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From a preview of proposed models a molecular one (involving neither ions nor free radicals)
was chosen. The concept of scaled concentrations for intermediates is introduced. A different
mechanism (involving Dushman reaction) is proposed for the ignition period.
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For over 85 years, people tried to model Bray-
Liebhafsky (shortly BL) reaction. The very first
was Auger in 1911. Since then, many models were
proposed. A briefpreview ofmajor contributions in
this field is shown below. First, let us divide these
models in three large categories: molecular, ionic
and radicalic ones. All of them try to explain why
the decomposition of oxygenated water catalyzed
by iodic acid (and iodine):

HIO3/I2
2. H202 2. H20 -+- 02 (1)

could exhibit relaxation oscillations in a closed
system.
The first step in BL modelling was to consider a

redox-type switching between the iodine species

based on amphoteric effect of hydrogen peroxide:

2. HIO3 + 5. H202 I2 -+- 6. H20 -+- 5.02
(2)

I2 -+- 5. H202 2_ 2. HIO3 + 4-H20 (3)

but these coupled processes could not explain the
observed non-stoichiometric production of oxygen
which evolves merely with branch (3) instead of
branch (2). To fix this anomaly and according to his
experiments (unsaturated organic substances block
the BL reaction), a six steps model involving free
radicals was proposed, although RES spectroscopy
had not confirmed this assumption (Degn, 1967).
Furthermore, the model remained qualitative,
without formula for the supposed radicals. Later
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(Olsen, 1984), this model was extended with an

autocatalysis, but these models are of Lotka-
Volterra type (with conservative center instead of
limit cycle).
An important contribution was to consider

between the intermediate species the lower oxyge-
nated acids of iodine (i.e., iodous and hypo-iodous)
in the famous Brusselator proposed in 1968 by
Prigogine and Lefever:

HIO3 q- H202 1_ HIO2 -+- H20 q- 02

HIO2 q- H202 -L HIO + H20 + 02

2.HIO2+HIO+H202 3_3.HIO2+HO
HIO2 q- H202 4_ HIO3 q- H20

(4)
This model has a limit cycle and gives by

summation reaction (1) but also has the major
disadvantage of iodine’s absence. The third step
of Brusselator is so far a cubic autocatalysis, but
it seems too complex. Many researchers tried to

decompose and refine this step assuming more

"elementary" ones.
One way is to consider hypothetical intermedi-

ates like iodine dioxide (I202). It was introduced by
Liebhafsky in a hydrate form (Matsuzaki et al.,
1972):

IO- + I- + 2. H+ ---+ H21203(I202. H20) (5)

which claims at its turn the iodide ion. The source
of iodide ions considering the dissolved iodine is
the hydrolysis:

12 q- H20 H+ + I- + HIO (6)

Although the presence of this dioxide was not

experimentally confirmed, it could explain the
cubic utocatalysis from Brusselator assuming the
following steps:

H21203 q- HIO2 H31305 (7)

H31305 q- H202 ---+ 3. HIO2 q- H20 (8)

Iodide’s existence in BL systems was experimen-
tally confirmed by Liebhafsky in 1932, so further
reactions with this ion should be considered. One is
the so-called Dushman reaction (known since 1904):

IOf + 5. I- + 6. H+3.12 q- 3. H20 (9)

which is able to re-enter the dissolved iodine in BL
model (Furuichi et al., 1973).

In later works (Liebhafsky and Wu, 1974;
Furuichi et al., 1975) other ionic steps were added
in BL model (heterolysis of dissolved iodine,
together with various oxidations and reductions
ofiodine acids with H202). Let us consider an "ionic
model" one which contains electrically non-

balanced steps. Many intermediates are at least
improbable in our opinion (IO-, I, H2IO+).
Another way of modelling is to consider among

ionic steps, some radicalic ones (Sharma and
Noyes, 1975; 1976), involving homolysis of iodine
(Edelson and Noyes, 1979; Ganapathisubramanian
and Noyes, 1981). Also, some physical steps, like
desorption equilibrium of oxygen (Odutola et al.,
1982; Treindl and Noyes, 1993) were introduced
later in BL model. A radicalic model contains free
radicals in some steps, but these intermediates are
not verified.
Without assuming ionic or radicalic steps, a

recent model called Braylator was proposed
(Schmitz, 1991). It contains iodine between inter-

mediates, among iodide and lower acids and has
an autoinhibition in fifth step:

HIO3 + HI HIO + HIO2

HI / HIO2 _2_+ 2-HIO

HI+HIO 3_ I2+H20

H202 q- HIO 4_ HI + H20 if- 02

H202 -+- 2. HIO HIO + HIO2 -? H20

(0)

Another iodine oxide taken into account was I20
(Schmitz, 1987) due to its similarity with existing
halogen oxides (F20 and C120). It was mentioned
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for the first time earlier (Schmitz and Rooze, 1979).
It was used to insert a delay in second step ofmodel
(10) according with:

HI + HIO2 -- I20 3- H20
120 3- H20 ---+ 2. HIO

(1)
(12)

While the autoinhibition could be also eliminated
by using it i.e., by replacing reaction (12) in fifth
step of (10) and reducing water in both sides. This
could be done by considering reaction (12) at
equilibrium instead of reaction (11).

Thus the Braylator contains six steps and has
six intermediates, only one being debatable (the
oxide). All steps are redox ones and the iodide gains
a special role by replacing the hydrogen peroxide in
some steps:

IO- + I- + 2. H+ HIO + HIO2

HIO2 + I- + H+ 2_ I20 3- H20

I20 3- H20 3_ 2. HIO

HIO + I- + H+ 4_ I2 3- H20

H202 + HIO - H+ + I- + H20 3- O2

H202 3- I20 HIO + HIO2
(13)

These steps (the first, third and fourth being
reversible) are the so-called "basic set" of reactions
(also known as Schmitz model). It was found to be
very promising in BL modelling (Schmitz, 1984).
The acidity was written apart because it will be
considered a separate species (see below).

Further studies (Kolar-Anic and Schmitz, 1992;
Kolar-Anic et al., 1990a,b; Misljenovic and Kolar-
Anic, 1990; Anic et al., 1991) have proposed and
analyzed other two steps with hydrogen peroxide to
complete the model (let us consider that all models
involving I20 are Braylator’s variants):

H202 3- HIO2 7_ H+ + IO- + H20

H202 3- IO- 3- H+ - HIO2 + H20 3- 02
(14)

the last one together with a complex kinetic (with
respect to acidity) proposed by Liebhafsky in 1933.
The same kinetic was assumed for the fifth step
of (13) due to its similarity (oxygen production).
Recent works (Kolar-Anic et al., 1994; 1996)
were dedicated to reduce the model. The results of
simulation were found to be acceptable without
some steps.
One could say that Braylator seems to be simple

and versatile (but strength and consistent), with
stoichiometric steps. It contains credible reactions
and intermediates and was adopted to be tested
against our data, previously reported (Vilcu et al.,
1998). In our opinion, reactions (14) are not neces-
sary to model the recorded damped oscillations.

MODELLING CHEMICAL OSCILLATIONS

A huge literature is dedicated to this subject (Degn,
1972; Field, 1972; Frank, 1978; Gurel and Gurel,
1983a,b and references therein). Some general
aspects should be mentioned at this point. Chemi-
cal oscillations are "exotic" phenomena, with many
variables. Many experiments were conducted as
isothermal (and isobaric) ones. Although some
temperatures were measured during the time,
almost all the proposed models for BL system
are purely kinetic, as for others homogeneous
oscillators (Belousov-Zhabotinskii, Briggs-
Rauscher, Hajke-Gilles, Jenson). According to
this assumption, many researchers studied the
possibilities of this kind of models to reproduce
experimental oscillations (De Kepper, 1977;
Pacault, 1977; 1979; Boissonade, 1980; Vidal and
Pacault, 1982). These studies of ancient models
coupled with some mathematical background have
shown that few aspects are common for each
oscillating reaction (or system).
From a chemical point of view, an oscillating

reaction takes place in a system containing at least
two central elements with three (or more) possible
oxidation states (Noyes, 1980; 1990). The mecha-
nism should contain at least two alternate ways
(or paths) of reaction (Frank, 1980) which must
interfere somehow (competition) or communicate



58 R. VLCU et al.

via a key species (an intermediate in most cases).
Because of mathematical requirements, at least one
step will contain an amplification (autocatalysis
or autoinhibition). Of course, a step involving an
autocatalysis seems to be too complex, so it could
be further decomposed in more elementary steps.
The mathematical requirement invoked is to have
at least one cubic equation in the differential sys-
tem of evolution (Glansdorff and Prigogine, 1971;
Glansdorff, 1979; Nicolis and Prigogine, 1977;
Haken, 1977; 1978).
One way to simulate an autocatalysis was found

to be (Epstein, 1984) the insertion of a delay
induced by a special intermediate as earlier in
Oregonator. This intermediate could be the "key"
one (see above) or not, and furthermore could be a
measurable or hypothetical species. Other way is to
consider some different time scales for one branch
of the mechanism, as in autocatalator (Gray and
Scott, 1990). A different time scale could be
obtained considering a slow reaction step or some
delays induced by physical steps (non-ideal flow,
non-ideal mixing, thermal activation, absorption
equilibria see Razon and Schmitz, 1987).

Because of the complex behavior of oscillating
systems (especially when these systems are closed
and oscillations are damped), models’ perfor-
mances should be reconsidered. For example, in
the very well known case of two consecutive
reactions of first order:

A B --- C (15)

the time evolution of B concentration has already
four parameters: amplitude and time-position of
the maximum, among with the position of inflexion
points on the two branches. If one try to model a
chemical system considering three or four inter-
mediate species, these parameters are multiplied.
The number of variables increases very much when
some oscillations appear on one or both branches
of some evolutions. These are: oscillating domain’s
ignition and damping related to the maximum
concentration, number, amplitude and period of
oscillations, the style of damping (suddenly or in a
long time), etc.

It could be concluded that a good model could
contain weak points (as few as possible) like
hypothetical species and hypothetical steps. The
model should be able to approach qualitatively the
observed oscillations and remain self-consistent. Of
course, it is better when the model is simple but
strong and also versatile (especially with respect to
temperature, via some kinetic constants). Never-
theless, self-consistency means in our opinion that
some weak hypotheses remain the same during all
evolutions of process. Any quantitative interpreta-
tion remains always in the stage of proposition,
a slightly modification in order to fit other set of
data being possible.

Let us review the major contributions in model-
ling BL reaction from these points of view (further
considerations were not known at the time or,
however, were not so clear). The decomposition of
hydrogen peroxide (1) is catalyzed by iodic acid
with the proved existence of dissolved iodine. Two
chemical elements with at least three possible
oxidation states are present so far (iodine and
oxygen). First model assumes a redox which has
two alternate branches (2) and (3), but the transi-
tion between iodic acid and iodine is too abrupt and
the third oxidation state of iodine is not present.
Further decomposition of each branch are neces-
sary, together with some delay in oxygen produc-
tion (according to Degn, 1967). It is obvious that
the Brusselator (designed special for BL reaction)
gains almost everything: four steps (two for each
branch), two more intermediates with iodine in
various oxidation states, a cubic autocatalysis
(required for limit cycles). The major disadvantage
is the lack of iodine, a verified intermediate. More
steps should be involved to explain the autocata-
lysis. On the other hand, the new intermediates
are known substances and their appearance is very
consistent in BL systems.

In order to refine the model, at least a hypothe-
tical species should be included. This could be a free
radical (according to Degn, 1967). This assumption
was exploited by Noyes and his coworkers. Another
possibility is to consider an oxide (I202, like
Liebhafsky, which could justify the autocatalytic
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step from Brusselator, or I20, like Schmitz, which
has the advantage that it does not propose an odd
oxidation state for iodine).
At this point, it should be mentioned that both

ways contain, first of all, the iodide, experimentally
confirmed. A supplementary oxidation state for
iodine and, moreover, the re-enter of dissolved
iodine are major advantages, among with a step
which could not be neglected anymore: the hydro-
lysis of iodine. This is an example of the claimed
self-consistency: the existence of both iodine and
iodide being confirmed, the hydrolysis seems to be
justified from both sides.

The earlier form of Braylator was developed with
hydrolysis and without oxide (10). It is interest-
ing that last step contains now an autoinhibi-
tion instead of autocatalysis. The oxide 020) was
introduced later, in order to eliminate the auto-
inhibition and to enter a delay in fourth step of
(10) the redox between HI and HIO2. Also, one
could say that iodide became a key intermediate,
because it substitutes hydrogen peroxide in some
reducing steps. H202 remains amphoteric.

TESTING OF BRA YLATOR AGAINST
OUR DATA

First, let us emphasize that all models derived from
Braylator have another weak point, not so evident
until one try to use them: they do not start without
a little amount of iodide. This fact suggests once
again that iodide is the key intermediate while its

presence requires a different starting mechanism.
This could be the following reaction, well known
since a long time (1948):

H202 / I2 - 2. H+ + 2. I- + O2 (16)

The reaction (16) was proposed according to some
reports which sustain a certain influence of irradia-
tion over BL system (Sharma and Noyes, 1975).
Obviously, in order to reaction (16) be possible, a

quantity of dissolved iodine should be already
present. This requirement involves reaction (2) in

the starting mechanism, reaction (9) being also
possible to interfere. Iodine becomes a key inter-
mediate too, not for oscillations but for their
ignition. The result of this reasoning is obvious:
the iodine’s concentration should be at a different
scale. This concept of scaled concentrations will be
verified below.
The abilities of Braylator in his basic form (10)

were tested, assuming the possibility of slight
modifications in some kinetic parameters (i.e., with
at most a half of an order in magnitude). Of course,
all modifications should be done only in steps
containing the hypothetical intermediate I20,
because the other parameters were confirmed ear-

lier, by studying each step alone.
The starting point of simulations is the param-

eters’ set given by Kolar-Anic and Schmitz in 1992
(without seventh step, neglected). The purpose is to

fit the general aspect of recorded evolution in
typical experiments (see Figure in Vflcu et al.,
1998). This could be obtained with only one change:
parameter k2 should be reduced four times to get
the evolution shown in Fig. (all kinetic parameters
are mentioned). The domain of initial concentra-
tions is given in part I of this work; to obtain the
profile of Fig. 1, initial condition should be as fol-
lows: [IO]0 0.046 M; [H+]0- 0.15 M; [H202]0
0.2275 M; [I-]0- 10-1 M. The last value stands to

approximate the required non-zero iodide concen-
tration (see above).
A qualitative analysis of Fig. compared with

reported observations show a good correspondence
for maximum value of iodine concentration and for
oscillations’ amplitudes. Few differences still exist:
a certain delay in the occurrence of the maximum,
the absence of any chaotic period and a bigger
oscillatory domain.

First consistency test is related to concentration
scales. A larger amount of initial iodide blocks
the oscillations, so this is the key (i.e., the most

sensitive) intermediate. The other intermediates
are either at the same scale (HIO and HIO2) or at
different ones: according with previous assump-
tions, the dissolved iodine stands always at higher
values of concentrations (being pre-existent) while
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FIGURE 2 Concentration scales for BL intermediates.

the presumed "almost null" concentration of the
hypothetical oxide is confirmed (see Fig. 2).
Another challenge for this model is to reproduce

the behaviour of BL system when initial concentra-
tions change. The simulations with a smaller acidity
(0.1 M) and with a smaller (0.0725 M) or bigger
(0.5 M) concentration of peroxide show an agree-
ment with the experiment. Once again, the model
seems to be self-consistent: oscillations disappear at
critical values of these concentrations while their

aspect depends in the same manner on the initial
composition. The oscillatory domain is delayed
with increasing of peroxide initial concentration
and the oscillations become slower (longer in period
and bigger in amplitude) with decreasing of initial
acidity. The number of oscillations decreases with
acidity increasing and both changes of peroxide
concentration while the entire oscillatory domain is
shorter when concentration of peroxide decreases
or acidity increases.

In order to eliminate the delay in maximum’s
appearance, a very simple idea arises: a different
starting mechanism being already presumed, this
could also accumulate some dissolved iodine, so

when the BL system switches to Braylator, it starts
with an initial concentration of iodine (non-zero).
For example, with [I210--5.10-4M, the delay
disappears and a very short synchronization
appears instead (which could be further assimilated
with a chaotic domain).
The different scenario preceding the Braylator

consists of reaction (2) which generate the iodine
and should contain at least one step which generate
iodide, in order that Braylator could start. Two
alternatives could be considered: the hydrolysis (6)
and the photochemical redox (16). Also, Dushman
reaction (9) should be taken into account because
it could serve as a regulator of iodine-iodide equi-
librium. According with observed behaviours, the
switching to Braylator could take place at high
concentration of iodine and low concentration of
iodide, the oscillating domain which follows being
characterized by fast oscillations (see above) and
beginning with a sharp maximum. Otherwise, the
switching takes place at high concentration of
iodide and low concentration of iodine and the
oscillations are slow and small, after a delayed and
little maximum of iodine concentration. This kind
of oscillations could be reinitiated by dilution while
the other could not.
The last step in BL modelling is to take into

account the influence of temperature, especially
the thermal activation already reported. In order to
remain isothermal, the Braylator should not be very
affected by temperature’s change. On the other
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hand, thermal activation could be transferred in the
starting mechanism. Further verifications being
necessary, at this time let us propose an activation
energy for Dushman reaction of 5-10kcal/mol.
This value could be estimated using an indirect
calculus: between experimental temperatures (333-
363 K), the modifications induced in kinetic param-
eters are very small (below four times). Meanwhile,
other concurrent reactions should have an activa-
tion energy below kcal/mol. In order to have an
ignition point (a critical temperature), the mecha-
nism of Dushman reaction is expected to be much
complex, but a seperate experiment is impossible
for the moment.
The major result of this work is that assuming a

starting mechanism, no physical influences should
be considered. Being so sensitive to the tempera-
ture, it seems more appropriate to say that irradia-
tion could affect BL system by heating, so it is not
necessary to consider free radicals involved. Also,
our experiments have shown that stirring is not

necessary; furthermore, the evolving oxygen could
be considered to play a role in mixing, because the
chaotic perid is shorter at high temperatures.
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