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The oxidation of carbon monoxide on a 9.1 wt% Pt/silica catalyst was studied by infrared 
spectroscopy using the transient method. The technique involved sending step functions in concen- 
tration to an infrared cell while the surface coverage of CO was continuously monitored. In the 
temperature range, 100°C I T cr 16o”C, O,(g) reacted with preadsorbed carbon monoxide via the 
Langmuir-Hinshelwood (LH) mechanism. This reaction was characterized by an induction period 
which was dependent upon the temperature and the residence time of CO(g) in the reactor. When 
CO(g) reacted with preadsorbed oxygen in the same temperature range, the reaction proceeded 
initially via the modified Eley-Rideal (MER) process. As CO accumulated on the surface of the 
catalyst, the controlling mechanism shifted from the MER to the LH. The desorption of CO was 
also observed on this catalyst. For temperatures below lOo”C, CO was irreversibly adsorbed. 
Between 100 and 160°C a weakly bonded CO species desorbed with an activation energy of 8 kcal/ 
mole. 

1. INTRODUCTION 

A powerful means of studying the mecha- 
nisms of catalytic reactions involves the use 
of transient methods. These methods, 
which have become popular over the last 10 
years (1), are based on the introduction of a 
step change in feed composition or flow rate 
to a well-defined isothermal reactor. The 
outlet concentration is then continuously 
monitored by a mass spectrometer. From 
the measured response of the concentration 
in the reactor, one is able to calculate ki- 
netic parameters for a possible sequence of 
elementary steps. The advantage of this 
type of transient experiment over a steady- 
state experiment is that a larger amount of 
information is produced concerning the ki- 
netics of a sequence of steps. 

Even more direct information on the se- 
quence of steps can be obtained if the sur- 
face composition can be followed as it re- 

sponds to perturbations. Infrared spec- 
troscopy is one of the few techniques which 
can be used for in situ experiments in atmo- 
spheric pressure, or above. However, only 
a few systems meet all the requirements for 
such experiments. 

We chose to study the oxidation of car- 
bon monoxide on a Pt/silica catalyst. Some 
reasons for choosing this reaction were be- 
cause the adsorbed intermediate, CO, could 
be measured easily by its intense absorp- 
tion band (2), the Pt/silica catalyst has good 
transmission properties for infrared spec- 
troscopy (3), and previous work with this 
reaction has already been done by other 
investigators in this laboratory (4). Also, as 
outlined below, there still are some dis- 
agreements about the reaction mechanism, 
and IR transient experiments should help 
resolve these. 

In general, investigators agree that the 
following steps represent the most probable 
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reactions involved in the oxidation of car- 
bon monoxide: 

co + *(co* * 1 

02 + 2**20** 2 

co + 0-4-jCO2 + * 3 

co.* + 0**+co2 + 2* 4 

where step 1 represents the adsorptionlde- 
sorption of carbon monoxide, step 2 the 
adsorption of 02, step 3 the Eley-Rideal 
(ER) step, and step 4 the Langmuir-Hin- 
shelwood (LH) step. The adsorption and 
desorption of CO and the adsorption of OS 
have been widely accepted by investigators 
as important steps in the oxidation of CO. 
Steps 3 and 4, however, have been the sub- 
ject of much controversy. 

from 66 to 390 A. The averaged particle size 
was calculated to be 200 A (based on 30 
random measurements). 

2.2. Reactor Cell 

From the literature, it appears that the 
LH mechanism is dominant at high CO sur- 
face coverages and low temperatures 
(5, 6), while the ER mechanism is domi- 
nant at low CO surface coverages and high 
temperatures (7, 8). By studying surface 
transients of adsorbed carbon monoxide, 
we have gained significant insight regarding 
which mechanism, LH and ER, is the domi- 
nant one at temperatures below 160°C. 

2. EXPERIMENTAL METHODS 

2.1. Sample Preparation 

The catalyst was prepared by pressing 
6.41 mg of 9.1 wt% Pt/silica powder on a l- 
cm-diameter stainless-steel mirror. The pel- 
let was loaded into a sample cell and re- 
duced in situ with flowing Hz at 250°C. The 
catalyst powder was prepared by slurrying 
nonporous silica with an aqueous solution 
of chloroplatinic acid, followed by air dry- 
ing in an oven at 100°C. Prior to each tran- 
sient run, the catalyst surface was cleaned 
in situ by heating the sample cell to 175°C 
for li h with 3% O2 in Argon flowing 
through the reactor. 

The optical design of the infrared spec- 
trometer used for this study has been previ- 
ously reported by Ueno et al. (9). The infra- 
red cell employed (Fig. 1) was made of 
stainless steel with an Irtran 6 CdTe win- 
dow. The window, which was transparent 
in the spectral region of 4000 to 400 cm-‘, 
was glued to the cover by Vacseal cement 
at an angle of approximately 12” to the mir- 
ror so that the reflection from the window 
would not confound the signal. Because the 
Vacseal cement softens at approximately 
350°C the reactor was limited to tempera- 
tures below this value. The stainless-steel 
cover was sealed against the main structure 
of the reactor by a gold gasket. The catalyst 
pellet, held to the stainless-steel mirror by a 
sample holder, was positioned in the reac- 
tor so that the infrared beam passed 
through the middle. As shown in Fig. 1, 
gases entered and left the reactor chamber 
via l/16-in.-diameter openings. The reactor 
volume was 1.1 ml. The pellet thicknesses 
used were of the order of 5 mg/cm2. A sim- 
ple calculation shows that the inner side of 
the disk would respond by diffusion to a 
step function of concentration in the gas to 
within 99% of its final value within less than 
1 s. This time is below the resolving power 
of our experiments. 

The metal mirror and sample holder were 
in direct contact with the main body of the 
cell which was heated by heating tape 
wrapped around the outside. The tempera- 

The particle size of the Pt metal on the 
support was measured by using transmis- 
sion electron microscopy. From direct mea- 
surement of the micrographs, the results 
indicated that the crystallite size ranges 
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FIG. 1. Reactor schematic. 
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ture of the catalyst pellet was measured by 
an iron-constantan thermocouple located 
immediately behind the metal mirror. 

2.3. Flow System 

The flow system for this study was de- 
signed so that the reactor could be sub- 
jected to a step change in composition or 
how rate. Instantaneous switches between 
two feed streams was accomplished by lo- 
cating a Carle Valve (a chromatographic- 
type four-way valve) upstream from the re- 
actor. Restriction valves located down- 
stream of the reactor were carefully ad- 
justed so that switches between feed 
streams did not change the flow rate or 
create appreciable pressure disturbances in 
the reactor. 

Standard l/g-in. copper tubing was em- 
ployed throughout the flow system except 
for short lildin. stainless-steel segments 
connected to the Carle valves and the reac- 
tors. The tubing was connected by Swage- 
lok fittings. Details of a similar flow system 
are given in a review article (IO). 

2.4. Chemicals 

The gas mixtures employed for this study 
were prepared in this laboratory according 
to the standard procedure previously re- 
ported by Cutlip (4). Pure gases for the 
mixture, obtained from Matheson, were 
passed through desiccant driers before be- 
ing used. 

3. RESULTS 

A typical spectrum of carbon monoxide 
adsorbed on the 9.1 wt% Ptisilica catalyst is 
shown in Fig. 2. The catalyst was cleaned in 
3% OJAr at 175°C. Then the spectrum was 
recorded while 2% COiAr at 100°C was 
flowing through the reactor. The frequency 
of the absorption band was dependent on 
temperature with a maximum frequency of 
2080 cm-’ at 100°C and a minimum fre- 
quency of 2074 cm-’ at 160°C. The band 
half-width (U = 25 cm-l) and extinction 
coefficient of the absorption band were in- 
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FIG. 2. Typical spectrum of adsorbed CO at 100°C. 

dependent of temperature between 100 and 
160°C. No bridge CO at 1850 cm-l was ob- 
served, in agreement with previous investi- 
gators for Pt/SiOz catalysts (2, 3). 

3.1. Desorption Experiments 

The desorption of carbon monoxide from 
the Pt./silica catalyst was measured by first 
flowing a 2% COiAr mixture over the cata- 
lyst until the surface was saturated. Then at 
t = 0, the feed stream was switched to pure 
helium which had a flow rate of 130 cm3/min 
(reactor temperature and pressure). The he- 
lium stream was purified by a Matheson 
Hydroxy purifier in order to maintain the 
oxygen concentration below approximately 
0.1 ppm. With helium flowing through the 
reactor, a spectrum of CO was recorded 
recurrently on a X - Y recorder. 

The decreases observed in the intensities 
of the CO band after the feed stream was 
switched from 2% COiAr to pure He (t = 0) 
are shown in Fig. 3, where the intensities 
relative to their saturation values are plot- 
ted against time. Assuming that the extinc- 
tion coefficient of CO adsorbed on Pt is 
independent of surface coverage at high 
coverages (2), the values of A/As are equal 
to the fractional surface coverage of CO. 
Figure 3 shows that for 100°C 5 T 5 16o”C, 
a small fraction of the carbon monoxide was 
reversibly adsorbed. For temperatures be- 
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FIG. 3. Rate of CO desorption. (A) lOU’C, (Cl) 120°C 
(0) 14O”C, (0) 160°C. 

low lOO’C, CO was entirely irreversibly ad- 
sorbed. 

The activation energy for the weakly 
bonded CO was calculated by assuming the 
desorption of CO obeys first order kinetics 
(II). Since the residence time of helium in 
the reactor was approximately 0.51 s, read- 
sorption of carbon monoxide was ne- 
glected. At each temperature, slopes of the 
curves in Fig. 3 were calculated graphically 
for various fractional surface coverages of 
carbon monoxide. The results are shown in 
Fig. 4. As expected, the rate of desorption 
is first order with respect to the fractional 
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FIG. 4. Rate of desorption of CO as a function of the 
fractional surface coverage of CO. (0) lWC, (Cl) 
14oT, (W) 120°C. 

surface coverage of CO. From these 
results, the activation energy was calcu- 
lated to be 8 k&/mole. 

3.2. Surface CO during Transient 
Experiments 

The variation in the surface coverage of 
CO when CO(g) reacts with preadsorbed 0 
and when 02(g) reacts with preadsorbed CO 
was observed by periodically switching be- 
tween feed streams with mixtures of 2% CO 
and 3% 0, in argon while monitoring the 
CO(v). Enough time was allowed between 
each switching so that the surface was satu- 
rated with the gas flowing at that moment. 
Transient runs were conducted at 100, 120, 
140, and 160°C and at various flow rates. 
Typical transient curves obtained from 
these switchings are shown in Figs. 5 and 6, 
respectively. The fractional surface cover- 
age was calculated from the data by assum- 
ing the peak height was proportional to the 
peak area and the position of the band max- 
imum remained constant as the oxidation 
proceeded. The inherent lag times for the 
system were taken into account for each of 
the curves. 

3.2.1. Reaction of CO(g) with pread- 
sorbed oxygen. The results from these tran- 
sient runs indicate that the adsorption of 
carbon monoxide within experimental error 
was independent of flow rate for constant 
temperatures. Figure 6 shows the adsorp- 
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FIG. 5. Reaction between O,(g) and preadsorbed 
CO. T = 12OT, (W) 9.5 cm3/min, (0) 18 cm3/min, (0) 
57 cm%nin, (A) 114 cmYmin, (0) 133 cm3/min. Flow 
rates are at reactor temperature and pressure. 
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FIG. 6. Reaction between CO(g) and preadsorbed 0 as a function of temperature. (0) lOO”C, (A) 
120-c, (W) 140°C. (0) 16O”C, (A) response time of the system. 

tion of CO as a function of temperature. 
Initially the rate of adsorption of CO was 
very rapid and independent of temperature 
and then decreased and became tempera- 
ture dependent. The response time of the 
system is also included with the adsorption 
curves. We see that the response time of the 
system (7 = 1.36 s) is much faster than the 
adsorption period of CO. 

At the slower flow rates, 9.5 and 20 cm3/ 
min, the formation of CO:, was detectable 
be monitoring the wavenumber correspond- 
ing to the R branch of the gas-phase spec- 
trum of CO,. The results showed that for all 
temperatures, CO, was evolved at the same 
time carbon monoxide started to adsorb 

FIG. 7. Typical results for the reaction between CO 
and preadsorbed 0. T = 16o”C, Flow rate = 9.5 cm3/ 
min ( 160°C). 

rapidly on the catalyst surface. A typical 
result is shown in Fig. 7. 

3.2.2. Reaction of Oz(g) with pread- 
sorbed CO. As indicated in Fig. 5, the 
results of these transient runs showed there 
was an “induction period” before adsorbed 
CO reacted with gas phase oxygen. The 
induction period was measured from when 
the feed stream was switched from 2% CO/ 
Ar to 3% O.JAr, t = 0, to the beginning of 
the precipitous portion of the transient 
curve, subtracting out the appropriate in- 
herent lag time of the flow rate used. The 
effect of temperature and flow rate on the 
induction time is shown in Fig. 8 where 

FLOW RATE (CCIMIN) 

FIG. 8. The effect of flow rate and temperature on 
the induction period. (W) lWC, (0) 12WC, (0) 14O”C, 
(0) 160°C. 
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induction time is plotted against flow rate 
for constant temperatures. As the tempera- 
ture decreased the curves became more 
parabolic suggesting that the effect of flow 
rate on the induction time is more important 
at the lower temperatures. 

The formation of COz, as in the previous 
transient runs, was observed by monitoring 
the COz(v). The results showed that for 
each temperature COz was evolved at the 
same time the surface coverage underwent 
a rapid change. A typical result is given in 
Fig. 9. 

3.3. Surface Coverages of Adsorbed 0 
and CO 

The amount of adsorbed 0 and CO on the 
Pt/silica catalyst was calculated at 100, 120, 
140, and 160°C by using the reaction of 
CO(g) with preadsorbed 0 and 02(g> with 
preadsorbed CO. The amount of CO, pro- 
duced from these reactions was propor- 
tional to the amount of the adsorbed spe- 
cies. 

The procedure was similar to the proce- 
dure employed in the previous section. A 
short helium flush between the switches in 
the feed stream and slower flow rates (-2.1 
cm3/min), however, were used to ensure 
that there would be no gas phase reaction 
and to increase the conversion for these 
reactions. 

In order to analyze the resulting transient 
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FIG. 9. Typical results for the reaction between 
O&) with preadsorbed CO. T = 16o”C, flow rate = 9.5 
cmVmin (1 WC). 

TABLE 1 

Saturation Coverages of CO and Oxygen 

Tem- Surface 
pera- coverage 
ture of oxygen 
(“Cl (moleck,d 

100 1.29 x lOI 
120 1.32 x 10lg 
140 1.41 x 10’9 
160 1.56 x lOIs 

Surface 
coverage 

of co 
(moleck,,J 

1.15 x 10’9 
1.23 x 1Ol9 
1.24 x IO=’ 
1.26 x 1Ol9 

Surface 
coverage 
of C~,,rr 

(moleckd 

1.15 x 10’8 
1.30 x 10’9 
1.42 x 1O1g 
1.63 x 10ls 

COz peaks quantitatively, the spectrometer 
was calibrated at each temperature by re- 
cording a spectrum of the gas phase CO2 
band when known gas mixtures of CO, 
were fed to the reactor. For this study, 2% 
CO2 (in Ar) and 1% CO, (in Ar) were em- 
ployed as standards. From the results, a 
calibration curve was constructed at each 
temperature where the peak heights of the 
COz bands were plotted against their re- 
spective concentration. 

Column 1 and 2 in Table 1 list the 
amounts of adsorbed 0 and CO per gram of 
catalyst for the various temperatures. The 
saturation values of CO in Column 2, how- 
ever, had to be corrected for the CO which 
desorbed during the He flush. The amount 
of CO was calculated from the desorption 
curves in Fig. 5. Column 3 lists the new 
saturation values. Because oxygen does not 
desorb in this temperature range (12), cor- 
rections to its saturation values were not 
necessary. 

4. DISCUSSION OF RESULTS 

4.1. Desorption Experiments 

The activation energy of desorption of 
CO from Pt has usually been measured un- 
der conditions of relatively low surface cov- 
erage, and the value is in the range between 
22 and 32 kcal/mole (13 -15). However, 
Nishiyama and Wise (13) report 9 kcaVmole 
at high coverage, in agreement with our 
value of 8 kcaVmole. In an early work, Tay- 
lor et al. (16) reported a value of 12.2 kcal/ 
mole for the heat of adsorption of CO on a 
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Pt black catalyst which was nearly satu- 
rated with CO. The base pressure for this 
experiment was approximately 1 x 1O-5 
Torr. By assuming the heat of adsorption is 
approximately equal to the activation en- 
ergy for desorption, our value of 8 kcali 
mole seems reasonable compared to the 
values reported in other studies. 

4.2. Surface Coverage of Adsorbed 0 and 
CO 

Comparison of the values in Column 1 
and 3 in Table 1 indicate that the saturation 
coverages of oxygen and carbon monoxide 
are equal for all temperatures. These 
results are in good agreement with those of 
other investigators on Pt( 111) oriented 
sheets (12) and single crystal surfaces (5). 
From the data in this experiment, we were 
not able to calculate the monolayer cover- 
ages of the adsorbed species. Nevertheless, 
the data allowed us to estimate the percent- 
age of exposed Pt and the average particle 
size. Assuming that the ratio of CO/Pt, is 
equal to 0.85( 17), the percent of exposed Pt 
was calculated to be 6.8%. From this value, 
the particle size (assuming the particle were 
spherical) was estimated to be 166 A. This 
value compares well with the average value 
from electron microscopy (200 A). 

4.3. Surface CO during Transient 
E.rperiments 

4.3.1. Reaction of O,(g) with adsorbed 
CO. The dependence of the length of the 
induction period on flow rate and tempera- 
ture can be explained by first examining the 
features involved in the adsorption of oxy- 
gen. The adsorption of oxygen is only possi- 
ble if there are two adjacent free sites for 
dissociative adsorption (1 I ). Therefore, 
when the catalyst surface is initially cov- 
ered with carbon monoxide, at which time 
there are very few adjacent sites available 
for oxygen to adsorb dissociatively, adsorp- 
tion of oxygen is inhibited. At lOO-16o”C, 
CO will desorb slowly from the surface in 
the absence of gas phase CO; thus eventu- 
ally some sites for oxygen adsorption are 

created. Once oxygen adsorbs to the sur- 
face, it reacts with adsorbed CO to form 
CO,. The number of available sites for oxy- 
gen to adsorb dissociatively will then in- 
crease as O2 continues to adsorb and react 
with adsorbed CO. The rate of formation of 
COZ, consequently, will be slow initially un- 
til a reasonable number of adjacent sites 
become available for oxygen to adsorb. Af- 
ter this time, the rate will increase rapidly. 

The effect of temperature on the length of 
the induction time can be explained by the 
initial desorption experiments, in which we 
observed that the initial desorption rates of 
carbon monoxide increase with increasing 
temperatures. Consequently, the rate of 
evolution of sites which are available for 
oxygen adsorption also increases. This in- 
crease in the rate of desorption of CO 
results in the decrease in the induction 
times observed in Fig. 8. 

The effect of flow rate on the induction 
time can be explained as follows: Carbon 
monoxide which is left in the reactor after t 
= 0 (the time at which the feed stream was 
switched from 2% CO to 3% 0,) is in equi- 
librium with the carbon monoxide adsorbed 
on the catalyst surface. The net desorption 
rate of adsorbed CO is dependent on the 
partial pressure of CO in the reactor which, 
in turn, is dependent on the residence time 
of the feed stream. When the flow rate to 
the reactor is decreased, the rate of re- 
moval of CO will decrease, and conse- 
quently, the induction time will be longer. 
From the results in Fig. 8, we observe this 
to be true with the exception of the flow 
rates greater than approximately 110 cm3/ 
min. Above 110 cm3/min, the induction 
times were independent of flow rate. We 
refer to these induction times as the “abso- 
lute induction times.” Figure 10 is a plot of 
the absolute induction time versus tempera- 
ture. It appears that below 14OC, the effect 
of temperature on the induction times in- 
creases substantially. Similar results were 
reported by Bonzel and Ku (5) on a Pt( 110) 
crystal. 

The kinetics of these transient runs can 
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FIG. 10. The effect of temperature on the absolute 
induction time. 

be interpreted in terms of a LH mechanism 
because of the observation of an induction 
period, indicating that O,(g) must adsorb 
before it can react. 

4.3.2. Reaction of CO with adsorbed ox- 
ygen. The possible kinetic paths which are 
reported in the literature involving the reac- 
tion of CO with adsorbed 0 can be ex- 
pressed as follows: 

co* + * MER 

o/ co+ P ---j COOP , 

*L co,d + o,d LH 

where P represents a precursor site and * 
represents a chemisorption site. For both 
kinetic paths, the initial step is the incorpo- 
ration of CO onto a precursor state. The 
paths then divide to one route following the 
modified Eley-Rideal (MER) process (8) in 
which CO-P reacts directly with Oad to pro- 
duce COz, and the other following the con- 
ventional Langmuir-Hinshelwood (LH) 
process in which carbon monoxide adsorbs 
first and then reacts with adsorbed oxygen 
(II). 

From the results of our transient runs, we 
were able to conclude the following about 
the rates of the MER and LH processes 
relative to the rate of CO adsorption: 

(1) The rate of the MER reaction is less 
than the rate of adsorption of CO because 

CO, is evolved at the same time the surface 
coverage of CO increases rapidly (Fig. 7). If 
the rate of the MER process were greater 
than the rate of CO adsorption, we would 
have observed the formation of COz first 
and then the adsorption of CO. 

(2) The rate of the LH reaction is less 
than the rate of adsorption of CO because 
of the initial rapid rate of CO adsorption 
(Fig. 6). If the LH process were faster than 
the adsorption rate of CO, the initial slopes 
of the transient curves in Fig. 6 would be 
considerably less. 

(3) The rates of both the MER and LH 
combined are slower than the rate of ad- 
sorption of CO. The basis for this conclu- 
sion is obvious from the explanation of the 
first two. 

In summary, the results indicate that the 
adsorption of CO is not the rate limiting 
step in the reaction of CO with adsorbed 
oxygen. 

From the preceding discussion on the 
rates of the MER and LH processes relative 
to the rate of adsorption of CO, it is impos- 
sible to ascertain which mechanism pre- 
dominates in the various regions of the tran- 
sient curves shown in Fig. 6. However, if 
we assume that the rate of adsorption of CO 
indirectly measures the rate of CO, forma- 
tion, the effect of temperature on the tran- 
sient curves can provide information con- 
cerning the predominating reaction mech- 
anism involved in the various regions of 
the curves. The results are now interpre- 
ted as follows: Because the initial portions 
of the transient curves are independent of 
temperature, indicating a low activation en- 
ergy, we postulate that the MER process is 
initially the predominating mechanism. 
This assumption is further supported fi-om 
the fact that CO2 was produced immedi- 
ately after CO entered the reactor. As the 
reaction proceeds, however, the LH 
process becomes the predominating reac- 
tion mechanism as noted by the tempera- 
ture dependence of the transient curves. 

Because the MER mechanism is merely a 
limiting case of the LH mechanism, it is 
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very difficult to state conclusively which 
mechanism predominates. 
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