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Abstract

The oscillatory reaction between potassium bromate and gallic acid in sulfuric acid medium has been
studied calorimetrically with and without ferroin indicator. Enthalpy changes during oscillations have
increased with increasing bromate concentration in presence and absence of the indicator. Prominent
catalytic activity of the indicator has been observed. An initial large enthalpy change has been observed
in both uncatalyzed and catalyzed conditions prior to the starting of oscillation. Attempts have been made
to correlate the main thermal events with the proposed mechanism of the reaction. © 1995 John Wiley &
Sons, Inc.

Introduction

In Belousov-Zhabotinsky (B-Z) oscillatory reactions two chemical forms (usually
oxidized and reduced forms) interchange in definite time intervals and the process
continues for some time depending on environmental conditions. The mechanism of
B-Z reaction has been given by Noyes et al. [1] and subsequently detailed studies
have been made by others [2-20]. The reaction has been also studied in aquo-organic
solvent media [21]. The physical methods normally used to study such reactions
are spectrophotometry [3,4], potentiometry [5], and thermometry [5,6,8,10], and the
malonic acid/sulfuric acid catalyzed by cerium ion system has been the one mostly
studied [5-9,15-19]. Catalysis of this system by ferroin has been investigated and
quantitative mathematical models have been proposed [16,17]. Oxidation kinetics of
ferroin-bromate system and bromomalonic acid—ferriin system have been also studied
[18,19]. The gallic acid/bromate/sulfuric acid system has been relatively less explored
[10-14]. The temperature oscillations of this system has been reported by Koros et al.
[10] but thermodynamic analysis of this and other oscillatory systems have been rarely
made. Apart from documentation values, the energetic informations on the process
may give insight to the mechanism of the oscillatory reactive process. A sensitive
calorimeter can serve the purpose. Since the thermometric method has been much
less explored [6,8,10], we have attempted to use the method in the overall and detailed
understanding of the oscillatory reaction of gallic acid/bromate/sulfuric acid system in
the absence and presence of ferroin indicator in a Tronac-458 isoperibol calorimeter.
Quantification of the reactive process has been attempted.
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Experimental

Materials

Potassium bromate, sulfuric acid, and gallic acid used were of E. Merck, Germany.
Ferroin indicator was prepared in the usual way [13]. The surfactant cetyltrimethyl
ammonium sulfate (CTAS) used was prepared from its bromide (CTAB), a Sigma
product by ion exchange method.

Method

The reaction was studied in a TRONAC-458 isoperibol calorimeter at 30°C. 0.015 gm
gallic acid was dissolved in 19 ml. of 3.6 equiv. dm 3 HySO4 with one drop of ferroin
in the reaction vessel of the calorimeter. A freshly prepared solution of potassium
bromate in 3.6 equiv. dm™3 HySO, was added from the burette for 2-4 min in
different runs to obtain different bromate concentrations. Several runs were also
carried out without the ferroin indicator. The heat change during the oscillations was
recorded with a Houston Omniscribe Stripchart Recorder. The heat produced during
the oscillation was evaluated following the procedure described earlier [22,23].

The e¢mec of the surfactant (CTAS) was determined in 3.6 equiv. dm™3 HySO,
medium by surface tension method in a Kruss (du-Nuoy) Tensiometer, Germany in
the usual way [22]. It was found to be 0.013 m mol dm 2 in 3.6 equiv. dm 3 of HySO4
at 303 K.

Results and Discussion

Oscillations and the Associated Heat

The addition of bromate in the gallic acid/sulfuric acid mixture resulted both release
and absorption of heat in stages. A large exothermic stage was observed just after the
start of the addition of bromate which continued for a period of one and half minutes. It
was not contaminated with the oscillatory process which started well after the addition
of bromate was complete. The analysis of the thermometric results was therefore
distinct and straight forward. Thereafter, the process was to some extent endothermic.
After the total addition of bromate, a moderate amount of heat was further released
which was followed by release of a large amount of heat within a short time interval.
The exothermic event then appeared periodically with lesser degree of intensity and
disappeared after several cycles. This was the oscillatory part of the reaction process.
The initial release of heat followed by the oscillatory heats (manifested as fluctuation
of temperature) are depicted in Figure 1. The initial heat corresponds to an enthalpy
(AH) of —2.6 kJ mol™! of bromate. The oscillatory thermograms are systematic and
well formed. The number of oscillations was greater in presence of the catalyst ferroin
than in its absence. The number also decreased with decreasing [BrOj3 ]. In Figure 2,
the profiles of the appearance of successive oscillations at different times for different
[BrOy ] in presence of the catalyst are presented. The total number of oscillations as a
function of [BrOgj ]is depicted in Figure 3. The ferroin catalyzed situation was much
more efficient at [BrOs ] > 0.015 mol dm 2. At [BrO3 ] < 0.007 mol dm~3, hardly any
oscillation occurred in 1000 s which became eight at [BrOs ] = 0.020 mol dm™2. The
number was only three at this concentration of bromate in the absence of catalyst.
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Figure 1. Thermograms of oscillations of the reaction bromate/gallic acid/sulfuric acid
at [gallic acid] = 4.4 m mol dm 3 at 303 K. (I) and (II): With [ferroin] = 4 X 1075 mol
dm™3; [BrO3 ] = 0.019 mol dm 3 (I); and [BrO5 ] = 0.017 mol dm =3 (II). (ITI): Without
ferroin at [BrOz ] = 0.019 mol dm™3, (IV): Initial release of heat due to addition of
bromate to gallic acid.

Enthalpy of Oscillation

The enthalpies for successive oscillations at different times are illustrated in
Figure 4. The open and closed points correspond to catalyzed and uncatalyzed runs.
It was observed that the enthalpies of the successive oscillations in presence and ab-
sence of ferroin were more or less the same and were independent of [BrOs ]. The
nature of the courses was also on the whole identical. The profiles of total enthalpy
(AH7) of the oscillatory process depicted in Figure 5 as a function of [BrOg | evi-
dence more release of heat in presence of ferroin at all [BrOj; ]. Like the total number
of oscillations, AHr also has a tendency of sharp increase at [BrOs | > 0.017 mol
dm™3. In the uncatalyzed condition, AH7 has a levelling off tendency at [BrO5 ] >
0.015 mol dm 3. The catalyst thus increased the frequency by shortening the time
interval. The quick oscillations in presence of ferroin were delayed in its absence. The
ferroin catalyst essentially increased the number of oscillations [11]. In absence of
the external catalyst, the oscillations were largely damped. A representation of the
enthalpies of the oscillatory steps (expressed per unit duration time) with respect to
time elapsed at different [BrOg ] in presence of catalyst is presented in Figure 6.



564 MUKHERJEE, MOULIK, AND MUKHERJEE

No. of Oscillations

L 1
0 1000 2000 3000

Time/ Sec

Figure 2. Plot of number of oscillations vs. time for gallic acid-bromate reaction at
4.4 m mol dm™3 gallic acid and 4 X 1075 mol dm~2 ferroin at 303 K. Curves (1 — 7):
[BrO; ] = 0.019, 0.017, 0.016, 0.015, 0.0135, 0.011, and 0.01 mol dm~3.

The nice stepwise and systematic decline of enthalpy with time is evident. The initial
large negative enthalpy (exothermicity) followed by a mild endothermic nature of the
thermochemical event of gallic acid/bromate/sulfuric acid system in the presence and
absence of catalyst prior to oscillation was not reported in the past. Its magnitude
was found to be independent of the experimental conditions. This first large enthalpy
change is considered to be related to the oxidation of the gallic acid which is one of
the vital steps for the oscillatory process. After the addition of bromate, in the first
step, gallic acid is oxidized to its quino-noid from Q that acts as an effective catalyst
in the oscillatory process in the absence of external catalyst [13].
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Figure 3. Variation of oscillation number per 1000 s with [BrO5 ] at 4.4 m mol dm~3
gallic acid at 303 K. (I): [Ferroin] = 4 X 1075 mol dm~3. (II): Without ferroin.
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Figure 4. Enthalpy change per oscillation vs. oscillation number profile at 303 K and

4.4 m mol dm 3 gallic acid. Curves (I-VI): [BrO5 ] = 0.019, 0.017, 0.016, 0.015, 0.0135,
0.011, and 0.01 mol dm~3. (Open points): [Ferroin] = 4 X 1075 mol dm™3. (Closed
points): Without ferroin.
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Figure 5. Total heat change in the reaction as a function of [BrO3 ] at 303 K and at
4.4 % 1073 mol dm~3 gallic acid. (I): Without ferroin. (II): [Ferroin] = 4 X 1075 mol
dm~3,
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Figure 6. The rate of heat change for the thermal oscillation as a function of time.
[Gallic acid] = 4.4 X 1073 mol dm~3: [Ferroin] = 4 X 1075 mol dm 3. I-1V): [BrOj3 ]
= 0.019, 0.017, 0.016, and 0.015 mol dm 3.

OH

(@]
(h OH OH O OH
KBrOy/ + KBr + KyS0, + Hy0
HZSO4, AH — Ve

COOH COOH

Then, reacting with the bromine radical (Bf), Q undergoes bromination and subse-
quent formation of bromogallic acid

OH
oH OH
Br

COOH

These steps are followed by oscillatory events
There, either

an BrO; +2Q + H* HBrO; + 2Q + H,0

Uncatalyzed
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or

(I1D) BrO;~ + 2Fe?* + 3H* —— HBrO; + 2Fe?** + H,0

Catalyzed
also produces negative enthalpy to a lesser degree. The red color of the indicator
changes to green during this process for the catalyzed system. The above reactions are
in accordance with the propositions made by Field et al. [5] and Liu et al. [13]. During
the reversal of the above forward process we are in favor of considering reactions IV
and V in the uncatalyzed and catalyzed conditions, respectively.

av) 2Q + BrGA + H,0 Br~ + 2Q + Ketonic acid + H*

Uncatalyzed

and

V) 4Fe3t + BrGA + H,0 Br~ + 4Fe?" + Ketonic acid + 5H"

Catalyzed

The color changes from green to red during the process (V) in the catalyzed system.
The step (IV) or (V) is associated with the negligibly small enthalpy change (supported
by the observed thermal event of the reaction) and terminates the production of HBrOg
and initiates the repeat of a cycle.

Zhabotinsky et al. [16] suggested that in the ferroin catalyzed B-Z reaction,
the catalyst remained almost completely oxidized during a significant part of the
oscillatory cycle. The suggested mathematical model indicated reversibility of the
catalyst oxidation by bromine dioxide radical. A similar step may also contribute
in the mechanistic course of the present GA-bromate—ferroin oscillatory reaction.

The distinct color changes in a cycle were visually monitored performing identical
experimental runs outside the calorimeter. For our thermochemical interest, the
events were not spectrophotometrically probed. However, the uncatalyzed runs herein
studied could not be probed by spectral means.

The ith oscillations in the presence and absence of ferroin indicator (envisaged
in eq. (II) and (ITT) are associated with more or less equal magnitudes of AH. The
number of oscillations, n, however, is much less in the absence of ferroin. It appears
that there is a threshold barrier that must be reached and the added ferroin indicator
helps the system to quickly attain this. The Q is much weaker than Fe?" in this
respect. This phenomenon is comparable with the impulse generation during nerve
conduction which obeys “all or none rule” [24]. Once this threshold is reached, the
oscillation starts with associated release of heat independent of both Fe?* and Q.

Micellar Effect

The micellar environment of CTAS minorly affects the thermochemical property of
the reaction. The oscillations increased only by a small number. At [CTAS] = 0.15,
0.3,0.45, and 0.75 m mol dm ™3, the respective numbers of oscillations (in 1000 s) were
found to be 11, 9, 12, and 10. Without CTAS, the number of oscillations were eight.

Conclusion

The reaction between bromate, gallic acid, and sulfuric acid shows temperature
oscillations both in presence and absence of ferroin. The number of oscillations as
well as total enthalpy change of the reaction depends on bromate concentration and
show a nonlinear dependence with [BrOj ], they are also different for the catalyzed
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and uncatalyzed conditions. Although the time consumed between two successive
oscillations is more without the catalyst, the enthalpy changes for the successive
oscillations are independent of [BrOs ]| as well as the indicator catalyst ferroin. The
enthalpy change per oscillation in the reaction decreases assymptotically with time.
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