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This study demonstrates the effective electrochemical degradation of bromate, achieving over 95%
removal, using both sheet electrodes and reactive membranes fabricated from Magnéli phase titanium
oxide (Ti,O2,_1, N = 4-10). Increasing the applied voltage and electrolyte concentration, as well as
decreasing the pH, significantly enhanced bromate reduction efficiency. Experimental results suggest
that both direct and indirect pathways contribute to the overall degradation process. The impact of
coexisting ions was also evaluated. At 1 mM, their inhibitory effect was negligible, whereas, at 10 mM, the
inhibition became pronounced in the order S04~ > COs>~ > CI” = NOs~ = NO,~ > ClO,~. When
applied to secondary effluent wastewater, this electrochemical approach achieved 70% degradation of
bromate within six hours. Moreover, the Magnéli phase titanium oxide electrodes exhibited excellent
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Introduction

Bromate (BrO; ") is classified as a “possible human” or “Group
2B” carcinogen by the International Agency for Research on
Cancer (IARC). The maximum allowable bromate level in
drinking water set by the United States Environmental Protec-
tion Agency (US EPA) is 10 ug L™ *. The formation of bromate in
drinking water is commonly associated with disinfection using
ozone." Drinking water concentrations have been found to be
up to 15 times higher than the regulation of 10 pg L™".2 The
optimization of ozonation operation conditions, such as
lowering pH and controlling the ozone dose, can minimize the
formation of bromate ions. However, such measures can also
lead to a decrease in hydroxyl radical generation and, conse-
quently, reduced treatment efficiency, greater formation of
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HOBr/brominated by-products, and lower degradation of
contaminants.?

The addition of ammonia can also inhibit bromate forma-
tion during the ozonation process; however, it can only reduce
the generation of bromate by 50%. Moreover, this approach is
only feasible for water with 50-150 pg L' of bromide.* There-
fore, post-treatment for bromate removal may be necessary if its
formation cannot be avoided.

In the past decades, there have been a number of new
technologies developed for bromate remediation, which
include physical adsorption,® biological remediation,® catalytic
reduction,”® photochemical reduction,”® and membrane
separation.’ Electrochemical reduction processes (ERPs) have
also been investigated. The standard electrode potentials of
bromate and HOBr are 1.48 V and 1.34 V vs. SHE, respectively,
which indicate the possibility of electrochemical reduction of
bromate in water.”> The reduction process of bromate to
bromide involves 6 electrons. The bromate reduction can be
summarized as follows:**

BrO;~ + 5H" + 4¢~ < HOBr + 2H,0 @)
HOBr + H" + 2¢~ < Br + H,O (2)

Reaction (1) is a complex, multi-step process, with deduced
intermediate species HBrO, and BrO;; on Pt electrodes in acid
solution, the intermediate species are autocatalytic for the
reaction.” A redox-mediator autocatalytic cycle through the
comproportionation reaction of bromate and product bromide
to produce intermediate bromine can also be significant.*®
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Several electrode materials have been proposed as the
cathode for the purpose of bromate reduction, such as metal
electrodes,**® bimetallic Pd/In, metal/metal oxide-carbon
composites,”?* conductive polymers,>** and boron-doped
diamond (BDD).*® However, there are research gaps in terms
of understanding the stability/long-term reactivity and cost-
effectiveness of these electrodes. For example, the electro-
catalytic reduction of bromate by tungsten oxide (WO;) has
been observed.”® However, the stability of the WO; electrode is
an issue as it can be electrochemically reduced at —0.22 V vs.
SCE.?* Boron-doped diamond electrodes (BDD) can effectively
degrade bromate ions, but BDD electrodes are synthesized by
chemical vapor deposition, and the cost for production can be
as high as $7125 per m>.*" It is necessary to find an alternative
stable material that can perform bromate removal rapidly and
cost-effectively.

Magnéli phase (MP) titanium oxide (Ti,0,, 1, 7 = 4 to 10)
materials have been increasingly applied as fuel cell supports,
battery electrodes, and in other applications because of their
unique chemical, electrical, and magnetic properties.”® These
materials have the advantages of strong corrosion resistance,
high mechanical strength, and excellent electrochemical
stability under both anodic and cathodic polarization.* These
attributes make MP titanium oxide materials promising for
utilization as electrodes for oxidation and reduction of water
contaminants. A number of studies have shown that MP tita-
nium oxide anodes produce adsorbed “active oxygen” hydroxyl
radicals, as shown in the following equation:*

MO, + H,O — MO, (‘OH) + H* + ¢~ 3)

The hydroxyl radicals are effective in the oxidation and
removal of a wide range of recalcitrant organic and inorganic
compounds.*®?**'33 The Ti,O; anode exhibits a comparable
oxygen evolution potential and comes with a deployment cost
that is 60-70% lower than that of the BDD anode.** Other
studies have shown that MP titanium oxide can be used as
a cathode catalyst, facilitating the of oxygen
reduction.?>**

In addition, the material can be fabricated into reactive
membranes (REMs) with tailored porosities and various shapes
that can be used on an industrial scale for water and wastewater
treatment. The REMs can provide longer residence time and
larger active surface area, which is beneficial for the degrada-
tion of contaminants.*® Like the other REMs, MP titanium oxide
REM can suffer from membrane fouling, but the foulant can be
cleaned by polarity/flow reversal without undesired damage to
the membrane.?”*® The low cost of production and maintenance
of MP titanium oxide also makes it economically feasible for use
at an industrial scale.*

To date, no study has shown the reduction of bromate by MP
titanium oxide in a continuous flow system with a commercially
available electrochemical reactive membrane. In this study, the
reduction of bromate on an MP titanium oxide sheet electrode
is explored, and a larger-scale study of bromate electroreduction
on an MP titanium oxide flow-through membrane is presented.

kinetics
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Materials and methods
Reagents and materials

Potassium bromate (KBrOj;), sodium perchlorate (NaClO,),
sodium chloride (NaCl), sodium nitrate (NaNOj3), sodium nitrite
(NaNO,), sodium carbonate (Na,CO3), sodium sulfate (Na,SO,),
potassium dihydrogen phosphate (KH,PO,), and tertiary
butanol (>99.9%) were purchased from Sigma-Aldrich. All
chemicals were used without further purification. The synthetic
solutions used in this study were prepared with ultrapure MQ
water (p = 18.2 MQ cm).

Magnéli phase titanium oxide sheet electrode, reactive
membrane, and reactor setup

The MP titanium oxide sheet electrode and MP titanium oxide
cylindrical industrial reactive membrane (IREM) were
purchased from Ti-Dynamics Ltd, China. A customized
membrane flow-through reactor was designed and made in-
house at the University of Auckland. The reactor (0.18 m
diameter, 0.48 m height) was made of acrylic tube (Cambrian
Plastic, NZ). The diameter of the cylindrical membrane was 60
mm, with a porosity of 35% and a pore size of around 20 um.
The cylindrical counter electrode was made of stainless steel
mesh with a diameter of 65 mm. See Fig. 1 for details of the
configuration.

Analytical methods

MP titanium oxide materials were characterized by X-ray
diffraction (XRD, Ultima IV, Rigaku) using CuKea radiation,
and scans were collected at a 0.02° step size with 26 range from
10 to 80°. Bromate and bromide were analyzed using Ion
Chromatography (Dionex ICS-2100, Dionex IonPac™ AS19
Column). Dilution was applied when preparing the samples for
IC.

Experiment procedures

Batch experiment with sheet electrode. A traditional three-
electrode cell was used. 10 ml of a solution containing

* Inlet water

> Cylinder
reactor wall

SS. mesh (Anode)

Flow Direction

" IREM (Cathode)

*  Outlet water

Fig. 1 Reactor setup. The solution containing bromate ions was fed
into the reactor at the top inlet, and the permeate solution was
collected/re-fed to the reactor at the bottom.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bromate with supporting electrolyte (100 mM KH,PO,, pH =
7.3) was added in each experiment. Samples were taken every
3 min for the first 15 min. If needed, one more sample was
taken at 30 min. Each sample contained 0.05 ml of solution and
was diluted to 0.5 ml for further analysis. All experiments were
carried out at room temperature (~25 °C) in an open atmo-
sphere, and the solution was well mixed with a magnetic stir bar
at a setting of 100 rpm. MP titanium oxide sheet (~1 cm?) was
used as the cathode, and a similar size of stainless-steel mesh
was used as the anode. All potentials were measured relative to
the Ag/AgCl reference electrode and controlled with a potentio-
stat (Interface 1010E, Gamry).

All experiments with the sheet electrode were under condi-
tions of the cathodic potential of —1.5 V, pH = 7.3, initial
bromate concentration of 1 mM, and 100 mM electrolyte
(KH,PO,) unless otherwise stated. The selection of —1.5 V was
based on two key considerations. First, to ensure experimental
consistency, the membrane electrode was initially tested at
a cell potential of 3.25 V, which resulted in a cathodic potential
of approximately —1.44 to —1.5 V. To maintain comparable
conditions between the sheet electrode and the membrane
electrode, —1.5 Vwas chosen. Second, preliminary tests with the
sheet electrode showed that the highest bromate removal effi-
ciency was achieved at this cathodic potential, making it the
most effective choice for the study.

The degradation efficiency (DE) was calculated by using the
following equation:

G — G
DE = G (4)
where C, and C, were the concentrations of bromate measured
at time ¢ and time 0. The degradation efficiency was fitted with
a pseudo-first-order kinetic equation as shown below:

C
In (F;) = _kobst (5)

where kops is the kinetic pseudo-first-order rate constant
(min™").

Flow-through experiment with IREM. 3 L of bromate solu-
tion was added to the reactor chamber. Before applying
a potential to the IREM, the pump was switched on to circulate
the feed and permeate solutions for 10-20 minutes, ensuring
steady-state flow within the IREM. After the potentials were
applied, samples were taken from the reactor outlet at a 20-
minute time interval. Voltage was provided with a DC power
supply (MP-3840, POWERTECH). The effect of cell voltage, pH,
initial bromate concentration, and electrolyte concentration
was determined. Experiments were under conditions of cell
potential of 3.25 V, pH = 6.89, initial bromate concentration of
1 mM, and 100 mM electrolyte (NaClO,) unless otherwise
stated.

An experiment using real-world secondary effluent waste-
water was performed with the flow-through reactor. The
secondary effluent sample was collected from a wastewater
treatment plant in Auckland, New Zealand, and used without
further treatment. Bromate was added to the wastewater sample
at a concentration of 1 mM before the experiment. The cell

© 2025 The Author(s). Published by the Royal Society of Chemistry
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potential was set to 3.25 V. The reaction time was 6 h at a flow
rate of 1711 liter m~> h™™.
Current efficiency (CE) was calculated as:

nFV(C() — Cf)

E =
¢ It

x 100 (6)
where n = 6 is the electron number for the complete reduction
of bromate to bromide, F denotes the Faraday constant (96 486C
mol '), Vis the bulk volume (L), I is the average current (A), and
t is the time (s). Cy and C; denote the initial and final concen-
trations of bromate ions (mol L™"). All experiments were con-
ducted at room temperature (~20 °C).

Energy consumption (kW h mol ") was calculated using the
following equation:

ult
EC = G-y (7)

where U was the applied cell voltage (V).

Results and discussion
Physical characterization

The sheet electrode and IREM were characterized using X-ray
diffraction (XRD), as shown in Fig. 2. The XRD patterns
confirmed that both electrodes primarily consisted of MP tita-
nium oxide (Ti4O5), with a characteristic peak at 20.78°, along
with a minor presence of TigO;4, identified by its peak at
22.84°.* In addition to MP titanium oxide, a small fraction of
potassium/titanium oxide was introduced during the heat sin-
tering fabrication process to enhance the electrode's conduc-
tivity. The manufacturer incorporated this component into the
membrane for improved electrical performance; however, the
exact quantity was not disclosed and was not assessed in this
study.

Magnéli phase titanium oxide sheet electrode

Fig. 3a presents the linear sweep voltammetry (LSV) (scan rate =
10 mV s™', background due to hydrogen evolution reaction
(HER) subtracted (Fig. S11)) of the sheet electrode in 100 mM
KH,PO, buffer with 1 mM, 5 mM, and 10 mM bromate ion
concentrations. It could be observed that with increased
bromate concentration, the cathodic current increased, which
indicated bromate ions were indeed electro-reduced by the MP
electrode. The onset of bromate reduction was observed at

5e+004
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sev0ns
t“m -11 i ) .iuu .LH"JA A

7

20 40
2-theta (deg)

Intensity (cps)

0€+000.

Fig.2 XRD result of IREM material (red), standard of MP titanium oxide
(blue), and standard of potassium titanium oxide (green). The sheet
electrode was made of the same material.
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Fig. 3 (a) LSV analysis of bromate ions reduction with various
concentrations at sheet electrode (100 mM KH,PQ,), (b) effect of
electrode potential (vs. Ag/AgCl) (c) kinetic pseudo-first-order rate at
different electrode potential, and (d) effect of atomic hydrogen scav-
enger at —0.5, —1.0, and —1.5 V vs. Ag/AgCl. Concentrations are
expressed relative to the measured initial concentration for each trial.
Time is in minutes.

approximately —0.1 V vs. Ag/AgCl, indicating the initial elec-
trochemical activity. The observed plateau current at —0.7 to
—0.8 V suggests that the reaction may have been limited by
mass transfer or surface site saturation rather than being
kinetically controlled. If the reaction were kinetically limited, an
increase in cathodic potential would have led to a further
increase in current; however, the observed plateau indicates
that mass transport constraints played a dominant role.

The electroreduction of bromate has been extensively
studied using various electrode materials, including metallic
electrodes (e.g., Pt, Pd/In), metal/metal oxide-carbon composite
electrodes (e.g., Pd/rGO/CFP, Pd/GAC particles, graphene-
modified Pd/C), modified carbon electrodes (e.g., PANI/glassy
carbon), and BDD.*® Glasco et al. investigated bromate reduc-
tion on a Pt electrode using LSV, reporting an onset potential of
—0.55 V vs. Ag/AgCl, a peak current around —1.0 V, and a sharp
increase in current at —1.1 V due to the HER.** Other studies
have highlighted the high HER overpotential associated with
MP titanium oxide materials.*

In this study, bromate reduction on the sheet electrode
initiated at approximately —0.1 Vvs. Ag/AgCl, a significantly less
negative potential than that reported for BDD (—0.45 V vs. SCE,
in neutral solution)*® On Pt, in strong acid, the reduction
initiates at ~+0.7 V SCE,™ and in strong alkali at —0.55 V vs. Ag/
AgCL™

Effect of cathodic potentials on bromate removal

A control experiment without electrolysis was performed, con-
firming that no reduction in bromate concentration occurred in
the electrochemical cell, as shown in Fig. 3b. This result indi-
cates that the MP titanium oxide electrode did not induce
a catalytic reduction of bromate ions without electrochemical
polarization and that bromate adsorption on the electrode was
negligible. Upon applying cathodic potentials to the sheet
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electrode, bromate reduction was observed with the concurrent
formation of bromide ions. After 30 minutes of electrolysis, the
measured total molar concentration of bromate and bromide
ions was slightly lower than the initial bromate concentration (1
mM), within the experimental error (Fig. S2t). While this
suggests minimal formation of stable intermediate species, the
possibility of transient intermediates cannot be ruled out.
Bromous acid (HBrO,) and hypobromous acid (HOBr) have
been reported as potential intermediates in previous studies;
however, they are known to be unstable.”>*

The effect of cathodic potential on bromate reduction
kinetics was investigated, as shown in Fig. 3b. Bromate reduc-
tion was observed at —0.2 V, consistent with the LSV results in
Fig. 3a. At lower cathodic potentials, the bromate removal rate
became independent of potential, indicating mass transfer
limitations at the electrode, as evidenced by the current plateau
in Fig. 3a. The highest current efficiency was achieved at —0.5 V
(Table 1). As the cathodic potential increased, the background
current also increased, while the diffusion-limited current for
bromate electroreduction remained constant, leading to
a decrease in current efficiency (CE). The rise in background
current at potentials more negative than —0.5 V (Fig. S17) could
be attributed to the cathodic reduction of the electrode material
or, more likely, the HER. The proton discharge associated with
HER may also facilitate hydrogen insertion into the electrode
material near the surface.

The calculated kinetic rate constants for bromate reduction
are presented in Table 1. As shown in Fig. 3c, the reduction rate
constant increased with increasing cathodic potential. The
improvement in degradation efficiency (DE) was pronounced at
lower potential biases (0 V to —0.5 V) but became marginal at
higher biases (—0.5 V to —1.5 V), further supporting a diffusion-
controlled bromate electroreduction process.

Bromate ions can be directly reduced via electron tunneling
or through chemisorption complex formation with the
cathode.””** Another potential reduction mechanism involves
the generation of surface-adsorbed atomic hydrogen (H*) on the
cathode surface, a highly reactive intermediate. The production
of H* typically requires transition metals (e.g., Cu, Ni, Pd, Ag),*
metal oxides (e.g.,, WO3),***"” or carbon-based materials (e.g.,
graphene)*”*® to facilitate hydrogen activation from water.>**>->?
Recent studies have also reported the formation of atomic H*
on MP Ti,0,.*°

To investigate the role of H* in bromate reduction, tertiary
butanol (TBA) was introduced as an atomic H* scavenger.?*>>*
In this study, the addition of TBA resulted in a decrease in
bromate degradation efficiency (Table 2), suggesting that

Table 1 Reduction of bromate ions with sheet electrode in 30 min

Voltage

—0.2 —0.5 -1.0 —-1.5
DE (%) 31 95 95 9
CE (%) 7.9 15 10 5.1
Kinetic rate constant (min ") 0.012 0.097 0.099 0.106

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Inhibition effect by TBA in 15 min
NO TBA With TBA
Voltage —0.5 —1.0 -1.5 —0.5 —1.0 -1.5
DE/% 74 74 81 38 62 65

atomic H* plays a role in the bromate reduction process.
However, as previously noted, MP Ti O, presents an intriguing
possibility where atomic hydrogen, formed during water
reduction, could also be incorporated into the electrode lattice
at the surface, potentially contributing to bromate
reduction.’®%

Effect of ion inhibition

Prior studies have demonstrated that the presence of interfering
anions, such as SO,>~, Cl~, Si0;*>~, and CO,>", can significantly
suppress the electroreduction of bromate, leading to reduced
bromate removal efficiency. The inhibitory effect increases with
anion concentration, as observed in studies using BDD elec-
trodes.”> Among these anions, S0,>~ exhibited the strongest
inhibition, followed by Cl~, while SiO;*~ and CO;>~ showed
similar effects. Similar inhibition trends have also been re-
ported for catalytic bromate reduction elsewhere.**>*

To assess the feasibility of bromate reduction under realistic
treatment conditions, we investigated the influence of various
coexisting anions (NO;~, NO, ™, Cl, ClO, ", SO,>7, and CO5*")
by separately introducing them into the solution.

At a lower anion concentration of 1 mM, the inhibition effect
was less pronounced (Fig. 4a). However, as shown in Fig. 4b, the
inhibition increased at a concentration of 10 mM. The bromate
reduction efficiencies at —1.0 V after 15 minutes were 46, 57, 62,
64, 66, 73, and 74% for solutions containing SO,>~, CO;>~, Cl~,
NO;, NO, ™, ClO,™, and no coexisting ion, respectively. The
inhibition effect followed the order: SO,>~ > CO;>” > ClI” =
NO;~ = NO,” > ClO,". A similar trend was observed at —1.5V,
although SO,>~ and CO;”~ exhibited nearly identical inhibition
effects.

SO,>~ exhibited the strongest inhibitory effect on bromate
reduction, consistent with previous studies, of electroreduction
on BDD or Pd, or of catalytic reduction by hydrogen, on Pd and
Pt.%57%% However, CO,>~ demonstrated a strong inhibition effect
at —1.0 V comparable to SO,>~ at 1 mM anion concentrations,
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Fig. 4 (a) inhibition effect of 1 mM coexisting ions at —1.0 and —1.5V,
and (b) inhibition effect of 10 mM coexisting ions at —1.0 and —1.5 V.
The experiments were conducted with an initial bromate concentra-
tion of 1 mM, and the degradation efficiency was calculated at 15 min.
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which contrasts with previous findings.>® Competitive adsorp-
tion of the anions onto reactive surface sites has been suggested
as the mechanism; that this might be dependent on the nature
of the surface is not unexpected, particularly given the
complexity of the reaction mechanism.

The inhibition effect may be explained by the competitive
binding of active electrode sites by coexisting ions.*” Addition-
ally, the inhibition effect was relatively strong when SO,>”,
CO;3>7, or Cl™ was present. This may be due to the formation of
strong oxidizing species at the anode in the undivided cell, such
as peroxydisulfate (S,05>), peroxodicarbonate (C,0¢>"), and
chlorine-based oxidants (Cl,, HOCI, ClO "), which could poten-
tially re-oxidize reaction intermediates back to bromate.>

The formation of these oxidants occurs via the following
electrochemical reactions at the anode:

280,57 — S$,05° + 2~ E”=201Vvs. SHE (8)

2005 = C,0¢* + 2~ E° = 1.90 V vs. SHE (9)

2CI" = Clyq + 26~ E° =136V vs. SHE (10)

Bromate under flow-through mode with IREM

Effect of cell potential. The cell potential is a critical factor in
bromate reduction using IREM, as it influences not only
degradation efficiency but also energy consumption and current
efficiency, both of which are key considerations for the practical
application of electrochemical treatment. In a study by Mao
et al., bromate degradation efficiencies were ~0%, 24%, and
87% at cathodic potentials of —0.5 V, —1.0 V, and —2.0 V,
respectively. However, further increasing the cathodic potential
to —2.5 V did not significantly enhance degradation efficiency.?
Similarly, using a BDD electrode, the bromate reduction rate
constant increased from 0.4 to 1.49 h™" when the cathodic
potential was increased from —0.3 V to —5.0 V.**

In this study, cell potentials of 2.5 V, 3.25 V, and 4.0 V were
investigated, corresponding to cathodic potentials of approxi-
mately —1.01 V, —1.44 V, and —2.05 V vs. Ag/AgCl, respectively.
As the applied cell potential increased, bromate degradation
efficiency improved; however, this came at the expense of
increased energy consumption, as shown in Table 3. The
degradation kinetic rate also increased with increasing cell
potential due to enhanced electron transport.®® However, when
the cell potential increased from 3.25 V to 4.0 V, the kinetic rate
constant showed only a marginal increase, suggesting that the
system reached a diffusion-limited regime. Moreover, the
higher cathodic potential at 4.0 V likely promoted undesired
side reactions, such as HER, leading to increased energy
consumption and reduced efficiency.®*

CE, which represents the proportion of charge utilized for
bromate reduction, decreased with increasing cell potential,
with values of 49%, 20%, and 15% for 2.5V, 3.25 V, and 4.0 V,
respectively. Whilst the CE at 3.25 V is lower than at 2.5 V, this
cell potential was chosen as optimal between the three tested
potentials because it provided a balance between DE, kinetic

RSC Adv, 2025, 15, 10501-10510 | 10505
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Table 3 Degradation efficiency (DE), energy consumption (EC), current efficiency (CE), %, and kinetic rate are constant under different cell
voltages and pH levels. The cell voltage was 3.25 V, and the pH was 6.89 if not mentioned otherwise

Cell voltage (V) pH
Variable 2.5 3.25 4 11 2.49 6.89
DE (%) 15 99 98 95 99 100
EC (kW h mol™) 0.83 1.8 4.4 2.9 2.7 2.6
CE (%) 49 20 15 18 19 20
Kinetic rate constant (min ") 0.0017 0.043 0.038 0.029 0.056 0.051

rate, current efficiency, and energy consumption. Although
2.5 V exhibited the highest CE (49%), it resulted in a lower
degradation rate, which is undesirable for practical applica-
tions. Conversely, 4.0 V showed a high but similar DE as 3.25 V
but suffered from excessive energy consumption and low
current efficiency (15%) due to increased side reactions.
Therefore, 3.25 V was selected as the optimal condition, as it
provided a compromise between efficiency and operational
feasibility for subsequent experiments.

Effect of pH. In this study, the electrochemical reduction of
bromate ions was influenced by the solution pH, as illustrated
in Fig. 5b and Table 3. The final bromate degradation efficien-
cies at pH 11, pH 2.49, and near-neutral pH were 95%, 99%, and
99.7%, respectively. Although the fastest reduction (reaching
>98% removal by 40 min) was observed under acidic conditions
(pH 2.49), the overall difference in final efficiency between pH
2.49 and pH 11 was relatively small.

These findings align partially with previous studies. For
instance, Mao et al. (2014) demonstrated a significant decrease
in electroreduction rate (from 0.0203 to 0.0014 min~ ') as pH
increased from 2.73 to 9.39 using a Pd-modified carbon fiber
electrode.” Conversely, Lan et al. (2016) reported only a weak pH
dependence for bromate reduction,® suggesting the influence
of pH may vary depending on the electrode material and oper-
ational conditions.
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Kishimoto and Matsuda highlighted that lowering the
solution pH can increase the current efficiency for bromate
removal, possibly due to the shift in the chemical equilibrium of
the bromate reduction reaction. However, they also noted that
the dissociation constant (73.9 mol L") for bromic acid
(HBrO3) is so high that under most experimental conditions,
bromate remains predominantly in its ionic form."™ Conse-
quently, the notion that bromic acid (HBrO;) is formed in large
amounts at low pH is not strongly supported. Thus, the
enhanced bromate reduction in acidic media may be better
explained by (i) the increased availability of protons (H') for
direct electroreduction (eqn (1) and (2)) and (ii) the formation of
surface-adsorbed atomic hydrogen (H*) in the indirect
pathway.®*

In the indirect reduction pathway, protons from water can be
reduced to H* (atomic hydrogen; likely inserted into the tita-
nium oxide surface), via the Volmer reaction, which can then
react with bromate:

Volmer reaction:

H,O+e” — H*+ OH™ (11)
Bromate reduction via H*:
BI"O37 + 6H* — Br~ + 3H20 (12)

Thus, acidic conditions facilitate the generation of H' and,
subsequently, H*, increasing the bromate reduction rate.
Although the final removals at pH 2.49 and pH 11 were similar,
the faster kinetics at low pH could be advantageous in practical
scenarios where rapid bromate removal is desired, provided
that managing acidic effluents is feasible. Research involving
direct measurements of reaction intermediates (e.g., HBrO, or
atomic H*), could offer an enhanced understanding of the exact
role of pH in bromate electroreduction.

Effect of initial bromate concentration. The initial reactant
concentration plays a significant role in the electrochemical
reduction process. To investigate its impact, experiments were
conducted with initial bromate concentrations of 0.1, 1, 5, and
10 mM. As shown in Fig. 5c, at initial concentrations of 0.1 and
1 mM, bromate was nearly completely degraded within 100 min.
However, as the initial bromate concentration increased to 5
and 10 mM, the degradation efficiency decreased to 58% and
52%, respectively. Although the overall removal efficiency
declined at higher initial concentrations, the total amount of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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bromate removed increased, indicating a higher absolute
reduction capacity of the system.

The observed decrease in degradation efficiency at higher
concentrations suggests that reaction kinetics rather than mass
transfer limitations governed the process. While low bromate
concentrations may be diffusion-limited, higher concentrations
typically enhance mass transfer due to increased concentration
gradients, promoting bromate transport to the electrode
surface. Thus, the decline in degradation efficiency at 5 and
10 mM is more likely attributed to electrode surface saturation,
competitive adsorption effects, or the formation of reaction
intermediates rather than simple mass transfer limitations.

In contrast, energy consumption decreased significantly with
increasing bromate concentration, with values of 27, 2.6, 1.3,
and 0.93 kW h mol ™ for 0.1, 1, 5, and 10 mM, respectively. This
trend is expected, as at higher concentrations, more bromate
ions are available per unit charge, improving the utilization
efficiency of the applied current.

Overall, while higher initial bromate concentrations resulted
in lower removal efficiencies, they enhanced absolute bromate
removal and significantly reduced energy consumption, which
is an important consideration for practical applications. Future
studies could explore strategies to mitigate possible electrode
saturation or side reactions at elevated bromate concentrations
to maintain high efficiency across a broader range of initial
concentrations.

Effect of electrolyte concentration. Electrolyte concentration
plays a crucial role in determining the conductivity of the
solution, which in turn affects bromate degradation efficiency.
In a study by Mao et al. (2014), increasing the electrolyte
concentration from 0.1 mM to 10 mM significantly improved
bromate degradation efficiency, reducing the treatment time
from 120 min (25.5% removal) to just 30 min (almost 100%
removal).?

In this study, since the cell potential was controlled,
increasing the electrolyte concentration led to a decrease in
bulk solution resistance and, consequently, a higher cathodic
potential. This enhanced potential at the cathode accelerated
both the direct and indirect electrochemical reduction of
bromate, thereby improving degradation efficiency (Fig. 5d and
Table 4).

However, while increased conductivity facilitated bromate
reduction, it may also promote undesired side reactions, such
as the HER and possible cathodic reduction of other species,
leading to higher energy consumption (Table 4). This trade-off
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between enhanced bromate removal and increased energy
demand highlights the need for optimized electrolyte concen-
trations to balance efficiency and energy costs in practical
applications.

Bromate removal in the secondary effluent wastewater. The
electroreduction of bromate was investigated in secondary
effluent wastewater with an initial 1 mM bromate concentration
(Fig. 6). The kinetic rate constant was 3.7 x 10> min '
(Fig. 6b), which was much lower than that of 0.051 min~" in
synthetic solution (3.25 V, 100 mM NaClO,).

This reduction in reaction rate can likely be attributed to two
main factors: (a) lower conductivity — the conductivity of the
secondary effluent was not directly measured in this study, but
wastewater generally has lower ionic strength compared to
synthetic 100 mM electrolyte solutions. A lower conductivity
would increase solution resistance, potentially reducing the
effective cathodic potential and slowing down the electro-
reduction process; and (b) the presence of organic and inor-
ganic contaminants - secondary effluent contains a mixture of
dissolved organic matter, inorganic anions, and residual
nutrients, which can compete for active sites on the electrode
surface. These species may also scavenge electrons or reactive
intermediates, further reducing the efficiency of bromate
reduction.

While the results indicate that electrochemical bromate
reduction is feasible in real wastewater matrices, optimizing the
process for practical applications will require addressing
competitive effects from coexisting contaminants and poten-
tially adjusting solution conductivity to improve efficiency.

Reusability

Reusability tests were conducted for both the MP titanium oxide
sheet electrode and IREM, with each cycle lasting 30 min for the
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Fig. 6 (a) Removal of bromate in secondary effluent, and (b) linear
fitting for the kinetic rate constant. Time is in minutes.

Table4 Degradation efficiency, energy consumption, current efficiency, and kinetic rate constant under different initial bromate concentrations
and electrolyte concentrations. The cell potential was 3.25 V, pH was 6.89, and initial bromate concentration was 1 mM, if not mentioned

otherwise

Initial bromate concentration (mM) Electrolyte concentration (mM)
Variable 0.1 1 5 10 10 50 100
DE (%) 94 99 58 52 68 93 99
EC (kW h mol 1) 27 2.6 1.3 0.9 0.9 1.3 2.6
CE (%) 2 20 40 56 57 40 20
Kinetic rate constant (min ") 0.030 0.043 0.008 0.007 0.011 0.024 0.043

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Reusability of (a) sheet electrode and (b) IREM.

sheet electrode and 100 min for the IREM. Even after 7 cycles
(sheet electrode) and 5 cycles (IREM) without intermediate
cleaning, both electrodes maintained a high bromate degrada-
tion rate (Fig. 7). The sustained performance over multiple
cycles highlights the stability and durability of MP titanium
oxide, demonstrating its promising potential for real-world
water and wastewater treatment applications.

Conclusions

This study investigated bromate reduction using MP titanium
oxide sheet electrodes and IREM, demonstrating their prom-
ising potential for water and wastewater treatment applications.
However, the mechanism of bromate reduction may differ
between the two systems. According to Vorotyntsev et al. (2019),
in flow-through porous electrodes (IREM), the reduction of non-
electroactive species like bromate may involve an autocatalytic
process mediated by Br,/Br~ species. In this mechanism, Br,/
Br is initially generated on the electrode surface, followed by
a comproportionation reaction between bromate and Br-,
regenerating Br,."* These findings suggest that optimizing the
length-to-flow velocity ratio in IREM channels could further
enhance bromate removal efficiency.

While sodium perchlorate was used as an inert electrolyte in
this study, previous research has shown that perchlorate can be
electrochemically reduced under certain conditions.***® Although
Almassi et al. (2022) confirmed that perchlorate remains stable
between —0.4 to —1.3 V vs. SHE on MP titanium oxide elec-
trodes,®” one experiment in this study was conducted at approx-
imately —2.05 V vs. Ag/AgCl, where perchlorate reduction could
potentially occur. Future research should evaluate the impact of
perchlorate reduction on bromate degradation to confirm the
reliability of this electrolyte for similar applications.

In summary, this study provides a comprehensive perfor-
mance analysis of MP titanium oxide electrodes for bromate
reduction, considering the influence of experimental condi-
tions and coexisting ions. MP titanium oxide offers a stable,
efficient, and potentially cost-effective solution for bromate
removal from water. Future studies should focus on optimizing
operational parameters and exploring long-term electrode
performance in real-world applications.
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