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In an isothermal catalytic system @/A&O,) a complex dynamic behavior was observed. Experi- 
ments were performed on CO oxidation for a long and a short catalyst bed. Multiplicity of steady 
states and periodic activity was observed. For a long bed the oscillations are periodic; the periodic 
character is lost only at the extinction boundary. For a short bed a complex interaction of individual 
particles may be expected. The hysteresis curve is qualitatively identical for a short as well as for a 
long bed. The onset of oscillations occurs at a lower temperature than the extinction of oscillations. 
The chaotic behavior was observed for a certain concentration of CO in a narrow range of 
temperatures. The experiments reveal that the chaotic behavior is caused by an interaction of two 
oscillatory processes. 

INTRODUCTION 

Recent experimental observations reveal 
that under certain conditions oxidation of 
CO by O2 may result in periodic activity 
behavior (I -13). The occurrence of oscilla- 
tions in an isothermal system indicates that 
the periodic activity behavior is caused by 
the kinetic rate processes. 

This work reports on a systematic inves- 
tigation of oscillatory states observed in 
an isothermal laboratory recycle reactor 
packed with a Pt/A1203 catalyst. A long and 
a short bed were investigated. This infor- 
mation should be useful in elucidating the 
laws governing the periodic activity behav- 
ior of the catalytic CO oxidation in isother- 
mal beds. 

EXPERIMENTAL 

The catalytic CO oxidation by pure oxy- 
gen was selected as a model reaction. The 
catalyst used was Pt/A1203 in the form of 
3.4-mm spherical pellets. The CO used in 
this experiment was obtained by thermal 

1 Author to whom all correspondence should be ad- 
dressed. Present address: Department of Chemical En- 
gineering, State University of New York at Buffalo, 
Amherst Campus, Buffalo, N.Y. 14260. 

decomposition of formic acid in hot sulphu- 
ric acid. The gas was purified by chromium 
sulphuric acid, NaOH and active char and 
dried before use. For measurements a labo- 
ratory recycle reactor was used. The recir- 
culation ratio was =I : 100, i.e., the reactor 
behaves as isothermal equipment. In this 
reactor the temperature of the bed as well 
as of the gas in the fore and aft sections 
were measured. The maximum axial tem- 
perature difference in the bed for the high- 
est concentration was -3°C. For a continu- 
ous analysis of CO concentration a 
precalibrated fast response thermal conduc- 
tivity cell has been used. Two different 
amounts of catalyst, 1.6 and 10 g, were 
used for measurements. The details of the 
experimental conditions for the long bed are 
reported in Tables 1 and 2. 

Long Bed 

RESULTS 

For this arrangement oxidation of CO 
was investigated for three different CO con- 
centrations: 0.5, 2, and 5% vol CO. 

Observations for 0.5 % CO 

For the concentration of 0.5% CO the 
reaction behaves differently in comparison 
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TABLE 1 

Reactor Parameters, Long Bed 

Amount of catalyst 
Diameter of the catalyst bed 
Length of the bed 

10.01 x lO-3 kg 
1.8x lo-*m 
8 x 10e2 m 

with the cases of 2 and 5% CO. The region 
of multiple steady states does not exist; 
however, multiplicity of a steady state and 
an oscillatory state was observed. Starting 
experiments at the steady state with low 
conversion by increasing the inlet tempera- 
ture the oscillations appear at T = 102°C 
and disappear at T = 130°C (see Fig. 1).2 At 
the onset of periodic activity, i.e., in the 
region 102-l 10°C the oscillations are peri- 
odic but not symmetrical. For higher tem- 
peratures oscillations become more sym- 
metrical. With increasing temperature the 
period of oscillations decreases. For high 
inlet temperatures oscillatory behavior dis- 
appears (see Fig. 1). 

Starting experiments at high inlet temper- 
ature and decreasing this temperature we 
may observe that multiplicity of oscillatory 
states can be observed (cf. Fig. 1 and Figs. 
2 and 3). 

A strange behavior of oscillations was 
observed for temperatures 117- 125°C. Af- 
ter adjusting the particular temperature by 
approaching it from the steady state with 
high conversion, a quasi-steady state re- 
sulted which produced oscillations after 
several hours (see Fig. 3). With decreasing 
temperature the length of this quasi-steady- 
state regime increases, 125°C - 70 min, 
120°C - 150 min, 117°C - 200 min. A simi- 
lar behavior of CO oxidation was observed 

21n all figures representing hysteresis behavior the 
development of the situation resulting after increasing 
and decreasing the inlet temperature is drawn by 
empty and solid marks, respectively. Thus here 0 and 
0 are stable states resulting after increasing and de- 
creasing the inlet temperature, respectively; A and A 
are oscillatory states adjusted from low and high tem- 
peratures, respectively. The distance between arrows 
represents the amplitude of oscillations. 

TABLE 2 

Experimental Conditions, Long Bed 

Inlet CO concentration 
Reactor temperature 
Inlet gas flow rate (CO + 0,) 
Recycle 

0.5, 2, 5 vol% 
90- 180°C 
4 X lO-B ma/s 
1 : 100 

by Barelko and Zhukov (8) by studying the 
characteristics of the hysteresis loop. They 
claimed that this fact may be explained by 
the existence of an induction period. Pe- 
riods of oscillations are reported in Table 3. 

Observations for 2 % CO 

The hysteresis loop “ Y vs T” is drawn in 
Fig. 4. The oscillations resulting after in- 
creasing the inlet temperature are not sym- 
metrical but periodic. For a higher T oscilla- 
tions become symmetrical. For T = 155°C a 
second oscillatory process may be ob- 
served which perturbs the state with high 
activity. This behavior is shown in Fig. 5. 

Observations for 5 % CO 

In Fig. 6 the region of multiple stable 
states and oscillatory periodic and aperi- 
odic states are drawn. These states were 
obtained by increasing as well as by de- 
creasing the inlet temperature. 

TABLE 3 

Dependence of the Period of Oscillations on the 
Temperature. C, = 0.5% CO, 10 g of Catalyst 

T 
PJ 

Period (mitt) 

Initial state 

102 
110 
112 
115 
120 
125 
130 

Lower state Upper state 

86-87.5 stab. 
52 stab. 
42-53 stab. 
50-84 stab. 
31-37 45-85 
22-33 32-35 
18-19 17-23 
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FIG. 1. Dependence of exit conversion on inlet temperature. C, = 0.5% CO, 10 g of catalyst. 
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FIG. 2. Types of oscillations resulting after increas- 
inginlettemperature. C, = 0.5% CO, IOgofcatalyst. (a) 
IOPC, (b) llO”C, (c) 11X, (d) 130°C. 

For low temperatures ( T 5 1OU’C) only 
one stable steady state with very low con- 
version ( Y < 4%) exists. After crossing T 
= 100-C multiple steady states may exist. 
For T = 105-135°C two stable steady 
states occur. At T = 136°C a complex bi- 
furcation occurs and periodic unsymmetri- 
cal oscillations appear (see Fig. 7a). In the 
region 136-139°C there exists also a stable 
steady state which can be approached if the 
initial state is the upper state, i.e., a state 
with high conversion. The period of peri- 
odic asymmetric oscillations observed in 
the region T = 136-150°C decreases after 
increasing the temperature. Moreover, os- 
cillations lose their asymmetrical character 
and for T = 153-16PC the oscillations are 
periodic and symmetrical. For the inlet 
temperature T = 162°C a long-range exper- 
iment including 70 periods was performed. 
In this particular experiment no important 
changes of the period, amplitude, and char- 
acter of oscillations were observed. For the 
higher inlet temperature, 16&173”C, the 
symmetrical oscillations become compli- 
cated. Here during the dynamic regime a 
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FIG. 3. Types of oscillations resulting after decreasing inlet temperature. C,, = 0.5% CO ( T = 12o”C, 
12X), 10 g of catalyst. 
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FIG. 4. Dependence of exit conversion on inlet temperature. C, = 2% CO, 10 g of catalyst. 
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FIG. 5. Types of oscillations resulting after increasing inlet temperature. C. = 2% CO, 10 g of 
catalyst. (a) 127”C, (b) 140°C (c) 155°C. 
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FIG. 6. Dependence of exit conversion on inlet temperature. C, = 5% CO, 10 g of catalyst. (a) 
Periodic but not symmetrical oscillations, (b) periodic symmetric oscillations, (c) periodic oscillations, 
a new oscillatory process occurs, (d) chaotic and chaotic-like oscillations. 
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FIG. 7. Types of oscillations resulting after increasing inlet temperature. C,, = 5% CO, 10 g of 
catalyst. (a) 139°C (b) lWC, (c) 162°C (d) 171”C, (e) 175°C. 



RATHOUSKj! AND HLAVAeEK 

new oscillatory process occurs. This effect 
results only in a slight perturbation of the 
conversion near 100%. For T = 171°C the 
frequency of the basic oscillations is not 
strongly influenced. However, after in- 
creasing the inlet temperature the interac- 
tion with the second oscillatory process be- 
comes strong and the periodic behavior of 
the oscillations disappears, see Figs. 6-8. 
For oscillations appearing after increasing 
the inlet temperature 42 experiments were 
performed. Periods of oscillations are re- 
ported in Tables 4 and 5. From these tables 
information on unicity and multiplicity of 
oscillations can be inferred. 

Short Bed 

For this arrangement the oxidation of CO 
was investigated for four different CO con- 

TABLE 4 

Dependence of the Period of Oscillations on the 
Temperature. C,, = 5% CO, 10 g of Catalyst 

T Period 
(“Cl (min) 

137 72.5-75 
138 50 -60 
139 39 -41 
141 28 
142 25.5 
144 20 -22 
146 18 -19 
149 16 -18 
152 16 -16.5 
155 15 -16 
160 13.5-14 
165 11.5-12 
170 10 -10.5 
172 10 
173 10 -11 
174 14 -22 
175 16 -22 
176 12 -22 
177 10 -29 

Note. The oscillatory states are approached from 
the state with low conversion. For a case of two oscil- 
latory processes the period of the basic oscillation 
process is presented. 

TABLE 5 

Dependence of the Period of Oscillations on the 
Temperature. C,, = 5% CO, 10 g of Catalyst 

T 
(“Cl 

Period 
(min) 

139.5 76-178 
141.5 75-135 
155 16 
170 IO-11 
174 8-20 
175 7-27 
176 IO-70 

Note. The oscillatory states are approached from 
the state with high conversion. 

centrations, viz., 2, 3, 5, and 7% CO. The 
amount of catalyst was 1.6 g, i.e., the length 
of the bed was 1.3 cm. For these experi- 
ments a catalyst sample with constant ac- 
tivity was taken, which had been used in 
the former experiments in the long bed. The 
inlet gas flow rate and recycle ratio were 
the same as those for the long bed. 

Observations for 2% CO 

We have measured two times (with differ- 
ent samples of catalyst) the hysteresis loop 
“exit conversion versus inlet tempera- 
ture.” We have observed similar behavior; 
for the second set of experiments the hys- 
teresis loop was shifted =5”C towards 
higher temperatures. Oscillations exist in a 
region of 10°C. At the onset of periodic 
activity oscillations are quite symmetrical 
(see Fig. 10); for a higher temperature oscil- 
lations are more complex and the state with 
highest conversion is for a certain period 
“frozen,” cf. Fig. 11. The oscillations de- 
scribed above were adjusted by increasing 
the inlet temperature. Periodic activity be- 
havior observed after decreasing the inlet 
temperature, i.e., from a steady state with 
high conversion, exhibits different charac- 
teristics. For these oscillations the “fro- 
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FIG. 8. Aperiodic behavior of the bed resulting after increasing inlet temperature. C, = 5% CO, 10 g 
of catalyst. (a) T = 176°C (b) T = 177°C. 
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FIG. 10. Types of oscillations resulting after increas- 
ing inlet temperature. C, = 2% CO, T = 160°C. 1.6g of 
catalyst. 

FIG. 9. Aperiodic behavior of the bed resulting after 
decreasing inlet temperature. Long range experiment. 
c, = 5% co, T = 175”C, 10 g of catalyst. 
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FIG. 11. Types of oscillations resulting after increasing inlet temperature. C, = 2% CO, T = 164”C, 
1.6 g of catalyst. 

Zen” state was not observed; see, e.g., Fig. Observations for 5% CO 
12. 

Observations for 3 % CO 
The hysteresis loop observed for 5% CO 

is shown in Fig. 14. The oscillations for this 
The hysteresis loop observed for 3% CO concentration appearing after increasing 

is drawn in Fig. 13. The oscillations in this and decreasing the inlet temperature are 
interval are symmetrical and almost peri- drawn in Figs. 15a and b, respectively. 
odic. These figures reveal a different type of os- 
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FIG. 12. Types of oscillations resulting after decreasing inlet temperature. C, = 2% CO, T = 163.PC, 
I .6 g of catalyst. 



OSCILLATORY BEHAVIOR IN CATALYSIS 131 

60 Y % 
LO I 

00 
. 0 Observations for 7% CO 
0 The hysteresis loop measured for 7% CO 

is drawn in Fig. 16. Oscillations observed 
for this concentration are similar to those 
shown in Fig. 17. We may note that for this . 
particular case two regimes of different ac- 
tivity, low- and high-activity regimes, exist. 
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FIG. 13. Dependence of exit conversion on inlet 
temperature. C, = 3% CO, 1.6 g of catalyst. 

cillatory behavior. In the former case the 
low-activity state exists for a long time, 
while after decreasing the inlet temperature 
the high-activity state is only temporarily 
perturbed. 

DISCUSSION AND CONCLUSIONS 

Based on our experiments, the following 
conclusions can be drawn: 

(a) In an isothermal catalytic system 
complex multiplicity may occur. The fol- 
lowing type of multiplicity was observed: (i) 
two stable steady states, (ii) one stable 
steady state and one oscillatory state, (iii) 
two oscillatory states. 

(b) For a long bed oscillations of a peri- 
odic type result. After the onset of periodic 
activity the oscillations are not symmetri- 
cal; for higher temperature the oscillations 
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FIG. 14. Dependence of exit conversion on inlet temperature. C, = 5% CO, 1.6 g of catalyst. 
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FIG. 15. Types of oscillations. C, = 5% CO, 1.6 g of catalyst, T = 184°C. (a) Oscillations resulting 
after increasing inlet temperature, (b) oscillations resulting after decreasing inlet temperature. 

become symmetrical. Chaotic-like and cha- oscillations of individual particles are aver- 
otic behavior may be apparently explained aged, while for a short bed a complex inter- 
by an interaction of two oscillatory pro- action of individual oscillators can be ob- 
cesses. served. 

(c) For a short bed, on the average, the 
oscillations are not regular as for a long bed. 
For a long bed we may expect that the 

(d) For both long and short beds the hys- 
teresis curve has an identical character. Af- 
ter increasing the inlet temperature the fol- 
lowing sequence of phenomena was 
observed: steady state, oscillatory behav- 
ior, steady state. The same sequence was 
observed after decreasing the inlet temper- 
ature. The onset of oscillations occurs al- 
ways at lower temperature than an extinc- 
tion of oscillations. The temperature of the 
onset of oscillations increases with increas- 
ing the CO concentration. 
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FIG. 16. Dependence of exit conversion on inlet 
temperature. C, = 7% CO, 1.6 g of catalyst. 

(e) Chaotic behavior is characteristic 
only for a certain concentration of CO. This 
effect occurs in a narrow range of tempera- 
tures. This effect can be well reproduced 
and the possibility that this phenomenon is 
caused by changing catalyst activity seems 
not to be realistic. Our experiments reveal 
that the chaotic behavior is apparently 
caused by the interaction of two oscillatory 
processes. 
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FIG. 17. Types of oscillations resulting after increasing the inlet temperature. C, = 7% CO, 1.6 g of 
catalyst. 
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