provided by CER - Central Repository of the Institute of Chemistry; Technology and Metallurgy

Science of Sintering, 32 (3), 187-196 (2000)

UDK 533.7: 615.014.4

The Bray-Liebhafsky Oscillatory Reaction.

Kinetic Investigations in Reduction and Oxidation Pathways
Based on Hydrogen Peroxide Concentration Monitoring

Jasna Cirié¢!, Slobodan Aniél, Zeljko Cupié?,

Ljiljana Kolar-Ani¢!#

! Faculty for Physical Chemistry, University of Belgrade, P.O.Box 137,
Studentski trg 16, 11001 Belgrade, Yugoslavia

? IChTM - Department of Catalysis and Chemical Engineering, Njegoseva 12,
11000 Belgrade, Yugoslavia

Abstract: By direct monitoring of the hydrogen peroxide concentration during its catalytic
decomposition into water and oxygen in the presence of potassium iodate and sulfuric acia,
that is in the Bray-Liebhafsky system, the pseudo-rate constants of overall reduction and
oxidation pathways were determined. The dependence of the obtained rate constants on
acidity was evaluated. It was found that the pseudo-rate constant of the overall reauction
process increases with increasing acidity, whereas the pseudo-rate constant of the overall
oxidation process decreases with increasing acidity. The corresponding activation energies
were also calculated using values of this costant at two femperatures.

Keywords: Chemical Kinetics;, Nonlinear Dynamics, Bray-Liebhafsky Reaction; Rate
Constants, Activation Energy.

Pestome: HccrepgoBanneM  KOHLEHTpAaLHH  IIEPEKHCH  BOJOPOAA B  IIpoOLEccE  €ro
KaTaIATHYECKOrO pa3JIoXeHHsA Ha BOJY H KHCAOPOX B IPHCYTCTBHH HOAATa KaJaHd H CEPHOH
KHCIOTBI, T.€. B cHcTeMe Bray-Liebhafsky, npoBegeH aHa/IH3 ITOCTOSHHBIX CKOPOCTH
BOCCTAHOBHTEABLHOIO H OKHCAHTEJIBHOIO IHYT€H B KAadecTBe I[OCTOSHHBIX CKOPOCTCH
ncepgonepporo papa. OmnpefeneHpl HX 3aBHCHMOCTH OT KHcaoTHOcrH. C yBe/IHYEeHHEM
KHCJIOTHOCTH IICEBJONOCTOSHHAS CKOPOCTH BOCCTAHOBHTEILHOIO MPOLEcca YBEJIHYHBACTCH, B
TO BpeMms Kak MCEBJOINOCTOSIHHAS CKOPOCTH OKHCIHTEIBHOIO MPOLEcca C YBETHYEHHEM
KHCIIOTHOCTH — yMeHbIIaercsd. Hcrnonb3oBaHneM HX 3HAYCHHH IOPH JBYX TEMIIEPaTypax
PACCYHTAHHBI COOTBETCTBYIOIHE SHEPIHH AK THBAHUH.

KnroyeBble cnoBa: Xumudeckas KHHETHKA, JHHAMHKA HEJTHHEHHBIX CHCTEM; peakiHsd Bray-
Liebhafsky; mocrosiHHbIE CKOPOCTH; SHEPIHS AKTHBALHH.

Cagpxaj: [npekTHum npakereM KOHUeHTpauuje BOJOHMK-NepoKcupga y TOKY HEroBor
KaTa/iMTnYKor pasnarara Ha BOAY M KUCEOHWK y MPUCYCTBY KalujyM-jogara u CyMropHe
KucesnuHe, OfHOCHO y Bray-Liebhafsky cuctemy, aHanuaupaHe cy KOHCTaHTe 6p3uHa
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LEJsIOKYrnHOr PefyKUMOHOI U OKCUOAUMOHOr ryTa Kao KOHCTaHTe 6p3uHa rceyp[o-npBor
pega. VisBegeHe cy HuxoBe 3aBUCHOCTU 0f Kucesioctu. HakeHo je ga nceypo-KoHCTaHTa
6p3uHe LesIoKynHOr peayKUMoHOr rpoueca pacTte ca rnopacTtoM KUCesI0CTH, A4OK rcey[o-
KOHCTaHTa 6p3uHe LeJIOKYNHOI OKCUAauuoHOr rpoyeca onaga ca rnopacTtoM KUCes10CTy.
Kopuwiherbem HUX0BUX BPEAHOCTU Ha fABe TemrepaType u3padyHate cy ogrosapajyhe
eHepruje akTusaymja.

KmpyyHe peun: Xemujcka KMHETWKE; HESIMHEPHA [AuHamuka; peakuyuja Bray-Liebhafsky;
KOHCTaHTe 6p3uHe; eHepruja aktmsaymje.

Introduction

It is well known that hydrogen peroxide decomposition into water and oxygen in
the presence of hydrogen and iodate ions, viz.
2H,0, »2H,0+0,, (D)
is a complex reaction which takes place through two also complex reactions; in the
first one, hydrogen peroxide acts as a reducing agent:

210, +2H" +H,0, > I, +6H,0 +50,, (R)
and, in the second one, hydrogen peroxide acts as an oxidizing agent:
I,+5H,0, > 210, +2H" +4H,0. (O)

It is also known that direct analysis of its kinetics with respect to hydrogen
peroxide by its monitoring, besides monitoring other intermediate species, is of crucial
importance in understanding the overall process [1-21].

Moreover, it is well known that a method of determining the hydrogen
peroxide concentration exists based on the spectrophotometric measurements of the
complex formed between titanium oxalate and hydrogen peroxide [11, 22]. However,
although illustrations [11, 23] of hydrogen peroxide decomposition exists based on
these measurements, no kinetic results were obtained on the ground of them. Naturally,
we should ask ourselves why this is so? The answer is simple.

There are two serious difficulties related to the mentioned measurements of
hydrogen peroxide concentrations in the system considered. The first is caused by
periodic perturbations of the system as successive aliquots are taken from it during the
reaction, that is while the system considered is in one of its steady states far from
thermodynamic equilibrium; particularly, if it is in an oscillatory state.

The second difficulty is related to spectrophotometric measurements of
hydrogen peroxide concentration by titanium oxalate in the presence of iodine species
(in the presence of iodine species, the concentration of hydrogen peroxide cannot be
monitored by the standard iodometric titration method [24]). More precisely, although
this has not been noted in literature, we could observe that the absorbance obtained by
the measurements mentioned, in some regions of parameters, is distinctly higher than
expected for the hydrogen peroxide concentration in this system under the conditions
considered.

This paper deals with hydrogen peroxide concentration monitoring during its
decomposition into water and oxygen in the presence of potassium iodate and
sulphuric acid (the Bray-Liebhafsky reaction), and, on the basis of these results, with
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analyzing the corresponding kinetics based on the calculated pseudo-rate constants for
the overall processes (R) and (O).

Experimental

The experiments were carried out in the manner similar to the ones described in
our previous papers [25-26], where the same system was investigated under isothermal
conditions. The hydrogen peroxide decomposition in the presence of potassium iodate
and sulphuric acid was analyzed in a well stirred vessel (magnetic stirrer of 900 rpm) at
constant temperatures T; = 333.2+0.2 K (60°C) and T,=328.240.2 K
(55°C). The introduction of 1 ml of hydrogen peroxide solution to the standardized
mixture of 25 ml of potassium iodate and 25 ml of sulfuric acid solutions was taken as
the initial moment for the reaction. The initial concentrations of hydrogen peroxide,
potassium iodate and sulfuric acid are given in Tabs. I and II. The initial concentration
of hydrogen peroxide was controlled by the standard iodometric titration method [24].

Tab. I The values of initial concentrations of sulfuric acid and potassium iodate and the
calculated values for hydrogen and iodate ion concentrations in the reaction system at
temperatures of T = 333 K (60°C) and T =328 K (55°C).

T [H, SO4], [KIO;], [H'] [1057]
(K(°C)) (mol/dm’) (mol/dm’) (mol/dm’) (mol/dm’)
333 (60) 2.45x% 107 6.62 x 107 3.14 x 102 5.74 x 102
333 (60) 3.37x 107 6.88 x 10 4.19 x 107 5.74 x 102
333 (60) 4.90 x 107 7.38 x 107 5.59 x 107 5.74 x 107
333 (60) 8.00 x 10 8.23 x 10 8.55 x 107 5.74 x 107
328 (55) 2.45x 107 6.62 x 107 3.13 x 107 5.74 x 107
328 (55) 8.00 x 102 8.23 x 107 8.53 x 10 5.74 x 10

The mixture of sulfuric acid and potassium iodate solution was purified with
nitrogen for 40 min. in order to maintain a mixture free of any dissolved oxygen before
hydrogen peroxide was added.

The measurements were carried out in several independent series of
experiments performed at different temperatures and for different acidities. In every
series, that is at any fixed acidity and temperature, the initial concentrations of
hydrogen peroxide had the values given in Tab. II.

Tab. II The four values of initial hydrogen peroxide concentrations, all four applied to every
combination of the parameters given in Tab. L.

T [H,05],
(K (°C)) (mol/dm’)
333 (60) 3.94 x 107 9.85 x 107 1.58 x 107 1.98 x 107

328 (55) 4.00 x 107 1.00 x 10 1.60 x 10 2.00 x 107
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The initial concentrations of potassium iodate and sulphuric acid were varied
but in such a way that the concentration of iodate in the system was kept constant at
5.74x10” mol/dm’ [27]. For this purpose the dissociation constant K4 at 60°C was
taken from [28]. The initial combinations of sulphuric acid and potassium iodate,
together with corresponding concentrations of iodate and hydrogen ions in the reaction
mixture, are presented in Tab. I.

All measurements were carried out in two parallel independent series with the
same initial concentrations of all species. In one of them, the time evolution of the
system undergoing concentration oscillations of intermediates was followed
potentiometrically, by means of iodide ion sensitive electrode connected to the
Ag/AgCl reference electrode, with the aim to monitor the iodide ion as one of the
intermediates in the system. In another one, the time evolution of the system was
followed by two methods, potentiometric and spectrophotometric, at A = 405 nm, in
paralel. The spectrophotometric method was used to monitor the hydrogen peroxide
concentration as a reactant undergoing cascade decomposition. For hydrogen peroxide
measurements, aliquots of 0.3 ml have been taken from the solution periodically.

Results

Examinations of disturbances of the system influenced by taking aliquots

The analyzed system belongs to the class of homogeneous oscillatory chemical
reactions. In other words, in some of its dynamic states far from equilibrium, the
concentration oscillations of intermediate species participating in it may set in.
Generally, such processes are very sensitive to any perturbations [29] and,
unfortunately, we had to take aliquots from our system to measure the hydrogen
peroxide concentration by spectrophotometric method.

In order to investigate the influence of the permanent disturbance of the system
introduced by taking aliquots during the reaction, we had to carry out two parallel,
equivalent and independent experiments with one of them monitored without taking
aliquots. As iodide is one of the most important intermediate species in the system, the
corresponding potentiometric measurements were performed. One of the oscillograms
obtained without taking aliquots is presented in Fig. la, whereas the one where
aliquots are taken, for the same parameters of the system, is presented in Fig. 1b.
Aliquots were taken at the moments denoted by arrows. The reproducibility of results
is fascinating, especially if one bears in mind that reproducibility of the oscillatory
evolution is very difficult to achieve, even in two equivalent successive unperturbed
experiments. The average time intervals between starts of reactions and terminations of
their oscillatory phases, 7,,,, in the two experiments with the same parameters, except

in two examples only, differed by less than 9 %.
Spectrophotometric measurements

The dependence of absorbance (proportional to the hydrogen peroxide
concentration) on time is presented in Figs. 1c and 2.
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Fig. 1 The time evolution of the Bray-Liebhafsky system for two independent experiments with
the same initial conditions are considered; the first one is presented in (a) and the second one in
(b), (c) and (d). Potentiometric traces of the iodide ion sensitive electrode (a) without taking
aliquots, and (b) with taking aliquots from the system. The arrows denote the moments of
taking aliquots. (c) The absorbance of aliquots versus time, obtained at 405 nm, during
hydrogen peroxide decomposition. (d) Cascade curves presenting hydrogen peroxide
decomposition given in the form In[H,0,] versus time; T =333 K, [H2SO4]o
= 2.45x107 mol/dm’, [KIO;]o= 6.62x10™ mol/dm’ ([H']o= 3.14x10> mol/dn"’, [105 0=
5.74x107* mol/dm’), [H,0,]o= 1.98x10 mol/dm’.

In Fig. 2. one can notice an important increase of absorbance during the
preoscillatory period, contrary to the case in Fig. lc. This effect appeared only in
experiments where the steady state concentration of iodine was high, as it is in the
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Fig. 2 The absorbance of aliquots versus time, obtained at 405 nm, during hydrogen peroxide
decomposition in the BL system; T = 333 K, [H,SO4]o = 3.37x10° mol/dm’,
[KIO;], = 6.88x107 mol/dm’® ([H']y = 4.19x10™ mol/dm’, [1057], = 5.74x107 mol/dm®). The
cascade curves denoted by 1, 2 and 3 are obtained with [H,O,], = 3.94x107, 9.85x10” and
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1.58x10™ mol/dm’, respectively. For the acidity considered, [H']y = 4.19x10” mol/dm’, the
influence of iodine on the overall absorbance of the Bray-Liebhafsky reaction is the highest.

If absorbance was a measure of the hydrogen peroxide concentration only, we
could have conclude that its concentration might have rises in the period shortly
following the beginning of the process. However, before reaching such a conclusion,
we had to see the influence off the iodine species on absorbance. Therefore, water
solutions of titanium oxalate and hydrogen peroxide, titanium oxalate and iodine and
titanium oxalate and iodate were investigated separately. Other iodine species have
very low concentrations in the Bray-Liebhafsky system.

Analyses of the absorbance of the solutions mentioned, have shown that
titanium oxalate forms complexes with hydrogen peroxide and iodine only [30].
Therefore, the absorbance of the mixed hydrogen peroxide and iodine solutions with
titanium oxalate was analyzed separately. The evaluated results were used for
corrections of our cascade curves denoting absorbace versus time during hydrogen
peroxide decomposition.

As the iodine concentration in the Bray-Liebhafsky reaction also depends on
acidity [11], we found that corrections in absorbance due to iodine were necessary only
in the preoscillatory period of some oscillograms. Hence, we could proceed to kinetic
considerations of the cascade curves presenting hydrogen peroxide concentrations as
functions of time, either by analyzing the overall curves with corrected preoscillatory
periods or, simply, by analyzing the same curves omitting preoscillatory periods in
order to avoid any possible errors due to correction. The results obtained by both
procedures appeared to be independent of the method applied.

Kinetic results

The process of hydrogen peroxide decomposition, under considered
conditions, has the characteristic cascade form with two obviously different rates.
From the potentiometric measurements, we knew that, under the conditions
considered, the overall hydrogen peroxide decomposition (D) obeys the first order
kinetic law [3, 8, 31]. In other words that

d[H,0,]

=k [H,0,] (1)
and
kD - _ d(ln[HZ 02 ]) . (2)
dt

Having this in mind, we presented here in one figure all four In[H,O,]-time
cascade curves obtained, under the same conditions, for four different initial
concentrations of hydrogen peroxide (one example of the In[H,O,]-time cascade curve
is presented in Fig. 1d). We could note that linear dependence of In[H,O,] on time is
approximately satisfied in all (R) periods during oscillatory evolution of the system
and that these slopes are, in a first approximation, parallel to one another .

Moreover, from the potentiometric measurements performed earlier at 25°C
and 39°C, we know that the rate constant ko is a complex function of hydrogen
peroxide [32-33], but under considered conditions and T = 60°C, the experimentally
determined constant, noted as ko, is apparently independent of the hydrogen peroxide
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concentration and oxidation process can be also considered as a pseudo-first order
one . Therefore, as well as the fact that the activation energy calculated using rate
constants obtained in the previous measurements by the method where the pseudo-
first order kinetics is postulated and found [31] had a value characteristic for
oxidation process [17], for periods (O), we also accept a linear and parallel
dependence of In[H,0,] on time.

From these two different linear and parallel slopes, the pseudo-first order rate
constants of the overall processes of reduction (R) and oxidation (O) are determined.
The rate constant with a lower value, due to process (R) [8, 12, 17-18], has been
determined directly, since we always had several points in every such region. During
domination of process (O) [8, 12, 17-18], where the rate constant has a higher value,
but where we do not have a sufficient number of points in one oxidation period, we
had to take into account the duration of an oxidation process, as obtained by
potentiometric measurements. The change from slow to rapid hydrogen peroxide
decomposition that corresponds to sudden decrease of iodide concentration (or
sudden increase of potential), has been selected as the beginning of the domination of
process (O). Similarly, the change from rapid to low hydrogen peroxide
decomposition, that corresponds to the inflection point during the increase of the
iodide concentration, is taken as the end of the same process [11, 23, 32]. The average
values of the results obtained for the rate constants of processes (R) and (O) are listed
in Tab. III. The rate constant of process (R), at the highest acidity considered, when
[H] = 8.5x10 mol/dm’, could not be determined, as the “oscillogram” did not have
any standard form in that case. The time evolution consists here of a preoscillatory
period with some characteristics of reduction, and a sudden shift to oxidation. A very
regular oxidation pathway permits evaluation of the rate constant of oxidation under
these conditions.

Tab. III Average pseudo-first order rate constants of processes (R) and (O).

T [H], 1057, kg ko
(K(C))  (mol/dm’)  (mol/dm’) (min’") (min™")
333(60) 3.14x 107  5.74x10°  (1.62+0.03) x 107 0.54 +0.06
333(60) 4.19x 107 5.74x 107  (2.57+0.33)x 107 0.16 +0.04
333 (60) 5.59x10°  5.74x 107  (3.57+0.43)x 107 0.09 +0.03
333 (60) 8.55x 107  5.74x 107 / (1.36 £0.22) x 107
328 (55) 3.3 x 107 5.74x10%  (1.34+0.22)x 107 0.27 £0.05
328(55) 853 x 107 5.74x 107 / (8.90 +0.70) x 107
Discussion

The rate constants kg and ko are, obviously, functions of acidity. Their
dependence on acidity is presented in Fig. 3. Under the conditions considered, the rate

" The temperature difference between these two series of experiments can be of essential importance
for any generalisation. A decrease of temperatures produces a similar effect as an increase of acidity
[34-35]. Under such conditions kinetiks of the overall reaction can be changed.



194

constant kg increases with acidity, while the rate constant ko decreases with acidity.
From linear dependences of the curves presenting log kr and log ko versus log [H'],
the coefficients n and m in the following equations:

ky=k,[H"]", 3)
and

ko =ko IH]", “4)
have been determined.

The values obtained are: n = 1.4 and m = 3.6. Ordinates at the point

log [H']=0, yield the values for k), and k,. They are k, = 1.8x10" (mol/dm’)"*min"’

and k, = 2.4x 10 (mol/dm’)* ®min™" (the dimensions of kg and ko are given in min™).

0 -
log ko
-1 <o
log ko
log kg
-2 1
/V
-3 T T
-1.6 -1.4 . -1.2
log[H]

Fig. 3 The dependence of pseudo-rate constants of overall reduction and oxidation pathways,
kg and ko, on acidity given in the form log kg and log ko, versus log [H'].

Using these rate constants at two temperatures (Tab. III), we calculated the
corresponding activation energies. At the lowest acidity considered, (i.e.
[H'] = 3.1x10™ mol/dm’), the activation energy obtained with the aid of kg is ER)
= 34 kJ/mol, and the one obtained with the aid of ko is E(O) = 126 kJ/mol. At the
highest acidity considered ([H'] = 8.5x10” mol/dm’), where only ko can be obtained,
the corresponding activation energy is E(O) = 77 kJ/mol.

The calculated values for the activation energies in reduction and oxidation
pathways are in excellent agreement with the ones obtained previously by other
methods. Thus, at low acidity, the activation energy of the overall process, that can be
ascribed to the oxidation pathway [17], is found to be 120+20 kJ/mol [33]. In
reference [17], where the activation energies at slightly higher acidities are calculated
by several methods, the obtained activation energies of the reduction pathway were
found to be between 31 and 35 kJ/mol, and those of the oxidation one between 75 and
78 kJ/mol. Also, the activation energy of the oxidation pathway, as determined in [34]
at higher acidities and by a totally different experimental and calculating procedure,
amounted to 80 kJ/mol.

Conclusion
Direct monitoring of hydrogen peroxide concentration during its decomposition

into water and oxygen in the presence of potassium iodate and sulfuric acid, that is in
the Bray-Liebhafsky system, was carried out by the spectrophotometric method with
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titanium oxalate. For this purpose, two problems were considered: a) eventual
perturbations of the system due to taking aliquots, and b) the influence of iodine on
hydrogen peroxide measurements.

By this direct monitoring of hydrogen peroxide decomposition in the Bray-
Liebhafsky system, the rate constants of overall reduction and oxidation pathways, kg
and ko, were analysed as pseudo-first order ones. The dependence of the obtained rate
constants on acidity was evaluated. It was found that the rate constant of the overall
process of reduction increases with increasing acidity, according to the relation given
by eq. (3), whereas the rate constant of the overall process of oxidation decreases with
increasing acidity as given by eq. (4).

Using values of the rate constants kg and ko at two temperatures, the
corresponding activation energies were calculated. The obtained values of 34 kJ/mol
for the reducing pathway and 126 kJ/mol for the oxidizing one at low acidity, and of
77 kJ/mol for the oxidizing one at higher acidity, are all in excellent agreement with the
corresponding values obtained by other experimental and calculating procedures. Thus,
the previously determined values of the two activation energies, i.e. the ones during
domination of the oxidation process at lower and higher acidities corresponding to
different oxidation pathways, are confirmed.

All kinetic results are evaluated for a constant initial concentration of iodate
ions in the reaction mixture by adjusting the initial concentrations of sulfuric acid and
potassium iodate. These are the first kinetic results obtained for the Bray-Liebhafsky
reaction under the conditions mentioned.
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