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The heat evolved in the interaction of CO, O,, and CO + O, with SnO, and Pt/Sn0O, catalysts
was evaluated at different temperatures in the range 300-475 K using microcalorimetry. The effect
of oxygen and hydrogen pretreatments of the samples on the heat evolved shows that in the case
of Pt/Sn0O,, the values were higher for the oxidized sample as compared to the reduced sample,
whereas the trend was reversed for metal-free SnO,. The thermochemical data reveal heterogeneity
of CO or O, adsorption/reaction sites and show that the heat evolved in interaction of a gas is
considerably influenced by the chemical nature of the catalyst surface and by the presence of
preadsorbed species. The data support the view that the lattice oxygen abstraction from SnO, plays
an important role in CO oxidation at all the catalyst temperatures under study. The presence of
platinum is found to augment Sn** — Sn?* conversion. It is suggested that the energy released in
the chemisorption of carbon monoxide or oxygen over Pt gives rise to a localized temperature surge
in the vicinity of metal sites and this additional source of energy leads to enhanced CO oxidation

activity of Pt/SnQ, via accelerated lattice oxygen abstraction.

INTRODUCTION

The catalytic oxidation of CO is known to
follow different mechanistic routes depend-
ing on the catalyst system employed, as has
been reviewed in several articles (I-6). It
is believed that in the case of metal oxide
catalysts, the CO oxidation follows a redox
mechanism according to which the struc-
tural oxygen of the catalyst lattice partici-
pates directly in the reaction. The catalyst
is then rejuvenated with the help of oxygen
in the reactant gas stream. In the case of
noble metal catalysts, the mechanism in-
volves activation and subsequent reaction
of adsorbed atomic or molecular species
without direct participation of the catalyst
lattice,

No unanimity of view, however, exists in
the case of the CO oxidation mechanism
when noble metals dispersed over oxide
supports are used as catalysts. For example,
in the case of Pd/Sn0O, catalyst interesting
synergistic effects have been observed (7,
8) and the phenomenon has been attributed
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to spillover of both the CO and O from palla-
dium to SnO,. Matolin et al. (9), on the other
hand, have provided evidence for the partial
decomposition of CO over supported Pd and
the formation of surface carbon as an inter-
mediate species during the steady-state CO
oxidation process. Harrison et al. (10) have
shown the existence of metal-support inter-
action in Pt/CeQ, catalyst and have sug-
gested that cerita contributes to a large num-
ber of catalytic functions.

Adsorption microcalorimetry is a useful
technique which is sensitive to each step
responsible in a catalytic process, viz., che-
misorption of reactants followed by surface
transformations and desorption of reaction
products. Thus, on the one hand, this tech-
nique is capable of giving information about
the overall effect of various processes oc-
curring simultaneously over a catalyst sur-
face, and, on the other hand, the specific
surface processes- can be evaluated in cer-
tain cases by comparison of experiments
performed under different conditions
(11-13, 21). Various studies using microca-
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lorimetry have been reported for CO oxida-
tion over different oxides such as NiO and
CeO, and the intermediate steps involved in
CO oxidation have been proposed (14-20).
Relatively fewer thermochemical studies
have been carried out using supported metal
catalysts (21, 22). Giamello et al. (21), for
instance, have demonstrated that the inter-
action of CO and oxygen over fully reduced
cupric oxide-zinc oxide catalysts involves
adsorption of carbon monoxide on copper
metal while redox reactions occur in a pre-
calcined sample.

In the present study we measured the mo-
lar heat evolved (Q,..) When pulses of CO,
0,, or CO + O, were admitted to Pt/Sn0O,
and SnQ, catalysts under dynamic flow of a
helium carrier gas to obtain the thermo-
chemical data under practical catalytic reac-
tion conditions. The effect on Q values of
different pretreatments given to a sample
was evaluated to understand the role of dif-
ferent surface oxidation states on the cata-
lytic activity. The information thus obtained
has been used to delineate the reaction paths
involved in CO oxidation reaction over sup-
ported metal catalysts.

EXPERIMENTAL

The heat evolved in the interaction of CO
and CO + O, over Pt(1%)/Sn0O, and SnO,
was measured at various isothermal temper-
atures in the range 300-500 K using a
Calvet-type heat flow microcalorimeter
(C80 calorimeter from Setaram, France)
coupled with a gas chromatograph. A 100-
mg sample of catalyst (around 250-um parti-
cle size) was taken in a recirculation stain-
less-steel vessel, also from Setaram, in
which the sample could be evacuated or
maintained under a continuous flow of H,,
O,, or He carrier gas. Anidentical but empty
calorimeter vessel connected similarly to
vacuum or the gas flow system was used as
a reference cell. As the sample was very
small compared to the weight of the calori-
metric vessel, the dissymmetry produced by
using sample in only one of the cells was
negligible. For introduction of an adsorbate,

injection ports were provided near the calo-
rimeter entry points.

After the catalyst sample was subjected to
the desired pretreatment, small pulse doses
(100 wl each) of adsorbate [of CO, O,, or
CO + O, (1:1) mixture] were successively
introduced at time intervals of about 15 min
using a gastight hypodermic syringe while
the adsorbent samples were maintained at
an isothermal temperature in the range
300-500 K and under a helium carrier flow of
20 ml min~!. While the heat evolved during
individual pulse injections of adsorbate over
the catalyst sample was measured, effiuents
were analyzed using an on-line gas chroma-
tograph. From the difference between the
amounts of adsorbate injected and eluted,
the amount of gas adsorbed or reacted was
evaluated. It should be emphasized here
that with the experimental equipment
adopted, the heat evolved at a particular
sample temperature corresponds to the
overall effect of irreversibly held CO on the
catalyst surface and also that of the CO oxi-
dation process.

The heat change, if any, in the introduc-
tion of a gas pulse into the empty sample
cell at different temperatures was found to
be negligibly small and was taken into ac-
count for heat change measurements. The
calorimeter response at different tempera-
tures was calibrated using a Joule calibrator.

Before calorimetric measurements, the
catalyst samples were treated in situ in
flowing H, or O, gas (20 ml min~!) at 475 K
for 1 h and each pretreatment was followed
by evacuation (475 K, 30 min) and heating
of the sample for 1 h under the He carrier
flow at 475 K. While the He carrier flow was
maintained, the samples were cooled to the
desired temperature before adsorbate pulse
injections were made. The samples pre-
treated in oxygen and hydrogen will be des-
ignated as Pt/Sn0O, (0x) and Pt/SnO, (red),
respectively.

He carrier gas was passed through deoxo
catalyst and zeolite beds to remove any
traces of oxygen or moisture.

The reproducibility of the data was tested
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by repeating each set of experiments at least
two or three times. The trend of Q value
variation with temperature or that for suc-
cessive adsorbate pulse injections was
found to be quite reproducible. The quanti-
tative values of heat release per gram of
catalyst sample varied by about 5% but
greater inaccuracy was encountered in gas
chromatographic analysis of the effluent
gases, particularly in experiments carried
out at lower sample temperatures (i.e., <400
K). The Q values in terms of kcal mol™!
may therefore be considered to be accurate
within 5-10%. The positive values of Q as
given in this paper indicate the heat liberated
in the process. The enthalpy change values
(AH) for reactions (1)-(6) in the Discussion,
however, refer to the conventional norm,
i.e., a negative value for an exothermic
process.

CATALYST

The tin oxide gel was prepared by the
reported method (23, 24) of precipitating hy-
drous tin oxide from SnCl, solutions (at 275
K) using aqueous ammonia solution. The
precipitate was washed and centrifuged re-
peatedly and was then dried at room temper-
ature. The material thus obtained was redis-
persed in water to break up large granules
and was filtered and dried again at ambient
temperature and then at 475 K. The 60- to
80-mesh fraction of SnO, gel had a N, ad-
sorption BET surface area of 178 m?g~! and
was used to support 1 wt% Pt. Aqueous
chloroplatinic acid solution and incipient
impregnation methods were employed for
this purpose. The platinum was reduced to
the metallic form by drying the sample and
then heating in a H, flow at ~440 K. The
BET area of this sample was found to be 135
m? g~!. To evaluate the effect of different
pretreatments on catalyst activity for the
CO oxidation reaction, a gas mixture con-
taining approximately 10% CO, 5% O,, and
the rest He was reacted over 1 g of a Pt/
SnO, or a SnO, catalyst at a flow velocity of
400 ml h—' g=1, A quartz tube flow reactor
of 8-mm inner diameter was used for this
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F1G. 1. Percentage of CO adsorbed/reacted (curves
1 and 2) and percentage of CO, produced (curves 3 and
4) when a 4.9-umol CO pulse was injected over Pt/
SnO, under helium flow. Curves 1 and 3 with Pt/Sn0O,
(red) samples; 2 curves 4, with Pt/SnO, (ox) samples.

purpose. The effluent gases were sampled
periodically and analyzed by gas chroma-
tography.

RESULTS
Pt(1%)/Tin Oxide Catalyst

Interaction of carbon monoxide. The ex-
tent of carbon monoxide oxidation was
found to depend on the temperature and the
pretreatment given to the catalyst. When
several CO pulse injections were succes-
sively made at a particular temperature, the
amount of CO adsorbed/reacted on the sec-
ond pulse injection was smaller by about
10%, whereas subsequent CO injections
gave identical CO adsorption data. Figure 1
shows the average amount of CO adsorbed/
reacted and that of CO, formed at different
sample temperatures. A negligible amount
of adsorbed CO was converted to CO, in the
case of the Pt/SnO, (red) sample, particu-
larly at temperatures below 425 K (curves 1
and 3). On the other hand, a smaller amount
of CO was adsorbed over Pt/Sn0O, (0x) at
300 K whereas larger CO adsorption/reac-
tion was observed at higher sample tempera-
tures. Adsorbed CO was almost completely
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FiG. 2. Evolution of heat during exposure of a 4.9-
wpmol pulse dose of CO over Pt/SnO, (red) (curve 1)
and Pt/SnO, (ox) (curve 2) samples at different temper-
atures; curves 3 and 4 show average Q values from
five successive CO pulse exposures over reduced and
oxidized samples, respectively.

oxidized over Pt/SnO, (ox) at sample tem-
peratures above 300 K (curve 4).

The heat evolved in the exposure of a
CO pulse over Pt/SnO, sample depended
significantly on the pretreatment condition.
Curves 1 and 2 of Fig. 2 show Q.
values when CO pulses were exposed over
reduced and oxidized Pt/Sn0O, at different
temperatures. It is observed that whereas
in case of a Pt/SnO, (red) sample, the Q
value initially increases with increase in
catalyst temperature from 300 to 375 K,
further increase in sample temperature re-
duced heat evolution drastically. With a
Pt/SnO, (ox) sample, the Q values were
found to be almost constant over the same
temperature range.

At a particular sample temperature, when
several CO pulse doses were interacted suc-
cessively with an interval of about 15 min,
the data given in Fig. 3 were obtained. The
QOuoiar Values (per mole of CO consumed)
decreased for the first two or three CO pulse
injections after which almost constant val-
ues were observed.

In the case of the Pt/SnO, (ox) sample,
the decrease in Q value on successive CO

pulse injections was more pronounced, as is
evident from the data given in Fig. 3.

The average Q values obtained on expo-
sure of the first five injections is shown by
curves 3 and 4 in Fig. 2 for reduced and
oxidized samples respectively.

Interaction of O,. After 8 to 10 pulse injec-
tions of CO over Pt/SnO, at a particular
temperature, the sample was maintained un-
der helium for about 30 min to remove re-
versibly held CO. At this stage, when oxy-
gen pulses were admitted to the sample, a
large amount of heat was evolved, particu-
larly in the case of a sample pretreated in
oxygen prior to CO exposure. The Q values
were normally higher for the first O, pulse
exposure, whereas a constant value was ob-
tained from the third pulse onward. Figure
4 gives the typical temperature-dependent
variation in average Q.. values for the first
five oxygen pulse injections as observed
with the reduced and oxidized Pt/SnO,
samples.

Effect of adsorption sequence. When the
sequence of oxygen and carbon monoxide
pulse injections was reversed, the Q values
were significantly different. Thus, instead of
introducing oxygen subsequent to CO pulse
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F1G. 3. Evolution of heat during exposure of succes-
sive 4.9-umol CO pulse doses over Pt/Sn0O, (red)
(curves 1-3) and Pt/SnO, (ox) (curves 4 and 5) samples
at different temperatures.
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F1G. 4. Average Q values in the interaction of five
successive 4.9-umol O, pulse injections following
seven or eight injections of CO over Pt/Sn0Q, (red)
(curve 1) and Pt/Sn0, (ox) (curve 2) catalysts at differ-
ent temperatures.

exposures as reported above, when a Pt/
SnO, (red) sample was first exposed to a
series of O, pulses and then to successive
pulse doses of CO, the data shown in Figs.
5a and b, respectively, were obtained. It
may be noted that the O values for oxygen
pulse injections over freshly reduced sample
are in the range 20 to 80 kcal mol ~! for sam-
ple temperatures in the range 375-475 K
(Fig. 5), whereas the corresponding Q val-
ues from a CO preexposed sample were 10
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F1G. 6. Average yield of CO, when 4.9-umol CO
+ 0, (1:1) pulse injections were made at different
temperatures over Pt/SnQO, (red) (curve 1) and Pt/Sn0O,
(ox) (curve 2) catalysts.

to 25 kcal mol ! (Fig. 4). It is also of interest
to note that the CO interaction over an oxy-
gen covered surface gives rise to less heat
evolution (Fig. 5b) as compared to that over
Pt/SnO, (0x) sample.

Interaction of CO + 0O, (1:1) gas mix-
ture. Figure 6 shows the CO, yield when a
100-ul (~4.9-umol) pulse of CO + O, gas
mixture in an equimolar ratio is exposed to
freshly reduced or oxidized sample at differ-
ent temperatures. The data show that the
CO + O,reactionis considerably influenced
by the oxidation state of the catalyst sur-
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F16. 5. Evolution of heat during exposure of successive pulse doses of O, on Pt/Sn0O, (red) catalyst (a)

and during subsequent CO pulse exposures (b).
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Fi1G. 7. Evolution of heat during exposure of a 4.9-
pmol CO + O, (1:1) gas mixture pulse over Pt/SnO,
(red) (curve 1) and Pt/SnO, (ox) (curve 2) samples at
different temperatures. Curves 3 and 4 show average Q
values from five successive CO + O, pulse exposures.

face; much smaller amounts of CO, were
formed using Pt/SnO, (red) sample as com-
pared to those obtained with Pt/SnO, (ox)
sample at all catalyst temperatures under
investigation.

Figure 7 shows the amount of heat
evolved in the interaction of CO + O, over
Pt/SnO, (red) and Pt/Sn0O, (ox) samples. Al-
though the gas mixture contains oxygen in
excess of that required for stoichiometry,
the Q values follow a trend almost similar
to that observed in the experiments carried
out with CO alone (Fig. 2). This therefore
indicates that both CO and O, interact/react

GANGAL, GUPTA, AND IYER

independently with the catalyst surface be-
fore giving rise to CO, formation.

With the Pt/SnO, (red) sample, the Q
value obtained on the first CO + O, pulse
dose injection is equal to the value calcu-
lated from independent CO and O, injec-
tions, i.¢., Oco+o0, = Qco T Qo,- Inthe case
of subsequent pulse injections, the Q values
from mixture pulse injections were higher.
The trend, however, reversed in the case of
an oxidized sample.

SnO, Catalyst

Negligible amounts of CO, O,, or CO +
O, were adsorbed/reacted over metal-free
SnO, at temperatures below 400 K under the
experimental conditions discussed above.
In the higher temperature experiments,
comparatively larger amounts of CO or CO
+ O, gas mixture reacted to form CO, with
a SnQ, (red) catalyst as compared to a SnO,
(ox) sample. This is in contrast to the results
observed for Pt/SnO, catalysts where oxi-
dized samples were more active. Table 1
gives average yields of CO, from CO and
CO + 0O, pulse exposures over SnO, under
different experimental conditions.

Correspondingly, low Q values were ob-
served in the interaction of CO, O, or CO
+ O, over Sn0O, at temperatures lower than
400 K. The heat evolved in the interaction
of O, and CO + O, was marginally higher
from reduced SnO, samples. Table 2 gives
heat evolution data for the interaction of
different adsorbates over SnO, at various

TABLE 1

Percentage CO — CO, Conversion When a 4.9-umol Pulse of CO or CO + O, Is Admitted at Different
Temperatures over Reduced or Oxidized SnO, Catalyst

Temperature CO adsorbed (%) CO, yield from CO CO, yield from CO + O,
X)
SnO, (red) Sn0O, (ox) SnO, (red) SnO, (ox) SnO, (red) SnO, (ox)
303 — — — — — —
373 — — — — — —
423 27.5 10.0 16.8 — 16.0 —
475 44.8 38.6 31.5 30.5 36.1 38

¢ —, No measurable CO adsorption or CO, formation.
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TABLE 2

Heat Evolved® in the Interaction of 4.9-umol CO,

0,, or CO + O, (1:1) Pulses over SnO, at Different

Temperatures as a Function of Sample Pretreatment at 475 K in H, or O,

Temperature SnO, (red) Sn0, (ox)
(K)
CO 0, CO + O, CcO 0, CO + O,
303 2.4 0.5 6.4 0.2 0.1 0.15
373 14.0 7.6 2.0 3.5 0.3 4.0
423 (27.3) (111.4) (63.2) 24.0 3.0 220
35.0 24.2 58.2
475 (31.8) (98.5) (49.7) (32.2) (21.0) (38.6)
67.2 91.4 113.0 58.2 48.7

@ Average values in kcal (x 1075) per gram of adsorbent. Values in parentheses represent the Q values in terms

of kcal per mole of consumed gas.

sample temperatures. Since it was not possi-
ble to evaluate the amount of gas adsorbed
accurately at temperatures below 400 K, the
average values of heat evolved per gram of
a catalyst are given in such cases for com-
parative evaluation. As is shown in the data
of Table 2, considerably larger Q values
were observed in the interaction of CO, O,,
or CO + O, over SnO, at a higher tempera-
ture (475 K), particularly from a SnO, (red)
sample.

The Q values expressed per mole of CO,
formed in the interaction of CO and CO +
O, are given in Table 3 for both Pt/SnQ, and
SnO, samples.

Catalyst Activity for CO Oxidation

Pt/Sn0, catalyst. Curve a of Fig. 8 shows
the equilibrium catalytic activity of a Pt/
Sn0O, sample of a mixture of CO and O,
(2: D reacted continuously at a flow velocity
of 400 ml h™! g~!. The sample was pre-
treated in He at 475 K for 1 h to remove any
adsorbed moisture. On pretreatment of a
sample in oxygen flow (475 K, 1 h) prior
to helium treatment, the catalyst behavior
remained almost unaltered (curve b, Fig. 8).
However, pretreatment in H, (440 K, 1 h)
following helium heating at 475 K reduced
the catalyst activity considerably and no sig-

TABLE 3

Heat Evolved® in the Interaction of CO or CO + O, Pulse Injections over Prereduced Pt/SnO, and SnO, Samples
at Different Temperatures

Temperature Pt/Sn0, (red) SnO, (red)
(K)
CcO CO + O, CcO CO + O,

interaction interaction interaction interaction
303 —b — — —
373 _ — — —
423 18.2 58.0 442 140.0
475 7.5 59.2 47.3 125.0

4 kcal/mol of CO, formed.
b _, unmeasurable CO, yield.
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FiG. 8. Percentage yield of CO, when 10% CO + 5%
O, in He were reacted at different temperatures over
Pt/SnO, subsequent to pretreatment under (a) He (475
K, 1 h), (b) O, (475 K, 1 h) followed by He (525 K, 1
h) (c) H, (440 K, 1 h) followed by He (525 K, 1 h), (d)
H, (440 K, 1 h) followed by He (525 K, 1 h) and then
further treatment under O, (475 K, 1 h) and in He (525
K, 1 h).

nificant conversion was observed at temper-
atures less than 400 K, as is shown by curve
c in Fig. 8. On further oxygen treatment of
a reduced sample, the catalyst activity was
restored though not to its original value
(curve d, Fig. 8).

Metal-free SnO,. An altogether different
effect of pretreatment was observed in the
case of a metal-free SnO, sample. In this
case, the equilibrium catalyst activity im-
proved on pretreatment of the sample in a
hydrogen atmosphere. The data in Fig. 9
represent catalyst behavior when 1 g of
SnO, sample was used for the CO + O,
reaction as a function of sample temper-
ature.

DISCUSSION
CO Adsorption and Oxidation

Effect of Pt metal. The data in Table 1
show that a negligible amount of CO was
adsorbed over SnQ, at temperatures below
400 K which is reflected in the poor yield of

CO, in the interaction of both the CO and
the CO + O, gas mixture pulses over SnO,
at these temperatures. It is also of interest
to observe that almost all of the small quan-
tity of adsorbed CO was converted to CO,,
indicating the participation of lattice oxygen
in CO oxidation.

A comparison of the data in Fig. 1 with
those in Table 1 reveals that the presence of
platinum augmented CO adsorption and its
oxidation over SnO,, particularly at lower
temperatures. At a higher temperature of
about 475 K both Pt/SnO, and SnQ, showed
almost similar CO oxidation activity.

A similar effect of Pt metal is also re-
flected in CO, yields when a CO + O, gas
mixture is admitted to Pt/SnO, and SnO,
samples either in the form of pulse doses or
in a continuous-flow mode (Figs. 6, 8, and
9). Thus, complete conversion of CO to CO,
was observed at 350 K when a stoichiomet-
ric mixture of CO and O, was reacted over
Pt/SnO, (Fig. 8), the corresponding temper-
ature in the case of SnO, being about 425 K
under identical sample pretreatment condi-
tions (Fig. 9).

It thus appears that adsorption of CO on
the catalyst surface is a prerequisite in the

100
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FIG. 9. Percentage yield of CO, when 10% CO + 5%
0, in He were reacted over SnO, catalyst after sample
pretreatments in (a) He 475 K, 1 h), (b) O, 475 K, 1
h) followed by He (475 K, 1 h), (c) H, (440 K, 1 h)
followed by He (475 K, 1 h).
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CO oxidation reaction and the presence of
platinum enhances the CO chemisorption or
bonding characteristics as discussed later.

Effect of sample pretreatment. Pretreat-
ment of the catalyst in O, or H, had different
effects on subsequent CO adsorption and
oxidation properties of the Pt/SnO, and
SnO, samples. In the case of the SnO, sam-
ple, hydrogen pretreatment at 475 K gave
rise to enhanced CO adsorption (Table 1)
and CO oxidation activity (Fig. 9). On the
other hand, the amounts of CO adsorbed/
reacted over Pt/SnO, (red) samples were
considerably lower than those over Pt/SnO,
(ox) samples (Fig. 1), and, correspondingly,
a Pt/SnO, (red) sample showed poor cata-
lytic activity when the CO + O, gas mixture
was reacted in the continuous-flow mode
(Fig. 8).

Another important aspect of the data in
Fig. 1 is the almost complete conversion of
CO to CO, from Pt/Sn0O, (0x), whereas in
the case of the Pt/SnO, (red) sample only
a small fraction of CO reacted to form
CO,, particularly at temperatures below
400 K.

These observations clearly indicate that
the oxygen chemisorbed on platinum plays
an important role in the CO oxidation
process.

Heat Evolution from SnQO,

The data in Table 2 show that the amount
of heat evolved is considerably influenced
by the pretreatment given to a sample. Thus
the Q values in the interaction of CO and
CO + O, over SnO, (red) lie in the range
25-65 kcal mol~! at sample temperatures
above 400 K whereas much lower Q values
were observed with an SnO, (ox) sample
(Table 2). The higher Q values with the re-
duced sample are in agreement with the
higher catalytic activity of this sample for
CO + O, reaction as compared to that of an
oxygen-pretreated sample (Fig. 9).

The interaction of CO with the metal-free
SnO, may lead to the following processes
(25):

CO + 30, (ads) = CO,(g),
AH = —70 kcal mol !,

S$n0, + CO = SnO + CO,,
AH = +2.8kcal mol™!, (2)

SnO + CO — SnO, + C,
AH = —43.2kcal mol™!. (3)

A large heat of evolution (~90 kcal mol~!)
as observed on the interaction of oxygen
pulses over the SnO, (red) sample suggests
the occurrence of the following reaction step
as well:

SnO + %02 = Snoz, .
AH = —70.4 kcal mol™'. (4)

None of the above processes [Eqs. (1)-(4)]
can individually explain the Q values ob-
served in this study (Tables 2 and 3). As it
is not viable at this stage to evaluate the
extent to which processes (1)—(4) or the ad-
sorption on the sample surface may contrib-
ute to the overall reaction under particular
experimental conditions, the reaction se-
quences giving rise to the data in Tables 2
and 3 cannot be established. Nevertheless,
the temperature- and pretreatment-depen-
dent variations in Q values observed in our
study lead to an obvious conclusion that
the interaction of CO or CO + O, is not
governed exclusively by any one process
but results from the simultaneous occur-
rence of more than one phenomenon. Simi-
lar conclusions were reached in the studies
of Giamello et al. (21) and of Bond et al. (8)
using different catalyst samples.

The discrepancy in Q values per mole of
CO consumed (Table 2) and the Q values
evaluated per mole of CO, formed in the
process (Table 3) indicate that part of the
reactants, products, or intermediate surface
species is retained on the sample surface.

Heat Evolution from Pt/Sn0O,

CO interaction. The effect of platinum on
the Q value depended on the temperature
at which adsorbates were admitted to the
catalyst surface. A comparison of the data

1
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in Figs. 2 and 7 with those in Table 2 shows
that much lower @ values were observed
in the interaction of CO over Pt/SnO, as
compared to metal-free SnO, at tempera-
tures higher than 400 K, whereas the trend
was reversed at lower temperatures. For ex-
ample, in the case of Pt/SnO, (red) sample,
the average Q value in the interaction of
CO increases from 7 to 12 kcal mol~! while
going from 300 to 375 K and decreases
sharply to a value of about 4 kcal mol~! at
475 K (Fig. 2).

With a Pt/SnO, (ox) sample, an average
value of about 20 kcal mol~! was observed
in the interaction of CO at all the sample
temperatures (Fig. 3).

CO + O, interaction. Similar variations
in Q values were observed when a pulse of
CO + O, was admitted to different samples
(Fig. 7). Thus, the average Q value with the
Pt/SnO, (red) sample increased from 6 to
23 kcal mol~! with a sample temperature
rise from 300 to 425 K, and with further
increase in temperature it reduced to a value
of about 15 kcal mol .

In the case of the Pt/Sn0O, (0x) sample,
the Q value was again constant at about 39
kcal mol ! for all sample temperatures.

A general conclusion may thus be drawn
that the microcalorimetric data obtained in
this study have a parallelism with the CO
adsorption and oxidation properties of our
samples.

O, interaction. The data in Fig. 4 show
that the admission of O, pulses gives rise to
vastly different heat evolution depending on
the nature of the adsorbent surface. Admis-
sion of CO pulses to the Pt/Sn0O, (red) sam-
ple is likely to result in chemisorption of CO
over Pt sites. Such a sample is expected to
have a smaller capacity for oxygen chemi-
sorption, leading thereby to low heat evolu-
tion, as is observed in the data of Fig. 4.

Another important point in Figs. 4 and 5
is the dependence of oxygen reactivity and
hence of the Q value on sample temperature.
This may be attributed to varying extents of
O, chemisorption on Pt and of SnO — SnO,
conversion at different temperatures.

Q values from successive CO or O, pulse

injections. Data in Figs. 3 and 5 show that
the initial two to three CO or O, pulses gave
rise to higher Q... values for both reduced
and oxidized Pt/SnO, samples, whereas
subsequent pulses gave rise to almost con-
stant Q values. This observation reveals the
existence of energetic heterogeneity of sites
responsible for CO or O, adsorption/reac-
tion, the more active sites being used first.
A study by Harrison and Guest (24), for
example, has indicated the existence of dif-
ferent types of hydroxyl groups over tin ox-
ide surfaces, in agreement with our point of
view.

Role of Platinum

The presence of metal on the SnO, may
give rise to alternate or additional reaction
routes involving chemisorption and subse-
quent recombination of the reactants over
Pt sites following either the Langmuir—-Hin-
shelwood or the Eley—Rideal mechanism.
In such cases the @ value is expected to
be greater than ~70 kcal mol !, the actual
value depending on the heat evolved in the
chemisorption of CO or O, over Pt, the value
of which is known to lie in the range 40-70
kcal mol~! (26). Similarly, if a part of the
product CO, remained chemisorbed over
the catalyst surface, the heat evolved would
be equal to Qco+02 + QCO2 (ads), i.e., more
than about 100 kcal mol~'. It may thus
be concluded that the reaction between che-
misorbed carbon monoxide and oxygen
over Pt does not govern the overall CO oxi-
dation process in a SnO,-supported metal
catalyst. The present data also indicate that
the presence of platinum promotes an endo-
thermic process which may be identified as
the reaction of CO with lattice oxygen, i.e.,
reaction (2). Our Mdssbauer spectroscopy
studies (27, 28) have indeed confirmed that
the presence of Pt or Pd leads to enhanced
Sn** — Sn?* conversion. It has been shown
that the extent of Sn?* formation is depen-
dent on metal content with a saturation ef-
fect at 2% Pt in SnO,. The yield of Sn** was
also found to depend on the temperature at
which a sample was exposed to CO or H,.
In a typical case of a Pt(1%)/SnO, sample
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treated with CO or H, at 475 K, the esti-
mated value of the Sn* fraction, as inferred
from the relative area ratio, was about 17%
as compared to a value of about 10% ob-
served for SnO, under identical conditions.

It can thus be concluded that the presence
of platinum augments Sn** — Sn?* transfor-
mation in the interaction with CO.

Mechanism

The mechanism of the CO oxidation reac-
tion on tin oxide-based catalysts and the
nature of the transient species formed in the
process have been investigated by various
workers (8, 23, 24, 29, 30). An IR spectros-
copy study by Thornton and Harrison (31),
for example, has shown the formation of
surface carbonate species in the adsorption
of CO over SnO, giving rise subsequently to
CO, formation on thermal desorption. No
attention, however, has been paid to deline-
ating the role of a noble-metal in augmenting
CO oxidation activity of labile oxygen-con-
taining supports such as SnO,.

Platinum may modify the CO oxidation
activity of SnQ, in three possible ways:

1. CO or O, molecules on activation at Pt
sites spill over to adjacent SnO, sites, lead-
ing to higher reactivity.

2. Energy released in the chemisorption
of CO or O, molecules over Pt sites may
give rise to a localized energy surge and
hence temperature rise in the neighboring
lattice regions where Sn0,-CO reaction
may occur at an accelerated rate.

3. Recombination of chemisorbed oxygen
or carbon monoxide over platinum may pro-
vide an alternative route leading to the for-
mation of surface complexes involving CO,
Pt, and SnO, having different configura-
tions.

The spillover mechanism proposed by
Bond et al. (8) has raised more questions
than it has answered, as is apparent from
the published discussion on the paper. The
heat values obtained in the present study
also rule out the possibility of a reaction
between chemisorbed CO and O being ex-
clusively responsible for the CO oxidation

process. The studies in our laboratory have
shown that the availability of additional en-
ergy in the vicinity of a metal site enhances
catalytic activity of supported noble metal
catalysts for the CO methanation reaction
(32-34). It has been suggested that such lo-
calized energy may not necessarily give rise
to a bulk temperature rise. The multiple sur-
face temperature measurement studies by
Kaul and Wolf (35, 36) have recently con-
firmed the existence of localized hot spots in
the regions of higher CO oxidation reaction
rate on Pt/Si0O, and Pd/SiO,. The oscilla-
tions in CO, yields during the CO oxidation
process have been attributed to fluctuating
zones of high and low reaction rates. Dirk
Boecker and Gonzalez (37) have similarly
proposed the existence of CO islands with
highly reactive boundaries in CO oxidation
on Pt/Si0, and Pd/SiO,.

The data in the present study may thus be
understood in the framework of the follow-
ing well-known redox mechanism involving
abstraction of oxygen from SnO, (23):

(O Sn0O) + CO=(0 Sn0 CO) =
(OSn) + CO, (5

(O Sn) + $0,— (O Sn0). (6)

The parentheses represent surface species.

The effect of H, or O, pretreatment on
the CO oxidation activity of metal-free SnO,
catalyst (Fig. 9) and on the corresponding
Q values (Tables 2 and 3) show that the
sequence in which the above three steps
[reactions (5) and (6)] occur plays an import-
ant role. Reaction (5) is an endothermic pro-
cess; reaction (6) is an exothermic one. As
has been discussed above, the reduced SnO,
has a 2+ valence state of tin at the surface
and thus the exposure of oxygen to such a
sample would result in energy release to the
extent of about 70 kcal mol ~!. It is suggested
that the energy thus released would be avail-
able to overcome requirements for the two
steps in reaction (5), thus helping to sustain
the overall CO oxidation reaction.

In case of Pt/SnQ,, larger energies are
evolved as compared to SnO, in the interac-
tion of CO, O,, and CO + O, at sample
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temperatures of 300 and 375 K. In the ab-
sence of additional data, we tentatively attri-
bute this to the dominating role of chemi-
sorption processes on Pt sites at these
temperatures. Whether a platinum site is ex-
posed first to O, or CO seems to play an
important role in determining catalyst be-
havior. A comparison of the data in Figs. 4
and 5 shows that a larger amount of heat
(40-80 kcal mol 1) is evolved in the interac-
tion of O, over H, reduced Pt/SnQ, as com-
pared to a similar sample with preexposed
CO (5-25 kcal mole ). The higher catalytic
activity of oxidized Pt/SnO, may thus be
attributed to a reaction sequence in which
chemisorption of O, over Pt rather than that
of CO is favored. These observations are in
agreement with several studies reported in
the literature which show that CO oxidation
does not occur on platinum if the surface is
completely saturated with CO, whereas on
a partly CO-covered surface the reaction
proceeds at high rate (3).

In conclusion, we may state that the trans-
fer of chemisorption energy from the metal
particle to the support may lead to a local-
ized temperature surge at the metal-support
interface regions which may act as sites of
higher CO oxidation activity. The fluctua-
tions in the energy available around such
reaction sites at a particular temperature
may be responsible for the so-called self-
generated oscillatory behavior of the CO ox-
idation reaction over platinum, as has been
investigated by several authors and re-
viewed recently by Razon and Schmitz [6].
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