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Thorough Study of Bromide Control in Bromate Osclllators. 4. A Quantitative and
Comparative Study on Silver Ion Perturbed Belousov—Zhabotinsky Systems
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The distribution of bromine between bromoorganics and bromide was followed in Ag*-perturbed Belousov-Zhabotinsky (BZ)
systems and the rate of the Br~ removing reaction (Ag* + Br~ — AgBr) was measured. A rate constant in the order of
10* M~! 57! was obtained for the reaction. A comparison of bromine distribution in Ag*-perturbed malonic acid and malic
acid containing BZ systems revealed the difference in their oscillatory behavior.

Introduction

Vavilin et al.! were the first to observe that the addition of silver
ion had an effect on a reacting Belousov—Zhabotinsky (BZ)
system: it caused phase shifting during oscillations. Later
Noszticzius® reported on the behavior of catalyzed bromate os-
cillators when perturbed by silver ion. He found silver ion induced
high-frequency redox potential oscillation and claimed, considering
only equilibrium data—the solubility product of silver bromide,
that in BZ systems there may exist such chemical conditions that
the controlling role of the bromide ion, proposed in the Field-
Kords—Noyes mechanism? and in the Oregonator model,* is re-
placed by another intermediate of the BZ reaction. Ganapath-
isubramanian and Noyes® confirmed Noszticzius’ observations
and supported his claim that in the presence of silver ion non-
bromide-controlled oscillation occurs. They postulated that control
of redox potential oscillations was provided by the competition
of bromide atoms and bromate ions for reaction with bromous
acid; i.e., they attributed the controlling role to bromine atoms.

The most extensive studies on the effect of silver ion on a
reacting BZ system have been performed by Ruoff et al.%” They
could simulate semiquantitatively the behavior of a silver-perturbed
BZ system by using the Oregonator model extended by the Ag*
+ Y — AgY* bromide-ion-removing step. They assigned a rate
constant of about 10* M1 s7! to this reaction.

Whether a silver-ion-perturbed BZ system exhibits oscillatory
or nonoscillatory behavior is determined by the rate of the
bromide-ion-removing reaction (Ag* + Br- — AgBr), i.e., among
others on the actual silver ion concentration. Therefore by fol-
lowing the temporal change in redox potential simultaneously with
that in silver ion concentration, the rate constant of the above
reaction in the BZ system might be calculated.

In the present paper we report on the one hand how this goal
was reached and on the other hand on the silver-ion-perturbed
malic acid and malic acid containing BZ systems and thus to reveal
some additional details on the prerequisite of chemical oscillation.

Experimental Part

All experiments were performed in closed system under con-
tinuous stirring, in a thermostat-regulated glass container at 25.0
£ 0.02 °C. The redox potential of the reacting systems was
measured with a smooth platinum electrode against a Hg/
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Hg,S0,/K,S0, reference electrode and the bromide ion con-
centration with a bromide ion selective electrode (Orion Model
94-35), and they were recorded on a Yokogawa Technicorder F
3052 double-pen recorder.

All reagents used were of analytical reagent grade.

The reaction volume was 100 cm® and the reaction initiated
by the addition of a mixture of the catalyst (Ce**) and silver ion
to a solution containing bromate, sulfuric acid, and the organic
compound (malonic acid or malic acid). Aliquots of 2 mL were
withdrawn from the reaction mixture at certain intervals. Some
aliquots were added to a KI solution acidified with HCI, and the
liberated iodine was titrated with 0.05 M standard Na,S,0,
solution. Thus the total oxidizing power (TOP) of the solution,
expressed in bromate molarity, could be calculated. Other aliquots
(5.0 mL) were mixed to a 10% CH;COONa solution diluted to
about 50 mL, and the Ag* concentration of the solution was
titrated with a 0.005 M standard KBr solution using potentiometric
end-point detection. (It has been confirmed in separate experi-
ments that under our experimental conditions bromate ion did
not interfere in the potentiometric determination of Ag*. The
titration curves showed one, very sharp, end point.)

In the malonic acid containing BZ system in the absence of
silver-ion the following overall reaction proceeds:

2BrO;” + 3CH,(COOH), + 2H* ——
2BrCH(COOH), + 3CO, + 4H,0

BrO; —+ BrMA 1)

If silver ion is present, the transiently formed bromide ion (or
a certain portion of it depending on the composition of the reacting
BZ system) is precipitated as AgBr

BrO;” ——> BrMA + AgBr @
Ag

This fact should be taken into account when calculating the
concentration of BrMA. Also it should be considered that BrMA
is a two-electron oxidizing agent and bromate, however, is a
six-electron one.

The following relations hold:

(BrOy7; = [BrO;y]o - ([Ag*)o - [Ag™]) - [BrMA],

[BrO;7] = [BrO;7], - ([Ag*]o - [Ag*]) =
[BrO;7], + [BrMA],

TOP = [BrO,7], + %[BrMA],
TOP = [BrO, ] - %4[BrMA], 3)
[BrMA], = ¥%([BrO;7],*" - TOP) 4

From the above relations and the knowledge of TOP and the
Ag? concentration, the BrMA concentration of the reacting system
couuld be obtained.®
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Figure 1. Temporal change of redox potential (a) and Ag* concentration
(a) in a system of the following initial composition: 0.075 M KBrO;, 0.20
M malonic acid, 1.0 M H,S0O,, 0.002 M Ce(IV), and 0.01 M Ag*.

TABLE I: Composition of the Reacting System 1.0 M H,S0,, 2.0 X
103 M Ce(1V), and 0.01 M AgP with a Variation in [MA] and [BrO;7]
at 25.0 = 0.02 °C

[MA], M [BrOy ], M 10%, 5!
0.10 0.075 3.17
0.20 0.075 3.83
0.40 0.075 3.67
0.20 0.05 2.33
0.20 0.075 3.83
0.20 0.10 3.00

In the malic acid containing BZ system the formed bromo-
organic is not an oxidizing agent toward iodide; therefore its
concentration can be calculated by substracting the sum of
[BrO;7], and ([Ag*]o — [Ag*],) from [BrO;7],.

Results and Discussion

Malonic Acid Containing BZ System. In BZ systems con-
taining malonic acid and bromate ion in different concentrations,
the decrease of Ag* concentration over time was followed. A
typical [Ag*] vs. time curve is shown in Figure 1 together with
the corresponding redox potential trace. The initial rate of silver
ion comsumption v?\gB,) (i.e., that of the Ag* + Br- — AgBr
reaction) is

Qg =32 %X 103 M5!

The oscillation starts when the Ag™ concentration drops to about
one-tenth of its initial value, to 10~ M. At the start of oscillation
the rate of the Ag*t + Br~ — AgBr reaction is

Digar = 5.0 X 106 M g7!

Plotting In ([Ag*]o/[Ag*],) vs. time until the start of oscillation
gave a straight line as shown in Figure 2. From plots a first-order
rate constant could be calculated. Its value practically did not
depend on the malonic acid or the bromate concentration of the
BZ system. Its average value was 3.31 X 1073 s (Table I). The
linearlity means that the average concentration of bromide is
constant during the time of observations. This fact is very im-
portant for our further considerations.

Simultaneously with the decrease of silver ion concentration,
the total oxidizing power of the system was followed by iodometric
titration.

The overall rate of the reaction, —-d[BrQ;7]/d¢, could be fitted

to the following rate equation:
d{BrO,~
“La?il = ky[MA]**[BrO;7]>* )]

ky = 5.3 X 107 5!

(8) In the Ag*-perturbed BZ system BrMA cannot be determined by the
polarographic method suggested earlier (Burger, M.; Kords, E. J. Phys. Chem.
1980, 84, 496-500) since the fine AgBr particles plug the dropping-Hg
electrode.
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Figure 2. Plot of In ([Ag*]o/[Ag*],) vs. time at 25.0 £ 0.02 °C of a

system of the following initial composition: 0.075 M KBrO,, 0.20 M
malonic acid, 1.0 M H,S0,, 0.002 M Ce(IV), and 0.01 M Ag*.

TABLE II: Composition of the Reacting System 1.0 M H,SO,, 2.0 x
103 M Ce**, and 0.01 Mg Ag* with a Variation in [MA] and [BrO;}
at 25.0 + 0.02 °C

[MA], M [BrO;], M d[BrMA]/ds, 10° M s 10%;, 5!
0.40 0.075 6.67 3.85
0.20 0.075 3.08 2.52
0.10 0.075 2.45 2.82
0.20 0.05 2.87 2.87
0.20 0.075 3.08 2.52
0.20 0.10 3.33 2.35

which agreed with that reported previously, when the overall rate
of the BZ reaction during the preoscillatory period was measured
by the accumulation of BrMA®

d[BrMA] _ d[BrO,]
&

In eq 5 the catalyst concentration does not appear since it was
kept constant (2.0 X 107 M) throughout the experiments. Di-
viding &, by 2.0 X 1073 gives a second-order rate constant. Its
value, 0.265 M 571, agrees very well with k, reported previously
(0.259 M1sH)?

Thus it can be concluded that the addition of silver ion to a
reacting BZ system does not alter the overall rate of the reaction;
the only difference is that here two reduction products of bromate
are formed: BrMA and AgBr.

From the time dependence of TOP and the silver ion concen-
tration was calculated the rate of BrMA production. The results
obtained are given in Table II.

For the calculation of k, the following rate equation was used:

d[BrMA]
ds

The average value of k; is 2.83 X 10757,

From eq 1 it is obvious that in absence of silver ion the rate
of bromate consumption (v_g,o,-) is equal to the rate of formation
of bromomialonic acid (vgma): U_pro, = Vprma- If silver ion is
present v_p0,- > Upma Since bromide ion formed as an intermediate
is precipitated as AgBr.

The experimental results (the initial rates) are compiled in Table
III. It can be seen that the rate of bromate consumption agrees
well with the sum of rates of AgBr and BrMA accumulation:
vgBrO;' = U?\gBr + U%rMA'

It has been found that optimal conditions for the silver-ion-
induced (i.e., high-frequency) oscillations are met if v} s > V4gp,-
As the difference between the two rates becomes greater, the time
that the optimal conditions for oscillation are sustained is pro-
longed. If v,ma ~ Uigp, Only a few silver-ion-induced oscillations
occur.

= k;[MA]*’[BrO;7]°*[Ce*"]  (6)

= k;[MA]**[BrO; 7" 7N

(9) Ungviai-Nagy, Zs.; Kords, E. Acta Chim. Hung. 1984, 117, 29-36.
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TABLE III: Composition of the Reacting Systems 1.0 M H,S0,, 2.0 X 10 M Ce(IV), and 0.01 M Ag* with a Variation in [MA] and [BrQ,] at

25.0 £ 0.02 °C

v?\gBrv U%rMm
[MA], M [BrO;], M 10°M 57! 10°M s

g 0 0
Uaghr t+ UBiMas VB0,
10° M s™! 10° M's™! note

0.10 0.075 3.17 2.45
0.20 0.075 3.83 3.08
0.40 0.075 3.67 6.67
0.20 0.05 2.33 2.87
0.20 0.075 3.83 3.08
0.20 0.10 3.00 3.33

These results are in qualitative agreement with our studies on
the TI(III)-containing BZ system.!® At high TI(III) concen-
trations (~ 1072 M) when vd,s =~ v%p2+ only a few oscillations
appeared. When TIBr,* was added to the system instead of
TI(ITI), and therefore vd.pa > v9n3,2+ prolonged oscillation
(100-200 oscillations) was observable.

Figure 3 shows the [BrMA] and ([Ag*], — [Ag*],) vs. time
plots at different malonic acid concentrations. The pair of curves
shows that at higher concentrations of malonic acid the deviation
between vpya and Dagg, is greater even early during reaction. This
can be explained by considering that at higher malonic acid
concentrations v_.q,- and therefore also vg- becomes greater and
bromate ion competes more effectively with Ag* for bromide.

A change of composition of the reacting system can be defined
in terms of the three rates v_po,-, Uprma» 3and Uagp,. Only two of
these rates are independent, and they can all be calculated from
the rates of change of [Ag*] and TOP.

On the basis of major bromine species (BrO;~, Br-, and BrMA)
we can describe a change of composition in terms of four overall
processes designated a~d. We also consider that the source of
bromide is bromate and not BrMA (for details see ref 11).

2BrO;” — BrMA + Br~ (a)
BrO;” + Br- — 2BrMA (b)
BrO;” + 2Br- — 3BrMA (c)

Ag* + Br- — AgBr d)

Process a is accompanied by oxidation of 10 equiv of reducing
-agent and b is accompanied by oxidation of 2 equiv.

The three rates that define the change of composition can be
related to the rates of these four overall processes

Vo, = 20, + oy U
Upma = Vs T 20, + 30,
Dager = Uy

We have shown (see eq 5 and 6) that v_g- is the same whether
or not silver ion is present; i.e., silver ion does not have any effect
on processes destroying bromate except to the extent that process
d affects bromide concentration.

We can write

ve = ky[Ag*][Br]

and assume that this process is so far from equilibrium that the
reverse is unimportant.
We then obtain

U, — Uy — 20,
ko [Ag™]

_ U_pros- ~ UBrMA
ko[Agh)

[Br] =

The linearity in Figure 2 require that the concentration of
bromide ion be almost constant until oscillations begin, at which
time we know the concentration is [Br ], [Brile: =5 X
107¢[BrO;7]; for details see ref 3. Furthermore, we know that when

(10) Kords, E.; Varga, M.; Gyorgyi, L. J. Phys. Chem., 1984, 88,
4116-4121.

(11) Varga, M.; Gyérgyi, L.; Korés, E. J. Am. Chem. Soc. 1988, 107,
4780-4781.
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Figure 3, Temporal change in BrtMA (a) and Ag* (b) concentrations at
25.0 @ 0.02 °C in systems of the following initial composition: 0.075 M
KBrO,, 1.0 M H,SO,, 0.002 M Ce(1V), 0.01 M Ag*, and (I) 0.10 M
malonic acid, (II) 0.20 M malonic acid, (IIT) or 0.40 M malonic acid.
Arrow indicates the start of oscillation.

there is enough silver ion to suppress oscillations [Br] is less or
equal to [Br-].;. Under our experimental conditions
[Brle = 5.0 X 1076 X 0.075 = 3.75 X10°'M

The initial rate of silver bromide formation is 3.31 X 10° M
s (the average of the k values in Table I multiplied by the initial
silver ion concentration, 102 M).

Vagsr = ky[Ag*][Br]
At the start of the reaction [Ag*] = 1.0 X 102 M. Thus
_ 3.31 X 1073
P7 375 % 107 X 1.0 X 102
It has been shown above (see Table III) that

=0.88 X 10* M! 57!

U_Bro; = VagBr T UBiMa
UagBr = U-Br0o;~ ~ UBrMA

Thus &, can also be calculated by using the v_g,o,- and vpma
values in Table III. The average value of vagy, is 3.10 X 10° M
s~! and then

3.10 X 107?

ky = =0.83 X 10* M! 57!
3.75 X 107 X 1.0 X 1072
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TABLE IV: Percent Distribution of Bromine® among the Different
Oxidation States of Bromine during the Reaction of the System 0.10
M KBrO;, 0.20 M Malic Acid, 1.0 M H,;SO,, 2 X 103 M Ce(IV),
and 0.01 M Ag*

% distribution
reactn time, min Br(V) (BrO;) Br(-I)? (AgBr) Br(I) (Br-org)

0 100 0 0
1.2 97.5 2.5 0
24 96.5 3.9 0
33 96.0 4.6 0
4.2 95.2 5.2 0
5.1 95.0 5.8 0
6.1 94.0 6.4 0
7.1 93.3 7.0 0
9.0 92.5 7.9 0
11.9 91.3 9.1 0
15.1 90.1 10.0 0

2100% = 0.10 M Br(V). ?From the concentration ratio it is obvious
that at 10.0% Br(-I) the total amount of Ag* precipitated as AgBr.

Thus we obtained the minimum value of k, (0.85 X 104 M
sH.

If we use v p, = 5.0 X 107 M s}, which is the rate of AgBr
formation at the start of oscillation (see above) we obtain the
highest possible value for k,. For when oscillation starts [Ag*]
= 10 M and the lowest possible value for [Br] is [Br]..

Thus

_ 5.0 x 107
P375 %107 % 107

Both values (0.85 X 10* and 1.33 X 10* M~ s7!) are very close
to 10* M~! 57!, which value was used by Ruoff® and Ruoff and
Schwitters’ in the simulation by the extended Oregonator model,
silver-ion-induced frequencies, excitation thresholds, and ampli-
tudes of excitable BZ systems.

Malic Acid Containing BZ System. The Ag*-perturbed BZ
system containing malic acid exhibits a considerably different
behavior than the malonic acid system.

After the reactants are mixed, the catalyst remains in its ox-
idized form for a prolonged period of time and then a sudden
change in the potential occurs (the catalyst is reduced); oscillation,
however, is not observable. The same behavior has been found
in the TI(ITI)-containing system as reported in and shown in Figure
7 of ref 10.

From the temporal decrease in silver ion concentration a
first-order rate constant was calculated as described above. The
average value is 3.3 X 107 57! and practically independent of the
bromate ion and malic acid concentration and identical with that
obtained in the malonic acid system.

In the Ag*-perturbed malic acid containing BZ system organic
bromo compounds do not form during the reaction. The sum of
the bromate ion and bromide ion (in the form of AgBr) concen-
trations was equal to the initial bromate concentration (Table IV).

On the basis of our experience gained on the malonic acid BZ
system, we attempted to force the malic acid BZ system to a
transition from an excitable state into an oscillatory one by in-
creasing the rate of bromide ion production. Indeed, when the
malic acid concentration was increased to 0.40 M the reacting
system exhibited high-frequency oscillation that changed abruptly
into normal BZ oscillation as shown in Figure 4. 1In this reacting
system approximately at the start of high-frequency oscillation
bromoorganics started to accumulate. The results of the analysis
are complied in Table V.

From our present studies, it can be conciuded that in the
presence of silver ion in a closed BZ system oscillation occurs only
if the Ag* concentration has dropped—as a consequence of the
Ag* + Br~ — AgBr reaction (bromide is continuously generated
in the BZ system by the reduction of oxybromine com-
pounds'!)—to such a low value that bromide ion cannot react
preferentially with silver ion. Our present and earlier experi-
ments,'®'? and Schwitters and Ruoff’s recent calculations!? reveal

=1.33 X 10* M 57!
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Figure 4. Temporal change of redox potential (a) and Ag* concentration
(b) in a system of the following composition: 0.10 M KBrO;, 0.40 M
malic acid, 1.0 M H,SO,, 0.002 M Ce(IV), and 0.01 M Ag*.

TABLE V: Percentage Distribution of Bromine’ among the Different
Oxidation States of Bromine during the Reaction of the System 0.10
M KBrO;, 0.40 M Malic Acid, 1.0 M H,SO,, 0.002 M Ce(IV), and
0.01 M Ag*

% distribution
Br(-I) (AgBr) Br(I) (Br-org)

reactn time, min Br(V) (BrO;")

0 100 0 0
1.0 97.8 2.5 0
1.9 96.5 4.1 0
32 94.6 5.9 0
4.3 93.8 6.8 0
5.3 93.0 7.4 0
6.6 92.0 8.0 0
8.2 89.6 9.5 0.9
10.9 87.5 10.0 2.5

4100% = 0.10 M Br(V).

that in bromate-driven oscillatory systems bromide ions play an
essential role. The rate constant (~ 10* M~! s7!) experimentally
obtained by us for the bromide-removing reaction is a further
support for the usefulness of the Oregonator model extended by
Ruoff.6

Important consequences can be drawn by comparing the be-
havior of the malonic acid and malic acid containing BZ systems.
Our observations that in the Ag*-perturbed malic acid containing
BZ system bromoorganics are not formed, i.e., bromate ion is
converted to bromide ion which reacts with silver ion, refer to the
fact that the bromination of malic acid by the respective oxy-
bromine compounds (e.g., HOBr) is much slower than that of
malonic acid. This is also a support for our recent finding that
the source of bromide ion is not the bromoorganics.!!

In the malic acid containing BZ system oscillation starts im-
mediately after mixing the reagents; i.¢., a preoscillatory period
is not observable. This can be explained by considering that early
during reaction bromide ion concentration rapidly reaches that
value which is required for the initiation of oscillation. In the
malonic acid containing BZ system the bromide ion concentration
is very low at the start of the reaction and increases rather slowly
till the onset of oscillation.

The difference in behavior of the two BZ systems discussed
above prompts us to examine other catalyzed bromate oscillators
especially those containing a ketone (either aliphatic or alicyclic)
as an organic substrate. The results will be published in a
forthcoming paper.

Registry No. Ag, 7440-22-4; CH,(COOH),, 141-82-2; BrO;",
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