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Dynamic behavior of the viscosity and density in
the Belousov-Zhabotinsky reaction

INTRODUCTION

The Belousov-Zhabotinsky (BZ) reaction is well-
known as one of the most famous oscillating chemical
reactions. The BZ reaction exhibits a wide variety of
nonlinear phenomena, e.g., target pattern or spiral pat-
tern in an unstirred shallow solution, and multistability,
periodicity, multiperiodicity or deterministic chaos in a
stirred solution[1-3].

The chemical wave in the unstirred shallow solution
of the BZ reaction has features that differ significantly
from the familiar reaction-diffusion wave, because the
convective mass transport plays a relevant role. The
effects of the convection on the propagation of the

chemical wave have been observed experimentally[4-6].
The convection enhances the chemical wave speed and
affects the curvature of the front. The natural convec-
tion disturbs a traveling wave and the disturbed wave
affects a convection pattern. This hydrodynamic effect
is strongly affected by the solution viscosity and den-
sity. Recently, it has been reported that, in the unstirred
batch system, the solution viscosity and density of the
BZ reaction behaved as a bifurcation parameter for the
sequence chaos quasi-periodicity period-1 and,
in the stirred batch system, affected the oscillation pe-
riod and the duration of the rising portion of the oscilla-
tory cycle[7-9]. It is obvious that the solution viscosity
and density of the BZ reaction plays an important role
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ABSTRACT

We investigated the dynamic behavior between the redox potential and
the solution viscosity and density of the BZ reaction by the systematic
variation of the mixing level of the solution and the solution viscosity and
density. The mixing level was controlled by the stirrer bar speed, and the
solution viscosity and density was changed by the addition of the
Polyoxyethylen (10) octylphenyl Ether (Triton X-100). This study has re-
vealed that the three types of the oscillations with the phase difference
appear depending on the mixing level and the solution viscosity and den-
sity of the BZ reaction. It has also become clear that the critical micellization
concentration (cmc) play an important role in the behavior of the oscilla-
tion of the solution viscosity and density.
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in the spatial and the temporal patterns.
On the other hand, the mixing effects on the BZ

reaction have been reported[10-12]. These effects include
the include changes in both the frequency and the am-
plitude of the oscillation, and quenching of spontaneous
oscillations. The mixing also plays an important role in
the BZ reaction.

In the previous studies, the oscillation of the BZ
reaction has been monitored only by the change of the
redox potential and the absorbance. On the other hand,
in out recent paper[13], we have reported that the quartz
crystal microbalance (QCM) was able to directly mea-
sure the dynamic behavior of the solution viscosity and

density of the BZ reaction LL (
L
 and 

L
 are the

absolute viscosity and the density of a solution, respec-
tively)[14,15]. However, the dynamic behavior between
the redox potential and the solution viscosity and den-
sity of the BZ reaction is not still revealed in detail. There-
fore, in this paper, we investigate its dynamic behavior
by the systematic variation of the mixing level and the
solution viscosity and density. Especially, we focus our
aim on the phase difference between the redox poten-
tial and the solution viscosity and density.

EXPERIMENTAL

Malonic acid, NaBrO
3
, H

2
SO

4
, FeSO

4
·7H

2
O, KBr

(WAKO Pure Chemical Industries, Ltd., Japan) and
O-PhenanthrolineH

2
O(DOJINDO, Japan) were of

commercial analytical grade and were used without fur-
ther purification. The solution of [Fe(Phen)

3
]2+, ferroin,

was prepared by dissolving FeSO
4
·7H

2
O and O-

Phenantroline·H
2
O in the pure water with the specific

resistance of 18.2 Mohm·cm. The water was purified

by the Milli-Q apparatus (Millipore, Japan) and was
deaerated before the experiments. In the present ex-
periments, we employed the system of [malonic acid]=
0.29M, [NaBrO

3
]=0.28M, [ferroin]=0.69mM,

[H
2
SO

4
]= 0.57M and [KBr] = 0.067M.

The schematic diagram of the experimental setup is
illustrated in figure 1a. The BZ reaction was performed
using 30ml solution in the batch reactor (31mm in di-
ameter and 46 mm in depth). The batch reactor was
covered with the water jacket. The temperatures were
kept at 25 ± 0.1°C. The redox potential of the BZ

reaction(E) was measured between the platinum elec-
trode and the Ag|AgCl electrode (HORIBA 2060A-
10T, Japan), using the K

2
SO

4
 salt bridge. The Pt and

AgAgCl electrodes were connected to the IBM-com-
patible PC through the voltage follower.
In general, the viscosity and the density of the solution
change at the same time. In case of the BZ reaction, the
resonant-frequency shift of the QCM (F) is mainly
generated by the viscous penetration depth generated

on the oscillating QCM, that is, LL [11,12]. In order

to monitor LL of the BZ reaction, the 9MHz AT--

cut QCM (SEIKO EG & G, Ltd., Japan) was em-
ployed. The QCM had the configuration of the round
of 8 mm diameter and a pair of the round platinum elec-
trodes of 5mm diameter (Figure 1b). The QCM was

Figure 1 : (a) Schematic illustration of the experimental
setup. The Pt and AgAgCl electrodes, and the quartz
crystal microbalance (QCM) were used to measure the
redox potential and the solution viscosity and density

( LL )of the BZ reaction, respectively. (b) Schematic

diagram of the one-face sealed QCM.
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connected into a series resonant TTL circuit (SEIKO
EG&G QCA917-21, Japan), which caused the QCM
to oscillate at the resonant frequency near 9MHz. The
TTL circuit was powered from a 5V dc supply. The
resonant-frequency shift was monitored by the univer-
sal frequency counter(Agilent technologies 53131A)
connected to the PC measuring the redox potential. The
sampling times of both the redox potential and the reso-
nant frequency were set at 0.1s.

In the present experiments, the one side of the
QCM was sealed with a blank quartz crystal casing
(Figure 1b), maintaining it in an air environment, while
the other side was contacted with the solution of the
BZ reaction. This casing is essential for the frequency
stability of the QCM in an ionic solution[16]. The one-
face sealed QCM was vertically immersed into the so-
lution of the BZ reaction (Figure 1a).

The mixing levels of the solution of the BZ reaction
were controlled using the stirrer bar (20mm in length
and 5mm in diameter) and the magnetic stirrer(AS ONE
ML-101, Japan). The solution viscosity and density of
the BZ reaction was varied using the Polyoxyethylen

(10) octylphenyl Ether (Triton X-100)(WAKO Pure
Chemical Industries, Ltd., Japan), which was added in
preparation of the solution of the BZ reaction.

RESULTS AND DISCUSSION

In order to investigate in detail the dynamic behav-
ior between the redox potential and the solution vis-
cosity and density, we systematically varied the stirrer
bar speed and the solution viscosity and density. Figure
2 shows the time series of E and F, and the E-F
phase portraits. It is obvious that F changes in a rhyth-
mic manner, synchronized with the oscillation of E:
when E is high (the ratio of the Fe(III) complex to
Fe(II)complex is high), F is high. We have found that
the typical three types of the oscillations with the phase
difference appear depending on the stirrer speed and
the solution viscosity and density. That is,
Type-I: The oscillation phase of E is advanced for
that of F (Figures 2(a) and 2(d)),
Type-II: The oscillation phase of both E and F is
the same (Figures 2(b) and 2(e)),
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Figure 2 : Time series and phase portraits of the BZ reaction. (a), (b) and (c) are the time series of E and F. (d), (e) and
(f) are the phase portraits composed from the time series of (a), (b) and (c), respectively. (a) and (d): the oscillation phase
of the redox potential is advanced for that of F (the stirrer bar speed is 50 rpm and the concentration of Triton-X is
0.020 wt%). (b) and (e): the oscillation phases of both the redox potential and the F are almost equal (150 rpm and
0.010 wt%). (c) and (f): the oscillation phase of F is advanced for that of the redox potential (500 rpm and 0.010 wt%).
The arrows in the phase portraits indicate the direction of movement
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Type-III: The oscillation phase of F is advanced for
that of E (Figures 2(c) and 2(f)).

In these cases, when the phase difference time() is
-1s   +1s, the phases of both are the same, when 
< -1s, the oscillation phase of E is advanced and when
 >+1s, the oscillation phase of F is advanced, where
 = t

E
-t

F
 (t

E
 and t

F
 are the times of the rising points of

the oscillations of E and F, respectively, see figure
2c). Here, we employ the average values calculated
from 10 oscillations.

Generally, when the QCM is dipped into a solu-

tion, its resonant-frequency shift depends on LL The

relationship between the resonant-frequency shift of the

one-face sealed QCM and LL is described by the

following equation[14]:

LL

2
3

0f
f 


 (1)

where f is the resonant-frequency shift due to a solu-
tion viscosity, f

0
 the resonant fundamental frequency of

a quartz crystal,  the shear modulus of a quartz crystal
and  the densities of a quartz crystal. Equation 1 quan-
titatively explains the relationship between the resonant-
frequency shift and the viscosity and density of a
Newtonian liquid. From figure 2, the average ampli-
tudes of F of (a), (b) and (c) are 109, 40 and 57Hz,
respectively. Here, using eq 1, we attempted to con-
vert F into the concentration of the sucrose at 20°C,

where the sucrose solution is known as the Newtonian
liquid. This attempt revealed that F = 109, 40 and 57
Hz corresponded to about 4, 1.5 and 2 wt%, respec-
tively. The average periods of F of (a), (b) and (c) are
24, 24 and 30s, respectively. On the other hand, the
average amplitudes of E of (a), (b) and (c) are 15.5,
29.7 and 31.6 mV, respectively, and the average peri-
ods of E are approximately the same as those of F.

In the present paper, we are especially interested in
the dynamic behavior of the phase difference between
E and F of the BZ reaction. To investigate it, we
systematically changed the stirrer bar speed and the
solution viscosity and density. The results are indicated
in figure 3. Figure 3 illustrates the region of the three
types of the oscillation with the phase difference. Re-
gion-I means the region of the Type-I oscillation. The

Type-I oscillation appears in the low speed of the stir-
rer bar over the present Triton X-100 concentration.
On the other hand, the Type-III oscillation appears in
Region-III. This area is wide and occupies the part of
the high speed of the stirrer bar over the present Triton
X-100 concentration. The Type-II oscillation is gener-
ated in the region between Region-I and Region-III.
These results show that when the mixing level of the
solution is low, the Type-I oscillation is dominant, and
that when the mixing is high, the Type-III oscillation is
lying above those for the other two types.

In the previous paper, we have proposed that the
solution viscosity and density may be dependent on the
degree of the decrease of the catalyst electrostriction
and the number of the water molecules rearranged due
to the variation of the electric charge of the catalyst.
The oscillations of the Type-I and the Type-III oscilla-
tions are described by the above explanation. How-
ever, in the Type-III oscillation, the oscillation phase of
F comes before that of E. It seems that this phe-
nomenon is inconsistent with the previous description.
However, the behavior of E and F in the critical
micellization concentration(cmc) may give a clue. In fig-
ure 3, the cmc region is shown, where the cmc was
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Figure 3 : Diagram of the phase difference between E
and F of the BZ reaction. Region-I shows the region of
the Type-I oscillation. Region-II shows the region of the
Type-II oscillation. Region-III shows the region of the Type-
III. The region between two dashed lines (0.0080.009
wt%) shows the critical micellization concentration (cmc).
The diagram is constructed from the average values cal-
culated from 10 oscillations
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measured using the QCM. The boundary line between
Region-II and Region-III changes drastically within the
region of the cmc. On the other hand, the boundary line
between Region-I and Region-II changes slightly. This
phenomenon suggests that the cmc may play an impor-
tant role in the oscillation of the solution viscosity and
density. The micelle is formed above the cmc. This mi-
celle accelerates the Type-III oscillation by the interac-
tion with the catalyst. The platinum electrode and the
QCM measure the redox potential and the solution vis-
cosity and density at the macro level, respectively. On
the other hand, the previous explanation discusses its
phenomenon at the molecular level. That is, the propa-
gation speed from the molecular level to the macro level
is very important in the measurement of the macro level
of the redox potential and the solution viscosity and
density. Above the cmc or in the high mixing level, the
propagation speed of the solution viscosity and density
is advanced for that of the redox potential. On the other
hand, in the low mixing level, the propagation speed of
the redox potential is advanced, because, in the low
mixing level, the interactions between the catalyst, the
micelle and the water become weak. Above 0.022wt%
of the Triton X-100, the boundary line of Region-I in-
creases again. This phenomenon indicates that the mix-
ing effects may be weakened by the increase of the
solution viscosity and the propagation speed of the so-
lution viscosity and density from the molecular level to
the macro level may be retarded in that of the redox
potential. To gain the further insight into the mechanism
of the behavior of the phase difference between E
and F, we are now studying.

Figure 4 shows the variation of the amplitudes of

E and F and the oscillation period against the stirrer
bar speed and the Triton X-100 concentration. The am-
plitudes of F increase above the cmc and above 150
rpm of the stirrer bar speed(Figure 4a). It is obvious
that the cmc and the stirrer bar speed affect the oscilla-
tion of the solution viscosity and density. In addition,
the amplitudes of F increase again above 0.022wt%
and in 150200rpm. These results support the above
explanation of the three types of oscillations. On the
other hand, in all stirrer bar speeds, the amplitudes of
E decrease with an increase in the Triton X-100 con-
centration (Figure 4b). This phenomenon is the same
as that reported by Paul.9 The hydrodynamic charac-
ters of the surfactant affect the amplitudes of E. The
oscillation periods increase with stirrer bar speed in all
Triton X-100 concentrations(Figure 4c). The tendency
of this phenomenon is the same as that described by
Menzinger and Jankowski[11]. This phenomenon is gen-
erated by the homogenous intervention of the reactive
gases.

In the present paper, we have systematically inves-
tigated the dynamic behavior between the redox po-
tential and the viscosity and density of the BZ reaction
solution. This study has revealed that the three types of
the oscillations with the phase difference appear de-
pending on the stirrer bar speed and the solution vis-
cosity and density. We have also found that the region
of the existence of the Type-III oscillation is wide and
appears in the high mixing levels, i.e., homogenous so-
lution. The variation of the solution viscosity and den-
sity may be important in the organisms. The cells of the
organisms have constantly the inflow and outflow of
ions. The inflow and outflow of ions cause the variation

Figure 4: Three-dimensional graphs of the variation of the amplitudes and the periods of E and F. (a) the variation of
the amplitude of F against stirrer bar speed and the Triton X-100 concentration. (b) the variation of the amplitude of
E against stirrer bar speed and the Triton X-100 concentration. (c) the variation of periods of oscillations. We employ
the average values calculated from 10 oscillations

(a) (b) (c)
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of the intracellular quantity of the electric charge. Natu-
rally, this phenomenon accompanies with the variation
of the solution viscosity and density within the cells. This
change of the viscosity and density of the intracellular
solution may affect the DNA control within the cells.
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