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The inhibitory effect of molecular oxygen on chemical oscillations in a semiclosed Belousov-Zhabotinsky
system is investigated. Comparison of experimental results obtained from anaerobic and aerobic reactions
shows that the oxygen-induced increase of oscillation periods is most pronounced at low concentrations of
sulfuric acid or bromate and at high concentrations of malonic acid. Under the given experimental conditions,
oxygen inhibition is negligible for [H2SO4] > 0.35 M, [BrO3

-] > 0.15 M, and [CH2(COOH)2] < 0.07 M.
Based on the classical Oregonator, we propose an extended model that accounts for the observed concentration
dependencies. This model treats oxygen as a dynamic variable and is capable of describing oxygen oscillations
as well as the striking increase in oxygen concentration for conditions in which oscillations are fully suppressed.
The rate equations of the extended Oregonator model are presented in a dimensionless form and are, for
anaerobic conditions, in exact correspondence to the classical model.

1. Introduction

Molecular oxygen gives rise to distinct changes in the
dynamic behavior of the Belousov-Zhabotinsky (BZ) reaction
that affect chemical oscillations as well as wave propagation in
this system.1-6 The inhibitory effect of oxygen has already been
reported shortly after the development of the Field-Körös-
Noyes (FKN) mechanism7 and confirmed the assumption of a
free-radical mechanism.8 A decreasing sensitivity of the BZ
reaction toward oxygen with increasing acidity was discussed.
Only little quantitative and sometimes contradicting data on the
effects of oxygen have become available in the following
years.9-11 However, the study of oxygen effects has recently
regained considerable interest. These efforts were driven by the
observation of interesting phenomena associated with the
presence of oxygen such as complex oscillations1 and unusual
modes of pattern formation.12 Furthermore, using the inhibitory
effect of oxygen, three-dimensional wave patterns such as scroll
waves have been obtained in a controlled fashion.13 These results
underline the potential of oxygen as an externally applied control
parameter for the study of temporal as well as spatiotemporal
self-organization in the BZ reaction.

Extended Oregonator models have been put forward to
describe the various oxygen effects. Krug et al.14 introduced an
additional, unspecified reaction that produces the inhibitor
bromide with a fixed rate. Consequently the effect of oxygen
is constantly applied throughout the different phases of an
oscillatory cycle. Zhabotinsky et al.12 specifically modified the
stoichiometric factor of the bromide production in the Orego-
nator model and Taylor et al.15 adjusted the effective rate of
the reduction of the catalyst to model their experimental results.
Wang et al.1 increased the value of two effective rate constants,
which are crucial for the release of bromide in the organic subset
of their model. None of these models attempt to introduce
oxygen as a dynamic variable. Rather the effects of an oxygen
altered mechanism are mimicked by a change of some effective
rate of bromide release. However, modeling temporal and
spatiotemporal oxygen profiles is of immediate interest since
the oxygen concentration is experimentally accessible through
specific oxygen sensors. Consequently, the presented work was
undertaken to develop a model based on the Oregonator that

treats oxygen as a dynamic variable rather than considering
oxygen inhibition in a purely phenomenological fashion. Our
study aims to efficiently incorporate the essence of recent
advances regarding the mechanism of the organic subset of the
BZ reaction.16-18 These include, for instance, the identification
of the peroxymalonyl radical and the investigation of the
structure of branching pathways in the aerobic oxidation of
malonic acid by cerium(IV).

2A. Reaction Mechanism

The reaction model to be described is based on the well-
known Oregonator model19,20 of the BZ reaction. The Orego-
nator is frequently used to simulate the dynamic behavior of
the BZ system and has been successfully employed for modeling
a broad variety of temporal and spatiotemporal phenomena.22-25

In contrast to the Brusselator26 and other generic models,27 the
Oregonator is based on a chemically justified, but simplified,
basis of the reaction processes in the BZ system.

The Oregonator model involves six major species for which
we will use the following notation: A) BrO3

-, B ) organic
acids, P) HOBr, U ) HBrO2, V ) catalyst (oxidized), and W
) Br-. The variable B is considered to be the sum of malonic
acid and bromomalonic acid (these species are not distinguished
in the framework of the Oregonator model).

The kinetic changes in the concentration of the above species
are determined by five irreversible reactions:

The corresponding rate constantsk1 throughk5 have been
extensively studied in the earlier literature.28-32 The stoichio-
metric coefficienth is a crucial bifurcation parameter of the
system. Its value (typically between 0.5 and 2) is determined
by complex organic oxidation reactions that give rise to an

A + W f U + P (r1)

U + W f 2P (r2)

A + U f 2U + 2V (r3)

2U f A + P (r4)

B + V f hW (r5)
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increase in bromide concentration. Typically, the concentrations
of A and B are considered constant since bromate and the
organic acids are present in large excess.

Free radicals produced as intermediates in reaction r5 are the
key species for oxygen effects in the BZ reaction. A simplified
picture of the corresponding reaction channels is given by the
following mechanism:

in which R, Q, and I denote the malonyl/bromomalonyl radical,
the corresponding peroxyl radicals, and molecular oxygen,
respectively. In the following, the rate constants of these four
irreversible reactions are denoted ask5a to k8, respectively.

The structure of the above mechanism is branched in the sense
that the primary radical R can either undergo a second-order
self-decay (reaction 6) or react with oxygen to form a peroxyl
radical (reaction 7). The parametersh andh′ are stoichiometric
coefficients, which determine the amount of bromide produced
via the anaerobic (reactions 5a and 6) and the oxygen-specific
reaction pathway (reactions 5a, 7, and 8), respectively. Notice,
that reactions r7 and r8 have no relevance under strictly
anaerobic conditions. The constantn is the stoichiometric
coefficient of oxygen in the fast recombination reaction of
peroxyl radicals. The numeric value ofn is expected to be either
zero or one, sincen ) 2 would imply that oxygen is not
consumed in the overall reaction.

A noteworthy feature of the reaction mechanism (reactions
5a-8) is that it matches the reaction (r5) of the Oregonator, if
the oxygen concentration is zero and if reaction r5a is the rate-
determining step along the reaction pathway (reactions 5a and
6). If one assumes that reaction 5a is the rate-limiting step, one
can conclude that the rate constantk5a equals the rate constant
k5 of the classical Oregonator.

2B. Rate Equations
Based on the reaction mechanism (reactions 1-4, 5a, 6-8),

rate laws that describe the temporal evolution of the concentra-
tion of U, V, W, I, R, and Q can be derived. The concentrations
of A and B are considered constant.

Steady-state approximations are applied to the variables R and
Q, since the decay reactions of the organic radicals are known
to be fast.

This approximation yields a set of four differential equations
that describe the temporal evolution of the reaction system. It
consists of the unmodified equations (eqs 1a,b) and the rate
laws for bromide and oxygen (eqs 1c,d) in which [R] and [Q]
are replaced by the corresponding steady-state concentrations.

2C. Dimensionless Equations

It is useful to transform this set of rate equations into a
dimensionless form. For this purpose, the following variables
are introduced:

and complemented by a set of additional parameters:

The parameterkfl in eq 5g is the rate of oxygen inflow into
the reaction system. For example, this inflow of the inhibitor
could arise from stirring of a batch system, diffusive transport
of oxygen from the gas phase into a shallow BZ layer, or
continuous purging of the system with an oxygen-containing
gas. The parameterσ in the form given by eq 5g is appropriate
if the oxygen inflow can be modeled by a rate d[I]/dt that equals
kfl ([I] s - [I]), with [I] s being the saturation concentration of
oxygen under the given experimental conditions.

The transformations of variables and the definitions of
parameters given above allow the reformulation of the rate laws
for u, V, w, and i that were obtained under the steady-
approximations (eqs 2a,b):

whereø ) {(i2 + V/4)1/2 - i}.
In the complete absence of oxygen (i.e.,i ≡ 0) the value of

ø2 equalsV/4 and eqs 6a-d match the classical Oregonator

B + V f R (r5a)

2R f 2hW (r6)

R + I f Q (r7)

2Q f 2h′W + nI (r8)

d[U]/dt ) k1[A][W] - k2[U][W] + k3[A][U] - 2k4[U]2

(1a)

d[V]/dt ) 2k3[A][U] - k5[B][V] (1b)

d[W]/dt ) -k1[A][W] - k2[U][W] + 2hk6[R]2 + 2h′k8[Q]2

(1c)

d[I]/dt ) -k7[R][I] + nk8[Q]2 (1d)

d[R]/dt ) k5[B][V] - 2k6[R]2 - k7[R][I] (1e)

d[Q]/dt ) k7[R][I] - 2k8[Q]2 (1f)

d[Q]/dt ) 0 w [Q]ss) {(k7[R][I])/(2 k8)}
1/2 (2a)

d[R]/dt ) 0 w [R]ss) (4k6)
-1{((k7[I])

2 +

8k5k6[B][V]) 1/2 - k7[I] } (2b)

u ) (2k4)/(k3[A])[U] (4a)

V ) (k4k5[B])/(k3[A]) 2[V] (4b)

w ) k2/(k3[A])[W] (4c)

i ) (k4/(32k6))
1/2k7/(k3[A])[I] (4d)

t ) k5[B] × time (4e)

ε ) (k5[B])/(k3[A]) (5a)

ε′ ) (2k4k5[B])/(k2k3[A]) (5b)

ε′′ ) {k5[B](2k4k6)
1/2}/{k3k7[A](2 - n)} (5c)

q ) (2k1k4)/(k2k3) (5d)

f ) 2h (5e)

f ′ ) 2h′ (5f)

σ ) (ε′′kfl)/(k5[B]) (5g)

ε du/dt ) qw - uw + u - u2 (6a)

dV/dt ) u - V (6b)

ε′ dw/dt ) -qw - uw + 4fø2 + 8f ′iø (6c)

ε′′ di/dt ) -iø (6d)
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model. In particular, we find the rate terms in eq 6c turn into
the familiar expression-qw - uw + fV.

2D. Rate constants

The numerical values of the parameters of eqs 6a-d require
the knowledge of the concentrations of A (bromate) and B
(malonic acid), the flow rate of oxygen, the stoichiometriesh,
h′, andn, and seven rate constants. The values of A and B are
typically known, whileh andh′ will be treated as the empirical
parameters. This approach is similar to the treatment ofh in
the classical Oregonator model. The value of the stoichiometric
coefficientn is assumed to be one.

The rate constantsk1 to k5 are identical to the corresponding
rate constants of the unmodified Oregonator. Several sets have
been proposed in the earlier literature, including Tyson and
Keener’s “Lo” and “Hi” values20 and data obtained from
thorough mechanistic studies by Field and Fo¨rsterling29 and
Försterling and Stuck.29,30 In this study, we employed the
following set of rate constants:

which are Tyson and Keener’s “Lo” values except for the value
k5, which was taken from recent references.30

The rate constant,k6, of the second-order self-decay of the
malonyl radicals has been measured in EPR experiments.
Försterling and Stuck30 found this rate constant to bek6 ) 4.2
× 108 M-1 s-1 for a 1 M sulfuric acid solution at room
temperature. An estimate for the rate constant,k7, of the
recombination reaction of the peroxylmalonyl radical has been
given by Neumann et al.17 These authors performed stopped-
flow EPR measurements of the aerobic oxidation of malonic
acid in 1 M sulfuric acid. The observed decay kinetics of the
peroxyl radical yielded a rate constant ofk7 ) 1.7 × 107 M-1

s-1 in the framework of a seven-step autoxidation mechanism.
The study by Neumann et al.17 also yielded an estimated value

of 2.2× 108 M-1 s-1 for the rate constantk8. Notice that exact
knowledge of the numeric value ofk8 is not explicitly required
by eqs 6a-d sincek8 is eliminated by the steady-state assump-
tion d[Q]/dt ) 0. However, the numeric valuek8 ) 2.2 × 108

M-1 s-1 was used for comparing numerical results obtained from
eqs 6a-d and eqs 1a-f. This comparison revealed very good
agreement.

3. Experimental Section

All experiments on oxygen-induced inhibition of chemical
oscillations were performed by using a UV/vis diode-array
spectrophotometer (Hewlett-Packard, HP8453). Measurements
were carried out at 25.0( 0.5°. The oscillation periods were
obtained for various sets of initial concentrations by monitoring
the absorption evolution of Ce(IV) at a wavelength of 390 nm.
During the course of the reaction, the system was purged with
either nitrogen or oxygen. All chemicals were of the highest
grade commercially available and used without further purifica-
tion. While the initial concentrations of malonic acid (Fisher),
bromate (Fisher), and sulfuric acid (Fisher) were varied
systematically, the reaction was always initiated by adding a
small volume of Ce(NH4)4(SO4)4‚2H2O (initial concentration:
[Ce(IV)] ) 0.95 mM).

4. Results

4a.Oscillation and Relaxation of the Oxygen Concentra-
tion. In 1996 Wang et al.1 reported experimental results that

revealed small-amplitude oscillations of oxygen concentration
in semiclosed BZ systems. Their investigation focused on well-
stirred systems that are closed except for transport of oxygen
from the atmosphere across a free surface. The inflow rate of
oxygen was controlled by varying the stirring rate, which
resulted in transfer rates in the order ofkfl ) 0.1 to 0.2 min-1

(i.e., approximately 1.0× 10-3 s-1). One particular finding of
their study is that an increase in flow rate can lead to the
suppression of chemical oscillations. This inhibition of oscil-
lations triggers a remarkable change in the oxygen kinetics: a
change occurs from low-amplitude oscillations to a regime in
which the concentration increases monotonically and eventually
saturates at a value more than 10 times higher.

Furthermore, the experiments by Wang et al.1 reveal a
characteristic phase relation between the oscillating concentra-
tions of Ce(IV) and oxygen. The phase of the oscillations during
which the Ce(IV) concentration is low corresponds to an
increasing concentration of oxygen, while the fast increase in
Ce(IV) during the autocatalytic production of HBrO2 corre-
sponds to a rapid decrease in oxygen concentration.

These major experimental findings were used to perform
qualitative tests of the modified Oregonator model (reactions
1-4, 5a, 6-8). All numerical simulations were carried out by
Euler integration of eqs 6a-d. In all calculations the integration
time step was∆t ) 1.0 × 10-6. Figure 1a shows a typical
example of the evolution of the normalized concentrations of
oxygen, Ce(IV), and bromide. Because of the interplay of
constant oxygen inflow and reaction-induced oxygen consump-
tion, the oxygen concentration is found to oscillate with the
period of the other chemical species. The phase dependence

k1 ) 2.0 M-3 s-1 [H+]2; k2 ) 1.0× 106 M-2 s-1 [H+];

k3 ) 40.0 M-2 s-1 [H+]

k4 ) 2.0× 103 M-1 s-1; k5 ) 0.3 M-1 s-1

Figure 1. (a) Temporal evolution of the normalized concentrations of
oxygen, Ce(IV), and bromide calculated by using the modified
Oregonator model (reactions r1-r4, r5a, r6-r8). Parameters: A) 0.2
M, B ) 0.4 M, H ) 0.2 M, Is ) 0.3 × 10-3 M, n )1, f ) 1.0, f ′ )
2.0, andkfl ) 1 × 10-3 s-1. (b) Response of the system to changes in
the flow rate of oxygen. Dashed and solid lines represent the
concentrations of bromide and oxygen, respectively.
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between the different oscillating species, however, reveals
interesting details. Our calculations show that oxygen is at its
lowest concentration level when most of the cerium ions are
oxidized (t ) 1250-1300 s in Figure 1a). This phase is followed
by a relatively smooth increase in oxygen concentration (1300-
1450 s). Consequently, the oscillations of oxygen and Ce(IV)
have a phase difference of nearly 180° in this model. Notice
that the time at which the rate of oxygen consumption reaches
a maximum (1250 s) correlates to the instance in which the
autocatalysis of HBrO2 sets in and the Ce(IV) concentration
rapidly increases. This finding seems reasonable in the frame-
work of our initial reaction mechanism since the concentration
of the malonyl radical is strongly correlated to Ce(IV).

Figure 1b illustrates the behavior of the system with respect
to changes in the flow rate,kfl , of oxygen. The dashed line in
Figure 1b represents the dynamics of the bromide concentration,
while the oxygen concentration is plotted as a solid line. Initially
the oxygen concentration of the reservoir,ia, is zero. Under these
strictly anaerobic conditions, the variablesu, V, andw oscillate
according to the classical Oregonator model, while the value
of i equals 0. At the timet1 ) 1800 s, the dimensionless
parameteriA is increased from zero to the value that corresponds
to the saturation concentration of 1 mM oxygen. This parameter
jump inhibits the oscillations immediately and the bromide
concentration remains constant at a low level. The oxygen
concentration, however, increases significantly in a monotonic
fashion. At time t2 (3600 s) the saturation concentration of
oxygen is decreased to 0.3 mM. The initial response of the
system is a continuous decrease of oxygen concentration. At
approximatelyt ) 5600 s the oxygen concentration has decayed
to a level that allows the onset of oscillations. However, the
oscillation period is longer than the period under anaerobic
conditions and the variable,i, shows small-amplitude oscilla-
tions.

4b. Concentration Dependence of Oxygen Inhibition.
Experimental Results.The comparison of experimental and
numerical data on the dependence between the strength of the
inhibition and the concentrations of A, B, and H constitutes an
important test of the presented model. Figure 2a shows an
example for the influence of molecular oxygen on the oscillation
period, T, of a Ce(IV)-catalyzed BZ system as a function of
the sulfuric acid concentration. Open circles and solid circles
represent measurements under anaerobic and aerobic conditions,
respectively. The small inset shows the same data in terms of
the period ratioT(O2):T(N2). The periods were calculated by
averaging the duration of the first six oscillation cycles. At high
concentrations of sulfuric acid no significant differences in the
oscillation period of the aerobic and the anaerobic reactions are
found. At low concentrations, however, the periods differ by a
factor of up to 3 with longer periods found in the presence of
oxygen. Under the given experimental conditions, the sensitivity
of the BZ reaction to oxygen inhibition is therefore most
pronounced at low acidity.

The concentration dependence of the oxygen inhibition on
the initial concentrations of malonic acid and bromate is shown
in Figure 2b,c. Similar to the data shown in Figure 2a, the effect
of oxygen inhibition decreases with increasing concentration
of bromate (Figure 2b). Under the given experimental condi-
tions, the maximal increase of the oscillation period was
approximately 40%. The effect of malonic acid on oxygen-
induced inhibition, however, revealed that inhibition is strong
for high initial concentrations of the organic substrate (Figure
2c). On the basis of these experimental data, we conclude that

oxygen inhibition is negligible for [H2SO4] > 0.35 M, [BrO3
-]

> 0.15 M, and [CH2(COOH)2] < 0.07 M.
Numerical Results.Figure 3a-c shows the results obtained

by numerical integration of eqs 6a-f for initial concentrations
A, B, and H that are close to the experimental ones of Figure
2a-c. All numerical simulations were carried out using the
parameterskfl ) 1.0× 10-3 s-1, n ) 1.0, f ) 1.0, f ′ ) 2.0. No
attempts have been undertaken to improve the quantitative
agreement between experimental and numerical data by adjust-
ing the numeric values off andf ′, since such efforts most likely
would fail to yield a unique result that could be applied to
various initial conditions. In this respect, the modified Orego-
nator model shares the weaknesses of the classical Oregonator.

The data shown in Figure 3 reveal systematic differences
between the oscillation periods of the anaerobic ([Is] ) 0.0 mM;
dashed line) and the aerobic system ([Is] ) 1.0 mM; solid line).

Figure 2. Oscillation periods as a function of initial concentrations.
Open and solid circles represent data obtained from experiments in
which the reaction solution was continuously purged with nitrogen and
oxygen, respectively. The insets show the same data as the ratio of the
periods for aerobic and anaerobic conditions. (a) [NaBrO3] ) 0.17 M,
[malonic acid]) 0.95 M, [H2SO4] ) 0.14-0.57 M; (b) [NaBrO3] )
0.1-0.3 M, [malonic acid]) 0.95 M, [H2SO4] ) 0.33 M; (c) [NaBrO3]
) 0.2 M, [malonic acid]) 0.048-0.37 M, [H2SO4] ) 0.33 M.
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These differences are most pronounced at low concentrations
of sulfuric acid (a) and bromate (b) and at high concentrations
of the organic substrate (c). The presented numeric results are,
therefore, in good qualitative agreement with the experimental
findings presented in Figure 3.

Additional results indicate that variations of the stoichiometric
coefficientn (0 < n < 2) cause no qualitative changes in the
described concentration dependencies. The strength of oxygen
inhibition, however, is larger for small values ofn since the
consumption of oxygen is less efficient.

5. Conclusions

Based on the classical Oregonator model of the Belousov-
Zhabotinsky reaction, an extended model has been described
that accounts for the consumption of oxygen and its inhibitory

effect on chemical oscillations in this reaction system. The
extended model is capable of describing the occurrence of
oxygen oscillations that have been observed earlier in experi-
ments in which oxygen is continuously delivered to the system.
Also the dramatic increase in the oxygen concentration that
accompanies the oxygen-induced quenching of oscillations is
reproduced properly. Another important feature of the presented
model is that is successful in describing the qualitative
dependence between oxygen-induced increases of oscillation
periods and the concentrations of sulfuric acid, bromate, and
malonic acid.

We are confident that the extended Oregonator will prove to
be a useful model for the numerical analysis of oxygen-related
effects in spatially extended systems. These applications could
include investigations of wave profiles and velocities in thin
layers of the BZ system as well as studies of wave phenomena
in three-dimensional media.
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