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CO oxidation by O, over Pd was studied between 300 and 450 K and at relatively high partial
pressures (up to 100 Torr CO and 180 Torr O,). As the temperature increased, the apparent activation
energy increased, the pressure dependency on CO changed from near 0 to — 1, and above 50 Torr
the O, dependency increased from 0.2 to 0.7. Below 400 K a first-order O, dependence was observed
at lower O, pressures. IR spectra were obtained under steady-state reaction conditions to monitor
the CO species present on the Pd surface. The spectra were consistent with the negative-order
dependence on CO and higher rates were observed when the surface concentration of CO decreased,
and they also provided evidence for compressed layers of CO below 400 K. At the higher O,
pressures employed, a normal Langmuir-Hinshelwood (L-H) model appears applicable in the
regime above 400 K, whereas a reaction between CO and O atoms at the perimeters of their
respective islands seems more appropriate below 400 K. The rate parameters derived from the two
rate equations are extremely consistent with this transformation as the activation energy of the rate-
determining step shifted from 15 kcal/mole in the island regime to 23 keal/mole in the normal L~H
regime, in agreement with the shift from 14 to 25 kcal/mole reported by Engel and Ertl on a Pd(111)
surface. Furthermore, the heats of adsorption derived from the K, and K values in the L-H rate
expression are similar to Q4 values reported on nearly saturated Pd surfaces, while the values
obtained from the island rate expression are lower, which is expected if compression occurs. Under
conditions where O, adsorption appeared to be the slow step, this elementary step appeared to

remain nonactivated. © 1991 Academic Press, Inc.

INTRODUCTION

The CO oxidationreactionisimportant be-
cause of the need to remove CO from the ex-
haust gas stream of both mobile and station-
ary power sources. This reaction over Group
VI metals was first studied by Langmuir in
1922 (1), and it still remains worthy of investi-
gation because of certain characteristics it
possesses. Even though the overall reaction
looks very simple, namely,

2CO + 0,— 2 CO,, 1

the reaction kinetics are in fact rather com-
plicated, and various phenomena have been
associated with its occurrence on Pd, such
as: rate dependencies varying from negative

! To whom correspondence should be addressed.

first order to positive first order for each
reactant (2--7), surface diffusion of adsorbed
CO (2, 8-11), adsorbate island formation (3,
12-14), stable rate oscillations (15-17), and
metal surface restructuring under reaction
conditions (/8). The interpretation of these
results has been complicated, but these and
other studies have provided a much better
understanding of the surface chemistry as-
sociated with this reaction.

This reaction has been studied frequently
over both single-crystal Pd surfaces and sup-
ported Pdcrystallites, and the evidence over-
whelmingly favors a model involving a sur-
face reaction between an adsorbed CO
molecule and an oxygen atom. However, dif-
ferent rate expressions have beenreportedin
different reaction regimes. For example, at
high surface coverages of CO and lower tem-
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peratures, the dissociative adsorption of ox-
ygen molecules can be inhibited when O,
pressures are low, and this gives a first-order
0, dependence and anegative reaction-order
dependency on the CO concentration (2). In
contrast, at higher temperatures and higher
0,/CO ratios, these dependencies are re-
versed (7), and domains of adsorbed oxygen
atoms can form creating compressed ad-
sorbed CO species (2). Under these condi-
tions, the reaction is presumed to occur only
around the perimeter of these islands, and a
recent study has shown thatamodelinvoking
islands can describe the data well (14). De-
spite the number of studies pertaining to this
reaction, only two infrared investigations un-
der steady-state reaction conditions have
been reported (19, 20). However, both were
conducted under low CO and O, pressures
and neither determined the rate expression
appropriate for the reaction conditions em-
ployed although Baddour et al. examined the
effect of partial pressures and calculated an
apparent activation energy (19).

This investigation was part of a program
to investigate the reaction between CO and
0, over prereduced Pd/8-ALO;, Cu/s-
Al,O;, and bimetallic Pd-Cu/8-AL0O; cata-
lysts and to compare their behavior with
the unreduced PdCl,, CuCl,, and mixed
PdCl,—CuCl, salts on 8-Al,0,, which can be
extremely active catalysts (21, 22). An in
situ IR/reactor system was utilized to simul-
taneously determine reaction kinetics and
obtain IR spectra under differential, steady-
state conditions. In addition, much higher
partial pressures of each reactant were used
so that the regime including the use of air as
the oxygen source was encompassed, and
relatively low temperatures (300-450 K)
were also employed. This combination rep-
resents a reaction regime that has been infre-
quently studied. This paper describes CO
oxidation over Pd/s-Al,O, catalysts, while
the other two catalyst systems are discussed
subsequently (23, 24).

EXPERIMENTAL

The supported Pd catalysts were made by
an incipient wetness method (25). The 8-

Al,O; supportand metal precursor are identi-
cal to those used to prepare the Pd-only cata-
lyst described previously (21), i.e., 8-AL 0O,
(W. R. Grace, 138 m?/g) and PdCl, (Alfa
Products), respectively, and the 7-Al,0O;
support has been described previously (25).
Before preparing these catalysts, the Al,O,
was ground and sieved to a 40/80 mesh size
and calcined in dry air (825 cm®/min) at 723
K for 2.5 h. Catalyst preparation was based
upon established methods (25-27), and after
impregnation of the Al,O; with the PdCl, so-
lution, the catalyst was dried overnight in an
oven at 393 K and again calcined at 673 K in
dry air (825 cm?®/min) for 2 h.

The reduction procedure in the reactor or
the adsorption system was as follows: the
catalyst was exposed to flowing He (30 cm?/
min) at 300 K, then the temperature was in-
creased to 573 K and held there for 1 h. The
He flow was switched to H, (30 cm*/min) and
the catalyst was reduced at 573 K for 1 hand
then purged with flowing He (30 ml/min) for
1 h at the same temperature before it was
cooled to 300 K. Standard chemisorption
methods using H,, O,, and CO were em-
ployed to measure the number of surface Pd
atoms (26, 27) and to allow calculation of a
turnover frequency (TOF). Sample prepara-
tion, equipment, and data acquisition meth-
ods are the same as those described earlier
(21). Kinetic data were obtained in a stain-
less-steel microreactor using powdered cata-
lysts as well as in the IR reactor system to
ensure that the results from the pressed
disc of catalyst in the IR reactor were re-
producible. The Pd loadings were deter-
mined by plasma emission spectroscopy on
the fresh sample after drying at
393 K.

RESULTS

Chemisorption of H,, CO, and O, was
measured on both fresh, reduced catalys
samples and on used samples after the ki-
netic runs. These uptakes, the calculated
Pd dispersions (fractions exposed) assuming
H,,/Pd, = 1 and CO,,/Pd, = 1, and the
apparent bulk hydride ratios are listed in
Table 1. Here Pd, represents a surface atom.
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TABLE 1

Characterization of Pd/AlL,O; Catalysts by Chemisorption

Catalyst Irreversible uptake Disp.” Particle Hydride
(nmole/g cat) (%) sicze ratio

(A) (H/Pdyp)
2.33% Pd/n-AlO; (Fresh) 59.7 — — 55 21 0.61
2.33% Pd/n-AL0O,; (Reactor) 32.5 — 61.3 30 38 0.47
2.10% Pd/8-Al,0; (Fresh) 493 — 833 50 23 0.55
40.0 — 83.5 41 28 0.52
39.5 — 80.0 40 28 0.52
2.10% Pd/8-AL0O; (Reactor) 16 — 33.5 16 69 0.52
2.10% Pd/8-AL0; (IR) 3.0 19.5 38.7 39¢ 29 0.45
4.5 — — 0.41
12.04 — — 0.48
2.19% Pd/8-AL0; (Fresh) 53.3 — — 52 22 0.67
50.0 32.8 — 49 23 0.62
55.0 35.0 98.0 33 21 0.63
2.19% Pd/8-Al,0; 31.0 20.0 60.0 30 37 0.51
2.19% Pd/3-AL0; (IR) 1.5 — — 11 101 0.40
17.1 16.7 36.3 17 68 0.40
17.0 — — 17 68 0.40

 Calculated from H, uptake assuming H,,/Pd; = 1.

b Total uptake (reversible uptake is not subtracted because no uptake was observed with pure 8-Al,0;.

¢ Calculated from CO uptake.
¢ Obtained after 383 K O, treatment for 1 h.

A summary of the Kinetic behavior of the
prereduced Pd/AlLO; catalysts is given in
Tables 2 and 3, and typical Arrhenius plots
for these catalysts are shown in Figs. 1 and
2. Specific activities are reported in the form
of a turnover frequency (TOF =
molecule - s7! - Pd;"), based on H chemi-
sorption on the used samples, as listed in
Table 1. Partial pressure dependencies were
determined over certain pressure regimes,
which were from 0.5 to 26 Torr for CO and
from 26 to 184 Torr for O,. The runs con-
ducted in the microreactor are shown in
Figs. 3 and 4 along with the power rate law
providing the best fit in various pressure
ranges.

The apparent activation energies, E,,,
for the Al,O,-supported Pd catalysts are also
listed in Table 2. With the 2.10% Pd/5-Al,0,
below 400 K, an activation energy of 11.0
kcal/mole was obtained in the microreactor
and a value of 10.6 kcal/mole was measured
in the IR reactor. With the 2.19% Pd/8-Al,0,

in the same microreactor system, another
kinetic study was performed and an activa-
tion energy of 9.7 kcal/mole was measured
below 400 K, which was similar to that for
the first 2.10% Pd/8-Al, O, catalyst, while
two runs in the IR reactor gave values of
12.4and 11.6 kcal/mole. These initial Kinetic
studies were conducted in a relatively low
temperature region (below 413 K); however,
a trend to higher E,,, values as the tempera-
ture increased was apparent, so the last ki-
netic run in Table 2 was obtained in a higher
temperature region (between 393 and 453
K). It was conducted with a &)-in. stain-
less-steel microreactor tube instead of a
(D-in. tube because a much smaller amount
of catalyst had to be used to prevent the
conversion of CO to CO, from being too
high in this higher temperature region. This
Arrhenius plot is clearly nonlinear; how-
ever, similar curvature for reduced Pd was
also observed by Cant ef al. (5). The average
E,,, value (21 = kcal/mole) over the entire
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F1G. 1. Arrhenius plot for prereduced 2.19% Pd/s-
AlLO; in the IR reactor. Total pressure = 750 Torr,
P,, = 26 Torr, Py, = 132 Torr; balance was He; Run
1, circles; Run 2, triangles; open symbols, ascending
temp.; closed symbols, descending temp.

temperature range was higher than those ob-
tained previously at lower temperatures, but
at temperatures below 400 K, E,,, was near
10 kcal/mole whereas near 450 K it was 30
kcal/mole. Thus, there is consistency
among the various E,,, measurements. The
significance of this change in activation en-
ergy is discussed in detail later.

The partial pressure dependencies on
each reactant were determined, and the var-
ious regimes are given in Table 3. At 373 K
and arelatively high O, pressure of 132 Torr,
the partial pressure dependency on CO was
negative (—0.3), which is consistent with
previous trends for the noble metals, while
at 373 K and below the dependency on O,
was 0.2 in the high pressure range and near
first order in the lower pressure range, as
shown in Fig. 3. The variations in the de-
pendencies on CO and O, with temperature
are shown in Figs. 3 and 4. At 343 K, the
dependency on CO went through a shallow
maximum and thereafter continually be-
came more negative with increasing temper-
ature, as indicated in Table 3 and Fig. 3a.
With O,, a near first-order dependency oc-
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curred in the lower pressure region, but the
highest pressure to which this first-order re-
gime extended continually decreased as the
temperature increased. As temperature in-
creased, the dependency in the higher pres-
sure region continuously increased from 0.2
to 0.4 and this region was extended to lower
pressures. Above 403 K, only a single de-
pendency was observed and it increased
with temperature to a value in the vicinity
of one-half, as shown in Table 2.

All IR spectra were taken under a flowing
gas mixture containing from 0.6 to 78 Torr
CO, with 26 Torr representing the pressure
at standard conditions. A typical IR spec-
trum for CO in He at 303 K gave CO bands
at 2080, 1970, and 1925 cm ™!, as shown in
Fig. 5. The 2080 and 1925 cm ! peaks were
strong while the 1970 cm™! peak appeared
as a shoulder. The intensity of the 2080 cm ™!
peak decreased and the peak position
shifted to 2070 cm ™! as the temperature in-
creased; however, the 1970 peak intensity
and position were independent of tempera-
ture while the intensity of the 1925 cm™!
peak also decreased and shifted toward 1910
cm ™! as the temperature increased. Under
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Fi1G. 2. Arrhenius plot for prereduced 2.19% Pd/s-
AlO; in the microreactor. Total pressure = 750 Torr,
P, = 26 Torr, Py, = 132 Torr; balance was He; open
symbols, ascending temp.; closed symbols, descending
temp.
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F1c. 3. Partial pressure dependencies on CO (A) and O, (L) over prereduced 2.19% Pd/8-AL0; in the
microreactor. (a) 343 K; (b) 373 K; (c) 403 K; gas flow = 28.5 cm*/min, total pressure = 750 Torr,
Pco = 26 Torr when Py, varied; Po, = 132 Torr when P varied.

standard reaction conditions with 132 Torr
0, in the gas stream, the CO bands at 2080,
1970, and 1925 cm~! were still observed and
the 1970 and 1925 cm™! peaks still over-
lapped, as shown in Fig. 6, but the latter
band was the stronger of the two. As with
CO in He, the position of the 2080 cm™!
band shifted down to 2065 cm ™! and its in-
tensity decreased as the temperature in-
creased from 303 to 413 K. As in He, the
1925 cm ™! peak of CO decreased in intensity
and shifted again to 1910 cm~! as the tem-
perature increased, but the position and in-
tensity of the 1970 cm~! peak again re-

mained nearly the
temperature.

During the partial pressure runs at 373 K
in the IR reactor to determine rate depend-
encies on CO and O,, the IR spectra in Figs.
7 and 8 were obtained. At the lowest CO
pressure (1.1 Torr), strong CO peaks at 1970
and 1925 cm™! were observed with the
broad 1925 cm™! peak initially being
stronger, and only a very small linearly ad-
sorbed CO peak was detected, as shown in
Fig. 7. As the CO partial pressure increased,
the 1970 and 2080 cm~! peaks increased no-
ticeably but little change in position oc-

independent of
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FIG. 4. Partial pressure dependencies on CO (A, A) and O, (O, W) over prereduced 2.19% Pd/3-Al,04
in the microreactor. (a) 403 K; (b) 423 K; (c) 443 K; gas flow = 28.5 ¢cm’/min, total pressure = 750
Torr, Peo = 26 Torr when Po, varied; Py, = 132 Torr when P varied; open symbols, increasing P;

closed symbols, decreasing P.

curred. As the O, partial pressure increased,
the intensity the 1970 cm~! CO band in-
creased somewhat and sharpened, as shown
in Fig. 8. Based on the work of Bradshaw
and Hoffmann (28), this is an indication that
the formation of a more compactly adsorbed
CO species occurs on the surface, i.e., is-
lands of compressed CO, when extensive
oxygen adsorption exists on the Pd surface.
Little change in the 2080 cm~' band oc-
curred. After these partial pressure runs, IR
spectra under standard reaction conditions
were remeasured, as shown in Fig. 9. They

are similar to those shown in Fig. 6, with
the most noticeable differences being the
appearance at 303 K of an additional peak
at 2150 cm~! and a slightly stronger 1970
cm ™! band, relative to the 1925 cm~! band,
after these exposures to different O,/CO
ratios.

During the CO oxidation reaction within
certain ranges of CO concentration and tem-
perature, stable oscillatory behavior in both
the amount of CO chemisorbed on the Pd
and the rate of CO, formation was observed,
as demonstrated in Figs. 10 and 11. As
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TABLE 2
Catalytic Activities and Apparent Activation Energies for CO Oxidation over Prereduced Pd/§-Al,05
Catalyst Epp” Activity? TOE®?
(kcal/mole) at 400 K s hH
(umole CO/g cat - s)
Below 400 K Above 400 K
2.10% Pd/8-Al0; (Reactor) 11.0 £ 0.2 16.0 = 0.5 0.25 7.9 x 1073
2.10% Pd/8-AlL0; (IR) 10.6 = 0.1 20.7 = 0.2 0.34 8.7 x 1073
(extrapolated)
2.19% Pd/s-Al,0; Run 1 12.4 = 0.1 228 = 0.5 0.14 4.0 x 1073
(IR) Run 2 11.6 = 0.1 223 = 0.8 0.11 3.3 x 1073
2.19 Pd/8-Al,04 (Reactor) 9.7 £ 0.1 173 £ 0.4 0.15 2.4 x 1073
2.19% Pd/8-Al,0; (Reactor) 9.5 = 0.1 30.2 £ 5.7° 0.10 1.7 X 1073
2.33% Pd/n-AlL05 (Reactor) 12.6 = 0.1 0.21 3.3 x 1073
(extrapolated)

¢ Standard reaction conditions: Po2 = 132 Torr, Pcg = 26 Torr, total P = 750 Torr, values with 95% confidence

limits.

5> TOF = molecule CO reacted per second per surface Pd atom, T = 400 K.

¢ Obtained above 433 K.

shown in Fig. 10, at 403 K and 1400 ppm of
CO (1.1 Torr CO) the amount of CO ad-
sorbed on the Pd surface, as monitored by
the principal 1910 cm™! band, oscillated
with a period of about 6 min, and the degree
of CO, production varied in such a fashion
that the maximum rate occurred at the low-
est surface concentration of CO. The kinetic
behavior could not be monitored as easily

as the CO surface concentration because 25
min was required for each GC analysis. At
a higher CO concentration (2000 ppm), the
period of oscillation was prolonged to ap-
proximately 10 min and the trend of oscilla-
tion in CO, production was the same as ob-
served at the lower CO concentration, i.e.,
higher activity at lower CO coverage. The
oscillatory behavior was dependent not only

TABLE 3

Partial Pressure Dependencies on CO(X) and O,(Y) for CO Oxidation over Prereduced 2.19% Pd/8-Al,0;

X 0,/CO ye 0,/CO Temp. (K)
Ratio Ratio
IR reactor -0.3 1.7-174 0.2 (Po, > 26 Torr) 1-5 373
1.4 (Po, < 26 Torr) 0.6-1
Microreactor 0.3 (Pcog < 13 Torr) 35-182 0.2 (Pg, > 52 Torr) 2-5 343
Sample 1 —0.1 (Pcg > 13 Torr) 8-35 1.3 (Po, < 52 Torr) 0.3-2
—-0.3 5-129 0.2 (Po, > 26 Torr) 1-5 373
1.3 (Po, < 26 Torr) 0.4-1
—-0.5 5-18 0.4 (Po, > 13 Torr) 0.5-5 403
1.1 (Py, < 13 Torr) 0.25-0.5
Sample II -0.6 1.7-100 0.3 1-5 403
-0.8 1.7-20 0.6 0.5-5 423
—-1.0 0.8-5 0.7 0.5-5 443

“r = kPEPY,, Pco = 26 Torr when Y was obtained

» Po, = 132 Torr when X was obtained. Uncertainties as

represented by 95% confidence limits were 0.1 or better.
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FI6. 5. IR spectra for prereduced 2.19% Pd/8-Al,0,
for CO in He only at various temperatures. Gas
flow = 28.5 cm’/min; total pressure = 750 Torr;
Py = 26 Torr; balance was He.

on CO concentration but also on tempera-
ture, and Fig. 11 shows that the higher the
temperature, the shorter the oscillation pe-
riod with 500 ppm CO (0.4 Torr) in the gas
stream.
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FiG. 6. IR spectra for prereduced 2.19% Pd/8-Al,04
under standard reaction conditions at different temper-
atures: Gas flow = 28.5 cm®/min; total pressure = 750
Torr; Peg = 26 Torr; Po, = 132 Torr; balance was He.
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FiG. 7. IR spectra for prereduced 2.19% Pd/8-Al, 04
under reaction conditions at various CO partial pres-
sures: 7 = 373 K; gas flow = 28.5 cm’/min; total
pressure = 750 Torr; Pg, = 132 Torr; balance was He.

DISCUSSION

Steady-State Infrared Spectra

Bradshaw and Hoffmann have reported
IR bands of CO chemisorbed on the (100),
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F1G. 8. IR spectra for prereduced 2.19% Pd/8-Al,0,
under reaction conditions at various O, partial pres-
sures: T = 373 K; gas flow = 28.5 cm®/min; total
pressure = 750 Torr; Py = 26 Torr; balance was He.
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F1G. 9. Sequential IR spectra for prereduced 2.19%

Pd/3-Al,0; at various temperatures and standard reac-
tion conditions after CO and O, partial pressure runs.

(111), and (210) single-crystal surfaces of Pd
(28). Their work showed that CO on Pd(100)
at 300 K and low coverage has a band at
1895 cm~! which shifts gradually to 1930
cm~! at a coverage near § = 0.4 and then
rapidly to 1983 cm ! at § = 0.61. The rapid
change of frequency at high coverage was
attributed to the formation of ‘‘compressed
CO”’ (or CO islands) in which the increased
dipole-dipole interaction increases the
wave number. In the region below the com-
pression regime (6 < 0.5), LEED data (29)
strongly indicate the existence of a twofold
coordinated (bridged) species which pro-
vides the initial band at 1895 cm™! and is
responsible for the rapid shift from 1930
cm~'at 8 = 0.5 to 1983 ¢cm ™! during com-
pression. For CO on Pd(111), similar behav-
ior was observed as the band is at 1823 ¢m ™!
at low coverage, increases smoothly to 1836

Gas flow 28.5 cm?/min; total pressure = 750 Torr; - ’

Pg, = 26 Torr; Py, = 132 Torr. cm™!at @ = 0.33, and then rapidly shifts to
1946 cm ! at higher coverages. The appear-
ance of an additional band at 2092 cm ™! for
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F16. 10. Oscillatory behavior of the activity and the concentration of adsorbed CO on 2.19% Pd/ALO,
monitored by the 1910 cm™! peak intensity: T = 403 K; Po, = 132 Torr; Peo = 1.1 Torr (1400 ppm).

Total pressure = 750 Torr, balance was He.
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Fic. 11. Oscillatory behavior of the concentration of adsorbed CO on 2.19% Pd/Al,O; monitored by
the 1910 cm™! peak intensity at 363, 368, and 373 K; Po, = 132 Torr; Pc, = 0.4 Torr (500 ppm). Total

pressure = 750 Torr, balance was He.

linearly adsorbed CO also occurs at high
coverage. This sequence of spectra was in-
terpreted in terms of adsorption first on
threefold coordination sites (1820 to 1840
cm™Y), then on twofold coordination sites
(1890 to 1946 cm™!) through a transition re-
gion where both twofold and threefold coor-
dinated species are present. The linear CO
species observed at 2092 cm~! was consid-
ered to be CO terminally adsorbed on a sin-
gle Pd atom. With Pd(210), which has a more
open structure in the top layer, they found
the spectra increased from 1878 cm ™! at low
coverage to 1940 cm™~! at a coverage near
0.5, then shifted more rapidly to 1996 cm ™!
at high coverage. This behavior is quite simi-
lar to that described previously and is inter-
preted in a similar manner.

A number of IR studies have been con-
ducted on CO chemisorbed on supported Pd
catalysts (19, 20, 30-36). The assignment

in the original studies of Eischens and co-
workers (31, 32) of terminally bonded (lin-
ear) CO to the high frequency band above
2050 cm™! and of multiply coordinated
(bridgebonded) CO to the lower frequency
bands below 2000 cm~! has been confirmed
in subsequent investigations. Although vari-
ous lower frequency peaks between 1990
and 1800 cm~' have been observed by
different investigators, as summarized else-
where (36), they can be associated with the
different species proposed by Bradshaw and
Hoffmann (28). Fresh reduced catalysts
sometimes exhibit different variations in
peak intensities with CO coverage than cata-
lysts after exposure to CO and O, at higher
temperatures (30-34). However, changes in
the distribution of crystal planes due to sur-
face restructuring and sintering during this
“break-in’’ period can be proposed tc
straightforwardly explain this. The typical
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trend is a shift in intensity from the region
between 1800 and 1940 cm~! to a region
between 1950 and 1990 cm™' after this
break-in period, which is consistent with a
loss of high index planes to form the more
stable low index planes (30). Palazov et al.
also showed that oxidation of the Pd surface
gave bands at 2103 and 2135 cm ! at satura-
tion coverage, and after a high temperature
treatment in O, at 723 K, no bridge-bonded
CO species were observed (33).

The spectra of adsorbed CO obtained in
the present study are in general quite similar
to those obtained by Palazov et al. (33) for
Pd/ALO,, and by Baddour et al. (19) and
Kember and Sheppard (20) for Pd/SiO, . The
assignments from these previous studies are
used here; therefore, the 2080 cm ! band is
that of CO linearly bonded to a surface atom
and the bands at 1925 and 1970 cm ™! repre-
sent bridged species bound to two Pd,
atoms. At the CO pressures used here, cov-
erages on the Pd surfaces should be high
and the 1925 and 1970 cm ™! bands can be
associated with compressed CO phases on
the (111) and (100) surfaces, respectively.
This interpretation is supported by the IR
work of Boecker and Wicke (37), which
showed a sharp absorption band centered
at 1980 cm~! when the CO island size was
increasing, and the EELS study of Stuve et
al. which resolved a CO peak near 1990
cm™' at CO coverages over one-half on a
Pd(100) surface covered with 0.25 mono-
layer of oxygen (12).

The development of CO bands after CO
adsorption on a Pd surface partially covered
by oxygen was also examined in this study,
as shown in Fig. 12. Initially the surface was
covered by oxygen, then 500 ppm of CO (0.4
Torr CO) was introduced into the system at
373 K. A strong, broad peak centered at
1925 cm™! developed first along with the
bands for linear CO, and the 1970 cm ! peak
was initially only a shoulder; however, the
1970 cm ™! band grew continuously. A peak
at 2140 cm~! was also observed during the
first two scans. In the IR spectra taken dur-
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FiG. 12. Variation with time of IR spectra of CO on
oxygen-covered 2.19% Pd/8-Al,0; after initiating CO
flow. Each scan required 5 min, and arrow indicates
increasing time. T = 373 K; total pressure = 750 Torr;
Pey = 0.4 Torr; Py, = 132 Torr, balance was He.

ing the CO partial pressure runs (Fig. 7), the
1925 cm™! peak again developed first and
the 1970 cm ™! band grew in relative strength
as both the CO pressure and time under
reaction conditions increased. After these
runs, the 1970 cm ™! peak had grown relative
to the 1925 cm™! band (compare spectra in
Fig. 9 and 6). Upon exposure of an O-cov-
ered Pd/SiO, sample to CO, Li et al. saw
the growth of bands at 1932 and 1978 cm ™!
beginning at the same time, with the inten-
sity of the latter being favored and continu-
ing to grow over a longer period of time (38).
Although Fig. 12 could imply different rates
on certain planes like the (100) surface be-
cause of the slower development of the 1978
cm™! peak, it more likely indicates that
some surface refacetting to the (100) plane
occurs under reaction conditions. This latter
explanation is consistent with the changes
associated with a break-in period (20) and
with the results showing this reaction is
structure insensitive (39, 40).

The state of the Pd surface at 373 K under
various reaction conditions, as monitored
by the adsorbed CO species, and the depen-
dence of the rate on these different CO spe-
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cies can be seen in Figs. 7 and 8. In Fig.
7 all CO peak intensities decrease as CO
pressure decreases, especially the 2080
cm ™! peak, but the rate increases threefold.
The most obvious interpretation is that a
decrease in adsorbed CO as the CO pressure
drops is freeing up surface sites and facilitat-
ing the competitive adsorption of oxygen.
The coverage decreases more rapidly as the
CO pressure decreases below 10 Torr. The
invariance of the CO band intensities in Fig.
8 as both O, pressures and rates decrease is
again consistent with this picture, and the
sharpening of the 1970 cm ™! band as O, pres-
sure increases can be explained by the in-
creased compression of CO islands as the
amount of adsorbed oxygen grows because
little or no CO is displaced at this high CO
pressure. All these trends are consistent
with the zero-to-negative-order dependence
on CO at CO pressures above 1 Torr.

Oscillatory IR/Kinetic Behavior

Many studies have now addressed the os-
cillations in rate and CO coverage that can
occur during the CO oxidation reaction over
noble metals (41), and numerous explana-
tions have been provided to explain this be-
havior. These include heat transfer effects
(16), surface restructuring (42, 43), redox of
surface atoms (44, 45), mass transfer limita-
tions (46, 47), and carbon deposition (48,
49). Although Pt has been the most widely
studied metal system, these oscillations
have also been observed during CO oxida-
tion over Pd (15-17, 46). The intent of the
present investigation was not to study oscil-
latory behavior and, in fact, efforts were
made to avoid it because steady-state be-
havior was desired. However, the observa-
tion of these oscillations with Pd/ALO; is
briefly mentioned here because it represents
only the second case reported for supported
Pd, and the oscillations occurred at much
lower CO concentrations than that used by
Kaul and Wolf (16).

Although oscillations in the surface con-
centration of CO under reaction conditions
could be followed readily by continuously

monitoring the peak intensity at 1910 cm ™!,
CO, formation could not be followed contin-
uously because gas chromatography was
used for exit gas analysis. However, if the
inverse correlation between activity and CO
surface coverage that normally occurs was
assumed to exist, as Kaul and Wolf have
shown for Pd (16), then the rate oscillations
could be predicted from the IR data, GC
analyses were made at different CO cover-
ages to test rate behavior, and the results
in Fig. 10 show the fit is excellent and the
expected inverse dependence does indeed
exist. The CO conversion at this CO concen-
tration of 1400 ppm is clearly not differential
as it varies between 50 and 100%. The fact
that these oscillations occur at this and even
lower CO concentrations (see Fig. 11),
which are 50 to 100 times lower than that
used by Kaul and Wolf, would tend to argue
against heat transfer limitations being the
cause of these oscillations but would be con-
sistent with a surface restructuring process
similar to that for Pt, as suggested in (/6).
However, these oscillations were observed
in the regime where islands of reactants ap-
pear to exist, and Mukesh et al. have shown
that a surface in such a state can produce
oscillatory behavior (14). This consequently
represents another explanation.

Reaction Model for CO Oxidation

Many kinetic studies of the reaction be-
tween CO and O, have been conducted, and
it has been found that the form of the kinetic
expression describing the rate of CO oxida-
tion over Pd is very dependent upon temper-
ature and reactant pressures (I-7, 11,
50-68). The studies of Engel and Ertl, in-
volving very low pressures of both CO and
0,, clearly eliminated a Rideal-Eley mech-
anism and delineated four different regimes
involving a bimolecular surface reaction
(routinely designated as a Langmuir-Hin-
shelwood mechanism), each of which can
have a different rate expression (2). These
and two other regimes can be summarized
as follows: (1) at very low coverages of ad-
sorbed reactants (low 6. and 6g) and with
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adsorption equilibrium established (favored
at T > 500 K), the Langmuir—Hinshelwood
rate expression simplifies to r = kPCOP”2
@, ) if PO is too low, then » = kPO be-
cause the rate—determining step (rds) shifts
to O, adsorption (2); (3) at higher Pro where
0o becomes significant, O, adsorption can
be hindered, and one limiting case at high
¢ values when O, adsorption via a molecu-
lar precursor state is the slow step gives
r = kPq, Pc— this is the expression most
frequently reported and typically found be-
low 500 K and at low pressures (2, 4); (4) if
Peo < Pg, so that f¢ is very small and the
rate becomes independent of O,, then r =
kP (CO diffusion on the surface to react
with islands of oxygen adatoms has also
been proposed in this regime (2)); (5) at
lower temperatures and higher O, pressures
when the rds is the reaction between ran-
domly adsorbed O atoms and adsorbed CO
molecules, the normal L—H rate expression
applies; and (6) at certain pressures of CO
and O,, islands of compressed oxygen ada-
toms exist as well as compressed domains
of CO, and the reaction occurs at the perim-
eter of these islands (2, 12, 14, 69). Conse-
quently, as others have stated (2, 68), a sin-
gle reaction mechanism cannot describe this
reaction over wide ranges of temperature
and pressure.

Previous studies have reported kinetic be-
havior consistent with these various re-
gimes. Ladas et al. examined this reaction
at low pressures (ca. 1076-10~! Torr) over
Pd sputtered onto an a-AlO, single crystal
and their results fit regime 3 at 448 K (6).
Cant et al. studied CO oxidation at higher
pressure over a Pd/SiO, catalyst and re-
ported a rate expression of r = P}’ Pcd?
above 427 K, Berlowitz et al. found reaction
orders of 1 and —1 in O, and CO, respec-
tively, on Pd(110) at 525 K as long as the
0,/CO ratio was less than 12 (7), and Yao
reported similar dependencies for a series
of Pd/Al, O, catalysts at 523 K (60). Conse-
quently, most of the reported rate expres-
sions appear to fall in regime 3, as indicated
in Table 4, although Berlowitz er al. ob-

served a transition to regime 5 (7). In region
3; if O, adsorption is an irreversible step
then k = k,4/Kco, where k4 is the rate con-
stant for O, adsorption and K is the equi-
librium adsorption constant for CO; thus the
apparent activation energy (E,;) is equal to
E.4 + QOco, the activation energy for O,
adsorption and the heat of adsorption for
CO, respectively (2, 40). As E, is expected
to be zero or near zero, at least for clean
surfaces, E,,, should be close to Q¢ on Pd.
Although E_, values have frequently fallen
between 25 and 30 kcal/mole, a much wider
range has been reported, as shown in Table
4. Lower Q values on CO-covered sur-
faces could explain somewhat the lower E,,,
values (40), but this wide range is most likely
due to the different combinations of rate
parameters that occur in various regimes
although the possibility of activated O, ad-
sorption has been mentioned (40). Finally,
it is important to note that an activation en-
ergy of 25 kcal/mole has been measured for
the reaction between an oxygen atom and a
CO molecule on Pd(111) at very low pres-
sures corresponding to regimes 3 and 4, and
it decreases to 14 kcal/mole when the com-
pressed oxygen islands in regime 6 are
formed (2).

Under conditions where the limiting case
in regime 3 is applicable, that is, r = kPq /
P, the rate should be independent of total
pressure at an equimolar reactant ratio;
however, Landry et al. (68) have reported a
sevenfold increase in turnover frequency at
445 K as the pressure increased from 107°
to 100 Torr. Consequently, the turnover fre-
quencies in Table 2 are quite consistent with
those listed in Table 4 with the exception of
those for TiO,-supported Pd (64) and one
of the catalysts studied by Vorontsov and
Kasatkina (58).

The kinetic resuits in Table 3 show that
in the lower pressure region, the near first-
order dependency on O, and the negative
dependencies on CO would indicate the
presence of regime 3, i.e., r = kP02/(1 5
KcoPro) (4). As the O, pressure increases,
the system moves into regime 5 or 6, and it
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TABLE 4

Kinetic Parameters Reported for CO Oxidation over Pd

Catalyst E.. T P Po, TOF at 400 K X Y¢ Ref.
(kcal/mole) X) (Torr) (Torr) (s7! x 10%
Pd(111) 25 450-700 1 x 1077 4 x 1077 — -1 i @G 3
18 480-700 3 x 1077 4 x 1077 —
14 530-700 1 x 107 4 x 1077 2.2
Pd/a-Al0, — 448 5x 1077 5 x 1077 1% -1 1 (©
5% Pd/SiO, 24.6 400-450 9.8 4.9 1 -0.8 09 (5
PA(110) 33.1 475-625 16 130 2b ~-1.0 1.0 )
26.0 <460
0.13% Pd/x-AL0, 30 463-523 20 10 5 — — (58
0.5% Pd/k-ALO; 21.9 453-498 31 38)
1.2% Pd/k-ALO, 25.9 433-508 5 58)
10% Pd/SiO, 30 383-443 17 12 a9
Pd/Ale3 13-32 >473 Pco/PoZ =1 ~1 1 (60)
Pd foil 22.2 523-593 — —  — (6D
Pd/a-ALO;, 28.5 473-523 —  — 62
0.5% Pd/a-ALO; 25.1 473-523 —  — (63
7.7 343-473
0.5% Pd/SiO, 37.0 463-513 2 1 63)
0.5% Pd/MgO 34.7 523623 63)
9% Pd/TiO, 9.6 293-323 150 75 66 03 0 (69
2% Pd/SiO, 19.9 Around 46 152 -1 1 (65
453 K
1% Pd/Sn0O, 14.1 Around 46 152 0 05 (63
384 K
1.3% Pd/Sn0O, 9.9 246-317 60 30 — —  (66)
Pd/LiNbO, 30.5¢ 493-673 20 10 -1 1 (67
234
4,88% Pd/ALO, 26.8 420-450 41 42 2.4 - — 68
18.4 420-450 0.75 0.83 1.9

“r = kPY,PY.

b Extrapolated value (33.1 kcal/mole).
€0.2-mm Pd film.

40.02-mm Pd film.

is only this higher O, pressure region that
will be modeled because the activation ener-
gies and most of the IR spectra were ob-
tained under these conditions. If a surface
reaction between adsorbed O atoms and CO
molecules is chosen to inferpret the results
in Tables 2 and 3 at higher O, pressures,
then the following comments can be made
based on the previous discussion. Under
standard reaction conditions (P, /Pco = 5),
the low activation energies of 10-11 kcal/
mole below 380 K and the CO bands at 1925
and 1970 cm™ ! imply reaction between com-
pressed domains of CO and compressed is-

lands of oxygen. The higher values above
20 kcal/mole at temperatures close to 450 K
would indicate a reaction between CO and
“normal’’ oxygen atoms which are not in
compressed islands (2), perhaps similar to
the mixed phase reported by Matsushima
and Asada (69). The transition appears to
occur around 400 K. High CO coverages
exist over the entire temperature range be-
cause the pressure dependencies in Table 3
vary from near zero order at 343 K to nega-
tive first order at 443 K. In the higher pres-
sure region, oxygen dependencies are near
0.2 at lower temperatures and increase to
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slightly over one-half as temperature in-
creases. Thus regime 5 appears most rea-
sonable at the highest temperatures and re-
gime 6 may be more appropriate at the lower
temperatures. Figures 3 and 4 show these
patterns.

Stuve et al. examined this reaction on an
O-covered Pd(100) surface and reported
three different reaction regimes (12). Be-
tween 100 and 300 K, CO, formation oc-
curred via CO-Pd-O complexes (with a
band frequency of 2125 cm ™ ); at 360 K CO,
formed from the reaction of adsorbed CO
with disordered oxygen domains; and at 420
K the reaction occurred between adsorbed
CO and isolated O atoms (or an ordered
p(2 x 2) oxygen layer). The transition be-
tween the last two regions as the tempera-
ture increased matches that found in the
present study, as indicated by the shift in
E,,, values. Zhou and Gulari have also ob-
served an adsorbed CO species under tran-
sient conditions with a band frequency of
2156 cm~! whose concentration correlated
with CO, formation (70). At lower tempera-
tures we have also observed this species
(Fig. 12); thus this may represent the com-
plex mentioned above. Finally, the reaction
between domains of CO and compressed
islands of oxygen as well as the reaction
between CO molecules and O atoms in a
mixed structure has been reported by Mat-
sushima and Asada for the Pd(111) surface
69).

The IR spectra obtained during reaction
show that surface concentrations of CO are
high up to the highest temperature studied
(413 K), and the largest rates during oscilla-
tory behavior occurred at the lowest CO
coverage. As mentioned previously, the
spectra in Figs. 7 and 8 also showed this
trend. Thus all results are in agreement with
the negative pressure dependencies that
were measured. The presence of the 1970
cm~! peak during reaction and its relative
enhancement at higher CO pressures (Fig.
7) indicate the existence of compressed do-
mains of CO (28). Consequently, the IR re-
sults suggest the kinetic model for regime 6

is applicable, i.e., the reaction of adsorbed
CO and O atoms at the interface of domains
of CO and islands of oxygen atoms. The
existence of this model in the temperature
region below 400 K is also implied by the
low activation energy and the reaction or-
ders near —0.5 in CO and near 0.25 in O,,
as discussed shortly. At higher tempera-
tures, the partial pressure dependencies are
better fit by the traditional L-H model (re-
gime 5). However, arate equation is derived
from each model and applied to the data,
then the quality of fit and the values of the
fitted parameters are analyzed to see which
appears most appropriate. Presumably be-
cause of the lower temperatures and high
pressures, especially for O,, the pressure
dependencies found here differ from those
that exist in the more frequently observed
regime 3.

In either the typical L-H model or the
island model, the surface reaction between
an adsorbed CO molecule and an adsorbed
oxygen atom is assumed to be the rate-de-
termining step, and both CO and O, adsorp-
tion are then in quasi-equilibrium. The se-
quence of elementary steps for the L-H
model is then

Ko

CO + + == CO=* 2
KO2

O, + 2% 5220% (3)

CO* + 0% —£5 CO, + 2+ (rds),  (4)

where CO=* is an adsorbed CO molecule,
O is an adsorbed oxygen atom, and * is a
vacant site. The standard I.—H equation for
bimolecular reactions is then attained,

B kKcoPooV Ko, Po,
(1 + KeoPeo + VKo Po)”

y

&)

where K¢ and K, are equilibrium adsorp-
tion constants.

The appropriateness of step 3 might be
questioned because atlow O, pressures oxy-
gen adsorption can be considered an irre-
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versible step under reaction conditions (2,
6). However, at these high O, pressures this
quasi-equilibrium would be favored and the
rate dependencies on O, pressure in Fig.
3 exhibit the curvature at higher pressures
expected for a bimolecular L-H reaction.
These partial pressure dependencies are
very similar to those observed by Berlowitz,
et al. for a Pd(110) surface over the same
pressure range but at higher temperatures,
and this curvature away from a first-order
dependence to a zero or negative depen-
dence was attributed to the presence of oxy-
gen on the surface (7). A sharp change from
a region of lower activity, first-order O, de-
pendence to aregion of higher activity, zero-
order O, dependence has been reported by
Mishchenko et al. (71). Also, the high heat
of adsorption of O, on Pd would produce
very large Ky, values that could approxi-
mate an irreversible step. Finally, the as-
sumption of quasi-equilibrium for O, ad-
sorption was made by Mukesh et al. (I14) in
their derivation of the island model, and it
predicted catalytic performance and oscilla-
tory behavior more accurately than the
model making no assumptions about the rel-
ative rates in the elementary steps shown in
(2)-(4). Therefore, there is evidence that
this model may indeed be appropriate under
certain reaction conditions, but these re-
gimes are quite sensitive to temperature,
pressure, and the O,/CO ratio.

As mentioned earlier, once islands of ad-
sorbed species are formed on the surface,
the reaction can occur only along the perim-
eter of each island because the adsorbed
species within the islands cannot interact
with the other reactant. In their derivation
of a rate expression based upon the model
that both adsorbed reactants form islands,
it was assumed by Cutlip and co-workers
that the islands are circular and of the same
size and the number of islands is constant;
i.e., it is independent of the surface cover-
age (/4). This results in a rate expression of
the form

r = krlcolo - k” \% ecoao, (6)
2

where I and I, are the total concentra-
tions of CO molecules and oxygen atoms at
the perimeters of their respective islands or
domains, and substitution of the two Lang-
muir isotherms into Eq. (6) gives

_ VKeoPeoVEo,Po,
(I + KeoPeo + VKo, Po,)

r

@)

as the rate expression derived for the model
assuming both reactants exist in islands or
domains (I4).

Using the direct search simplex method,
the constants &, K¢, and Ko, in Egs. (5)
and (7) were computed by fitting these equa-
tions to the partial pressure data. These re-
sults are given in Table 5, and predicted rate
curves are compared with the data in Figs.
13 and 14. In the low temperature region
below 400 K, the island model indeed repre-
sents the data better than the standard L-H
expression, as shown in Fig. 13, whereas
above 400 K the standard L-H model tends
to provide a better fit, as shown in Fig. 14.
Mukesh et al. (14) and Li et al. (38) found
that the island model described their data
well for Pt at 373 K and Pd at 353 K, and
the reaction temperatures they used agree
with the lower temperature region of appli-
cability found in the present study. Values
of 0o and 6, can be estimated from the Ko
and K, constants in Table 5, but it should
be kept in mind these represent the fraction
of active sites covered, and there may not be
a 1:1 correspondence between active sites
and adsorption sites. Regardless, for the
runs in Fig. 13, 6.4 varies from 0.40 to 0.98
over the CO pressure range studied while 6,
values fall between 0.02 and 0.58. Thus a
plausible range of coverages exists to allow
islands of each species to form. Over the
somewhat higher CO pressure range in Fig.
14, 8¢ varies from 0.87 to 0.99 while oxygen
coverages are lower and fall between 0.01
and 0.12. The findings are also consistent
with the fact that the island model can pre-
dict oscillations, and it was at temperatures
of 403 K or lower than we obtained oscilla-
tions (Figs. 10 and 11).
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TABLE 5
Computed Rate Parameters (k, K¢g, Ko,) for Prereduced 2.19% Pd/8-ALO;
Sample Reaction Constants AHY, ASY Eyd Al
temp. (K) (keal/mole) (cal/mole K) (kcal/mole) (b
k Keof Kop*
() co 0, co 0,
IR Reactor? 373 0.27 1.0 x 10° 1.0 x 10° — — — — — —
Microreactor® 343 0.04 9.5 x 10° 9.7 x 107
I 373 0.15 L7 x 10° 5.6 X 10° - 14 —42 -13 -87 15 1.0 x 108
403 0.96 4.6 x 10* 9.3 x 10°
Microreactor? 403 1.9 8.6 x 10* 1.6 x 10°
n 423 8.5 3.8 x 107 1.2 x 10% -19 —45 —-25 —88 23 1.4 x 1012
443 2 1.0 x 104 1.0 x 103

4 Constants were computed from island model (Eq. (7).
b Constants were computed from L—H model (Eq. (5)).
¢ Based on units of atm ™! and a standard state of 1 atm.
4 = A exp (- Eq/RT).

Since the island model fits the experimen-
tal data better in the low temperature region,
it was utilized to compute the constants in
Table 5. From these constants the activation
energy for the rds and the heats of adsorp-
tion (Q,y = —AHY) for CO and O, were
calculated to evaluate the physical consis-
tency of these parameters. The activation
energy for the rds in the temperature region
below 400 K is 15 kcal/mole, and the com-
puted heats of adsorption from the K, and

Ln P(torr}

FiG. 13. Comparison between data and computed
results from both the island (solid line) and the L-H
(dashed line) models for CO oxidation over prereduced
2.19% Pd/§-Al,0, catalysts; (A) CO, (@) O,. Microre-
actor, T = 373 K. Estimated error bars are included.

Ko, values are 14 and 42 kcal/mole, respec-
tively. From the literature, estimated inte-
gral heats of adsorption for CO on Pd range
from 16 to 33 kcal/mole (29, 72-75), and
integral Q¢ values of 20~23 kcal/mole have
been measured for CO on Pd/Al,O, cata-
lysts similar to those studied here (26). Thus
the value of 14 kcal/mole for CO is reason-
able, particularly when it applies to com-
pressed CO domains which should have an
even lower Q¢q value. Reported heats of

o ~
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Fi1G. 14. Comparison between data and computed
results from both the island (dashed line) and the L-H
(solid line) models for CO oxidation over prereduced
2.19% Pd/8-Al0; catalysts; (A) CO, (@) O,. Microre-
actor, T = 423 K. Estimated error bars are included.



18 CHOI AND VANNICE

adsorption for O, on Pd have varied from 40
to 80 kcal/mole (76—82), and integral values
on Pd catalysts with crystallite sizes similar
to those here were near 50 kcal/mole (27).
Thus, the value of 42 is also very reasonable
and a somewhat lower value might again be
expected for compressed domains of oxy-
gen. Perhaps even more satisfying is the
agreement between the activation energy of
15 kcal/mole calculated here and that of 14
kcal/mole reported by Engel and Ertl in
their molecular beam study of the reaction
between domains of CO and compressed
islands of oxygen (2). In addition, under
their conditions they saw the oxygen islands
disappear between 400 and 450 K, which is
very close to the temperature range where
we find the transformation at higher pres-
sures.

In the temperature region above 400 K,
the standard L-H model appears more ap-
propriate and it was used to calculate these
same parameters. The activation energy of
23 kcal/mole for the reaction between ran-
domly adsorbed CO molecules and oxygen
atoms is higher and quite close to the value
of 25 kcal/mole expected from the literature
in the absence of islands (2). The heats of
adsorption for CO and O, computed from
the K¢q and K, values in Table 5—19 and
45 kcal/mole, respectively—are higher,
consistent with the presence of non-
compressed adsorbed species, and even
closer to the integral values measured pre-
viously (26, 27). Thus the trends exhibited
by these two models through an apparent
kinetic transition region are extremely rea-
sonable and lend support to the two pro-
posed reaction models. It is also apparent
why significant curvature can occur in the
Arrhenius plots, as shown in Figs. 1 and 2
and as found in previous studies (5, 7), and,
as stated previously, a single mechanism
cannot describe this reaction under all con-
ditions.

Finally, the low temperature regime in
which a first-order O, dependency occurred
has not been analyzed in detail here because
no Arrhenius data were obtained under

these lower pressure conditions. However,
as mentioned previously, this behavior con-
forms to regime 3 where O, adsorption can
be the slow step, and with this assumption
the rate is r = k,gPo,/(1 + KcoPco) 4).
Since rates were measured under these con-
ditions at three different temperatures (Fig.
3) and constant O, and CO partial pressures,
values for the ratio of k,;/K;o can be ob-
tained if the rate dependency at high CO
coverages, which is frequently obtained, is
assumed, i.e., ¥ = k,qPo,/KcoPco- Atan O,
pressure of 13 Torr and a CO pressure of 26
Torr, the apparent activation energy for &,/
K¢ was near 18 kcal/mole. Under these
conditions E,,, = E,4 + Qco; consequently,
since integral Q¢ values (and Q¢ values at
high coverages) have been reported be-
tween 16 and 23 kcal/mole (26) it can be
concluded that O, adsorption is essentially
nonactivated on these CO-covered sur-
faces. If the dependency on CO is weaker
than negative first order, as the data in Fig.
3 and Table 3 imply, then the more general
L~H type rate expression, i.e., r = k4 Po,/
(1 + K¢oPco), must be used. With this ap-
proach, k,, values at each temperature could
be obtained by choosing a Q value and
estimating a value for Kq (83); with Q¢ =
19 kcal/mole, which again is very close to
reported integral values, a value of zero for
E,q was obtained thereby also indicating lit-
tle or no activation barrier for O, adsorption
on these CO-covered surfaces. This value
of 19 kcal/mole is identical to that obtained
independently from the parameters in the
standard L—H rate expression (Table 5) and
is a further indication of the self-consistency
of these parameters.

SUMMARY

The catalytic behavior of Pd/§-Al, O, cata-
lysts was thoroughly determined over a
range of temperature and O, pressure that
has been infrequently studied. Infrared
spectra were simultaneously obtained under
different steady-state reaction conditions to
monitor the CO species present on the Pd
surface. As the temperature increased, the
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apparent activation energy increased, the
pressure dependency on CO changed from
near zero order to negative first order, and
the O, dependency increased from 0.2 to 0.7
at pressures above 50 Torr. At temperatures
below 400 K, a region of first-order O, de-
pendence was also observed at lower O,
pressures. The IR spectra were consistent
with the negative-order dependence on CO,
and higher rates were observed when the
surface concentration of CO decreased.
These spectra also provided evidence that
compressed layers of CO existed below 400
K at therelative high O, pressures employed
in this study.

By comparing these IR results with those
from previous studies, a normal Lang-
muir-Hinshelwood model appears applica-
ble in the regime above 400 K, whereas a
reaction between CO and O atoms at the
perimeters of their respective islands seems
more appropriate at higher O, pressures in
the regime below 400 K. Computer fitting
the rate equations derived from each model
to both regimes indeed showed that each
fits its respective region better over these
limited ranges of temperature and pressure,
and the rate parameters derived from each
equation were consistent with this transfor-
mation. The true activation energy of the
rds shifted from 15 kcal/mole in the island
regime to 23 kcal/mole in the normal L-H
regime. This agrees with the shift from 14
to 25 kcal/mole reported by Engel and Ertl
from their molecular beam investigation of
this reaction on a Pd(111) surface (3). Fur-
thermore, the heats of adsorption derived
from the K and K, values in the L-H rate
expression were quite similar to Q,, values
measured on nearly saturated Pd surfaces,
and the shift in each parameter to a lower
value in the island rate expression is ex-
pected as the compression in each island
would weaken bond strengths. Finally, a
partial analysis of the kinetic behavior in the
regime of first-order O, dependency, where
0, adsorption is the slow step, indicates that
the activation energy for O, adsorption re-
mains zero or near zero on these CO-cov-

ered Pd surfaces at these reaction condi-
tions.
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