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Catalyst, Co-ion and the Media Effect on the Oscillatory
Behavior of Resorcinol in the BZ Reaction
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O estudo diz respeito ao comportamento oscilatério de resorcinol como substrato organico na
reacgdo de Belousov-Zhabotinsky (BZ) em presenca de diferentes fons metélicos como catalisadores
no meio aquoso dcido. Verifica-se que fons Mn?* como catalisador sdo mais reativos que fons Fe?".
Variando o meio aquoso dcido observa-se que as espécies protonadas sdo mais facilmente formadas
em dcido sulftrico do que o substrato organico (resorcinol) e devido a isto um nuimero maior de
oscilagdes € observado neste meio. Além disso, foi estudado o efeito de diferentes anions como
acetato, carbonato e sulfato, associados com 0 mesmo ion metalico (Mn?>**) como catalisador, sobre
o comportamento oscilatério do sistema. Um modo misto das oscilacdes € observado mudando a
concentracio de dcido sulfurico.

The study pertains to the oscillatory behavior of resorcinol as organic substrate in Belousov-
Zhabotinsky (BZ) reaction in presence of different metal ions as catalysts in aqueous acid media.
It is found that Mn?* ion as catalyst is most reactive in comparison to ferroin (Fe**). On varying
the aqueous acid media, it is observed that protonated species with respect to organic substrate
(resorcinol) is more easily formed in aqueous sulfuric acid, owing to which maximum number
of oscillations are observed in this medium. Moreover, the effect of different anions like acetate,
carbonate and sulfate associated with the same metal ion (Mn*") as catalyst on the oscillatory
behavior of the reaction system was also studied. Mixed mode oscillations are seen while changing
concentration of aqueous sulfuric acid medium.
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Introduction

Oscillations can arise in a macroscopic medium if the
system is sufficiently far from the state of thermodynamic
equilibrium." Oscillating chemical reactions have been
known for about three hundred years, but these were
mainly heterogeneous reactions. In the beginning of the
20th century, two excellent examples of heterogeneous
oscillating reactions had been discovered: the so-called “iron
nerve”, the periodic dissolution of an iron wire in nitric acid,
and the “mercury heart”, the oscillatory decomposition of
hydrogen peroxide on the surface of metallic mercury.>*
The Belousov-Zhabotinsky (BZ) reaction is a family of
oscillating chemical reactions.* During these reactions,
transition-metal ions catalyze oxidation of various,
usually organic, reductants by bromic acid in aqueous
acid solution. Most BZ reactions are homogeneous. The
BZ reaction makes it possible to observe development
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of complex patterns in time and space by naked eye on a
very convenient human time scale of dozens of seconds
and space scale of several millimeters. The BZ reaction
can generate up to several thousand oscillatory cycles in
a closed system, which permits studying chemical waves
and patterns without constant replenishment of reactants.>®
An oscillatory cycle can be qualitatively described in
the following way. Suppose that a sufficiently high Ce**
concentration is present in the system. Then, Br  will be
produced rapidly, and its concentration will also be high.
As a result, autocatalytic oxidation of Ce* is completely
inhibited, and the [Ce*] decreases due to its reduction
by organic substrate and its bromoderivative. The [Br ]
decreases along with that of [Ce*]. When [Ce*] reaches
its lower threshold, the bromide ion concentration drops
abruptly. The rapid autocatalytic oxidation starts and raises
[Ce*]. When [Ce**] reaches its higher threshold, [Br ]
increases sharply and inhibits the autocatalytic oxidation
of Ce*. The cycle then repeats. The reader can check
this description by tracing a limit cycle generated by the
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Oregonator model® which shows that HOBr was the final
product of the oxidation of Ce** to Ce*" by HBrO,. Vavilin
put forward the simplest mechanism of the autocatalytic
oxidation of Ce* or ferroin by bromate and its inhibition
by bromide ion.!°

HBrO, + HBrO, — 2BrO," + H,0 (1)
H* + BrO," + Fe(phen),** — Fe(phen),** + HBrO,  (2)
HBrO, + H* + Br — 2HOBr 3)

Field, Koros and Noyes (FKN)'' presented a detailed
and systematic mechanism for the BZ oscillations including
the reactions discussed above as well as the additional
reactions given below that are necessary for oscillations
to occur.

2H* + BrO,” + Br — HBrO, + HOBr “)
HBrO, + HBrO, — HOBr + BrO,” + H* 5)

They performed systematic and detailed thermodynamic
and kinetic analysis of the basic quasi-elementary reactions
involved in the BZ reaction and suggested a detailed
mechanism of the reaction responsible for oscillations.
To overcome some problems associated with the above
mechanism Gyorgyi, Turanyi and Field (GTF)'>!
proposed a mechanism, which incorporated all the
experimental information available at that time. According
to this mechanism, the organic free radicals which play
an important role undergo disproportionation on reacting
with each other, rather than getting recombined. The
Marburg-Budapest-Missoula (MBM)'* model includes
both negative feedback loops (bromous acid-bromide
ion Oregonator type and bromine dioxide-organic free
radical type feedback) deals only with cerium catalyzed
system. A detailed study of the BZ reaction with aliphatic
compounds like oxalic acid,'>!® malonic acid,'”'® gallic
acid," citric acid,* glucose,” pyrocatechol! and ketones
viz., cyclohexanone® and acetone® in wide range of
concentrations of the substrates have been reported.
Although it is reported that oscillations exhibit remarkable
change with increasing or decreasing concentrations
of reaction medium, e.g., increasing or decreasing the
concentration of sulfuric acid results in increase or
decrease in the formation of the protonated substrate.
The varying concentration of reaction medium affects the
induction period (z, ), time period (tp) as well as the rate of
reaction. Surely temperature is one of the environmental
factors that have a pronounced effect on bromate driven
oscillators. Temperature dependence for a variety of
catalyzed and uncatalyzed bromate driven oscillators have
been characterized.**
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In the present study, oscillatory behavior of the BZ
reaction comprising of resorcinol®* (C,H, (OH),) as the
organic substrate, inorganic bromate as the oxidant and metal
ions like Mn?*, Ce*, Ce** and Fe?* as catalysts was studied
in different aqueous acid media. Resorcinol was chosen as
the organic oscillator because of its two phenolic OH groups,
having some similarity with biomolecules.* Thus this type
of study can serve as a prototype example in understanding
the oscillatory behavior in biological systems.*>** Moreover,
it exhibited dynamic behavior in aqueous acid medium over
a wide range of concentrations in the BZ reaction systems.
The main objectives of this investigation are: (i) To compare
the catalytic role of metal ions like Mn(II), Ce(III), Ce(IV)
and Fe(II) on resorcinol based BZ reaction. (ii) To monitor
the effect of co-ions like sulfate, acetate and carbonate as
salts of the same metal (catalyst), i.e., Mn(Il). (iii) To study
the effect of different aqueous acid media like sulfuric acid,
nitric acid, orthophosphoric acid and perchloric acid on the
oscillatory behavior of BZ reaction.

Experimental

All reagents used were either analytical grade chemicals
or else of high purity. The reagents used were Resorcinol
99% (Himedia, AR), Potassium bromate 99% (Merck),
Manganese(II)sulfate monohydrate (s.d.fine), Nitric
acid, Orthophosphoric acid, Perchloric acid, Sulfuric
acid (Merck, LR), Manganese(Il)acetate, Manganese(II)
carbonate, Ferroin, Cerium(IID)nitrate tetrahydrate (s.d.fine)
and Cerium(IV)sulfate (Merck).

The ion analyzer (ELICO LI-126) having pH as well as
mV option was calibrated in ORP mode with the standard
solutions, using Platinum electrode as the indicator and
Calomel (SCE) as the reference electrodes. The equipment
was hooked to two half cells, one containing any of the
reaction systems under investigation into which Platinum
electrode was dipped as indicator electrode. The another
half cell was filled with 2.5 x 10* mol L solution of
Potassium chloride and the calomel electrode was dipped
into it as reference electrode. The two half cells were
connected through salt bridge filled with potassium nitrate
and thermostated at a temperature of 30°+ 0.1 °C in a Siskin
Julabo water bath. All the solutions used in the reaction
systems were first kept under thermostatic conditions at
desired temperature for about ten minutes in order to attain
the temperature of the bath.

Results and Discussion

The data with respect to induction period (t, /s) and
oscillation time period (tp/s) for the different metal ions
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as catalysts is reported in Table 1 and the potential (mV)
versus time (s) plot of the same is given as Figure 1. The
t. and t values of the metal ions indicate that Mn(II) ion
reacts faster to form HBrO, and Mn(III) as the oxidized
species. On the other hand, Fe(II) reacts very slowly to give
HBrO, and Fe(IlI) as its oxidized form. The frequency and
amplitude are in good agreement with the generalization
about their reactivity. Amplitude of the oscillation depicts
the change in the [Mn(III)][/[Mn(II)] during each cycle,
which in turn gives us the concentration of the intermediate
species generated in the processes A, B, C. This is further
explained from Figure 2, wherein the slow increase (Process
A) involves reaction of metal ion and the substrate to oxidize
the metal ion, the sharp increase (Process B) is because of
the reaction of the catalyst and the bromoderivatives of the
substrate. From these two steps the oxidation of catalyst
takes place which causes a negative feedback in the reaction
and sharp decrease (Process C) takes place involving the
formation of the Mn(II) from the reaction of Mn(IIl) with
bromoderivatives of the substrate(resorcinol). On the basis
of the FKN mechanism, Field and Noyes*® have developed a
mathematical model of the BZ reaction named Oregonator.
It includes an additional reaction of HBrO, with Br™ that
produces HBrO,, and disproportionation of HBrO,. Tyson®”*
reduced Oregonator to two-variable versions with the fast
variable as [Br™] or [HBrO, ], and the slow variable as [Ce*].
The only irreplaceable initial reagent is the oxidant bromate.
The Tyson* expression for velocity of the wave is

Velocity = 2(kD[H*] [BrO;])"?

Where k is the rate constant for the formation of HBrO,
and Dis the diffusion coefficient for HBrO,, being equal
to 2 x 10° cm? s™'. From the above expression, velocity is
directly proportional to the concentration of bromate and
on the basis of reactions (1) and (2), it is evident that the
formation of HBrO, directly depends on the [BrOS_]. The
order of the reactivity of different metal ions is

Mn(II) > Ce(IV) > Ce(III) > Fe(Il)

From this trend it is also observed that use of the
oxidized form of the catalyst like Ce** in place of Ce**
enhances its reactivity in the reaction system.

The acidic medium in BZ reaction gives rise to
protonation of the substrate like resorcinol in the present
system to protonated substrate:

OH OH

— (6)

OH OH

J. Braz. Chem. Soc.

Table 1. Time period, induction period, frequency, amplitude and number
of oscillations of the systems containing [Mn*] = [Ce*'] = [Ce**] =
[Fe**] = 4 x 10° mol L, [Resorcinol] = 0.0225 mol L, [BrO,] =
0.1 mol L', Temperature = 30 + 0.1 °C

Induction  time

Catalyst period  period Frequency Amplitude/ No. of

(/s s /s’ mV Oscillations
Mn* 130 67.5 0.0148 65 >40
Ce* 350 460.0 0.0022 40 > 10
Ce* 170 95.5 0.0105 46 >25
Fe?* 600 470.5 0.0021 20 >7
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Figure 1. Potential versus time plots for the systems containing
[CeID)] = [Ce(IV)] = [Mn(I)] = [Fe(I)] = 4 x 10°mol L', [BrO, ] =
0.1 mol L', [Resorcinol] = 0.0225 mol L at 30 + 0.1 °C.
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Figure 2. Potential versus time plot of the system containing [Mn(Il)] =
4 x 10°mol L', [BrO, ] = 0.1 mol L', [Resorcinol] = 0.0225 mol L' at
30 + 0.1 °C (depicting processes A, B and C).
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The reactive protonated intermediate acts as a good
nucleophile for bromide ion to form bromoderivatives.

Table 2 gives a comparative trend of oscillatory
parameters with different aqueous acid media like sulfuric
acid, nitric acid, orthophosphoric acid and perchloric
acid. In perchloric acid protonation occurs at higher
concentration, whereas in nitric acid, oscillations are seen
with larger values of t, and t . On the other hand sulfuric
acid gives a good number of oscillations at lower as well
as higher concentrations and the system is not reactive at
all in orthophosphoric acid. Complex (mixed mode) type
of oscillations are observed in 1.0 mol L' sulfuric acid
medium (Figure 3), having a combination of large and
small amplitude peaks. Mixed mode*#! type of oscillations
is perhaps the most commonly occurring form of complex
oscillations in chemical systems. The discovery of complex
periodic behavior in such systems provides important
support to the notion that chemical chaos is a phenomenon
of some generality. It is noteworthy to mention that well
pronounced results were obtained in 1.3 mol L' H.SO,, as
the reaction medium, while as in 1.0 mol L"! HZSO » mixed
mode oscillations with small and large peak amplitudes
were observed. The oscillations observed exhibit patterns
of the type LS , where L denotes oscillations with large
amplitudes and S means oscillations with substantially
small amplitudes as compared to L, and n =0, 1, 2,... In
this system n = 1, so we can have only one small amplitude
oscillation between two larger amplitude oscillations.
Such behavior of periodic mixed mode oscillations can be
explained by considering the models*** that qualitatively
describe regularities observed in transients as well as
asymptotic mixed mode oscillations in the BZ reaction.
The variables can be treated as autocatalytic reagent i.e.,
HBrO,, Br which is involved in negative feedback, [Mn?*]
and concentration of acid i.e., [H*].**
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Figure 3. Comparative potential versus time plots showing mixed mode
oscillations for 1.0 mol L' H,SO, (lower plot) and 1.3 mol L' H,SO,
(upper plot), [Resorcinol] = 0.0225 mol L, [BrO, ] = 0.1 mol L,
[Mn**] =4 x 10°mol L'\
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Table 2. Trends in the oscillatory parameters in different aqueous acid
media having a range of concentrations

[Acid] / No. of time Induction
(mol L) oscillations period/s period/s

0.5 - - R
0.8 - - -
H,SO 1.0 > 10 300.0 330
13 > 40 67.5 130
1.8 - - -
0.5 - - -
0.8 - - -
13 - - -
1.8 > 10 170.0 420
0.8 - - -
H,PO, 13 - - -
1.8 - - -
0.8 - - -
HCIO, 1.8 >5 480.0 1170
25 >20 115.0 340

Acid

HNO

- No or minimal oscillations are seen.

Amongst the different metal ions, Mn>* ion based
reaction system gave better oscillations in 1.3 mol L-!
sulfuric acid. Thus, in order to monitor the optimal impact
of the Mn?* ion as catalyst vis-a-vis [BrO,] as the oxidant,
the oscillatory parameters of the reaction system were
studied at different concentrations of Mn?* (4 x 10 mol L!
to 8 x 10°mol L") and BrO,” ion (0.05 mol L to
0.20 mol L'"). The data is reported in Table 3. It is found that
doubling the [BrO, ] from 0.05 mol L' to 0.1 mol L' causes
increase in rate and hence decrease in time period, while
as on increasing further the concentration from 0.1 mol L"!
to 0.2 mol L' decreases the rate of reaction. Similarly, in
case of [Mn?*] there is decrease in rate as well as number
of oscillations with increasing [Mn?*] to double its earlier
concentration, keeping other parameters constant. Further
doubling the concentrations of both [BrOS_] and [Mn?*] gives
no oscillations, as the concentration limit is approached.
From this trend the effective concentration range where
oscillations are seen is 0.05 mol L' to 0.20 mol L-!
for [BrO, Jand 4 x 10° mol L' to 8 x 10°mol L"' for [Mn**].
Here we have seen that increase in concentration of bromate
causes an increase in the reaction between resorcinol and
bromate and there are lesser chances of negative feedback
caused by the critical bromide ion concentration. Therefore,
a few or no oscillations are seen. Same is the case with
metal ion concentration.

In order to study the co-ion effect on the oscillatory
behavior of resorcinol in BZ reaction, three salts of Mn(II)
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Table 3. Effect of [Mn?**] and [BrO_{] on the oscillatory parameters of the
systems containing [Resorcinol] = 0.0225 mol L' at 30 + 0.1 °C

[BrO, ]/ [Mn?*]/ time No. of
(mol L") (mol L) period /s Oscillations
0.05 0.004 110.0 11

0.1 0.004 67.5 >40
0.1 0.008 80.0 >1

0.2 0.008 - -

0.2 0.004 77.0 5

0.1 0.005 80.0 9

- No oscillation is seen.

ion with different co-ions like acetate, carbonate and sulfate
were used in the reaction system, giving quite fascinating
results (Table 4). Kinetically the rate of reaction with
respect to Mn(II) sulfate is faster than the Mn(II) acetate
which in turn is faster than Mn(II) carbonate. This could
be due to the difference in the release of metal ions in these
salts. We have exploited this type of behavior in these salts
in order to study the effect of their anions as co-substrates
in the BZ reaction. As such, the trend of these anions with
respect to oscillatory parameters is as follows:

Sulfate < acetate < carbonate (with respect to tp) and
carbonate < acetate < sulfate  (with respect to t. )

However the trend for t_ is opposite to t, owing to
the involvement of the co-ions in the bromination of the
substrate, wherein accumulation of bromoderivative to
crucial concentration needs induction period. Despite the
opposite trend exhibited with respect to t and t, values, the
amplitude establishes the fact that the change in [Mn(III)]/
[Mn(II)] ratio is larger for Mn(II) sulfate followed by Mn(II)
acetate, which in turn is followed by Mn(II) carbonate.
Hence, aforesaid processes A, B and C are influenced by the
presence of different co-ions (anions) with respect to same
catalyst. However the only use of such salts with bromate
without the use of resorcinol did not show oscillations, which
serves as testimony to the fact that these anions play their
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Figure 4. Potential versus time plots for the systems containing different
salts of same metal ion with [Mn(IT)] =4 x 10°mol L™, [BrO, ]=0.1 mol L,
[Resorcinol] = 0.0225 mol L' at 30 + 0.1 °C.

role as co-substrates only and synergistically with the metal
ion, which of course, serves as catalyst.

Conclusions

Resorcinol responded very well as the BZ oscillator
in aqueous acid media. Amongst different metal ions, the
oscillatory characteristics are much more pronounced with
Mn(II) ion as catalyst. The reaction system showed good
number of oscillations both at lower and higher concentrations
of aqueous sulfuric acid as medium. Moreover, the anions of
the same metal (Mn?*) influences the oscillatory characteristics
which adds new dimensions in BZ reaction with respect to
mechanism and kinetics of such reactions.
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Table 4. Time period, induction period, frequency, amplitude and number of oscillations of the systems containing the [Salt] =4 x 10°mol L"', [BrO,] =

0.1 mol L', [Resorcinol] = 0.0225 mol L' at 30 + 0.1 °C

Salt Induction period t, /s time period tp/s Frequency v/s™! Amplitude/ mV No. of Oscillations
Mn(II) acetate 110 87.5 0.0114 50 >25
Mn(II) sulfate 130 67.5 0.0148 65 >40
Mn(II) carbonate 80 95.0 0.0105 35 >33
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