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ABSTRACT

The electrochemical removal of bromate on a tin cathode has been studied by both electro-
chemical techniques, such as cyclic voltammetry and chronoamperometry, as well as by
steady-state electrolytic experiments. The reduction of bromate in 2M NaCl takes place effi-
ciently at potentials more negative than �1.4V vs. Ag/AgCl and the rate of the reduction
displays a maximum at about �1.8V, then decreases and consequently it increases again as
the potential becomes more negative than �1.9V. The % removal efficiency of bromate dis-
plays a maximum (75.6%) at �1.8V, while the % selectivity of bromide displays a minimum
(70.3%) at the same potential.
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1. Introduction

The use of ozone for the disinfection of water is a
safe and environmentally friendly method. However,
during the disinfection of water by ozonation a part
of the Br�, which is naturally contained in the water
in concentrations ranged from 10 to 100 lgL�1, is
oxidized to bromate through the reactions [1]:

O3 þ Br� ! O2 þ BrO� ð1Þ

2O3 þ BrO� ! 2O2 þ BrO�
3 ð2Þ

In addition, bromate may also be formed in con-
centrated hypochlorite solutions which are also used

for the disinfection of drinking water [2]. The World
Health Organization has classified bromate in the
Group 2B as a “possible human carcinogen” [3], even
though there is not any study in humans so far. Many
countries have implemented regulations in which the
maximum contaminant level (MCL) in potable water
was set to 10 lgL�1 [4].

Many methods for the removal of bromate from pota-
ble water have been proposed including ion exchange
[5], nanofiltration [6], UV irradiation [7], photocatalytic
degradation [8], coagulation with Al3+ and Fe3+ [9],
chemical reduction with a variety of reducing agents,
such as Fe2+ [10], biological degradation [11], as well as
electrochemical reduction on various cathodes [12–15].

Bromate has been used as a model anion since 1960
by many researchers, in studies regarding the electron
transfer to anionic species [16,17]. These studies have
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been performed by electrochemical techniques and as
far as we know there are no works in the literature
performed by steady-state electrolysis containing the
analysis of all the species produced during the electrol-
ysis, apart from a recent work by Zhao et al. [13] on
boron-doped diamond (BDD) cathode. It should be
noted that the analytical determination of the products
of the reduction has a crucial importance since the pos-
sible by-products of the reduction can be more toxic
than the reduced bromate. Tin has been proved to be
an efficient cathode for the electrochemical reduction
of nitrate and nitrite [18]. In this study, we present
experimental results on the electrochemical reduction
of bromate on a tin cathode performed by both
electrochemical techniques as well as by steady-state
electrolytic experiments.

2. Experimental

The cyclic voltammetry experiments were per-
formed in a three-compartment glass cell equipped with
a Ag/AgCl sat. KCl as reference. The cathode was a Sn
foil (Sigma–Aldrich, 99.9%) of 0.6 cm2 and the anode
was a platinized Pt foil (Alpha–Metal) of 6 cm2.
The potential was controlled by a Wenking POS73
(Bank-Elektronik) potentiostat and the voltammograms
were recorded by a DUO18 (World Precision Instru-
ments) software. The steady-state electrolysis experi-
ments were performed in a cell constructed by Teflon,
which was equally divided into two volumes (10mL)
by a Nafion 117 (H+ form) cation exchange membrane.

The cathode was a foil of a Sn having a geometric
area of 7 cm2 and the anode was a platinized Pt foil
(Alpha Metal) of equal area. The working electrode was
polished before each experiment by a Struers DP–U2
grinding equipment with a No. 1200 polishing paper
and subsequently rinsed with ultra-pure water. The
solution of the catholyte was degassed for about 10min
by He and then the desirable potential was applied.

The concentration of bromate was determined by a
DIONEX 4500i ion chromatograph using an AS-19
column (eluent: 0.02M KOH with 1mL/min) and the
detection was performed by a suppressed conductivity
detector. Under these conditions, the analytical method
enabled the determination of bromide and bromate in
concentrations lower than 0.005mgL�1 according to
the reference chromatograms given by Dionex [19].

3. Results and discussion

3.1. Study by cyclic voltammetry

A cyclic voltammogram for the reduction of 0.2M
NaBrO3 in 2M NaCl is shown in Fig. 1. A quasi-

reversible wave at Emid = –1.1V and an irreversible
reduction wave at Ep = –1.7V were observed. The peak
Emid = –1.1V has been already observed by other
researchers in corrosion studies performed in sulfate-
containing electrolytes and was attributed to
oxidation/reduction of surface species of tin [20].

The peak at about �1.7V vs. Ag/AgCl was attrib-
uted to the reduction of bromate. The peak current
increases proportionally with the square root of the
scan rate and this proves that it is a diffusion wave
(Fig. 2). The current density of the reduction of
bromate in both potential regions increases as the
concentration of bromate increases (Fig. 3). The irre-
versible peak current (at about �1.7V vs. Ag/AgCl) is
proportional to the concentration of bromate (inset).
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Fig. 1. Cyclic voltammogram of 0.2M NaBrO3+ 2M NaCl
on Sn. The dotted line represents the background current.
Scan Rate: 20mVs�1.
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Fig. 2. Cyclic voltammograms of 0.2M NaBrO3 + 2M NaCl
on Sn. Scan rates: (i) 5, (ii) 20, (iii) 50, (iv) 100, and (v)
200mVs�1. Dotted line represents the background.
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The logarithm of the peak current density is
expected to be linearly depended on the logarithm of
the concentration of bromate and the slope of this
diagram represents the reaction order [21], because:

j ¼ ðn FÞ r ¼ ðn FÞ k Cv ¼> log j

¼ v logCþ logðn FkÞ ð3Þ

where j is the current density, n is the number of the
electrons exchanged, F is the Faraday constant, r is the
reaction rate, k is the rate constant, C is the concentra-
tion of the reactant, and m is the reaction order. Fig. 4
shows that the logarithm of the current density is

proportional to the logarithm of the concentration of
bromate based on the cyclic voltammograms of Fig. 3.
The slope of this diagram was found to be m= 0.9,
which means that the reduction of bromate follows
about first-order kinetics.

3.2. Study by chronoamperometry

Fig. 5 shows the chronoamperometric curves
obtained in solutions with different concentrations of
bromate. The potential was initially set at �1.0V for
1min and then a potential of �1.8V was applied.
Thereafter, the current was recorded vs. time until a
plateau was reached. The current density decreases
with time, as it is expected from the Cottrell equation
[21]:

iðtÞ ¼ n FA

ffiffiffiffiffiffi
D

p t

r
C�

0 ð4Þ

where i(t) is the current vs. time, n is the number of
electrons, F is the Faraday constant, A is the electrode
area, D is the diffusion coefficient of the reactant, t is
the time after applying the potential, and C�

0 is the
bulk concentration of the reactant.

The Cottrell equation can be simplified as follows:

iðtÞ ¼ kt�1=2; where k ¼ nFA

ffiffiffiffi
D

p

r
C�

0 ð5Þ

Eq. (5) predicts that the current density depends
on t�1/2. The chronoamperometric curves, shown in
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Fig. 3. Cyclic voltammograms of (i) 0.02, (ii) 0.05, (iii) 0.1,
(iv) 0.15, and (v) 0.2M NaBrO3 + 2M NaCl on Sn. Scan
Rate: 20mV s�1. Dotted line represents the background
current. The inset shows the peak current of the
irreversible wave vs. concentration of bromate.
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Fig. 4. Logarithm of the peak current density vs. the
logarithm of the concentration of bromate, during the
cyclic voltammograms presented in Fig. 3.
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Fig. 5. Chronoamperometric curves obtained in 2M NaCl+

(i) 0.02, (ii) 0.05, (iii) 0.1, (iv) 0.15, and (v) 0.2M NaBrO3.
The potential was initially set at �1.0V vs. Ag/AgCl for
1min and then a potential of �1.8V vs. Ag/AgCl was
applied for 30 s. The inset shows the dependence of the
constant k obtained by the Cottrell equation (Eq. (5)) on the
concentration of bromate.
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Fig. 5, can be reliably simulated using Eq. (5) and a k
value can be obtained for each concentration of
bromate. The inset shows that the k obtained by the
Cottrell equation is linearly dependent on the concen-
tration of bromate, as it is expected from Eq. (5).

According to Eq. (5), the slope of the diagram of
k vs. the concentration of bromate is equal to
nFAD1/2p1/2. Therefore, the number of the electrons
exchanged, n, can be calculated from the slope of the
diagram of the inset. The slope of the diagram of k
vs. the concentration of bromate was 1.1, the diffu-
sion coefficient of bromate in a 2M NaCl solution is
D= 1.09� 10�5 cm2/s [22], and the surface area of the
electrode was A= 0.6 cm2. By this way, n was found
to be 6.16 and this means that at �1.8V vs. Ag/
AgCl, bromate is mainly reduced to bromide through
the total reaction:

BrO�
3 þH2Oþ 6e� ! Br� þ 6OH� ð6Þ

3.3. Steady-state electrolytic experiments

Fig. 6 shows the concentration profile of bromate
and bromide and the mass loss during the electrolysis
time at �1.6V vs. Ag/AgCl. The concentration of
bromate follows a sigmoidal form in which the rate of
the reduction is low at the first electrolysis steps and
then increases, while the concentration of bromide dis-
plays a reverse sigmoidal curve. The shape of this
curve may be attributed to the shift of the interfacial
pH to higher values due to the hydroxyl anions which
are produced during the electrolysis through the reac-
tion (6). A similar behavior was observed by Frumkin

many years ago [23] and was attributed to the acceler-
ation of the reduction of bromate at pH values higher
than 12.

The total mass balance of bromine shows that
there is a mass loss during the electrolysis which
displays a maximum after 150min. The maximum loss
in the mass balance corresponded to the 8.7% of the
initial concentration of bromine. The form of this
curve implies that a consecutive reaction mechanism
takes place. The presence of an intermediate was veri-
fied from the chromatogram (Fig. 7) which showed a
new peak at about 17min apart from that of bromate,
chloride, and bromide at 5.7, 7.5, and 10min, respec-
tively. This peak was attributed to the hypobromite
anion (BrO�), but it cannot be proved because BrO� is
unstable in aqueous solution and, thus, a standard
solution cannot be reliably prepared. It should be
noted that the chemistry of the bromine acids in aque-
ous solutions is complicated and can include many
reactions [24]:

BrO�
3 þ e� þH2O ! BrO�

2 þOH� ð7Þ

2BrO�
2 ! BrO�

3 þ BrO� ð8Þ

BrO� þ BrO�
2 ! BrO�

3 þ Br� ð9Þ

Br� þ BrO�
2 ! 2BrO� ð10Þ

2BrO� ! Br� þ BrO�
2 ð11Þ

The above reaction scheme shows that the initial
bromate which is reduced by the reaction (7) can be
reproduced from the reactions (8) and (9). The
presented scheme of the reduction can explain why
the kinetics is more complicated than that predicted
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Fig. 6. Concentration profile of bromate (▲), bromide (d),
and the mass loss (j) during the electrolysis time at
�1.6V vs. Ag/AgCl. Initial solution 0.1M NaBrO3 + 2M
NaCl.

Fig. 7. A typical chromatogram obtained during the
electrolysis of a solution 0.1M NaBrO3 + 2M NaCl at
�1.6V. Electrolysis time 45min.
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by the voltammetric measurements (Fig. 4). The exper-
imental results of the present work cannot be modeled
by consecutive reaction kinetics because the concentra-
tion of the intermediate cannot be determined exactly
due to its instability. However, Zhao et al. [13]
observed that the reduction of bromate follows first-
order kinetics, but in their case the concentration of
bromate was much lower than that of our work. The
lower concentration leads to a lower rate of produc-
tion of hydroxyls according to the reaction (6) and,
therefore, to a lower shift of the interfacial pH
possibly at values lower than 12.

Fig. 8 shows the % removal efficiency (%RE) of
bromate, the % selectivity (%S) of bromide, and the
mean rate of the reduction vs. the applied potential at
electrolysis time 180min. The %RE of bromate
displays a maximum (75.6%) at �1.8V and then
decreases, which is possibly due to the repulsion of
bromate from the likely charged electrode. The %S of
bromide was ranged between 70 and 93% displaying
a minimum (70.3%) at �1.8V. The curve of the mean
rate of the reduction vs. potential displayed a similar
form to that of the %RE having a maximum
(0.00048Mmin�1) at �1.8V. Even though the final
concentration of bromate in our work is much higher
than the MCL (10 lgL�1), this method can be applied
in natural waters by using deposited tin on porous
electrodes, which have much higher electrochemically
active surface area than a tin foil. The produced
intermediate is unstable and decomposes rapidly to
bromide [24] and, thus, it cannot affect the quality of
the produced water.

However, the RE of bromate (�76%) is lower than
the achieved by Zhao et al. [13] on BDD, but the
concentration of bromate was much lower than that in
our experiments. A higher %RE on tin could be

achieved if the electrolysis continued for a longer
time. It should be mentioned that in our case the
current efficiency of the process was about 100% since
the hydrogen evolution reaction on tin is negligible at
�1.8V.

4. Conclusions

The present study showed that tin is a promising
cathode for the electrochemical reduction of bromate
(BrO3

�), aiming to the removal of bromate ions from
drinking water which are produced from the disinfec-
tion treatment by ozonation. The rate of the reduction
displays a maximum at �1.8V. A mass loss of bro-
mine balance was attributed to the produced bromite
(BrO2

�) and hypobromite (BrO�) which are unstable
anions, while the main product of the reduction is
bromide (Br�). Although cyclic voltammetry predicted
first-order kinetics for the electrochemical reduction of
bromate to bromide, the steady-state electrolytic
experiments showed that the concentration profile of
bromate displays a sigmoidal form.
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