion and/or auxiliary power units. Since
gaseous hydrogen (the most efficient fuel for
fuel cells) cannot practically be stored in
sufficient quantities aboard a vehicle, it 1s
desirable to integrate a fuel processing sec-
tion with a fuel cell module for trans-
portation applications (/-3). In this self-
contained fuel cell system, methanol is con-
verted to hydrogen-rich gas by means of
catalytic steam reforming and water—gas
shift reaction processes (4-6). The product
hydrogen is then fed to a hydrogen-air fuel
cell that generates electrical power to drive
the vehicle. However, the product stream
from the fuel processing section (i.e., steam
reformer + shifter) typically contains 0.5 to
1 vol% of CO, which severely degrades the
fuel cell performance by poisoning the
anode oxidation rates. Thus, a viable fuel
cell system requires that CO should be re-
moved from the H,-rich reformed gas down
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to concentration levels below 0.1 vol%
(preferably ~0.01 vol% for extended opera-
tion) while minimizing the consumption of
H,.

Possible strategies to accomplish this task
include CO removal by adsorption, reduc-
tion or oxidation. Among these, selective
CO removal by catalytic oxidation (i.e.. CO
+ 172 O, — CO,) appears to be the most
promising approach. Adsorption processes
typically require unacceptably large vol-
umes of adsorbents. Reduction steps, such
as methanation (CO + 3H,— CH, + H-0),
appear attractive; however, the presence of
CO, in the gas stream severely compromises
the processes by generating additional CO
as a result of a **shift’” of the CO,. Previous
work done at Engelhard Industries (7) and
Los Alamos National Laboratory (8) has
shown that Pt/Al,O, catalysts can be effec-
tive in selectively oxidizing CO in the pres-
ence of excess H,, but close control of the
reactor temperature and the oxygen injec-
tion rate is required. Recent efforts in this
area have been directed toward improving
the selectivity of Pt/Al,O, for CO conver-
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TABLE 1
Characteristics of Catalyst Samples Used
Catalyst Metal loading BET area Source

(Wt%) (m*/g)
PU/ALO, 0.5 184 Matheson, Coleman & Bell
Pd/AlLLO, 0.5 184 Matheson, Coleman & Bell
Rh/ALLO; 0.5 184 Matheson, Coleman & Bell
Ruw/ALO, 0.5 184 Matheson, Coleman & Bell
Co/Cu/AlLO, SCo/5Cu 59 Harshaw Chemical
Ni/Co/Fe/Al,0O, 3Ni/3Co/3Fe 78 Harshaw Chemical
Ag/ALO, 4 1 Harshaw Chemical
Cr/AlLO; 8 63 Harshaw Chemical
Fe/AlLO; 14 41 Harshaw Chemical
Mn/SiO, 1.5 258 Harshaw Chemical

sion in a Hyrich reformed gas stream
through optimization of the design and oper-
ation of the **preferential oxidation reactor’’
(PROX). Among the designs evaluated is a
concept of a multiple-stage PROX, where
the amount of oxygen injected and the tem-
perature level for each stage are optimized
to effectively remove CO while minimizing
hydrogen oxidation (9, /0).

Another way to improve the performance
of the PROX is to employ alternate catalytic
materials which are more active and selec-
tive than currently used Pt/Al,O, catalysts
for CO oxidation in the presence of excess
H,. This approach has the advantage of po-
tentially eliminating the need for complex
hardware required for the distributed tem-
perature control and oxygen injection along
the length of a multiple-stage Pt/Al,O; cata-
Iytic reactor.

This study was initiated to identify cata-
lysts that efficiently and selectively oxidize
CO present in the H,-rich gas stream from
the fuel processing unit. A variety of cata-
lytic materials were examined, including no-
ble metals (Pt, Pd, Rh, and Ru) and base
metals (Co/Cu, Ni/Co/Fe, Ag, Cr, Fe, and
Mn), in laboratory feedstreams containing
CO, H,, and O,. Particular attention was
given to the activities and selectivities of the
catalysts for CO oxidation as a function of
temperature and oxygen concentration.

High CO oxidation activity is desirable be-
cause it would allow CO removal at temper-
atures compatible with the operation of
solid-polymer-electrolyte fuel cells (90 to
110°C). Also important is the high selectivity
for promoting the CO-0, reaction versus
the H.—O, reaction, because it is desired to
remove CO from the fuel cell feedstream
with a minimum loss of the energy content
associated with H,.

EXPERIMENTAL
Catalysts

A variety of commercially-supplied sup-
ported noble metal and base metal catalysts
were evaluated in this study. Table 1 lists
the metal loadings, BET surface areas, and
the source of the catalyst samples used for
the reactor experiments. All of the catalysts
were in the form of cylindrical pellets (3.2
mm diameter by 3.2 mm length) except for
the Mn/Si0, catalyst which was supplied as
3.2-mm granules.

Reactor System and Analytical Methods

A schematic diagram of the reactor sys-
tem is shown in Fig. 1. The reactor was a
2.5-cm-o0.d. stainless steel tube housed in an
electric furnace. The feed gas was passed
downward through the reactor containing
stacked layers of SiC pellets (for preheating
the gas) and catalyst pellets. The reactor
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Fi1G. 1. Schematic diagram of the reactor system.

temperature variations were controlled by
a proportional controller to make them con-
sistently repeatable. A stable and linear in-
crease in inlet temperature was obtained
with the control thermocouple placed at the
outside surface of the reactor tube. How-
ever, temperature values quoted in this
study (referred to as catalyst temperature)
are those actually measured with a
chromel-alumel thermocouple located
along the reactor centerline in the middle of
the catalyst bed.

All the experiments reported here were
done using 30 cm® of catalyst and a total
feedstream flow rate of 10 liter/min (STP),
yielding a space velocity of 20,000 h~!. The
feedstream contained 0.85 vol% H,, 900
ppm CO, and 0 to 2300 ppm O, in an N,
background. A nearly tenfold excess of H,
over CO was employed in order to simulate
the H,-rich gas stream produced by a fuel
processing section.

The concentrations of CO, H,, and O, in
the reactor inlet and outlet streams were
measured with a Varian Model 3400 gas
chromatograph equipped with a thermal
conductivity detector (TCD). The GC con-
tained a stainless steel column (0.32 ¢cm di-
ameter by 3 m length) packed with Molecu-
lar Sieve 5A (60-80 mesh). The column was
operated at 60°C for 3 min followed by tem-
perature programming to 70°C at a rate of
5°C/min in order to separate H,, O,, N,,
and CO. Both the injector and detector were
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maintained at 120°C, and the TCD filament
temperature was 220°C. Sample injection
was accomplished using helium as the car-
rier gas at a flow rate of 15 cm*/min. Individ-
ual species in the reaction mixture were
identified and quantified by comparing their
elution times and integrated peak areas with
those of calibration gas mixtures of known
concentration,

A portion of the reactor effluent (~3 liter/
min) was passed through Horiba nondisper-
sive infrared analyzers to continuously mea-
sure concentrations of CO and CO,. These
analyzers provided a convenient means of
monitoring the catalyst efficiency for CO
oxidation as a function of temperature dur-
ing dynamic temperature run-up experi-
ments.

Oxidation Activity Measurements

Catalytic behavior was characterized in
two ways: (1) variable temperature experi-
ments with a fixed feedstream composition,
and (2) variable O, concentration experi-
ments at a fixed temperature. All the cata-
lysts were stabilized by carrying out repeti-
tive runs of temperature run-up experiments
where the catalyst was heated from room
temperature to 450°C at a rate of 20°C/min
in the flowing feed containing 0.85% H, , 900
ppm CO, and 800 ppm O, (balance N,). Once
stabilized, the catalysts yielded reproduc-
ible conversion versus temperature profiles;
the 50% CO conversion temperatures ob-
tained during consecutive temperature run-
up experiments generally agreed within sev-
eral degrees. The variable O, concentration
experiments were done by first heating the
sample to 450°C in the above mentioned
feedstream, holding steady at 450°C for 15
min, and then cooling down to the desired
temperature before varying the feedstream
concentration of O,.

We also made activity measurements
without any catalyst in the reactor (i.e., with
catalyst replaced with blank alumina pel-
lets). The conversions of CO and H, at typi-
cal feedstream compositions were found to
be insignificant below 300°C. Also, for the
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F16. 2. CO conversion over Ru/ALO;, Rh/ALO;, PUY
ALO:. and Pd/AlLQ; during temperature run-up in a
feedstream containing 0.85 vol% H,. 900 ppm CO. and
800 ppm O in an N, background.

feedstream composition employed for tem-
perature run-up experiments, the axial tem-
perature gradient through the catalyst bed
is estimated to be at most 15°C, indicating
that plotting the conversion as a function of
mid-bed temperature is adequate to describe
the catalytic properties of the sample being
tested.

RESULTS
CO Oxidation Activity

Figure 2 compares CO conversion effi-
ciencies measured over the four noble metal
catalysts (all 0.5 wt% metal dispersed on
alumina pellets) during a temperature run-
up in the reactant stream containing 0.85
vol% H,, 900 ppm CO, and 800 ppm O,. It
is evident from Fig. 2 that both Ru/Al,0; and
Rh/AlL,Q, are most active for CO oxidation,
approaching 1009 CO conversion at tem-
peratures as low as 100°C. The 50% conver-
sion temperatures for these catalysts are
~70°C lower than that for the Pt/Al,O; cata-
lyst. A rather unusual conversion versus
temperature profile was obtained with the
Pd/Al,O, catalyst. At low temperatures, the
CO oxidation data for Pd/Al,O, closely fol-
lows those for Ru/Al,O, and RHW/ALO;,
reaching ~25% CO conversion at 60°C. At
higher temperatures, however, the CO con-
version exhibited a much weaker tempera-
ture dependence, diverging sharply from the
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conversion profiles for Ru/AlLO; and R/
Al,O;. Over the temperature range of inter-
est in PROX operation (100 to 200°C), the
CO oxidation activity in the presence of ex-
cess H, decreases in the order Ru/Al,O; >
Rh/ALLO; > P/ALLO; > Pd/AlLO;.

It 1s interesting to note in Fig. 2 that all
four noble metal catalysts exhibit a maxi-
mum in the CO conversion with increasing
temperature. The decline in CO conversion
at elevated temperatures was not due to an
irreversible change in the catalysts; the con-
version curves during the cool-down fol-
lowed virtually the same paths as the run-
up curves. The observed decrease in CO
conversion with temperature appears to be
related to the water—gas shift equilibrium
limiting the CO conversion at high tempera-
tures (as discussed later), leading to con-
sumption of the limited supply of O, in the
feed by the H, in preference to the CO. It
is interesting to note that a temperature run-
up experiment with a H.-free feedstream
containing only CO and O, did not produce
a maximum in the conversion versus tem-
perature curve (see solid line in Fig. 3). The
results of Fig. 2 suggest that high-tempera-
ture operation of the PROX containing no-
ble metal catalysts is undesirable because
H, (fuel), rather than CO (impurity), would
be preferentially removed by the catalytic
oxidation.

The results for various base metal cata-
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Fi1G. 3. Comparison of CO conversion versus temper-
ature curves for PUAILO, with (dotted line) and without
{solid line) H, in the feed. The feed contained 900 ppm
CO and 800 ppm O, in both cases.
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F1G. 4. CO conversion over various base metal cata-
lysts during temperature run-up in a feedstream con-
taining 0.85 vol% H,. 900 ppm CO. and 800 ppm O,
in an N, background. Data are shown for (1) PUALLO;,
(2) Co/Cu/AL Q4. (3) Ni/Co/Fe/AlLO;, (4) Ag/ALO, . (5)
Cr/AlL Oy, (6) Fe/Al,O5, and (7) Mn/SiQ),.

lysts are shown in Fig. 4. For reference,
the CO conversion curve for Pt/AlLLO, (same
data shown in Fig. 2) was also included in
the figure. Although the Co-containing cata-
lysts (samples (2) and (3)) exhibited the high-
est CO oxidation activity of the base metal
catalysts examined here, they all performed
poorly in comparison to currently used Pt/
Al,O, and thus were eliminated from further
consideration.

In addition to the temperature effects dis-
cussed above, the O, concentration in the
feed is another important operating variable
influencing the performance of the PROX.
Figure 5 shows CO conversion versus O,
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F16. 5. CO conversion over Ru/ALO;, Rh/AlLO;, PV
Al O;, and Pd/ALO; in the temperature range 171 to
185°C. The feed contained 0.85 vol% H,, 900 ppm CO,
and variable levels of O, in an N, background.
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concentration data obtained with Ru/Al,O5,
Rh/ALO;, PU/ALLO;, and Pd/AlLLO, in the
temperature range where the current PROX
typically operates. At a catalyst tempera-
ture of 171°C, the Pt/Al,O, catalyst requires
1700 ppm O, in the feed in order to achieve
complete CO conversion. The Ru/Al,O; and
Rh/ALLO, catalysts, on the other hand,
reached 100% CO conversion at 800 ppm
0, at a comparable catalyst temperature of
180°C. The Pd/Al,O; catalyst was much less
active than the other three noble metal cata-
lysts; only 709 CO conversion was obtained
even in the presence of 2300 ppm O, in the
feed. In agreement with the results of Fig. 2,
the CO oxidation activity in the temperature
range characteristic of the operation of the
current PROX was found to decrease in the
order RwALO, > Rh/ALO, > Pt/ALO; >
Pd/ALLO,. The same activity ranking was
observed during variable O, concentration
experiments at lower temperatures.

The experiments discussed above demon-
strate that Ru/Al,O, and Rh/AlLO; are much
more active than currently used Pt/Al,O; for
CO oxidation in the presence of excess H,.
Besides their higher CO oxidation activity,
Rw/AlLLQ, and Rh/ALQ; offer the added ad-
vantage of consuming substantially smaller
amounts of H, in the PROX than Pt/Al,O;.
This aspectisillustratedin Fig. 6, whichcom-
pares the H, conversions measured over the
Ru/AlLO,, Rh/ALO,, and Pt/Al,O, catalysts
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F1G. 6. Conversions of CO and H, over Ru/Al,O;,
Rh/Al,Q;, and Pt/ALO; in the temperature range 171
to 180°C. The feed contained 0.85 vol% H,, 900 ppm
CO, and variable levels of O, in an N, background.



CARBON MONOXIDE REMOVAL FROM FUEL CELL FEEDSTREAMS

A Ru (180°C)
o Rh (180°C)
& Pt (171°C)

CO Conversion (%)

20

4] 1 1 | 1 J
0 5 10 15 20 25
Hp Conversion (%)

Fi1G. 7. Comparison of the selectivity of Ru/Al,O5.
Rh/ALO., and Pt/ALLO; for the CO-0, reaction versus
the H,~O, reaction in the temperature range 171 to
180°C.

during the same variable O, composition ex-
periments of Fig. 5. The CO conversion data
of Fig. 5 were reproduced in Fig. 6 for com-
parison purposes. (The Pd/Al,O, catalyst
data are not shown in Fig. 6 in view of its low
CO oxidation activity.) Although the ten-
dency to consume H, in the presence of CO
over the noble metal catalysts decreases in
the order Pt/Al,O; > Ru/AlL,O; > Rh/AlLO4,
the H, conversion over all three catalysts in-
creases monotonically with increasing O,
concentration. Comparisons of the CO and
H, conversion curves in Fig. 6 indicate that
for each of the noble metal catalysts, there
exists an optimum O, concentration at which
nearly complete CO conversion can be
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FiG. 8. Caomparison of the selectivity of Ruw/AlLO;,
Rh/Al,O5, and PVALLO, for the CO-0, reaction versus
the H,~0O, reaction in the temperature range 122 to
140°C.
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achieved with only limited amounts of H,
consumed in the PROX. Increasing the O,
concentration beyond the optimum value
would simply increase the extent of H, con-
sumption without significantly improvingthe
catalyst efficiency for CO removal from the
reformed gas. It is evident in Fig. 6 that Ru/
ALO, and Rh/AL,O; are more effective than
Pt/ALLO, in selectively oxidizing CO in the
presence of excess H,; over Pt/Al,O; com-
plete removal of CO is accompanied by at
least 20% H, conversion, whereas the H,
conversion over Ru/AL,O, and Rh/Al,O; can
be kept below 5% at complete CO con-
version.
Selectivity

As pointed out in the above discussion,
our goal is to remove CO with minimum H,
consumption, and thus the selectivity (i.e.,
the partitioning of the limited supply of O,
between the CO and H, present in the re-
formed gas) is an important factor in the
selection of PROX catalysts. The selectivity
characteristics of the various noble metal
catalysts can be more clearly seen by plot-
ting the data of Fig. 6 in the CO-H, conver-
sion plane with the O, concentration as a
parameter. Such a plot is shown in Fig. 7
for the Ruw/AlO,, RWALO,, and Pt/AlLLO,
catalysts in the temperature range of
171-180°C. It is evident that both Ru/Al,O,
and Rh/Al, O, possess much stronger prefer-
ence for the CO-0O, reaction than Pt/Al,O;
in the temperature range encountered in the
current PROX. Since the higher CO oxida-
tion activity of Ru/Al,O, and Rh/AlO,
would allow us to operate the PROX at
lower temperatures (see Fig. 2), it is of inter-
est to compare the low-temperature O, par-
titioning between CO and H, for the noble
metal catalysts. The selectivity results in
the low-temperature range (122-140°C) are
presented in Fig. 8. Again, the superior se-
lectivity of Ruw/Al,O; and Rh/ALLO; is clearly
demonstrated.

DISCUSSION

A great deal of work has been done on
the kinetics and mechanism of the CO-0,
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reaction [e.g., Refs. (//-16)] and the H,-O,
reaction [e.g., Refs. (/7-21)] over noble
metal catalysts. Relatively little attention,
however, has been given to the simultane-
ous catalytic oxidation of CO and H, in
CO-H,-0, mixtures. Although the detailed
mechanism of the co-oxidation of CO and
H, over noble metals is not yet well under-
stood, it has generally been observed that
the H, oxidation is strongly inhibited by the
presence of CO in the reactant stream (22,
23). This observation is not surprising in
view of the fact that CO is adsorbed much
more strongly on noble metal surfaces than
H,or O, (11, 13, 24). As a result of its strong
adsorption strength, CO would cover the
catalyst surface almost entirely, excluding
the more weakly adsorbed species, H, and
O, , from the active sites in CO-H--0, mix-
tures. Consequently, virtually no reaction
would occur until the temperature is high
enough to desorb significant amounts of CO
from the catalyst surface. This situation is
very similar to that encountered during CO
oxidation in the absence of H, (/3, 14) in
that the onset of the reaction both in the
presence and absence of H, in the feed is
controlled by the desorption of CO. This
indicates that the lightoff behavior of the
noble metal catalysts in CO-H,-0O, mix-
tures is dominated by the kinetic features
characteristic of the CO-0, reaction rather
than by those of the H,—O, reaction.

It should be noted that the abovemen-
tioned mechanism represents only an ap-
proximation to reality. For example, the
presence of H, in the reactant stream can
give rise to an interaction with adsorbed CO
on the surface, such as the formation of an
H-CO complex (24, 25), resulting in a sig-
nificant enhancement of CO oxidation activ-
ity [see Fig. 3 for T < 180°C as well as Refs.
(22, 23)]. This surface complex is believed
to enhance the reaction by desorbing from
the catalyst surface below the temperature
required for CO desorption in the absence
of H, (23). Nevertheless, the mechanistic
discussion given above provides a reason-
able description of the essential features of
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the CO-H,-0, reaction system catalyzed
by noble metals. This argument is supported
by the same activity ranking for CO oxida-
tion (Ru > Rh > Pt > Pd) observed both in
the absence of H, (/6) and in the presence of
H, (see Figs. 2 and 5) over the temperature
range of 100 to 200°C.

Once the reaction is initiated by the onset
of CO desorption, the catalyst surface un-
dergoes an abrupt decrease in the surface
coverage of CO, resulting in the increased
population of available active sites (26, 27).
In this case the surface is no longer predomi-
nantly covered with CO, and thus it is rea-
sonable to speculate that the rate of the
H,-O, reaction in CO-H,-0, mixtures dur-
ing and after catalyst lightoff would not be
greatly affected by the CO. This argument
is supported by the fact that our observation
of substantially higher H, conversions over
Pt/Al,O, than Rh/Al, O, (Fig. 6) is consistent
with the activity ranking reported in the lit-
erature for the H, oxidation itself (28). Liter-
ature data on the H,-O, reaction kinetics
over Ru is rare; however, Ru is generally
believed to be a poor water formation cata-
lyst because of its inability to form stable
surface hydroxyl species, a key intermedi-
ate in the H,O formation reaction (29).

Figure 2 shows that all four noble metal
catalysts exhibit a decline in CO conversion
in the regime of high temperatures. The
high-temperature CO conversion curves are
more or less independent of the catalyst
composition. Given the presence of CO,
CO,, H,, and H,O in the reaction mixture,
it is possible that the product distribution
for the CO-H,-0O, reaction system at high
temperatures may be constrained by the
water—gas shift equilibrium. Assuming that
all the inlet O, is consumed by the reaction,
the CO conversion at equilibrium is calcu-
lated to be 88% at 250°C, 78% at 350°C, and
60% at 450°C for the feedstream composi-
tion considered in Fig. 2. Although these
calculated CO conversions are somewhat
lower than those actually measured, they
correctly describe the trend of CO conver-
sion changes with temperature depicted in
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Fig. 2. Possible reasons for the discrepan-
cies between the measured and calculated
CO conversion levels include (1) insufficient
time for reaching the equilibrium during the
temperature run-up, and (2) calculation of
the equilibrium constant based on the mid-
bed temperature in the presence of a signifi-
cant temperature gradient within the cata-
lyst bed.

The unusual catalytic behavior of the Pd/
Al O, catalyst shown in Fig. 2 is similar to
the complicated conversion versus tempera-
ture profiles previously reported for the
methanol and formaldehyde oxidation over
Pd/AlLL O, (30). In that earlier work, a local
minimum in the conversion versus tempera-
ture profile was well described by a kinetic
model which allows for a change in the oxi-
dation state of Pd from a reduced (highly
active) form to an oxidized (less active) form
with increasing temperature. This explana-
tion is reasonable because Pd is known to
have a low heat of formation for the metal
oxide (i.e.. PdO) relative to other noble
metals.

Thus, we propose the following intepreta-
tion of the unusual conversion versus tem-
perature profile observed in Fig. 2 for the
CO-H,-0, reaction system catalyzed by
the Pd/AlL,O; catalyst. Below ~60°C, the Pd
is fully reduced and the conversion in-
creases in normal fashion with temperature.
As the temperature is increased further, the
catalyst begins to oxidize and the conver-
sion falls due to a lower activity of the oxi-
dized Pd compared to the reduced Pd. The
conversion reaches a local minimum at
~90°C, where the catalyst is nearly fully
oxidized. Above 90°C, the conversion in-
creases again reflecting an activated reac-
tion process characteristic of the oxidized
Pd.
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