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Kinetic Aspects of the Electrodissolution of Zinc in
Bromate-Containing Alkaline Solutions

Yu-Chi Chang'"!

Department of Chemical and Materials Engineering, Tamkang University

Tamsui, Taipei Hsien 251, Taiwan

Dai-Yi Lin™ and Chun-I Lin"!
Department of Chemical Engineering, National Taiwan University of Science and Technology
Taipei 106, Taiwan

Abstract— The effect of bromate ions on the anodic behavior of zinc electrodes in potassium
hydroxide solutions has been investigated experimentally using the rotating disk electrode
technique. The total dissolution current was observed to decrease with the increasing
concentration of the bromate ions. The experiments also showed that the potential required for
the onset of passivation increased anodically with the addition of potassium bromate but rapidly
reached a stable value that depended on the hydrodynamic condition. The Tafel slope became
smaller with the introduction of potassium bromate. Based on the experimental results, a kinetic
model describing the dissolution process was developed and tested. Good agreement between
the experimental results and the model predictions supports our hypothesis that the reduction of
bormate proceeds in parallel with the anodic dissolution of a zinc electrode in alkaline

electrolyte solutions.
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INTRODUCTION

The electrochemical behavior of zinc in alka-
line electrolyte solutions has been studied exten-
sively due to its importance in battery uses (Binder,
1999; Littauer and Cooper, 1984; Pletcher and Walsh,
1993; Zhang, 1996). Many investigations have been
conducted to determine the characteristics of this
system (Armstrong and Bell, 1971; Aslam and Harri-
son, 1981; Bockris et al., 1972; Chang and Prentice,
1989; Liu et al., 1981; Popova, 1972; Prentice et al.,
1991). Although many researchers have studied the
anodic behavior of zinc electrodes in pure alkaline
electrolytes, few papers have examined the kinetic
aspects of zinc dissolution processes in the presence
of additives. Flerov (1959) investigated the effects of
silicates and lithium compounds on the performance
of zinc anodes in supersaturated zincate electrolytes.
It was reported that the use of additives inhibited
passivation of the zinc anode. Prostakov et al. (1961)
examined the anodic behavior of zinc in alkaline so-
lutions containing sodium chromate and potassium
bromate, using a galvanostatic technique. They
found that potassium bromate produced an increase
in the current required for the onset of the passiva-
tion of zinc. Sato et al. (1971) studied the effects of
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carbonate on the anodic dissolution and the passiva-
tion of zinc electrodes in concentrated potassium hy-
droxide solutions. Accelerated passivation due to the
presence of carbonate was reported. Marshall et al.
(1977) also studied the effect of potassium silicate on
the dissolution of zinc in alkali, but they found that
the addition of silicate resulted in inhibition of zinc
dissolution and favored passivation of the zinc anode.
Kawamura and Maki (1980) observed that calcium
hydroxide could effectively trap the discharge prod-
uct of zinc electrodes when the concentration of po-
tassium hydroxide was less than 3M. Cachet et al.
(1981) found that the presence of NBuyBr additives
increased the cycle life of the zinc electrode. Morgan
et al. (1981) reported that additives like chloride ions,
silicate, phosphate, and polymaleic acid were not
able to increase the passivation time of zinc in alkali
dissolving under completely diffusion-dominated
conditions. Sharma (1986, 1988a, 1988b) found the
presence of calcium hydroxide improved the per-
formance of the zinc electrode in Zn/aqueous KOH
electrolyte/NiOOH cells.

The potential for raising the critical current
density required for the onset of passivation of zinc
electrodes in alkaline solutions through the addition
of bromate makes the specific system technologi-
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cally very attractive. However, very little effort has
been devoted to understanding the electrochemical
characteristics of this system. Furthermore, no previ-
ous studies have modeled the kinetics of anodic dis-
solution of zinc in alkaline solutions containing bro-
mate. In order to obtain a better understanding of the
relevant electrode processes, we have conducted ex-
periments using the rotating disk electrode technique
in conjunction with slow potential sweep measure-
ments. On the basis of the experimental results, a ki-
netic model was developed and tested in order to
characterize the kinetic processes that occurred dur-
ing the anodization of zinc electrodes in potassium
hydroxide solutions containing bromate additives.

EXPERIMENTAL

A three-electrode, two-compartment electroly-
sis cell made of Teflon was used in all of the ex-
periments. The solution volume of the sample com-
partment, 1.8 L, was sufficient to prevent any change
in the potassium hydroxide concentration during an-
odic dissolution of zinc in an alkaline solution in
each experimental run. A Pt foil was used as a
counter electrode and was placed in the sample com-
partment. The potential of the zinc electrode was
monitored through a Luggin capillary versus a mer-
cury-mercuric oxide reference electrode placed in a
potassium hydroxide solution with the same concen-
tration as that in the sample compartment. The refer-
ence electrode was contained in a second compart-
ment.

All electrolytic solutions were prepared from
analytical grade chemicals and 10 megaohm-cm
deionized water. No zincates were initially present in
each experimental run. The solutions were sparged
with high purity nitrogen prior to use, and a nitrogen
blanket was maintained throughout the experiments.
Prior to each run, the zinc electrode was cleaned by
immersing it in dilute sulfuric acid, micropolished
with 0.3 micron alumina, and rinsed in a stream of
deionized water.

Rotating disk experiments were carried out on a
Pine Instrument ASR rotator with a model AFDT
136 disk assembly and a RDE 3 potentiostat. Zinc
disks, 0.5 cm in diameter and 99.99% pure, were
used in all of the experiments. Current-potential
traces were generated on a Hewlett-Packard model
7044A X-Y recorder. Temperature variation was
controlled to within 0.1°C using a Thermomix 1480
thermostat.

Since our experimental setup did not include
the self-compensating instruments, the experimental
results obtained were subjected to ohmic potential
drop correction following the tests. Of all the contri-
butions to the ohmic resistance, usually, the ohmic

potential drop between the reference electrode probe
and the working electrode was the dominant one and
could be approximately estimated experimentally
and theoretically. For the classical case of a rotating
disk electrode at constant potential in an insulating
plane, it has been shown that (Nanis and Kesselman,
1971)

V(r=0,2) =V, (/1) tan” (a/2), (1)
where Z is the distance in the normal direction from
the disk, r is the radial coordinate, a is the disk ra-
dius, and Vy, = V(r, z=0) is the potential at the disk
surface. In addition, Newman (1966) proved that

Vo=1/4ka, 2)
where K is the conductivity of the electrolyte and I is
the current passing through the electrolytic cell. Let
Vonm be the ohmic potential drop under consideration;
then Vonm=V(r, z=0)-V(r=0, z). This is the expres-
sion used to correct the ohmic potential drop for the
experimental data obtained. It should be noted that
this expression is exact in primary current distribu-
tion situations.

RESULTS

Typical ohmic potential drop corrected polari-
zation curves for the steady state slow potentiody-
namic sweep response of polycrystalline zinc in
potassium hydroxide solutions with and without bro-
mate addition are illustrated in Fig. 1. Clearly, the
shapes of the current-potential curves in the presence
and absence of bromate look very much alike; how-
ever, zinc passivated at a slightly more anodic poten-
tial in the bromate-containing solution. This figure
also shows that the total dissolution current was low-
ered by the addition of bromate in all of the regions:
initial dissolution, active dissolution, prepassive, and
passive. The decrease of the total current might have
been due to the reduction of bromate, which will be
explained in the next section.

To examine the behavior of the zinc electrode
in bromate-containing solutions in detail, polariza-
tion measurements on the zinc rotating disk electrode
in potassium hydroxide solutions with different po-
tassium bromate concentrations were conducted.
Typical results are shown in Fig. 2. This figure
shows that the current required for the onset of pas-
sivation decreased significantly with the increasing
content of potassium bromate. In Fig. 2(b), the cyclic
voltammogram of a zinc electrode in a 1.0 M KOH +
0.1 M KBrOj; solution shows one peak with the total
current in the cathodic regime (the first peak) and
another peak with the total current in the anodic re-
gime (the second peak) during the anodic polariza-
tion sweep.

Figure 3 depicts the primary passive potentials
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Fig. 1. Current-potential relationship on a rotating disk
electrode: 2400 rpm, 2 mV/s, 29°C. Curve 1: 1.0 M
KOH; curve 2: 1.0 M KOH+2 g/L KBrOs. a : first
peak; b: second peak.
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Fig. 2. Effect of the bromate concentration on the
polarization behavior: RDE, 1200 rpm, 2 mV/s, 29°C,
1.0 M KOH (a) with 2 g/ KBrOs; (b) with 16.7 g/L
KBI’O3.

measured in 1 M KOH solutions containing various
concentrations of potassium bromate additives under
controlled hydrodynamic conditions. Due to the ad-
dition of potassium bromate additives, the primary
passive potential shifted to more positive values. As
can be seen from Fig. 3, all the solutions with differ-
ent potassium bromate contents (but under the same
hydrodynamic conditions) had essentially the same
primary passive potential, particularly in the high
bromate concentration region. Electrodes operated
under different hydrodynamic conditions showed
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Fig. 3. Effects of the bromate concentration and
hydrodynamics on the passivation potential on a RDE:
1.0 M KOH, 1200 rpm, 2 mV/s, 29°C.

the same trend over the entire concentration range
studied. Figure 3 also shows that for solutions with
identical compositions, the primary passive potential
increased anodically with the increasing rotation rate.
The observed relatively weak rotation rate depend-
ence suggests that the type of electrode processes
was not strongly mass transport controlled. These
observations indicate that the addition of potassium
bromate contributed a depassivating action for the
zinc electrode in alkaline electrolytes in this convec-
tion-dominated system.

On stationary electrodes, mass transport limita-
tions become more important and sweep rate
experiments can yield information regarding the se-
verity of these limitations. Figure 4 shows that the
potentials at which the first and the second peaks ap-
peared were essentially unaffected by the sweep rate
but that the introduction into the alkaline solution of
potassium bromate lowered the potential necessary
for the onset of passivation. These experimental re-
sults show that potassium bromate has no beneficial
effect for a zinc electrode in pure diffusion-
controlled mode. The peak potentials observed here
were virtually independent of the rate of change of
the potential, indicating that the interfacial redox
transition is a rapid process in the prepassive region.

In order to gain quantitative insight into the dis-
solution kinetics, a potentiostatic technique was em-
ployed to measure the steady state currents at differ-
ent rotation rates for the first rising portion of the
respective polarization curves. Typical plots of the
logarithm of the current against potential are shown
in Fig. 5. The data in this figure may be constructed
approximately as two straight lines with different
slopes. In other words, these experimental results
show that the anodic Tafel slope is a function of the
potential in the active dissolution region. Using lin-
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Fig. 4. Effect of the sweep rate on the polarization for a
stationary RDE. 1 and 2 indicate, respectively, the
first and second peaks in 1.0 M KOH + 0.1 M KBrOs.
1" and 2’ indicate, respectively, the first and second
peaks in 1.0 M KOH.
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Fig. 5. Semilogarithmic plot of the current against potential
as a function of the bromate concentration and
rotation rate: 1.0 M KOH, 29°C. Curve 1: with 2 g/L
KBrO3, 600 rpm; curve 2: with 2 g/ KBrOs, 2400
rpm; curve 3: with 10 g/L KBrO;, 600 rpm; curve 4:
without KBrO;, 2400 rpm.

ear regression analysis, the Tafel slopes for the first
section of curves 1-4 (I) were experimentally deter-
mined to be 35.4, 43.2, 23.5, and 50.6 mV/decade,
respectively. The Tafel slopes were found to be 68,
49, 48, and 67 mV/decade for the second section of
curves 1-4 (II), respectively. These results show that
the anodic Tafel slope decreased with the introduc-
tion of potassium bromate (curves 2 and 4) and also
decreased with the increasing potassium bromate
concentration (curves 1 and 3). The nominal anodic
Tafel slope also increased with the increasing rota-
tion rate (curves 1 and 2), as shown in Fig. 5.

PROPOSED KINETIC MODEL

Based primarily on the observed phenomena
and the data from the rotating disk electrode experi-
ments, the following kinetic scheme is proposed.
Firstly, the invariance of the shape of the polariza-
tion curves suggests that the basic reactions for the
anodic dissolution of zinc in alkaline electrolyte so-
lutions, with or without the introduction of potassium
bromate, are essentially identical. In the initial disso-
lution region, the following reactions are considered
to be of greatest importance (Prentice et al., 1991):

Zn+OH =ZnOH,y + ¢, (3)
ZnOH,¢4s + 20H =Zn(OH); +e  rds, (4)
Zn(OH); + OH =Zn(OH);, (5)

where rds indicates the rate-determining step, and the
subscript ads denotes the species in the adsorbed
state.

At more positive potentials, reaction (3) can
provide ZnOH,4;, which enters into the following
parallel reaction path (Chang and Prentice, 1989):

ZnOH,gs + OH = Zn(OH)sgs + €, (6)
Zn(OH)pq + OH =Zn(OH);  rds,  (7)
Zn(OH); + OH = Zn(OH)>". (8)

It has been demonstrated that the above reac-
tion scheme (the reactions of Egs. (3)-(8)) can simu-
late the general features of the experimental curves
for pure potassium hydroxide solution cases (Chang
and Prentice, 1989; Prentice et al., 1991).

Secondly, the appearance of the first peak,
which exhibits the cathodic current characteristic
(Fig. 2(b)), suggests that a certain parallel reduction
reaction occurs concurrently with the anodic dissolu-
tion of zinc. We assume that this reaction involves
the reduction of bromate through the following steps:

BI‘O; (solution) — BrO ; ads» (9)
BrOj s + 3 H,O + 6¢ =Br 4+ 6 OH 1ds.(10)

The standard potential for the reaction of Eq. (10) is
0.50 Vpgmgo in alkaline media, and the electrode
process is highly irreversible with a very large over-
potential (Heyrovsky and Kuta, 1966).

Since we have parallel paths, the overall rate
referring to zinc dissolution is equal to the sum of the
rates in the three parallel reaction sequences:

r=ry+r;—ry. (11)
The expression for the corresponding total current
density can, then, be derived using the Langmuir
kinetics. Let the fractional surface coverage by the
bromate ions, the monovalent zinc hydroxide, and
the divalent zinc hydroxide be 6, 8,, and &3, respec-
tively; then, the fraction of the bare electrode is
given by 1-6—6,—6;. The result is the following to-
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tal current density expression for the proposed model:
i =2F {ky, 6:C - exp(AFERT)
—kr, (1-0,-0>—05) Cexp[—(1-5,)FE/RT]}
+ 2F(kf793COH’ - kr7Cz)
— 6Fks, 6iexp(—6a FE/RT), (12)

where F is the Faraday constant, the k’s are the ki-
netic rate constants, C; is the interfacial concentra-
tion of species i, the « and £ terms are the symmetry
factors, R is the gas constant, T is the absolute tem-
perature and E is the applied potential with respect to
a given reference electrode. The subscripts f and r re-
fer to the forward reaction and the reverse reaction,
respectively, and the subscript z denotes Zn(OH); .

In a kinetic scheme involving more than one
step, it is generally assumed that the rate-determining
steps control the overall reaction rate and that other
steps are rapid and proceed essentially at equilibrium.
Therefore, the fractional surface coverage can be ex-
pressed in terms of the equilibrium constants, K’s,
and other parameters for those reactions that can be
treated as being at equilibrium. Then, from these re-
lations, we can obtain explicit expressions for 6, &5,
and @3, respectively. Substituting these expressions
into Eq. (12) yields

i = [-6Fks Hiexp(—6 4 FE/RT)
+2FkH,C? - exp(AFE/RT)

+ 2Fke HyCon 1/ H, (13)

where H] = K]C]/(l + K]C]), H2: Kz{l — [K]C]/ (1 +
KiC)1}Conexp(FE/RT), H; = K,K3{1 — [K,Cy/ (1 +
chl)]}COHzeXp(ZFE/RT), and H = Hl + H2 + H3.
Here, C; denotes the concentration of BrO;, K; =
kfg/er, Kz = kf3/kr3, and K3 = kfﬁ/krb.

Equation (13) thus gives the overall reaction
rate in terms of reacting species compositions and
the parameters of the various steps. This expression
is rather complicated for general case. In some limit-
ing cases, it can be transformed into a simpler form.
For instance, when H,>>Hj3;, we obtain the following
equation:

i = [-6Fk; Hiexp(-6c4FE/RT)

10

+2FkH,C 2 - exp(BFERT)]/ {H; + Kafl

— [KiC/(1+K C)]}Conexp(FE/RT)}. (14)

Thus, the reaction order with respect to bromate is a
fractional number less than unity, depending on the
potential applied. And the formal reaction order with
respect to hydroxide is between 1 and 2. However,
when Hy<<Hj; we get

i = [-6Fk; Hiexp(—6aFE/RT)

10

+ 2ka7H3COH*]/{H1+ K2K3{1—[chl/
(I+K,CDJ} €2, exp@FERT)L.  (15)

2.0
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Fig. 6. Determination of the reaction order with respect to
bromate at (1) the first peak, (2) the second peak, and
(3) -1.28 V: RDE, 1200 rpm, 29°C, 1.0 M KOH.

This equation indicates that the order of the reaction
with respect to hydroxide will lie between 1 and —1
but that the reaction order with respect to bromate
will remain less than unity.

COMPARISON WITH EXPERIMENTAL DATA

The reaction orders at different potentials cor-
responding to the active dissolution and prepassive
regions, respectively, have been determined. The
proposed kinetic model considers the cathodic reduc-
tion of bromate and the anodic dissolution of zinc
occurring along parallel paths. Thus, a decrease in
the total current observed in the bromate-containing
alkaline solutions during the anodic dissolution of
zinc is mainly caused by the contribution of bromate
reduction. As a first approximation, the reduction
current of bromate is equal to the difference in the
currents measured with and without the presence of
bromate. Figure 6 plots the logarithm of the reduc-
tion current of bromate versus the logarithm of the
bromate concentration at different applied potentials.
The experimentally determined reaction orders for
bromate are 0.84, 0.92, and 1.03 at —1.28 Vygrgo, the
first peak, and the second peak, respectively. All val-
ues were determined using the linear regression
method. The reaction orders vary with the potential
and are essentially less than unity, as predicted by
the proposed kinetic model. The agreement between
the experimental results and the predictions provides
support for the proposed reaction scheme.

At potentials well above the reversible potential
for a rotating disk electrode in an electrolyte solution,
the current is related to the relevant parameters in the
following equation (Thirsk and Harrison, 1967):
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Fig. 7. Determination of the reaction order for hydroxide at
29°C at (a) —1.28 V, (b) the first peak, and (c) the
second peak.

log | = log [(A")"™® B® k]
+blog [(I - 1)/&"], (16)

where A'=nFS, B=1.61D""V'*, S is the electrode
area, I is the limiting current, @ is the rotation rate,
D is the diffusion coefficient, v is the kinematic vis-
cosity, and b is the reaction order with respect to
OH . For the present system, typical plots of log |
versus log [(I.— 1)/ a)m] are presented in Fig. 7. The
experimentally determined reaction orders for hy-
droxide are 1.86, 1.0, and 1.0 at —1.28 V (corre-
sponding to the active dissolution region), the first
peak (corresponding to the prepassive region), and
the second peak (corresponding to the primary pas-
sive potential), respectively. Apparently, agreement
is again obtained between the experimental results
and the proposed kinetic model.

The semilogarithmic plot in Fig. 5 shows a
slope of approximately 50 mV/decade for the rising
part of the current-bias potential curve for the disso-
lution of zinc in a 1 M KOH solution (Fig. 5, curve
4). However, with the addition of potassium bromate,
the slope becomes less than 50 mV/decade (Fig. 5,
curve 2). Furthermore, the Tafel slope decreases with
the increasing potassium bromate concentration (Fig.

5, curves 1 and 3). These observations are consistent
with the model predictions, as demonstrated below.

Contributions to the total current density from
individual reactions have been investigated previ-
ously for pure KOH solution cases (Prentice et al.,
1991). It was found that ry was much larger than r;
for the rising portion of the polarization curve. The
total current density can, then, be written as

i =2F {k,6,C ;- exp(AFERT)

— kr,(1-6—6,—65 ) Cexp[—(1-/)FE/RT]}
—6Fk; Oexp(—6a1 FE/RT). (17)

Based on this equation, we can make several predic-
tions. The Tafel slopes are obtained directly from Eq.
(17). The apparent anodic Tafel slope for the dissolu-
tion of zinc in an alkaline solution with the presence
of bromate is

OE/Blog i = 2.3 {~6Fk;, Bexp(—604FE/RT) +
2Fk;, .C? .- exp(AFE/RT) —2Fk, (1-6-6)C,
exp [~(1-B)FE/RT]}/{[36Fk;, 0, a | FIRT]
exp(—6 ayFE/RT) + 2Fk, ,C? - BFIRT]

exp(S.FERT)+[2Fk,, (1-6,—6)
C,(1-B,)FIRT] exp [-(1-8,)FE/RT]}. (18)

This expression indicates that the anodic Tafel slope
is a function of the species concentration, applied po-
tential, and relevant parameters, and that it is not a
constant. According to this expression, increasing the
bromate concentration results in a decrease of the
Tafel slope. Furthermore, increasing the rotation rate
will increase the interfacial concentrations of the
relevant species (Chang and Prentice, 1985), and this
effect will cause the Tafel slope to increase. Equa-
tion (18) also shows that the first term in the de-
nominator and in the numerator, respectively, can be
dropped in the bromate-free case; then, the denomi-
nator becomes smaller while the numerator becomes
larger. Therefore, the Tafel slope is largest in the
pure KOH solution case. These predicted trends are
all consistent with the experimental observations
(Fig. 5). The exact Tafel slope for the corresponding
pure KOH solution case can be shown to be

OE/dlog i=2.3RT/[(2 —)F — H'F/(1+H")],

(19)
where H'= ks,Con/kr,exp(—FE/RT). Since H is a
function of the potential, the Tafel slope also varies
with the applied potential. Furthermore, it can be
shown that H'/(1+H") is a monotonically increasing
function varying from 0 to 1. Hence, at room tem-
perature, depending on the applied potential, the Ta-
fel slope may change from the lower limit (about 40
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mV/decade) to the higher limit (about 120
mV/decade), if 5, is selected as 0.5. A few additional
points should be noted. Equation (19) shows that the
so-called Tafel slope is a function of the concentra-
tion and potential, and is not constant. While the data
in Fig. 5 may be constructed approximately as two
straight lines with different slopes (as shown in the
figure), a significantly better fit of the data is a single
continuous curve with varying slopes.

CONCLUSION

The electrodissolution behavior of zinc in po-
tassium hydroxide solutions containing bromate ad-
ditives has been examined experimentally using the
rotating disk electrode technique. In bromate-
containing solutions, the zinc anodes passivated at
slightly more anodic potentials. However, the appar-
ent total current observed during the onset of
passivation decreased with the increasing bromate
content in the potassium hydroxide solution. Fur-
thermore, the anodic Tafel slope became smaller
with the addition of bromate and varied with the ap-
plied potential.

A kinetic model based on the Langmuir com-
petitive chemisorption approach has been developed
and tested. The model predictions are consistent with
the observed trends for the anodic dissolution of zinc
in potassium hydroxide electrolyte solutions contain-
ing bromate. It has been shown that the parallel re-
duction of bromate ions can cause a decrease in the
Tafel slope. In addition, the potential dependence of
the Tafel slope is due to the adsorption of the react-
ing species on the electrode surface. The agreement
with the experimental data is encouraging. This
model gives us physical insight into how the bromate
dynamically interacts with the anodic dissolution re-
actions of zinc. However, further study is needed to
establish the exact nature and structure of bromate on
the zinc electrode surface.
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