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We have studied the effect of gases (NO, CO, Cl2) on mixed-mode regimes in the Belousov-Zhabotinskyi
oscillating chemical reaction in a CSTR. Mixed-mode regimes are characterized by a single large-amplitude
oscillation followed by a number of small-amplitude oscillations. Bubbling of the gas into the inflow solution
changes the average number of small-amplitude oscillations. We show that the average number of small-
amplitude oscillations depends linearly on the gas concentration. A good agreement between the experimental
data and simulations with the Gyo¨rgyi-Field model is obtained.

1. Introduction

The Belousov-Zhabotinskyi (BZ) oscillating chemical reac-
tion exhibits a variety of dynamic regimes, such as bistability,
periodic oscillations, mixed-mode oscillations, chaotic dynamics,
etc.1-10 All these regimes have been found in the BZ reaction
catalyzed by cerium as well as by ferroin.19,11,12Recently we
have shown that the BZ reaction catalyzed by ferroin exhibits
various mixed-mode regimes.9 They consist of a single large-
amplitude oscillation (L) followed by a number (n) of small-
amplitude oscillations (S). The symbol LSn is conveniently
attributed to these regions.

Mixed-mode regimes and chaotic behavior in oscillating
chemical reactions may be drastically affected either by impuri-
ties of reagents or by injection of small amounts of various
chemical compounds.11,13,14Impurities may change the complex
dynamics of the oscillating reaction.11,13-15 In particular the
oscillations pattern may change even as small amounts of
perturbing species are present.13-14

In this paper we present a study of an effect of NO, CO, or
Cl2 on mixed-mode regimes in the BZ reaction catalyzed by
ferroin in a continuously flow stirred tank reactor (CSTR). We
show that bubbling of NO, CO, or Cl2 into the inflow solution
changes the number of small-amplitude oscillations in mixed-
mode regimes. The number of small-amplitude oscillations
depends linearly on the gas concentration. An explanation of
these experimental observations is given using the Gyo¨rgyi-
Field model of the BZ reaction.16 We show that by adding
feasible chemical reactions of these gases with the species
involved in the mechanism, a good agreement between the
simulations and experimental results is obtained.

2. Experimental Section

All reagents were analytical grade. Stock solutions of 0.3 M
KBrO3, 4 M malonic acid (MA), 6 M H2SO4, and 2.5× 10-2

M ferroin were prepared using double distilled water. Gas
mixtures of each gas with argon were prepared volumetrically.
The total pressure of gas mixture was 101 kPa. Details of
experimental setup have been published recently.15

All studies were conducted using the experimental setup
shown schematically in Figure 1. The continuously stirred flow
tank reactor (CSTR), inflow solutions, and examined gas mixture
were thermostated at the constant temperatureT ) 295.5 (
0.1 K. Stirring rate was 1000( 30 rpm in all the experiments.
The state of the system was monitored by measuring the
platinum electrode potential using a silver/silver chloride
electrode as a reference. The impedance-matched electrode
signals were fed via a Data Translation A/D converter board
into a personal computer. Signals were recorded as a function
of time with time step 0.1 s. The Pt electrode potential
corresponding to asymptotic oscillating mixed-mode regime was
recorded after transient regime (not less than 1500 s). The
mixed-mode regimes are not caused by any effect of a peristaltic
pump because there is no correlation between pulsation of the
peristaltic pump and time intervals between either small- or
large-amplitude oscillations. We have also checked that the
mixed-mode regimes exist in a wide range of stirring rates. All
experiments were performed at a constant stirring rate, so all
differences can be safely attributed to the addition of the gases.

Reagents were flowed into the reactor by a peristaltic pump
through two channels. Solution 1 containing 0.48 M malonic
acid, 0.64 M H2SO4, and 3.4× 10-3 M ferroin was pumped
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Figure 1. Schematic diagram of the experimental setup.
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through the first channel, and solution 2 of 0.3 M KBrO3 was
pumped through the second channel. Both stock solutions were
saturated by argon. Known volumes of gas and argon were
mixed before the experiment and the mixture was put in the
aspirator at the lower right of Figure 1. The gas mixture was
pumped by a separate peristaltic pump at a constant rate of 0.35
( 0.01 mL/min into the reaction chamber. To keep the pressure
constant, another aspirator was placed above the first one to
replace by water solution the volume of gas spent. The constant
flow of the gas mixture into the reaction chamber keeps the
latter saturated with this mixture.

Our chromatography studies have indicated that the purity
of the gases was not worse than 99% (vol/vol). Particularly,
the oxygen concentration in the gas mixture did not exceed
0.001% (vol/vol).

3. Experimental Results

Depending on the flow rate (k0), the BZ reaction exhibits
different mixed-mode oscillations. Some of them are shown in
Figure 2. At low flow rates the LS1 pattern is shown in Figure
2a. As the flow rate increases, a pattern involving a mixture of
LS0, LS1, and LS2 is shown in Figure 2b. This develops further
into Figure 2c, showing LSn patterns withn ) 11-20. Since
the oscillations are not exactly periodic we have characterized
the time series by the average number of the small-amplitude
oscillations per single large-amplitude oscillation:

The average number of small-amplitude oscillationsN has
been calculated for each time series lasting for at least 3 h and
containing no less than 30 large-amplitude maxima. In each
experiment the length of the time series was long enough to
calculate the value ofN with standard deviation less than 10%
calculated for a single time series.

The first two columns of Table 1 show the dependence ofN
on k0 if only pure argon is bubbled. It is seen that the average
number of small-amplitude oscillations increases withk0. As
any of the gases NO, CO, or Cl2 is bubbled into the solution,

the value of N is changed depending on the gas and its
concentration. The effect is more pronounced at high flow rates,
i.e., for mixed-mode oscillations that are characterized by large
numbers of small-amplitude oscillations. The effect is quantified
by the difference between the average number of small
oscillations,N, when pure argon or gas-argon mixtures are
bubbled:

where N(gas) gives the average number of small-amplitude
oscillations for a given gas concentration in its mixture with
Ar, and N(Ar) is the corresponding number if pure argon is
bubbled. Figure 3 shows the values ofN (together with its error
bars) vs the gas (NO) concentration (full circles) and also that
of pure Ar (open circles). The difference betweenN(NO) and
N(Ar) is clearly seen and thus the definition of∆N(gas) seems
quite reliable.

Typical dependencies of∆N(gas) on gas concentrations are
shown in Figure 4. In all cases they may be described by the
following linear equation:

wherePgasis the volume/volume percent of the gas in its mixture
with argon.

In Figure 4 we see that NO causes a decrease in the average
number of small oscillations, while CO causes an increase. The
case of chlorine is intermediate, for small flow rate it increases,
while for large ones it decreases. The values ofπ for NO, CO,
and Cl2 are presented in Table 1 for different flow rates. The
slope decreases slightly with the flow rate for the case of NO,
increases slightly for the case of CO, and decreases significantly
for the case of Cl2 and even goes negative at high flow rates.

4. Model

Mixed-mode oscillations similar to those obtained in experi-
ments described above, may be obtained using the 4-variable
model of the BZ reaction suggested by Gyo¨rgyi and Field16,17

Figure 2. Time dependencies of Pt-electrode potential at different
flow rates: 0.00187 s-1 (a), 0.00208 s-1 (b), 0.00555 s-1 (c) (T )
295.5 K; [KBrO3]0 ) 0.15 M; [H2SO4]0 ) 0.32 M; [MA]0 ) 0.24 M;
[ferroin]0 ) 1.7 × 10-3 M).

N ) number of small-amplitude oscillations/
number of large-amplitude oscillations

TABLE 1: Dependencies of Average Numbers of Small
Amplitude Oscillations (N) under Argon and Values of π
(slope for the dependence of∆N on the gas concentration)
on Flow Rate (conditions are the same as in Figure 2)

k0, s-1 N
NO

π, 102 vol/vol
CO

π, 102 vol/vol
Cl2

π, 102 vol/vol

0.00208 1.5 -1.1 2.9 85.1
0.00267 4.6 -2.2 4.6 38.3
0.00340 7.5 -3.6 4.4 13.6
0.00435 13.1 -5.0 3.9 9.4
0.00555 17.6 -7.8 8.5 5.3
0.00710 29.8 -11.9 8.3 -8.5
0.00907 51.3 -25.1 20.9 -2.8

Figure 3. Dependencies ofN on volume/volume percent of NO
(closed circles) together with values ofN for pure argon (a, open
circles connected by line). Conditions are the same as in Figure 2,
k0 ) 0.00435 s-1.

∆N(gas)) N(gas)- N(Ar)

∆N(gas)) R + π × Pgas
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presented in Table 2. The scheme involves the four variables
HBrO2, Br-, BrMA, and ferriin (Mox).16-19 Other species
appearing in Table 2 are considered to be constant. In the
Györgyi-Field (GF) model autocatalysis appears as the step
GF3, limited by step GF4. Accumulation of bromomalonic acid
is represented by steps GF1, GF2, and GF4. The steps GF1-
GF4 correspond to reactions of an inorganic subset and provide
for reactions of HBrO2 governed by concentration of Br-.
Reactions of Br- accumulation are presented by steps GF6-
GF7.

The equations derived from the scheme of Table 2 (including
terms for outflow of the reactants) were integrated numerically.
Depending on the flow rate the model exhibits various mixed-
mode oscillations, as seen in Figure 5, in qualitative similarity
to those obtained experimentally and shown in Figure 2. In both
cases the numberN of the average small-to-large oscillations
increases with the flow rate. The similarity between the
experimental and calculated patterns is, of course, only qualita-

tive as one does not expect to obtain a quantitative agreement
between the simple GF model and the real experiment.

Figure 6a gives the bifurcation diagram constructed as the
dependence of the maxima of bromide ions concentration on
the flow rate. At low values ofk0 single large-amplitude
oscillations exist. An increase ofk0 causes a sequence of period

Figure 4. Dependencies of∆N on volume/volume percents of different
gases in their mixtures with Ar at different flow rates (conditions are
the same as in Figure 2): (a) for NO atk0 ) 0.00555 s-1; (b) for CO
at k0 ) 0.00435 s-1; (c) for Cl2 at k0 ) 0.00267 s-1; (d) for Cl2 at
k0 ) 0.00710 s-1.

TABLE 2: Chemical Scheme for the 4-Variable Model of
the BZ Reaction16,17,a,b,c,

kinetic modelb rate constantsa

(GF1) BrO3
- + Br- + 2H+ f

HBrO2 + BrMA
k1 ) 2.0 M-3 s-1

(GF2) HBrO2 + Br- + H+ f 2BrMA k2 ) 2.0× 106 M-2 s-1

(GF3) BrO3
- + (1/2)HBrO2 + H+ a

HBrO2 + Mox

k3 ) 6.2× 104 M-2 s-1 b

k3
- ) 7000.0 M-1 s-1

(GF4) 2HBrO2 f BrO3
- + BrMA k4 ) 3000.0 M-1 s-1

(GF5) Mox + MA f k5 ) 0.3 M-1 s-1

(GF6) BrMA + Mox f Br- k6 ) 30.0 M-1 s-1

(GF7) BrMA f Br- k7 ) 2.4× 104 M-1 s-1 e

a Ref 16.b Ref 17.c The concentrations of BrO3-, MA, and H+ are
fixed: [KBrO3]0 ) 0.14 M; [MA]0 ) 0.3 M; [H+]) 0.26 M; total
concentration of the catalyst is [M]tot ) 0.001 M. The rates of reactions
GF1, GF2, and GF4-GF6 are defined by corresponding mass
laws. d Rate of this reaction is defined asa V+

3 ) k3 × [ H+] ×
([M] tot - [Mox]) × [BrO2

•], where [BrO2
•] ) (7.9 × 10-7 ×

[BrO3
-] × [H+] × [HBrO2])1/2. e Rate of this reaction is defined

as16 V7 ) k7 × [BrMA] × [MA •], where [MA•] ) [-k7 × [HBrO2] +
{(k7 × [HBrO2])2 + 2.4× 1010 × k5 × [MA] × [Mox]}1/2]/(1.2 × 1010).

Figure 5. Time series for the bromide ion concentration obtained
in simulations using the model presented in Table 2 at different
flow rates: (a)k0 ) 1.25e-3 s-1; (b) k0 ) 1.265e-3 s-1; (c) k0 )
1.3109e-3 s-1.

Figure 6. Bifurcation diagram (a) and dependence ofN on k0

(b) obtained in simulations according to the model presented in Table
2. Shown in panel (a) dashed line indicates our assumption that large-
amplitude oscillations are attributed for the points above dashed line,
whereas low-amplitude oscillations are attributed for the points
below it.
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adding bifurcations broken by chaotic behavior.20-24 At high
values ofk0, only small-amplitude sinusoidal oscillations exist
and they finally disappear through the Hopf bifurcation.

Figure 6b gives the dependence of the average number of
small-amplitude oscillations on the flow rate. To construct
this plot we have assumed that the upper band of points at
[Br-]max > 3 × 10-6 M corresponds to large-amplitude oscilla-
tions, whereas the lower band represents small-amplitude
oscillations. Figure 6b illustrates that the average number of
small-amplitude oscillations increases with an increase of flow
rate. In the general case this dependence is characterized by a
“Devil’s staircase” and may be described by a complicated
scaling law for the positions of the bifurcation points. However,
experiments do not show this “Devil’s staircase”, since the steps
of the flow range changes are too coarse, and only the general
trends are observed. Comparison of the simulated data presented
in Figures 5 and 6 with the experimental results indicates a good
correspondence between them. Namely, the experiments and
simulations both give similar dependencies of oscillation’s
attributes on k0: the average number of small-amplitude
oscillations and the time intervals between large-amplitude
maxima increase with the flow rate.

Modeling of the NO Effect. The NO species may be
involved in chemical reactions with any of the bromine-
containing species of the BZ reaction, except bromide ions, as
well as with the catalyst and the organic compounds. Unfortu-
nately, there is no kinetic data regarding these reactions.
Therefore, some estimates and assumptions should be performed
in order to select a proper reaction, which is responsible for the
effect of NO on the mixed-mode oscillations. Analysis of the
literature indicates that reactions between NO and metal ion
coordination chemical compounds or organic molecules may
not be taken into account since they are sufficiently slow, i.e.,
a few orders of magnitude less compared to the oxidation of
NO by inorganic oxidants.25-29 Hypobromous acid is more
reactive compared to bromate ions or bromous acid.18,30-31

Particularly, the reaction between HOBr and NO is characterized
by a higher value of free energy compared to BrO3

- and
HBrO2.32-33 Taking all these arguments into account, we may
consider only the NO oxidation according to the following
process:

While there appears no reference to the kinetic parameters
of this reaction in the literature, one may assume that the rate
of bromide ions production according to (eq 8) is proportional
to the concentrations of NO and HOBr in the solution.
According to Henry’s law the NO concentration in solution is
proportional to the NO concentration in the gas phase. Therefore,
the rate of reaction 8 is proportional to the NO concentration
in the gas phase. Finally, we obtain the following expression
for the bromide ions production according to the reaction 8

wherek8 is the rate constant of reaction 8, [HOBr] and [NO]
are the concentrations of HOBr and NO in solution,PNO is the
partial pressure of NO. We assume that the concentration of
HOBr is constant because it is not used as a variable. The
concentration of HOBr has been eliminated from the extended
kinetic scheme in order to obtain the model presented in Table
2.16 Taking this into account, the value ofkeff is constant and
defined askeff ) k8 [HOBr]ss K, where [HOBr]ss is a steady-
state concentration of HOBr, andK is the Henry constant.

Expression R8 illustrates that the effect of NO may be
considered as an appearance of the additional source for bromide
ions production. Finally, the total rate of bromide ions produc-
tion is given by the following expression:

whereV7, V6, V1, andV2 are the rates of appropriate reactions of
the model andV8 gives the extra rate of bromide ions production
induced by NO species according to reaction 8. The rates for
other species of the model (HBrO2, BrMA, and Mox) remain
the same as for an unperturbed system.

A lack of knowledge regarding explicit values ofk8 and
[HOBr]ssdoes not allow us to consider the NO partial pressure
as a bifurcation parameter for making a quantitative consider-
ation of the NO effect on mixed-mode regimes. However, the
value ofV8 is proportional to the NO partial pressure. Therefore,
the effect of NO on mixed-mode regimes may be described
semiquantitatively as a dependence of system behavior onV8.

Our simulations have shown that at any inflow rate the
average number of small-amplitude oscillations decreases with
an increase ofV8, i.e., with an increase of NO concentration in
accord with the experimental results. The corresponding bifurca-
tion diagrams are similar to that shown in Figure 6a. Figure 7
gives the dependence of∆N on V8 for the conditions where the
unperturbed system (V8 ) 0) exhibits the LS3 regime. An
increase ofV8 causes a sequence of period-adding bifurcations
leading consequently to LS2 and LS1 regimes. Between each
two neighboring patterns, LSi and LSi-1, there is a bunch of
more complex patterns. Each of them may be presented as a
mixture of LSi and LSi-1 patterns. The dependence shown in
Figure 7 is characterized by a “Devil’s staircase” and may be
described by a complicated scaling law for the positions of the
bifurcation points. However, to make a quantitative cor-
respondence between experimental results and simulations, one
may approximate this dependence as a linear one. Analysis of
data shown in Figure 7 indicates that linear fit is valid with a
regression coefficient of 0.98.

Comparison of data presented in Figures 4a and 7 indicates
that there is a good correspondence between experimental results
and simulations. The agreement is more pronounced if we
consider dependencies ofπ on k0 obtained in simulations and

2NO + HOBr + H2O f 2HNO2 + Br- + H+ (8)

d[Br-]/dt ) k8[HOBr][NO] ) keff PNO ) V8 (R8)

Figure 7. Dependence of∆N on V8 at k0 ) 1.309e-3 s-1. Simulations
are performed according to the model presented in Table 2 and the
additional reaction 8.

d[Br-]/dt ) V7 + V6 - V1 - V2 + V8
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experiments which are presented in Figures 8, parts a and b. It
is clear that the dependence ofπ on k0 has the same trend in
both cases.

Modeling of the CO Effect. Compared to NO, CO is less
reactive. Reactions between carbon monoxide and nonradical
species are slower compared to reactions between CO and free
radical species.34 Actually, reactions between CO and free
radical species give a typical way for the CO conversion.
Therefore, for modeling of the CO effect on mixed-mode
regimes we may consider only the CO oxidation by radical
species that are presented in the BZ reaction, i.e., by various
organic radicals, BrO2•, and Br•. Reactions between CO and
organic radicals may not be taken into account because they
would not affect concentrations of the species of the Gyo¨rgyi-
Field model. Reactions of BrO2• are usually characterized by
rate constants that are a few orders of magnitude smaller
comparing to reactions of Br•.18,35-36 Therefore, as a first step
for CO conversion in the BZ reaction, we may consider only
the reaction between CO and radicals Br•:

Next, radicals COBr• consume the bromomalonic acid:

As a result, the net reaction that describes an effect of CO may
be written in the following form:

Therefore, the effect of CO is caused by a consumption of the
bromomalonic acid with the rate given by the following
expression:

Following the same arguments that have been presented for
the description of the NO effect,k9 is a constant proportional
to the CO partial pressure. Expression (R9) illustrates that the
effect of CO may be considered as an appearance of the
additional route to bromomalonic acid consumption. Finally,
the total rate of bromomalonic acid production is given by the
following expression:

whereV1, V2, V4, V6, andV7 are the rates of appropriate reactions
of the model, and the last term gives the extra rate of
bromomalonic acid consumption induced by CO species ac-
cording to reaction 9. The rates for other species of the model
(HBrO2, Br-, and Mox) remain the same as for an unperturbed
system.

Similar to the analysis of the NO effect, a bifurcation diagram
constructed as a dependence of bromide ions maximal concen-
trations on thek9 illustrates an effect of CO on mixed-mode
oscillations. Our simulations have indicated that the bifurcation
diagram is similar to that shown in Figure 6a. We have found
that at any value of flow rate an average number of small-
amplitude oscillations always increases with an increase ofk9,
i.e., with an increase of the CO concentration in the gas phase.
Figure 8c gives the dependence ofπ on k0 obtained in
simulations for the CO, and Figure 8d gives the same depen-
dence obtained in experiments. These data illustrate that for the
effect of CO on mixed-mode regimes we have also obtained a
good agreement between experiments and simulations.

Data presented in Figure 8 illustrate that modeling gives the
same trend as that observed in experiments for dependence of
π on flow rate for NO as well as for CO. For NO both
experimental and simulated dependencies are smooth, whereas
for CO both of them are scattered. The scattering of points in
the case of CO is caused by the following reason. Number of
small-amplitude oscillations increases with an increase of the
CO concentration. With an increase ofN the width of intervals
of bifurcation parameter (i.e., gas concentration) with the same
mixed-mode regime shrinks resulting in an increase of deviation
from linear fit. This leads to scattering of values ofπ. The
scattering is less pronounced in the case of NO because intervals
between intervals of bifurcation parameter with the same mixed-
mode regime are wider for low values of a number of small-
amplitude oscillations.

Modeling of the Cl2 Effect. Contrary to the effect of the
CO or NO species on the mixed-mode regimes in the BZ
reaction, the effect of Cl2 is much more complicated. At high
flow rates bubbling of Cl2 induces the LSn f LSn-m transitions
whereas at low flow rate it induces the LSn f LSn+m transitions.
Our attempts to give even a semiquantitative explanation to these
experiments have failed. Despite the failure, it is worthwhile to
describe briefly our efforts. We have assumed that the Cl2

species primarily disproportionate producing Cl- and HOCl
according to the following equilibrium:

Figure 8. Dependence ofπ on k0 obtained in experiments (b,d) and
simulations (a,c) for NO (a,b) and CO (c,d). The simulations are
performed according to the model presented in Table 2 to which the
appropriate reactions, described in the text, were added. The value of
π obtained in simulations for NO has been calculated as a slope of the
dependence of∆N on V8 at a given value of flow rate. For the linear
fit the range ofV8 has been taken between zero and value ofV8 that
corresponds to the end of the LS1 regime. The value ofπ obtained in
simulations for CO has been calculated as a slope of the dependence
of ∆N on k9 at a given value of flow rate. For the linear fit the range
of k9 has been taken between zero and value ofk9 that corresponds to
the end of the LS40 regime.

CO + BrMA f products (9)

d[BrMA]/d t ) - keff[CO][BrMA] ) -k9 [BrMA] (R9)

d[BrMA]/d t ) V1 + 2V2 + V4 - V6 - V7 - k9[BrMA]

Cl2 + H2O a H+ + Cl- + HOCl

CO + Br• f COBr•

COBr• + BrMA f COBr2 + MA •

Belousov-Zhabotinskyi Oscillating Reaction in a CSTR J. Phys. Chem. A, Vol. 106, No. 11, 20022509



Therefore, the effect of Cl2 may be considered as an effect of
Cl- and HOCl species which is well-known. Particularly, it has
been found that chloride ions may inhibit oscillations in the
BZ system.37-38 It may be described by the following chemical
reactions:39

We have also considered an oxidation of bromide ions by
HOCl:

and direct oxidation of ferroin by chlorine:

To model the Cl2 effect on mixed-mode regimes in the same
way as it has been performed for NO an CO, we used a steady-
state assumption for all chlorine-containing species. This leads
to the appearance of additional terms, proportional to partial
pressure of chlorine, in velocities for the species of the
Györgyi-Field model. We have found that, depending on
reactions selected for a consideration, a number of small-
amplitude oscillations either increases or decreases with an
increase of the partial pressure of Cl2. We have not found
conditions for the case when the number of small-amplitude
oscillations increases at low flow rates and decreases at high
flow rates. Possibly this is caused by a necessity to add fifth
variable (Cl- or HOCl) to the Gyo¨rgyi-Field model. However,
such an analysis requires a knowledge of the values of rate
constants for appropriate chemical reactions that makes it more
complicated and less sophisticated.

5. Discussion

Our studies have indicated that mixed-mode regimes observed
in the BZ reaction are sensitive to NO, CO, and Cl2. An effect
of a given chemical compound on the mixed-mode regime
depends strongly on the chemical nature of the compound and
the parameters of the BZ reaction. We have illustrated that this
effect is caused by chemical reactions between these compounds
and species of the BZ reaction. The effect of NO may be
accounted for by its oxidation by HOBr. The effect of CO may
be attributed to an oxidation of the CO species by radicals
present in the BZ reaction and further consumption of bromo-
malonic acid. Comparison of experimental results and theoret-
ical studies, performed according to these assumptions and is
illustrated by Figure 8, indicates that the dependence of the
coefficientπ on the flow rate has the same trend in simulations
and experiments for NO and CO. A good agreement between
experimental results and simulations illustrates that the
Györgyi-Field model may be considered as a minimal chemi-
cally reasonable model that describes properties of mixed-mode
regimes observed in the BZ reaction. Contrary to CO or NO,
we have failed in our attempts to give a semiquantitative
explanation of the effect of the Cl2 species.

Our experiments show that for the examined gases, namely,
NO, CO, and Cl2, the data generally fit an empirical straight
line ∆N ) R + π × P whereP is a partial pressure of a given
gas. The magnitude and sign of the coefficientπ depends on
the chemical nature of a the gas as well as on values of control
parameters (i.e., flow rate). It seems that the value ofR should
be zero. The data shown in Figure 4a,b indicate that this holds
for NO and CO. However, for Cl2 the value ofR differs
significantly from zero as it follows from the data shown in
Figure 4c,d. This illustrates that the linear approximation for
the dependence of∆N on the gas partial pressure holds only
within some interval of gas concentration. The deviations from
linearity are attributed to a “Devil’s staircase”. These “stairs”
are not observed experimentally because ranges of change of
the bifurcation parameters (flow rate, gas partial pressure) with
the same pattern are too small compared to the step of the
bifurcation parameter change. Nevertheless, our studies illustrate
that linear approximation is fairly good in a certain range of
gas concentrations.

The results presented in Figure 8 indicate that magnitude of
the coefficientπ for NO and CO increases with an increase of
flow rate. This is associated with an increase of a number of
small-amplitude oscillations in mixed-mode regime if we
increase flow rate. Figure 6 illustrates roughly that the intervals
of k0 where a given mixed-mode regime exists shrink with an
increase ofk0, i.e., with an increase of N. Therefore, the higher
N requires the smaller changes of control parameter to change
the regime. However, this is not the case for Cl2. The data
presented in Table 1 indicate that magnitude ofπ for Cl2
decreases with an increase ofk0, i.e., with an increase ofN.
Our theoretical analysis has been based on an assumption that
perturbation of the system by a gas does not change the structure
of the model. Particularly, the effect of CO and NO has been
reduced to an appearance of additional terms in the differential
equations that describe the model. In this case we have obtained
a good agreement between experiments and simulations, and
the results are also in agreement with the assumption that the
value of π should increase with an increase ofN. The
contradiction with this assumption obtained for Cl2 indicates
that a structure of the model should be changed, i.e., one needs
a fifth variable to describe the effect of Cl2 on a mixed-mode
regime.

6. Conclusions

In this work we have reported that the dynamical response
of nonlinear chemical system is sensitive to the concentration
of NO, CO, or Cl2. Particularly, an average number of small-
amplitude oscillations in a mixed-mode regime observed in the
BZ reaction depends linearly on the inflow concentrations of
these chemical species. This may be a basis for a construction
of a relatively sensitive “detector” which changes a mixed-mode
regime under a given perturbation. An operation of such a
detector is fairly simple. One should just count the change in
the number of small-amplitude oscillations that have been
changed by a perturbation of the system. Our results also
illustrate that one may obtain a certain level of specificity in
the dynamical response of the system to chemical species.
Namely, depending on the chemistry of a given species, the
number of small-amplitude oscillations either increases or
decreases. Moreover, the system response to a given species
may be tuned up by an appropriate choice of parameters of the
system.
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H+ + Cl- + HBrO2 f HOBr + HOCl

HOCl + H+ + BrO3
- f HBrO2 + HClO2

HClO2 + Fe(Phen)3
3+ f ClO2

• + Fe(Phen)3
2+ + H+

BrO2
• + ClO2

• + H2O f H+ + HBrO2 + ClO3
-

HOCl + Br- f HOBr + Cl-

E ) 0.16 V

Cl2 + 2Fe(Phen)3
2+ f 2Cl- + 2Fe(Phen)3

3+
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