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In contrast to the apparent simplicity of the overall reaction, oxidation of CO over Pt/A,0; is
known to present complex behavior. Self-sustained oscillations, hysteresis loops in conversion,
and enormous rate enhancements under forced feed concentration cycling have been observed. In
this study the dynamic behavior of the IR-active surface CO species was followed with a fast-scan
Fourier-Transform Infrared (FTIR) during transient response and periodic operation. Depending
on the conditions, up to four linearly adsorbed CO bands at 2123, 2092, 2073, and 2061 cm~!, and a
bridge-bonded CO band at 1850 cm~! were observed. The time-averaged and transient intensities of
the bands were found to be significantly different during periodic operation as compared to steady
state. Linearly adsorbed CO on metallic platinum (2073 cm™') was found to have the fastest
response to changes in the gas-phase concentration. It was also observed that CO adsorbed on
platinum oxide is very stable and does not take part in the reaction to any appreciable extent. CO,
production rates during periodic operation were found to correlate extremely well with the inte-
grated total absorbance of the 2092-cm~! band, assigned to CO linearly adsorbed on a platinum
atom sharing an oxygen with a neighbor. Based on the experimental observations a detailed
mechanism of CO oxidation on platinum is proposed. The model can successfully explain the

enormous rate enhancements observed during periodic operation.

I. INTRODUCTION

Oxidation of CO over supported plati-
num exhibits a number of complex behavior
patterns under a variety of reaction condi-
tions. Self-sustained oscillations of reaction
rate under steady feed stream concentra-
tions were initially observed by Hugo and
Jakubith (7). The interest in this phenome-
non grew rapidly and the subject was re-
viewed by Schmitz (2) and by Slinko (3).
Hysteresis loops, where more than one
steady state are observed depending on the
history of the reactor’s environment in
terms of temperature or inlet concentration
of CO, are well documented (4, 5). Cutlip
(6) found that the (time average) rate of re-
action under isothermal conditions could be
enhanced dramatically (more than an order
of magnitude compared to the equivalent
steady state) by periodically switching the
feed between CO and O,. This work by
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Cutlip has been extended to shorter switch-
ing periods by Barshad and Gulari (7),
where the switching times were short
enough to be comparable to the surface pro-
cesses. An extensive mapping of this phe-
nomenon, with respect to the parameters
associated with periodic operation, was
also presented.

This complex behavior stands in sharp
contrast with the apparent simplicity of the
reaction if the gas-phase species alone are
considered. Efforts to model this reaction,
by accounting for surface reaction with bi-
molecular Langmuir-Hinshelwood (LLH)
rate expression, have resulted in limited
success. Rate expressions that are based on
the assumption that both CO and O, ad-
sorption processes are in equilibrium can
hardly predict the steady-state rate of reac-
tion over a limited range of pressures and
concentrations. Herz and Marin (8) devel-
oped a model which describes the experi-
mental behavior of CO oxidation without
invoking the competitive equilibrium ad-
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sorption assumption of CO and O, that is
often used in conjunction with the LH
mechanism. Even with the more sophisti-
cated models, it is impossible to predict the
complex behavior mentioned above. There-
fore, it is quite clear that the complexity is
introduced by the number of surface spe-
cies of both CO and oxygen, the interaction
of which, with the catalysts and with each
other, is not yet clear.

Infrared spectroscopy is one of the few
techniques that can be used for in situ ex-
periments at atmospheric pressure. Espe-
cially attractive, in this case, is the fact that
CO adsorbed on Pt/Al,O; has intense ab-
sorption bands in the IR spectra. The avail-
ability of a large amount of IR data for this
system is also helpful in interpreting the
results.

The purpose of this study was to investi-
gate the transients of surface CO species in
all the IR absorption bands. The experi-
ments were designed to follow the rate of
adsorption on reduced and oxidized plati-
num and to explore the behavior of surface
species under periodic operation where sig-
nificant rate enhancement is observed. Spe-
cifically, the answers to the following ques-
tions were sought:

1. Can transients in any of the surface
species be correlated with the transients in
CO, production (dynamic and time aver-
age)?

2. What is the dynamic behavior of sur-
face CO species under reactive and nonre-
active conditions?

3. What is the role of platinum and plati-
num oxide in the reaction?

4. To what extent can rate enhancements
be attributed to temperature excursions on
the catalyst surface?

II. EXPERIMENTAL

a. Catalyst and Reagents

A 6.2 wt% Pt/Al,0; was prepared by im-
pregnating high-purity alumina (BDH) with
aqueous H,PtClg solution. The catalyst was
then dried in air for 2 h and calcined in air at
773 K for 4 h. The catalyst powder was

129

pressed into pellets by a 25.4-mm die using
80 mg per pellet. The resulting pellet thick-
ness was 0.25 mm. Dispersion was found to
be 16% using CO and O, chemisorption at
room temperature. Before using, the cata-
lyst was pretreated in situ by flowing O, and
then H, for 2 h at atmospheric pressure and
503 K.

The gases used were 99.99% pure N, (Air
Products), 99.99% pure O, (Matheson), and
99.6% pure CO containing 0.3% N, traces
of Ar and CO,, and 20 ppm of Fe (CO);.
Iron carbonyl was removed by decompos-
ing it at 700 K. The results were found to be
identical with or without the carbonyl trap.

b. Apparatus

Details of the flow measurement and con-
trol system are given elsewhere (9). The
system is capable of switching the feed to
the single-pellet reactor between different
streams with different compositions of CO,
0,, and N, without changing the total volu-
metric flow rate, thus keeping the residence
time constant to +2%.

The catalyst pellet was mounted in a lig-
uid IR cell (Harrick) with 25.4-mm NaCl
windows and an optical path length of 0.9
mm. This short path length eliminated the
IR signal from gas-phase CO. The cell was
heated by a heating tape and the tempera-
ture was controlled to +0.5 K.

¢. Procedure

The majority of the experimental work
presented here was performed with the
sample at 413 K, and a total pressure of
104.2 kPa. The flow rate through the sample
cell was 85 cm?/min, which along with a cell
volume of 1 cm3 resulted in a residence time
of <1 sec. Since the shortest cycle time
used in this study was 10 sec, the shape of
the transients is not significantly distorted
by the filtering action of the cell.

Two different kinds of experiments are
presented in this paper. The first is the tran-
sient response of surface species to a step
change in gas-phase composition of the
feed. The second kind is periodic operation
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where the reactor inlet was switched be-
tween 15 vol% O, in N, and 10 vol% CO in
N,. There are two parameters associated
with this type of operation that are worth
defining: (i) time period (TP), as in any
other cyclic process, is the time it takes the
process to repeat itself; and (i) duty frac-
tion (DF) is the fraction of the time period
that CO is in the feed stream. The results
that we present in this paper correspond to
a duty fraction of 0.2 (for reasons that will
be discussed later). The time-averaged con-
centrations were used as a reference for pe-
riodic operation.

All the IR spectra were taken with a fast-
scan Digilab FTS-20 Fourier-transform IR
spectrometer capable of taking up to seven
spectra/second with a resolution of 8 cm~1.
For most of the data presented here the ac-
tual time resolution was 0.6 sec since an
interactive data acquisition program was
used.

Time-averaged spectra were also taken in
both periodic operation and steady-state
experiments. In those cases a higher resolu-
tion of 4 cm~! was used and speed was of no
interest. Once repetitive steady operation
was achieved, successive spectra were av-
eraged over 10 time periods to determine
the time-averaged surface coverage, with
high signal-to-noise ratio.

III. RESULTS

The main features of our steady state and
transient spectra are the four bands shown
in Fig. 1. These four bands exist with differ-
ent intensities under all of our operating
conditions. The first is an intense band at
2120 cm™!, the frequency of which varied
between 2123 and 2119 ¢cm™~!. This band,
according to traditional assignment, is due
to carbon monoxide adsorbed on supported
platinum oxide (/0). The second is the
2092-cm~! band that sometimes looked like
a shoulder on the 2120- or the 2073-cm™!
bands, but in other cases was distinct and
clear with some structure consisting of
peaks at 2090 and 2094 cm~!. This band is
assigned to CO adsorbed on a platinum
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F1G. 1. The four CO IR bands that were followed in
this investigation.

atom sharing an oxygen with a coordination
number of about +1 (10). The third, and the
last in this group of bands, due to linearly
adsorbed CO, is the 2073-cm~! band, as-
signed to CO adsorbed on reduced platinum
crystallites (10). This band was also strong
and distinct and was located between 2073
and 2080 ¢cm~! under reactive conditions.
The fourth band located at 1850 cm™! is due
to bridge-bonded CO. This band was rela-
tively weak, 0.01-0.02 adsorbance units
compared to 30 to 100 absorbance units for
the 2073-cm~! band, and did not change its
frequency. A fifth band at ~ 2060 cm~! was
observable at times as a distinct band dur-
ing CO adsorption transients on reduced Pt
and as a shoulder during periodic opera-
tion. This band is assigned to CO linearly
adsorbed on Pt atms with low coordination
numbers. ’

a. Effect of Hydrogen on the CO
Spectrum

Figure 2 shows the CO adsorption spec-
trum after first exposing the catalyst to the
reaction mixture for 24 h and then switch-
ing the feed to 15% H, in N, in N, at 413 K
for 30 min. The important points to note are
that the intensity of the 2120-cm™! band is
very small, the 2073-cm~! band is shifted
down in frequency to 2063 cm™!, there are
low-frequency shoulders at 2031 and 1980
cm™1, and that the total integrated intensity
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Fi1G. 2. IR spectrum of adsorbed CO obtained after
reducing a broken-in catalyst with hydrogen for 30
min.

is only about one-third of that shown in
Fig. 1.

b. CO Adsorption on Reduced Catalyst

Figures 3a and b present the dynamics of
CO adsorption on reduced platinum. After
aging and reducing the catalyst the cell was
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purged with nitrogen, and at time zero the
feed was switched to 10% CO in N, and
successive spectra averaged over 1 sec
each were taken. We see that from time
zero to 17 sec the frequency of the main
peak is constant at 2076 cm™~!. After 7 sec a
low-frequency shoulder at approximately
2044 cm™! becomes visible. The main peak
is due to CO linearly adsorbed on Pt%, and
the wide shoulder is probably due to ad-
sorption on low-coordination sites. The
changes in the 1850-cm~! bridge-bonded
CO band were much slower and, because of
lower S/N, were not analyzed. Following
the increases in the height of the 2076-cm™!
band revealed that there were two time
constants, a short one of ~3 sec and a much
longer one of ~30 sec. Exposure to CO for
15 min produces dramatic changes in the
band shapes: the peak absorbance is double
that of r = 17 sec, the peak frequency shifts
down to 2073 cm™!, and the low-frequency
side is very asymmetric.

Oxidation of CO adsorbed on to the cata-
lyst by first purging the gas-phase CO and
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FiG. 3. (a) Time-dependent CO adsorption spectra on the reduced catalyst. Only some of the
representative individual spectra are shown. (b) Peak absorbance at 2076 cm~! measured as a function
of time. Also shown is the time-dependent absorbance of the shoulder at 2044 cm~!. Absorbances
shown in this figure were obtained from individual spectra, some of which are shown in (a).
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then switching the feed to 10% O; in N,
showed no unusual transients. The intensity
of the 2073-cm~! band decreased uniformly
without showing any shifts in frequency.

Figure 4 shows the dynamics of CO ad-
sorption onto partially oxidized catalyst.
The catalyst was pretreated with oxygen
for 30 min and then the gas-phase O, was
flushed with N, before introducing 10% CO
in N;. The frequency of the band assigned
to CO adsorbed on platinum oxide stays
constant at 2122 cm~! whereas the fre-
quency of the more intense band at 2087
cm~! slowly shifts down to 2076 cm™! after
20 sec and all the way down to 2073 cm™!
after 10 min.

c. Periodic Operation Results

All the periodic operation experiments
and the equivalent steady-state experi-
ments were carried out with the same time-
average concentration of both CO and O,.
In order to keep the number of variables to
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F1G. 4. Time-dependent CO adsorption spectra on
partially oxidized catalyst.
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a minimum CO (10% CO in N,) was fed into
the reactor 20% of the time (duty fraction of
0.2) while oxygen was flowing in for the rest
of the time. The period of cycling was var-
ied from 10 to 50 sec. The equivalent
steady-state feed concentrations corre-
sponding to this cyclic feed strategy are 2%
CO, 12% 0O,, and 86% N,.

The reactor reaches steady cyclic opera-
tion fairly quickly, a fact that was verified
by comparing spectra averaged over S peri-
ods and spaced 15-20 min apart. When the
difference between two such spectra dimin-
ished to the noise level (0.002 absorbance
units) it was considered to be steady peri-
odic operation.

Figure 5 shows the time-averaged spectra
obtained by adding and averaging 400 to 800
successive scans spanning exactly a whole
number of time periods. The spectra in Fig.
5 can be divided, qualitatively, into two
groups. Steady state, 10-, and 20-sec time
periods show high absorbance at 2077 cm™!
and relatively low absorbance at 2123 cm™!.
TP = 30-, 40-, and 50-sec spectra have
higher absorbances at 2123 cm™!, a new
band at 2092 cm~!, and much lower absorb-
ance at 2073 cm™!,

Proceeding on the assumption that the
spectra in Fig. 5a are the result of superpo-
sition of several individual peaks with
Gaussian lineshapes, we have deconvolu-
ted the spectra to quantitate the contribu-
tion of each surface CO species. The results
of the deconvolution are summarized in Ta-
ble 1. Important points to note are that the
total integrated absorbance is approxi-
mately constant, the half-widths of the
2123- and 2073-cm~! bands are relatively
constant whereas the half-width of the
2092-cm~! band increases fivefold. Simulta-
neous with these measurements the time-
averaged rate of CO, concentration in the
outlet was measured with an external IR
detector. The correlation between the time-
averaged spectra and the CO, production
rate is shown in Fig. 5b where the changes
from the steady state are plotted. The most
important observation to be made in Fig. 5b
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F1G. 5. (a) Time-averaged IR spectra under steady state and periodic operation. The steady-state
feed is 2% CO and 12% O, the rest being N,. Periodic operation consisted of switching between 10%
CO and 15% O, with a CO duty fraction of 0.2, resulting in exactly the same time-averaged gas-phase
composition as the steady state. (b) Plot of the integrated peak areas for the various CO bands during
periodic operation ratioed to their steady-state values. Also shown is the ratio of the time-averaged
CO, production rate. The curve shown for the 1850-cm~! band is a ratio of the peak heights and not the

integrated peak areas.

is that the 2123- and 2092-cm™! bands have
positive correlation and the 2073-cm~! band
has negative correlation with the changes in
the CO, concentration.

While the time-averaged spectra during
periodic operation are helpful in determin-
ing what changes are taking place on the
catalyst surface they do not have the time
resolution to answer questions about the re-
action intermediates. In order to address
the question of the species responsible for
the increased CO; production 0.6-sec time
resolution IR spectra was taken during peri-
odic operation. The data was analyzed in
two ways, by simultaneously following the
absorbance at the fixed wavenumbers of
2123, 2092, 2073, and 1850 c¢cm™! with a
bandwidth of 8 wavenumbers, and by de-
convoluting the individual spectra as a sum
of Gaussians. Figure 6a shows the results of

the first type of analysis. Figures 6b and ¢
show individual spectra taken at the certain
points shown in Fig. 6a. Important points to
note in Fig. 6a are: the absorbances at 1850
and 2123 cm™! change very little with the
changes in the gas-phase composition, 2073-
and 2092-cm~! absorbances change signifi-
cantly during one cycle, and that there is a
20-sec induction time (the distance A in the
figure) after oxygen is turned on before any
significant changes are seen in the absorb-
ances. This induction time was found to be
a strong function of temperature.

Table 2 gives the results of the Gaussian
deconvolution by nonlinear least-squares
analysis. Overall the quality of the fits were
very good (correlation coefficients = 0.9999
or an average deviation of less than 0.5%
between the fitted and the experimental
curve). In this analysis inclusion of a fourth
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TABLE 1

Deconvolution of Time-Averaged IR Absorption
Spectra of CO Obtained during Periodic Operation
into Individual Peaks

Time period (sec)

S.S. 10 20 30 40

Frequency, cm™! 2120 2120 2122 2124 2124
Peak height 25 31 32 57 56
Half-width, cm~! 85 90 84 91 9.1
Integrated area 539 707 670 1295 1269
Frequency, cm™! 2092 2092 2092 2092 2092

Peak height 32 32 33 21 21
Half-width, cm~! 58 59 56 20 26
457

Integrated area 487 461 1362 1362
Frequency, cm™! 2077 2077 2077 2073 2073
Peak height 83 82 80 32 30

Half-width, cm~! 15 15 16 22 20

Integrated area 3034 3160 3190 1730 1525
Total area 4031 4354 4321 4387 4156

Percentage contribution by each band

2123 cm-1 134 162 155 295 30.5
2092 cm-1 11.3 11.2 10.7 31.0 3238
2073 cm-1 75.3 726 73.8 395 36.7

Gaussian with a peak frequency of 2061
cm~! was found to be necessary. This peak
can be identified with either isolated CO
molecules or CO adsorbed on low-coordi-
nation sites. In a complete cycle, for most
of the oxygen portion of the period (length
A), the intensities of the 2123- and 2073-
cm~! bands are high and there is no 2092-
cm~! band. Only one spectrum is given for
this region because all of the individual
spectra were identical. During this time the
CO, production was below the detection
limit of the spectrometer.

Small amounts of CO, are produced all
the time for either CO or oxygen in the gas
phase. After the induction period A, the in-
tensity of the 2073-cm~! band starts de-
creasing sharply. The intensity of the 2092-
cm~! band increases dramatically and a
surge in CO, production occurs at point ¢ in
Fig. 6a. This surge coincides with the maxi-
mum in the integrated area of the 2092-cm™!
band. After the CO pulse is on, the inte-

BARSHAD, ZHOU, AND GULARI

grated absorbance of the 2092-cm~! band
continues increasing, reaching a maximum
roughly halfway through the CO pulse
(point j in Fig. 6a). At this point the 2092-
cm~! band has the maximum integrated ab-
sorbance and a large surge of gas-phase
CO; is again detected. In comparison the
2073-cm~! band absorbance is almost zero
and starts increasing after the 2092-cm™!
band starts decreasing. This decrease is ac-
companied by a sharp drop in the gas-phase
CO, concentration. From the deconvolu-
tion results we also observe that, in con-
trast to transients of the type shown in Fig.
3, the absorbance of the 2061-cm~! band
increases before the 2073-cm™~! band.
Figure 7 shows the behavior of gas-phase
CO, and CO concentration in the immedi-
ate vicinity of the catalyst surface during
periodic operation under similar conditions
but with a monolithic reactor designed to
detect fast gas-phase transients (7/1). Again
there is a lag time after oxygen is intro-

TABLE 2

Results of Gaussian Peak Deconvolution of Selected
Individual Spectra during Periodic Operation

Location in  Peak frequency, Peak height Half-width Integrated

Fig. 6a cm™! area
2123 53.6 10.6 1429

b 2098 9.2 9.7 219
2071 40.4 1.9 1203

2061 18.5 323 1500

2123 53.9 10.7 1443

d 2098 29 10.4 599
2071 27.7 12.9 898

2060 13.1 315 1030

2123 53.1 10.6 1416

e 2098 25.7 12.1 783
2071 13.7 142 490

2062 8.2 26.8 549

2123 52.8 10.6 1403

£ 2096 20.8 1.4 584
2070 14.1 13.6 489

2062 9.0 26.2 574

2123 52.6 10.6 1397

h 2098 21.5 129 888
2067 9.8 13.4 330

2062 8.2 254 523

2123 48.6 10.3 1255

. 2086 439 20.5 2254
] 2075 456 69 79
2056 9.3 29.7 695
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Fi16G. 6. (a) Plot of time-dependent changes in the peak absorbances of the IR bands during periodic
operation with a period of 40 sec and a CO duty fraction of 0.2. The continuous curves shown were
obtained by joining individual data points (not shown for clarity) separated by 0.6.sec. Also shown are
the CO and O, portions of the period. Lowercase letters indicate the locations of individual spectra
which were analyzed in detail. (—) 2073 cm™, () 2123 cm™!, and (----) 2092 cm™!. (b) Some of the
individual spectra taken during periodic operation. The lowercase letters refer to the corresponding
location in (a). (c) Some of the individual spectra taken during periodic operation. The lowercase
letters refer to the corresponding location in (a).
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duced and there are two peaks in the CO,
concentration per period.

IV. DISCUSSION
a. CO Adsorption on Reduced Platinum

One of the central questions regarding
adsorption CO on platinum group metals
has been the question of patch-like adsorp-
tion (island formation) or random uniform
adsorption. Unfortunately, there is no di-
rect way of determining whether this type
of adsorption occurs on polycrystalline cat-
alyst particles, and we must rely on indirect
evidence. Crossley and King (/2) demon-
strated that the frequency shifts observed
in the stretching frequency of linearly ad-
sorbed CO on single-crystal platinum sur-
faces are entirely due to adsorbate—adsor-
bate coupling interactions. Transient
adsorption results given in Fig. 3a show
that the main adsorption band peak fre-
quency is stable for more than an order of
magnitude in absorbance (or surface cover-
age). This can be taken as an indication that
the environment for individual CO mole-
cules adsorbed onto the surface does not
change while the total surface coverage in-
creases. One possible reason for the ob-
served behavior is island-like adsorption.
In this type of adsorption most of the CO
molecules will be in the inside of the island,
thus their stretching frequency will not
change as the island size or the number of
islands increase. A second possibility,
chromatographic adsorption, has been
pointed out by Bell and co-workers for pal-
ladium (73). While we cannot completely
disprove chromatographic adsorption pos-
sibility there is strong evidence against it. If
chromatographic adsorption is the mode of
adsorption the absorbance at the peak
should increase linearly with time for a
square concentration front advancing
through the pellet. Figure 3b shows the ab-
sorbance as a function of time at two fre-
quencies. It is clear that linear increase is
not the case. The curve for 2076 cm~! has
two characteristic times, a short one of 3
sec, and a much longer one of about 80 sec.
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A simple calculation using the analytical so-
lution of Dudukovic (14) for a pellet shows
that, for our case, the concentration of CO
in the middle of the pellet reaches its value
on the outside of the pellet in less than 1
sec. Yet even after almost 100 sec the peak
absorbance is only half of the maximum
reached after 10 min. A final point to con-
sider is the fact that at 413 K there is a
reasonable amount of desorption of CO
preventing complete chromatographic ad-
sorption. Based on the above evidence we
tend to believe in island-like adsorption un-
der the conditions of our experiments. Sim-
ilar conclusions have been reached by
Haaland and Williams (15), and Gonzales
et al. (16). The change in the characteristic
time shown in Fig. 3b is not surprising be-
cause, as suggested by Nishiyama and Wise
(17), the activation energy for CO desorp-
tion is coverage dependent. In contrast to
Fig. 3a the peak frequency shifts downward
significantly when the adsorbed CO is re-
acted with hydrogen, as shown in Fig. 2, or
during nonreactive thermal desorption.
These findings are again in agreement with
the results of Haaland and Williams (15).

b. Periodic Operation and Rate
Ernhancements

One of the more interesting recent find-
ings about catalytic oxidation of CO over
supported platinum has been the enormous
rate enhancements obtained by periodic
feed switching. Cutlip (6) explained the in-
creased rate as being due to increased sur-
face coverage by oxygen. Critics have also
tended to attribute the increase to mass and
heat transfer effects during concentration
cycling. Our main aim in this study was to
find out the reasons for the dramatic rate
enhancements and, if possible, the surface
species responsible for it. Despite the very
large number of publications on the subject,
the exact mechanism of CO oxidation and
the surface species taking part in the rate-
determining step are not known. Eladheri
and Tsotis (/8) observed that the IR ab-
sorbance at 2073 cm~! oscillated out of
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phase with the gas-phase CO, concentra-
tion. Haaland and Williams (15) found no
direct correlation between the CO, produc-
tion rate and the intensity of any of the CO
bands they were observing (2073 and 1850
cm™!). They concluded that a yet unde-
tected surface species was responsible for
CO, production.

We believe that the CO absorption spec-
tra obtained during periodic operation pro-
vides some possible answers to the ques-
tion of surface species responsible for CO,
production. If, in Fig. 5a, we compare the
steady-state spectrum with the periodic op-
eration spectra with TP = 30 sec, we see
two dramatic differences: (i) the 2120-cm™!
peak is higher during periodic operation
and the 2092-cm~! peak is very clearly
present during periodic operation but ab-
sent during steady state, and (ii) the relative
intensity of the 2073-cm~! band is lower.
Overall, however, the total integrated ab-
sorbances are the same within error limits
(£7%). In Fig. 5b we have plotted the inte-
grated intensities of the four CO bands
given in Table 2 along with the time-aver-
aged CO, concentration in the outlet (which
is proportional to the time-average rate of
reaction). We see that the outlet concentra-
tion of CO, shows a slow increase as the
time period is increased from 10 to 20 sec
and then a sharp increase in going from TP
= 20 sec to TP = 30 sec (the precise time
period for observing this sudden jump is 25
sec). At 30 sec, the time-averaged CO, con-
centration is exactly three times the steady-
state value. If one of the surface CO species
is responsible for the increased rate, then
its surface coverage should also change by
a parallel amount. Looking at the integrated
absorbances of the four CO stretch bands
we see that changes in the integrated ab-
sorbances of the 2092- and 2123-cm~! bands
correlate with the changes in the CO, con-
centration quite well. For the bands at 2073
and 1850 cm~'! we have negative correla-
tion, in good agreement with Eldaheri and
Tsotis (18).

If we make the somewhat questionable
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assumptions that there is no IR-inactive CO
species on the catalyst surface, and that the
extinction coefficients for all the linearly
adsorbed CO species are roughly the same,
the total absorbance data given in Table 2
leads to the conclusion that surface cover-
age by CO does not change when going
from steady state to equivalent periodic op-
eration. Thus the increase must be due to a
change in the surface concentration of the
active species.

Perhaps the most clear-cut conclusion
one can draw from the resuits of time-aver-
aged IR spectra is that the increased rates
of reaction during periodic operation are
due to changes occurring on the catalyst
surface and not due to heat and mass trans-
fer effects. Based on Fig. 5b it is very diffi-
cult to distinguish which CO species is the
active one. If the increase in the rate of
reaction is due to an increase in the active
surface CO species then the CO species ab-
sorbing at 2123 and 2092 cm™! are the candi-
dates. As seen in Fig. 5b, the increases in
the areas of these bands, particularly the
2092-cm~! band, closely parallel the
changes in the CO, concentration. A some-
what less plausible argument would be to
say that increased rates of reaction would
lead to reduced surface concentration of
the active CO species (2073 cm™1).

If we look at Fig. 6a and Table 2 we see
that the peak width, absorbance at the peak
frequency, and the total integrated absor-
bance of the 2123-cm~! band are all constant
during one complete cycle. Thus it is clear
that the CO adsorbed on platinum oxide is
not taking part in the reaction and we are
left with three candidates for the active spe-
cies: CO adsorbed on a platinum atom shar-

-ing an adsorbed oxygen with a neighbor

(2092 cm™1), CO adsorbed on metallic plati-
pum (2073 and 2061 cm™!), and an IR-inac-
tive CO species that cannot be detected.
Since there is no literature evidence for the
existence of significant amounts of IR-inac-
tive CO on Pt we will ignore this possibility.
All along the time period marked by A in
Fig. 6a the spectra show no change, as seen
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from the individual spectra given in Fig. 6b,
and very little CO, is produced. Yet during
this time the integrated absorbance due to
CO adsorbed on metallic platinum (2061
and 2073-cm~! peaks) is quite high, ac-
counting for almost two-thirds of the total
absorbance as given in Table 2. Thus it is
clear that high levels of surface CO ad-
sorbed on metallic Pt do not result in high
reaction rates.

During one period two large surges in
CO, concentration in the gas phase are
seen. The peak of the first surge is at point
¢, and the larger second surge is between
points i and j in Fig. 6a. If we look at the
individual spectra or Table 2 we see that
these are precisely the points at which the
integrated absorbance of the 2092-cm™!
band is high and the integrated absorbance
of the 2073- and 2061-cm™! bands are low.
Particularly at point j, CO adsorbed on par-
tially oxidized platinum has the highest ab-
sorbance. At point e it is clear that CO ad-
sorbed on metallic platinum is the source of
CO for both the CO, produced, and also the
CO adsorbed on partially oxidized plati-
num. On the other hand at points i and j it is
equally clear the CO adsorbed on partially
oxidized platinum comes from gas-phase
CO because there is very little CO adsorbed
on metallic platinum. If we assume that the
same mechanism is responsible for the for-
mation of CO, at all four points we reach
the conclusion that at points i and j the ob-
served CO; is produced from CO adsorbed
on partially oxidized platinum which is the
only active species on the surface. Support-
ing evidence for this is again available from
our see-through reactor results shown in
Fig. 7. The surge in the gas-phase CO; con-
centration during the O, on portion of the
period is significantly lower than the surge
during the CO on portion of the period is in
excellent agreement with the integrated ab-
sorbances given in Table 2. The level of
gas-phase CO, is also higher between points
e-h than between points a—c again in agree-
ment with the integrated absorbance of the
2092-cm™~! band given in Table 2. This very
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FiG. 7. Gas-phase CO and CO, concentrations in-
side a monolithic honeycomb-supported catalyst dur-
ing periodic operation. Note that there are two peaks
in the CO, concentration per period.

strong positive correlation between the
area of the 2092-cm~! band and the CO,
production rate during periodic operation
establishes the surface species responsible
for this band as the primary candidate for
the reactive intermediate. On the other
hand there is no regular correlation with the
integrated absorbance of the 2073-cm™!
band.

A final interesting point brought out very
clearly by the results in Fig. 6 is the asym-
metry of the reaction with respect to gas-
phase oxygen and CO. There is an induc-
tion time of 19 sec (at 413K) from the time
oxygen feed is on to the surge of CO,. In
contrast, only 3 sec pass between the time
CO feed is on and the large surge of CO,
seen in the gas phase. We have observed
the same asymmetry with palladium (/9).
In the case of palladium, it is known that
CO islands are formed when oxygen is ad-
sorbed on a Pd(111) surface with high CO
coverage (¢ = 0.5 or higher) whereas the
opposite experiment leads to the formation
of islands of intimately mixed and reactive
CO and oxygen (20). It is possible that on
Pt the 2092-cm™! band could be due to a
similar surface structure.

Based on the above results, we propose
the following model for CO oxidation dur-
ing periodic operation:
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1) Oy + 2(P1), < 2(Pt),0*
(relatively slow)
2 O,+2Pt = 2PtO
3) CO + (P),0* = CO*(Pt),0*
(fast)
4) CO*(P1),0* > (Pt), + CO,
(fast)
5) CO+Pt & PtCO*
®6) CO +2pt & Pt,CO*
(7} CO + PtO & (PtO)CO*
®) (PtO)CO* => Pt + CO,
(very slow)
9 PtCO* + (P1),0* > CO*(Pt),+,0*

(10) CO*(PY)n+10* = (Pt)ysy + CO;

(fast)

Where n = 2, and the asterisk denotes
surface species. The mechanism for the for-
mation of the active species is schemati-
cally shown in Fig. 8.

According to this model the reactive oxy-
gens are those that are shared by at least
two platinum atoms. As seen in Fig. 6, CO
adsorbed on platinum oxide which is easily
formed under moderate conditions (21) is
inactive in the reaction. A similar observa-
tion was made by Herz (22) at higher tem-
peratures. The reaction between the sur-
face oxygen and carbon monoxide occurs
when a surface CO diffuses to the oxygen
site (during the oxygen on portion of the
period) or when a gas-phase CO adsorbs on
one of the platinum atoms sharing the oxy-

F1G. 8. Schematic diagram showing the structure of
the proposed reactive intermediate responsible for
CO, production and the two possible mechanisms
leading to its formation during periodic operation.
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gen. This model satisfies essentially all the
necessary requirements:

(i) Adsorption of oxygen during the oxy-
gen on portion of the period is slow because
of the need for a multiatom site. Since ad-
sorption is show the concentration of the
reactive complex is relatively low. Reactive
intermediates are formed by the surface dif-
fusion of CO to the active oxygen site.

(i) During the CO on portion of the cycle
the concentration of the reactive intermedi-
ate is much higher due to the fact that CO
can adsorb on both metallic and oxygen-
sharing Pt sites. In addition, CO molecules
adsorbed on metallic Pt can diffuse to the
active oxygen sites.

(iii) At steady state most of the catalyst
surface will be covered with CO adsorbed
on metallic Pt, leaving very few clusters of
metallic platinum needed to for active oxy-
gen adsorption sites. Since there is plenty
of surface CO the rate of reaction at steady
state will be determined by the availability
of the active oxygen sites. The concentra-
tion of the reactive intermediate containing
both CO and oxygen will be very low due to
the rapid rate of decomposition and the
slow rate of formation.

(iv) This model also explains why we
were not able to detect significant amounts
of the 2092-cm~! species during an oxygen
titration transient of the CO-pretreated cat-
alyst. Since the rate will be limited by step
(1) in the mechanism given above, signifi-
cant amounts of the reactive intermediate
cannot accumulate on the surface.

According to the above model the time-
averaged rates of reaction during periodic
operation are much higher than the equiva-
lent steady-state rates or the maximum
steady-state rates because during periodic
operation the surface is never completely
covered by adsorbed CO. Exposure to oxy-
gen only, for a large portion of the period,
consumes much of the surface CO and
leaves behind a large number of adsorbed
reactive oxygen sites which react very rap-
idly during the CO portion of the period.

Another observation we have made using
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our see-through reactor (23) provides addi-
tional support for the above model: during
reactive step testing of the CO-pretreated
catalyst with oxygen, some of the adsorbed
CO is seen to desorb and readsorb. This
process leads to the formation of multiatom
centers for oxygen to adsorb on and always
precedes the surge in the CO, production
rate. The induction period seen with oxy-
gen can also be decreased or eliminated
completely by purging the reactor with an
inert gas for extended periods of time and
thus desorbing some of the CO from the
surface.

Finally, we would like to address the is-
sue of temperature excursions during
steady state and periodic operation. We
monitored the surface temperature of the
pellet using an IR thermometer with a spa-
tial resolution of ca. 0.125 in. and thermal
resolution of 1 K. No temperature excur-
sions of more than =2 K were detectable,
and there was no correlation with the
changes in the gas-phase concentrations.
While not ruling out instantaneous hot
spots that can be measured with imbedded
thermocouples (23), we conclude that even
if under some operating conditions temper-
ature excursions are possible they are not
the reason for the increased reaction rates
during periodic operation.

IV. CONCLUSIONS

The experimental data presented above
provide evidence for the following impor-
tant conclusions:

1. CO adsorbed on platinum oxide is very
stable, nonreactive, and does not diffuse on
the catalyst surface. Platinum oxide cov-
ered with CO does not get reduced at an
appreciable rate.

2. Under reactive (with oxygen) and non-
reactive conditions the frequency of CO ad-
sorbed linearly on metallic platinum stays
constant, providing indirect evidence for
adsorption in the form of *‘islands.”

3. The integrated area of the 2092-cm™!
band, assigned to CO linearly adsorbed on
platinum atoms sharing an adsorbed oxy-
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gen with their neighbors, correlates very
well with the rate of CO, production during
periodic operation. According to the avail-
able evidence this species is the reactive
intermediate on the catalyst surface.

4. CO adsorbed linearly on metallic plati-
num serves as a source of adsorbed CO
when there is no gas-phase CO but is not
the active surface species.

5. Periodic operation leads to significant
changes in the surface concentrations of the
various adsorbed CO species on the sur-
face. During periodic operation the time-
averaged concentration of the reactive in-
termediate is much higher than steady state
leading to dramatically increased rates of
reaction.

Based on the experimental evidence a de-
tailed mechanism, which is able to explain
all the experimental observations made in
this study, is proposed.
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