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The bromate-ferroin clock reaction is studied experimentally and the dependence of the
clock or induction time f. on the initial concentration of various reactants determined. Particu-
lar attention is paid to the dependence of ty on the initial bromide ion concentration [Br~},.
An analytical theory is also derived based on a subset of the Field-K 6rds—Noyes mechanism.
This analysis reveals several features, including exponential decay of {Br~] during the induction
period followed by a super-exponential decay in the actual clock event, a linear relationship
between t, and In[Br~] over a wide range of [Br~};, but departures from this at higher (and
lower) concentrations. These features are all confirmed essentially quantitatively by the experi-
mental results. The theory also predicts, and the experiments confirm, that there is a critical
bromide ion concentration marking the end of the induction period. This study then provides a
firm basis from which to interpret and predict the behaviour of this system in a wider range of
experimental situations (such as the reaction-diffusion waves in unstirred media).

1. Introduction

The Belousov—Zhabotinsky (BZ) reaction is probably the most widely-known
and studied oscillatory chemical system [1-4]. It comprises the oxidation by an
acidified bromate solution of a suitable organic species, catalysed by a single-
electron redox reaction typically involving a transition metal ion such as the fer-
roin-ferriin couple (ferroin = Fe(II) (phen)§+ where (phen) = 1,10 phenanthro-
line). The organic species plays three particular roles in the BZ reaction [5}]:

(i) it prevents the accumulation of Br;, which reacts with the ferroin catalyst to
form an insoluble precipitate, either by direct reaction or by reaction with the
precursor HOBr to form the brominated organic derivative;

(i) itreacts with the oxidised form of the catalyst to form the reduced catalyst

(iii) the brominated form also reacts with the oxidised form of the catalyst to pro-
duce the reduced form and also to return bromide ion to the system.

Roles (i) and (iii) are the ‘clock resetting’ process (generally known as
Process C) that allows the reaction to be oscillatory even in thermodynamically
closed reactors.
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The bromate-ferroin reaction [6] is essentially a subset of the BZ system. An
organic species is still included in reactant mixture, but is chosen so that it only
plays role (i) above and does not serve to reset the oscillatory clockwork. The
behaviour of the bromate-ferroin system is then that of a classic ‘clock reaction’
with an induction period during which the solution remains in its initial red colour
(due to the ferroin) before a relatively sharp colour change to blue as the catalyst
is oxidised to the blue ferriin. An example experimental record from a bromide ion
specific electrode is shown in fig. 1. This reveals that the bromide ion concentration
decreases in an exponential manner (Eg, is dependent on In[Br~]) over an extended
period which is terminated by an super-exponential fall in [Br~]. This change in
the evolution corresponds almost exactly to the abrupt colour change seen in the
reacting mixture.

The mechanism driving this clock reaction is reasonably well-established [7-9]
as the so-called Processes A and B of the BZ mechanism [5]: basically an inhibition
stage involving bromide ion and an autocatalytic phase based on the intermediate
species HBrO,. The reaction is also of interest as one form of the so-called minimal
bromate oscillator (MBO) in well-stirred, flow systems (CSTRs) [10-12]. Early
experimental studies of the MBO system employed cerous or manganeous redox
catalysts. Subsequent work with the ferroin catalysed system has suggested [13,14]
that there are some significant differences arising from the change in redox catalyst
[15,16]: a survey of the behaviour of such systems in a CSTR context is given by
Gaspar et al. [17]. In this paper we report an analytical study of the bromate-ferroin
in the simplified circumstances of a batch system where it gives rise to just a clock
reaction. An expression for the dependence of the clock reaction time on the initial
concentrations of various species is derived and tested experimentally. Essentially
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Fig. 1. Variation of potential of bromide ion sensitive electrode (relative to SCE) during bromate-

ferroin clock reaction showing exponential dependence of [Br~) on time before super-exponential

decay at end of induction period: initial conditions [BrOj], =0.0645M, [H*],=0.17 M,
Br],=32x 107 M, T = 19.8°C.
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quantitative agreement is observed and this allows us to confirm experimentally
such important features as the existence and value of the critical bromide ion
concentration.

2. Mechanism and governing reaction rate equations
(a) MECHANISM FOR BZ AND BROMATE-FERROIN REACTION

The Field~K 6ros—Noyes (FKN) mechanism for the BZ reaction consists of three
overall ‘processes’ (the numbering is chosen for consistency with earlier work):
Process A: inhibition by bromide ion

(FKN3) BrOj + Br~ + 2H* —HBrO, + HOBr rate =k;[H*)*[BrO; |[Br~]

(FKN2) HBrO, + Br™ + H" —2HOBr rate =k,[H*][HBrO,|[Br™]
so, overall this has the stoichiometry
Process A BrO;j +2Br~ + 3H" —3HOBr

Process B: autocatalysis
(FKNS5) BrOj + HBrO; + H* —+2BrO, + H,O rate = ks[BrO; |[H*][HBrO,]

(FKN6) BrO; + Mg + HY =HBrO; + Moy rate =kg[BrOy][M,eq][H*)

The radical intermediate species BrO, reacts rapidly by step (FKNG®) if the catalyst
(represented by M,.q) is ferroin, so these two steps give rise to the overall stoichio-
metry

Process B BrO3 + HBrO; + 3H" + 2Mpeq — 2HBrO; + 2Myx + H,0

with (FKN5) being the rate determining step. This autocatalysis in HBrO, also
brings about the oxidation of the redox catalyst. As the HBrO; concentration
increases, the following reaction

(FKN4) 2HBrO,—BrO; + HOBr +H*  rate =k4[HBrO,)*

becomes important in limiting the growth of the autocatalyst.

Process C: resetting

This is a complex process involving both inorganic and organic species. It is
believed to involve the bromination (either by HOBr or by Br, formed from
HOBr + Br™) to form the brominated form of the organic species BrOrg. This then
reacts with the oxidised form of the redox catalyst My, which may also react with
the original organic species. This overall reaction is then represented as
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ProcessC Moy + {Org + BrOrg} = 1fBr~ + Mreq  rate = kc[Moy][Org]

where [Org| represents the total concentration of organic species {Org + BrOrg}
which will be approximately equal to the initial concentration of the organic reac-
tant. In addition to reducing the redox catalyst, Process C also returns bromide ion
to the reaction: the stoichiometric factor f in the above equation is treated as an
adjustable parameter and indicates the number of bromide ions produced for every
two oxidised catalyst ions reduced.

(b) RATE EQUATIONS FOR BROMATE-FERROIN REACTION

For the bromate-ferroin reaction, Process C does not occur, so we can set
. = 0. This represents a simplification to the kinetics compared with the BZ system
but also has some consequences for the choice of nondimensionalisation to be
used as the classic Tyson-scalings [18] of the Oregonator model obtained from the
FKN scheme above are based on a time scale involving k. and hence would be inap-
propriate here.
The reaction rate equations for the species BrO3, HBrO,, Br~ and M, are thus

%’ = —k3AH?Y — ksAHX + kX, (la)
ax 2 2 2

—7 =AY — ko' XY + ks AHX - 2kaX?, (1b)
‘(11_: = —k3AH?Y — kx HXY (Ic)
5‘% = 2ksAHX (1d)

where 4 = [BrO;], X = [HBrO,], Y = [Br~] and Z = [M,] are the conventional
notation for the BZ system, ¢ is the time and H = [H*] which will be assumed to
remain constant during the reaction.

The form for eq. (1d) arises as reaction (FKN5) is the rate determining step for
Process B in which the oxidation of the redox catalyst occurs, and we will implicitly
assume that [M,.q4] is a constant. For later reference we can also note the following
values of the rate constants appropriate to 293K:k; =3 x 106 M2 57!, k3 =2
M3 s ks =3x 103 M~ s~ and ks = 42 M2 s~!. We also note that the activa-
tion energy for step (FKN?3) has the value E3 = 49.3 kJ mol~!, allowing this rate
constant to be calculated at other temperatures.

3. Dimensionless forms

The following scalings are appropriate for the bromate—ferroin reaction
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a=A/Ap,

x=X/Xo, Xo=ksAoH/2%s,
y=Y/Yo, Yo=ksAo/kz,
z2=2Z[Mreqp,

t="/ty, to=1/ksdoH,
together with the dimensionless parameters
8 =2ky/krH

q = 2ksks/koks ,
v =ksAoH [kaM:eq
o= k5H/2k4 y

where A is the initial bromate ion concentration and M. is the concentration
of the reduced form of the redox catalyst. These yield, from eq. (1),

da

= = —olqay +ax—3), (2a)
& = x(a—x) ~ (x—qaly, (2b)

%: —(x+ qa)y, (2¢)
f‘.‘;—j = qax. (2d)

The scalings for x and y and for the parameter g are the same as those used for the
BZ system, but the time scaling here is based on step (FKNS5) whilst the parameter §
is the ratio of the parameters ¢'/e that appear in the Tyson scalings. The scaling
for the oxidised form of the catalyst is different from that used in the BZ system and
is here based on the initial concentration of the reduced catalyst. There are two rea-
sons for this choice: first, if z increases to values close to unity, then the simplifica-
tion of ignoring the consumption of the reduced catalyst becomes invalid and
second, it will be useful to define the end of the clock reaction period in terms of this
variable as the experimentalist records this event in terms of the colour change in
the reacting mixture. From the rate constants given previously, we have
g = 9.52 x 1073, The parameters § and o depend on the initial H* concentration (as
does 7) but are both typically small compared to unity. The initial conditions are
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a(0) =1, x(0) =0, »(0) = yo, z(0) =0, (3)

where y, is the scaled initial concentration of bromide ion.

4. Initial analysis: reactant consumption neglected, o = 0

By assuming that the bromate ions in the system are present in excess we can
invoke the pool chemical approximation. This is equivalent to setting o to zero in
eq. (2a), which then gives, from (3),

a(t)y =1 forallz>0. 4)
Also note that egs. (2b) and (c) are independent of z and that the solution to

eq. (2d) is now dependent only upon x. This leads us to consider the two-
dimensional system

& e x(1-x) ~ (x =g}y, (52)
5D = —(xc+g)y (5b)

in x>0, y >0, still subject to initial conditions (3).

It is readily established that egs. (5a), (5b) have the stationary states (0, 0) and
(1, 0) in the positive quadrant of the (x, y) phase plane and that (0, 0) is a saddle-
point and (1, 0) is a stable node for all (positive) values of g and 6. Furthermore, it is
straightforward to show that the set

= {(x,7):0<x<1,0<y <y} (6)
is an invariant rectangle for the system. Since there can be no closed integral paths
within , the Poincaré-Bendixson theorem then guarantees that

(x,y)—>(1,0) ast—>o0. (7

(a) ASYMPTOTIC ANALYSIS

Here we develop a solution to equations (5a, b) valid for § small. We also take g
to be small and y; to be large, formally taking g to be O(6?) and y, to be O(672),
by writing

q=q06", yo=26"u, (8)

where g and vy are both of O(1). These scalings are suggested by their values
achieved in the experimental results described below.
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A consideration of egs. (5a), (5b) shows that the solution develops on an initial
time scale of O(62) (region I). This, together with (8), suggests that we write

=6 x=6%X, y=67Y, (9)
and expand X and Y as

X(r;8) =Xo(r)+6X1()+ ..., Y(r;8) =Yo(r) + Y1 () +.... (10)
Atleading order we obtain

Xo=qo(1 —e™7), Yp=up. (11)

The solution can be readily continued to higher order, the details are not important
except for the behaviour of the solution as 7 — 0o. We find that

X~q0+62q0/'u0-{—..., Y ~ vy — 2goue8T+ ... asT—>00. (12)

Thus expansions (10) become non-uniform when 7 is O(673), with x and y still
0(6?) and O(67?), respectively. To continue the solution we move to a second
region (region II) where we put 7 = 6t and again scale x and y by (9). Here the gov-
erning equations are to be solved subject to matching to (12). A solution by expand-
ing in powers of § is suggested, the leading order terms (Xj, Yp) of which are

Xo=qo, Yo=voe 2. (13)

The solution can be continued directly to higher orders and again it is only the
behaviour for large 7 that is of interest, we find that

3 1 ;6 -
x ~6 go + 2 20t , Yo we™ —— 4. ) asi—>o0.(14)
Vo 52 2
The exponentially growing term in expressions (14) shows that this expansion
becomes non-uniform when 7is O(In(1/62)) and so the analysis must be extended to
a further region (region III) by a logarithmic shift in 7, given by

7.___1_111(3’-"-) T (15)
Applying (15) in (14) shows that, in region III, x is still of O(é?) though y is now

of O(1). Thus in region III we still put x = 62X but leave y unscaled. This leads to
the equations, at leading order,

d
X =(X-qo)y, -jyc-= —(X +q0)y, (16)
to be solved subject to the matching conditions
Xrogo(l4+e284..), y~e® -1y . as(—> —o0. (17)

The first of these equations gives X = goy/(y — 1) and hence
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d 2y —1
dy _ _9@2y-1)y (18)
d¢ y—1

The solution which satisfies the conditions as { = — oois then obtained as
y=Lem20C(1 4 V1= 2¢200), X =——20 (19)

V1 —2e20¢
These expressions become singular (X —o0,y—>1)at{ = {y = ﬁln(%), with
X N\/%co —OT 4y~ V(G- O asg . (20)

In order to remove the singularity at {, we require a further region (region IV)
in which we put

X=6"% y=1+6Py (=¢+6 . (21)
The leading order problem then becomes

dx o dy -

d77 qo0 Vs d"? ) ( )

subject to, from (20),

yz\/qgo(—n)”u..-, ¥ ~V2q0(-m)"" +... asn—> —oo. (23)

Differentiating the second equation in (22) once with respect to 7, and eliminating
X using the first equation, we obtain a second order equation for y which can then
be integrated once to give, on satisfying the matching conditions,

d}_) 1-
Yl =0.
it 52 4+ qon (24)

The solution to eq. (24), subject to (23), can be expressed in terms of Airy functions
as

24, - (%)""n]

4i[-(%)""n)
From this expression we can see that the solution becomes singular at
2\ 1/3
n=m=—\— 5o, (26)
do
where so = —2.338107 is the first zero of 4;(s), with
- 2 —
X~ve——— ) 2 asn—>ng . (27)

~7 y yN
(o — n)* o —n
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We now require a further region (region V) in order to remove the smgularlty
at ), in which we put ) = ng + 6/3¢, X = 6~ X and leave y unscaled. This gives the
leading order problem for region V as

Xty %=ty (28)
with, from (27)
X’N—z——2+..., y~1——-2-—+... as{—> — o00. (29)
(=9 (=4
Equations (28) can be combined to give, on satisfying (29),
X =y—log(y)-1. (30)

Itis not possible to obtam closed-form expressions for X and y in terms of ¢, though
we note that y ~e” ¥ as X — co. Further consideration of eqgs. (28) then shows
that X isexponentially large for £ large, with

X ~ Age®, y ~exp(—Apef) asE—>oo (31)

for some positive constant 4y, which is independent of the parameters of the system
but which cannot be determined explicitly.

To complete the solution, we need a final region (region VI) where y =0, x is
O(1), and, from (31), we require a further logarithmic shift in the time variable,

1 -
§=ln(5) +£. (32)
The governing equations in this region reduce to
Zg—x(l—x) x~Agef +... asf—> —oo. (33)
On solving (33) we obtain
Aoef_
= 34
1 + Agét (34)

from which it follows that x— 1 as £ = co. This completes the development of the
solution for § << 1.

(b) NUMERICAL RESULTS

Equations (5a), (5b) were solved numerically using a standard NAG routine
(DO02EBF). Care had to be taken to use a sufficiently small time step so that the
initial development of the solution on the O(§?) time-scale in region I was repre-
sented accurately. Results for § = 1.17 x 1072, g =9.52 x 1075, y; = 4500 are
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plotted in fig. 2(a). These results show, as predicted by the asymptotic analysis for
6 small, that y falls monotonically while x remains small, with x ~ g over most of
this range (region II). (The initial behaviour of the solution (region I) is difficult to
observe in this figure). After a further time has elapsed x starts to increase, slowly
at first (region IV and V), followed by a very rapid rise in its value (region VI)
before its final value is attained. The very rapid fall in y associated with the singula-
rities in regions III and IV resulting in the super-exponential decay in region V
(expression (31)) is difficult to see in fig. 2(a), though it can be observed on a much
closer examination of the numerical results and is shown in fig. 2(b). Itisinteresting
to note that this super-exponential decay is clearly observed in the experimental
results, fig. 1, which gives a strong confirmation of our theory.
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Fig. 2. Computer dependence of dimensionless [Br~] and [HBrO,] (y and x, respectively) on (dimen-

sionless) time showing exponential decay of y during a period in which x = g, followed by autocataly-

tic growth of x:q = 9.52 x 1073, § =0.0117, yo = 4500, o = 0 (bromate consumption ignored).
Note sharpness of ‘clock’ process in autocatalytic phase.
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(¢) INDUCTION TIME OF THE CLOCK REACTION

Although the induction time of a clock reaction is observed to occur when there
is a rapid colour change, it is difficult to define exactly when this occurs in terms
of the variables x, y and z. Here the clock reaction is determined by the oxidation of
the catalyst and the associated colour change from red to blue, which in the original
system (2a)—(2d) is represented by z reaching a specific value. However, since z is
related to x by eq. (2d), we can alternatively define the induction time ¢ as the time
at which x reaches a specific value, x, (say), where we require x to be significantly
greater than g. Since x reaches x in region VI, where x is increasing exponentially
rapidly (see fig. 2), the induction time will be insensitive to the value of x chosen.
For the majority of the induction time, x remains small and starts to rise in value
only at the end of region III. From (15) we then have that the (dimensionless)
induction time occurs when ¢ = (o (with y — 1), giving

1 Vo é Yo

fog = 5&;1]1(*27"2') = Zln(;) (35)
to leading order. Expression (35) shows that ¢ is O(In(yo/2)) and to demonstrate
this we integrated eqgs. (5a), (5b) numerically for a range of values of yo (with § and
g as above) taking x;; = 0.5. Theresults are shownin fig. 3, where we plot 7 against
log;o (o). This figure shows that the agreement between the theoretical (expression
(35)) and numerically computed values is extremely good, with the results lying
on a straight line over many orders of magnitude in yp; the divergence from this
straight line form is seen only when yg is O(1) when the theory developed above is
not applicable, Moreover, this straight line has a slope of 141, also in agreement
with (35) and, if continued, would cross the t; = 0 axis at yop = 2, again in agree-
ment with (35).

7004
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4004
300
200
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Fig. 3. Numerically computed clock times for a system without bromate consumption (o = 0)
showing linear dependence of 1o on log(y) for yo sufficiently large.
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Finally, we note that the dimensional induction time 7 is given from (35) by

. 1 n ks [BI‘_]O
fa = 2%;[BrO5 ] ,[H*]* (2k5 [Bro;]o) ' (36)

5. Experimental

Stock solutions of the following reactants were prepared separately and without
further purification: KBrO; (AR grade, Fisons), NaBr (SLR grade, Fisons),
H,S0,4, 4-cyclohexene-1,2-dicarboxylic acid (obtained as cis-1,2,3,6-tetrahy-
drophthalic anhydride, Aldrich 98%), ferroin from iron(II) sulphate (AR grade)
and 1,10 phenanthroline hydrate (Sigma: 1 : 3 molar proportions). Appropriate
quantities were mixed to obtain the desired initial concentrations, with H* being
added last and the time zero being taken at the point of half-addition of the acid.
The clock time was determined by visual estimate of the change of the solution col-
our from red to blue. Preliminary experiments establish the inverse first-order
dependence on the initial bromate ion concentration and also the independence of
ty on the ferroin and 4-cyclohexene-1,2-dicarboxylic acid concentrations. Here we
concentrate on the dependence of #;; on [H*], and on [Br7],.

(a) DEPENDENCE ON INITIAL ACID CONCENTRATION

The clock times were measured for an initial mixture of composition
[BrO3], = 0.0645 M, [4-cyclohexene-1,2-dicarboxylic acid], = 0.0645 M, [Br7],
= 0.0323 M and [ferroin], = 8.1 x 10~* M with [H,SO4, varied between 0.111 M
and 0.233 M, giving clock times between 550 and 2800 s at 291 K. The variation
of ty with [H,SO4], is recorded in table 1. Also shown in the table is the correspond-
ing initial H* concentration. For the relatively high acid concentrations used in
this study we cannot assume complete dissociation of H,SO4; [H*], has been esti-
mated by making a linear fit to the data quoted by Robertson and Dunford [19].
Over the range 0.1 < [H,S04),/M <0.5 this is given by

Table 1

Variation of clock time with [H*],.

[H2504)y/M H*]g care/M (ta £ 10)/s
0.111 0.147 2760

0.129 0.170 1740
0.155 0.204 1127

0.181 0.237 1004
0.207 0.270 810

0.233 0.303 558
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[H*]/M = 0.006 + 1.276[H,S04] /M (37)

with a regression coefficient 0of 0.99999.

The predicted dependence of ¢ on [H*], is tested by determining the slope n of
the log[H*]-log(t4) plot, figure 4(a). The data in table 1 give n = —2.01 +0.18,
indicating good agreement with the predicted value n = —2. A plot of . versus
1/[H*]%, fig. 4(b), gives a straight line of gradient m=58+5M?2?s (or
m = 54.3 &+ 1.3 if the line is constrained to pass through the origin). According to
eq. (36), the slope of this plot should be given by

. 1 ko [BI‘_]
"= aBrOs ], (2ks[Bro§1o) ' (38)

log(t./s)

3000 v . . .
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1000 + -

500 .

0 N i . 1 N 1 . t .
0 10 20 30 40 50

(MI[H*)?

Fig. 4. (a) log-log plot of induction period versus [H*| indicating inverse s?uare dependence
(slope = —2.01 £ 0.18); (b) inverse square plot of 1 versus 1 /[H*]*.
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Substituting the appropriate values for the initial concentrations and the reaction
rate constant k3 at 291 Kintoeq. (38) then, we obtain the predicted value of m,
Mearc = 46.7 M? s, (39)
indicating essentially quantitative agreement within the experimental precision.
We may also note that the slope of the linear portion in fig. 1 (the plot of Eg; ver-
sus 7) should, according to the analysis of the previous section, be given by
dEg;  RT
dt  nF
Taking the initial H* concentration as calculated from eq. (37) above, we thus pre-
dict for the conditions in the figure a slope of —11.3 mV min~! which again com-

pares favourably with the experimental value of —11.9 mV min™!.

x 2k, [BrO3][H*]. (40)

slope =

(b) DEPENDENCE ON INITIAL BROMIDE ION CONCENTRATION

A series of experiments with the same [BrOj ], [4-cyclohexene-1,2-dicarboxylic
acid], and [ferroin], as above and with [H,8O4], = 0.129 M in which 6 x 1073
M <[Br7],<0.0323 M, were performed at 298 K giving clock times in the range
250 s< 1,4 <2250 s. The lower end of this range still corresponds to a bromide ion
concentration an order of magnitude greater than that arising from impurities in
the bromate stock (which we may estimate from the manufacturer’s specifications
to be less than 6 x 1076 M). The maximum initial bromide ion concentration is
determined by the condition [4-cyclohexene-1,2-dicarboxylic acid],>1.5[Br~],
which must be satisfied in order to prevent the formation of molecular Br;.

The variation of 7 with log[Br~|, is shown in fig. 5 along with the predicted

Experimental vs. modified clock times.

2000
1500
-F 1000

500

log[Br],

Fig. 5. Comparison of analytical prediction (eq. (36)) with experimental dependence (shown as
points) of clock times on log[Br~] (model with bromate consumption ignored, o = 0).



J.H. Merkinetal. / Bromate—ferroin clock reaction 29

clock time on the basis of eq. (36). First, we note that over the range
—4.2<log[Br7]y< — 2.4, (equivalent to [Br~], in the range 4.0 x 1073 to
6.3 x 10~> M) the behaviour is approximately linear as predicted by our theory.
The slope of a regression line for the data over this range has the value
m = 244(£30) s, which compares with the predicted slope 2.303/2k;
[BrO31],[H*]2 = 220 s (taking [H*], = 0.17 M and k; = 2.81 M3 s~! appropriate
to 298 K). The agreement is again well within the experimental accuracy.

Also of interest, is the departure from the logarithmic dependence of 7z, on
[Br~], at high initial bromide ion concentrations. To account for this change in
behaviour, we must return to our analysis and recognise that if [Br~],/[BrO3], is
not small, then significant amounts of the reactant bromate ion will be consumed
by the end of the induction period. This may then invalidate our assumption
[BrO3] = [BrO7],, i.e. a = 1 in the analysis of section 4.

6. Effects of bromate consumption

The experimental results presented in fig. 5 show that for high initial bromide
ion concentrations, the simple logarithmic dependence of the induction time as
given by eq. (36) is no longer valid, with ¢, appearing to tend towards some asymp-
totic limit. The reason for this divergence between experiment and theory becomes
apparent if we consider the stoichiometry of Process A (section 2) which indicates
that one bromate ion is consumed for every two bromide ions that react. In the
region of high initial bromide ion concentration, the concentration of the bromate
ions may no longer be considered to be in excess and the assumptions of the pool
chemical approximation for this reactant are no longer valid. Thus at high [Br7],,
we must consider the system (2a)—(2d) with reactant consumption included.

This can be done following closely the analysis in section 4(a), again on the basis
of § being small and yy and g scaled via eq. (8). In the present context, the parameter
o is now non-zero though small: formally we set o = (6, where oy is O(1). The solu-
tion then develops over the different time regions as before, with the clock induction
time being given, to leading order, as the time at which the singularity develops in
region III (this can be smoothed out, as before, through regions IV and V). The
details of the analysis are not particularly important or particularly different from
the previous case. The resulting expression for the dimensionless clock induction
time is

1 Vo
-1 (®). 40
o = 54002 — oow0) 2(3%) (40)

This equation reduces to that previously derived form, eq. (35), in the limit o = 0.
Expression (40) requires

yoo6<2, ie. [Br7],<2[BrOs],. (41)
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This inequality is expected from the stoichiometry and expresses the fact that suffi-
cient initial bromate is required so that all the bromide can be removed through
Process A. If the inequality is not satisfied, our analysis shows, as expected, that
[Br~] cannot fall sufficiently to trigger the clock via Process B and [HBrO,| remains
small throughout.

The predicted dependence of the (dimensional) induction time on initial bromide
ion concentration given by eq. (40) for the case o = 1.197 x 1073 is compared
with the experimental results of section 5 in fig. 6 where the effect of bromate con-
sumption at high [Br~], is apparent. Induction periods have also been computed
numerically by direct integration of the full set of egs. (2a)—(2d), allowing for bro-
mate consumption. For these parameter value, the results are indistinguishable
from the analytical predictions. This test serves to suggest that consumption of bro-
mate is the cause of the departure of 7y from its simple linear dependence on
In[Br~], rather than other minor effects such as the reversibility of step (FKN3):
even small amounts of bromate consumption (of the order of a few percent) serve to
lengthen ¢, by altering the pseudo-first order character of the kinetics in
Process A.

7. Discussion and conclusions

The bromate clock reaction is something of a standard reaction kinetics experi-
ment in which the influence of initial bromate and H* ion concentrations on the

Experimental vs. modified clock times.

y=2/60
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Fig. 6. Comparison of analytical predictions of clock time (eq. (40)) with bromate consumption
included with simple analytical prediction (no bromate consumption) and experimental results
(shown as points).
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clock time are frequently investigated. The present paper has considered a variation
on that system and, in particular, has concentrated on the more subtle dependence
of 1, on the initial bromide ion concentration. The results presented above show
that the basic inorganic subset of reactions in the FKN model provide a basis for at
least a semi-quantitative representation of the actual behaviour in the bromate-
ferroin system. We have also confirmed the independence of ¢ on the initial ferroin
concentration. The ability to model this reaction in detail is to become important
in work to be reported later in which the reaction-diffusion wave phenomena asso-
ciated with this reaction in unstirred systems (and, in particular, in situations where
the ferroin catalyst is immobilised on a membrane support) are examined. In such
situations, any such waves will propagate against the slow change in the unreacted
solution ahead as the clock reaction proceeds. We can also anticipate that ease of
initiation of a wave will be influenced the concentration of Br~ locally at the initia-
tion site and, hence, on the time elapsed between the mixing of the solutions and
the application of the initiation stimulus. Such features will be presented in a later
paper.

For now, we may note that our analysis has successfully predicted (i) the basic,
exponential decrease of [Br~] during the induction period as indicated by the linear
plot of Ep; versus time —a very similar decay of [Br~] occurs in the BZ reaction dur-
ing its Process A phase and which plays the major role in determining the period
between the oscillatory oxidation events in that system; (ii) a super-exponential
change at the end of the induction period — again, such a feature arises in the full BZ
system although then there is a subsequent bromide ion production stage; (iii) the
existence of a critical bromide ion concentration, given by [Br~] ., = ks[BrO3]/k; —
this is an important concept in the full BZ system and hence the present work pro-
vides quantitative confirmation that this marks the transition from Process A to
Process B in that reaction too; (iv) a linear dependence of ¢ on In[Br~] provided
[Br—], << [BrO3]y; (v) a departure from such a linear dependence at high [Br~],,
with ¢4 lengthening under the influence of bromate ion consumption; (vi) an upper
limit on [Br~],, above which clock behaviour is not observed; (vii) a departure
from the linear dependence of z;; on In[Br~] at very low [Br~],. The latter is a feature
only of the numerical and experimental results: our analytical theory has not been
developed for the lowest initial bromide ion concentrations and, subsequently, pre-
dicts that £, becomes negative at very low [Br~],: such concentration are, however,
unimportant in practice as they relate to values lower than the impurity levels in
the bromate stock.

We may note that the ‘reactant consumption included’ theory (o # 0) predicts
a dependence of #;; on In[Br~] of the correct functional form, but that the experi-
mental clock induction time approaches an asymptotic limit faster than the analyti-
cal result. This is probably due to other factors, such as net accumulation of
bromine and hence precipitation of the redox catalyst for systems high bromide
concentrations and, possibly, due to the reversibility of step (FKN3). Also if the
concentration of HBrO, becomes large, then a significant proportion of the
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reduced catalyst may be oxidised in Process B. This would render invalid our
assumption that the concentration of ferroin can be treated as a constant: in that
event, reaction (FKNS5) may no longer be rate determining in this process. How-
ever, as shown above, the induction period is primarily determined by the time
taken for Process A to reduce [Br] to the critical bromide ion concentration, and
thus small changes to Process B are not expected to influence ¢ significantly. In a
similar way, we would also expect to find only minor changes by replacing the fer-
roin/ferriin couple by the cerous/ceric ion or other redox catalysts for which the
kinetics of Process B are subtly different.
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