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Back-and-forth-moving temperature fronts separating regions with high and low tem- 
peratures (amplitudes up to 100 K) formed on a Pd on alumina ring during the atmo- 
spheric oxidation of carbon monoxide. The back-and-forth front movement reflects the 
intrinsic nonuniformity of the catalytic system and the impact of global coupling. The 
ignition and extinction fronts usually moved at different velocities, in agreement with 
theoretical predictions. Complex spatiotemporal patterns were observed due to small- 
amplitude temperature fronts that moved on the high-temperature region at a much 
higher velocity than the high-amplitude fronts. The qualitative motion features were 
affected by changes in the excess oxygen concentration. The nonun$orm states existed 
mainly for feed conditions for which the only uniform state was an extinguished one. 

Introduction 
Nonlinear interactions of diffusion and reaction may lead 

to spatiotemporal patterns in a wide variety of systems 
(Mikhailov, 1990; Cross and Hohenberg, 1993; Zaikin and 
Zhabotinskii, 1970; Castets et al., 1990; Ertl, 1991; Lee et al., 
1993; Graham et al., 1994). Two-variable activator-inhibitor 
models with a fast-reacting, slow-diffusing activator and a 
slow-reacting, fast-diffusing inhibitor have been helpful in an- 
alyzing and predicting this behavior in many reacting and liv- 
ing systems. Pattern evolution on heterogeneous catalytic sur- 
faces under atmospheric conditions differs in some important 
aspects from those described by the reaction-diffusion model 
or others that account only for local variables. The catalyst 
temperature usually plays the role of the activator, and its 
diffusivity is much higher than that of the surface species, 
which is the inhibitor. Thus, only uniform states are expected 
by the two-variable diffusion-reaction model (Pismen, 1979). 
However, temperature patterns have been observed on cat- 
alytic wafers, gauzes, and pellets by Brown et al. (19851, 
Pawlicki and Schmitz (1987), Lobban and Luss (19891, Kellow 
and Wolf (1990; 1991), Lane et al. (1993), and Qin and Wolf 
(1994). 

The observed stationary and rotating temperature pulses 
are usually stabilized by global interaction, that is, the system 
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dynamic is also influenced by some nonlocal variable. A very 
simple example is the stabilization of temperature patterns 
on electrically heated ribbons kept at a fixed resistance or 
average temperature (Volodin et al., 1982; Sheintuch, 1989; 
Lobban et al., 1989; Garske and Harold, 1992) in which each 
point is affected by the average temperature of the ribbon. In 
a constant-temperature mixed vessel, global interaction arises 
naturally due to interaction between the catalytic surface and 
the mixed-gas concentration (Middya et al., 19941, which in- 
troduces a new mode of communication among distance sur- 
face elements. In a constant temperature reactor, the global 
interaction stabilizes patterns that would not exist in its ab- 
sence for reactions with a monotonic rate dependence on the 
reactant concentration. For example, when a high-tempera- 
ture region attempts to expand, the increased local reaction 
rate decreases the mixed-gas concentration, which, in turn, 
decreases the reaction rate at all points on the catalyst and 
arrests the growth of the high-temperature region. Simula- 
tions by Middya et al. (1994) and Middya and Luss (1995) 
revealed a rich variety of patterns, which were stabilized by 
the global interaction, on ring, ribbon, and disk catalysts. 

Slin’ko and Jaeger (1994), Ertl and Imbihl (1995), and 
Sheintuch and Shvartsman (1996) reviewed pattern formation 
in catalytic systems. Patterns on two- and three-dimensional 
catalytic pellets are intricate and difficult to analyze and 
characterize. This motivated studies on pattern formation on 
simpler geometries, such as thin catalytic ribbons and rings. 
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Observed patterns on electrically heated Pt ribbons include 
standing waves (Lobban et al., 1989), source points (Cordonier 
and Schmidt, 1989), antiphase oscillations (Cordonier et al., 
1989), and back-and-forth motion (Philippou et al., 1991; 
Philippou and Luss, 1993). Patterns on catalytic rings are not 
influenced by end effects in contrast to those on ribbons, and 
this simplifies their analysis and simulations. Observed pat- 
terns on catalytic rings include rotating pulses (Lane and Luss, 
1993; Yamamoto et al., 1995a), antiphase or domain oscilla- 
tions (Graham et al., 1993; Somani et al., 1997), and station- 
ary hot-spot (Somani et al., 1996). 

An important feature of heterogeneous catalytic surfaces 
operating at atmospheric or higher pressures is their nonuni- 
formity. This nonuniformity may be due to variations in the 
local catalytic activity and/or local transport properties. The 
nonuniformity may introduce many novel dynamic features, 
for example, on a nonuniformly active ring, the velocity and 
shape of a rotating pulse depends on the azimuthal position 
(Lane and Luss, 1993; Yamamoto et al., 1995a; Somani et al., 
1997), causing periodic changes in the conversion. Rather un- 
usual temperature patterns were observed on nonuniform 
ribbons (Lobban et al., 19891, and they may disguise the ob- 
served multiplicity patterns (Garske and Harold, 1992). Nu- 
merous recent theoretical studies examined the impact of 
nonuniformity on spatiotemporal patterns (Bar et al., 1994; 
Kulka et al., 1995; Haas et al., 1995; Schutz et al., 1995; Hag- 
berg et al., 1996; Liauw et al., 1996a; Bangia et al., 1996). 
One goal of our study was to examine the impact of nonuni- 
formity on the temperature patterns. 

The only pattern observed so far on a supported ring cata- 
lyst was a stationary high-temperature region formed during 
hydrogen oxidation, under conditions that two different uni- 
form states may exist (Somani et al., 1996). Experiments on 
metallic rings and simulations suggest that other patterns ex- 
ist (Graham et al., 1993; Yamamoto et al., 1995a,b; Middya 
et al., 1994). Our goal was to observe some of these more 
“dynamic” patterns on supported rings in order to enhance 
our understanding of their evolution and stabilization, and 
the conditions leading to a transition (bifurcation) from a 
uniform to a patterned state. The local catalyst dynamics af- 
fect pattern selection (Middya et al., 1994; Middya et al., 1993; 
Sheintuch, 1989). The nonisothermal CO oxidation on sup- 
ported Pt catalysts displays rate oscillations (Beusch et al., 
1972; Plichta and Schmitz, 1979), in addition to the well- 
known bistability. Several mechanisms were proposed to ex- 
plain this dynamic behavior, such as slow periodic oxidation- 
reduction, structural surface transformation, or surface 
facetting (Ertl, 1990; Schuth et al., 1993; Slin’ko and Jaeger, 
1994; Choi and Vannice, 1991). Self-similar mixed-mode os- 
cillations observed on supported Pd catalyst by Jaeger et al. 
(1986) and Slin’ko et al. (1989) were explained by a model 
accounting for nonuniform catalyst activity and gas-phase 
coupling (Liauw et al., 1996b). CO oxidation on Pt exhibits 
bistability and oscillations in the presence of external mass- 
transfer resistance (Garske and Harold, 1992). The reaction 
generates nonuniform temperature patterns on a supported 
Pd disk (Kaul and Wolf, 1985). These motivated us to study 
the formation of temperature patterns during CO oxidation 
on a Pd on y-alumina catalyst ring. 

In most observed patterns a rather sharp temperature front 
separates regions of high (ignited) and low (extinguished) 

temperatures. Many front features, such as its length and ve- 
locity, may be readily predicted if the catalyst has a uniform 
activity and the system dynamics may be described by a sin- 
gle-variable model, that is, the surface concentration is in 
pseudoequilibrium with catalyst temperature. In such cases, a 
stationary front exists only if (Busch, 1921; Barelko et al., 
1978; Pismen, 19791, 

where T,  and T2 are the low and high uniform steady-state 
temperatures, QR(T) and Q,(T, C )  are the heat-removal and 
heat-generation rates that depend on the catalyst tempera- 
ture, T ,  and the gas-phase reactant concentration, C. 

The single-variable model enables prediction of the char- 
acteristic thermal length, that is, the length over which the 
temperature changes. Observations of temperature fronts 
during hydrogen oxidation on a supported nickel catalyst 
(Somani et al., 1996) did not agree with such estimates and 
the front length was about three times larger than that pre- 
dicted by this model. This discrepancy was probably caused 
by the high rate of heat transport in the boundary layer of 
hydrogen that is not accounted for in this model. One of the 
goals of this study was to check if the predictions of that model 
would hold when the gas thermal-conductivity is low. In addi- 
tion, the interaction between the oscillatory nature of CO ox- 
idation over a supported Pd catalyst and global interaction 
strongly suggests the formation of interesting spatiotemporal 
patterns. Our goal was to observe these in order to enhance 
our understanding of pattern formation and selection. 

Experimental System and Procedure 
Experiments were conducted on a thin catalytic ring of Pd 

on y-alumina. It was prepared by pressing (2 tons/cm2) a pal- 
ladium-on-alumina powder (1% Pd; Aldrich) in a die. Details 
of catalyst preparation were reported by Somani (1996). The 
catalytic ring had 27-mm-ID, 34-mm-OD, and 0.9-mm thick- 
ness. It was placed horizontally on the tips of four sheathed, 
iron-constantan thermocouple junctions (Omega) in a cylin- 
drical stainless-steel reactor of 68-mm-ID and 39-mm height 
(Figure 1). The reactor lid was an infrared-transparent sap- 

Figure 1. Reactor top (left) and side (right) view. 
The feed enters the reactor through four inlet ports that are 
90” apart. The outlet ports are shifted by 45”. 
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phire window (Union Carbide Crystals Division). The atmo- 
spheric reactor was placed inside an insulated oven, and a 
PID controller (Omega CN2041) maintained a constant reac- 
tor wall temperature. 

An AGEMA (Thermovision 780) indium-antimonide (In- 
Sb) camera sensitive to 2-5.6 p m  measured the temperature 
profile of the catalytic ring. A mirror was used to view the 
catalyst, as the camera had to be operated horizontally (Fig- 
ure 1, right). The camera scanned a 5.6-cm x 4.6-cm field ev- 
ery 0.64 s with a spatial resolution of 0.3 mm'. The 128 x 64 
image matrix of local radiation levels (&bit) was converted to 
local surface-temperature images, digitized, and recorded on 
a Mac I1 computer for later analysis. 

The feed gases were prepurified-grade nitrogen (purity 
99.998%) and extra-dry-grade oxygen (purity 99.6%) in stain- 
less-steel cylinders and certified-grade mixture of 30 vol. % 
carbon monoxide and 70 vol. % nitrogen in an aluminum 
cylinder (Linde division of Union Carbide). An aluminum 
cylinder was chosen to avoid formation of carbonyls that could 
deactivate the catalyst. The carbon monoxide was passed 
through an in-line carbonyl trap of a molecular sieve ad- 
sorbent (Linde, 5A zeolite) kept at 240°C. The feed gases 
were mixed in a bed of glass beads, purified, and dried by 
in-line activated charcoal purifiers (Linde) before entering the 
reactor. Thermal mass-flow controllers (Tylan FC-280 and 
FC-260, accuracy f 1%) were used to control the oxygen, ni- 
trogen, and carbon monoxide flow rates. The total flow rate 
was 800 std. cm3/min, which led to a residence time of about 
6 s. 

The gases were fed by four angularly symmetric inlet ports 
(2.4-mm-ID) located near the bottom of the reactor chamber, 
and the product gases exited through four similar outlet ports 
(4.7-mm-ID, shifted with respect to inlet ports by 45" and 13 
mm upwards) near the top. A cylindrical glass frit (67-mm- 
dia., 6-mm-thick, 150-pm average pore size; Ace glass) placed 
between the catalyst and inlets distributed the feed gases. The 
effluent carbon monoxide concentration was continuously 
measured by an infrared analyzer (Anarad, AR-411). No re- 
action was observed in the empty (without catalyst) reactor at 
temperatures up to 200"C, which exceeded the experimental 
range of 30-180°C. Experiments repeated after several weeks 
were qualitatively, but not quantitatively reproducible. This 
behavior is typical for heterogeneous catalysts (see, e.g., Lynch 
and Wanke, 1984; Sheintuch and Schmidt, 1988; Graham et 
al., 1993). 

No temperature variations in the radial direction were ob- 
served, indicating that the system may be treated as one- 
dimensional with periodic boundary conditions. Figures of 
surface temperature as a function of time and angular posi- 
tion were created by placing a series of one-dimensional tem- 
perature images next to each other. 

Experimental Results 
The experiments revealed that spatiotemporal temperature 

patterns form under certain conditions on a supported Pd 
catalyst ring during the oxidation of carbon monoxide. The 
experiments were conducted at two different feed oxygen 
concentrations of 4 and 70 vol. %, while the feed CO concen- 
tration was varied between 0 and 6 vol. %, with nitrogen be- 
ing the rest. Carbon monoxide was the limiting component in 
all the experiments. 

ignited 

1 L  I 
I !  
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0 - , , , a -  
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Figure 2. Bifurcation of the global reaction rate vs. re- 
actor temperature for a feed containing 4 vol. 
% oxygen and 4 vol. % CO. 
In addition to bistability of uniform states, a nonuniform 
state existed, and its reaction rate was bounded between 
those of the uniform states. Small oscillations on the ignited 
and nonuniform branch are shown by arrows. 

The catalyst exhibited, for both feed oxygen concentra- 
tions, bistability of stationary states over a bounded region of 
composition and temperatures, that is, either a fully ignited 
or extinguished state existed for the same operating condi- 
tions. Figure 2 shows a typical hysteresis in the reaction rate 
for reactor temperature in the range of 105-167°C for a feed 
of 4 vol. % oxygen and 4 vol. % CO. The reaction rate on the 
low-temperature branch was negligible, and the catalyst tem- 
perature was very close to that of the reactor. The reaction 
rate on the fully ignited branch was high and the catalyst 
temperature was significantly higher than that of the reactor 
(60-70°C for a feed of 4 vol. % CO). The reaction rate on the 
ignited branch decreased slightly with increasing tempera- 
ture, and small amplitude rate oscillations occurred close to 
the extinction point (Figure 2). The temperature of the fully 
ignited state was not uniform. The difference between the 
maximum and minimum surface temperature was of the or- 
der of 15°C when the average ring temperature exceeded by 
65°C that of the ambient gas. A typical case is shown in Fig- 
ure 3. This was probably caused by nonuniformities in the 
catalyst properties and transport coefficients. Rotating the 
ring by 180" had a minor influence on the temperature pro- 
file of a fully ignited state. This suggests that flow maldistri- 
bution had a predominant effect on the local net rate of heat 
generation. The temperature nonuniformity was more pro- 
nounced when the glass frit was absent. 

In addition to the extinguished and fully ignited states, 
nonuniform states existed in which rather sharp temperature 
fronts separated regions with high and low catalyst tempera- 
tures (Figure 3). The temperature fronts moved back-and- 
forth, and both the length and amplitude of the high-temper- 
ature region changed, causing oscillations in the overall reac- 
tion rate. The average reaction rate increased with increasing 
reactor temperature and was always bounded between those 
of the uniformly ignited and extinguished states, that is, the 
uniform ignited state gave higher conversion than the 
nonuniform ones. The transitions from the ignited to the 
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Figure 3. Temperature profiles of a fully ignited and a 

nonuniform state for a feed containing 4 vol. 
% oxygen and 4 vol. % CO. 
Both profiles were recorded during the experiments de- 
scribed in Figure 4. 

nonuniform state were different for oxygen feed concentra- 
tions of 4 and 70 vol. %. 

For a feed of 4 vol. % oxygen, a nonuniform state in which 
sharp fronts separated regions with different temperatures 
was obtained from the fully ignited states by slowly decreas- 
ing the reactor temperature. The transition between the ig- 
nited and nonuniform states exhibited a hysteresis. Figure 2 
shows a case in which the shift from the ignited to the 
nonuniform state occurred at 105°C. However, the nonuni- 
form state ignited only when the reactor temperature ex- 
ceeded 110°C. A typical scenario leading to such a tempera- 
ture pulse formation is shown in Figure 4a for a reactor that 
was slowly cooled (0.17 K/min) from 110 to 100°C. At about 
103"C, part of the catalyst extinguished. This, in turn, in- 
creased the reactor CO concentration (Figure 4b) and the 
temperature of the ignited section of the ring (Figure 3). 
Eventually, when the reactor temperature settled to 100"C, 
the temperature fronts caused about half of the ring to be at 
a high and half at a low temperature. The temperature of the 
cold part was close to that of the extinguished state, and that 
of the hot part close to that of an ignited state. Because the 
reaction rate of a nonuniform state is lower than that of an 
ignited state, the reactor concentration and temperature of 
the high-temperature region exceeded those of a fully ignited 
state (Figure 3) even though the reactor temperature was 
lower. 

The spatiotemporal patterns reveal a back-and-forth move- 
ment of the temperature fronts. Figures 5a and 5b show such 
oscillating temperature fronts for a feed containing 4 vol. % 
CO and reactor temperatures of 105 and 95"C, respectively. 
The temperature fronts in this case tended to maintain a 
constant distance between them and to reverse direction at 
about the same instant. They moved at a velocity of about 
0.04 cm/min. The short low-temperature region (pulse) which 
existed for reactor temperatures close to the extinction of the 
fully ignited branch (see Figure 5a), expanded with decreas- 
ing reactor temperature (see Figure 5b). The low (high)-tem- 
perature pulse moves back and forth within the region in 
which the temperature of the fully ignited state was low (high) 
(see Figure 512). 
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Autonomous formation of a nonuniform state 
for a feed containing 4 vol. % CO. 
(a) Surface temperature as a function of time and angular 
position. (b) Corresponding reactor temperature and efflu- 
ent oxygen concentration vs. time. The arrows on the abscis- 
sas indicate the times at which the profiles shown in Figure 
3 were recorded. 

Figure 6 shows that for a feed containing 5 vol. % CO, 
lowering the reactor temperature decreased the temperature 
of the cold region and increased the length of the cold re- 
gion. This increased the reactor CO concentration and hence 
the temperature of the hot region. Since the pulse oscillated, 
we show instantaneous temperature profiles for reactor con- 
centrations equal to the time average under the specific oper- 
ating conditions. 

A decrease of the CO concentration increased the length 
of the cold region and the reactor concentration, but had a 
negligible influence on the temperatures of the hot and cold 
regions (Figure 7). A slow increase in the reactor tempera- 
ture or feed concentration, followed by a slow return to the 
initial conditions, sometimes shifted the location of the tem- 
perature fronts. A typical situation for which the fronts 
formed at one of the two locations is shown in Figure 8. 

For a feed containing 70 vol. % oxygen, a slow decrease of 
the reactor temperature led to a gradual transition from the 
fully ignited to the nonuniform state without the hysteresis 
observed for 4 vol. %. Upon slow cooling, cold spots ap- 
peared intermittently on the fully ignited ring, followed by an 
eventual formation of an oscillating low-temperature pulse. 
Figure 9 describes a case in which the transition from a fully 
ignited state to a nonuniform state occurred over a tempera- 
ture range of about 40°C. The catalyst was fully ignited at 
110°C and local intermittent short dips in the catalyst tem- 
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Figure 5. Surface temperature as a function of angular 
position and time for a feed containing 4 vol. 
% oxygen and 4 vol. % CO with a reactor tem- 
perature of (a) 105°C; (b) 95°C: (c) tempera- 
ture profile of a fully ignited state. 
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Figure 6. Temperature profile and corresponding aver- 

age outlet concentration for different reactor 
temperatures for a feed containing 4 vol. % 
oxygen and 5 vol. % CO. 

reverse their direction of motion at the same instant. The 
fronts bounding the moving cold spots moved on the high- 
temperature region at a much higher velocity (order of 0.9 
cm/min) than the high-amplitude fronts. In some instances 
the moving cold spots led to local extinction and splitting of a 
high-temperature pulse into two (Figure 10). In some cases, 
two pulses collided, forming a single pulse (Figure lob), while 
in other cases, one of the high-temperature pulses extin- 
guished (Figure 1Oc). 

For a given feed-oxygen concentration, similar dynamic be- 
havior and transitions from a fully ignited to extinguished 
branch were observed for different feed CO concentrations. 
Increasing the feed-oxygen concentration decreased both the 
ignition and extinction temperatures of both the bistable and 
nonuniform states (Figure 12). In the case of 70 vol. % oxy- 
gen, the transition from fully ignited to nonuniform state was 
assumed to be the temperature below which two temperature 
fronts existed at all times. For both oxygen concentrations, an 
increase of the feed CO concentration decreased the extinc- 

perature occurred at 95°C. We refer to these as moving cold 
spots. The amplitude and the rate of formation of the cold 
spots increased as the reactor temperature was decreased. 

A permanent cold region formed when the reactor temper- 
ature was about 70°C (Figure 10a). Further cooling increased 
the size of the cold region between the fronts (Figures 
10a, lob), as in the experiments with 4 vol. % oxygen (Figure 
6). However, at the higher oxygen concentration, the ampli- 
tudes of the fronts' spatial oscillations were larger and mov- 
ing cold spots appeared and disappeared intermittently on 
the high-temperature region. These cold spots increased the 
amplitude of the rate oscillations over those obtained with 4 
vol. % oxygen (compare Figures l l a  and llb). 

The ignition fronts (which expand the ignited region with 
time) moved in general at a lower velocity than the extinction 
fronts. For example, Figure 10 shows that at the position 180", 
the ignition- and extinction-front velocities were of the order 
of 0.07 and 0.2 cm/min, respectively. The two fronts did not 

I I I I 
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Figure 7. Temperature profile and corresponding aver- 
age outlet concentration for oxygen feed con- 
centration of 4 vol. %, reactor temperature of 
1 lO"C, and different CO feed concentrations. 
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Figure 8. Temperature pulses at different locations for 
a reactor temperature of 70°C with 4 vol. % 
oxygen and 5 vol. % CO feed. 
The pulse B was obtained by a slow increase of reactor tem- 
perature followed by a slow decrease to the initial level of 
pulse A. 

tion temperature of the fully ignited state and increased the 
ignition temperature of the extinguished state. It decreased 
both the ignition and extinction temperatures of the nonuni- 
form state, and increased the temperature range over which 
a nonuniform state existed. 

Discussion 
The shape of the region of bistable uniform states in the 

Figure 10. Surface temperature as a function of angular 
position and time for a feed containing 70 vol. 
% oxygen and 5 vol. % CO with a reactor 
temperature of (a) 70°C; (b) 60°C; (c) 55°C. 

reactor CO concentration vs. temperature map (Figure 13) 
was affected by the inhibitory effect of CO on the reaction 
rate and the heat release. This shape is similar to those ob- 
served by previous investigators such as Garske and Harold 
(1992) for the reaction on Pt. The CO rate inhibition (Engel 
and Ertl, 1978; Ertl, 1981) increased the ignition temperature 
with increasing CO concentration. On the other hand, the 
higher temperature rise of the ignited states decreased the 
extinction temperature with increasing CO concentration. 
Thus, increasing the feed CO concentration expanded the 
range of reactor temperatures for which two uniform states 
existed (Figure 12). The shift of the ignition and extinction 
boundaries to the left with higher feed oxygen concentration 
(Figure 12) was caused by an increase in the rate due to the 
higher partial pressure of oxygen in the reactor. 

The nonuniform states consisted of regions with high and 
low temperatures separated by rather sharp fronts. The high 

Angular position ["I 
Figure 9. Expansion of the low temperature region upon 

reactor cooling for a feed containing 70 vol. % 
oxygen and 5 vol. Yo CO. 
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Figure 11. Dependence of reactor CO concentration on 

time for cases shown in (a) Figure 5a; (b) 
Figure 1Oa. 

and low temperatures were very close to those of the uni- 
formly ignited and extinguished states under the same reac- 
tor concentration. The nonuniform states were usually ob- 
tained for feed concentrations and reactor temperatures for 
which only uniformly extinguished states existed. However, 
both fully ignited and extinguished states existed for reactor 
concentrations and temperatures for which the nonuniform 
states were obtained (Figure 13). Note that different feed 
concentrations had to be used to get the same reactor con- 
centration for a fully ignited, extinguished, or nonuniform 
state. For a given reactor concentration, the ignition and ex- 
tinction temperatures of the nonuniform states were rather 
close to each other, in contrast to those for the uniform states. 
Moreover, the extinction temperature of the nonuniform state 
exceeded the ignition temperature. 

The transition from the ignited branch to the nonuniform 
branch upon slow cooling for a feed containing 4 vol. % oxy- 
gen was associated with an extinction of part of the ring and 
a decrease in the overall reaction rate (Figures 2 and 3). The 
global interaction between the gas and the ring stabilized the 
nonuniform states under feed conditions for which a fully ig- 
nited state did not exist. For example, any attempt of the 
high-temperature region to reconquer the whole ring de- 
creased the reactor CO concentration and the corresponding 
reaction rate. The decreased heat generation caused the front 
to slow down and retract. On the other hand, the global in- 
teraction prevented the expansion of the low-temperature re- 
gion, as the gas concentration enabled part of the ring to 
remain ignited. The transition scenario from a fully ignited 
state to one with a low-temperature pulse (Figure 4) was sim- 
ilar to that observed during hydrogen oxidation on a ring- 
shaped supported nickel catalyst (Somani et al., 1996). This 
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similarity indicates that the front's formation is generic for 
such exothermic, bistable catalytic systems in the presence of 
global coupling. 

Figure 14 shows heat generation and removal curves for 
two reactor temperatures. The heat removal is usually a lin- 
ear function of the catalyst temperature. The heat generation 
is a nonlinear, sigmoidal function of the catalyst temperature. 
At high temperatures, it attains an asymptotic value propor- 
tional to the reactant concentration. For a single-variable sys- 
tem, a stable stationary front connecting high- and low-tem- 
perature states exists only if Eq. 1 is satisfied, that is, the two 
shaded areas in Figure 14 are equal. For a given reactor con- 
centration, this condition is satisfied for one reactor tempera- 
ture. Figure 13 shows that the range of reactor temperatures 
for which a nonuniform state exists at a given reactor concen- 
tration was very narrow, in close agreement with the preced- 
ing prediction. 

A decrease in the feed concentration does not influence 
the heat-removal line. Thus, in order for condition (1) to be 
satisfied, the reactor concentration has to be the same for all 
feed concentrations This implies that the feed concentration 
affects the length of the region bounded by the two tempera- 
ture fronts, but neither the temperatures of the hot and cold 
zones nor the effluent concentration. In our experiments, the 
change in the temperatures of the hot and cold regions was 
indeed small for different feed CO concentrations. However, 
the effluent concentration increased slightly with decreasing 
feed concentration (Figure 7). This may have been due to 
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Figure 13. Regions with different qualitative behavior 
for a feed containing 4 vol. % oxygen in re- 
actor concentration vs. reactor temperature 
map. 
The lines with filled circles (open squares) denote ignition 
and extinction boundaries of uniform states (nonuniform 
state). 

either ring nonuniformity, a slight decrease in the reactor 
temperature, or an increase in the oxygen concentration as 
the feed CO concentration was decreased. It should be noted 
that the single-variable model did not adequately describe the 
impact of the concentration change during hydrogen oxida- 
tion experiments (Somani et al., 1996). 

Decreasing the reactor temperature shifts the heat-re- 
moval line to the left (Figure 14), so that Eq. 1 can be satis- 
fied only at a higher reactor concentration, that is, the frac- 
tion of the ring occupied by the low reaction rate (low tem- 
perature) expands. This increases the temperature of the hot 
spot. This predicted response was observed in our experi- 
ments (Figure 6) as well as during hydrogen oxidation on a 

QG 
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or 
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Figure 14. Heat generation and removal curves. 

A temperature front connecting an ignited and extin- 
guished region is stable only when the two hatched areas 
are equal (Eq. 1). To satisfy this condition the reactor con- 
centration has to decrease as the reactor temperature is 
increased. 

supported nickel catalyst (Somani et al., 1996). The equal-area 
condition does not provide a general answer whether the 
temperature of the high-temperature region will increase or 
decrease, as this depends on the relative positions of the 
points C and D. 

We define the length of the temperature front, w ,  as 
AT,,/(dT/dr),,, where ATmax is the difference between the 
maximum and minimum temperature, and (dT/du),, is the 
temperature gradient at the inflection point. The front length 
is in general about three to four times the characteristic ther- 
mal length-scale of the catalyst (Barelko et al., 1978) which is, 

Lh = J"" 
h P '  ( 2 )  

with k ,  being the thermal conductivity of the solid [0.25 J .  
m-1. s- 1. K- 1 (Satterfield, 19901, A the catalyst cross sec- 
tion (3.6 X 10-6m2), and P the perimeter of cross section (8.2 
X 10-3m). The heat-transfer coefficient, h,  was determined 
experimentally to be 60 J.m-*.s-'.K-*. Equation 2 yields 
Lh = 0.14 cm, that is, a front length of 0.40-0.55 cm, in good 
agreement with our observations (0.4-0.6 cm). This front 
length was essentially independent of the operating condi- 
tions and was much smaller than that observed (1.3-1.5 cm) 
during hydrogen oxidation on a supported nickel ring (Somani 
et al., 1996). The high thermal transport through the gas phase 
in the hydrogen oxidation experiments was probably the main 
cause for the increase in the length of the front; the impact 
of the gas-phase heat transport was much lower in the CO 
oxidation reaction, as the thermal diffusivities of CO, oxygen, 
and nitrogen are 6-7 times smaller than that of hydrogen 
(Bird et al., 1960). 

The temperature fronts continuously migrated back-and- 
forth on the ring in a nonperiodic manner, unlike the station- 
ary fronts formed during hydrogen oxidation on a supported 
nickel catalyst (Somani et al., 1996). Back-and-forth-moving 
pulses had been observed previously during the oscillatory 
propylene oxidation on an electrically heated Pt ribbon, the 
average temperature of which was held constant (Philippou 
et al., 1991; Philippou and Luss, 1993). In extensive simula- 
tions on a uniformly active ring catalyst, Middya et al. (1994) 
did not observe back-and-forth-moving temperature fronts. 
However, Rinzel and Terman (1982) predicted that in bistable 
systems, fronts moving with different velocities and in oppo- 
site directions may exist. This was confirmed experimentally 
by Haas et al. (1995). When a spatial variation causes a quali- 
tative change in the local dynamics, a front may move into a 
region where its motion is unstable and suddenly transform 
into a front traveling in the other direction (Hagberg et al., 
1996; Liauw et al., 1996a). 

We believe that the back-and-forth motion was induced by 
some nonuniformity of the catalyst. This conjecture is sup- 
ported by the fact that the fronts reversed their motion at 
locations where the temperature profile of the fully ignited 
state was steep (Figure 5), similar to the behavior expected 
from the simulations by Hagberg et al. (1996) and Liauw et 
al. (1996a). The nonuniformity may have been introduced ei- 
ther by a nonuniform catalyst activity or nonuniform flow. 
We conjecture that flow maldistribution was the major cause 
of the nonuniformity, as the temperature profile of the ig- 
nited state was not affected by a 180" rotation of the ring. 
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One should distinguish between the nonuniformity of the 
surface temperature of the patterned states and of the fully 
ignited states. While the latter reflects the spatial variation of 
the system properties, the former is due to the bistability of 
the system, global coupling, and the spatial variation in the 
system properties. Theory predicts that either stationary or 
moving fronts may form in uniform systems. However, while 
pulses rotate on a uniform ring, they may exhibit other mo- 
tions, such as a back-and-forth movement, on a nonuniform 
one (Liauw et al., 1996a; Hagberg et al., 1996). 

The front motions were affected by the nonuniformity of 
the system and the global coupling. It is very difficult to sepa- 
rate the impact of these two influences on the observed mo- 
tions. The global coupling caused the movement of each front 
to affect that of the other front(s) and encouraged both fronts 
to move in the same direction and at similar velocities, as 
observed in Figure 5a (feed with 4 vol. % oxygen). However, 
for a feed of 70 vol. % oxygen, the ignition and extinction 
fronts moved with different velocities and sometimes even in 
the opposite directions (Figure 10). This motion was due to 
the nonuniformity of the system. 

The impact of the nonuniformity depends on the local dy- 
namic features and the activity profiles. For a system with 
synclinal bistability, the nonuniformity tends to arrest front 
motion and leads to stationary fronts (Liauw et al., 1996a). 
Global coupling may also arrest front motion in uniform 
bistable systems (Middya et al., 1994). Such a stationary 
high-temperature region was observed by Somani et al. (1996) 
during hydrogen oxidation on a supported Ni catalyst. An an- 
ticlinal bistability leads to multiplicity of front velocity. In a 
ring-shaped system, one may find rotating pulses or, in the 
presence of nonuniformities, back-and-forth movement of 
pulses. We conjecture that anticlinal bistability plus nonuni- 
formity was the cause of the patterns observed with 4 vol. % 
oxygen. 

The local kinetics of the system containing 70 vol. % oxy- 
gen were more intricate. In addition to bistability at high re- 
actor temperatures, the fully ignited state oscillated at lower 
reactor temperatures. Moreover, the smooth transition from 
the ignited to the nonuniform state was rather different from 
the discontinuous one for 4 vol. % oxygen. A remarkable fea- 
ture of this system is the coexistence of fast-moving, low-am- 
plitude moving cold spots (amplitude of 5-10 K, velocity of 
about 9 rnm/min) and slow-moving, large-amplitude (50-100 
K, velocity of 0.5-2.0 mm/min) temperature fronts (Figure 
10). This behavior must be due to the impact of oxygen on 
the local kinetics. These moving cold spots were superini- 
posed on the high-temperature regions and led to fast oscilla- 
tions of the reaction rate (Figure llb). This behavior is remi- 
niscent of the local cooling described by Qin and Wolf (1995), 
Liauw et al. (1996b), and Yamamoto et al. (1995a). Under 
some conditions, the cooling occurred almost simultaneously 
over the entire ring, while the reheating appeared to propa- 
gate in a wavelike motion. This agrees with the observations 
by Qin and Woif (1995). 

The small-amplitude 6-10 K) of the local temperature 
oscillations suggest a kinetic mechanism rather than a 
thermokinetic one. A cyclic formation and depletion of a sub- 
surface oxygen layer, suggested by Ladas et al. (19891, has 
been used in models (Bassett and Imbihl, 1990; Hartmann et 
al., 1994) for the reaction at low pressures. In-situ X-ray ab- 
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sorption on Pd supported catalyst suggested that a cyclic oxi- 
dation and reduction mechanism occurs even at atmospheric 
pressure (Ressler, 1995). The onset of oscillations upon the 
increase of oxygen concentration may indicate a similar 
mechanism in our system. However, the pronounced non- 
isothermicity does not allow for a straightforward application 
of the subsurface oxygen model. 

The patterns were usually observed for feed concentra- 
tions, for which the only uniform state that existed at the 
reactor temperature was an extinguished state. The conver- 
sion attained by the nonuniform state always exceeded that 
of the extinguished one. However, it did not exceed that of a 
fully ignited state. It is still an open question whether and for 
which reaction and operating conditions a patterned state will 
give a higher yield of the desired product than any uniform 
state at the same reactor conditions. We speculate that this 
may happen in equilibrium-limited reactions for which the 
time constant of the rate-limiting step is of the order of the 
moving temperature fronts. 
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