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The transient behavior of carbon monoxide oxidation on red lead (Pb,O,) caused 
by the stepwise change in the concentrations of reaction components was investi- 
gated in detail. The experimental results indicated that the reaction between gaseous 
carbon monoxide and adsorbed oxygen is the slowest step in the overall reaction and 
that the adsorption of oxygen during the reaction is not in partial equilibrium. Bred 
on these results, a possible reaction mechanism ia proposed and the kinetic param- 
eters in each elementary step are determined by means of a computer simulation 
technique. A characteristic overshoot-type behavior of the response curve of effluent 
carbon dioxide due to the stepwise change of carbon monoxide in the feed stream 
can be attributed to the slow adsorption of oxygen on PbPO,. The response curves 
under different conditions can be also well explained with this interpretation. 

1. INTRODUCTION 

It has been pointed out by some investi- 
gators (1, a) that some of the heterogene- 
ous catalytic reactions were controlled by 
more than two elementary steps. However, 
one cannot easily determine only by using 
steady state kinetic analyses whether the 
reaction is controlled by a single elemen- 
tary step or more than two elementary 
steps. 

As has been described in our previous 
papers (3, 4), when a reactant concentra- 
tion jump is imposed at the inlet of catalyst 
beds, a transient response curve of a reac- 
tion product concentration in outlet stream 
shows a characteristic mode depending on 
the kinetic structure. Although the oxida- 
tion of carbon monoxide proceeds easily on 
various metal oxides, the kinetic structures 
of the reaction on different oxides are quite 
different from each other. For example, the 
oxidation of carbon monoxide on oxygen- 
ated Cr,O, surface is controlled by only 
one elementary step (6), which is the reac- 
tion between gaseous carbon monoxide and 
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the surface oxygen species. In this case, the 
response of the concentration of carbon 
dioxide in the outlet stream caused by the 
concentration jump of carbon monoxide in 
the feed is instantaneous and a new steady 
state is reached immediately. On the other 
hand, the oxidation of carbon monoxide on 
MnOz is controlled by two elementary 
steps (S), which are the reaction between 
gaseous carbon monoxide and the surface 
oxygen species and the desorption of car- 
bon dioxide produced by the reaction, and 
the corresponding response in this system 
is by no means instantaneous but shows a 
gradual and monotonous approach to a new 
steady state. 

In the present study, the transient be- 
havior of carbon monoxide oxidation on red 
lead (Pb304) caused by the concentration 
jump was investigated in detail, and a pos- 
sible reaction mechanism is proposed from 
the analyses of those response curves. The 
kinetic parameters for each elementary 
step are also determined by computer 
simulation. 
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2. EXPERIMENTAL 

Red lead was prepared by thermal de- 
composition of lead nitrate as follows. After 
lead nitrate was decomposed to lead 
monoxide (yellow) at 380°C in an air flow 
for 5 hr, this oxide was slowly and com- 
pletely converted into red lead by heating 
in an oxygen flow at 470°C for 30 h. Exam- 
ination by X ray diffraction analysis re- 
vealed the structure of red lead (Pb,O,). 
The sample used as the catalyst was in 
42 M 60 mesh granule and found to have 
BET surface area of 0.4 m”/g. 

Carbon monoxide, carbon dioxide, oxy- 
gen, nitrogen and helium from commercial 
cylinders were purified through a dry ice- 
methanol trap to remove water vapor. The 
reactor consists of a Pyrex glass tube of 
5 mm i.d. containing 50 g catalyst and the 
temperature of the catalyst bed was 
kept uniform within 20.2”C at desired 
temperatures. 

Experiments were carried out in an ordi- 
nary flow system and the total flow rate of 
gas was always kept constant at 167 2 2 
(NTP) ml/min. For the transient response 
measurements, the composition of inlet gas 
mixtures was suddenly changed by using 
nitrogen or helium as a diluent with special 
case to keep the total flow rate unchanged. 
The transient response to the step change 
in the composition of He-N, mixture was 
completed within 15 sec. Reaction condi- 
tions were chosen in such a way that the 
total conversion of carbon monoxide did 
not exceed 0.05 in all experimental runs. 

Gas chromatography was used to analyze 
the reaction gases while the surface oxygen 
species were analyzed chemically by using 
potassium iodide solution (KI method) as 
follows. The catalyst used under various 
conditions was carefully displaced into a 
vessel without exposing to air and the KI 
solution prepared with various pH was 
introduced into the vessel allowing to react 
with the catalyst under vigorous shaking 
for 6 h. The amount of the surface oxygen 
species was then determined by titration 
of produced iodine with a standard sodium 
thiosulfate solution. A more detailed de- 
scription of transient response method (S) 

and KI method (6) which are used in this 
study can be found elsewhere. 

3. RESULTS AND DISCUSSION 

The response of a component Y in the 
outlet gas mixture to a step change in the 
concentration of X in the inlet gas stream 
is designated as X-Y response. When X is 
increased, X (inc.) -Y and when decreased, 
X (dec.)-Y, and when X is increased from 
nil, X (inc.,O)-Y, and when decreased down 
to nil, X(dec.,O )-Y. 

3.1. Transient Behavior of 
Carbon Monoxide 

It is our primary concern in the kinetic 
study of the reaction to know whether 
carbon monoxide is adsorbed on the sur- 
face or not. One can easily obtain the in- 
formation for the adsorption of carbon 
monoxide by examining the CO-CO re- 
sponse. If carbon monoxide is adsorbed on 
the surface during the reaction, the re- 
sponse of carbon monoxide at the outlet of 
the reactor due to the step change in the 
inlet concentration of carbon monoxide 
will be slow. The CO-CO response ob- 
served at 250°C was instantaneous as 
shown in Fig. 1, indicating no appreciable 
adsorption of carbon monoxide. This re- 
sult was also supported by the following 
separate experiments. 

After a catalyst was kept under a steady 
state of the reaction, the inlet carbon 
monoxide concentration was decreased 
down to nil by switching over to a stream 
of either pure helium or helium containing 
oxygen (21%). The carbon dioxide re- 
sponse in each case was separately fol- 
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FIG. 1. CO-CO response. 
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lowed and compared. If carbon monoxide 
were adsorbed on the surface, the 
CO (dec.,O)-CO, response obtained in the 
stream of helium containing a large amount 
of oxygen should be higher than that ob- 
tained in the stream of pure helium due to 
the reaction between gaseous oxygen and 
adsorbed carbon monoxide. However, the 
CO (dec.,O)-COz response in both cases 
were exactly the same. Moreover, even 
when the catalyst, which had been pre- 
treated with helium-carbon monoxide mix- 
ture for 5 h, was heated up to 320°C in a 
helium stream, the desorption of neither 
carbon monoxide nor carbon dioxide was 
detected. 

From these results, it may be concluded 
that the gaseous carbon monoxide reacts 
directly with active surface oxygen species 
according to the Rideal-Eley mechanism. 

S.2. Transient Behavior of 
Carbon Dioxide 

After the catalyst had established a 
steady state in a feed stream of PC0 = 
0.035, PO2 = 0.21 and PN2 = 0.755 atm at 
25O”C, carbon dioxide of various partial 
pressure (P&) was introduced into the 
inlet gas stream without changing the con- 
centration of carbon monoxide and oxygen 
and the CO* (inc.,O) -CO* response was fol- 
lowed. Subsequently the carbon dioxide in 
the inlet gas stream was cut off again and 
the CO,(dec.,O)-CO* response was fol- 
lowed. Both response curves obtained are 
shown in Fig. 2. The transient state of the 
response was observed for about 3 min in- 

dicating that carbon dioxide was adsorbed 
on the surface during the reaction. At the 
newly established steady state, the partial 
pressure of carbon dioxide in the exit gas 
stream was exactly equal to the sum of 
initial partial pressure of carbon dioxide 
and PF&. It means that the rate of carbon 
dioxide formation is not affected by the 
adsorption of carbon dioxide and this will 
further suggest that the adsorption site of 
carbon dioxide is different from that of 
oxygen, because unless otherwise the ad- 
sorption of carbon dioxide will retard the 
adsorption of oxygen and eventually sup- 
press the rate of the reaction. 

From the graphical integration of 
COz (inc.,O)-COz and CO* (dec.,O)-CO, re- 
sponse curve in Fig. 2, respectively, one can 
easily calculate the amounts of adsorbed 
and desorbed carbon dioxide. Both quanti- 
ties are in good agreement and this result 
indicates that carbon dioxide is reversibly 
adsorbed on the surface. Furthermore, it 
is shown that a plot of the amounts of 
adsorbed carbon dioxide against its partial 
pressure follows a Langmuir adsorption 
isotherm and the saturated amount of ad- 
sorbed carbon dioxide is estimated to be 
3 X 1P mole/g at 225°C. 

S.S. Determination of Catalytically 
Active Oxygen Species 

As has been pointed out in our previous 
paper (6), the nature of oxygen species 
adsorbed on oxide surface is not the same 
but widely distributed in oxidation power 
and only a particular part of them is 
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Fro. 2. CO*-CO* response. 
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catalytically active. To determine the 
amount of surface oxygen species which are 
active for the oxidation of carbon monox- 
ide on Pb,Oa, both the transient response 
method and the KI method were used. 

Namely, after the fresh catalyst had 
been placed in an oxygen (20%)-helium 
stream for a sufficient time, the stream was 
switched over to a carbon monoxide 
(1.5%)-helium stream. The change of the 
concentrations of carbon dioxide in the 
outlet gas stream (CO(inc.,O)-COe re- 
sponse) was followed for 5 h and the re- 
sults are shown in Fig. 3. The rate of 
carbon dioxide formation reached rapidly 
to a maximum value and then decreased 
slowly. The graphical integration of the 
CO (inc.,O)-CO, response curve in Fig. 3 
gives the amount of carbon dioxide pro- 
duced by the reaction between gaseous 
carbon monoxide and surface oxygen spe- 
cies which are catalytically active, and the 
amount of oxygen reduced by carbon 
monoxide within 5 h was estimated to be 
4.2 X 1O-5 mole/g. This value was found to 
be unchanged even when the oxygenated 
surface was pretreated with pure helium 
stream for about 30 minutes prior to the 
above runs, but it was appreciably de- 
creased by the same pretreatment for about 
10 h. This indicates that the desorption 
rate of oxygen is extremely slow. 

On the other hand, the results obtained 
by the KI method are presented in Fig. 4. 
As can be seen from Fig. 4, the surface 
oxygen species on the catalysts can be clas- 
sified into two parts, one which has a 
higher oxidation power than 9 and the 
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FIG. 3.!Co(inc.,O)-CO% response. 

FIG. 4. Variation of the distribution curvre~ of 
oxidation power of the surface oxygen caused by 
the reduction with CO. 

other which has a lower oxidation power 
than 9, and they are designated as OSh and 
OS’, respectively. The distribution curves 
of oxygen obtained with catalysts which 
had been reduced by carbon monoxide for 
various periods of time showed the de- 
crease in the amount of 0.” as compared 
with that of the fresh catalyst, while the 
amounts of 0,’ remained almost un- 
changed. This result clearly indicates that 
the 0,” is responsible for the carbon mon- 
oxide oxidation. The amount of 0,” initially 
existed on the fresh catalyst surface was 
6.2 X 1O-6 mole/g and that on the catalyst 
which had been reduced for 5 hr was 3.1 X 
lo-” mole/g. The difference between both 
amounts, 3.1 X 1O-5 mole/g, gives the 
amount of OSh which was picked up by 
carbon monoxide. This value is fairly close 
to that estimated by the response method. 

The amounts of OSh under steady states 
of the reaction were measured at various 
concentrations of carbon monoxide and the 
results were shown in Fig. 5 together with 
the reaction rates which were measured 
simultaneously. One can see from Fig. 5 
that there is a slight decreasing tendency 
of the amount of OBh with increasing par- 
tial pressure of carbon monoxide with 
which the reaction rates increase linearly. 
As has been mentioned in the earlier sec- 
tion, carbon monoxide is not adsorbed on 
the surface and the adsorption site of car- 
bon dioxide is different from that of oxygen, 
hence the decrease in the amount of OSh 
cannot be attributed to the competitive 
adsorption of oxygen and either carbon 
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FIG. 5. The reaction rate and 8, as a function 
of PCOO. 

monoxide or carbon dioxide. It may, there- 
fore, be attributed to the slow rate of oxy- 
gen adsorption on vacant active sites which 
are generated by the reduction with carbon 
monoxide, i.e., the adsorption of oxygen 
during the reaction will not be fast 
enough to attain substantial adsorption 
equilibrium. 

S.4. Simulation of Transient Behavior 
of Carbon Monoxide Oxidation 

( 1) Presentation of reaction mechanism. 
According to the discussion presented in 
the earlier sections, gaseous carbon mon- 
oxide reacts directly with the surface oxy- 
gen species and produces the adsorbed 
carbon dioxide, and the carbon dioxide is 
reversibly adsorbed on the active sites 
which is different from that of oxygen. One 
can represent this sequence as follows: 

O*(g) + 2Sl s 20. s,, (1) 
k2 

curves. The procedures of making the un- 
steady state material balance for each re- 
action component, the solution of differen- 
tial equations and the determination of 
rate constants are exactly the same as de- 
scribed in the previous papers (S, 4). 

In determining the unknown parameters 
which appear in unsteady state material 
balance equations by means of a parameter 
optimization technique, it is preferable to 
minimize the number of unknown param- 
eters such as 8i and Icj. The surface cov- 
erage of adsorbed oxygen during the reac- 
tion, &, can be estimated as the ratio of 
adsorbed oxygen during the reaction and 
the total amount of Osh determined by the 
KI method, 6.2 X 1O-5 mole/g. Also the 
surface coverage of carbon dioxide during 
the reaction, &, can be estimated in the 
same way with the saturated amount of 
carbon dioxide calculated from the Lang- 
muir adsorption isotherm, 3 X W6 mole/g, 
which has already been mentioned in the 
preceding section, Therefore, the remaining 
unknown parameters are kl c k, in Eqs. 
(l)-(3). 

Since the simultaneous determination of 
all five unknown parameters is rather diffi- 
cult, the two parameters k, and k, in Eq. 
(3) are to be determined first by using the 
CO,-CO, response data in Fig. 2. The 
C02(inc.,0)-CO, response obtained by the 
step change in the inlet partial pressure of 
carbon dioxide between nil and 4.76 X 1O-3 
atm (open circle in Fig. 2) were used for 
this purpose. Marquardt’s method (7) for 
deterministic nonlinear optimization was 
employed and Runge-Kutta-Gill’s method 
(8) was used for the numerical integration. 
These calculations were performed by a 
digital computer, FACOM 230-60. 

The optimum values of the two rate 
constants determined are 

kt 

CO(g) + 0 - s, + sz -+ co, * ss + s,, (2) k, = 2.0 X 1O-5 mole/g * min, 

co* - sn ; CO&) + se, 
kb = 4.5 X lo4 mole/g . min. atm, 

(3) 

where S, and S,, respectively, represent the 
and the response curve calculated by using 
these rate constants is shown with: dotted 

sites for activated adsorption of oxygen and line in Fig. 2. Another response data under 
carbon dioxide. different conditions are also compared with 

(2) Simulation of transient response the calculated curves (solid lines) showing 
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FIG. 6. CO-CO* response. 

a satisfactory agreement as can be seen 
in the same figure. 

Subsequently, by using the values of k4 
and k, determined above, another three 
parameters k, H k, in Eqs. (1) and (2) 
can be easily determined in the same way 
by utilizing the CO-CO, response data 
shown in Fig. 6. As can be seen from Fig. 
6, a characteristic overshoot behavior was 
observed in all experimental runs and this 
characteristic behavior is more pronounced 
in the runs of higher carbon monoxide con- 
centrations. The CO (inc.)-COz response 
curves in the run of highest carbon mon- 
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oxide concentration, which was shown with 
open circle in Fig. 6, was used to estimate 
the values of k, r~ k, and the determined 
values are 

k~ = 7.2 X lo+ mole/g . min . atm, 
kz = 1.9 X lo+ mole/g . min, 
Its = 5.0 X lo+ mole/g . min . atm. 

By using the values of k, M k, deter- 
mined, another CO-CO, response data 
under different reaction conditions are 
simulated and shown with solid line in 
Fig. 6. All calculated response curves are 
in fair agreement with the experimental re- 
sponse data. Furthermore, the CO(inc.,O)- 
CO, response in Fig. 3 and the CO-CO 
response in Fig. 1 can be also simulated 
with satisfactory agreement by the same 
calculation. From the good agreement be- 
tween experimental and calculated values, 
it may be concluded that the values of kj 
determined in the present study are 
reasonable. 

From the comparison among the values 
of kj, one may easily recognize that the 
slowest step in the forward reactions is the 
reaction between gaseous carbon .monoxide 
and the surface oxygen species. and this 
result is consistent with the apparent first 
order dependence of the reaction, rate with 
respect to the concentration of carbon 
monoxide. 

Since k, is four times larger than k,, k, 
can be roughly estimated from the initial 
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FIG. 7. CO(inc.,O)-CO, response. 
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reaction rate obtained by the extrapolation 
of the CO (inc.,O)-CO2 response curve to 
the intercept at t = 0 in Fig. 3. The pro- 
duction rate of carbon dioxide from Eq. 
(2) is 

Y = wc0mw (4) 

where & is the surface coverage of oxygen 
and 8,, the fraction of vacant sites for car- 
bon dioxide adsorption. With the experi- 
mental data, y = 7.5 X lo-6 mole/gamin, 
PC0 = 0.015 atm, and 19~ = BVz = 1.0 in Eq. 
(4), the value of k, is determined to be 

k0 = 5 X lOA mole/g . min . atm. 

This value is exactly the same with that 
obtained by the simulation. 

The value of k, is about two orders of 
magnitude smaller than that of other kf, 
and this result is also consistent with the 
experimental findings that the surface oxy- 
gen was desorbed extremely slowly from the 
oxygenated surface in the helium stream 
as mentioned in the earlier section. 

It was suggested in the earlier section 
that the rate of oxygen adsorption was not 
fast enough to attain the adsorption equi- 
librium during the reaction, whereas the 
value of k, determined above is one order 
of magnitude larger than k,. Let us exam- 
ine the effect of the value of k, upon the 
mode of CO-CO, response by the simula- 
tion with various values of k,. The results 
are shown in Fig. 7. From the comparison 
of the simulated response curves with dif- 
ferent values of lc,, one can recognize that 
the higher the value of k,, the less signifi- 
cant becomes the overshoot-type behavior 

and it disappears at higher values of kl 
than 7.2 X 1O-3. It clearly indicates that 
the overshoot-type behavior can be attrib- 
uted to the rate of adsorption of oxygen, 
which is not fast enough to attain adsorp- 
tion equilibrium. 

Since larger amount of adsorbed oxygen 
is present on the surface under lower par- 
tial pressure of inlet carbon monoxide as 
shown in Fig. 5, the stepwise increase in 
the partial pressure of carbon monoxide 
will result in the sudden increase of effluent 
carbon dioxide due to the initial higher 
concentration of surface oxygen, followed 
by a gradual decrease of carbon dioxide 
due to the decrease of the surface oxygen 
species as a result of insufficient rate of 
oxygen adsorption. 
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