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A detailed mathematical model has been developed for the prediction of oscillatory behavior 
during CO oxidation on supported metal catalysts. This model is based on the hypothesis that the 
adsorption of CO causes reversible changes in the surface structure of the metal. The changes in 
the surface phase result in changes in the rate of Oz adsorption. A detailed comparison has been 
made between the predictions of this model and experimental observations. Excellent model- 
experimental agreement has been obtained for a wide range of operating parameters. During an 
oscillatory cycle the model predicts that the system alternates between a region in which oxygen 
adsorption is rate controlling, and one in which there is a sensitive balance between the rates of the 
adsorption and the reaction steps. 0 1986 Academic Press, Inc. 

INTRODUCTION 

Self-sustained oscillations are frequently 
observed during the heterogeneously cata- 
lyzed oxidation of carbon monoxide on no- 
ble metals. In an earlier study (I), the ef- 
fects of reactor operating conditions on 
oscillatory behavior were investigated in 
detail. The operating conditions which 
were examined included reactor recycle ra- 
tio, gas phase temperature, feed composi- 
tion, feed flow rate, and reactor pressure. 
These data can be used to validate mathe- 
matical models which are proposed to de- 
scribe oscillatory behavior during CO oxi- 
dation. 

In the last decade numerous mathemati- 
cal models have been developed in at- 
tempts to explain oscillatory behavior for 
CO oxidation on supported metal catalysts. 
These models have been based on a variety 
of hypotheses, namely; activation energy 
dependence on the surface coverage (2, 3); 
reaction competition between linear and 
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bridged forms of adsorbed CO (4); occur- 
rence of physical processes such as the var- 
iation of the catalyst surface temperature 
(5-8); adsorption on inert (9) or coreacting 
(10), species which block catalytic sites; 
nonlinearities in the reaction mechanism 
due to the dissociative adsorption of oxy- 
gen (II); and oxidation/reduction of the 
catalyst surface (12). All of the models 
based on these hypotheses can predict the 
occurrence of self-sustained oscillatory be- 
havior. However, quantitative comparisons 
(shape, frequency, and amplitude) of pre- 
dicted and experimentally observed oscilla- 
tions as a function of operating parameters 
have only been made in a few studies (7, 
12). 

In a recent experimental study (23, it 
has been proposed that oscillatory behavior 
could be caused by variations in the oxygen 
sticking probability due to the adsorbate- 
induced phase change of the catalyst sur- 
face. In this study we incorporate this new 
hypothesis into a mathematical model for a 
previously described experimental system 
(I, 14). The steady-state and dynamic be- 
havior predicted by this model are de- 
scribed in detail, and a comprehensive 
comparison is made between the model 
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predictions and the experimental observa- 
tions reported previously (I). 

REACTION MECHANISM 

In this study it is assumed that CO oxida- 
tion proceeds by a Langmuir-Hinshelwood 
mechanism with the modification that the 
rate of O2 adsorption is a strong function of 
CO surface coverage. This strong depen- 
dence of the O2 sticking probability on CO 
coverage is due to the postulated changes in 
metal surface phases as a function of CO 
coverages. Such changes in surface phases 
have been well documented in single crys- 
tal studies (13, 15-18). 

The mechanism and energetics of the CO 
adsorption-induced transformation of the 
Pt(lOO) surface from a (5 X 20) to a (I X 1) 
phase have been examined in detail (15, 
16). In these, and other (17, 18), studies it 
has been shown that the Pt(lOO) surface is 
stable in a (5 x 20) phase when clean, but 
that this converts into a (1 x I) phase when 
the fractional surface coverage of adsorbed 
co, ko, exceeds some critical value, 
(0~0)~. If the CO surface coverage subse- 
quently drops below another critical value, 
(0co)r, then the (1 x 1) phase converts back 
into the (5 x 20) phase. The experimental 
observation that (0co)n and (0~0)~ differ in 
value has been attributed to a nucleation 
process (1.5). This surface phase change 

can potentially cause oscillatory behavior 
to occur due to a difference in oxygen stick- 
ing probabilities on the two surface phases. 
It has been reported (19) that the oxygen 
sticking probability for the (I x 1) phase 
can be several orders of magnitude greater 
than that for the (5 x 20) phase. 

In the model presented in this paper, it is 
postulated that variations in CO coverage 
cause surface phase transformations (with 
concomitant changes in the O? sticking 
probability) in supported metal catalysts. 
The previously cited results obtained with 
single crystals justifies this postulate. The 
model does not require that all the metal 
surface experience phase changes; only 
part of the metal surface has to undergo 
these changes. However, phase changes 
are assumed to occur simultaneously on all 
crystallites, with the coupling among crys- 
tallites probably being via the gas phase 
concentration. The changes in surface 
phase and Oz sticking probability are as- 
sumed to occur with the hysteresis effect 
shown in Fig. 1. The key assumption inher- 
ent in Fig. 1 is that surface phase 1 switches 
instantly to surface phase 2 when eco be- 
comes greater than (&o)u, or vice versa 
when 8co drops below (0~0)~. Obviously 
this is a simplification of the actual behavior 
of the system since the phase transforma- 
tion process will require a finite amount of 

Metal Surface 
is in Phase 2 

v ii 

Yetal surface 
is in Phase 1 

-: 

Fractional Surface Coverage of CO, 8, 

FIG. 1. Effect of CO coverage on the surface phase transformation. 



458 LYNCH, EMIG, AND WANKE 

time. However, the time required for the 
phase transformation has been observed to 
be 8 s or less (16) which is negligible when 
compared to the period of a typical oscilla- 
tion which is 25 min (1, 14). 

MATHEMATICAL MODEL 

Thus, when the overall reaction is de- 
scribed in terms of elementary steps it is 
necessary to include alternate steps for ox- 
ygen adsorption. Incorporation of this phe- 
nomenon into the Langmuir-Hinshelwood 
mechanism yields the following mecha- 
nism. 

The previously described (14) experi- 
mental reactor can be modelled as an iso- 
thermal CSTR due to the high recycle ratios 
which were employed. In the absence of 
mass transfer limitations, mass balances on 
the various gas and surface phase species 
produce the following six ordinary differen- 
tial equations. 

dX 

CO(g) + M _ k’ CO-M 
k-i 

(1) 
- = 1 - QJ - K&l - &-o 
dr 

- 00) + K- IfkO (5) 

O*(g) + 2M, k2.l 20-M (24 

O*(g) + 2M2 k2.2 20-M V3) 

CO-M + O-M k? C02(g) + 2M (3) 

dY 
- = 1 - QnY - K2Y(l - Bco - oo)* (6) 
dr 

dZ 
- = - Q,,Z + K30co& 
dr 

- K4z(l - dxo2) + K-44~02 (7) 

CO*(g) + s + co*-s (4) 4 
d&o - = (u,{K,X(I - oco - 

dr 
In this mechanism, M represents a metal 
catalyst site, and S represents a support (y- 
Al20~) site for CO* adsorption/desorption. 
Only one of the two steps, (2A) or (2B), is 
operative at a given time depending on 
whether the metal catalyst surface is in 
phase 1 (MI) or 2 (M2). The appropriate step 
to use at a given time is fixed by the frac- 
tional surface coverage of CO as shown in 
Fig. 1. In the proposed mechanism, CO ad- 
sorption on the catalyst is not affected by 
the type of surface phase since it has been 
observed that the sticking probability of CO 
on (100) surfaces is not a strong function of 
the surface phase (16). It is also assumed 
that the surface reaction rate constant is not 
a function of the phase of the catalyst sur- 
face. The adsorption/desorption of COz on/ 
from the support material has been in- 
cluded because supports such as r-AlzO, 
exhibit a large capacity for COz adsorption. 
It is important to note that support adsorp- 
tion/desorption of CO2 does not affect the 
catalytic production of the CO*, but it does 
affect the dynamics of the gas-phase CO* 

deo 

- K-&o 

- = ~,Wo,~~co)K2 Y( 1 dr 

4ko2 _ 
- - dK4W - +co2) 

$0) 
- Kdko~ol 03) 

- 8co - Bo)* 
- K3&0~0) (9) 

dr 
- K-d6’& 

where 

Q,, = 1 - Fco{KJ(l - fko - 8co) 
- Km&& - Fo2K2 Y(1 - 8co - 80)~ 
+ FcoKdko~o - FcoWZU - 4~0~) 

- K-d+C02)’ (11) 

These equations have been written in di- 
mensionless form, and the symbols are de- 
fined in the Appendix. The dimensionless 
parameters in the differential equations 
have been determined from the operating 
characteristics and physical dimensions of 
the reactor system, and from the rate con- 
stants for the elementary reaction steps. 

concentrations. These parameters are as follows: 

(10) 
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K, = 6.87 a,&ofilQo (12) 

K-, = a,L,k-, 

exp( -E- I/RT)lQo[CO]o (13) 

K2 = 6.43 a,$So2filQo (14) 

K, = a&i&3 ew-WWQdCOlo (15) 

K4 = 5.48 a,S~~2~lQo (16) 

K-4 = a,L& 

expt-GM~YQdCOh (17) 

am = V[COl0Ia,L, (18) 

a, = V[CO]0Ia,L, (19) 

where the adsorption steps have been de- 
scribed using sticking probabilities and ki- 
netic theory, and all activated steps follow 
the Arrhenius form. A parameter of partic- 
ular importance in the definition of K2 is I/J. 
When the surface of the catalyst is in phase 
1, the parameter I/J has the value unity, and 
when the surface is in phase 2, JI has a value 
greater than unity, i.e., IJJ accounts for the 
dependence of the O2 sticking probability 
on the state of the catalyst surface. As will 
be seen in the following sections, $ is a key 
parameter in the proposed model. 

STEADY-STATE BEHAVIOR OF THE MODEL 

The first step which should always be 
performed when validating a model for os- 
cillatory behavior is to examine the steady- 
state behavior predicted by the model. If 
the trends in the predicted steady-state be- 
havior are not in agreement with experi- 
mental observations then the model should 
be immediately rejected even if oscillatory 
behavior can be predicted. Presented in 
Fig. 2 is a summary of the effects of reactor 
operating parameters on the experimentally 
observed transitions between oscillatory 
and steady-state behavior. Figure 2 has 
been constructed using data from Figs. 3, 5, 
and 6 of Ref. (I), as well as additional data 
that were not included in Ref. (I). 

From Fig. 2a it is seen that increasing the 
percentage CO in the reactor feed results in 
the system passing from a stable high con- 
version steady state to a region of oscilla- 

Total Molar Flow Rate (pmol/s) 

370 380 390 400 410 420 430 

Bulk Temperature (Kelvin) 

FIG. 2. Experimental effects of operating condi- 
tions 

tory behavior. Further increases in the feed 
CO move the system from the region of os- 
cillations to a region of medium-to-low con- 
version steady states. It is also seen from 
Figs. 2b and c that increasing the total mo- 
lar flow rate, or decreasing the bulk temper- 
ature, have effects similar to that described 
for increasing the percentage CO in the re- 
actor feed. The model, which is proposed 
as a description of oscillatory behavior, 
should first be tested against the steady- 
state trends shown in Fig. 2. 

The steady-state CO conversion behav- 
ior of the proposed model can be readily 
determined from the set of algebraic equa- 
tions which result from setting the left-hand 
sides of Eqs. (5), (6), (8), and (9) equal to 
zero. It is not necessary to utilize Eqs. (7) 
and (10) since 2 and +-o, do not affect the 
steady-state reaction behavior. The steady- 
state behavior for a particular set of param- 
eters (values given in the Appendix) is 
shown in Fig. 3; only the value of I+G is var- 
ied for the different plots in Fig. 3. The 
steady-state conversion of CO depends on 
8c0 which determines the O? sticking proba- 
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FIG. 3. Predicted steady-state behavior: (a) J, = 1, 
(b) $ = 20, (c) J, = 150. 

bility, i.e., 4. The sequence of events lead- 
ing to the steady-state predictions of the 
model is outlined below. 

For an initially clean surface 9 is equal to 
unity (metal surface in phase 1) and the 
steady-state behavior for this case is shown 
in Fig. 3a. The value of 9 will remain at 
unity as long as 0~0 does not exceed (&o)n 
(lower branch in Fig. 1). For the operating 
parameters used to obtain Fig. 3, Bco is 
very small as long as the system operates at 
a high CO conversion steady state, i.e., for 
CO in the feed ~0.28%. For CO composi- 
tions of the feed ~0.28%, the model pre- 
dicts for $ = 1 that the system will operate 
on the low conversion branch of Fig. 3a. 
However, 13~~ is very large (near unity) 
when operating at a low conversion steady 
state, and if Oco exceeds (0~0)~ the transi- 
tion from phase 1 to phase 2 occurs. It has 
been reported that (&o)n can be as low as 
0.5 (1.5). When the phase 1 to phase 2 tran- 
sition occurs, $ becomes greater than unity 
and the behavior shown in Fig. 3a no longer 
applies. 

Shown in Figs. 3b and c are rate curves 
for $ = 20 and J, = 150, respectively. For 
the case of + = 20 and CO composition of 
the feed r0.28%, the reactor will operate at 
the low conversion steady state because the 

system is in the upper right region of Fig. 1 
where phase 2 is stable. However, phase 2 
is not stable for the high conversion state 
because &o drops below (&o)L which is 
10.3 (16), and then the phase 2 to phase 1 
transition occurs (see Fig. 1). Thus the re- 
actor steady-state behavior is given by the 
high conversion branch in Fig. 3a ($ = l), 
and the low conversion branch in Fig. 3b or 
c ($ > 1). If these two branches overlap as 
in Figs. 3a and b (between about 0.18 and 
0.28% CO) then the reactor will exhibit 
multiple steady-state behavior in the over- 
lap region. 

However, if $ is sufficiently large that the 
high and low conversion branches do not 
overlap, such as with Figs. 3a and c, then 
the reactor will not have any stable steady 
states in the gap region (between about 0.28 
and 0.36% CO). This is because phase 2 for 
$ = 150 only has a unique high conversion 
state for these CO feed concentrations, but 
phase 2 is unstable at these CO concentra- 
tions because &o will be less than (0~0)~. If 
the phase 2 to phase 1 transition occurs, 
then 1+5 = 1 and the system possesses only a 
unique low conversion state. However, this 
state is also unstable because r3co will be 
larger than (&o)u at the low conversion con- 
ditions; hence, the phase 1 to phase 2 tran- 
sition will occur. Thus the system will oscil- 
late continuously between these two states. 

In summary, for CO compositions of the 
feed ~0.28% the system will operate on the 
stable high conversion branch shown in 
Fig. 3a, and for CO > 0.36% the system will 
operate on the stable low conversion 
branch shown in Fig. 3c. In the gap region 
(CO composition between 0.28 and 0.36%), 
self-sustained oscillations will occur if Bco 
> (oCO)n when $ = 1, and if &o < (0~0)~ 
when + = 150. The overall system behavior 
is summarized in Fig. 4a. 

A comparison of Figs. 4a and 2a shows 
that the trends in the predicted behavior are 
in excellent agreement with the experimen- 
tal observations. Figures similar to Fig. 3 
have been constructed using total molar 
flow rate and bulk temperature as the oper- 
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FIG. 4. Predicted effects of operating conditions (++ 
indicates potential region of oscillations). 

ating parameters of interest. These model 
predictions are summarized in Figs. 4b and 
c. A comparison of the corresponding parts 
of Figs. 4 and 2 shows that for all three of 
the operating parameters there is agree- 
ment between the model predictions and 
the experimental observations with respect 
to the passage from a low conversion 
steady state, to a region of oscillations, and 
then to a high conversion steady state when 
a particular operating parameter is varied. 
An exact determination of the bifurcation 
points for the transitions between steady- 
state and oscillatory behavior was not per- 
formed in the experimental study (1). Thus, 
it is not intended that the predicted and ex- 
perimental oscillatory regions should match 
exactly since the exact widths of the experi- 
mental regions are not known. By an appro- 
priate choice of the model parameters it is 
possible to place the predicted bifurcation 
points at essentially any location. 

It is important to note that the same set of 
dimensional model parameters was used in 
all three parts of Fig. 4. These parameters, 
the values of which are all listed in the Ap- 

pendix, were also held constant when de- 
termining the predicted dynamic behavior 
as reported in the following section. Thus, 
for the sake of consistency, all steady-state 
and dynamic predictions reported in this 
study have been based on a single set of 
model parameters. However, the dimen- 
sionless groupings are not constant, since 
from Eqs. (12) to (17) they are seen to be 
functions of the system operating condi- 
tions (T, QO, FCO, etc.). 

DYNAMIC BEHAVIOR OF THE MODEL 

The predicted dynamic behavior was de- 
termined by integrating Eqs. (5) to (10). A 
set of integrations giving the reactor exit 
CO2 concentrations (in terms of conver- 
sion) versus time are shown in Fig. 5 for 
various values of the CO concentration in 
the reactor feed (all other parameters are 
constant). For consistency with the experi- 
mental data, the feed CO was assumed to 
be from an 11% CO in nitrogen mixture, 
with the balance of the feed composed of 
oxygen. All integrations were performed 
using a Runge-Kutta-Fehlberg fourth/fifth- 
order integration algorithm (20) with error 
estimation and automatic step size adjust- 
ment. The initial conditions at the begin- 
ning of an integration were always X = Y = 
Z = 0 and @co = o. = $co, = 0. Since this 
set of initial conditions corresponds to an 
initially clean surface, a value of JI = 1 was 
always used at the start of an integration. 
The integration was then carried out either 
until a steady state was closely approached, 
or until 8co became equal to (0~~)“. If the 
latter condition occurred, then the value of 
I/I was changed to a value greater than unity 
(150 for results reported in this study). The 
integration was then continued either until 
a steady state was closely approached or 
until 8co became equal to (&&. If the lat- 
ter situation occurred, then the value of $ 
was changed back to unity. The integration 
was always continued until either stable 
steady-state or stable cycling behavior was 
achieved. 
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Effect of CO Feed Concentration 

The experimentally determined effects of 
feed CO concentration on oscillatory be- 
havior at 393 K are shown in Fig. 6 of Ref. 
(I). The behavior predicted by the model, 
with (&o)u = 0.95 and (f+o)L = 0.1, is 
shown in Fig. 5. The predicted oscillations 
shown in Fig. 5 have many features in com- 
mon with the corresponding experimental 
observations shown in Fig. 6 of Ref. (I). 
First, considering an individual oscillation, 
it is seen that the predicted shape (broad 
minimum, fast rise to a local maximum, 
more gradual rise to a global maximum, 
etc.) is in excellent agreement with the ex- 
perimental observations. Second, it is seen 
that the majority of the systematic experi- 
mental trends are predicted to occur by the 
model. The following points of agreement 
are seen to occur. 

1. As the concentration of CO in the feed 
is decreased the system moves from a low 
conversion steady state to an oscillatory 
state. The period of the oscillation is ini- 
tially very long, with a broad minimum and 
a short, steep rise after the local maximum. 

2. When the concentration of CO in the 
feed is decreased further, the breadth of the 
minimum decreases rapidly causing the pe- 
riod of the oscillation to decrease. The 
slope of the rise after the local maximum 
decreases, and the amount of time spent in 
the high conversion portion of the oscilla- 
tion increases. 

3. The period of the oscillation goes 
through a minimum as the feed CO concen- 
tration is decreased due to the compensat- 
ing effects of the decrease in the breadth of 
the minimum and the increase in the length 
of the rise portion after the local maximum. 

4. As the feed CO concentration is fur- 
ther decreased, the period of the oscillation 
becomes extremely long, with the main 
portion of the oscillation consisting of a 
long, slow rise to a global maximum in the 
CO2 effluent concentration. 

5. Finally the system passes to, and re- 
mains at, a high conversion steady state for 

very low values of the percentage CO in the 
feed. 

One point that should be emphasized is 
the correct variation of the period of the 
oscillation due to the variation in feed CO 
concentration. If CO feed compositions are 
chosen between 0.37 and 0.365% (or be- 
tween 0.27 and 0.28%) it is possible to ob- 
tain extremely long period oscillations, and 
in fact the period becomes infinitely long 
just prior to the transition to the stable 
steady state. This predicted behavior, and 
the fact that it is in agreement with the ex- 
perimental data, is important because prior 
models (3, 5, II) which have relied on the 
occurrence of a Hopf bifurcation to pro- 
duce oscillations do not predict this behav- 
ior. When a system moves from stable to 
oscillatory behavior via a Hopf bifurcation, 
the first oscillations to occur are small am- 
plitude, harmonic oscillations with a period 
approaching zero near the bifurcation 
point. 

Although the model predictions are in 
qualitative agreement with all of the experi- 
mental observations, two areas of quantita- 
tive disagreement are apparent: one, the 
predicted variation of the amplitudes of the 
oscillations does not agree with the experi- 
mental observations, and two, the CO feed 
concentrations at which transitions occur 
from stable states to oscillatory behavior 
are not in total agreement. One possible 
cause for these deviations is the isothermal 
assumption inherent in the model; i.e., it is 
assumed that the temperature of the metal 
crystallites is equal to the bulk tempera- 
ture. Variations in metal crystallite temper- 
ature during an oscillation will certainly in- 
fluence the amplitude of the oscillation. The 
mismatch in the transitions from steady- 
state to oscillatory behavior is possibly due 
to the fact that the model predicts oscilla- 
tions outside of the gaps shown in Fig. 4. 
This interesting observation can be seen by 
comparing the values of the CO feed con- 
centrations used in Fig. 5 with the steady- 
state results presented in Fig. 3. It is seen 
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FIG. 5. Predicted effect of feed CO concentration on 
CO? oscillations. 

that, while the oscillations for 0.28 i %CO 
5 0.36 are clearly in the gap region in Fig. 
3, the oscillation at 0.365% CO is occurring 
in a region where a stable steady state ex- 
ists. The stability of the oscillation is de- 
pendent on whether its trajectory passes 
through the region of attraction of the sta- 
ble steady state. This of course is very 
strongly affected by the choice of (&O)H. 
The coexistence of oscillations with a sta- 
ble steady state has been reported for hy- 
drogen oxidation (21), but to our knowl- 
edge this has not been reported for CO 
oxidation. This phenomenon was not ob- 
served during the study reported in Ref. (I) 
because the operating parameters were var- 
ied only in a single direction. Additional ex- 
perimental work is clearly needed in order 
to determine if this predicted phenomenon 
does indeed occur. It was primarily due to 
this phenomenon that no attempt was made 

to obtain closer agreement between the pre- 
dicted regions of oscillatory behavior from 
the steady-state calculations and the exper- 
imental regions. The model predicts that 
this phenomenon can also occur in a limited 
region of CO feed concentrations when the 
oscillatory behavior passes to the high con- 
version steady state. 

Effect of Total Molar Feed Rate 

In Fig. 6 are shown the model predictions 
for the effect of variation of the total molar 
flow rate on the oscillatory behavior. It is 
seen that varying the total molar flow rate 
has much the same effect as varying the CO 
concentration in the feed. A comparison of 
Fig. 6 with Fig. 5 of Ref. (I) illustrates that, 
with the exception of the oscillation ampli- 
tude, the model correctly predicts all of the 
systematic trends that were observed ex- 
perimentally. The effect of increasing the 
flow rate is very similar to that for increas- 
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FIG. 6. Predicted effect of total molar feed rate on 
CO2 oscillations. 
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ing the CO concentration in the feed be- 
cause both cases affect the molar flow of 
CO into the reactor. The molar flow of CO 
has a major effect on the period of the oscil- 
lations because the period of the oscillation 
is largely determined by the time required 
for 8co to vary between (&o)r and (&o)n, 
or vice versa. During much of an oscillation 
a very sensitive balance exists between the 
rates of adsorption and the surface reaction 
rate; thus the accumulation or removal of 
CO can require much more time than that 
required just for adsorption in the absence 
of reaction, or reaction in the absence of 
adsorption. 

For example, for any of the conditions 
used in Figs. 5 and 6, less than 0.4 s are 
needed to produce &o = 0.95 from an ini- 
tially clean surface with X = 1 maintained 
during the adsorption, and with both Y and 
8o kept at zero throughout. Thus, CO ad- 
sorption is not a limiting step by itself. If 
8co and 13~ are both initially set to 0.5, then 
less than 5 s are required to reduce dco to 
0.1, with an inert feed steam @‘co = Fo2 = 
0) passing through the reactor. Thus the re- 
action rate is not limiting by itself. How- 
ever, if the surface is in phase 1 ($ = 1), 
more than 800 s are required to produce 13~ 
= 0.95 from an initially clean surface with a 
pure oxygen feed to the system, while less 
than 6 s are required to produce &, = 0.95 
when 9 = 150. 

For the oscillations shown in Figs. 5 and 
6, phase 1 is present during that portion of 
the oscillation beginning at the local maxi- 
mum, passing through the rise to the global 
maximum, and ending at the inflection 
point during the drop to the minimum. Dur- 
ing this part of the oscillation, which can 
last from several to more than 30 min, CO is 
accumulating on the catalyst surface. The 
time necessary for the 8co to reach (&o)n is 
not solely dependent on the rate of adsorp- 
tion of the CO, but rather it is fixed by the 
net rate of CO accumulation, which is in 
turn fixed by the rate of oxygen adsorption 
with subsequent reaction. During the re- 
mainder of the oscillation, the portion 

stretching from the inflection point, through 
the global minimum, and ending at the local 
maximum, phase 2 is present. From the 
preceding calculations, the time to pass 
through this portion of the oscillation, 
which can be from less than a minute to 
more than 10 min, cannot be attributed to 
the limitation of a single elementary step. 
Thus, the breadth of the minimum region is 
due to a very sensitive balance between the 
adsorption and the reaction steps, since in 
isolation the time scale for any of the indi- 
vidual steps is at least an order of magni- 
tude smaller than that for the oscillation. 

Effect of Bulk Temperature 

Shown in Fig. 7 are the predicted effects 
on the oscillatory behavior due to the varia- 
tion of the bulk temperature of the reactor. 
A comparison of Fig. 7 with Fig. 3 in Ref. 
(I) shows that all of the systematic trends, 
including the variation of amplitude, are 
correctly predicted by the model. The only 
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FIG. 7. Predicted effect of reactor temperature on 
CO2 oscillations. 
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phenomenon not predicted by the model is 
the occurrence of chaos in the intermediate 
temperature region. To predict chaos it is 
necessary for a second oscillator to exist, 
possibly through the action of one of the 
previously mentioned hypotheses, such as 
surface temperature variation. The predic- 
tion of chaos by this model through the use 
of an additional hypothesis is currently be- 
ing investigated. 

Before the model predictions shown in 
Fig. 7 could be determined, it was neces- 
sary to specify the temperature dependence 
of the various parameters. It was found that 
the temperature (-390 K) of the transition 
from oscillatory to stable low conversion 
steady-state behavior was affected mainly 
by the value of the activation energy for CO 
desorption. The high temperature (~418 K) 
transition point was affected mainly by the 
value of the activation energy for the sur- 
face reaction. Since these two effects are 
largely decoupled in the model it is always 
possible to obtain excellent agreement be- 
tween the predicted and the experimental 
temperature regions for oscillatory behav- 
ior. However, it was found that if (&o)u 
was maintained at 0.95 then the minimum 
portion of the oscillation became broader 
(instead of sharper) as the temperature was 
increased. The sharp, high temperature os- 
cillations shown in Fig. 7 were obtained by 
assuming that the surface phase change 
process is very slightly activated with E/R 
=750 K. This results in (0co)u decreasing 
from 0.95 at 393 K to 0.87 at 413 K. It was 
not necessary to include an activation en- 
ergy for (&o)L since this parameter could 
be varied over a wide range without having 
a significant effect on the model predic- 
tions. Alternatively, the sharpening of the 
minimum region of the oscillations can also 
be obtained by assuming that the adsorp- 
tion of oxygen on phase 1 is slightly acti- 
vated. However, this assumption was not 
used in the predictions shown in Fig. 7. 

Effect of Diluents 

In Figs. 5 to 7, the model predictions with 

respect to the oscillations of the CO2 leav- 
ing the reactor have been examined in de- 
tail. To further validate the model, the pre- 
dictions with respect to the exit CO 
concentrations have also been calculated, 
and are shown in Fig. 8. In this figure the 
effect of changing the percentage of oxygen 
in the reactor feed (CO feed concentration 
is constant) is examined. This figure should 
be compared to Fig. 8 of Ref. (I), where 
analogous experimental results are pre- 
sented. With respect to an individual CO 
oscillation, it is seen that all of the basic 
features are predicted by the model, 
namely; a rapid rise to a maximum, fol- 
lowed by a slow decrease, with a subse- 
quent rapid (almost instantaneous) de- 
crease to almost no CO in the reactor 
effluent (100% conversion). The prediction, 
in agreement with the experimental obser- 
vations, that the CO concentration should 
remain near zero for a relatively long period 
of time during each oscillation is particu- 
larly important. It has been found, when 
examining other models, that this is one of 
the most difficult regions in which to obtain 
agreement with the experimentally ob- 
served CO oscillations. In addition to the 
agreement obtained with respect to a single 
oscillation, it is also seen that the model 
correctly predicts the trends in the varia- 
tion of the shape of the CO oscillations 
when the percentage of oxygen in the reac- 
tor feed is reduced. This is particularly evi- 
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dent when comparing the very long period 
oscillations, i.e., 69% O2 in Fig. 8 versus 
50.1% O2 in Fig. 8 of Ref. (I). 

SUMMARY AND CONCLUSIONS 

The hypothesis that the adsorption of CO 
causes portions of a catalyst surface to un- 
dergo a reversible phase change has been 
incorporated into a mathematical model. 
The predictions of this model have been 
shown to be in agreement with the steady- 
state and dynamic behavior previously re- 
ported for the oxidation of CO on a sup- 
ported catalyst (1). This model correctly 
predicts the details of the shapes and fre- 
quencies of the CO and CO* oscillations 
over a wide range of operating parameters. 
To our knowledge, this is the first time that 
such detailed agreement has been obtained 
between model predictions and experimen- 
tal observations for the oscillatory behavior 
of catalytic CO oxidation. It has been 
shown that the period of an oscillation can 
be divided into two parts, namely, a region 
where oxygen adsorption limitations are 
important, and a region where a sensitive 
balance exists between adsorption and re- 
action steps. 

This model cannot predict the occur- 
rence of chaotic behavior; however, as 
shown previously (22), the coupling of two 
oscillators in a reaction system can give rise 
to this type of behavior. We believe that the 
incorporation of surface temperature ef- 
fects in this model will result in the predic- 
tion of chaotic behavior. Work is currently 
proceeding in this direction. 

The excellent model-experimental 
agreement obtained in this study does not 
guarantee that the surface phase change hy- 
pothesis is correct; however, alternate hy- 
potheses should only be considered after 
they have been shown to be capable of pro- 
ducing the high degree of experimental- 
model agreement demonstrated in this 
study. If two or more hypotheses are capa- 
ble of producing similar agreement, then 
the competing mathematical models should 
be used to design incisive experiments so as 

to critically discriminate among the various 
hypotheses. 
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APPENDIX: NOMENCLATURE 

Total surface area of the supported 
catalyst, 1 m* 

Total surface area of the support, 
1700 m2 

CO desorption activation energy 
for catalyst, 9000 K 

Surface reaction activation energy, 
8000 K 

CO2 desorption activation energy 
from support, 10,000 K 

Reactor, and exit, CO concentra- 
tion , mol/m3 

Feed CO concentration, FcoP/RT, 
mol/m3 

Reactor, and exit, CO2 concentra- 
tion, mol/m3 

Fraction CO in feed, 0.0032 unless 
otherwise indicated 

Fraction O2 in feed, Fo., = 1 - Fcol 
0. II, unless otherwise indicated 

CO adsorption rate constant 
CO desorption preexponential fac- 

tor, 4 X IO9 mol/m3 . s 
02 adsorption rate constant on 

phase 1 
O2 adsorption rate constant on 

phase 2 
Surface reaction rate constant, 5.8 

X 1Ol3 S-I m-I 
CO2 adsorption rate constant 
CO;! desorption preexponential fac- 

tor, 2.5 X lo9 mol/m3 * s 
Dimensionless CO adsorption rate 

constant 
Dimensionless CO desorption rate 

constant 
Dimensionless O2 adsorption rate 

constant 
Dimensionless surface reaction 

rate constant 
Dimensionless CO2 adsorption rate 

constant 
Dimensionless CO2 desorption rate 

constant 
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L, 

L 

[Ozl 

to210 

P 

Qtl 

Qo 

R 

SC0 

S- co2 

SO? 

t 
T 

V 
x 

Y 

Z 

Adsorption capacity of the metal 
surface, 2 X lo-’ mol/m2 

CO2 adsorption capacity of the 
support, 1.2 X 1O-6 mol/m? 

Reactor, and exit, O2 concentra- 
tion, mol/m3 

Feed O1 concentration, Fo2PIRT, 
mol/m3 

Reactor pressure, 0.101 MPa abso- 
lute 

Ratio of exit to feed volumetric 
flow rates 

Feed volumetric flow rate at reac- 
tor conditions, based on a total 
molar flow rate of 108 pmol/s un- 
less otherwise indicated 

Gas constant, 8.3144 Pa . m3/mol . 
K 

CO sticking probability on cata- 
lyst, 2 x 10-5 

CO1 sticking probability on sup- 
port, 6 x IOmx 

O2 sticking probability on catalyst, 
6 x IO-” 

Time, s 
Reactor temperature, 393 K unless 

otherwise indicated 
Reactor volume, 2.5 x 10d4 m3 
Dimensionless reactor CO concen- 

tration, ]CO]/[CO]o 
Dimensionless reactor O2 concen- 

tration, [OJ/]02]o 
Dimensionless reactor CO2 con- 

centration, [C02]/[CO]o 

Greek Symbols 

%I Ratio of bulk volume to metal sur- 
face capacitances 

% Ratio of bulk volume to support 
surface capacitances 

ko Fractional CO surface coverage on 
the metal surface 

(0&n High critical value of 0co at which 
the phase 1 to 2 transformation 
occurs (0.95 at 393 K used 
herein) 

9. 
IO. 

II. 

12. 

13. 

14. 

15. 

16. 

17. 

(8co)r> Low critical value of 8co at which 18. 

the phase 2 to 1 transformation 
occurs (0.1 used in this study) 

00 Fractional oxygen surface cover- 
age on the metal surface 

T Dimensionless time based on the 
reactor residence time 

dvo2 Fractional CO2 surface coverage 
on the support surface 

ICI Multiplier for So2, 1 for surface 
phase I, 150 for surface phase 2 
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