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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
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solution viscosity and density was changed by the addition of the
Polyoxyethylen (10) octylphenyl Ether (Triton X-100). This study hasre-
vealed that the three types of the oscillations with the phase difference
appear depending on the mixing level and the solution viscosity and den-
sty of theBZ reaction. It hasa so 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.
© 2007 Trade Science Inc. - INDIA

INTRODUCTION

The Belousov-Zhabotinsky (BZ) reactioniswell-
known asone of themost famous oscillating chemical
reactions. The BZ reaction exhibitsawidevariety of
nonlinear phenomena, e.g., target pattern or spira pat-
terninan unstirred shallow solution, and multistability,
periodicity, multiperiodicity or deterministic chaosina
stirred solution(*=.

Thechemicd waveintheundtirred shalow solution
of the BZ reaction hasfeaturesthat differ significantly
fromthefamiliar reaction-diffusion wave, becausethe
convectivemasstransport playsarelevant role. The
effects of the convection on the propagation of the

chemical wavehave been observed experimental [y,
The convection enhancesthe chemica wavespeed and
affectsthecurvature of thefront. The natural convec-
tiondisturbsatraveling wave and the disturbed wave
affectsaconvection pattern. Thishydrodynamic effect
isstrongly affected by the solution viscosity and den-
sity. Recently, it hasbeen reported that, in theunstirred
batch system, the solution viscosity and density of the
BZ reaction behaved asabifurcation parameter for the
sequence chaos —quasi-periodicity —period-1 and,
inthe stirred batch system, affected the oscillation pe-
riod and theduration of therising portion of theoscilla
tory cycle™ . Itisobviousthat the solution viscosity
and dengity of the BZ reaction playsanimportant role
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inthe spatial and thetemporal patterns.

On the other hand, the mixing effects on the BZ
reaction have beenreported™®!2, Theseeffectsinclude
theinclude changesin both the frequency and theam-
plitude of the oscillation, and quenching of spontaneous
oscillations. Themixing aso playsanimportant rolein
theBZ reaction.

Inthe previous studies, the oscillation of the BZ
reaction has been monitored only by the change of the
redox potential and the absorbance. Onthe other hand,
in out recent paper™, we have reported that the quartz
crystal microbaance (QCM) wasabletodirectly mea
surethe dynamic behavior of the sol ution viscosity and

density of the BZ reaction \/p_ n, (n, andp _arethe

absoluteviscosity and thedendty of asolution, respec-
tively)'4%5, However, the dynamic behavior between
theredox potential and the solution viscosity and den-
gty of theBZ reectionisnot il revededindetall. There-
fore, inthispaper, weinvestigateits dynamic behavior
by the systemati c variation of themixinglevel andthe
solution viscosity and density. Especidlly, wefocusour
aim on the phase difference between the redox poten-
tial and thesolution viscosity and density.

EXPERIMENTAL

Malonicacid, NaBrO,, H,S0,, FeSO,-7H,0, KBr
(WAKO Pure Chemical Industries, Ltd., Japan) and
O-Phenanthroline-H,O0(DOJINDO, Japan) were of
commercid andyticd gradeand wereused without fur-
ther purification. Thesolution of [Fe(Phen).|*, ferroin,
was prepared by dissolving FeSO,-7H,0 and O-
Phenantroline H,O inthe purewater 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, weemployed the system of [maonic acid]=
0.29M, [NaBrO,]=0.28M, [ferroin]=0.69mM,
[H,SO,]=0.57M and [KBr] = 0.067M.

Theschematic diagram of theexperimentd setupis
illustrated infigure 1a. The BZ reaction was performed
using 30ml solutioninthe batch reactor (3lmmindi-
ameter and 46 mm in depth). The batch reactor was
covered withthewater jacket. Thetemperatureswere
kept at 25 + 0.1°C. The redox potential of the BZ
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Figurel: (a) Schematicillustration of the experimental
setup. The Pt and Ag | AgCI electrodes, and the quartz
crystal microbalance (QCM) wereused to measurethe
redox potential and the solution viscosity and density

(J/p.m, )of theBZ reaction, respectively. (b) Schematic
diagram of theone-face sealed QCM.

reaction(AE) was measured between the platinum el ec-
trode and the Ag|AgCl electrode (HORIBA 2060A -
10T, Japan), usingthe K SO, salt bridge. The Pt and
Ag | AgCl dectrodeswereconnected to theIBM -com-
patible PC through thevoltagefollower.

Ingenera, theviscosity and the density of the solution
changeat thesametime. In case of the BZ reaction, the
resonant-frequency shift of the QCM (AF) ismainly
generated by theviscous penetrati on depth generated

ontheoscillating QCM, that is, \/p, n, 2. Inorder

tomonitor /p, n, of theBZ reaction, the SMHz AT-

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

Hn Tndéan g%wumé



276

Dynamic behavior of the viscosity and density

PCAIJ, 2(4) December 2007

AE[V]

- j\f\f\}\

i -““-. M -
I[hl ‘L\\JI \x‘ul IL\-'-E

NN

"
X

Time[s]

1600

AF[HZ]
i
] [i_%_
i

Full Paper
T - T 074
(a1 —_—
S ] =
Iﬁ o K \unr\\m:.f\;l\j %
= ) L b1
- '
i~ N i
i o3 |I-"‘ fy ||r"., ! L
) LL
% af \«'I l‘-‘\v-"l H‘uJI \'\A <
1600 1E£0 Too 1s00 15I5:-
Time[g]
e =
ie]
b
— soa b — wb
= g
T T =r
< gt < ot
ol
’r o

AF[HZ]

AE[V]

- L L L L
0eg 0By 070 O o072 073

AE[V]

AE[V]

Figure2: Timeseriesand phaseportraitsof theBZ reaction. (a), (b) and (c) arethetimeseriesof AE and AF. (d), (e) and
(f) arethephaseportraitscomposed fromthetimeseriesof (a), (b) and (c), respectively. (a) and (d): theoscillation phase
of theredox potential isadvanced for that of AF (thestirrer bar speed is50rpm and the concentration of Triton-X is
0.020wt%). (b) and (e): theoscillation phasesof both theredox potential and the AF arealmost equal (150 rpm and
0.010wt%). (c) and (f): theoscillation phase of AF isadvanced for that of theredox potential (500 rpm and 0.010 wt%).
Thearrowsin the phase portraitsindicatethedir ection of movement

connected into aseriesresonant 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 a5V dc supply. The
resonant-frequency shift wasmonitored by theuniver-
sal frequency counter(Agilent technologies53131A)
connected to the PC measuring theredox potentid. The
samplingtimesof both theredox potentia and thereso-
nant frequency wereset at 0.1s.

In the present experiments, the one side of the
QCM was sed ed with ablank quartz crystal casing
(Figure 1b), maintaining it inanair environment, while
the other side was contacted with the solution of the
BZ reaction. Thiscasingisessentia for thefrequency
stability of the QCM in anionic solution!*®. The one-
face sedled QCM wasvertically immersed into the so-
[ution of the BZ reaction (Figure 1a).

Themixing level sof the solution of theBZ reaction
were controlled using the stirrer bar (20mmin length
and Smmindiameter) and themagnetic sirrer(ASONE
ML-101, Japan). The solution viscosity and density of
the BZ reaction wasvaried using the Polyoxyethylen
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(20) octylphenyl Ether (Triton X-100)(WAKO Pure
Chemical Industries, Ltd., Japan), whichwasaddedin
preparation of the solution of the BZ reaction.

RESULTSAND DISCUSSION

Inorder toinvestigatein detail the dynamic behav-
ior between the redox potentia and the solution vis-
cosity and density, we systematically varied the ftirrer
bar speed and the solution viscosity and density. Figure
2 showsthetime seriesof AE and AF, and the AE-AF
phaseportraits. Itisobvioustha AF changesinarhyth-
mic manner, synchronized with the oscillation of AE:
when AE ishigh (theratio of the Fe(l11) complex to
Fe(Il)complex ishigh), AFishigh. Wehavefound that
thetypica threetypesof theoscillationswith the phase
difference appear depending on the stirrer speed and
thesolution viscosity and density. That is,

Type-1: The oscillation phase of AE isadvanced for
that of AF (Figures2(a) and 2(d)),

Type-1l: The oscillation phase of both AE and AFis
the same (Figures 2(b) and 2(e)),
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Type-11l: The oscillation phase of AFisadvanced for
that of AE (Figures2(c) and 2(f)).

Inthese cases, when the phase differencetime(7) is
-1s<7< +1s, the phases of both arethe same, when ¢
<-1s, theostillation phase of AE isadvanced andwhen
>+1s, the oscillation phase of AF isadvanced, where
r=tt_(tandt_arethetimesof therising points of
the oscillations of AE and AF, respectively, seefigure
2¢). Here, we employ the average values calcul ated
from 10 oscillations.

Generally, when the QCM isdipped into asolu-

tion, itsresonant-frequency shift dependson \/p, n, The
rel ati onshi p between theresonant-frequency shift of the
one-face sealed QCM and ,/p, n, isdescribed by the
following equation*:;

3

f2
Af =——0 1
,_ﬂ'.pu VPLML @

where Af isthe resonant-frequency shift dueto asolu-
tion viscosity, f, theresonant fundamental frequency of
aquartz crysta, p the shear modulusof aquartz crystal
and p thedengtiesof aquartz crysta. Equation 1 quan-
titatively explainsthere ationship between the resonant-
frequency shift and the viscosity and density of a
Newtonian liquid. From figure 2, the average ampli-
tudes of AF of (a), (b) and (c) are 109, 40 and 57Hz,
respectively. Here, using eq 1, we attempted to con-
vert AFinto the concentration of thesucroseat 20°C,
wherethe sucrose solutionisknown asthe Newtonian
liquid. Thisattempt reveded that AF =109, 40 and 57
Hz corresponded to about 4, 1.5 and 2 wt%, respec-
tively. Theaverage periods of AF of (a), (b) and(c) are
24, 24 and 30s, respectively. On the other hand, the
average amplitudes of AE of (a), (b) and (c) are 15.5,
29.7 and 31.6 mV, respectively, and the average peri-
odsof AE are approximately the same asthose of AF.

Inthe present paper, weareespecialy interested in
the dynamic behavior of the phasedifference between
AE and AF of the BZ reaction. To investigateit, we
systematically changed the stirrer bar speed and the
solution viscosity and dengity. Theresultsareindicated
infigure 3. Figure 3illustratestheregion of thethree
typesof the oscillation with the phase difference. Re-
gion-1 meanstheregion of the Type-1 oscillation. The
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Figure3: Diagram of the phasediffer ence between AE
and AF of theBZ reaction. Region-I showstheregion of
theType-l oscillation. Region-11 showstheregion of the
Type-l1 ocillation. Region-111 showstheregion of the Type-
I11. Theregion between two dashed lines (0.008~0.009
wt% ) showsthecritical micellization concentration (cmc).
Thediagramisconstructed from theaver agevaluescal-
culated from 10 oscillations

Type-l oscillation appearsin thelow speed of the stir-
rer bar over the present Triton X-100 concentration.
Ontheother hand, the Type-111 oscillation appearsin
Region-111. Thisareaiswideand occupiesthe part of
the high speed of the stirrer bar over the present Triton
X-100 concentration. TheType-I1 oscillation isgener-
ated in theregion between Region-1 and Region-11.
Theseresults show that whenthemixinglevel of the
solutionislow, the Type-l oscillation isdominant, and
that whenthemixingishigh, theType-lll oscillationis
lying abovethosefor the other two types.

Inthe previous paper, we have proposed that the
solution viscosity and density may be dependent onthe
degree of the decrease of the catalyst €l ectrostriction
and thenumber of thewater mol eculesrearranged due
tothevariation of the el ectric charge of the catalyst.
Theoscillationsof the Type-1 and the Type-111 oscilla-
tions are described by the above explanation. How-
ever, inthe Type-111 oscillation, the oscillation phase of
AF comes before that of AE. It seemsthat this phe-
nomenon isincons stent with the previous description.
However, the behavior of AE and AF in the critical
micdllization concentration(cmc) may giveadue. Infig-
ure 3, the cmc region is shown, where the cmc was
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Figure4: Three-dimensional graphsof thevariation of theamplitudesand the periodsof AE and AF. (a) thevar iation of
theamplitude of AF against stirrer bar speed and theTriton X-100 concentr ation. (b) thevariation of theamplitude of
AE againg stirrer bar speed and the Triton X-100 concentr ation. (c) thevariation of periodsof oscillations. Weemploy

theaveragevaluescalculated from 10 oscillations

measured using the QCM. Theboundary line between
Region-1l and Region-111 changesdrasticadly withinthe
region of thecmc. On theother hand, theboundary line
between Region-1 and Region-11 changesdlightly. This
phenomenon suggeststhat thecmc may play animpor-
tant rolein the oscillation of the solution viscosity and
dengty. Themicelleisformed abovethecmc. Thismi-
celleacce eratesthe Type-111 oscillation by theinterac-
tionwiththe catalyst. The platinum electrode and the
QCM measuretheredox potential andthesolutionvis-
cosity and dengity at themacrolevel, respectively. On
the other hand, the previous explanation discussesits
phenomenon at themolecular level. That is, the propa
gation speed fromthemolecular level tothemacroleve
isvery important inthemeasurement of themacrolevel
of theredox potential and the solution viscosity and
density. Abovethecmc or inthehighmixinglevel, the
propagation speed of the solution viscosity and density
isadvancedfor that of theredox potentia . Ontheother
hand, inthelow mixing level, the propagati on speed of
theredox potential isadvanced, because, inthelow
mixing level, theinteractions between the catalyst, the
micelleand thewater becomeweak. Above 0.022wt%
of the Triton X-100, the boundary line of Region-I in-
creasesagan. Thisphenomenon indicatesthat themix-
ing effects may be weakened by the increase of the
solution viscosity and the propagation speed of the so-
Iutionviscosity and density from themolecular leve to
the macro level may beretarded in that of the redox
potentid. Togain thefurther insight into themechanism
of the behavior of the phase difference between AE
and AF, weare now studying.

Figure4 showsthe variation of theamplitudes of
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AE and AF and the oscillation period against the stirrer
bar speed and the Triton X-100 concentration. Theam-
plitudes of AFincrease abovethe cmc and above 150
rpm of thestirrer bar speed(Figure 4a). It isobvious
that thecmc and the stirrer bar speed affect the oscilla-
tion of the solution viscosity and density. In addition,
theamplitudes of AFincrease again above 0.022wt%
and in 150~200rpm. Theseresults support the above
explanation of the threetypesof oscillations. On the
other hand, inall stirrer bar speeds, the amplitudes of
AE decreasewith anincreaseintheTriton X-100 con-
centration (Figure4b). Thisphenomenon isthe same
asthat reported by Paul.° The hydrodynamic charac-
tersof the surfactant affect theamplitudesof AE. The
oscillation periodsincreasewith stirrer bar speedindl
Triton X-100 concentrations(Figure4c). Thetendency
of this phenomenon isthe same asthat described by
Menzinger and Jankowski*!, Thisphenomenonisgen-
erated by the homogenousintervention of thereactive
gases.

Inthe present paper, wehavesystematically inves-
tigated the dynamic behavior between the redox po-
tential and theviscosity and density of the BZ reaction
solution. Thisstudy hasreveded that thethreetypesof
the oscillationswith the phase difference appear de-
pending on thestirrer bar speed and the solution vis-
cosity and density. We have a so found that theregion
of the existence of the Type-111 oscillationiswideand
appearsinthehighmixinglevels, i.e., homogenousso-
[ution. Thevariation of the solution viscosity and den-
Sty may beimportant intheorganisms. Thecdlsof the
organisms have constantly theinflow and outflow of
ions. Theinflow and outflow of ionscausethevariation
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of theintracellular quantity of thee ectric charge. Natu-
raly, this phenomenon accompanieswith thevariation
of thesolutionviscogty and dengty withinthecdlls. This
change of theviscosity and density of theintracellular
solution may affect the DNA control withinthecdls.
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