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Belousov-Zhabotinsky (BZ) reaction containing oxalic acid and acetone as a mixed organic substrate catalyzed 
by Ce(IV) in a flow system has been investigated. The reaction system is analyzed by varying flow rate, inflow 
concentrations, and temperature. Interchangeable oscillating patterns are observed in a certain range of 
concentrations, and above or below the condition a steady state is obtained. The increase in temperature 
increases the frequency and decreases the amplitude of oscillations. The apparent activation energy for the 
system is calculated by using the Arrhenius equation, which means that temperature has a greater effect on the 
reaction. Bifurcation phase diagrams for the system show the region of oscillations or steady states along with 
a small region of multistability. Further the behavioral trend observed in this system is discussed by mechanistic 
character of the system.
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Introduction

Oscillating reaction systems far from equilibrium has most 
interesting property called excitability. Such a system 
behaves straightforwardly when well stirred but if unstirred 
develops a three-dimensional well defined structures in the 
form of periodic or concentric waves or patterns which 
appears as though a plain water suface is disturbed by a 
falling raindrop. After the discovery of these phenomena it 
has become more fascinating and can be observed in many 
physical, chemical, and biological systems at far from 
equilibrium condition. There are several reports on the 
classical BZ systems both under closed and open system 
conditions. This has become a prototype for investigating 
temporal and spatiotemporal nonlinear phenomena, such as 
oscillations, chaos and its control, traveling and spiral wave 
propagation, and excitability, etc. Despite its use in innumer
able studies, some details of its reaction mechanism, espe
cially those concerning the reactions involving the organic 
compounds, still remain to be elucidated. Particularly little is 
known about the mechanistic details of those BZ variants 
where the organic substrate cannot be brominated during the 
reaction. In studies of the BZ reaction a large number of 
organic reducing agents have been used.1,2 One group of 
organic substrates can be brominated and therefore, macro
scopically no bromine formation can be observed.3 In this 
case, the organic substrate plays a dual role in the BZ 
mechanism: it reduces the metal ion catalyst and removes 
the bromine from the system, yielding brominated organic 
compounds. Among the organic substrates belonging to this 
group we find the classical substrates malonic acid and 
malic acid. During the oxidation of substrates of the second 
group, the oxidation produces elementary bromine which 
gets accumulated in the reaction mixture. Then, the bromine 

acts as a final product inhibiting the oscillations.3,4 There
fore, in the vast majority of studies relating with the BZ 
system, bromine has been removed from the reaction mix
tures either by chemical or by physical methods. The 
simplest way of the chemical removal of bromine is the 
addition of acetone which leads to a mixed substrate system, 
as acetone itself was shown to be a suitable substrate of the 
BZ reaction.5 Examples for the chemical bromine removal 
are the oxalic acid-acetone system,6-8 the tartaric acid
acetone system,9 and the aldosugar-acetone systems show
ing dual frequency oscillations.10 Noszticzius and Bodiss 
removed bromine with a nitrogen stream from the oxalic 
acid system to produce oscillations.11 Later, oscillatory 
oxidation of various organic substrates such as hydroxyl 
acids12-14 and sugars15 were used in the Ce-catalyzed BZ 
reaction under continuous bubbling with nitrogen. The 
oxalic acid system was also studied under open conditions in 
a continuous-flow stirred tank reactor (CSTR), which 
represents a third type of bromine removal.16 There is a 
lower critical limit of bromine concentration which must be 
maintained in the reaction medium in order to support 
oscillations. If bromine is removed completely with a high 
flow rate of nitrogen, the reactions show an aperiodic 
behavior and oscillations do not start at all.13,17 The impor
tance of the presence of bromine was also pointed out in 
several later studies.18-22 Recently we have taken up to study 
the BZ system containing bromate-Ce(IV)-H2SO4-oxalic 
acid and acetone as a mixed organic substrate in a CSTR 
both by simulation as well as experiment.23-26 By performing 
rudimentary experiments at various values of parameters 
such as initial temperature, inflow concentrations, and the 
flow rates, the values of the critical limits of other para
meters are determined. The effect of temperature on the 
behavior is also obtained and the apparent activation energy 
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is calculated by using Arrhenius equation. Further the bifur
cation phase diagrams are constructed, which shows the 
regions of oscillations, steady states, and multistability.

Experimental

Apparatus and method. All reagents used in this experi
ment are of analytical grade and purchased from Sigma- 
Aldrich. Double distilled water is used to prepare solutions 
and the potassium bromate is recrystallized in water before 
using. A schematic diagram and the description of the CSTR 
experimental set up have been described else where.25 All 
the experiments were carried out at 298 士 0.5 K except the 
one to study the effect of temperature. When the temperature 
of the reservoir solutions became constant (within 士 0.5 oC), 
the experiments are started by pumping the reaction 
solutions into the empty reactor. The potential changes are 
observed using a Pt-electrode, and a reference electrode 
which is a double junction of Ag/AgCl saturated with KCl as 
an inner solution and I M sulfuric acid as an outer solution, 
respectively.

Results and Discussion

Effects of flow rate (A°) and inflow concentration. At 
first, the k was varied at constant inflow concentrations 
chosen as standard where [BrO3-]0 = 0.03 M, [oxalic acid]° = 
0.05 M, [H+]0 = 1.5 M, [acetone]0 = 0.5 M, [Ce(IV)]° = 
0.001 M. The typical potential behavior at different k is 
shown in Figure 1. The oscillatory region for k0 have been 
obtained between 3.9 x 10-4 s-1 -1.6 x 10-2 s-1, while steady 
states are observed at both extreme conditions such as high 
potential steady state at low k0 and low potential steady state 
at high k0 as shown in the figure. The oscillations are like 
hump-backed in nature which varied with the k0. The 
amplitude of these oscillations increases in the middle 
ranges of value of k0, after which decreases as k0 increased 
so as the frequency of these oscillations. The period of 
oscillations shows a definite trend of increasing as k0 is 
increased. When k decreases to about 3.9 x 10-4 s-1 a slow 
decrease is followed by a rapid increase of potential which is 
followed by a slow decrease and later it attains a steady 
value. When k° increases to about 1.6 x 10-2 s-1 initially 
there is a slight increase in the potential followed by a single 
oscillation and again attains a steady potential which 
remains same. Thus, a high potential steady state at low k0 

(the (I) in Fig. 1) and a low potential steady state at high k0 

(the (VI) in Fig. 1) are observed.
Secondly, the effect of the inflow concentrations are 

studied by varying [BrO3-]0, [acetone]0, [oxalic acid]0, and 
[H+]0 at fixed k as 3.8 x 10-3 s-1 by keeping other para
meters as same as in Figure 1. [BrO3-]0 is varied between 
0.015-0.05 M. Steady states are observed at both higher and 
lower [BrO3-]0 which are considered as low and high 
potential steady states, respectively. At very low [BrO3-]° the 
oscillatory patterns follows a hump-backed nature. Further 
increase in [BrO3-]0 leads to a steady potential. In a similar
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Figure 1. Platinum electrode traces obtained by different ko at 
[BrO^o = 0.03 M, [oxalic acid]。= 0.05 M, [H+]o = 1.5 M, [acetone]。 

=0.5 M, [Ce(IV)]0 = 0.001 M at 25 士 0.5 oC. k is 3.9 x 10-4 s-1 for 
(I), 9.7 x 10一4 s-1 for (II), 3.8 x 10-3 s-1 for (III), 8.2 x 10-3 s-1 for 
(IV), 12.0 x 10-3 s-1 for (V), and 16.0 x 10-3 s-1 for (VI).

fashion [acetone]。，[oxalic acid]。，and [H+]° are varied in the 
ranges 0.3-1.5 M, 0.01-1.12 M, and 0.5-2.25 M, respec
tively. The results show that a high potential steady state is 
obtained at low [acetone]。and a low steady state is obtained 
at high [oxalic acid]°. Similarly, a low potential steady state 
is observed at low [H+]0 while a high steady state is obtained 
at high [H+]0, respectively. The results indicate that the effect 
of both [H+]0 and [oxalic acid]0 to the oscillation pattern is 
similar. That means that by increasing both [H+]0 and [oxalic 
acid]0 from a lower to a higher value, the amplitudes of 
oscillations increases and at much higher values steady 
states are obtained. However, the results by [BrO3-]0 and 
[acetone]0 are not same. By the results, low [BrO3-]0 and 
[acetone]0 condition induces low and high steady states, 
respectively, while high [BrO3-]° and [acetone]0 condition 
induces high and low steady states, respectively. Table 1 
shows high and lower steady states along with approximate 
values platinum potential obtained upon varying individual 
concentrations. It is clear from the table that [BrO3-]° and 
[H+]° have a similar role to the steady state behavior (low/ 
high) of the system, and [acetone]°, [oxalic acid]°, and k 
have also effected similarly to the behavior of steady state. 
However, the trend of steady states obtained by the variation 
of [BrO3-]0 and [H+]° is opposite to that obtained by the 
variation of [acetone]°, [oxalic acid]°, and k°.

The effect of temperature. The temperature is one of the 
most important external factors which significantly control 
the kinetic behavior of self-oscillating systems. Earlier we 
have reported the effect of temperature on regular and 
irregular modes of the BZ reaction in a continuous-flow 
stirred-tank reactor (CSTR).23,25 Koros et al. are the first to
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Table 1. Higher and lower steady states along with approximate
values platinum potential obtained upon varying individual 
concentrations

Parameter Limits Steady state 
potential (mV) Steady state

Flow rate (k°) lower 800 high
upper 740 low

[BrO3-]0 lower 740 low
upper 850 high

[Acetone]° lower 850 high
upper 770 low

[oxalic acid]° lower 820 high
upper 770 low

[H+]0 lower 750 low
upper 870 high

study effect of temperature on the BZ system.27 Initial 
temperature has a pronounced effect on the nature of 
oscillations and changing the temperature takes the system 
into a different oscillating mode. Here we have studied the 
behavior by varying the initial temperature from 293-318 K 
in steps of 5 K. At lower temperatures i.e. at 298 K and 303 
K, the oscillation behavior showing a hump-backed nature is 
observed and this nature disappears as the temperature is 
increased and at higher temperatures, namely, at 308, 313, 
and 318 K the oscillations changed into the pattern of saw
tooth. The period (abbreviated as, t) of oscillations decreases 
as the temperature is increased. The period was 225 sec at 
293 K, 68 sec at 303 K and 20 sec at 318 K. Table 2 presents 
the period of oscillations at different temperature along 
with the values of apparent energy of activation calculated 
for two succeeding initial temperatures using Arrhenius 
equation. These values increase as the initial temperature is 
increasing, which indicates that the system is more sensitive 
to the initial temperature. Figure 2 shows the plot of log(1/t) 
vs. 1/T with least square fitting which is a linear. The 
average value of energy for activation (Eav) is found to be 
18.44 kcal/mol in the reaction system.

Bifurcations study. Figures 3 and 4 show [acetone]° -
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Figure 2. Plot of log(1/t) vs. 1/T for the period of oscillation. The 
initial composition of the solution is same with figure 1, and k0 = 
3.80 x 10-3 s-1.

(
君) o
o

roE
 은
 9

0.1-
0.09-
0.08-
0.07-
0.06 ■
0.05-
0.04-
0.03-
0.02--

:Steady :
; state-l : Oscillations Steady 

state-11

-I~I一一I一_I一_I一一I~I一一I_I一_I_I一一I_I一^l-^ 
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.65

[Acetone]0 (M)-------- >

Figure 3. Bifurcation phase plot for [Acetone]0-[Bromat이0 at 
[Oxalic acid]0 = 0.05 M, [Ce(IV)]0 = 0.001 M, [H+]0 = 1.5 M, and 
k0 = 2.0 x 10-3 s-1.
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Figure 4. Bifurcation phase plot of [Oxalic acid]()-[Bromat이0 at 
[Acetone]0 = 0.5 M, [Ce(IV)]0 = 0.001 M, [H+]。= 1.5 M, and k° = 
2.0 x 10-3 s-1. A multistability is indicated by a symbol of star.

[BrOs-]0 and [oxalic acid]。- [BrOa-]。bifurcation diagrams 
obtained at fixed values of k° and at given initial concen
trations as shown in respective figures. The experimental 
procedure for the diagrams are as follows: [BrOa-]0 is 
increased and decreased for a fixed values of [oxalic acid]0 

and [acetone]° which are taken from a lower to a higher 
values in respective diagrams.

Figure 3 shows the behavior of [acetone]° - [BrO3-]° plane. 
The range of [acetone]° is 0.30-1.65 M. The system shows 
steady state at both high and low [acetone]0 at all [BrO3-]0 

and it is showing oscillatory in the middle concentration 
condition which lies in the range 0.5-1.3 M. At lower 
[acetone]0 the system indicates oscillations at both lower 
and higher [BrO3-]0, while at steady state exists at higher 
[acetone]0 regardless of [BrO3-]0. The steady state at higher 
[acetone]0 is indicated as steady state-II and the other 
existing at lower [acetone]0 is indicated as steady state-I in 
the figure. The oscillations at low [BrO3-]° are hump backed, 
and this nature changes to saw-tooth or remains same as 
[BrO3-]0 is increased. The frequency of oscillations increases 
by increasing [BrO3-]0 and decreases by decreasing [BrO3-]0 

without any significant change in the behavior.
Figure 4 shows the behavior of [oxalic acid]° - [BrO3-]° 

plane. The range of [oxalic acid]° is 0.01-0.13 M. This 
diagram shows two different regions of steady states, 
oscillatory and a small portion a region of multistability. The 
system shows a steady state at both high and low [oxalic 
acid]0 at all [BrO3-]0 and it is showing oscillatory in the
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Table 2. The period of oscillations at different temperature along 
with the values of apparent activation energy calculated using 
Arrhenius equation

Temp.
(K)

1/T x 103
Period 

(t) in sec
log 
(1/t)

Energy of Activation 
(kcal/mol)

293 3.41 225 -2.35 16.28
298 3.35 140 -2.14 17.29
303 3.30 86 -1.93 17.76
308 3.25 53 -1.72 17.95
313 3.20 33 -1.52 19.60

Mean = 18.44
Inflow Condition: [BrO3-]0 = 0.03 M, [oxalic acid]0 = 0.05 M, [Ce(IV)]0 
=0.001 M, [H+]o = 1.5 M, [acetone]。= 0.5 M, and k = 3.80 x 10-3 s-1

middle concentration condition which lies in the range 
0.025-0.07 M of [oxalic acid]°. The system exhibits a steady 
state region at low and high [oxalic acid]0, which are 
considered as steady state-I and steady state-II, respectively. 
The system indicates a multistability for a particular region 
of [oxalic acid]。i.e. 0.07-0.12 M when [BrQ-]。lies in the 
range 0.03-0.04 M as indicated in the figure, and a steady 
state-II is observed at larger [oxalic acid]0. The steady state- 
II remains while [BrO3-]0 is decreased. And the multi
stability is indicated by a symbol of star as shown in the 
figure. The appearance of the multistability is due to a 
hysteresis effect that is carried along the system during the 
variation of [BrO3-]0. The nature of oscillations are hump 
backed and this nature remains regardless of the change of 
[BrO3-]0, however, amplitude increases with the increase in 
[BrO3-]0 and decreases by decreasing the [BrO3-]0.

Variations in the input parameters lead to changes in the 
characteristic parameters of the time series, such as the 
oscillatory period, and the frequency and amplitude of the 
oscillations. These features change monotonically with the 
initial conditions. In the presence of bromine it seems 
plausible that radical species are dominant in the oscillatory 
mechanism even at usual concentration conditions. The role 
of radicals in the bromine-containing oscillators was also 
suggested by Rastogi22 and by Adamcikova and Sevcik20,21 
for the special reactions of sugars; however, they preserved 
the bromide control by bromine hydrolysis in their 
mechanistic assumptions for the explanation of oscillations. 
The increase in temperature increases the frequency and 
decreases the amplitude of oscillation and the apparent 
activation energy increases with the temperature. The simple 
approaches of Koros27 considering monomolecular treat
ment is too trivial and studies as indicated by our data as 
well as those indicated in the literature.28 We have also 
obtained bifurcation diagrams in the range of parameter 
values showing an oscillatory and steady state behaviors; 
oscillations are observed in the middle ranges of input 
values.

Conclusion

In this report a BZ reaction system with a mixed organic 

substrate has been studied in a CSTR. It exhibits steady state 
behavior at both higher and lower values of concentrations 
which were accordingly regarded as lower and higher steady 
states. This system is also sensitive to temperature which 
showed increase in activation energy with increase in 
temperature. The [acetone]° - [BrO3-]0 diagram showed 
three states namely oscillatory, steady state-I, and steady 
state-II. The nature of oscillations changes accordingly from 
a hump-backed to a saw tooth and back upon increasing and 
decreasing [BrO3-]0. However, [oxalic acid]0-[BrO3-]0 dia
gram exhibits a region of multistability along with steady 
state-I and steady state-II. There is no change in the 
oscillatory pattern other than amplitude, which increases and 
decreases upon increasing and decreasing the [BrO3-]0, 
respectively.
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