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Bromomalonic-acid-induced transition from trigger wave to big wave
in the Belousov-Zhabotinsky reaction
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The Marangoni effects on chemical waves in the ferroin-catalyzed Belousov-Zhabotinsky reaction were
studied. The main purpose of the present study was to understand the mechanism of the big wave, an accel-
erative chemical wave involving surface-tension-driven fluid motions. Spatiotemporal variations of surface
tension caused by a chemical wave were measured using the Wilhelmy method. The transition from conven-
tional trigger waves to big waves, due to a concentration change of bromomalonic acid, was observed. The
strong surface activity of the bromomalonic acid which was responsible for the transition was also observed. It
led to an acceleration of the big waves through the Marangoni effect.

PACS numbgs): 47.20.Dr, 47.20.Ma, 47.54r, 47.70.Fw

[. INTRODUCTION tions must be clarified in order to understand the mechanism
of BW’s. Especially for the mass capillarity, the surface ten-
Heat or mass transfer at free liquid surfaces gives rise tgion variation with a concentration change of surface-active
fluid motions due to local gradients of surface tension. Thiderroin is not strong enough for the generation of a BW,
phenomenon, widely known as the Marangoni effect, leadsinlike the results in previous studig& 17]: That is, the spa-
to specific instabilities both in time and space, e.g., convectial destribution profile of ferroin in a BW was almost similar
tions and waves[1]. Recently, Marangoni instabilities to thatin a TW[15], which means no concentration differ-
coupled to chemical reactions have received much attentiognce between them at the wave fronts. Other candidates
from new schemes of transport in liquid/vapor systd@ls  therefore should be considered.
In particular, chemical waves coupled to convective motions [N this paper a quantitative measurement of surface ten-
in excitable media have been noted in the last defadas)]. sion caused by a TW will be shown. Then contributi(_)ns of
One of the typical systems is a trigger wagBW) in the heat and surface-active compounds to the Marangoni effects

Belousov-Zhabotinsky reactiofBZR) [16]. Since the BZR will be discussed. In particular it will be reported that a
is an exothermic reaction involving surface-active com-SUONg surface activity of bromomalonic adiBrMA), the

pounds, TW's may lead to fluid motions due to Spatiotempo_c;oncentratiorc of which is largely varied during the reac-

ral inhomogeneities in physicochemical quantities such agon, can generate a BW. It will be concluded that the tran-

sufac tensiofS~6, temperaturd? 8, an densjsl In 1 1O & T [0 8 B Is caueed b the soutal Vo
such fluid motions, because the buoyancy effect is sup-
pressed in thin layers, Marangoni effects play major roles.
Recently, an interesting type of TW was discovered in a
ferroin-catalyzed BZR systef®—15]. This wave, named a
big wave (BW) [9,10] or the hydrochemical solitofl1], The experiments were carried out in a conventional setup
propagates with a large velocity and nonzero acceleratiorjl6] in BZR solutions of the following composition:
accompanied by large hydrodynamical motions as well a800-mM sulfuric acid, 320-mM sodium bromate, 20-mM
solitary surface deformatiof0—15. A remarkable charac- malonic acid(MA), 0—-80-mM BrMA, and 3.7-mM ferroin.
teristic of a BW is to propagate with a velocity that increasesThis composition was realized Iy situ bromination of MA
with time, which cannot be described by simple reaction{18]. The pure watefrelative resistance-20 M m) was
diffusion mechanisms. In addition, a BW is accompaniedprepared through a unit with 0.xm of membrane filter and
with surface flow, whose velocity is equal to the propagatingon-exchange resirfAdvantec Toyo, Aquarius GSU-9D1
velocity and is typically 30 times larger than that in a con-5.0 ml of the solution was placed in an optically flat petri
ventional TW[9,10]. These hydrodynamic properties can bedish of 95-mm diameter, giving a layer thickness of 1 mm.
explained by Marangoni effects, as reported previolsf)~  This medium showed a quasiexcitable state with a long pe-
15]. However, the following problems on BW'’s are yet un- riod of auto-oscillation(typically 8—10 min). The circular
solved: (i) The origin of the Marangoni instability is not wave was triggered by immersing a silver wire in diameter of
clear, i.e., whether it is due to mass capillarity or thermocapd1—2 mm into the solution.
illarity. (ii) The control parameter for the transition from a  Spatiotemporal developments of chemical waves were ob-
TW to a BW has not been determinddi) The mechanism served via a video camera system with a charge-coupled de-
of acceleration is not understood sufficiently. These quesvice cameraPanasonic NV-X100 and an image-capturing

II. EXPERIMENTAL METHOD
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FIG. 1. Temporal variation of the surface tension caused by a
chemical wave train. The arrow indicates the passage of a wave FIG. 2. C, dependence of the chemical wave propagation. The
front at a measuring point. transition pointCj is 50 mM.

board systeniScion LG-3 and NIH-Image The surface ten- jzed concentratiorC,/C% , respectively. The result implies
sion of the solution was measured using the W"helmythatcoz % is a transition point from a TW to a BW with

method with surface tension _measurement u(_[itah_n Co. HereCj is determined experimentally as 50 mM. In the
DCA322). The probes were platinum wires 1 mm-in diam- . . .
region Cy,>Cj , the acceleration has a nonzero value, and

eter and 50 mm5 mm of filter paper sheetd0.3 mm of . . . Lo .
increases exponentially witG,, while it has a zero value in

effective contour length The top of a sample container was " .
covered with wet filter papers, avoiding water evaporationCo=Co - For other substances in the BZR, such as bromate,

Experiments were done in a clean rooflass 10 00 bromide _ion, sulfuric acid, MA and ferroin, accelerativpT
which was kept at 18:61.0°C and controlled in range from propagatlon cannot t_>e observed over the wide c_oncentratlon
40% to 60% of relative humidity. The hydrophobicity of aréas in those chemicals. Thgrefore, it is determinedGhat
substances, represented by a parameteP lofithe octanol- IS @ control parameter for BW's. ,

water partition coefficient, was estimated numerically from Focusmg on Marangom effe(;ts, severa} expenments'have
Rekker's fragment methofil9] using a software package been carried out m_orderto clarlfy the onglp of t_he transition
(BIOBYTE, CLOGP for Windows. A temperature change due P€tween two chemical wavéSW's and BW'S. Figure 3a)

to heat by chemical reaction in homogeneously stirred BzREhOWs the surface activities of MA and BrMA. Here BrMA
solutions was measured by use oKaype thermocouple. Nas been preparéd situ in the BZR without the catalyst.
Using a spectrophotometélasco Ubest-50the concentra- The data p0|r_1ts have been obtained from _values at steady
tion of ferroin was determined from the absorbance at 68§t@€S (-10min). The two results are well fitted to the ex-
nm, at which the molar extinction coefficient of ferroin was Ponential curves. These results imply that both MA and

413+7 M~ cm™%, while it was negligible for ferroin.

E 75 L T rororTrTmy Tty T
lll. RESULTS AND DISCUSSION = 70t .—\.\_\
c: -
Spatiotemporal variations of surface tension caused by E 65 [ T
chemical waves were investigated experimentally from the g
viewpoint of the Marangoni effects. A variation of the sur- © 60l (a) BrMA ]
face tension due to a train of TW(target wave; wavelength § f
~2 mm and velocity~0.1 mm/s) is shown in Fig. 1. The S o1 S T ST R
arrow in the figure indicates the passage of a wave front at a 7 0.1 1 10 100 1000

probe. Two characteristics of the variation, i.e., oscillation in concentration (mM)

short-period (-20 s) and long-period monotonic decreases, g 73 ———
are noted in Fig. 1. The former, the amplitude of which is % "
about 0.2 mN/m, is synchronized to a concentration oscilla- £ 72F
tion of ferroin [17]. On the other hand, the latter may be g 91
caused by in elevation of temperature or the adsorption of a I
other surface-active products with slow dynamics. This will § 70 I
be discussed below. o 69
In the present study, BrMA has been prepared at a high g
concentration in order to investigate the influence of BrMA ”g 68 o — 4(')0 —_ 8(;0 — 200
on, the dynamics of the chemical waves. Figure 2 shows the i cime (s)

dependence of the chemical wave propagation on the BrMA
concentration prepared at the beginning of measurements FIG. 3. (a) Surface activity of MA and BrMA. BrMA was pre-

(denoted byC,). The ordinate and the abscissa are of theparedin situ in the BZR without ferroin.(b) Temporal change of
magnitude of acceleration of the wave front and the normalthe surface tension due to the adsorption process of BrMA.
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FIG. 4. Dependence kT on C, in the stirred BZRAT in- FIG. 5. C, dependence oACq in the BZR.ACq is almost
creases monotonically witg@. constant aCy>30 mM.

BrMA are surface active, and the latter is more active thanesult reported by Bckmannet al.[5] supports our argument
MA. Figure 3b) shows the relaxation characteristic of sur-well. Now we shall mention the concentration change of fer-
face tension due to adsorption process of BrMA at an airfoin. As shown in Fig. 5ACg is constant in the regio@,
water interface, of which the relaxation time is 280 s. Figure>C? | i.e., it does not depend d@,. Thus the acceleration

4 shows a temperature elevatidT during a cycle of the in Fig. 2 does not depend on the concentration of ferroin.
reaction under the calmly stirred condition, which is typi- That is, the surface activity of ferroin does not contribute to
cally 0.1-0.2°C. Such a temperature elevation may be rethe transition. On the basis of these arguments, it can be
garded like that at the front of the chemical wave. As showrconcluded that the transition originates from the surface ac-
in Fig. 4, AT increases monotonically with an increase oftivity of BrMA, and therefore the increase dfy. leads to

C,. Figure 5 shows the amplitudeCr of the oscillation of ~an increase of acceleration.

ferroin concentration for varingC, in the stirred system. Finally, we would like to mention the surface adsorption
ACk is almost constant with 0.5 mM whegy, is larger than ~ Process of BrMA reducing the surface tension. The process
30 mM. has a finite relaxation time in the unstirred system, as shown

in Fig. 3(b), which is longer than the period of the oscillation

Now let us consider the origin of the Marangoni effects £ th h her hand. the ad . { forroi
inducing the transition. For further discussion, we define?f the BZR. On the other hand, the adsorption of ferroin

Ayt and Ay as surface tension changes dueAid and a oceurs very quickly, as shown in Fig. [17]. Thergfore, 'F .
. . can be said that the time scale of the surface tension variation
change ofC, respectively. Based on the above results, it can . : .
due to the adsorption of ferroin does not compete with that of

be §uggested that the transition may pccur through the fOIBrMA at the wave front. The former is much faster than the
lowing three factors(i) the surface activity of BrMA(ii) the

X ) latter. Accordingly, the latter becomes more effective at the
heat generation due to the production process of BIMA, angj| of the wave. Thus there are two characteristic time scales

(iii ) the surface activity due to ferroin concentration chang€, agsorption processes of surface active substances in the
induced by the reaction of BrMA. BZR, which induces a local inhomogeneity of the two
To begin with the surface activity of BrMA, the hydro- cpamicals to enhance the local surface tension difference.

phobic parameters Idg of BrMA and MA have been ob-  1hap they lead to strong Marangoni convections.
tained numerically as-0.106 and-0.759, respectivelf20].

These calculated results show that BrMA is more hydropho-

bic than MA, which is consistent with the results in Figa)3 IV. CONCLUSION

Accordingly, the change of due to the BZR can induce a

large variation of the surface tension of the solution. Since an In the present study, a spatiotemporal variation of surface
increase ofc during a Cyc|e of the reactidmjenoted b)AC) tension due to a chemical wave in the BZR has been mea-
is almost the same as that of the catalyst concentration dupured by the Wilhelmy method. It is clarified that the varia-
ing the reactionA y¢ at the wave front can be estimated to tion is caused by a concentration change of BrMA as well as
be 0.52 mN/m aC,=C} . In addition, Fig. 4 shows that T ferroin. The transition from a TW to a BW is induced by the

increases monotonically with an increase @f. Here AT surface activity of BrMA. The critical concentration of
increases in proportion tAC [21]. Therefore, it can be said BrMA at the transition point is 50 mM. Then the acceleration
that AC increases with an increase 6%,. Si’nce BrMA is Increases monotonically with an increase of the concentra-

surface active, the increase AC due to C, leads to an t@on. It is wqrth mentioning the existence of_two diﬁeren_t
increase ofA . time scales in _surface—actlve substances which play.an im-
Next let us discuss the temperature dependence of tHROrtant role to induce the BW. However, the mechanism of
surface tension. The temperature elevatioh due to one acceleration of the BW is not yet clear. Further study is
cycle of the reaction is 0.20 °C at most, as shown in Fig. 4"€duired from hydrodynamical points of view.
Then Ay; is the order of 102 mN/m in pure water at
20 °C, which cannot account for the surface tension variation
obtained in Fig. 1Ay is about 0.026 mN/m a€,=Cj
(AT=0.16"°C), which is 20 times smaller thany. . There- We would like to thank Dr. Yoshihisa Sud@€hemicals
fore the temperature elevation is not responsible for thénspection and Testing Institute, Japdar the logP calcu-
present Marangoni convection inducing the transition. Thdations, Professor Shigeo Sas@Kiushu University for use
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