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The acid autoactivated bromate-sulfite reaction exhibits spatial bistability, travelling acid-base fronts, and
spatiotemporal oscillations when operated in an unstirred one-side-fed spatial reactor. We show that a skeleton
kinetic model, recently proposed by Sza´ntó and Rábai, in which we take into account the charge and the
actual diffusivity of solvated ions, provides theoretical results in good agreement with experimental observations.
The differences with previous observations made with the homologous iodate-sulfite reaction are discussed.
Despite the analogies in the phase diagram of these two systems, it is concluded that the relevant kinetic
mechanism of the iodate-sulfite system cannot be just a homologous transcription of that presently working
well for the bromate-sulfite system, even in excess sulfite conditions.

Introduction

The study of pattern formation in chemical reaction-diffusion
systems is one of the challenging fields of nonlinear dynamics.1-4

Although quite a large variety of spatiotemporal behaviors have
been observed in the past decades,2-4 such as excitability or
phase waves, and standing Turing and front patterns, these
patterns have been produced in only a handful of reactions.
Besides the Belousov-Zhabotinsky, the chlorite-iodide-
malonic-acid, and the iodate-sulfite-ferrocyanide reactions,2

sustained spatiotemporal patterns were recently observed with
the chlorite-tethrationate (CT)5,6 and iodate-sulfite (IS)7 reac-
tions in continuously fed spatial reactors. In continuous stirred
tank reactors (CSTRs), tens of reaction families, amounting to
hundreds of variants, are known to produce temporal self-
organization phenomena such as bistability and oscillations.3

These phenomena depend on autoactivatory kinetic processes
eventually quenched by competing inhibitory processes. Such
kinetic mechanisms are appropriate for the development of
reaction-diffusion patterns in unstirred systems. Although the
general theoretical conditions for the development of reaction-
diffusion patterns are well-established,3,8 the effective control
of their development in significantly different real chemical
systems is still poorly documented.9 It is thus important to
explore chemically different systems to distinguish the general
aspects from the specificities of each case.

In this vein, we have recently studied the dynamics of the
acid autocatalytic CT and IS reactions in one-side-fed spatial
reactors (OSFRs). Although these reactions only exhibit tem-
poral bistability in a CSTR, they both give rise to sustained
spatiotemporal oscillations and traveling excitability waves, in
addition to the naturally expected spatial bistability5-7 in an
OSFR. Spatial bistability is a direct extension of the CSTR
bistability to spatial systems. In an OSFR, the fresh reactants
fed into the CSTR and the chemicals produced therein diffuse

into a porous medium. This porous part, often made of a
hydrogel, is the actual place where the chemical concentration
patterns resulting from the sole interplay between reaction and
diffusion develop. Spatial bistability corresponds to the coexist-
ence of two different stable concentration profiles in the gel
for the same fixed boundary composition (i.e., same state of
the CSTR).10,11 The spatial states preserve the symmetry
imposed by the feed at the boundary. It was shown in spatially
bistable systems that, when the activatory species diffuses faster
than the inhibitory species, oscillatory and excitability phenom-
ena may emerge even when the homogeneous kinetic mecha-
nism has no oscillatory capability. This can naturally occur in
acid-autocatalytic reactions where the proton diffuses much
faster than the other species.6,11

Here, we present a systematic study of the spatiotemporal
dynamics of the bromate-sulfite (BS) reaction in an OSFR.
The BS reaction is a typical clock reaction: in the concentration
range considered in this report, an unbuffered mixture, initially
at pH) 7, undergoes a slow decrease of the pH that eventually,
suddenly drops to pH≈ 2 after a well-defined induction time.
When this reaction is operated in a CSTR, Edblom et al.12 have
shown that the reaction system gives rise to steady-state
bistability. More recently, Szanto and Rabai13 have also shown
that at very long residence times (i.e., 5× 103 s) large amplitude
pH oscillations could be observed, in addition to bistability.
These authors show that the above experimental facts are well
accounted for when, following old kinetic and stoichiometric
works,14,15it is considered that the oxidation of sulfite proceeds
through competing two- and one-electron-transfer channels.
These competing channels can be globally represented by the
following mass balance equations:

The positive feedback is generated by an autoactivated produc-
tion of protons through channel R1, where sulfite ions are
oxidized to sulfate ions. Conversely, the R2 reaction channel,
associated with the fast protonation equilibrium of sulfite ions
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BrO3
- + 3HSO3

- f 3SO4
2- + Br- + 3H+ (R1)

BrO3
- + 6HSO3

- f 3S2O6
2- + Br- + 3H2O (R2)
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(see model in 1), is a proton consuming process that leads to
the formation of relatively stable dithionate ions. This channel
provides an appropriate negative feedback for the emergence
of temporal oscillations in a CSTR.

In an OSFR, the homologous IS reaction that shows no
oscillatory behavior in a CSTR exhibits spatiotemporal oscil-
lations and excitability. The mechanism at the origin of this
dynamical behavior is not yet established. These may come from
a differential diffusion mechanism,7 as in the CT reaction, but
more recent observations challenge this interpretation. These
dynamical instabilities could be promoted by some underlying
oscillatory kinetic mechanism.16

Beside providing a new example of a chemical system capable
of developing spatiotemporal reaction-diffusion patterns, the
present study gives the possibility of comparing the OSFR
dynamics of two homologous BS and IS reactions. The
significant chemical kinetic pathways seem to be well identified
in the BS reaction. Actually, we shall show that the model
proposed by Ra´bai and co-workers for the BS reaction leads to
numerical results in semiquantitative agreement with both the
CSTR and the OSFR experimental observations. On the
contrary, the modeling of the IS reaction is still deficient.16

Experimental Section

The core of our OSFR consists of a flat annular piece of gel
tightly inserted into a circular rectangular groove left between
an upper polished transparent Plexiglas cylinder and a lower
cylinder made of Teflon (see Figure 1). This gel holder is
immersed into the contents of the CSTR. The gel annulus, made
of a 2% agarose (Fluka 05070) network, has an outer radiusr
) 25 mm, a width (the difference between the external and
internal radius)w ) 1.0 or 2.0 mm, and a height (or thickness)
h ) 0.25 mm. Only the outer rim of the annulus is in contact
with the contents of the CSTR. This design makes it possible
to observe the color changes across the width of the flat annulus
(Figure 1). The volume of the CSTR isV ) 25 cm3. The
residence timeτ ) 500 s and the CSTR bath temperatureT )
30°C were kept constant. The feed is provided by three separate
streams of chemicals, injected by precision pumps (Pharmacia
P 500), which enter the CSTR by a single inlet port. The first
stream contains a fixed concentration of a sodium sulfite
([Na2SO3]0 ) 60 mM; Aldrich) solution. The second and the
third streams contain variable concentrations of sodium bromate
([NaBrO3]0 ranging from 0 to 220 mM; Prolabo) and sulfuric
acid ([H2SO4]0 ranging from 0 to 16.7 mM; Fluka) solutions.
The bracketed terms [X]0 are the concentration that species X
would have in a collective feed-stream prior to any reaction.
The solutions contain bromophenol blue, a pH color indicator
that changes from purple-blue (basic) to yellow-orange (acidic)

around pH ) 3.8, which appear as dark and light gray,
respectively, in the pictures presented in this report. In this study,
all reactants are reagent-grade chemicals used without further
purification. Solutions were prepared daily in deionized water.
The sulfite solution was maintained under a nitrogen atmosphere
to prevent air oxidation. The chemical state of the CSTR is
monitored by the redox potential of a bright platinum electrode.
A pH electrode at the outlet port measures the pH of the CSTR
solution. The color profiles of stationary states and the wave
patterns in the gel are monitored by a CCD camera, and the
dynamics are recorded on a time-lapse VCR. A frame grabber
digitizes the images for further processing.

Experimental Results

CSTR Dynamics. Let us first describe the observed CSTR
dynamics of the BS reaction in the ([NaBrO3]0, [H2SO4]0) plane
(Figure 2). At low input concentrations of oxidant and acid,
the CSTR contents are in the so-called “flow state” (F),
characterized by a high redox potential and a high pH. In this
F state, the extent of the reaction is low. When at fixed [BrO3

-]0

) 18 mM, the acid feed is increased stepwise, this F state
remains stable in the range [H2SO4]0 ) 0-12 mM. Cor-
relatively, in this range of acid feed, the pH decreases from 9.3
to 6.8. A further increase to [H2SO4]0 ) 14 mM leads the CSTR
contents to switch to the so-called “thermodynamic state” (T),
characterized by a low redox potential and pH. The T state is
characterized by a high extent of the reaction, with a pH around
2.3. Upon decreasing stepwise the acid feed, this T state remains
stable down to [H2SO4]0 ) 5.6 mM. A further decrease to
[H2SO4]0 ) 4.1 mM makes the system switch back to the F
state. The stability domains of these two steady-states thus
overlap over a finite range of parameter values (see Figure 2).
At [BrO3

-]0 e 9 mM the domain of bistability vanishes for

Figure 1. Schematic diagram of the annular unstirred OSFR. The gel
annulus exchanges chemicals with the contents of the CSTR by the
external rim only, the viewing direction is orthogonal to the feed
direction of the gel part.

Figure 2. (A) Experimental nonequilibrium phase diagram in the
([BrO3

-]0, [H2SO4]0) plane atw ) 1 mm. The symbols correspond the
experimental points. The full symbols are attributed to the states of
the gel: 1 stable M state;2 stable F state;[ spatial bistability (stable
F and M states);B oscillatory M state. The empty symbols are
attributed to the states of the CSTR:3 stable T state;4 stable F state;
] CSTR bistability (stable F and T states);. oscillatory state. The
full and the dotted lines delineate the limit of the above different states
of the OSFR and the CSTR respectively. (B, inset) Changes in the
spatial bistability range as a function ofw at [BrO3

-]0 ) 18 mM.
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[H2SO4]0 > 15 mM. Beyond that, only continuous changes
between a low and a high pH steady-state are observed.

At high concentration of the oxidant, a very narrow range of
temporal oscillations can be observed between the monostable
domains of the two previous steady-states (e.g., at [BrO3

-]0 )
220 mM large pH oscillations are observed for [H2SO4]0 ) 1.9
mM). Domains of temporal bistability and oscillation connect
through a typical cross-shaped phase diagram topology.17

OSFR Dynamics. Let us now describe the chemical states
of the annular OSFR when the CSTR contents belongs to the F
state. The gel is fed with a mixture of the reactants at high pH
and low extent of reaction. Only the color changes of the pH
color indicator are monitored in the gel. At [BrO3

-]0 ) 18 mM
and [H2SO4]0 ) 0 mM, the gel is in a quasi-homogeneous dark
state (high pH), also called the F state (Figure 3). When the
acid feed is now increased stepwise, this F state of the gel
remains stable up to [H2SO4]0 ) 7.2 mM. A further increase to
[H2SO4]0 ) 7.8 mM makes the inner part of the annulus
suddenly turn clear. A stable front, characterized by a color
switch of the pH indicator, settles parallel to the rim of the
annulus; this is the so-called mixed state (M) of the gel (Figure
3). By decreasing the [H2SO4]0, the M state of the gel remains
stable down to [H2SO4]0 ) 5.6 mM. At lower [H2SO4]0, the F
state is the only stable state of the gel. The stability range of
the F and the M states of the gel overlap between [H2SO4]0 )
5.6 and 7.2 mM, defining a spatial bistability domain. Within
this range, one can create an interface between the F and M
states, as illustrated in Figure 3. The relative stability of the
two states naturally depends on the chemical feed values. It is
now well-established that the extent of spatial bistability may
sensitively depend also upon the width (w) of the OSFR.11 In
the present study, we have tested the sensitivity to this
geometrical parameter by performing a few experiments atw
) 2 mm. In these conditions, the range of spatial bistability, in
the ([H2SO4]0, w) plane, is shifted to slightly lower values of
[H2SO4]0 and becomes narrower (Figure 2).

At [BrO3
-]0 ) 150 and 220 mM, there is no overlap between

the steady-states of the gel. At these high values of the input
concentration of the oxidant, increasing the [H2SO4]0 from 0
mM, the F state of the gel becomes unstable at 1.1 and 0.8
mM, respectively. The inner part of the gel suddenly becomes
acidic. As above, a front between a F (dark) and a T (clear)
part forms, but this front is no longer stable and moves back
and forth across the width of the gel (Figure 4). These
spatiotemporal oscillations appear in a very narrow range of
the parameters, as in the case of the CSTR (Figure 2). The
overall topology of the OSFR phase diagram is similar to that
of the CSTR.

Numerical Simulations

Our numerical simulations are based on the model of Sza´ntó
and Rábai13 completed by the fast dissociation of HSO4

- and
water. The reactions steps, the reaction rates expressions, and
the rate constants taken at 25°C and used in the computations

are gathered in Table 1. The rate contants of the main processes
are identical to those used in the original model report.13 The
rate constants corresponding to the protonation/deprotonation
of weak acids were slightly modified to better fit well-
established acid-base equilibrium values.

First, we computed the stable states in the CSTR for the
experimental value of the residence timeτ ) 500 s (i.e., a much
shorter value than used in the original work of Sza´ntó and
Rábai). The computed phase diagram in the ([H2SO4]0, [BrO3

-]0)
phase plane is presented in Figure 5. The displayed dotted curves
allow for an easy comparison with the experimental results. The
two diagrams are in semiquantitative agreement, which is a
remarkable result if one considers the simplicity of the model.

To compute the concentration profiles within the gel and the
limits of the spatial bistability domains, we assume that, due to
the small gel volume, the gel contents exert no feedback on the
CSTR dynamics. Because H+ and OH- diffuse much faster
than other ions, we have taken into account the effect of the
ionic charges in the reaction-diffusion process. Accounting for
the local electroneutrality within the gel, the reaction-diffusion
equation for speciesi can be written as eq 1:18

with

where, for each speciesi, ci is the concentration,Ri is the
reaction rate term,Di is the diffusion coefficient,zi is the charge
number, andti is the transference number. Speciesn is a
reference species that is eliminated as a result of the electro-
neutrality condition. The Na+ ion was taken as reference. It is
a nonreacting species present as a counterion in the input feed.
The charges and the values of the diffusion coefficients used in
the computations are given in Table 2. The diffusion coefficients
were taken from data in the literature,18 when available. When
they were not available, the values were fixed to arbitrary
reasonable values and are marked by a star in the table. Note
that the results should not significantly depend on these unknown
values because the diffusivity of the corresponding species does
not differ much fromD ∼ 1 × 10-5 cm2 s-1, which is the typical
diffusion coefficient value of small species in aqueous solu-
tion. They have been adjusted to improve the fit with experi-
mental observations. Also note that ionic species that are not
implied explicitly in the rate laws of Table 1 (i.e., products)

Figure 3. Illustration of an M/F state interface in the spatial bistability
region with the M state propagating into the F state. In the annular
part, dark and light gray areas correspond to low and high proton
concentrations, respectively. Experimental conditions: [BrO3

-]0 ) 18
mM, [SO3

2-]0 ) 60 mM, [H2SO4]0 ) 5.6 mM, w ) 2.0 mm.

Figure 4. Spatiotemporal oscillations in the annular OSFR. Sequence
of seven snapshots (a-g) taken at 25 min intervals. Feed and
impermeable boundaries are located respectively at the bottom and top
of each snapshot. Experimental conditions: [BrO3

-]0 ) 150 mM,
[SO3

2-]0 ) 60 mM, [H2SO4]0 ) 1.1 mM, w ) 1.0 mm.

∂ci

∂t
) Ri + Di∇2ci - ∑

j

zj

zi

(Dj - Dn)∇(ti∇cj) (1)

ti )
zi

2Dici

∑
j

zj
2Djcj
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have been explicitly included in computations to ensure the
balance of charges.

The computed domains of spatial bistability forw ) 1 mm
andw ) 2 mm are reported in Figure 6. For convenience, the
CSTR bistability limits are also displayed in the figure (dotted
curves). As in experiments, the computed spatial bistability is
restricted to a much narrower range of [H2SO4]0 than for the
CSTR bistability domain. This range decreases when the gel
depthw increases. At large values of [BrO3

-]0, we always find
a very narrow “pocket” of spatiotemporal oscillatory states
(waves) within the gel at values for which the CSTR remains
in the stationary F state. Results are in semiquantitative
agreement with the experimental results in Figure 2.

Discussion

It is worth comparing our present observations on the BS
reaction with those previously made with the homologous IS

reaction. In both cases, the halate ions can be reduced all the
way to halides, and the overall reactions are activated by protons.
In CSTR conditions, both systems readily exhibit steady-state
bistability between a high and a low pH state, over similar feed
parameters and temperature ranges. The BS reaction can produce
large amplitude pH temporal oscillations at very long residence
times (i.e., above 1.8× 103 s) and, as shown here, at very high
bromate/sulfite feed ratios (i.e., [BrO3

-]0/[SO3
2-]0 > 5). This

is more than 1 order of magnitude above the stoichiometric ratio
of process R1. Such extreme conditions cannot be investigated
in the case of the IS reaction. At feed concentrations on the
order of 10-2, diiodine precipitation occurs for iodate/sulfite
ratios above 0.36, thus limiting the range of halate concentration
over which the reaction system can be properly studied. Recent
CSTR test experiments with the IS reaction showed no
oscillatory behavior, even at residence times as long as 1×
104 s, but only bistability.19

In an OSFR, both reaction systems exhibit “cross shape”
phase diagrams where a domain of spatial bistability and a
domain of large spatial oscillations of the acid-base front of a
mixed state exchange at their “tips”. However, in the IS system
the oscillatory instability develops at low halate/sulfite ratios
(i.e.,< 0.32) and are connected to no obvious underlying CSTR
oscillations, whereas in the BS system these are observed at
high halate/sulfite ratios (i.e.,> 1.7), and they closely follow,
at slightly lower acid feed concentration, the domain of
oscillatory dynamics in the CSTR. Careful explorations at the
other end of the spatial bistability domain, at low halate/sulfite
ratios, did not reveal any oscillatory dynamics. Only contin-

TABLE 1: Kinetic Model Used in Numerical Simulations

reactions rate laws rate constants ref

BrO3
- + 3HSO3

- f 3SO4
2- + Br- + 3H+ r1 ) k1[HSO3

-][BrO3
-] k1 ) 0.0653 M-1 s-1 13

BrO3
- + 3H2SO3 f 3SO4

2- + Br- + 6H+ r2 ) k2[H2SO3][BrO3
-] k2 ) 18 M-1 s-1 13

BrO3
- + 6H2SO3 f 3S2O6

2- + Br- + 6H + + 3H2O r3 ) k3[H2SO3][BrO3
-] k3 ) 0.7 M-1 s-1 13

SO3
2- + H+ T HSO3

- r4 ) k4[SO3
2-][H +] - k-4[HSO3

-] k4 ) 5 × 1010 M-1 s-1; k-4 ) 3 × 103 s-1 12
HSO3

- + H+ TH2SO3 r5 ) k5[HSO3
-][H +] - k-5[H2SO3] k5 ) 2 × 108 M-1 s-1; k-5 ) 3.4× 106 s-1 12

SO4
2- + H+ T HSO4

- r6 ) k6[SO4
2-][H +] - k-6[HSO4

-] k6 ) 1 × 1011 s-1; k-6 ) 1.148× 109 M-1 s-1 6
H+ + OH- T H2O r7 ) k7[H+][OH-] - Kw k7 ) 1.4× 1011 M-1 s-1; Kw ) 10-14 × k7 6

Figure 5. Nonequilibrium phase diagram in a CSTR. Solid lines:
computed stability limits. Dotted lines: approximated experimental
limits (from data in Figure 2). See text for conditions.

TABLE 2: Diffusion Coefficientsa

species zi Di × 10-5 cm2 s-1

H+ +1 9.312
BrO3

- -1 1.485
SO3

2- -2 1.1*
HSO3

- -1 1.5*
OH- -1 5.26
SO4

2- -2 1.065
HSO4

- -1 1.33
S2O6

2- -2 1.0*
Br- -1 2.084
H2SO3 0 1.6*
Na+ +1 1.334

a Asterisks correspond to our estimated values.

Figure 6. Computed spatial bistability domains in the OSFR. Heavy
solid lines: stability limits of states forw ) 1 mm; Light solid lines:
stability limits of states forw ) 2 mm; empty circles: values for which
spatiotemporal oscillations were computed in the gel. Dotted lines:
stability limits of the states of the CSTR (see Figure 5).
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uous reversible changes in the OSFR steady-state were obtained
as a function of feed parameters. The spatiotemporal oscillations
observed with the BS reaction are essentially driven by the same
kinetic instability that gives rise to homogeneous oscillations
in a CSTR. Testing with numerical simulations of all species
diffusing with a same diffusion coefficient of 1.5× 10-5 cm 2

s-1 leads to spatiotemporal oscillations at similar contraint values
of the phase diagram. Thus, the higher diffusivity of protons
plays no fundamental role here.

In the mechanism proposed by Ra´bai and co-workers for the
IS and BS reactions,13,20 the authors assumed that the halogen
species preferably react with sulfite rather than with each other.
These models can account for a large set of batch and CSTR
experimental observations.20-22

However, there is a significant difference between the
mechanism of the IS and BS reactions. In the IS reaction, the
dominant proton consuming process is the Dushman reaction
(R3).20

This process plays a major role with an excess of oxidant,
especially at the end of the oxidation of the sulfite when the
pH drops below 5. In batch experiments where [IO3

-]0/[SO3
2-]0

g 1/3 (excess of iodate ions), the pH drops from 7 down to
about 2.5, but then it can increase back to values up to 5.5, due
to reaction R3. Furthermore, at the end of the sulfite consump-
tion, the Dushman reaction with reaction R4

opens an additional iodide autocatalytic feedback loop that
works in the same direction as the proton catalysis. The
bromate-bromide reaction analogous to the Dushman reaction
is too slow in the same pH interval (pH) 3-7) to be a
significant proton scavenger, and no bromide autocatalytic path
develops. To account for CSTR observations with the bromate-
sulfite-ferrocyanide, Epstein et al.12 developed kinetic models
where the reactions between bromide and oxibromine species
play a major role, but Ra´bai et al. showed that a kinetic model
based on the direct reduction of oxibromine species by sulfite
gives better fits22 and is more consistent with previous meticu-
lous kinetic studies14,15 in the appropriate pH range. As a
consequence, at high halate/sulfite ratios the M state of the BS
reaction shows no pH rebound in the deepest part of the gel
annulus after it has dropped, contrary to what is observed with
the IS reaction.7

Remarkably, the spatial bistability domains of the two
homologous reactions develop over very similar halate, sulfite,
and sulfuric acid feed concentration ranges at the same tem-
perature and residence time of the CSTR. This suggests that
the overall sulfite reaction rates, and supposedly the redox
mechanisms, are similar, at least as long as sulfite is present in
a significant amount. We have shown that the skeleton mech-
anism in Table 1, based on the competition of the kinetic paths
R1 and R2, leads to theoretical CSTR and OSFR phase diagrams
in agreement with experimental observations. On the other hand,
preliminary numerical calculations for the IS reaction based on
a model that includes a kinetic path analogous to R1 together
with R3 and R4 show that it can account for the CSTR and the
OSFR bistability but not for the spatiotemporal oscillations at
high acid feed and excess sulfite.23 A one-electron-transfer

kinetic path similar to R2 could be envisioned. Although the
reduction potential of iodate ions (∼1.1 V) is lower than that
of bromate ions (∼1.5 V), it is high enough for the formation
of dithionate from sulfite (-0.57 V).24 However, because no
oscillations were observed at residence times even five times
longer than for the BS reaction, the contribution of this kinetic
path should be negligeable. In addition, such a kinetic path
would a priori not favor oscillatory behavior at the low halate
end of the spatial bistability domain. The origin of the
spatiotemporal oscillations in the IS reaction still remains a
challenge. On the contrary, the essential homogenuous and
spatial dynamics of the BS reaction is very well understood
and can be described in simple kinetic terms. This is a very
promising system for further studies on reaction-diffusion and
chemomechanical25 patterns and would be an excellent model
system to investigate chemically driven instabilities at fluid
interfaces26 in open reactors.
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