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ABSTRACT
We describe some observations during the induction period (IP) of a BelousovZhabotinsky (BZ) system with 1,4-cyclohexanedione (CHD) and ferroin in batch reactor.
There are three stages during the whole course of the reaction: transitional period, the IP,
and the post-IP. Two bifurcations are observed in this unique system: It starts with
monostability (orange reduced steady-state) dxiring the transitional period, switches to
bistability (both blue oxidized and orange reduced steady-states) during the EP, and then
eventually bifurcates to monostability (orange reduced steady-state) during the end of the
IP. The stable orange steady-state is always excitable during the whole course of the
reaction. The stable blue steady-state is not excitable during the blue IP: pulses cannot
propagate and pacemakers cannot survive during this interval. As the medium ages,
waves decrease their propagation speed except for the reduction step that speeds up
during the end of the IP. We also investigate the change of ferroin and ferriin
concentrations and photosensitivity during the IP. We find no analog to the situation
suggested in the bromate-MA-ruthenium system, in that the oxidized state is
experimentally excluded as the photosensitive species in this bromate-CHD-ferroin
system.
We construct here an Oregonator-like model that interprets the unique reduction
step propagation before the second bifurcation. Based on the FKN mechanism with, we
consider three reverse reactions, a breakdown of skeletal process C in the FKN model
into three reactions with the addition of the hydrolysis of BrCHD. The model thus
constructed endows bistability in some region of its parameter plane. We give a tentative
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interpretation of the differentiated speed between the reduction step propagation and that
of the pulses, but rigorous mathematical mechanism awaits further investigation.

12

CHAPTER 1 INTRODUCTION

1.1 Beiousov-Zhabotinsky Reaction

First discovered by Belousov in 1951 (Belousov, 1985; Winfree, 1984; Field and
Burger, 1985) and later modified by Zhabotinsky (1964), Degn (1967), Busse (1969),
Herschkowitz-Kaufinan (1970), Winfree (1972) and many others, a typical BeiousovZhabotinsky (BZ) reactor bears the following five

chemical species with various

concentrations: (1) organic substrate: malonic acid (MA; CH2(COOH)2), or 1,4cyclohexanedione (CHD); (2) BrOs" (NaBrOs, or KBrOs); (3) Br (NaBr, or KBr); (4)
(H2SO4); (5) catalyst-indicator: ferroin (iron 1,10-phenanthroline), Ce^"*", Mn2+^
Ru(bpy)32"^ (rutheniimi bipyridyl), or diphenylamine (DPA). Some of the five species
might be absent in a BZ system, such as the minimal bromate oscillator in the bromatebromide-catalyst system (Orban et al., 1982; Geiseler, 1982), the absence of organic
substrate in the cerium-bromate-bromide system (Noyes et al., 1971) and in the ferroinbromate-bromide-sulfiiric acid system (Keki et ai, 1992), and the absence of catalyst in
an uncatalyzed BZ system (Orban et al., 1979; Kurin-Csorgei et al, 1994). In the
following discussion, a BZ system is meant to be a typical one with all five species
present unless explicitly stated, with an adjective {e.g., bromate-MA-cerium, bromateCHD-ferroin) indicating the special species in the system.
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As a color indicator and catalyst, the metal ions can switch back and forth
between their reduced state in orange (ferroin, Ru2+), yellow (Ce^"*"), or yellow brown
(Mn2+) and their oxidized state in blue (ferriin), yellow (Ru^^), paler yellow (Ce^"*"), or
pink (Mn^"^) respectively. The color declaration of the state of metal ions reveals the
temporal and spatio-temporal patterns of the dynamic system. The fascinating features of
a BZ system include: oscillations, excitation, bistability, and even chaotic state. In a BZ
medivmi, waves and pulses can propagate if it is excitable. For clarity, the term "step" is
used here as a staircase-like interface moving in either direction, "pulse" is used as a
pulse-like shape with both an up-jumping and a down-jumping profile, and "wave" means
a spatial pattern of consecutive pulses or steps. A more delicate usage of step will be
defined in Chapter 3.
Two kinds of reactor are usually employed to show these features: continuously
stirred tank reactor (CSTR) and batch reactor. In a CSTR, the temporal aspects of the BZ
reaction, such as oscillations and chaos, can be conveniently explored, and presumably
modeled by an ordinary differential equation (ODE) system (rate equations), while in a
batch reactor spatio-temporal features of pulse propagation in oscillatory and excitatory
media can be investigated in different dimensions, and modeled by partial differential
equations (PDE, e.g., reaction-diffusion equations). In a batch BZ medium pacemakers
are source generators of consecutive pulses in ID, or circular (target) waves in 2D and
spherical waves in 3D while spiral in 2D) and scroll waves in 3D are self-organized.
There are two kinds of CSTR: In a closed CSTR the system is kept closed without any
refi-eshing feeding of reacting chemicals, while in an open CSTR the system remains in

14

constant parameters with the continuons pumping of reactants. There is some coniusion
in literature about the meaning of these two reactors. For example, a closed CSTR is
meant to be the same as a well-stirred batch reactor by some authors (Vanag and
Melikhov, 1995). In some other situations it is not so clear about the exact meaning of a
batch reactor.

In our experiments with batch reactor, no refreshing process is

implemented, and the medium is not stirred throughout the whole lifespan of the medium
except for special purpose {e.g., homogenization).
A medium is excitable if (a) a perturbation can bring the local regions of the
medium onto a long excursion returning to its starting steady-state, and (b) the excitatory
pulses can propagate through the homogeneous medium (Winfree, 1990). The definition
of excitability based on both (a) and (b) excludes the situation where only (a) is met. If a
perturbation can kick a local cell onto an excitatory trajectory, the propagation might not
persist if the diffusion force is not strong enough as the initiating perturbation to push its
neighbors onto a similar trajectory. With (b), the diffusion from the adjacent cells can
excite a local region to its excited state, and in retum propagate the excitation further if
not bordered. The underlying ODE system might have one attracting but excitable
steady-state, an unstable steady-state with a stable limit cycle, two attracting but excitable
steady-states (bistability), or other scenarios. The following temporal and spatio-temporal
phenomena are usually investigated in BZ reaction: pacemakers, bistability, and
dispersion relation in ID; spiral and target waves in 2D; scroll waves and filament
dynamics in 3D (Winfree, 1985).
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1.2 FKN Model

FKN model (Field et ai, 1972) was proposed as a skeleton series of reaction for a
BZ system with MA as the organic substrate and Ce^"*" as the catalyst-indicator, and
provided the basis for the mathematical modeling (e.g., Oregonator and others). This
sketchy model is a much condensed version of the real BZ reaction with about 80
elementary chemical reactions and 26 variable species concentrations in the bromate-MAceriimi system (Gyorgyi et ai, 1990). But it is usually also used to describe a BZ system
with CHD and other catalyst-indicators. Basically the reaction cycle is divided into three
processes (Field et ai, 1972; Tyson, 1985; Kurin-Csorgei et al., 1994; Kurin-Csorgei et
al., 1995, 1996,1997):

A. The production of HOBr and Br2 from the BrOs" oxidation of Br

BrOs" + Br + 2 H+

HBr02 + HOBr

(1.1)

HBr02 + Br + H+ ^ 2 HOBr
k -i

(1.2)

HOBr + Br + H+

(1.3)

Br2 + H2O
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B. The transition from the reduced state of the catalyst to their oxidized state, and
the autocatalytic production of HBrC)2

Br03-+ HBr02 +

^ 2 Br02* + H2O
k-t

Br02* + M(it-1) + H+

^-4

HBr02 + M(yt)

^5
2 HBr02 ^ BrOs" + HOBr + H+
k.s

(1

(1.5)

(1.6)

C. The transition from oxidized state of the catalyst to their reduced state, and the
regeneration of Br

HOBr (or Br2) + Organic Substrate <-> Bromo-organic Compounds

(1.7)

M(A:) + Brominated and Unbrominated Compounds <-»
M(A:-1) + B r + Oxidized Products

where the notations are:

M = metal ions (iron, ceriirai, ruthenium, manganese,....).

(1.8)
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A: = 3 or 4 depending on the valence of the catalyst.

kf. rate constants,y = -6, -7,-1,1,2,6.

h = the niimber of bromide ions produced from the reduction of one M(A:) ion =
fl2,f\s

an unspecified parameter in most literature.

Organic substrate: MA or CHD.

Brominated compounds: mainly monobromomalonic acid (BrMA) and slight
dibromomalonic

acid

(Br2MA)

when

MA

is

the

organic

substrate;

monobromocyclohexanedione (BrCHD) and dibromocyclohexanedione (Br2CHD) when
CHD serves as the organic substrate.
Unbrominated compounds: MA, tartronic acid (TTA), mesoxalic acid (MOA),
glyoxylic acid (GOA), oxalic acid (OA), and glycolic acid (GCA) for MA system; CHD,
hydroquinone (H2Q), and semiquinone (HQ*) for CHD system.
Oxidized products: formic acid (FA), MA, and CO2 for MA system; CHD,
quinone for CHD system.

Every local region in a BZ medimn may experience all the three processes in a
sequential series (A -• B

C

A) in oscillations and pulse propagations, or harbor at
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an attracting steady-state of mainly either the reduced or oxidized form of the catalyst.
But care should be taken in that the FKN mechanism is just a condensation of the whole
scenario. The above description of the chemical processes is far from complete and the
real reactions may proceed with some overlaps among all the three processes although
one of them may be dominant during one specific stage.

Especially the organic

chemistry, that is. Process C, includes many detailed steps which differentiate between
the systems with MA and with CHD.

Understanding of the details remains poor

(Gyorgyi et al., 1990).
Processes A and B are well understood and established with most corresponding
rate constants known. Process C is the most poorly tackled part because it has many
intermediates. Not all the chemical reactions have been worked out for the version of BZ
reaction with MA as the organic substrate and Ce3+ as the catalyst-indicator. The FKN
model simplifies Process C as a single unimolecular process. There are still existing
controversies about the accuracy of the rate constants in Process C (Tyson, 1985, 1994).
The stoichiometric parameter A in the FKN model reflects the fact that little knowledge is
available about the details of this process. According to Jwo and Noyes (1975), during
Process C of the bromate-MA-cerium system,

(a) Br catalyzes the oxidation of formic acid, but has little effect on the BrMA
oxidation.

(b) h increases as [BrMA] increases in the system.

19

Also little is known about the aging process ("fimeral procession" (Winfree,
1995)) in a batch BZ medium. MA is consumed in the bromate-MA-ceriimi system with
CO2 as the end product (and probably some other inert products—glycolic acid and
formaldehyde) as the system ages. In the bromate-CHD-ferroin system, quinone is
believed to be an end product (Kurin-Csorgei et al., 1994). Wood and Ross (1985) found
that pulse propagation velocity appeared to be unaffected by the age of the bromate-MAferroin system. Nagy-Ungvarai et al. (1993) investigated the aging process of a batch
bromate-MA-cerium reaction under various recipes. As the closed system becomes old,
Br03", H"^, MA, and BrMA are all consumed while the bromination of MA to BrMA
increases. Although no knowledge of assigning a value for h in Process C is available
(Jwo and Noyes, 1975), it is generally assxmied in mathematical modeling that h increases
as the reactions march forward (Janz et al., 1975; Winfree, 1995). Jahnke et al. (1989)
noticed in a bromate-MA-ferroin batch reactor that the number of outward flower petals
of the meandering spiral tips increases from 6 to 9 which happens in the Oregonator
model only if h increases.
The effect of oxygen on a BZ system has long been realized in MA systems
(V^di and Beck, 1973; Bar-Eli and Haddad, 1979; Treindl and Fabian, 1980; Field,
1985; Treindl et al., 1997). V^di and Beck (1973) showed that higher [O2] switched
the catalytic ions to their more reduced state. More specifically the presence of oxygen
usually shortens the IP with an underlying mechanism of the acceleration of Br
production from the oxidation of BrMA and MA in Process C (Ganapathisubramanian
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and Noyes, 1982). It does not influence oxybromine chemistry (Processes A and B).
Instead, Barkin et al. (1978) suggested that oxygen in the bromate-MA-cerium system
triggers a sequence of reactions with MA to the production of malonyl radical (MA*),
which promotes Br release through Process C in the FKN mechanism. It has been
proposed that the oxygen effect is two competitive reactions between peroxomalonic acid
(MACOOH) and Mn^"*" and Mn^^ ions in the bromate-MA-Mn^"^ system (Mrakavova
and Treindl, 1986). Zhabotinsky (1995) proposed a mechanism under which oxygen
stimulates the production of Br in the ferroin-MA system. It is still unclear about the
details of the oxygen effect and whether the underlying mechanism is similar when CHD
is involved in a BZ system. The participation of oxygen in the BZ system definitely
introduces a varying factor in CSTR experiments as shown in the influence of the stirring
rate under aerobic conditions due to the oxygen effect (Patonay and Noszticzius, 1981).
Our following investigation is focused on various properties of a bromate-CHDferroin medium in a batch reactor during its IP.

1.3 Induction Period

In both batch and CSTR reactors oscillations or pulse propagation start mostly
after the system stays in a dormant steady-state for a period of time. The reaction stages
in a closed CSTR of a bromate-MA-cerium system was first classified based on the
potentiometric traces of either [Br] or [Ce^"'"]/[Ce3''"] as representatives. Figure 1.1
(Figure 1 in Field et al. (1972)) is such an example. The initial reaction of stage AB in
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Figure 1.1 Potentiometric traces of [Br"] and log([Ce^'^]/Ce3+]) in a closed CSTR of the
bromate-MA-ceriiun system with the following initial concentrations: [MA] = 0.032 M,
[KBrOs] = 0.063 M, [KBr] = 1.5 x 10-5 M, [Ce3+] = 0.001 M, and [H2SO4] = 0.8 M.
[Ce^''"]/Ce^'''] cxirve was recorded by a timgsten electrode while [Br] curve was done
with a bromide-ion-selective electrode. AB is the Bray period, and CD is the DP that
lasted for about 10 minutes in this bromate-MA-cerium system. (From Figure 1 of Field
et al (1972), reprinted with permission from J. Am. Chem. Soc. 94, pp. 8649-8664.
Copyright 1972 American Chemical Society. See Appendix A.)
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Figure l.l is called Bray period. This time interval CD is usually called the induction
period (IP) if the dormancy is in the oxidized steady-state. The IP length usually ranges
from several minutes to one hour depending on the recipe of the cerium-MA system.
The Bray period in the bromate-MA-cerium system is basically a sequential
combination of Processes A and B. The reason why the IP exists is still not quite
understood. According to Field et al. (1972), the IP in a closed CSTR containing H2SO4,
KBr, Ce2(S04)3, and MA is featured as:

(a) once for a period of time at the beginning but no longer occurring after
oscillations start;
(b) an appreciable but slowly decreasing [Ce^"*"];
(c) extremely small but gradually increasing [Br];
(d) negligible initial [BrMA];
(e) likely suppressed by adding appropriate amount of BrMA;
(f) shorter IP if high [Ce^"^] is provided;
(g) little dependence on [Br03'], but slightly proportional to [Br03'];
(h) longer IP if low [MA] is used.

According to Field (1985), the IP is closely related to the accumulation of
brominated derivatives of the organic substrate in the BZ system. The elimination of the
IP was also seen in other experiments with the addition of BrMA, Br2MA,
CHBr2COOH, and CBrsCOOH in a BZ system with MA (Degn, 1967; Vavilin and
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Zhabotmskii, 1969; Field, 1985). The main brominated organic species at the end of the
IP is BrMA when MA is the organic substrate (Bommann et al., 1973a, 1973b, 1973c).
One common theory about the IP is that [BrMA] has to reach some

minimum

amount to end the IP (Burger and Koros, 1980a, 1980b; Ungvarai-Nagy and Koros,
1984). GOA and oxalic acid (OA) were also found to be able to eliminate the EP (Burger
and Racz, 1982). But there is also opposing evidence which shows the elimination of the
IP with the absence of BrMA in the bromate-MA-cerium system (Rastogi and Prasad,
1982; Racz, 1984). This contradiction was reconciled by Ruoff et al. (1988) with two
possible pathways of Br regeneration in Process C: one through BrMA, and the other
through oxybromine intermediates to HOBr and then further reduction to Br". In fact, the
former pathway only contributes a small portion of Br regeneration through the cleavage
of the C-Br bond in BrMA during Process C while the later pathway generates the most
bromide ion from bromate through oxybromine intermediates to HOBr and then the
reduction to bromide.
According to computations based on the FKN model in a closed bromate-MAcerium system, Edelson, Field and Noyes (1975) showed during the IP (a) a slowly
increasing rate of Br, Br2, BrMA production; (b) an almost steady state of
[Ce^'^]/[Ce3''"]; (c) a slowly decreasing production of HBr02, Br02*, and HOBr.
In systems with CHD as the reducing agent, brominated CHD is thought to be the
sole source of Br regeneration (Kurin-Csorgei et al., 1996). [BrCHD] was also shown to
reach a critical point before the end of the IP (Kurin-Cs6rgei et al., 1994). During the IP,
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CHD, H2Q, Q, BrCHD, and monobromohydroquinone (BrHiQ) are present while
Br2CHD emerges after the IP ends. As the system marches into the end of its lifespan,
CHD and H2Q are eventually entirely consimied while Q, BrCHD, Br2CHD and
monobromohydroquinone (BrH2Q) are still present in the leftover. Kurin-Csorgei et al.
(1996) fiirther explored the factors that have effect on the IP of an uncatalyzed CHD
system:

(a) Br" shortens or eliminates the IP.
(b) The IP increases linearly with increasing [NaBrOs].
(c) The IP decreases linearly with increasing [H2SO4].
(d) The IP decreases with increasing [CHD].
(e) Ferroin does not have significant effect on the IP.

While the observations (b) and (d) by Kurin-Csorgei et al. (1996) are consistent
with (g) and (h) by Field et al. (1972), the ferroin effect (e) on the IP length by KurinCsorgei et al. (1996) is different from the situation where cerium is the catalyst ((f)
above) (Field etal., 1972).
In experiments with D-glucose/D-galactose-MnS04 system in a batch reactor, it
was noticed that the DP length is decreasing as [H2SO4] increases (Adamcikova et al.,
1997), which is consistent with the observation (c) in the bromate-CHD-ferroin system.

1.4 Oregonator Model
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Oregonator model was proposed to capture the main features of the BZ reaction
without dealing with all the intermediate details in the three processes (Field and Noyes,
1974a). It has been hailed to be a time-honored successful mathematical modeling on the
BZ reaction (Tyson, 1982) with about 80 elementary chemical reactions and 26 variable
species concentrations in MA version with cerimn as the catalyst-indicator (Gyorgyi et
ai, 1990). The model was thought to feature nearly all quantitative observations in the

BZ reaction (Becker and Field, 1985). Five reactions were extracted by Field and Noyes
(1974a) as the skeletal of the chemical oscillation based on the FKN mechanism.
If we denote A = Br03", B = MA, P = HOBr, H=

X = HBr02, Y = Br, and

Z= Ce^"^, T = time, the skeletal reactions of the three processes are

X+Y+H

2P

(1.9)

A+Y+2H-> X+P

(1.10)

2X ^ A + P + H

(l.ll)

A+X+H->2X+2Z

(1.12)

B+Z^/iY

(1-13)
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The Field-Noyes (FN) model is expressed as the following rate equations (Tyson, 1985)

^^k.H^AY -k^HXY +k.HAX-2k^X^
dT
^
2
3
5
^ = -k^H^AY -k^HXr +hk^BZ

(1.14)

^=2k^AX-kgBZ

where k!s are rate constants in the FKN mechanism, and A is an unknown stoichiometric
parameter ascribed to the lack of detailed knowledge about Process C in FKN
mechanism. The chemical notations in (1.14) are meant to represent their concentrations.
By following Tyson's nondimensionalization.

e-

k,B
kyHA

X =-^^X,y

k,HA

2k ^k(,B

=-^V,z
k,A

2A 1^5 J'

{k,HAf

the nondimensionalized Oregonator is expressed as

-ni

=k,BT
®

(1.15)
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dx

-

dy
//— =-qy ~xy +fz

(1.16)

dz
= x -z
dt

For the convenience of mathematical analysis and computer simulations, (1.16) is usually
reduced into a two state variable model with three parameters {e,q, and f) by assuming
H « e and thereby approximating with // « 0,

x =x (1 -x)^-fz
r X -q
e- d—
=*dt
X +q

(1.17)

dz
—=x - z
dt

Some mathematical analyses of limit cycle oscillations in the BZ reaction were
base d o n t w o s t a t e v a r i a b l e ( y a n d z ) e q u a t i o n s w i t h a n i m p l i c i t a s s i m i p t i o n o f / / » s
and thus an approximation with f « 0 (Tyson, 1979, 1985; Ortoleva and Schmidt, 1985;
Murray, 1993). This approximation is valid only when a high set of rate constants is
adopted (Tyson, 1985).
The nuUclines of the simplified two-species Oregonator system (1.17) with
different /values are given in Figure 1.2. The linear stability analysis of the Oregonator
model (Murrary, 1993) shows that when/is approximately greater than 2.41 or less than
0.5, the fixed point is globally attracting but could be excitable if £• is small enough
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(b) Nulldines of the Oregonator with 0.5 < t < 2.41
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(c) Nullclines ol the Oregonator wnti 0.5 < I < 2.41
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Figure 1.2 Nullclines for the two-species Oregonator model with q = 0.01. There are
three dynamic scenarios, (a) With / < 0.5, the steady-state is globally attracting. The
medium might be excitable if s in (1.17) is small enough, (b) With 0.5 </< 0.24, the
fixed point is not attracting, but the system can oscillate around a stable limit cycle. The
mediimi is also excitable, (c) With / > 0.24, the steady-state is attracting and excitable.
The propagation boundary for various e values can be found in Jahnke and Winfree
(1991) and Winfiree (1991).
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(usually « 1), and v^en/is approximately between 0.5 and 2.41, the fixed point is an
unstable focus with a stable limit cycle, indicating an oscillatory regime for the system.
The critical values of/(0.5 and 2.41) are approximate because they depend on the value
of^.
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CHAPTER! EXPERIMENTS WITH THE
BROMATE-CHD-FERROIN SYSTEM

2.1 Experiments

The basic recipe we used in this investigation is: 0.4 ml NaBrOs (1.42 M); 0.2 ml
NaBr (0.97 M); 0.3 ml distilled water; 0.6 ml CHD (0.89 M); 0.15 ml H2SO4 (3.15 M);
0.1 ml ferroin (25 mM); 0.6 ml agarose gel (made with 0.3 g in 10 ml H2O).
The typical process is as follows. Mix NaBrOs, NaBr, CHD, H2SO4 and H2O in
a 10 ml vial to get a solution of total volume 1.65 ml. Wait half an hour while the yellow
color in the bromination process disappears, and then keep the vial in a refrigerator for
another half an hour. The yellow Br2 releases into the solution from Process A of the
FKN mechanism, and it gradually fades away by brominating CHD into BrCHD,
Br2CHD, and others. Then mix with 0.1 ml ferroin and 0.6 ml melted agarose gel. The
purpose of pre-cooling the brominated solution is to prevent the mixture with melted gel
from staying at high temperature. Then filter through a 5 //m Millipore on a 10 ml
syringe. An optical device (Winfree et al., 1996) with a charge-coupled device (CCD)
was employed to record most experiments with a light source centered around 450 nm.
Other recordings, in white fluorescent light, used a Burle CCD with automatic gain
control. Agarose gel was usually used to avoid hydrodynamic disturbance, but in some
experiments water replaced the same amoimt of agarose gel. All experiments were done
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at 25 °C. After mixing, the composition of 2.35 ml solution was 0.23 M Br03", 0.18 M
H2SO4,0.20 M CHD, 0.03 M BrCHD, and 1.0 mM ferroin.
Petri dishes (35 x 10 mm Falcon) and tubes (VWR micro-hematocrit tubes with
heparin—diameter: 0.5-0.6 mm, length: 60 mm. Catalog No.: 15401-560) were used as
2D and ID medium holders respectively. In the petri dish case, the gel or liquid version
of the mediiun was usually placed on the bottom of the petri dish, and the top of the dish
cover was pressed on to form a "sandwich." The thickness of the 2D medium is aroimd 1
mm. Such a design was used to exclude oxygen effect in the medium except for the edge.
For ID experiments, one end of the tubes was poked into the gel mediimi, and gel
mixture went into the tubes by capillary effect.
In photosensitivity and stability experiments, the light source was a 300 W Ushio
Halogen projector lamp (ELH) with a reflector. A bottle (50 ml Falcon flask with a
thickness of 2 cm) full of half-saturated CuS04 solution and a heat absorbing glass filter
of 1/4 inch thickness were employed to obtain a light source around 480 mn. The light
intensity of our experiments was measured with a Metrologic photometer (laser power
meter; Model No.: 45-230) whose analog readout was calibrated within 10% of standard
for the 633 nm wavelength of helium-neon laser light. The measurements of the light
intensity were also calibrated by an UDT photometer (United Detector Technology;
Model 115-1; Model No.: 248). The light intensity was adjusted by the distance between
the light source and the target. Two kinds of light intensity were used: while light source
of 32.5 mW/cm^ was used to make blue-orange interfaces in the IP medium, while light
sources of both 32.5 and 75 mW/cm^ were used in photosensitivity experiments. An
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industrial timer (Time-O-Lite) was used to control the duration of light stimulation.
Besides the photosensitivity experiments with 480 nm light source, Roscolux translucent
plastic color filters (#21, golden amber, 43% transmission around 608 nm) were put in
firont of the light source to obtain a spectrum in a specific region around 608 nm.
AgN03-coated toothpicks were used to poke and trigger a medium in stable
orange state. The AgN03-coated toothpicks were made by dipping the toothpicks in
saturated AgN03 solution. After drying, they become black with silver grains. In
experiments of bronaine effect on the IP length, stainless steel sewing needles were
employed to dip bromide solution into a medium during its blue EP.

2.2. New Observations of the Bromate-CHD-Ferroin System

With the convenient CO2 bubble-firee advantage, the mechanism of the CHD
version of the BZ reaction has been investigated in the recent years (Kurin-Csorgei et al.,
1994, 1995, 1996, 1997; Szalai and Koros, 1998a, 1998b). No essential difference of
features firom the traditional MA version was claimed for this CHD version. According
to Kurin-Csorgei et al. (1995), the rate constant for the reduction of ferriin by CHD is
close to that for the reduction of Ce^"*" by MA.
In this chapter we describe some new features during the IP of the bromate-CHDferroin medium. They include the evolution of the system with two bifurcations, the
bromine effect on the IP mediimi, the factors which determine the IP length, the change
of ferriin and ferroin concentrations undemeath the visual dormancy of the IP,
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photosensitivity, and a reduction step around the second bifurcation whose propagation
speed is substantially slower than that of the pulses. We distinguish three kinds of spatial
waves. A reduction step turns a medium from the attracting blue steady-state to orange,
moving from the orange region to blue. An oxidation step turns a medium from the
attracting orange steady-state to blue, moving from the blue region to orange. A pulse has
a pulse-like shape, turning the mediimi from orange to blue and then recovering from blue
to orange. Both reduction and oxidation steps can only occur in a bistable mediimi, while
pulses can occur in both bistable and monostable media.

2.2.1 Transitional period

The coimterpart of the bromate-CHD-ferroin batch system corresponding to the
Bray period in a closed CSTR of the bromate-MA-cerium system (Field et ah, 1972) lasts
for 5-10 minutes. It starts when the brominated solution is mixed with ferroin and
agarose gel, and ends when the medium proceeds to its IP.

(1) One-dimensional (ID) medium

The original ID medium is orange at the begiiming because of the ferroin in the
recipe. A first couple of pulses initiated from some pacemakers will soon invade into the
orange region from discontinuities such as the ends of the tube, while the tails of the
pulses recover to orange. The mediimi might stay orange after the pulses sweep through
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the whole tube. But more often, a last pulse will be initiated with a short recovery,
followed by an oxidation step without recovery to the orange state. Thus the medium
usually stays blue during the IP (Figure 2.1). The orange gap of the "short recovery"
before the last oxidation wave occurs is only about 2 mm width of orange.

(2) Two-dimensional (2D) medium

The pattern-changing sequence in 2D medium is basically similar to the ID
situation. From the edge of petri dish pulses propagate inward into the orange mediimi.
Then the medium might stay orange, but more often an oxidation step quickly catches the
tail of the previous pulse with only a small trace of recovery. Again the space between
the oxidation step and the previous pulse is about 2 mm wide (Figure 2.2). But a liquid
version with same amount of water replacing the gel is more revealing. Continuously
shake the liquid mixture in a petri dish or a syringe during the first several minutes
(equivalent to a closed CSTR), and then stop the shaking. If the whole medium turns
blue, it soon uniformly recovers to orange, indicating that the blue state is not stable at
this moment. Then as in ID, the medium may stay orange for a long time. But more
often a few pulses start from the edge of the medium, then an oxidation step follows
closely without recovery, leaving the medium in uniform blue until the EP ends.
During this transitional period, the pulses and oxidation steps propagate at 0.070.09 mm/s, faster than the typical wave propagation (0.035-0.05 mm/s) after the IP. And
only the orange steady-state is attracting while the blue state is not. Around the end of
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Figure 2.1 Transitional period in ID. 59 successive images of a fragment (28.5 mm long
and 0.475 mm wide) are stacked together at 5 seconds interval spanning a time period of
290 seconds. The fragment was part of a capillary tube (length: 76 mm; diameter: 0.5
mm) filled with the bromate-CHD-ferroin mediimi. The time moves upward. The darker
area represents orange while the lighter color is for blue. The two pulses and one
oxidation step propagated leftward, forming slanted lines in the figure. After the first two
pidses, the last oxidation step at the right turned the whole capillary tube into blue. The
propagation speed was 0.076 mm/s.
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Figure 2.2 Transitional period in 2D. A 2D medium in a petri dish (diameter 3.5cm)
shows the transitional period before the IP. As in ID, the first two pulses sweep through
the whole mediimi w^e the last oxidation step (very dim in the figure) switches the
medium to the attracting blue steady-state. The long stripe in the southeast comer is the
border of the gel mediiim, while shorter fiizzy band above the long stripe is the brand
mark of the petri dish—Falcon.
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the transition stage, there is a bifurcation firom this monostability to bistability, as seen in
section 2.2.2.

2.2.2 Bistability during tiie IP

Bistability in nonlinear chemical systems has only been seen in open CSTR, such
as a system with cerium but without organic substrate (Geiseler and FoUner, 1977), a
system with iodate-arsenous acid (De Kepper et ai, 1981; Papsin et ai, 1981;
Ganapathisubramanian and Showalter, 1984; Laplante, 1989), and a system with iodateiodide (Epstein, 1984; Scott, 1994). The CSTR reactor has the advantage of obtaining a
homogenous system by its stirring effect. But its disadvantage is that it could mask the
dynamic properties of the system. For example, both an oscillatory system and a nonoscillatory but excitable system will show oscillations in CSTR. This makes equivocal
any claims about the dynamic properties (e.g., one repellor with a stable limit cycle, an
attracting but excitable steady-state, or two attracting steady-states) of the system. Since
the stirring effect (plus oxygen effect) might have participated in these observations
(Vanag and Melikhov, 1995), it would be more convincing if bistability could be
witnessed in a batch reactor. The observation here shows bistability in a batch reactor
without the stirring effect and the oxygen effect.

(1) Bistability: blue and orange attracting steady-states during the IP
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With our standard recipe, two possible steady-states can be realized during the IP
after the transitional period. During the transitional period the first few pulses without a
last oxidation step may lead the mediimi to an orange steady-state for a long time,
indicating an attracting orange state.

If perturbed by pacemakers or a touch of an

AgNOs-coated toothpick, the orange medium will usually switch to blue through a
couple of consecutive pidses and a last oxidation step as described in section 2.2.1. Since
the system has bistability during the blue IP, there is a bifurcation from the monostability
during the transitional period to bistability during the IP, which presimiably occurs some
time around the last oxidation step.

(2) Transition from one stable state to another

If the mediimi stays blue, a stimiilation by light (32.5 mW/cm^ centered around
480 nm) can switch the system to orange.

This was revealed in the following

experimental design. Gelled medium is put in a micro-hematocrit tube by capillary
effect. If the medium is blue, shed light on the capillary to create an orange segment.
Since only a segment of the tube switches to orange due to the effective range of the light
source, remove the blue ends by cracking the capillary to get a pure orange tube. Mostly
pacemakers emerge at the ends, but a stable orange tube can be obtained sometimes. The
stimulation energy needed to make the transition is a decreasing fimction of time into the
IP as shown in the photosensitivity of the system (section 2.2.6).
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The opposite transition, from orange to blue, can easily be realized; a touch of an
AgN03-coated toothpick usually triggers the transition of a 2D medium from orange to
blue after a few pulses and a last oxidation step sweep through the medium.
Although the two steady-states can be switched to each other, the blue state seems
"more" stable during the IP, based on the following three observations,

(a) The

dominance of the blue state can be seen by the observation that the mixture of the same
amoimts of liqmd mediiun in blue and in orange compromises in blue, (b) An interface
of blue and orange (e.g., created by light stimulation) will always move in a direction
from the blue to orange region, Le., the local transition is from orange to blue, (c) The
two states have different excitability as shown in section (3) below.
The transition speed of a blue-orange interface (oxidation step) during the IP is a
decreasing fimction of the age of the medium during the IP (Figure 2.3). Here the age of
the medium is defined as the time elapsed since the mixing of the brominated solution
with ferroin. During most part of the IP, a blue-orange interface, artificially created by
light stimulation without IR filter and CuS04 blocker, moves from the blue region to the
orange region (Le., the local region switches from orange to blue), i.e., it is an oxidation
step. The speed decreases as the medium ages. The slightly decreasing speed of the
oxidation step is consistent with the observation that wave propagation in the medium
after the end of the IP slows down as the medium ages (Figure 2.4). When the medium is
close to the end of the IP, such an interface propagates from the orange to blue region,
i.e., the local region switches from blue to orange, opposite to what happens during the
most part of the IP. This is a reduction step. And its speed increases as the medium ages
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Figure 2.3 Transition velocity of an ID interface. The measurement was done with the
standard recipe, and the interfaces were created by light stimulation. Diiring the early 100
minutes of the IP, the interface moved from blue to orange region, leading to oxidation
steps. The propagation of oxidation steps slowed down gradually as the medium aged.
During the last 35 minutes, a blue-orange interface propagated from orange to blue
territory, leading to reduction steps. The propagation of reduction steps speeded up as the
medium aged, but the absolute speed was much slower than that of all the other waves
during the whole course of the reaction. The sign of the propagation speed is plotted
depending on the propagation direction: positive means propagation from the orange to
blue region while negative from the blue to orange region.
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Figure 2.4 The evolutioii of wave propagation speed as the medium aged after the end of
the IP (time 0 in the plot). The average speed was measured on spiral waves in four
different runs with the standard recipe. Waves can persist two or three hours during the
post-IP. The spirals tended to gradually slow down their rotation as the medium aged.
This is different from what was reported in the bromate-MA-ceriimi system (Wood and
Ross, 1985) where wave propagation was unaffected by the relative age of the mediirai.
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during this short period. We will discuss this transition during the end of the IP in section
2.2.8.

(3) Excitability

During the IP, the blue state can switch to orange if it is perturbed {e.g., by light
stimulation), but it cannot spontaneously do so—there are no such "pacemakers" found to
initiate pulse propagation in the blue medium. And diffusion is not good enough to bring
the blue state into orange. This shows that blue steady-state is not excitable, presumably
due to a high excitability threshold.
If a medium happens to stay orange during the IP, simply a touch of an AgNOscoated toothpick resettles the medium into blue. And the pulses initiated at pacemakers
or by the touching perturbation can propagate into a virgin orange territory assisted by
diffusion, and a last oxidation step switches the mediimi into the attracting blue steadystate. This switching process is just like what occurs aroimd the end of the transitional
period when it settles down to blue. In fact the excitability of the attracting orange
steady-state persists through all the three stages of the system: transitional period, the BP,
and the post-IP. The difference of excitability between attracting blue and orange steadystates during the IP is consistent with the observation that a blue-orange interface always
move in a direction from the blue to orange region (oxidation step) during the IP as
described in section (2) above.
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2.23 Br2 effect on CHD medium during the IP

The Br2 effect was first noticed in an experiment in which a gelled CHD medium
was poked by a touch of a NaBr-dipped stainless steel sewing needle. In addition to an
immediate orange spot of radius 0.1 cm caused by the needle touch at the beginning, a
disk of radius 0.2 - 1.0 cm simultaneously turned into orange gradually after about 10
seconds. This disk was then swallowed gradually by the surroimding blue area since a
blue-orange interface, during most part of the IP, moves into the orange territory as an
oxidation step. This phenomenon can be explained with Br2 diffusion in the air but not
in the gelled medium. The area of the disk was an increasing function of the age of the
blue medium. During the early stage of the CHD medium (within about one hour) there
was no effect of such a touch.
Our hypothesis is that the orange disk was caused by Br2. Br2 was released into
the air from the triggered spot, and dispersed into the surrounding area. Due to the
heavier molecular weight of Br2 (159.808) than that of the air (18.98), Br2 stayed on the
surface of the medium and gradually turned the medium into orange. The following
experiments were carried out to accept or reject the hypothesis:

(a) CHD gel in a capillary tube was dipped into NaBr solution at one end when
the gel was about one hour old. Only a small orange spot at that end turned into deep
orange immediately while the remaining part of the capillary showed no color change.
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(b) Two dishes of liquid CHD medium were made: one was covered with a plastic
membrane with a small hole of 2

mm

diameter in the middle so that only that circular

area was exposed to the air; the whole surface of the other medium was open to the air.
At 60 minutes of the blue IP, a touch with a NaBr-coated needle in the uncovered
medium triggered a disk of turning orange just as in the gelled medium, but it was then
gradually swallowed by the stirrounding blue area. The touch into the covered medium
through the hole m the plastic membrane turned orange only in the mediimi exposed
under the hole while no big orange disk appeared.
(c) In a gelled CHD medium, a touch of a NaBr-coated needle at 83 minutes of the
blue IP, followed by a continuous air blowing onto the medium, did not have an orange
disk.
(d) Br2 was generated from the mixture of NaBr, NaBrOs, and H2SO4 in a vial
for 10 minutes, and then sucked into a plastic bulb. The Br2 was then squeezed through
the plastic bulb onto a gelled mediimi of 85 minutes age during its blue IP. The whole
mediimi turned into orange except the border aroimd the petri dish.
(e) A chimk of gelled medium touched by a NaBr-needle was put above the gelled
CHD mediimi at 86 minutes of its blue IP. A huge disk of the mediimi turned gradually
into orange. A similar result was obtained at 96 minutes of the blue IP in another
medium.

Our conclusion from the above five experiments is that the mysterious orange disk
was due to some gas difiiised into the medium through the surface, not through the
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medium. That gas is logically Br2 released from the reactions among Br03", Br", and
through Process A of the FKN mechanism. Presumably Br2 combines with CHD to get
BrCHD so that Br can be generated to reach some minimum critical concentration in
Process C. After that the mediimi is assumed to start a rapid decreasing of HBr02
followed by the reduction of ferriin, manifested by the local transition from blue to
orange. Since [BrCHD] increases during the IP, the increasing effect of Br2 as the
medium ages, is probably because less Br2 is needed to get enough BrCHD to reach the
critical [Br"].

2.2.4 EP length and factors

The length of the IP in a closed CSTR as in Field et al. (1972) is straightforward:
The interval of the IP between the start of the mixture and the beginning of oscillations.
But the measurement of the IP length in a batch reactor is not so strict: The wakening of
dormancy in a batch reactor usually starts from a transition (reduction) step initiated at the
border or other heterogeneous points. This reduction step switches the local region from
blue to orange with the step sweeping through the medium. For consistency, here the IP
length is defined as the time elapsed until the first wakening from the blue stable state in
the mediimi.

The wakening starts usually along the medium edge, indicating a

heterogeneous source probably due to oxygen effect and/or inhomogeneous chemical
concentrations because the edge is the only place where the air contact occurs in a
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sandwiched 2D medium or in a ID medium in capillary tube. The usual IP length is 70100 minutes with the standard recipe.

(1) Effect of bromination length on IP length

The bromination process before ferroin is added in the CHD system is a net
reaction (Kurin-Csorgei et al., 1996):

3 H+ + BrOs" + 2 Br + 3 CHD

3 BrCHD + 3 H2O.

(2.1)

When the bromination solution (H2SO4, CHD, NaBr, and NaBrOs) is made, presumably
Bt2 will be released from Process A that turns the solution into yellow. As Br2 gradually
combines with CHD (Kurin-Csorgei et al., 1994):

(2.2)

Br2 + 2 CHD -> 2 BrCHD,

the yellow color gradually fades away. After 30 minutes the bromination solution is clear
and stays so during the next 30 hours. Then pale yellow will come out, and yellow
sediments start to occur after 50 hours. The pale yellow sediment is probably quinone (or
/7-benzoquinone,

l,4-ben2oquinone,

para-quinone,

2,5-cyclohexadiene-l,4-dione,

C6H4O2) since quinone is slightly soluble in water with a pale yellow color. As the
production of BrCHD during the bromination of CHD, quinone is also gradually
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accumulated from the aromatization during the further oxidation of CHD free radicals of
hydroquinone and BrCHD.

After 120 hours of bromination no pulses could

spontaneously initiate when ferroin is added in. As the bromination mixture becomes
old, less BrCHD is left while more quinone is yielded from the further aromatization of
BrCHD and other CHD free radicals. This may explain why waves carmot be initiated
when the bromination is too long.
Longer bromination length before ferroin is added leads to a shorter IP when the
bromination is within 50 hours. When the bromination solution was added ferroin with a
bromination length of I, II, and 26 hours, the IP was 90, 60, and 15 minutes respectively.
The relation between the IP length and bromination length is consistent with the notion
that [BrCHD] has to reach a minimum value to end the IP.

(2) [Br] effect on IP length

Higher [NaBr] in the initial system shortens IP length. This is similar to what is
observed in an uncatalyzed CHD system (Kurin-Csorgei et al., 1996). With all other
chemicals kept the same as in the standardized recipe, experiments with 0.15 ml, 0.2 ml
(normal amount in the standard recipe), 0.25 ml, and 0.3 ml residted in an IP of 20 min,
40 min, 77 min (standard one), and 92 min respectively. And the bromination process for
these experiments was 90 minutes, longer than the usual 30 minutes, until the one with
the highest amount of NaBr (0.3 ml) was clear of yellow.
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(3) Effect of ferroin concentration on IP length

With all the other chemicals kept the same as in the standard recipe, three sets of
experiments were done with 0.1 ml 10-fold diluted ferroin (2.5 mM), 0.1 ml normal
ferroin (25 mM), and 0.3 ml ferroin (25 mM). The IP lengths were 40, 70, and 75
minutes respectively. This result shows that the IP length is increasing with higher
concentration of ferroin. This contrasts with the result with the bromate-MA-cerium
system in which higher concentration of cerium led to shorter IP (Field et al., 1972). It is
also different from the insignificant effect of [ferroin] added in an uncataiyzed CHD
system (Kurin-Csorgei et al., 1996).

2.2.5 Change of ferroin and ferriin concentrations during the IP

(1) Dissociation of ferroin and ferriin in H2SO4 solution

The dissociation of ferroin and ferriin in H2SO4 solution has been investigated in
a few resources (Chou et al., 1993; Lee et al., 1948; Gao et al., 1996). The dissociation
of ferroin in acidic solution gives ferrous ions (Gao et al., 1996)

ferroin + 3 H"*"

Fe^"^ + 3 phenH"*",

(2.3)
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where phenH"^ is the protonated form of 1,10-phenanthroline. Fe2+ is further oxidized to
Fe^"^ by oxidants [O]

Fe2+ + [O]

Fe3+.

(2-4)

The first order rate constant of dissociation of ferroin, independent of acid concentration
was, according to Chou etal. (1993), 4.30 x 10"^ min"l in 1 M H2SO4 at 25 °C, and the
activation energy was 130 KJ/mol, while Lee et al. (1948) estimated it as 4.5 x 10"^
min"l at 25 °C with a half-life of approximate 2.5 hours when the acid concentration was
in the range of 0.005 to 0.5 M. The dissociation of ferriin is

ferriin —> Fe^"*" + 3 phen

(2.5)

and ferriin can also be converted to ferroin in the presence of ferrous ions

ferriin + Fe^"'"

ferroin + Fe^"^

(2-6)

The first order rate constant of ferriin in 1 M H2SO4, according to Chou et al. (1993),
was 1.59 X 10"^ min~^ at 25 °C, and activation energy was 112 KJ/mol, while Lee et al.
(1948) gave a vzdue of 4.7 x 10"^ min-1 in the presence of 0.5 M H2SO4. As a result,
ferric ions are accumulated in the system as the two dissociations proceed.
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(2) Derived ferriin and ferroin concentrations from image processing

Suppose that we have two states of the iron ions: ferroin and ferriin with
concentrations c(o) and c(/) respectively.

After background division, the sample

concentration at a point can be derived from its pixel value PV (Beer's law),

P V = 255 X 10"'^°

.

(2.7)

When both ferroin and ferriin are present, c(o) = c - c(0, c = total concentration of ferroin
and ferriin. Thus, when c is known.

1
.1,
,PV
= . / ..JtKo(—)
s i o ) - s i i ) d °®"'^255'

)]

(2.8)

^0]

(2.9)

or.

1
.1,
,PV
) =—:t^—7^[T Iogio(~)
e(J)-£(.o)^d

or, when c(o) is known.
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1 .1,

.PV

c(/)=-—[Tlog,o(—) + ^^(o)£(o)]
s{iid ^^">^255^

(2-10)

or, when c(/) is known.

1 -1 ,
.PV
=-—[Tlog.o(—) + ^0M0]
sip ) a
255

(2.11)

If only ferroin is present, the ferroin concentration is

1
PV
c(o)=—rTrlog,o(—)

(212)

Likewise, if only ferriin is present, its concentration is

£(/)z

255

<2.13)

With the assumption of acidity independence, the dissociation rate equation for ferroin is

^^=-a(o)c(o)
at

(2.14)
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where aip) is the dissociation rate of ferroin and t is the dissociation time. Suppose that
Cq(o) and c,(o) are the concentrations of ferroin at the beginning and the end of a
dissociation process respectively, aip) can be solved from (2.14)

c

,

(

o

)

=

c

o

(

o

)

e

(

2

.

1

5

)

or.

a(o) = --ln-^^
t Co(o)

(2.16)

With the assvmiption of acidity-dependence, the dissociation rate equation for ferriin is

^^=-a{i)cii)H
at

(2.17)

where a { i ) is the dissociation rate of ferroin in a unit of M'^min"^, and H =
Suppose that c^{i) and c,(/) are the concentrations of ferriin at the beginning and the end
of a dissociation process respectively. a{i) can be solved from (2.17)

(2.18)
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or.

a(/)= —^
tH

c,ii)

(2.19)

The following experiments were implemented with the sample in a 1 cm thick
cuvette to investigate the change of [ferroin] and [ferroin] during the EP in addition to
their dissociation. A light aroimd 450 nm (with a typical standard deviation of 70 nm)
passed through the sample to a CCD. This image was saved on videotape. Later through
an analog-to-digital converter the image of attenuation was processed through a modified
Scion Image 1.57 (an image-processing software) as pixel value (PV) on a Power
Macintosh computer. So <i= 1 cm, sip) = 10000 l/(M-cm), and e{i) = 150 l/(M cm).
A patch of 60 pixels x 50 pixels (2.1 mm x 1.75 mm) was processed to obtain temporal
evolution of average PV. The derived [ferroin] and [ferriin] below are based on the
digital values after the image processing.

(3) Ferroin in H2SO4 solution

As the original [ferroin] in the standard recipe absorbed too much light in a 1 cm
thick cuvette, a roughly 10-fold diluted ferroin was used in a solution with the same
[H2SO4] as in the standard recipe (Figure 2.5).
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Figure 2.5 The dissociation of ferroin in H2SO4 solution is shown in [ferroin] roughly 10
times-diluted as m the standard recipe for 76 minutes.
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According to (2.12), corresponding to a PV of 39±1, the initial [ferroin] c^ip) =
(8.15±0.09) X 10"^ M while 76 minutes later the concentration, with a PV of 59±1, was
) = (6.35±0.08) X 10"5 M. The dissociation rate of ferroin, according to (2.16), was
cc(p) = (3.3±0.3) X 10"3 min'l, which is close to a previous result (4.3 x 10"^ min-1) by
Chou et al. (1993) and verifies a slight acidity-dependence.

(4) Ferriin in H2SO4 solution

The same amount of ferroin as in the standard recipe was put in a solution of
H2SO4 and NaBrOs whose concentrations were also the same as in the standard recipe.
Same amount of water was added to replace the amount of CHD solution. So c = I.O x
10"3 M, and /f= 0.18 M. The ferroin was immediately oxidized to ferriin (Figure 2.6).
If we assimie that both ferriin and ferroin were present in the solution, the initial
PV of 130±1, according to (2.8) and (2.9), indicates a composition of initial [ferriin] =
^o(0 ~ (9.85±0.01) x 10"4 M, and initial [ferroin] = Co(o) = (1.45±0.04) x 10"^ M.
This means that ferriin had 98.5% of the total catalyst ions while ferroin had 1.5% at the
beginning. After 228.6 minutes, the amoimt of ferroin would be, based on our estimated
dissociation rate of ferroin a(p) = 3.3 x 10"^ min-1 and (2.15), the final [ferroin] =
c,(o) = (6.8±0.2) X 10"^ M. With (2.10), the final [ferriin] after 228.6 minutes of
dissociation, with a PV of 157.5±1, was c,(/) = (9.4±0.2) x 10"^ M which leads to a
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Figure 2.6 The dissociation of ferriin in H2SO4 solution is shown for 228.6 minutes.

59

dissociation rate of ferriin a(i) = (1.1±0.5) x lO"^ M-^min-1 according to (2.19). This
is close to what was estimated (1.59 x 10"3 min-1) in Chou et al. (1993).

(5) Change of [ferriin] and [ferroin] during the IP in liquid bromate-CHD medium

The standard recipe was used with the same amount of H2O replacing agarose gel.
So c = 1.0 X 10"3 M, and H = 0.18 M. During 72 minutes of the IP, the blueness
decreased as seen by increasing PV (Figure 2.7).
According to (2.8) and (2.9), PV = 119±1 at the beginning corresponds to initial
[ferriin] = c^{i) = (9.816±0.004) x 10"^ M and initial [ferroin] = c^ip) = (1.84±0.04) x
10"^ M. This indicates that ferriin had about 98% of the total catalyst ions while ferroin
2% at the beginning of the IP. If we assimie there was no other change of [ferroin] and
[ferriin] except for the dissociation, then after 72 minutes, the final [ferroin] =

=

(1.45±0.03)

x

x

10"5 M based on our estimated dissociation rate of ferroin 0^(0) = 3.3±

10"3 min"l and (2.15). According to (2.10), PV = 127±1 corresponds to final [ferriin] =
c,(/) = (1.05±0.02) X 10"^ M after 72 minutes of dissociation. The estimated [ferriin]
after 72 minutes showed an increase instead of decrease due to dissociation, and exceeded
the total amount of catalyst available in the system. The only interpretation would be a
failure of our assumption (no change of ferriin and ferroin dviring the DP except for the
dissociation).
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Figure 2.7 The dissociation of ferriin in the standard recipe during the IP is shown here
for 72 minutes. In ail three plots, higher PV means more ferriin ions while lower PV
means more ferroin ions. And the PV was background divided.
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With our estimated dissociation rate of ferriin a(i) - 1.1 x lO"^ M~lmin"l, the
final [ferriin] would be c,(/) = (9.672±0.004) x 10"^ M after 72 minutes of dissociation
under the assumption of no conversion between the two forms of the catalyst ions, based
on (2.18). Suppose that there was some conversion, and that during the period of 72
minutes the amount of ferriin which converted to ferroin was x M. We ignore the
dissociation of the x M of ferroin, which would be negligible during 72 minutes. Now the
adjusted [ferroin] and [ferriin] would be c,(o) = (1.45 x 10"^ + x) M and c,(/) = (9.672
X 10"^ - x) M respectively. Plug these two values into (2.7), with a PV of 127±1 at the
end of the dissociation (Figure 2.7), we get x = (1.3±0.3) x 10"^ M. Thus [ferroin] and
[ferriin], after dissociation and conversion, were c,(o) = (1.58±0.03) x 10"^ M, and
Ci(0 = (9.659±0.004) X 10"^ M respectively. Ferroin accoimted for about 2% at the end
of the blue IP in the ferroin-CHD system, and there was (0.13±0.03)% of ferriin
converting to ferroin. Uncovered from the relatively larger amount of dissociation, this
small amount of conversion from ferriin to ferroin is consistent with what has seen
detected in the bromate-MA-cerium system (Field et al., 1972) in which the concentration
of the oxidized catalyst decreased slightly through the EP. The slight conversion is also
consistent with what the Oregonator shows when h increases (presumably when the
system ages). As uituitively expected, this result shows that the IP is not really dormant,
rather a slight amount of ferriin converts to ferroin. How this conversion is achieved is
still imknown, and it would be revealing to make a connection with the accumulation of
BrCHD or BrMA during the IP.
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2.2.6 Photosensitivity during the IP

Since photons can selectively excite some atoms or molecules due to the
absorption of light depending on specific electron energy gaps (Bohr condition), light
sources (usually visible, ultraviolet or near-infirared light) are utilized to create an
electronically excited state, to initiate photo reactions, to make phase transitions, and to
probe reactive kinetics. Although the earlier interest was focused on the effect of
ultraviolet (UV) light (Vavilin and Zhabotinskii, 1968; Busse and Hess, 1973; Zaikin and
Zhabotinskii, 1973), visible light is now used to probe the photochemistry of the BZ
system.
Photosensitivity of the BZ system has been extensively explored in the bromateMA-Ru(bpy)32+ system (Kuhnert et al., 1989; Jinguji et ai, 1990; Braime and Engel,
1993; Steinbock and Miiller, 1993; Steinbock et ai, 1993; Markus et al, 1994; Ram
Reddy et ai, 1994, 1995; Krug et al., 1995; Mimuzuri and Markus, 1996; Petrov et ai,
1996; Agladze et al, 1996; Kad^ et al, 1997; Munuzuri et ai, 1997), bromate-BrMARu(bpy)32+ system (Kuhnert, 1986; Krug et ai, 1995), bromate-CHD-ferroin system
(Kurin-Csorgei et al, 1997), bromate-CHD-Ru(bpy)32+ system (Kurin-Csorgei et ai,
1997), and bromate-CHD-DPA system (Kurin-Csorgei et al, 1997).
In the bromate-MA-Ru(bpy)32''" and bromate-BrMA-Ru(bpy)32+ systems, the
photochemistry is thought to involve in exciting the oxidized state Ru(bpy)33''" to
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*Ru(bpy)32"^. The excited state •Ru(bpy)32+ then catalyzes the extra generation of [Br]
(Kuhnert, 1986; Jinguji et al., 1992; Ram Reddy et al., 1994). Thus illiunination makes a
color shift from the oxidized state to the reduced one.
Observations on the bromate-MA-Ru(bpy)32''' system under light stimulation
have an extensive spectrum: visible light usually

(a) decreases the excitability (Kuhnert, 1986; Agladze et al., 1996),
(b) initiates firequency change of oscillations in an open continuously fed
unstirred
reactor (Petrov et al., 1996),
(c) decreases wave propagation speed (Steinbock et al., 1993; Ram Reddy et
a/.,1994; Petrov et al., 1996; Agladze et al., 1996),
(d) increases wave propagation speed (Petrov et al., 1996),
(e) suppresses wave propagation (Ram Reddy et al., 1994; Petrov et al., 1996),
(f) increases the wavelength of spiral waves (Petrov et al., 1996),
(g) terminates spiral waves (Agladze et al., 1996),
(h) induces the change of tip motion patterns (Braune and Engel, 1993) and
transition from simple tip pattem of spiral waves to complex one
(meandering) (Agladze et al, 1996),
(i) triggers the formation of target pattem (Petrov et al., 1996) and spiral waves
(Agladze et al., 1996), and wave breakup (Agladze et al., 1996).
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According to Winfree et al. (1996) and Kurin-Csorgei et al. (1997), the
photosensitivity of the bromate-CHD system was stronger in the ferroin-catalyzed system
than in the Ru(bpy)3^'''-catalyzed system with visible light. Their results showed several
quite opposite aspects to those in Ru(bpy)32''"-catalyzed bromate-MA system:

(a) Light stimulation with moderate intensity resulted in an increase of oscillation
frequency and wave propagation speed.
(b) Photosensitivity increased with [H2SO4] and decreased with [ferriin] and
[CHD].
(c) Light stimulation shifted reduced orange state to oxidized blue state as the
orange regions became paler.
(d) Suppression of excitability was observed.
(e) Photosensitivity decreased with increasing [Ru(bpy)32+] (Kurin-Csorgei et
al., 1997).

(f) DPA showed the similar photosensitivity as with ferroin.

The accumulation of photochemical observations of the BZ system is so far very
productive, but no mention of the duration in most literature makes some of the claims
non-reproducible. Some results are even contradictory, e.g., (c) and (d) above in the
bromate-MA-Ru(bpy)32+ medium. In the following we investigate the photosensitivity
during the IP of the bromate-CHD-ferroin system with our standard recipe.
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(1) Photochemistry of the attracting blue steady-state

During the IP, the attracting blue steady-state can always be kicked to orange by
some amount of photons within some light frequency range. For a specific age of the
medium there is a

minimum

light energy to convert the attracting blue steady-state to

orange. With a peak intensity of 75 mW/cm^ aroimd 480 nm on a gelled mediimi 1 mm
thick, a longer duration of stimulation results in a larger disk of orange presumably due to
a bell shape of the light intensity under the reflector. 15 seconds exposure brought a disk
of stable blue medium during the IP to orange at the beginning (Figure 2.8), 5 seconds
was needed dxmng the middle age (30 minutes old) of the IP to obtain a same size of disk,
while only 1 second was needed at the end (50 minutes old) of the IP. This indicates an
increasing photosensitivity during the IP. All the orange disks then were swallowed by
the propagation of an oxidation step from the surroimding blue medium: The local
transition is only from orange to blue during the IP. Another interesting phenomenon was
that as the orange shrank, there was a recovery at the tail of the transition, but another
transition (oxidation step) qxiickly caught the tail and turned the medium back into blue
(Figure 2.9), like what was observed aroimd the end of the transitional period of the
system (Figure 2.2). Usually after the light stimulation, the color change from blue to
orange did not occur until about 10 seconds after the end of the stimulation.
The photosensitivity of the blue medium also depends on light wavelength. In a
comparison experiment, a light source of 32.5 mW/cm^ around 480 nm brought a blue
medium to orange during the end of the IP within 10 seconds, while a light source with

66

Figure 2.8 Photochemistry of the attracting blue steady-state. M the same petri dish of
Figure 2.2, 15 seconds of light stimulation with an intensity of 75 mW/cm^ at 480 nm,
turned a disk (diameter 13.8 mm) of blue medium into orange. The darker area represents
orange while the lighter color is for blue. The long stripe in the southeast comer is the
border of the gel medium, while shorter fuzzy band above the long stripe is the brand
mark of the petri dish—Falcon.
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Figure 2.9 After light stimulation on the blue medium. The orange disk in Figure 2.8
shrinks with a tiny trace of recovery behind, like what happened around the end of the
transitional period (Figure 2.2). The long stripe in the soudieast comer was the border of
the gel mediimi, while shorter fuzzy band above the long stripe was the brand mark of the
petri dish—Falcon.

68

the same intensity around 608 nm (filtered through Roscolux filter #21) failed to make a
color change of the medixim within 20 seconds during the end of the IP.

(2) Photochemistry of the stable orange state
With our standard recipe no visual effect has been observed on the attracting
orange steady-state either during the IP or after the IP with any amoimt of light at any
frequency, with or without IR plus CuS04 filter.

This observation contrasts with the

report using a different recipe that light stimulation shifts the reduced orange state
(ferroin) to oxidized blue state (ferriin) in the bromate-CHD-ferroin system (KurinCsorgei et al., 1997).

(3) Photosensitive species

Suppose that one of the photosensitive species is ferriin.

We consider the

observations in which the blue medium during the IP is kicked to the orange state with
light intensity /= 32.5 mW/cm^ = 3.25 x 10"^ Joule/sec-cm^, duration / = 10 sec, and
wave length X = 480 nm. The energy density E = It = 0.325

joules/cm^, equivalent

to

1.3 X 10"^ moles/cm^ of photons, passes into the gelled medimn with 4.5% of them
stopped by the ferriin in the 1

mm

thick medium (the extinction coefficient of ferriin =

200 l/(M-cm) at wave length X = 480 nm, and [ferriin] = 10"^ M). This suggests that
there are about 0.6 mM excited ferriin by the photons. Our experiments with the addition
of NaBr to the blue IP medium showed that, to turn the blue mediimi into orange, the
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lowest [Br] was 0.06 mM. This experimental critical [Br] is close to an estimation of
O.l mM based on FKN mechanism (Tyson, 1985). Assxuning that one Br ion is released
from the reduction of one ferriin molecule to one ferroin molecule (A = I) during Process
C of the FKN mechanism, this shows that, if the photosensitive species is ferriin, then the
absorbed photons are good enough for turning the blue medium to orange. In section
2.2.5 we concluded that [ferriin] maybe slightly less than 1 mM during the IP, but the
amoimt of excited ferriin ions still are good enough for the color change.
If the hypothesis that ferriin is the photosensitive species is correct, then we would
expect that a light source of608 nm can trigger the color change in the blue IP medium in
a shorter time compared to a light source of 480 nm. With the same duration and light
intensity we would have slightly more photons hitting the medium with this longer
wavelength, and more photons would be stopped by ferriin in the medium because the
extinction coefficient of ferriin at this wavelength is almost 1000 l/(M cm) (Csaszar,
I960). But our experiments failed to trigger the transition within 20 seconds of 608 nm at
intensity 32.5 mW/cm^ (section (1)). This excludes the possibility of ferriin as the
potential photosensitive species in the bromate-CHD-ferroin medium. This is different
from the reports in the bromate-MA-Ru(bpy)32+ system where the oxidized form of the
catalyst ions Ru(bpy)3^''' was proposed as the photosensitive agent (Kuhnert, 1986; Ram
Reddy e/ a/., 1994; Agladze eta/., 1995).
Despite the exclusion of ferriin as the photosensitive species, ferroin can be a
candidate for the photosensitive effect. Since we have approximately 2% of ferroin
during the blue IP (section 2.2.5), the photons stopped by ferroin are 0.5 mM if a light
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source at 480 nm is used (the extinction coefficient of ferroin = lOOOO l/(M cm)). The
critical 0.06 mM Br would still be surpassed if one ferroin molecxJe corresponds to the
release of one Br ion {h = 1). This is consistent with a report in the bromate-MARu(bpy)32+ system in which Ru(bpy)32+ was proposed as the photosensitive agent. The
photosensitive species might alternatively be BrCHD or other bromination products
(Ungvarai-Nagy and Koros, 1984). The observed increase of photosensitivity as the
medium ages during the blue IP, along with the notion that the IP ends when a critical
amount of BrCHD accumulates, is consistent with such a hypothesis.

Further

discriminating experiments are needed to figure this out.
It is noteworthy that there is about 10 seconds delay of the visual effect after the
end of the light stimulation. We still do not know, after the light stimulation, what kind
of process the system goes through during the period of 10 seconds. The meaning of this
delay awaits fiirther revealing experiments and interpretation.

2.2.7 Other features during the EP

(1) No bulk oscillations were observed during the IP, and during the whole lifespan of
the ferroin-CHD system.

The medium is bistable during the IP, and is not oscillatory. And no bulk
oscillations were observed during both the transitional period and the post-IP. A closed
CSTR of the bromate-CHD-ferroin system, imitated by shaking the liquid version of the
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medium, oscillates during the initial transitional period and after the end of the EP, but
this observation does not necessarily provide a proof that the system switches to an
oscillatory system because a stable but excitable system would also show oscillations in a
stirred reactor. On the other hand pulse propagation due to spirals and pacemakers are
also observable in an oscillatory medium. To exclude this possible masking of oscillatory
property by pulse propagation, an experiment was done in a capillary tube with gelled
CHD medium in it. After the end of the EP, pacemaker usually initiates pulses into the
retreating blue region. With the removal of the pacemaker by cutting the pacemakerbased end, an attracting orange steady-state can persist in the remaining tube. In fact both
the blue and orange steady-states are attracting during the IP while only orange steadystate is attracting during the pre- and post-IP stages.

(2) Pulses cannot persist during the EP, and they can persist about 3 hours after the IP.

(3) Pacemakers are only seen in medium in stable orange state but not in stable blue state.
This observation is consistent with the conclusion that orange steady-state is excitable
while blue steady-state is not.

2.2.8 The end of the IP and the loss of bistability

Both the blue and orange steady-states are attracting during the IP while only the
orange steady-state is attracting after the end of the IP. The outstanding feature about the
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end of the IP is the speed at wiiich the blue to orange transition (reduction step)
propagates. Figure 2.10 shows a reduction step with a shrinking blue region in ID at an
average speed of 0.0325 nun/s, much slower than the normal pulse propagation speed
around 0.05 nun/s right after the end of the EP. The reduction step gradually increased its
speed as shown in Figures 2.3, 2.4 and 2.10. The propagation usually started from the
ends of the capillary tube. Figure 2.11 shows a reduction step with a blue shrinking
process in 2D—a shrinking "blue lake." The shrinking of the blue territory started from the
edge of the 2D medium around the end of the IP. After the reduction step there might or
might not be pulses originating from the edge of the medium propagating into the newly
reduced orange territory, depending on the availability of pacemakers at the edge of the
mediimi. The loss of the bistability, thus a bifiircation from bistability to monostability,
occurs some time after the initiation of the reduction step, as demonstrated in the
following experiment. In a liquid system of the standard recipe, any homogenizing
process {e.g., shaking the liquid medium) brought the system into a mediimi in a uniform
attracting steady-state (either blue or orange). When the blue shrinking process was done,
such a homogenizing process brought the system into either blue or orange steady-state
depending on the phase standing. If the system was orange, it remained orange unless
some pacemakers emerged. If the system was blue, the blue color retumed to orange
simultaneously in the whole medium, revealing that blue was no longer an attracting
state, but a transitory state. This is opposite to the first bifiurcation when the medium
switched from the transitional period (monostability) to the EP (bistability).
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Figure 2.10 A reduction step around the end of the BP in a ID capillary tube. 128
successive images of a fragment (34.5 mm long and 0.48 mm wide) of a capillary tube
(length: 76 mm; diameter: 0.5 mm) filled with bromate-CHD-ferroin medium stacked
together at 6 seconds interval spanning a time period of 762 seconds. The darker region
represents the orange, and lighter the blue. Time direction is upward. The wave moved
gradually faster as it went rightward during 762 seconds. The average speed was 0.0325
mm/s.
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Figure 2.11 Reduction wave in 2D. The upper four panels are consecutive snapshots of a
medium in a petri dish with an interval of 70 seconds between two consecutive snapshots.
Darker region is orange, and lighter is blue. The uniform shrinking of the blue region can
be seen from the four lower panels, which are consecutive serial differences. The white
bandwidths are proportional to the propagation speeds. Gray means no difference while
dark and white mean high contrast in [ferroin]. The patch size is 3.0 x 2.3 cm^. After
the blue lake gradually shrank, some part outside of the blue lake (e.g., southeast comer
in the upper four panels) remained orange, while the other region was invaded by pulses
Loitiated from a pacemaker at the northwest comer. The images were not background
divided
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Around the end of the IP the propagation of the reduction step started at about
0.01 mm/s, increased gradually, and reached 0.04 mm/s. The average speed was around
0.03

mm/s,

much slower than the oxidation-reduction wave propagation (0.04 - 0.05

mm/s) after the IP, and also much slower than the oxidation wave propagation (0.06 0.09 mm/s) during the IP (Figures 2.3 and 2.4). With this speed difference, after the
retreat of the blue border, the upcoming pulses, initiated from pacemakers, catch the tail
of the reduction step with an average speed up to as twice fast as the shrinking blue tail.
The mystery is: Whv is the speed of this reduction step quite different from that of the
other pulse propagation?
Another feature of this reduction step is the comparison between the profile of a
reduction step and that of a pulse tail after the end of the IP. Figures 2.12 and 2.13 show
the temporal evolution of a small region aroimd the period when the reduction step and
the following pulses swept the region. It can be seen that they had similar temporal
profiles. This similarity indicates that the local region experienced a similar chemical
process (Process C of the FKN mechanism). Figure 2.14 compares a spatial profile of the
reduction step and that of a pulse outside the blue lake in Figure 2.11. The half ratio of
the spatial profiles reflects the ratio of their speeds. It would be interesting to explain the
spatial difference (and speed difference) which is presumably related to the bifiircation
from bistability to monostability. The temporal and spatial comparisons between profiles
indicate that there is no special feature about the local chemistry, rather the speed
difference between the reduction step and other pulses must lie in the communication
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Figure 2.12 The temporal evolution of PV at a small region (0.38 mm x 0.38 mm) in the
medium of Figure 2.11 during the time when a shnnkmg blue border (reduction step) and
three following pulses crossed the region. PV was not backgroimd divided. Higher PV
means more ferriin ions while lower PV means more ferroin ions. The first down-slope
was when the reduction step was sweeping through the small region, followed by
consecutive pulses initiated by a pacemaker along the medium border in Figure 2.11. The
first down-slope is similar to consecutive wavetails as also illustrated in Figure 2.13.
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Figure 2.13 Comparison between the wavetail of the reduction step and of the following
pulses. All the wavetails in Figure 2.12 are shifted to the brink of the plateau. The solid
line is the wavetail of the reduction step while broken lines are the tails of the pulses.
The reduction step had a longer tail with a full relaxation to orange than those of the
pulses because the pulses did not have enough time to fully recover before the next pulse
arrived.
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Figure 2.14 Spatial profiles of the reduction step (solid line) and one pulse (dashed line)
outside the blue lake in Figure 2.11. The wavetail of the reduction step extended about
half the length of the pulse wavetail for a specific recovered PV (e.g., 120). This half
difference is consistent with their difference of wave speeds. The spatial length is 110
pixels = 5.2 mm.
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among the neighboring regions.

A mathematical model is built to interpret this

phenomenon in Chapter 3.
A similar blue shrinking phenomenon has been observed by Smoes (1980) as
some "peculiar properties" of the bromate-MA-ferroin medium with a low initial [MA].
It did not happen right at the end of the IP, but instead after the mixture bulk-oscillated
several times with a period of about 70 s. The medium settled down in attracting blue
steady-state. Then in the blue background a dozen red spots emerged simultaneously
from seemingly random locations in the medium. As the reduction steps moved from the
orange to the blue region, the red disks expanded gradually, followed by oxidation steps
locally switching orange back to blue, which caught up to the sluggishly moving
reduction steps, and whereupon they annihilated each other. This process repeated a few
times with less spots left over each time, and eventually the whole medium quieted down
to the attracting blue steady-state. The speed of the reduction step was about half of the
oxidation step according to Smoes' observations. Despite a similar speed difference
between the reduction step and the pulses as reported in our observations, it is unclear
whether the bromate-MA-ferroin mediimi with a low initial [MA] was a bistable medium.
In fact, it was interpreted as a monostable system with an equilibrium at the attracting
blue steady-state (Tyson, 1984).

2.3 Conclusion
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After the BZ reaction was observed ahnost half a century ago, a lot of
explorations have revealed various features and mechanisms.

But the underlying

mechanism of the bromate-CHD-ferroin system still awaits further interpretation. With
our standard recipe, the system shows a spectrum of features, which are here reported for
the first time.
During the whole course of the system, it experiences a bifurcation from
monostability (orange) to bistability (blue and orange) around the end of the transitional
period, and another different bifurcation from bistability to monostability (orange) around
the end of the IP. After four or five hours, the mediirai dies in an increasing pale yellow
color presumably due to the presence of accumulating quinone.
During the transitional period the system is only monostable: The orange state is
attracting while the blue state is transitory. A few pulses occur before an oxidation step
settles the medium from orange into blue, entering the IP for a period of one to two hours.
The propagation speed of the few pulses and the last oxidation step, ranging from 0.07 to
0.09 mm/s, is much faster than that of the pulses after the end of EP (0.04-0.05 mm/s), and
still faster than that of the oxidation steps during the IP (0.045-0.07 mm/s). There is a
short recovery between the last pulse and the oxidation step that switches the mediimi
into the dormant blue IP, leaving a tiny trace of orange belt in the medium. The
bifurcation from monostability to bistability occurs some time aroimd the oxidation step.
Rarely without the last oxidation step, the medium stays in an orange IP unless perturbed.
Perturbations usxially initiate several pulses in the orange medium when it is still in its
early stage, and, with an oxidation step, eventually settle the medium into the blue IP.
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During the IP both the blue and the orange steady-states are attracting, and they
are interchangeable with one transferring to the other. Biit a blue-orange interface always
moves in a direction from blue into orange territory, leading to an oxidation step with a
decreasing speed from 0.07 to 0.045 mm/s as the dormant mediimi ages. Furthennore,
only the attracting orange steady-state is excitable while the attracting blue steady-state is
not. Therefore pulses cannot persist and pacemakers cannot survive in a medium during
its blue IP. It is also verified that both ferroin and ferriin dissociate in H2SO4 solution
with their estimated dissociation rates close to what was obtained in literature (Chou et

al., 1993). While at 25 °C the dissociation of ferroin is roughly acidity-independent with
a first order rate constant of 3.3 x 10"^ min'l, the dissociation of ferriin depends on the
acidity with a second-order rate of 1.1 x 10"^ M"lmin~l. Image processing revealed that
there is approximately 2% of ferroin in the bromate-CHD-ferroin system dviring its blue
IP. And there is about 0.13% of ferriin converting to ferroin during the whole IP, similar
to the observations in the bromate-MA-cerium system (Field et al., 1972). This slight
conversion is also consistent with what Oregonator predicts with an increasing h. No
effect of light has been observed on the attracting orange steady-state during the IP and
through the whole course of the bromate-CHD-ferroin system. Transition from the
attracting blue steady-state during the IP to the attracting orange steady-state is initiated
by 480 nm light at 75 mW/cm^ intensity with a threshold of duration ranging from 15
seconds at the beginning to only 1 second at the end of the BP. The medium is more
photosensitive as the medium ages. The turning effect of color occurs with a delay of
about 10 seconds after the stimulation is implemented no matter how old the blue
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medium is. And the photosensitivity is most outstanding when light wavelength is
around 480 nm. With 608 nm light, no visible effect can be seen. The photosensitive
species is more likely to be ferroin or/and brominated products than ferriin, unlike the
suggestion of the oxidized catalyst state in the bromate-MA-ruthenium system (Kuhnert,
1986).
The end of the blue IP is characteristic of a unique reduction step with a gradually
increasing speed (ranging 0.01-0.04 mm/s), but slower than all the other pulses after the
blue IP (0.04-0.05 mm/s), and also slower than the oxidation steps during the EP (0.0450.07 mm/s). It moves in a direction from the orange to blue territory, in contrast with the
direction of the oxidation step when the medium settles down to its blue IP around the
end of the transitional period. In fact all the pulses propagate at a decreasing speed as the
mediimi proceeds to its funeral, except for the reduction step around the end of the blue
IP. The temporal profile of the reduction step is similar to that of the pulse tails after the
end of the IP, while its spatial profile has a shorter tail than that of oxidation-reduction
wave.

The difference reflects their speed difference.

constructed to interpret this phenomenon in Chapter 3.

A mathematical model is
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CHAPTER 3 A MATHEMATICAL MODEL FOR
THE BROMATE-CHD-FERROIN SYSTEM

3.1 Introduction: BZ Reaction and Its Modeling

3.1.1 The predictive values of the Oregonator model

Among all the chemical reactions that show nonlinear dynamics, the BelousovZhabotinsky (BZ) system has received the most extensive attention since its first
discovery by Belousov in 1951 (Belousov, 1985), and has remained a prototype for
nonlinear chemical systems. Through temporal and spatial change of colors, it visually
demonstrates oscillations, consecutive pulses from a source center, spiral waves in 2D
and scroll waves in 3D. The fascinating aspects of the investigation on this system not
only lie in the understanding of the chemical reactions themselves, but also in the
complexities of nonlinear dynamic systems (Scott, 1994; Epstein and Showalter, 1996),
and many potential implications for biological applications as well (Winfree, 1974,
1980).
Oregonator model was proposed to capture the main features of the BZ reaction
without dealing with all the intermediate details in the three processes (Field and Noyes,
1974). The two-species version is

84

e

dx =x(l-x)-/z
2.
dt
X +q

(3.1)

where variables and parameters are defined in (1.15) of Chapter 1 Laplacian terms are
added to (3.1) to represent diffusion of x and of z. The resulting partial differential
equations (PDEs) supports wave propagation.
The two-species Oregonator model (3.1) implies three dynamic scenarios based
on the parameterf.

(a) When / < 0.5, the only fixed point is an attracting but excitable oxidized
steady-state. The corresponding PDE system is excitable if s is small enough.

(b) When / ranges from roughly 0.5 to 2.41, the system is oscillatory with an
unstable fixed point, and pulses can propagate in the corresponding PDE system with a
small e {e.g., 0.01).

(c) With / > 2.41, the only fixed point is an attracting but excitable reduced
steady-state. Pulses can propagate with a reasonably small f in the PDE system.

A thorough investigation of various scenarios including the path patterns of the
spiral tip in 2D medium has been done in an f-/landscape (0.001 < £• < 1 and 1.0 </<
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12.0) (Jahnke and Winfiee, 1991; Winftee, 1991). Some of those tip paths have been
observed in well-designed experiments (Nagy-Ungvarai et al., 1993) although no one-toone correspondence has been built between the experimental observations and the
computational landscape.
The PDE form of the Oregonator model has been employed to interpret the target
waves in a 2D mediimi (Tyson and Fife, 1980). At the center (pacemaker) of the target
waves,/was assumed to have a heterogeneous value between 0.5 and 1, while outside the
center, / was symmetric to the center and had an increasing value. The oscillatory
property with such an/value at the center determined the pace of the target waves.
The two dynamic scenarios (b) and (c) seem quite satisfying when we compare
with copious results from the laboratory bench. However the verification of scenario (a)
has been extremely rare. The only observation in the bromate-MA-ferroin system came
from a recipe with low [MA] (Smoes, 1980), in which a "peculiar" phenomenon occurred
with the tailgating collision of reduction and oxidation steps. These reduction and
oxidation steps are called "reduction waves" and "oxidization waves" respectively in
other literature (Smoes, 1980; Tyson and Fife, 1980; Tyson and Manoranjan, 1984).
The slower-moving reduction steps were interpreted with the Oregonator model
with an / value less than 0.5 based on a piece-wise linear approximation of the HBr02
nullcline (Tyson and Fife, 1980; Tyson and Manoranjan, 1984). Such an interpretation
implies an attracting but excitable oxidized steady-state in the Oregonator if s is small
enough. We found that, with q = 0.002 as in Jahnke and Winfree (1991), the maximum

e values supporting pulse propagation are 0.048, 0.039, 0.023, and 0.006 corresponding
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to/= 0.5, 0.48, 0.44, and 0.38 respectively. And the maximum s value is extremely
small when / < 0.38. The approximation with a piecewise linear approximation of the
HBr02 nullcline showed that reduction steps move slower than oxidation steps when /is
between 0.025 and 0.5 and ^

0 (Tyson and Fife, 1980; Tyson and Manoranjan, 1984).

The interpretations might not be valid for Smoes' recipe, in which s is around 0.3, way
larger than the maximum s for Oregonator wave propagation when/< 0.5.
Bistability has been seen in open CSTRs, such as a ceriimi-catalyzed BZ system
without organic substrate (Geiseler and Follner, 1977). The Oregonator model without
diffusion or inclusion of flow does not support bistability, as shown in Figure 1.2. With
the inclusion of flow terms for all the three chemical species into the three-species model
((1.16) in Chapter 1), a modified Oregonator does exhibit bistability (Tyson, 1977, 1978).
In another modified version with only a flow of ferriin rapid enough to maintain a
constant [ferriin], bistability occurs and supports stationary patterns (Dockery and Field,
1998).

3.1.2 The limitations of the Oregonator model

Although advocates stressed the various qualitatively successfiil facets of the
Oregonator (Tyson, 1985; Scott, 1994), there are also many criticisms emphasizing its
failures to capture various aspects of the BZ reaction: no conservation of catalyst ions; the
lack of a correspondence between the chemical recipe and the mysterious parameter /
(Noszticzius et al., 1984; Winfree and Jahnke, 1989); the wrong prediction of period as a
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function of

the misrepresentation of the shape of the oscillations (Field and Noyes,

1974); the lack of a region in which there is neither meander nor spontaneous bulk
oscillation; the lack of involvement of bromomalonic acid (BrMA) in the FKN
mechanism (Wimfiree and Jahnke, 1989).
Other than the above quantitative misrepresentations and missing details in the
Oregonator model, there are still some qualitative woes the Oregonator fails to conquer.
In regard to the slower-moving reduction steps in the ferroin-catalyzed BZ system with
low [MA] (Smoes, 1980), the suggestion of an attracting but excitable blue steady-state in
the Oregonator (Tyson and Fife, 1980; Tyson and Manoranjan, 1984) was based on the
approximation of the HBr02 nullcline with piecewise line segments and an assumption
of 0.25 < / < 0.5 and f

0. It was weakened by the fact that in the corresponding

experiments e is so large that reduction steps can't really persist. As we will see in
section 3.2.2, the Oregonator fails also to capture our observations in the bromate-CHDferroin system.

3.1.3 Other models of the BZ system

There have been many competitors and modifications of the Oregonator model,

e.g., the Rovinsky-Zhabotinsky model (Rovinsky and Zhabotinsky, 1984), the limited
Explodator (Noszticzius et al., 1984), lUator (Ortoleva and Schmidt, 1985), a four-state
variable equation system for bromate-BrMA-cerium system (Schreiber and Marek, 1995),
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and many other modifications (e.g., Tyson, 1978; Nagy-Ungavarai, 1989; Mori et al.,
1991; Zhabotinsky et al., 1993).
The Rovinsky-Zhabotinsky model for a ferroin-catalyzed BZ system corrected the
Oregonator's failure to conserve the total concentration of ferroin and ferriin, and
considered the reverse reaction in the reduction of the oxidized state ((1.8) in Chapter 1)
and the hydrolysis of BrMA. The scaling approach in the Rovinsky-Zhabotinsky model
was also different from the prevailing method by Tyson (Tyson, 1979). The model
cannot simply be reduced to the Oregonator due to the following aspects: (1) the
breakdown of the reduction of the oxidized state ((1.13) in Chapter 1) in Process C of the
FKN mechanism into two sub-reactions in the Rovinsky-Zhabotinsky model; (2) different
simplifying

approach by approximations; and (3) the conservation of the total

concentration of ferroin and ferriin. But a symbolic reduction will be given in section
3.3.2.
In their extended Oregonator model, Nagy-Ungvarai et al. (1989) considered two
reverse reactions ((1.4) and (1.5) in Chapter 1). With this modification, they found an
accurate dependence of propagation velocity on

but not on [Br03"], with the

bromate-MA-cerium system. They also obtained a satisfying match of the numerical
concentration profiles with the experimental results.
Mori et al. (1991) modified further the extended Oregonator by Nagy-Ungvarai et

al. (1989) by breaking the reduction of the oxidized state ((1.13) in Chapter 1) into two
reactions in the bromate-MA-ferroin system.

The modification was similar in the
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Rovinsky-Zhabotinsky model. They obtained a better match of calculated wave profiles
with experimental measurements in the bromate-MA-ferroin system.
A three-species model was constructed to show the collision between a reduction
wavefront and its phase waveback of oxidation (Zhabotinsky et al., 1993). This was
interpreted as what happened in the observations of the ferroin-catalyzed BZ system with
low [MA] (Smoes, 1980). But the interpretation was impaired by their parameters that did
not exactly match the recipe by Smoes (1980).
Although these modifications of the Oregonator might improve some aspects,
none of them shows bistability or demonstrates a plausible interpretation for the
phenomena in the bromate-CHD-ferroin system (Chapter 2).

3.2. Bromate-CHD-Ferroin System and Bistability

3.2.1 Bifurcations in the bromate-CHD-ferroin system during the IP

The composition of 2.35 ml solution in our standard recipe is

A = [Br03-] = 0.23 M,
B = [CHD + BrCHD] = 0.23 M,
Bq = [BrCHD] = 0.031 M
C = [ferroin + ferriin] = 1.06 x 10"3 M,

(3.2)
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/f= [H2S04] = 0.18 M

With this recipe, the bromate-CHD-ferroin system shows some unique features as
discussed in Chapter 2. Two bifurcations have been experimentally observed in this
system. During the whole lifespan of the system, it experiences the first bifurcation firom
monostability (orange reduced steady-state) to bistability (blue oxidized steady-state and
the orange reduced steady-state) when the system switches firom the transitional period to
the IP. And the second different bifurcation occurs firom bistability to monostability
(orange) around the end of the IP.
IDuring the transitional period the system is only monostable: The orange steadystate is attracting while the blue steady-state is transitory. A few pulses occur before a
last oxidation step setdes the medium firom orange into blue, entering the IP, which lasts
for one to two hours. The propagation of the few pulses and the last oxidation step,
ranging firom 0.07 to 0.09 mm/s, is much faster than that of the pulses after the end of EP
(0.04-0.05 mm/s), and still faster than that of the oxidation step during the IP (0.045-0.07
mm/s) with bistability. The bifurcation firom monostability to bistability occurs some
time around the oxidation step.
During the IP both the blue and the orange steady-states are attracting, and they
are interchangeable with one transferring to the other. But a blue-orange interface always
moves as an oxidation step in a direction firom blue into orange territory {i.e., locally the
temporal change is firom orange to blue) with a decreasing speed firom 0.07 to 0.045 mm/s
as the dormant medium ages. The medium is dormant in the sense that there is no
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observable change of color during the IP: During the whole blue IP there is approximately
0.1% of ferriin converting to ferroin.

Furthermore, only the orange steady-state is

excitable while the attracting blue steady-state is not. Therefore pulses cannot persist and
pacemakers cannot survive in the medium during its blue BP. Allowing more time before
ferroin is added, after the yellow color in the bromination solution disappears, brings a
slightly shorter blue IP, suggesting a minimum BrCHD needed to end the blue IP.
The end of the blue BP is characteristic of a unique reduction step (blue changing
to orange in time; blue area shrinking in space) with a gradually increasing speed (ranging
0.01-0.04 mm/s). This is slower than the pulse propagation after the blue IP (0.04-0.05
mm/s), and also slower than the oxidation waves during the IP (0.045-0.07 mm/s). In
fact, all the pulses and steps propagate with decreasing speed as the medium proceeds to
its fimeral, except for the reduction step around the end of the blue IP. The temporal
profile of this reduction step is similar to that of the pulses after the end of the IP, while
its spatial profile has a shorter tail than that of the pulses after the end of the IP. This
difference reflects their speed difference. The temporal and spatial comparisons of the
profiles indicate that there is no special feature about the local chemistry, rather the speed
difference between the reduction step and the pulse must lie in the communication
between adjacent oxidation and reduction constituting the pulse. The bifiircation from
bistability during the IP to monostability presiunably occurs some time after the reduction
step sweeps through the medium aroxmd the end of the IP.
Our intention in this chapter is to understand the fact that the propagation speed of
the reduction step around the end of the IP is slower than that of the following pulses. If
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we consider that a pulse consists of two transition steps (oxidation and reduction), then
the speed of the pulse would be a compromised speed of the two transition steps, more
possibly at the speed of the slower moving transition step with the sacrifice of the faster
moving transition step. The puzzling fact is: How could a pulse move much

fafrter than a

reduction step in the same medium with a presumably imchanped dynamic svstem?
The coexistence of both the blue and the orange steady-states, the separation of
the attraction of the two steady-states, and the non-existence of oscillations during the
whole lifespan of the bromate-CHD-ferroin system, lead us to necessarily build a model
with bistability. Furthermore, we will elaborate on solving the above puzzle in Section
3.3 with the model for the bromate-CHD-ferroin system.

3.2.2 Applicability of the Oregonator to a BZ system with CHD

The prototype Oregonator was derived for the bromate-MA-cerium system (Field
and Noyes, 1974a). There has been no verification about the applicability of the FHN
mechanism to any other versions of the BZ reaction with different organic substrate or
catalyst except for the comparison between the bromate-MA-cerium and the bromateMA-ferroin systems. If it applies to any other variations of the BZ reaction than the
bromate-MA-ceriimi system, this is the applicability of the reactions with their rate
constants in the FHN mechanism: (1.1) through (1.6) are the same regardless of the
organic substrate (whether MA or CHD) since only oxybromine chemistry is involved;
(1.1) through (1.5) do not change regardless of the catalyst-indicator (whether ferroin or
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cerium or any others); (1.6) and (1.8) are catalyst-dependent; and (1.8) in the reduction of
the oxidized state is organic substrate-dependent. Consequently, in the Oregonator (3.1)
some of the scaled variables and parameters may change due to the different organic
substrate. More specifically, in (1.1) the scalars of z and t, and parameter s would
proportionally change its value due to

of different organic substrate, while all the

other variables and parameters are not influenced.

Various observations confirmed

different BZ behavior associated with the different redox potentials of ferroin/ferriin and
of Ce^'^/Ce^'^ (Smoes, 1979; Ganapathisubramanian and Noyes, 1982). But there is no
such a parameter in the Oregonator, which reflects the dependence on the catalyst.
Realizing the above changes due to the different versions of the BZ system, we would
expect that the possible difference of dynamic properties (/.e., stability) could only come
from the scalar of z when a different organic substrate is employed.
Suppose that the rate constant for the reduction of the oxidized state ((1.13) in
Chapter 1) with a BZ system with CHD

different from A:^ in the system with MA

on accoimt of organic substrate,

k\^0k,

(3.3)

where 0 is a constant multiplier. The new two-species Oregonator for a BZ system with
CHD regardless of the catalyst would be
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=xO.-x)-f9z^^—3.
X +q

(3.4)

It can be seen from (3.4) that the only difference in the phase plane, between (3.1) and
(3.4), would be a stretching on the z direction z = 9z , which would not lead to any
qualitative change of stability. Therefore it cannot be expected that the FKN model ((1.9)
through (1.13) in Chapter 1) and the Oregonator would bear bistability and explain the
puzzle we raised in Section 2.1.

3.2.3 Bistability and its modeling

We want to make a distinction about the usage of the term "bistability" in the
literature. The bistability referred to two attracting steady-states when [ferriin] could stay
either high or low as in an open system with a ferroin reservoir (Tyson, 1978; Dockery
and Field, 1998), or when [ferriin] changed slowly (Becker and Field, 1985; Kawczynski

et al., 1992). Rovinsky (1987) used it in the sense that a homogeneous attracting steadystate (in ODE) and an inhomogeneous attracting steady-state (in PDE) coexisted. All
these conditions were thought to be necessary for the existence of Turing structure such
as stationary concentration patterns.

Some authors assumed a substantially greater

difiusitivity of ferriin than those of bromous acid (HBr02) and bromide (Br) (Becker
and Field, 1985; Rovinsky, 1987; Kawczynski et al., 1992), which is the opposite of the
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real situation. Other authors assumed equal difiusitivities (Dockery and Field, 1998).
Their usage of "bistability" is different from what we want to discuss here. We define a
bistability as two locally attracting steady-states, either of which can be uniformly
realized in the system. In the corresponding ODE system, there are two locally attracting
nodes corresponding to the two chemically attracting steady-states.
Bistability exists in many fields. In circuit theory, bistable transmission lines were
found in active pulse transmission (Nagximo, 1965). In the biological world, bistability
seems to be omnipresent. The finite domains of the two attracting steady-states, the
coexistence of and the transitions between them have interesting roles in cellular
differentiation and pattem formation during embryogenesis of development (Edelstein,
1972). The differentiation is controlled through a positive control of induction by the
concentrations of a morphogen and enzyme, and the association of cell type with an
attracting steady-state and its attraction domain. Bistable behavior occurs in a system of
voltage and calcium ion concentration in barnacle giant muscle fiber (Morris and Lecar,
1981). It was also seen in a two-species model of proportions of excitatory and inhibitory
cells firing per unit time at any instant in localized populations of model neurons (Wilson
and Cowan, 1972). In an appropriate ionic environment, either of two levels of the
resting potential could be realized in squid axons (Tasaki and Hagiwara, 1957) and in
canine cardiac Purkinje fibers (Gadsby and Cranefield, 1977). In population genetics, the
random effect (genetic drift) can bring a locus fixed at either of two alleles (bistability)
after many generations and leads to an absorbing barrier with the loss of polymorphism.
If no selection exists, the emergence of a new allele at a locus by mutation or migration
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could bring the allele into fixation with a chance depending upon the population size.
This is the basis of neutral theory of molecular evolution.
Bistability in nonlinear chemical systems has only been seen in open CSTRs, such
as a BZ system with cerium without organic substrate (Geiseler and Follner, 1977),
iodate-arsenous acid system (De Kepper et al., 1981; Papsin et al., 1981;
Ganapathisubramanian and K. Showalter, 1984; Laplante, 1989), and iodate-iodide
system (Epstein, 1984; Scott, 1994). A two-species bistable reduction-difiusion model
was created to interpret breathing spots in a ferrocyanide-iodate-sulfite system (Lee and
Swinney, 1995; Haim et al., 1996). The bistability in open CSTRs of the BZ system was
modeled with a modified Oregonator by adding the feeding terms (Geiseler and Follner,
1977; De Kepper and Boissonade, 1985). The Rovinsky-Zhabotinsky model, with the
addition of the hydrolysis of BrMA, has bistability in some region of the parameter plane,
but the system does not support bistability with our recipe in the bromate-CHD-ferroin
system. In theoretical aspects, literature is very profuse (e.g., Ortoleva and Ross, 1975;
Fife, 1976, 1988; Carpenter, 1977; Collins and Ross, 1978; Keener, 1980; Rinzel and
Terman, 1982). But none of the theoretical considerations have hinted a solution to the
pu2zle we discussed in Section 3.2.1.

3.3. Modeling of the Bromate-CHD-Ferroin System

3.3.1 A mathematical model for the bromate-CHD-ferroin system
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With the accumulating knowledge from the modifications of the Oregonator and
other models for the BZ system, we here consider the following reactions in the three
processes of the bromate-CHD-ferroin system with the following features: the
conservation of the total catalytic concentration; hydrolysis of BrCHD ((R8) below); the
decomposition of the reduction of the oxidized state ((1.13) in Chapter I) into three
reactions (R(6), (R7) and (R8) below); and the addition of three reverse reactions ((R3),
(R4) and (R6) below).

Process A

BrOs" + Br + 2 H+ ^ HBr02 + HOBr

(Rl)

HBr02 + Br + H+ -> 2 HOBr

(R2)

Process B

BrOs" + HBr02 + H+

2 Br02* + H2O

(R3)

Br02* + Ferroin + H"^

HBr02 + Ferriin

(R4)

2 HBr02 ^ BrOs" + HOBr + H+

(R5)
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Process C

Ferriin + CHD + BrCHD «-> Ferroin +

+ BrCHD* + CHD*

(R6)

BrCHD* + CHD* + H2O —> h Br" + CHD + others

(RT)

BrCHD + H"^ + H2O -> Br + H2Q (hydroquinone) + others

(R8)

Five intermediate chemical species are considered in the following rate equations:

dX
o
— = - k ^ A X +k_p^ -^kMU{C-Z)-k_^Z-2k^--k^HXY +k,H^AY
aT
^ = -k^HXY -k^H'^AY +hk^R+k^B^
aT
— = k^HU(C-Z)-k JCZ-k^BZ+k_^HR(C-Z)
(3.5)
— = 2 k ^ H A X - 2 k _ ^ U ^ - k ^ H U ( C - Z )+ k _ ^ Z
dT
^ =kfiZ-k_,HR(p-Z)-k,R

where X= [HBr02], Y = [Br], Z= [ferriin ], U = [Br02*], R = [BrCHD*] + [CHD*], A
= [ B r O s - ] , B = [ C H D ] + [ B r C H D ] , B q = [ B r C H D ] , C = [ f e r r o i n ] + [ferriin],
= time, h = unknown stoichiometric parameter =

[H+], T

, and rate constants k s are labeled
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according to their sequence in the above reactions considered here, which are not
necessarily consistent with the old notations (Tyson, 1985).
R changes so fast due to (Rovinsky and Zhabotinsky, 1984)

k^«kj«k^

(3.6)

that it can be approximated with its steady-state:

R=

—
k.+k^HiC-Z)

(3.7)
^ '

There are several scaling approaches for the BZ system (Field and Noyes, 1974;
Tyson, 1982; Rovinsky and Zhabotinsky, 1984; Nagy-Ungavarai et aL, 1989; Mori etal.,
1991; Zhabotinsky et aL, 1993). Here we adopt the following scaled dimensionless
parameters and variables (Nagy-Ungavarai et aL, 1989; Mori et aL, 1991),

e =—^
kflA'
„

A. _, =

-

2k,kSC
(kJlAf

^

2k.,k,k,'B'

2k_Jc

k,k^HA
k^
2k, „ i . i ,
ki'k^H'A'
—
, O" —
, A.r — —J*—^ P —
2k,k^B
2k,e
'
k_^^
2k,k,kyB

Ik^koBo

Ik^kcB

, nrr,

« = ^ C / . X = - ^ X .y =-^J', z

k^

kjHA

^

kjA

=-^Z .

Ck.HAf

C

=

,
•

kJfC
K,c
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The rate equations (3.5) become

—xy •>rqy +u(c - z)+ k_J 4 ^ - K . x z
at
dy
hz
„
ea— =-qy - xy +-—
at
I +/7(c —z)

e-^ = -x - X "

d
z = w (c
, - z ^) - K
^jcz
——
dt
^

z
\+p(c-z)

(3.9)

e^^^ = 2x •\-K_^xz -u{c -z) — 2K_^^

As £7, // « 1, using the steady-states o f y and u

q +x 1 +p(c - z )

u
°

2x{l+ K j z )
(c -z ) +^(c -z f +8A: jx (2 +/(:_4Z )

and plugging into (3.9), we obtain our new two-variable system

dx
, hz
^x —
s—— =x (1-x ) - [
+>^
dt
\-^P{c - z )
X +q
d z = 2x
^
dt

l+/7(c - z )

(3.12)

101

The corresponding PDE system for a medium with diflfusions is

^
r
hz
s—— =x (1 - X ) - [
dt
1+/Kc -z)

x

+q

(3.13)

d z = lx - 2K,jUo^'=^
+ <5V^z
dt
l+p(c —z)

where S =

=0.6 is chosen on the basis of the ratio of the molecular weights of HBr02

and ferriin (Jahnke and Winfree, 1991; Winfiree, 1991),

(2-0 x 10"5 cm^/s) and Dz

are the diffusion coefRcients of HBr02 and ferriin respectively, and the dimensionless
spatial coordinate s is scaled with the dimensional space coordinate S by

3.3.2 Relationship among our model (3.12), the Oregonator model, and
the Rovinslc^-Zhabotinsky model

This is the relationship of (3.12) with other models for the BZ reaction: If the
hydrolysis of BrCHD is ignored

= 0), our model (3.12) is analogous to what has been

obtained for the bromate-MA-ferroin system (Mori et al.^ 1991).
reactions in (R3) and (R4) are disregarded (assimiing k

If all the reverse

= k^ = 0), our model (3.12)

102

can be reduced to the Rovinsky-Zhabotinsky model. The model by Nagy-Ungvarai et al.
(1989) can be derived from (3.12) by disregarding the breakdown of Process C into three
reactions (R6), (R7) and (R8), /. e., deleting the hydrolysis of BrCHD

= 0) and the

reverse reaction in (R6) (p = 0). Finally the Oregonator can be retrieved from (3.12) if
we ignore the hydrolysis of BrCHD and all the reverse reactions, and if we do not
conserve the catalyst concentration. The reduction of our model (3.12) can symbolically
be realized to the model by Mori et al. (1991) with P = 0, and the model by NagyUngvarai et al. (1989) with P = 0 and p = 0 except for the different notations of the
variables. The reduction to the Oregonator can be done except for the different meaning
of variable z. The reduction to the Rovinsky-Zhabotinsky model can be realized after a
correction.

(1) Reduction of our model (3.12) to the Oregonator

The scaling is the same in the Oregonator as in our model (3.12) except for
variable z with a factor of 2. Suppose that we ignore the hydrolysis of BrCHD

= 0),

the reverse reactions in (R3) and (R4) (AT.j = K_^ = 0), and the reverse reaction in (R6)
( p = 0). Then a transformation of z =2z in (3.12) would reduce our model to a format
of the Oregonator (3.1). The only difference is that z is the dimensionless ratio of
[ferriin]/[ferriin+ferroin] in our model (3.12) and the Rovinsky-Zhabotinsky model
((3.15) below), while z is the dimensionless variable for [ferriin] in the Oregonator.
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(2) Reduction of our model (3.12) to the Rovinsky-Zhabotinsky model

The two-species Rovinsky-Zhabotinsky model is

dt

=i(I -;)-(2A a ^ + ^ ) 4 - 2 .
\-z
X +q

(3.15)

az
—=• = X- - a z r
dt
\-z

where h , q and P have the same meaning as in our model (3.12). In the derivation of the
Rovinsky-Zhabotinsky model (3.15),

should be used instead of

in the original

rate equations (Rovinsky and Zhabotinsky, 1984). The discrepancy thus caused can be
seen from an observation that, although the unit of ^ s should be M"

^, only M'^s"1 can

make some of the scaling variables dimensionless in the original model. This discrepancy
occurred in all the literature that adopted the Rovinsky-Zhabotinsky model. Here we
correct it with replacing the original ^ s with ^ in the dimensionless variables
H

kf '
Ik

k,'HA''
7

-

x = - = ^ X , z =—, t = ^
k^HA ' C
k ^

T,

(3.16)
^
'
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where x is scaled the same as x in otir model (3.12) and the Oregonator (3.1). Since
reverse reactions in (R3) and (R4) were not considered in (3.15), we set A:.3 = A:_4 = 0,
and make the following variable transformation in (3.12),

X =x , z =cz , t =—ct , s =—cs
2
2

(3.17)

Ikck^C
where c =—
j- is defined in (3.8). Then our model (3.12) becomes
(kyHA)

^dx
^
hz
-q
e-^ =x (1 -X )-H
+P)-:r-^
-+p(l-/)
*
dz = x~ —•
z
l + 2p(l-f)
c

(3.18)

The ostensible difference between the Rovinsky-Zhabotinsky model (3.15) and the
reduced form (3.18) firom our model (3.12), can be resolved by noticing that p = —— and
2a
— = — = —=^
c
pc
k-,

w 0, which is exactly the approximation in the Rovinsky-

Zhabotinsky model based on (3.6).

(3) Reduction of the Rovinsky-Zhabotinsky model to the Oregonator
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As

2a= —I = —k_^HC
^ , a- z
and —
=
wO
c
pc
k-,
'
l-z~

1
p=—
la

az
2a+ ( l - £ )
~
c

z
-s
. Thus the Rovinsky-Zhabotinsky model (3.15) with the corrected
±+2/7(1-Z-)
c
parameters in (3.16) can be rewritten as

dt

=x (1 - X )-(2A

— + 2p(l -z )
c

—q
X +q

dz

(3.19)

- + 2p(l-f)
c

Since in the Oregonator the reverse reaction in (R6) was not considered, we set p = 0 ,
and make the following variable transformation,

-

2

-

2

>

2

X = x , z = — z , t = — t , s =—s, f=2h..
c
c
c

(3.20)

Then (3.19) is reduced to the Oregonator model (3.1). Again z is the dimensionless ratio
of [ferriin]/[ferriin+ferroin] in the Rovinsky-Zhabotinsky model, while z
dimensionless variable for [ferriin] in the Oregonator.

3.3.3 Meaning of e

is the
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k B
The dimensionless parameter e =—®— in (3.8), defined in the same way as in
k^A
the Oregonator model, measures the ratio of the reaction rates between (R3) and (R6). It
characterizes the relative time ratio of the HBr02 avalanche in (R3) and the reduction of
ferriin in (R6), as in a general reaction-diffusion system of an excitable medium (Winfree,
1991).

In the Rovinsky-Zhabotinsky model, the parameter g =

kyHA
, is totally a
fC ^

different dimensionless quantity due to the different nondimensionalizing approach. As
can be seen, s features the ratio of the reaction rates of Process B for the HBr02
avalanche in (R3) and the decomposition of HBr02 in (R5).

Different

nondimensionalization would not bring up any substantial dynamic difference if
approximations are done reasonably.

This shows that the parameter s does not

necessarily characterize the ratio of excitation and recovery as indicated in a general
reaction-difiusion model (Winfree, 1991).

3.3.4 Estimation of K.

Since k ^ and yt 7 are not available, we have to obtain

k k
^ ^ indirectly like
^-6

Ungvarai et al. (1997) did for the bromate-MA-ferroin system. We consider two rate
equations in (3.5),
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^ = k,HU(C-Z)-k_JCZ-kJZ+k.f{R(C-Z)
(3.21)
^ = k,BZ-k_HR(f:-Z)-k,R

and focus on the profile along the wavetails. Since U ([Br02*]) and X ([HBr02]) are
small, and diffusive effects are negligible along the wavetails, we reduce the above two
equations in (3.21) to

^ = -igSZ+ir_g//J!(C-Z)

^ = k^Z-k^HR(C-Z)-k,R

(3.22)

With the fact that R evolves much faster than Z along the wavetails, we approximate Z
with its steady-state in the first equation of (3.22):

R

kT+k^H(C-Z)

Thus the rate equation of Z becomes

(3.23)
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Equation (3.24) is basically the same as what was considered in the ferroin-BrMA system
by Rovinsky (1984) determining
Applying

^

in a CSTR Ml of ferriin and BrMA solutions.

have

^-6

dZ
dT

K,BZ
^
H(C-Z)

(3.25)

Solving the ODE (3.25), we obtain

Z-C]nZ=

where

H

+Co

(3.26)

is a constant.
The estimation of

can be realized with (3.26) along the wavetails. If we plot,

with our experimental data, —(Z -C ] n Z ) versus T , for the wavetails, the slope would
B
be an estimation of AT^. In Figure 3.1 we estimate Kf, = 4.37 x 10"^ Ms"l.
Our estimation of

for the bromate-CHD-ferroin system at 25 °C is

comparable to a value obtained by Aliev et al. (1997): 3.56 x 10"^ Ms"^ for the bromateMA-ferroin system at 25 °C, which was based on a calculation from an experimental
value of 2.0 x 10"^ Ms"l measured at 40 °C (Rovinsky and Zhabotinsky, 1984).
Ungvarai et al. (1997) argued that the result estimated by Aliev et al. (1997) at
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Figure 3.1 The estimation of
. (a) The temporal evolution of pixel value (PV) (after
background division) when consecutive pulses passed through the bromate-CHD-ferroin
medium at a small region (0.6 mm x 0.38 mm) right after an induction period of 70
minutes. The medium was sandwiched between two glass slides and bounded by utility
wax. (b) The temporal evolution of ferriin concentration Z converted from the pixel
1
PV
1
values in (a) based on Z = —
rr["Tlogin(
)+Csio)] (see (2.8) in Chapter 2 for
£(o ) - £ ( / ) d
255
derivation), where e ( o ) = 1000 l/(M-mm), and £-(0 = 15 l/(M-mm) are extinction
coefficients for ferroin and ferriin respectively, d = I mm is the thickness of the bromateCHD-ferroin medium, and C = 1 x 10"^ M is total concentration of ferroin and ferriin.
H
(c) The values of —(Z -C InZ) along all the pulse tails are brought together. The slope
B
of the straight line near the inflection point, supposed to be an estimate of K^, is
approximately 4.37 X 10"^ Ms"^.
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25 "C is unreliable due to the unknown activation energy. Instead Ungvarai et al. gave a
value of

= (3.1±0.2) x 10"^ s"l at 25 °C for the bromate-MA-ferroin system with

[H2SO4] = 0.26 M. In fact their argument was not really on target since the two results
had different units. Secondly, although the calculated value by Ungvarai et al. was
obtained with experiments at 25 °C, they compared to a derived

of 2 x 10"^ Ms"^ at

20 °C (AJiev and Agladze, 1991) instead of that at 25 °C (Aliev et ai, 1997). However,
if they had considered H"*" ions as a product of their reaction mechanism as in our (R6),
then the appropriate measurement at 25 ° C with their experimental data would have been
[H"*"] = 8.0 X 10"6 Ms"l, which is more comparable with the result of 3.56 x 10"^
Ms'l at 25 °C by Aliev et al. (1997), and with our estimate above.

3.3.5 Other rate constants

Table 3.1 gives the values of the rate constants at 25 ° C for the bromate-MAferroin system. We choose the following rate constants for the bromate-CHD-ferroin
system:
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Table 3.1 Rate constants for BZ systems at 25 "C (catalyst: ferroin)

Constant

ki

^-3

^-4

kf,

Unit

Source 1

Source 2

Source 3
2.67

Source 4

M-3S-1

2

2

M-2S-1

1 X 106

3 X 106

M"2S"1

40

42

M-ls-1

4x 107

4.2 X 107

4.0 X 107

M"2S"1

1 X 109

1 X 109

1.0 X 107

M-ls-1

40

33

M-ls-1

2000

2000

M-ls-1

0.4

1.78 X 106
17.8

2
1 X 106
40

40
3023

2000
0.4

Ms-1

3.56 X 10-6

M-ls-1

1.78x 10-7

3.0 X 10-6

The first seven rate constants are only oxybromine chemistry-related in reactions (Rl)
through (R5), regardless of whatever organic substrate is adopted. The last three rate
constants, k^, K^, and k^,aie organic substrate-related.

Source 1 (Nagy-Ungavarai et al., 1989): Catalyst was ferroin and organic substrate was
MA + BrMA.
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Source 2 (Field and Forsterling, 1976): Only the rate constants for oxybromine chemistry
were given.

Source 3 (Aliev and Biktashev, 1994; Aliev et al., 1997): The rate constants for 25 °C
were calculated from an experimental data measured at 40 °C. Organic substrate was
MA + BrMA.

Source 4 (Mori et al., 1991): Organic substrate was MA + BrMA.
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A:, =2M-3s-1,
A:2==1.0x 106m-2S-1,
A: 3 =40M-2s-1,
k_^ =4.0 X 107 M-ls-1,
yt, = l.O X IO7M-2S-1,

(3.27)

=40M-ls-l,
A: 5 =2.0 X 103m-1S-1,
kf, =0.23 M-ls-1,
=4.37 X 10-6 Ms-1,
A: g =5.0 X 10-5M-1S-1

The first seven rate constants are adopted from Mori et al. (1991) (Source 4 in Table I)
since they are only oxybromine chemistry-related in reactions (Rl) through (R5),
regardless of whatever organic substrate is used,

~ 0-23 M"ls-1 is adopted from

Kurin-Csorgei et al. (1996) for the bromate-CHD-ferroin system.

Kf, =4.37 x lO^^

Ms"^ was estimated through our experimental data in section 3.3.4.

= 5.0 x 10"^

M"^s-1 was acquired from recent measurement (Szalai and Koros, 1998).
With rate constants in (3.27), the dimensionless parameters for the system (3.12)
are
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^ = 0.032, q = 2 . 0 x 10-4, c = 0.083, p = 120,
^ =4.0 X 10-4, ^ ^ =5,2 X 10-5,

=0.31

(3.28)

3.3.6 Dynamic scenarios of the model

(1) The ODE system (3.12)

As discussed in Chapter 2, we still do not understand all the details when the
bromate-CHD-ferroin system marches to its fimeral. Besides our evidence in Chapter 2,
other compelling experimental evidences also show that [BrCHD] (or [BrMA] in a BZ
system with MA) increases as the system ages during the IP (Burger and Koros, 1990;
Burger and Koros, 1980; Ungvarai-Nagy, and Koros, 1984; Kurin-Csorgei e/ a/., 1994),
and h. increases as [BrCHD] (or [BrMA]) increases in the system (Jwo and Noyes, 1975).
Edelson et al. (1975) confirmed an increasing [BrMA] diuing the IP with their
computation based upon the FKN mechanism in a closed bromate-MA-cerium system.
Janz et al. (1980) demonstrated a hysteresis phenomenon—composite double cscillation—
with a conceptual relation between h and [BrMA], which assumed that h increases as
[BrMA] accumulates. Here we also assume an accumulating [BrCHD] during the IP, and
h increases correspondingly without specifying the exact relation between them in the
bromate-CHD-ferroin system. This assumption is consistent with these two observations:
(1) [Ferriin] at the blue steady-state of the ODE system (3.8) decreases slightly as with
either of h and P or both increase; (2) There is a slow conversion (about 0.1%) from
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ferriin to ferroin during the blue IP as the bromate-CHD-ferroin system ages. The upper
boundary of [BrCHD] is initial [CHD] corresponding to a value o f P = 3.0 x 10"^.
Therefore, we assume here that all parameters stay fixed as determined in (3.28) by the
recipe through t h e lifespan o f t h e system except f o r h a n d P . T h e parameter domain f o r h
and P is narrow: 03 < h< 0.5, and 4.0 x 10"^ < P < 3.0 x 10"^. We ignore here the
slow dissociation of ferroin and ferriin, and the slight consiunption of bromate and CHD
during the IP.
Figure 3.2 illustrates the nullclines of system (3.12) with both monostability
(Figure 3.2a) and bistability (Figure 3.2b) scenarios. For monostability, OR is the only
attracting steady-state corresponding to the reduced orange steady-state. For bistability,
OR and BL are the two attracting steady-states corresponding to the orange and blue
states respectively. The fixed point in between is a saddle point, which cannot be readily
realized experimentally in a batch reactor. It might be done in a CSTR with a feedback
system. People have succeeded in stabilizing a saddle point in a bistable iodate-arsenous
acid system (Laplante, 1989) with a control algorithm through a microcomputer control
of the bifurcation parameter. The flow rate in the CSTR acted as the control parameter.
A similar approach was used to obtain the attracting manifold in chaotic orbit (e.g.,
(Shinbrot e/a/., 1993)).
The stability diagram is shown in Figure 3 3 o a a . P - h parameter plane of 0.3 < h
< 0.5, and 4.0 x 10"^ < ^ < 3.0 x 10"^. If we suppose that during the aging process, the
system starts firom (^, A) = (1.0 x lO"^, 0.3), and marches northeast towards ( P , h ) =
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Figure 3.2 The nuUclines of our model, (a) The nuUclines of the system (3.12) endow a
bistability with P = 1.0 x 10"^, and h = 0.4. The solid line is the x nullcline, while the
dashed line is the z nullcline. A natural logarithmic axle for x is used so that the fixed
point for the orange steady-state (OR) can be shown with the left side of the nullcline
stretched. OR and BL represent the orange and blue steady-states. The fixed point in
between is a saddle point As h increases, BL will evolve from an attracting node to a
stable spiral, a homoclinic bifiircation, an Andronov-Hopf bifurcation with the loss of the
stability of the blue steady-state, an unstable spiral, and a saddle-node bifurcation with the
merge of BL and the saddle point, (b) A situation of monostability of the orange steadystate ( O R ) occurs w i t h P = 1.0 x lO"^, a n d h = 0 . 5 , after t h e saddle-node bifurcation a s h
increases. The solid line is the x nullcline, while the dashed line is the z nullcline. A
natural logarithmic axis for x is used so that the fixed point for the orange steady-state
(OR) can be shown with the left side of the nullcline stretched.
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Stability Diagram
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Figure 3.3 Stability diagram of the ODE system (3.12) on A - h parameter plane. Other
parameters are fixed as in (3.28). All the dashed lines define the critical change for the
blue steady-state, while solid line OR represents a bifurcation for the orange steady-state.
The scenarios of stability for the blue steady-state can be shown by a journey starting
from (0.5, 0) to (3.0, 0.5), represented by a solid line with arrows. On the left of line OR,
only the blue steady-state is globally attracting while there might be no orange steadystate or the fixed point is imstable. A globally attracting orange steady-state emerges
when line OR is crossed to the right. Then an attracting node becomes a stable spiral
when we move over line NS. Homoclinic bifurcation occurs when a saddle connection
(SC) happens. Line AH represents an Andronov-Hopf bifurcation with the loss of
stability of the blue steady-state from a stable spiral to an unstable spiral. The unstable
spiral will change to an imstable node and then the unstable node combines with the
saddle point at SN where a saddle-node bifurcation occurs. Above SN, no fixed point
exists for the blue steady-state. RS is the critical position where reduction steps start to
propagate after the line RS. All the dots at which bifurcations or critical changes occur
were obtained by nimierically solving the ODE system (3.12) (for all the dashed lines and
OR) and the PDE system (3.13) (for RS) with varying h at fixed . All the lines except
the journey path are curve-fitted through the dots.
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(3.0 X 10"3, 0.5), we would experience the following dynamic stages: We have
bistability with both the blue and orange attracting steady-states while specifically the
blue steady-state is an attracting node (Figure 3.4a); then the transition of the blue steadystate from an attracting node to an stable spiral (Figure 3.46) occurs when line NS is
crossed; a saddle coimection (homoclinic bifurcation; Figure 3.4c) is encoimtered when
we step over line SC; after this homoclinic bifurcation the blue steady-state is still a
stable spiral, but with an unstable limit cycle around it (Figure 3.4cO; a local bifurcation
of the blue steady-state (Andronov-Hopf or Hopf bifiircation; Figure 3.4e) occurs at line
AH with the loss of the stability of the blue steady-state; and finally the fusion of the
saddle point with the blue steady-state (saddle node bifurcation; Figure 3.4/) annihilates
the blue steady-state at line SN. Figure 3Ag represents the global attractor some distance
beyond SN.
What happens if we ignore any of the following three aspects: the hydrolysis of
BrCHD, reaction (R8); the reverse reaction in (R3); and the reverse reaction in (R4)? The
three situations correspond to ^ = 0, K _^= 0, and AT ^ = 0 respectively. The bistability
would be erased from the stability diagram in Figure 3.3 with any of the three null values.
This is especially interesting with the extremely small value of K_i in (3.28).

(2) The PDE system (3.13)

With a bistable scenario in mind, we want to sharpen our usage of several terms.
"Step" is defined in this Chapter 2 as a staircase-like interface in a bistable medium. It is
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1/1

Figure 3.4. A schematic evolution of the dynamic change with an accompanying increase
of {P, h) from (0.001, 0.34) to (0.003, 0.5) along the path with arrows in Figure 3.3. For
better illvistration, the dynamic flow is symbolically drawn here without reflecting the real
dynamic trajectories. OR and BL represent the orange and blue steady-states. First the
blue steady-state (BL) is an attracting node (a), and then changes to stable spiral {b) after
the line NS is crossed in Figure 3.3. Saddle connection of a homoclinic bifurcation
occurs with one of the outgoing trajectory of the saddle point ending also as an incoming
trajectory (c). After the homoclinic bifurcation, an unstable limit cycle emerges around
the stable spiral of the blue steady-state {d). Andronov-Hopf bifurcation happens when
the unstable limit cycle shrinks to the point of the blue steady-state, thereby turning the
blue steady-state to an unstable spiral (e). The repelling blue steady-state then merges
with the saddle point (J) through a saddle-node bifurcation (SN in Figure 3.3) when the
blue steady-state disappears, (g) is well beyond this saddle-node bifiircation.
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basically a transition from one attracting steady-state to another, and can be used in either
spatial or temporal sense. Thus we have two kinds of step, oxidation step (called O-type)
and reduction step (called R-type). An oxidation step in the temporal sense switches a
local region from the orange steady-state to the blue in the bistable system, while an
oxidation step in the spatial meaning moves in a direction from the blue region to the
orange. Likewise a reduction step in the temporal sense switches a local region from the
blue steady-state to the orange in the bistable system, while a reduction step in the spatial
meaning moves in a direction from the orange region to the blue. More subtly, we
distinguish 8 kinds of step (Figure 3.5). We denote RPF- (or OFF-) type step as a
reduction (or an oxidation) step starting from the /illy oxidized (or reduced) steady-state
and ending at the yiilly reduced (or oxidized) steady-state. Similarly RPI- (or OFI-) type
step means a reduction (or an oxidation) step starting from the /illy oxidized (or reduced)
steady-state, but ending some place where it is mcompletely reduced (or oxidized). The
meanings of RIF-, OIF-, RH-, and Oil-type steps are specified likewise. The difference
among the eight steps is illustrated in Figure 3.5.
"Pulse" is used as a pulse-like shape with both an up-jumping and a downjumping profile. Again we have temporal and spatial pulses. "Waves" means a spatial
pattern of consecutive pulses. Pulses in a bistable medium are composed of two steps,
one R-type and one O-type but seldom with both RFF- and OFF-types. RFF-type steps
occur only during the end of the IP of the bromate-CHD-ferroin medium if no pulses
tailgate behind. Otherwise RFI-type steps would occur with a tailgating pulse. On the
marching path in the stability diagram of Figure 3.3, the RF-type steps start to propagate
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.BL

OR,
(a) RFF

(b) RFI

BL

BL

OR'

OR
(c) RIF

BL

OR

OR
(e) OFF

(f) OFI

BL
BL

OR
OR

(g) OIF

Figure 3.5 8 different steps in a bistable system, ( a ) through ( d ) are R-type steps, while
(e) through (h) are 0-type.
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when line RS is crossed based on the computation of the PDE system (3.13). Likewise,
OFF- or OIF-type steps occur only at the end of the transitional period when the last
oxidation step switches the medium into the uniformly attracting blue IP.
It is reasonable to assume that the end of the IP of the bromate-CHD-ferroin
system happens between the lines SC and AH as the loss of the stability of the blue
steady-state was shown after the end of the IP (Chapter 2). Would computations with the
model (3.13) demonstrate a differentiated speed between a pulse and a reduction step as
what was observed in experiments (Chapter 2)?

3.3.7 Numerical results of the PDE model (3.13)

The ID simulations of PDEs (3.13) were done by numerically solving the PDEs
with the forward-time central-space (FTCS) scheme as in Jahnke and Winfree (1991),
i.e., the time derivative is approximated with forward Euler method while the space
derivative (Laplacian) is represented with a second-order 3-point approximation in (3.13)
for 1-D case. Since FTCS representation is an explicit scheme, a stability condition
^ < 1/2 is imposed to guarantee an accuracy of order (1,2) (order 1 in time and order
(/\s)
2 in space). The numerical code is a modified ID version of EZ-SPERAL for exploring
spiral waves on 2D media under the FHN model (Barkley, 1991), and has been archived,
with comments and instructions, at website http://eebweb.arizona.edu/grads/gang.
The scalings for the simulations of PDEs (3.13) are:
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[HBr02],x:

2k,

=4.1 x 10-4 M

[ferriin], z: — = 1.2 x 10"^ M
c
Time, /: —— = 19.1 sec
keB
Space,

(3.29)

= 1.95 x 10*2 cm

The characteristic speed is the ratio of the space scale to the time scale: Vd ^k^B =0.01
mm/s. These characteristic (or intrinsic) quantities (time, space, and speed) are roughly
the same order of magnitude as the experimental quantities, indicating a good selection of
scaling approach for our bromate-CHD-ferroin recipe. The numerical computations were
executed with three fi values: 1.0 x 10*3, 2.0 x 10"^, and 3.0 x lO"^, which correspond
to 0.076 M, 0.15 M, and 0.23 M for [BrCHD]. These P values were chosen based on the
initial [BrCHD] after the bromination process (5o = 0.03 M in (2.1)) and the upper limit
of [BrCHD] {B = 0.23 M in (3.2)). h was chosen in interval [0.3, 0.5].
A comparison between a temporal profile of [ferriin] from experiments and that
from numerical simulations is shown in Figure 3.6. The plateau and valley values for
[ferriin], and the total time from the plateau to the valley, fit very well between the
experiments and simulations. There is a difference in the reduction stage: The numerical
results show a faster reduction at the beginning, and then an earlier tempering
continuation
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(a) Temporal Profile of Femin from Expetimenal Results
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(b) Temporal Profile of Femin fram Numencal Results
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Figure 3.6 A comparison of temporal profile for [ferriin]. The evolution of [ferriin] in a
area (0.6 mm x 0.38 mm) of the bromate-CHD-ferroin medium (a) had a
comparable plateau and valley values, and similar total time of reduction with the
numerical results {b). There is a slight difference on the reduction rate between the two
results. The numerical simulations have a faster reduction stage right after the plateau, but
the reduction slows down gradually. The simulations were obtained through a pulse on a
ring with a length of 90 space units, h = 0.439, and P = 2.0 x 10"^. Space and time steps
were 0.1 space units and 0.00125 time units respectively. The parameter combination of
p = 2.0 X 10"3 and h = 0.439 corresponds to a dynamic scenario right after the loss of
stability of the blue steady-state as h increases (Figure 3.3), presxunably marking the
moment right after the last reduction step swept through the medium.
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of reduction, while the reduction rate is more uniform during the most stage in the
experiment results.
The numerical propagation speed of the OFF-type step is shown Figure 3.7. For
each P value the decreasing trend of the propagation speed can be seen as h increases
from 0.3 to 0.5. And for a fixed h value the speed decreases as P increases. This
changing pattern is consistent with our observation of the propagation speed of the OFFtype step in the bromate-CHD-ferroin medium during the IP, which decreases as the
medium ages.
In Figure 3.8, the numerical propagation speeds of the RPF-type step and pulse are
plotted for the three P values as h increases. Beyond the plotted intervals, the RFF-type
steps and pules cannot persist in the medium. For any specific P value, as h increases
through a very narrow critical range, the RFF-type step emerges with a definite speed, and
propagates gradually faster until the blue steady-state loses its stability. On the other
hand there are four intervals when we consider the pulse propagation in comparison with
that of the reduction step. Using the case of ^ = 2.0 x 10"^ as an example, we have
(Figure 3.86):

(1) When h lies in interval [0.4303, 0.4308] pulses propagate with a definite speed
while a RFF-type step cannot survive.

(2) In the second h interval [0.4308, 0.4374] a pulse propagates gradually faster
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OF-type step with Beta = 0.001,0.002. and 0.003
*
r
• "r"
I

T

1

1
"betal .OX.V*
•l3eta2.ox.v* •t)eta3.ox.V c:

Beta = 0.002

Beta = 0.003

0.28

i
0.3

0.32

1
0.34

I

J

1

.

0.36

0.38

0.4

0.42

0.44

0.46

Figure 3.7 The propagation speed of the oxidation step (OFF- or OFI-type) in our model
with P = 1.0 X 10"3 (diamond), 2.0 x 10"3 (cross), and 3.0 x 10"3 (square). For
specific P value, the speed slightly decreases as h increases. This is also true for an
accompanying increase of both P and h. The propagation speed was measured as the
oxidation step crossed over a length of 10 space imits. Space and time steps were 0.1
space units and 0.00125 time units respectively.
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(c) RF-type step and pulse with Beta = 0.003
0.1

•beta3.pulse.v*
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Figure 3.8 The propagation speed of the RPF-type step (cross) and the pulse (diamond)
in our model (3.13) with P = 1.0 x 10*3 (a), 2.0 x 10-3 (6), and 3.0 x 10-3 (c). Pulses
have a wider propagating region (use the case of ^ = 1.0 x 10-3 35 an example): On the
left side, there is a small h interval [0.4303, 0.4308] in which pulses can propagate while
a reduction step cannot persist. On the right side, there is an interval [0.4376, 0.4384] in
which pulses propagate substantially faster than reduction steps. The propagation speed
of the reduction step was measured as the oxidation step crossed over a length of 10 space
units, while that of the pulse was done over a ring of 20 space units. Space and time steps
were 0.1 space units and 0.00125 time units respectively. While the propagation speed of
the reduction step is unrelated to the space length of the simulation, the propagation speed
of the pulse would be slightly higher with a longer length of the simulation ring due to the
dispersion relation and the recovery situation.
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with roughly a same pace as an RFF-type step.

(3) When h moves into interval [0.4376, 0.4384] the pulse suddenly sprints at a
much higher pace while the RFF-type step keeps its speed with a gradual increase.
Notice that the pulse propagates almost twice as fast as the RFF-type step does. This
matches the experimental observations that showed a substantially faster pulses occurring
after the sluggish reduction step at the end of the ff (Chapter 2).

(4) When h moves beyond 0.4384, pulses still propagate with a slightly higher
speed while the blue steady-state is not attracting, thus no RFF- or RFI-type step.

If the bromate-CHD-ferroin system ages with a path of accompanying increase of
both

and h, the above description would be the same except for the specific intervals.

The scenario in the third interval (scenario (3)) leads to an interpretation of the puzzle we
saw in the experiments (Section 3.2.1).
While (4) is trivial, would scenarios (1) and (2) be experimentally realizable? We
have not witnessed situation (2) yet in experiments. In regard to (1), a pulse can be
present only after a RFF- or RFI-type step switches the local blue medium to orange
steady-state, therefore this would not happen spontaneously in experiments.
The experimental speeds for 0-type steps, RF-type steps, and pulses during the IP
are 0.045 - 0.07 nmi/s, 0.01 - 0.04 mm/s (from start to finish of the IP), and 0.035 - 0.05
mm/s respectively (Chapter 2) The corresponding average speeds from nxmierical results
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are 0.09 mm/s, 0.04 mm/s, and 0.078 mm/s respectively. The numerical speeds are about
50% higher than the top speeds of the counterparts in experiments. This discrepancy
indicates a fiirther improvement of our model needed. We might be satisfied vsdth the
numerical result about the differentiated propagation speed of pulse and reduction speed
aroimd the end of the DP (Figure 3.8), but a new puzzle arises about the model (3.13):
Why can a pulse propagate in a bistable medinm while a RFF- or RFI type step cannot
(scenario (1))? Why does a pulse propagate sip;nificantly faster than a reduction step
(scenario (3)) since a pulse is composed of a R- and an 0-tvpe step?

3.3.8 Tentative explanation

The answers for the two puzzles raised in section 3.3.7 are probably beyond the
scope of numerical simulations. Instead, a rigorous mathematical analysis might be
needed to understand the underlying mechanism in the model. Here we try to provide a
speculation.
A one-variable bistable PDE system is generally not mathematically tractable.
But a trick, called "Maxwell construction," as used in phase transition theory and
equilibrium thermodynamics, can be employed to find out the direction of the transition
speed (Tyson and Fife, 1980; Pages 298-302 of Murray, 1993) between the two attracting
steady-states for special kinetics. Suppose we have a one-species mediiun described by a
reaction-diffusion system
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(3.30)

where u is some state variable such as chemical concentratiori,y?M) represents the kinetics
of the reaction (the production rate of u), and x is a spatial variable. There is no general
analytical solution available for (3.30) with any fimctiony(i(). However '\if(u) is a threebranch curve with three zeroes u\, uri, and m3 (Figure 3.9), where u\ and m3 are attracting
nodes, and

is a repellor, an illustrating solution can be sought. An interface between

Ml and «3 will move with a speed

y

(3.31)

where A\ and A2 are the areas in Fig. 3.9, and K is not a constant, but a positive number
depending on the shape of flmction/('w) (Pages 298-302 of Murray, 1993). Although
(3.31) fails to estimate the transition speed between the two attracting steady-states, the
moral is that sign(c) = sign(^2 - -^l)> i-

the interface will move to u2 if -<42 is greater

than A i, and vice versa.
For a two-species reaction-diffusion system like (3.13), we feel desperately
hopeless to find its analytic solution. But we may apply our one-species situation in
(3.30) as an approximation to some phases of a pulse, e.g., part of the oxidation and
reduction profiles, since one of the two variables (e.g., z in (3.13)) is roughly constant
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(a) Maxwell Construction i

u
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(b) Maxwell Construction 2

u

Figure 3.9 An illustration for Maxwell construction. With three zeroes («i, u2, and «3)
of flmctiony?«;, an interface between the two attracting steady-states {u\ and to) of the
corresponding ODE system in (3.30) moves in a direction decided by the relative
m^nitudes of areas A\ and A2. If
<A2 (a), the interface will move to w3, and «3 is
dominant. IfAi > A2 (b), the interface will move to ui, and u\ is dominant.
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during the jumping part of each of these two phases (Figure 3.5). If we can find the
relative magnitude of the corresponding Ai and A2 in (3.31), the possibility of a
propagating step or pulse can be rationalized.
For a fixed z value, the PDE system (3.13) is reduced to a form of one-species
PDE like (3.30). Denote the corresponding area on the side of the left branch of the
HBr02 nullcline as -<4i, and the corresponding area on the side of the right branch as A2As z increases from the value where the orange steady-state lies towards the value where
the blue steady-state lies, the leverage of ^1 and A2 shifts from A2 towards A1.
For each R-type (or 0-type) step, there is a jump from the right (or left) branch of
the HBr02 nullcline to the left (or right) before it proceeds along the left (or right) branch
towards the reduced (or oxidized) steady-state (Figure 3.5). A RF-type (or OF-type step)
step jumps at a z level where the attracting blue (or orange) steady-state lies.
Let us walk again in Figure 3.3 along line ^ = 2.0 x 10"^ with h increasing from
0.3 to 0.5. What we will experience along the path should also be applicable to a
situation with both ^ and h increasing. Consider a reduction profile (R-type step) with a
large z value {e.g., high ferriin concentration). Below line NS, the blue steady-state is an
attracting node (Figure 3.4fl), the "dragging force" from the "field" of the blue steadystate is so large that A2 is greater than A1 (Figure 3.9a), therefore a RFF- or RFI-type step
is not possible. Here we take the symbolic meanings of the "dragging force" and "field"
in the dynamic fiow around the attracting blue steady-state as the local rate and domain of
the reaction toward that steady-state (blue or orange steady-state) respectively. After we
cross line NS in Figure 3.3, the blue steady-state switches to a stable spiral (Figure 3.46).
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As we approach line SC in Figure 3.3, a homoclinic bifurcation occurs (Figure 3.4c), the
dragging force from the blue steady-state decreases, and at some point A2 is less than A i
(Figure 3.96), and a RIT- or RFI-type step can propagate. Such a RFF- or RFl-type step
can propagate gradually faster with a shrinking unstable limit cycle (Figure 3 Ad) after
crossing line SC in Figure 3.3. The step persists until the loss of the stability of the blue
steady-state (Figure 3.4e) at line AH in Figure 3.3.
How could scenario (1) in section 3.3.7, /.e., pulses propagate with a definite
speed while a RFF-type step cannot survive, be possible? During our whole walking
journey an O-type step can always propagate due to A2 being greater than Ai (Figure
3.9a) for an oxidation profile with a small z value (e.g., low [ferriin]). Such an O-type
step propagates faster (Figure 3.7) than both pulses and R-type steps (Figure 3.8).
Scenario (1) in section 3.3.7 happens right below line RS in Figure 3.3 where the RFF- or
RFI-type step cannot persist. The blue steady-state is a stable spiral (Figure 3.46) before
the saddle connection occurs (Figure 3.4c). However for a pulse (consisting of both an
oxidation and a reduction stage), the reduction stage is not necessarily a RFF- or RFI-type
step. Instead the reduction stage can be assisted by the oxidation process so that the
reduction path can deviate from a supposedly RFF- or RFI-type step at a slightly smaller
or larger z value relative to that of the RFF- or RFI-type step. Such a deviation from the
center of the blue steady-state field (stable spiral) leads to an alleviated dragging force
from the blue steady-state so that A2 is less than Ai (Figure 3.96). Therefore a pulse,
composed of a RIF- or Rll-type step and an O-type step, with a compromised speed,
would be achieved.
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Can we also interpret a faster pulse than a RFF- or RFI-type step in the same
medium (scenario (3) in section 3.3.7) with the Maxwell construction? When h lies in
interval [0.4376, 0.4384] (right below line AH, but above line SC, in Figure 3.3), a RPFor RFI-type step propagate at its characteristic speed, substantially slower than the
corresponding OFF- or OFI-type step in the same medium. The blue steady-state is a
stable spiral with an unstable limit cycle aroimd it (Figure 2>Ad). With a pulse (consisting
of both an oxidation and a reduction stage), the reduction stage would be a RII- or RJFtype step with another deviation of the z level due to a compromise with the oxidation
step. Such a deviation leads to the reduction stage of the pulse to experience a decreased
dragging force from the blue steady-state by getting out of the small unstable limit cycle
around the blue steady-state (Figure 2 Ad). As h increases, the limit cycle shrinks to a
size of zero with the loss of the stability of the blue steady-state (Figure 3.4e). The
decreased dragging force leads to a larger difference between A2 and A\ compared to the
situation for a RPF- or RFI-type step. Therefore, if K does not decrease as much as the
increase from {A2 - ^l), then a higher speed than a RFF- or RFI-type step can be
compromised. The pulse propagation speed is thus comparable to the case when the
stability of the blue steady-state is lost above the line AH in Figure 3.3, corresponding to
the post-IP.
Why does a pulse propagate with roughly a same pace as a RFF-type step
(scenario (2) in section 3.3.7) with an intermediate h value (above line RS imtil across
line SC in Figure 3.3)? With such an h value the blue steady-state is a stable spiral.
Presumably the dragging force from the blue steady-state is so large that any deviation

142

caused by the oxidation stage would not have much effect on the relative magnitude of A2
and Ai. Therefore a pulse has a comparable speed to the EIFF- or RFI-type step (Figure
3.8).
The above tentative explanation is consolidated by our inference from our
experimental observations of the difference between the profiles of the RF-type step and
the following pulses (Chapter 2), in which the communication among the neighboring
regions, not the chemistry, which plays the crucial role for the speed difference.

3.4. Conclusion

A closed batch reactor of the bromate-CHD-ferroin system provides a good
example of chemical reaction demonstrating the bifurcations in a nonlinear dynamic
system (Chapter 2). Furthermore, nimierical simulations from mathematical modeling
leads to some new discoveries of dynamic properties which are hardly predicted by
analytically solving a typical reaction-diffusion system.
In the bromate-CHD-ferroin system, two observable bifurcations have been
recorded during the IP of a batch reactor. The second bifurcation is especially interesting
because it is characterized by a switch from bistability of both the blue and orange steadystates to a monostable orange steady-state during the end of the IP, and a substantially
different speed between a reduction step and following pulses. Such a differentiated
speed was also reported by Smoes (1980) in the bromate-MA-ferroin system.
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It is indescribably complex if we consider all the chemical reactions going on in a
petri dish, and it would be desperately hopeless if we want to model all the details bit by
bit. Even if we could write down all the rate equations of the system, the complexity is
further compounded by the fact that it would be formidable with the current feasible
mathematical tools or computing algorithms to tackle the high pile of equations. But by
extracting the major processes and focusing on manageable temporal and spatial scales,
we can represent some main features of a chemical system. The Oregonator has played
such a role during the past one quarter of the century. It illustrates oscillatory properties
of the ceriima-MA system with an unstable fixed point surrovmded by a stable limit cycle
in one range of the parameters. However, the Oregonator fails to feature bistability,
among many other quantitative and qualitative discrepancies. This was our starting
motivation to modify the Oregonator to accommodate bistability, and to understand the
differentiated speed between a reduction step and pulses before the loss of the bistability
in the bromate-CHD-ferroin system.
With a consideration of three reverse reactions in (R3), (R4), and (R6), a
breakdown of skeletal process Cin(1.13)of the FKN model into three reactions (R6),
(RT) and (R8) with the addition of the hydrolysis of BrCHD in (R8), we constructed a
model (3.12) endowing bistability in some region of its parameter plane, and a detailed
bifurcation map was displayed. A parameter,

, which combines three rate constants,

some of which are not available, had to be estimated from

pulse profiles of our

experimental data. The number of bromide ions, h, produced from the reduction of one
ferriin molecule by BrCHD was assiuned to increase from 0.3 to 0.5 (corresponding to
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0.6 to 1.0 for f) during the IP. The simulated temporal profile of [ferriin] is similar to that
from the experimental records. But there is some discrepancy in the reduction stage of
the pulse. Although all the numerically obtained propagation speeds are about 50%
greater than the maximum observed in widely ranging real measurements in the bromateCHD-ferroin system, the qualitative features are quite satisfactory. With nimierical
computations, we also found that substantial difference between a reduction step and a
pulse occurs in a short interval of h right before the Andronov-Hopf bifurcation, where
the loss of stability of the blue steady-state occurs, presumably corresponding to the
moment around the end of the IP in the bromate-CHD-ferroin system. Such a numerical
observation awaits further rigorous mathematical analysis. We gave an interpretation
based on the Maxwell construction for one-species ID reaction-diffusion systems.
Aside from the satisfactory modeling of the speed difference in the bromate-CHDferroin medium, we leave here an attractive mathematical puzzle about the discontinuous
jump of wave propagation speed as a parameter changes in a reaction-diffusion system
like our PDE system (3.13). This puzzle did not appear in the discussion of a general
reaction-diffusion system for a bistable medium (Rinzel and Terman, 1982). Moreover,
we have not had any interpretation, from our model, of the first bifurcation from
monostability to bistability as the last oxidation step sweeps through the medium during
the end of the transitional period.
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