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Simultaneous reduction of bromate and nitrate was investigated using a rotating biofilm-electrode reac-
tor (RBER) with graphite carbon (GC) rods as anode and activated carbon fiber (ACF) bonded with steel
ring as cathode. In RBER, the community of denitrifying bacteria immobilized on the cathode surface could
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completely utilize hydrogen (H;) as the electron donor, which was internally produced by the electrolysis
of water. The short-term test confirmed that the RBER system could reduce 150-800 p.g/L bromate to
below 10 pg/L under autotrophic conditions. The reduced bromate was considered to be roughly equiv-
alent to the amount of bromide in effluent, indicating that bromate was completely reduced to bromide
without accumulation of by-products. The long-term test (over 120 days) showed that the removal fluxes
of bromate and nitrate could be improved by increasing the electric current and decreasing the hydraulic
retention time (HRT). But nitrite in effluent was significantly accumulated when the electric current was
beyond 10 mA and the HRT was less than 6 h. The maximum bromate reduction rate estimated by the
Monod equation was 109.12 wg/Lh when the electric current was 10 mA and HRT was 12 h. It was pro-
posed that the electron transfer process in RBER produced H; on the surface of the ACF cathode, and the
microbial cultures attached closely on the cathode which could completely utilize H; as electron donors
for reduction of bromate and nitrate.
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1. Introduction

Bromate (BrO3 ™) is a disinfection by-product from the ozona-
tion or advanced oxidation of water containing bromide (Br™). It
has been experimentally demonstrated that KBrOs induces renal
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cell tumors, peritoneal mesothelioma, and follicular cell tumors
of the thyroid [1,2]. Hence, the International Agency for Research
on Cancer (IARC) and the World Health Organization (WHO) has
classified bromate as a group B-2 carcinogen (a suspected human
carcinogen). Currently, the European Union and the U. S. Environ-
mental Protection Agency (EPA) have set a maximum contaminant
level of 10 wg/L (0.078 pmol/L) for bromate in drinking water
[3]. Therefore, it is necessary to control or remove bromate from
bromate-contaminated water. In the past decades, a lot of meth-
ods have been successfully implemented to remove bromate, such
as adsorption process [4,5], membrane separation [6,7], catalytic
decomposition [8-10] and biological reduction [11,12]. Among
them, biological reduction is considered to be the a promising alter-
native due to its ability of reducing bromate to relatively innocuous
bromide in a cost-effective way [13].

Previous research showed that bromate could be reduced to
bromide by denitrifying bacteria like Pseudomonas spp. possibly
via co-metabolic action of nitrate reductase [14]. The biologi-
cal denitrification, either autotrophic or heterotrophic, has been
proposed for nitrate and/or bromate removal [15,16]. The het-
erotrophic denitrification requires the organic carbon sources, such
as ethanol, glucose and acetate, as electron donor for the respi-
ration and growth of microorganisms. These organic substrates
could potentially leave organic residuals which are easy to form the
toxic disinfection byproducts during chlorination [17]. By contrast,
autotrophic denitrification does not require organic supplementa-
tion, in which some inorganic compounds act as electron donor
instead of organic substrates. The elemental sulfur (S°) and sul-
fide have been reported to be used as the electron donor for the
reduction of bromate and/or nitrate in sulfur-based autotrophic
denitrification due to its low cost and availability [18,19], but it
need some extra steps to remove the reaction residues. Comparing
to the other electron donors, the hydrogen gas (H,) as an attractive
alternative electron donor possess the characteristic of harmless
and naturally cleaning, and hence, it has been widely applied in the
microbial reduction of oxidized inorganic compounds, including
perchlorate [20,21], nitrate [22,23], sulfate [24] and their mixture
[25-27].

Although H, has been proven to be an effective electron donor,
the present application in practice is subject to some limit owing
to its low solubility in water (1.6 mg/L at 20°C) and explosion
characteristic. To overcome these shortcomings, Nerenberg et al.
designed a new reactor, the hollow-fiber membrane biofilm reactor
(MB({R), to safely and efficiently deliver H; to the biofilm for reduc-
tion of oxidized contaminants in drinking water [28]. In the MBfR,
an autotrophic biofilm naturally grows on the outside wall of the
membrane fibers, and the H, electron donor diffuses through the
wall of membrane fibers to meet the contaminant electron acceptor
at the interface. Because of the counter-current transport of H, and
the oxidized contaminant in the biofilm, H,-utilization efficiency
could achieve nearly 100% [29]. However, H, has to be supplied
externally in MBfR and the risk of hydrogen storage still exists. In
addition, some reports showed that the internal (electrochemical
or chemical) production of H, could be more effectively utilized
by bacteria than that of external supplied [30]. To overcome the
above-mentioned disadvantages, biofilm-electrode reactor (BER)
combining biological and electrochemical method has developed
and employed to remove nitrate based on the hydrogen autotrophic
denitrification. In BER, H; is generated on site by electrolysis of
water and completely utilized as the electron donor by the deni-
trifying bacteria immobilized on the cathode surface, avoiding the
waste of excessive H, in the case of external addition [31]. It has
been demonstrated that BER is a promising method for nitrate
removal from drinking water [30,32,33], but none of studies have
been dedicated to the simultaneous removal of bromate and nitrate
by BER.

In this research, an auto-hydrogenotrophic rotating biofilm-
electrode reactor (RBER) was developed to remove bromate and
nitrate simultaneously by autotrophic denitrification using H, as
the sole electron donor. The cathode of RBER was designed to auto-
matically rotate so as to enhance the immobilization of biofilm
on the cathode and achieve the complete mixing condition. The
main objectives of this research were to (1) determine whether the
autotrophic denitrifying bacteria in RBER could reduce bromate to
below the emission standard of 10-pg/L treatment objective; (2)
investigate the effect of electric current and HRT on bromate and
nitrate reduction; and (3) explore the electron transfer process and
the mechanism of simultaneous reduction of bromate and nitrate
in the RBER.

2. Materials and methods
2.1. Experimental set-up

The schematic view of rotating biofilm-electrode reactor (RBER)
is shown in Fig. 1. The RBER consisted of polyethylene plastic cylin-
der (12cm in diameter and 14cm in height) as an electrolytic
tank, an activated carbon fiber (ACF) bonded with steel ring as
cathode (8 x 8cm) and two graphite carbon (GC) rods as anode
(¢5 x 150 mm). The cathode was designed to automatically rotate
through the motor stirrer and the rotating rate is constant at
14 + 1 r/min, which enhances the immobilization of biofilm on the
cathode and achieve the complete mixing condition. The reac-
tor was tightly sealed to maintain anaerobic condition with the
effective working volume of 1.21L. Electric current or electrode
potential was applied by using a DC power supply (Rek PS-303D,
China) with a voltage range of 0-30V. The pH of influent solution
was adjusted to 7.2 + 0.2 with either 0.5-M NaOH or 0.5-M H;S04.

2.2. Synthetic medium

The medium (per liter of ultrapure water) contained following
mineral salts (analytical grade): 1.55 g/LK,;HPOy, 0.85 g/L KH;POy4,
0.10g/LMgS04-7H,0, 0.25 g/L NaHCOs. The aliquots of trace min-
eral containing metal-chelator has been described previously [34].
NaNOs, NaBrO3 and the synthetic medium were added in tap water
as synthetic water to achieve the concentrations which are given
in Table 1. The medium was maintained at 35 + 2 °C via water bath
during all periods. Before feeding, nitrogen (N;) gas was continu-
ously sprayed to make sure the solution under low DO condition
(0.4 £0.1 mg/L).

The feed solution is deoxygenated passing through N, gas only
at the early period (0-15 days) in order to accelerate the anaer-
obic bacteria growth and bifilm formation. After the acclimation
accomplished, the synthetic medium flowed into the RBER directly
without deoxygenating by N, gas.

2.3. Inoculum and acclimation

200 mL anaerobic sludge was taken from the second munici-
pal wastewater treatment plant (Changsha, China) which was used
as the inoculums. The inoculums were acclimated in RBER for 5
days in the batch mode, feeding the above-mentioned medium
every day. Then, the microbe was further acclimated in continu-
ous mode, feeding synthetic water containing 25 mg/L nitrate. The
hydraulic retention time (HRT) and an applied electric current was
set at 12 h and 10 mA, respectively. About 15 days later, the nitrate
removal efficiency was higher than 75% and a dark grey biofilm
covered the activated carbon fibers, indicating that the acclimation
accomplished.
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Fig. 1. A schematic view of RBER system.

Table 1
Experimental conditions used in this study.
Experiments?® Operating mode Performance period (d) HRT (h) BrO;~feed (ug/L) NOs~ feed (mg/L) Electric current (mA)
Inoculation - 15(0-15) 12 0 25 10
Short- Phase A 8(16-23) 12 150 25 10
term Phase B 17(24-40) 12 400 25 10
test Phase C 15(41-55) 12 800 50 10
Phase D 15(56-70) 12 800 25 10
Long- Baseline 2 12 800 25 10
termtest Stage 1 60 12 800 25 5-30
Stage 2 60 6-24 800 25 10

@ Other experimental conditions: temperature 35 +2 °C; initial pH 7.2 £0.2; DO 0.4+ 0.1 mg/L.

2.4. Short-term test

Short-term test was operated to evaluate the RBER ability to
reduce bromate to below the 10 wg/L standard and explore the
interactions between bromate and nitrate. According to the dif-
ferent influent bromate (150-800 p.g/L) and nitrate (25-50 mg/L)
concentration, the test was divided into four phases (A-D) and
each phase lasted 8, 17, 15 and 15 days, respectively. The influent
conditions and operation parameters are listed in Table 1.

2.5. Long-term test

To determine the effects of electric current and HRT on bromate
and nitrate reduction, long-term test was carried out over a period
of 120 days. An influent of 800 p.g/L bromate plus 25 mg/L nitrate
was maintained as a baseline condition. Before changing the oper-
ation conditions, RBER returned to baseline influent conditions for
48 h.In stage 1, electric current gradually increased from 5 to 30 mA
and each interval period lasted 15 days until a steady state was
achieved. In stage 2, HRT raised from 6 to 24 h at an interval of 6 h
unless otherwise stated. Influent conditions and other operation
parameters are listed in Table 1.

2.6. Analysis and calculation

Samples collected daily were filtered with 0.22 mm membrane
filter (LC+PVDF membrane, ANPEL Laboratory Technologies Inc.,
China). Bromate, bromide, nitrate, and nitrite in influent and efflu-
ent were analyzed using ion chromatography (Dionex ICS-900,
USA) with an AS19 analytical column and AG19 precolumn. The

mobile phase (flow rate 1 mL/min) was set with a 9.4 mM solution
of Na,CO3 and 1.8 mM solution of NaHCOs3. Dissolved oxygen was
measured by a DO meter (HACH, USA) and the pH was monitored
with a standard glass electrode (pHS-3C model, Leici, China). The
morphology of cathode surface before and after biofilm forming
was examined using a scanning electron microscopy (SEM, JSM-
6700F, Japan).

Nitrate and bromate removal fluxes (mg/cm?2 d) were calculated
from the following Eq. (1) [27,35]:

J=(C-O)F (M

in which Cy and C are the influent and effluent bromate/nitrate
concentration (mg/L), Q is the influent flow rate to the RBER system
(L/d), and A is the cathode surface area (m2). Meanwhile, the actual
hydrogen (H,) flux was calculated based on the removal fluxed and
reaction stoichiometry shown in Egs. (2-3) [36,37]:

BrOs;~ + 3H, — Br™ + 3H,0 (2)
2NO3™ +5Hy - Ny +4H,0 + 20H™ 3)

It is assumed that current efficiency for H, production is 100%,
according to Faraday’s law of electrolysis [38], the theoretical max-
imum of H, flux produced by electrolysis water could be calculated
from the following Eq. (4):

aolt
T zZF
where n is the amount of produced H, (mole); I is the applied cur-

rent (A); t is the total time with constant current was applied (s);
z is the valency number of ions of the substance (electrons trans-

(4)
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ferred perions); Fis the Faraday constant (96,485 C/mol). Actual H,
flux was compared with the maximum Hj flux to indicate whether
H, delivery was limiting.

3. Results and discussion
3.1. Formation of biofilm on cathode

The morphologies of activated carbon fiber before and after
biofilm forming were examined by SEM (Fig. 2). As shown in Fig. 2a,
a lot of micro-monofilaments (5-10 wm diameters) interlaced
together with the activated carbon fiber. These interconnected
structure and ample inner space could provide adequate area for
the growth of bacteria. After inoculation of 15 days, it could be
observed that clear biofilm covered the activated carbon fiber
(Fig. 2b). Since typical bacterial size was larger than the nanopore of
the activated carbon fiber, nearly all microorganisms appeared in
direct contact with the electrode surface. This indicated that H,
generated on the site of the cathode could be immediately uti-
lized by immobilized autotrophic denitrifying bacteria to reduce
bromate and nitrate.

In the inoculation period, more than 75% of nitrate was removed
after inoculation of 15 days, and only less 0.5 mg/L nitrite was
accumulated in effluent (Fig. 3). Meanwhile, a visible grey-colored
biofilm layer completely covered on the cathode surface. It sug-
gested that denitrifying bacteria was growing in a good condition.

3.2. Short-term test

A four phase short-term test was carried out to evaluate the
RBER ability to reduce bromate and nitrate under variable influent
concentrations and explore the interactions between bromate and
nitrate (Fig. 3).

In phase A, when 150 pg/L of bromate was added to the 25 mg/L
nitrate medium, the removal efficiency of nitrate still maintained at
high level (95%) and bromate in effluent was immediately reduced
to below the 10 p.g/L standard (Fig. 3a). However, no bromide was
detected in effluent and the nitrite concentration increased from
less 0.5mg/L to 1.0mg/L (Fig. 3b). This phenomenon indicated
that the low concentration of bromate was removed by adsorption
instead of biological reduction and the initial existence of bromate
affected the autotrophic denitrification.

With the influent bromate up to 400 pg/L (in phase B), the com-
plete bromate reduction was achieved and stoichiometric amounts
of bromide were also found in effluent, which suggested that den-
itrifying bacteria had adapted the bromate load and the microbial
bromate reduction by denitrifying bacteria had occupied a predom-
inant position in RBER. This result was in agreement with bromate
reduction in a hydrogen-oxidizing, denitrifying biofilm reactor,
where adding bromate in a mixed-culture denitrifying bioreac-
tor has resulted in a gradual decrease of bromate concentration
in effluent [39].

For studying the impact of high concentration bromate and
nitrate on the performance of RBER, influent concentration of
bromate and nitrate was further raised to 800 wg/L and 50 mg/L
(phase Cin Fig. 3a), respectively. The effluent bromate concentra-
tion immediately exceeded 80 p.g/L, which was significantly higher
than 10-pg/L treatment objective. Obvious nitrite accumulation
(effluent nitrite over 6 mg/L) was also observed in effluent (Fig. 3b).
The corresponding reduction efficiency for bromate and nitrate
declined to 90% and 91%, respectively. This result was similar to the
interactions between perchlorate (ClO4~) and nitrate reductions in
hydrogen-based membrane biofilm reactor [27]. High nitrate load
could slow perchlorate reduction by competing for the common
donor when H; was the electron donor.

Considering the competing of nitrate to electron donor, the
influent nitrate decreased to 25 mg/L and bromate maintained at
800 wg/L in phase D in Fig. 3a. The effluent bromate concentration
was below 10wg/L again and nitrite accumulation also disap-
peared, illustrating that the competition of bromate and nitrate
for the electron donor did not exist with the decreasing of influent
nitrate. Bromate reduction efficiency increased to 95% at this phase,
which should be contributed to bromate self-inhibition. However,
the influent bromate (800 wg/L) was at a low level in this study,
so the bromate self-inhibition was not evident. Downing and his
co-workers reported that the bromate self-inhibition would be
significant due to the formation of bromide or other toxic inter-
mediates when the influent bromate increased to 30 and 50 mg/L
[39].

The comparison between the actual H, consumption and the
maximum H; flux could be utilized to judge whether H, delivery
was limiting. The removal fluxes of bromate and nitrate, along with
the stoichiometric fluxes of H, were calculated and listed in Table 2.
As shown in Table 2, the maximum H; delivery fluxes (0.070 e~
eq/cm? d) calculated from Eq. (4) might be excessive. As actual H,
consumption was 0.034-0.039 e~ eq/cm? d in phase A, phase B and
phase D, which is only about 50% of maximum H; delivery fluxes.
It indicated that H; delivery should not be limiting in these phases.
The perfect performance of bromate and nitrate reduction in Fig. 3
also confirmed it.

However, when influent nitrate increased to 50 mg/L in phase
C, actual H, consumption (0.077 e~ eq/cm? d) was larger than the
maximum H, flux (0.070 e~ eq/cm? d). The percentage removals
of bromate and nitrate all declined due to the H, delivery limit-
ing (Fig. 3). The competition for the electron donor H, appeared
between nitrate and bromate. In the investigation of bromate
reduction in MBfR, earlier researchers reported that H;-utilization
of NO3~ was prior to BrO3~ when H, was limiting [40], and they
also suggested that full NO3~ removal was essential before Cl04~
removal started in an MBfR [41].

3.3. Long-term test

Fig. 4 shows the effect of electric current on bromate and nitrate
reduction in RBER system. With the increase of electric current,
higher bromate and nitrate removal was achieved, and the bromate
and nitrate in the effluent declined significantly. When the electric
current increased from 5 to 10 mA, the effluent nitrate declined
from 10.5 to 2.5 mg/L, and effluent bromate decreased from 215
to 15 pg/L. The corresponding maximum Hj flux increased from
0.035 to 0.070 e~ eq/cm?d, which suggested that more H, pro-
duced at higher of electric current and supplied more electron
donor for bromate and nitrate reduction. With the electric current
exceeding 10 mA, the nitrate and bromate concentration in effluent
was almost kept lower levels of 2.0 mg/L and 10 pg/L, respectively.
However, the significant nitrite accumulation appeared in effluent
(over 10 mg/L) (Fig. 4b). This variation trend was consistent with
the results in nitrate removal by BER [33,38]. These results indi-
cated that the electric current on the impact of microorganism was
basically similar in different BER. Namely, an optimal electric cur-
rent usually existed in BER. No matter higher or lower than this
value, the removal efficiency would decline. It might be because
the low current could not produce the required sufficient amount
of hydrogen. In this study, we found that the actual H, consump-
tion was closed to maximum H; flux when the electric current
was 5 mA. The high electric current accelerated electrolytic action
and might inhibit microbial activities because of so-called hydro-
gen depression effect [42,43]. An excessively high concentration of
H, has been declared as an inhibitor of denitrification to cause the
nitrite accumulation [33,38]. So in this study, 10 mA should be an
optimal electric current.
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Fig. 2. The SEM images of activated carbon fiber cathode inoculated with anaerobic sludge. (A) Before biofilms forming (2500 times), and (B) after biofilms forming (2500
times).
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Experimental conditions: temperature 35+2°C; pH 7.24+0.2; DO 0.4+ 0.1 mg/L.

The bromate and nitrate removal fluxes at different HRT are
presented at Table 2. The removal fluxes of bromate and nitrate
decreased with HRT prolonging while maximum H; flux did not
change due to the constant electric current (10mA). The efflu-
ent bromate and nitrate slightly fluctuated when HRT decreased
from 24 to 6 h. When the HRT was 6 h, little nitrite accumulation
was observed in effluent (data were not shown), which should
be explained by H, delivery limiting. Under this HRT condition,
the actual H; flux 5(0.043 e~ eq/cm? d) accounted for 61.42% of
the theoretical maximum H, flux (0.070 e~ eq/cm? d). With HRT
increasing, the bromate and nitrate load decreased and the H,
delivery limiting was released accordingly. Bromate and nitrate
removal efficiency achieved 100% and effluent nitrite was not mon-
itored when the HRT exceeded 12 h. Previous researches reported
that the appropriate HRT was at 8 h in BER [33,38]. This difference
might be attributed to the different electric current and influent
substrate concentration.

Kinetic analysis for bromate reduction in RBER was carried out at
HRT 12 h and electric current 10 mA with influent bromate concen-
tration 800 pg/L and nitrate concentration 25 mg/L. The maximum
bromate reduction rate in RBER were estimated by the Monod
equation as following Eq. (5).

_ a5 _ ks
T dt T Ks+S

(5)

where V is the bromate reduction rate (pg/Lh), S is the bromate
concentration (g/L), X is the biomass concentration (mgVSS/L), k
is the maximum specific bromate reduction (g/(mg VSS h)) and Ks
is half-maximum rate constant (jg/L). The biomass concentration
can be assumed to be constant in bioflm system. Then Eq. (5) can
be simplified to:

_7d75_ ‘/l'l'la.XS
T dt ~ Ks+S

(6)
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Table 2

Average acceptor removal fluxes and donor fluxes for each stage at short-term test and long-term test.

Electron donor (Hz)

NOg‘

Br03 -

Operating Condition

Experiment

b Maximum

2Actual Hy
H, flux

Electron donor
consumed

Removal flux
(mg/cm?2 d)

Electron donor
consumed

Removal flux
(mg/cm?2d)

Electric current

(mA)

HRT(h)

consumption
(e~ eq/cm?d)

0.034

(e~ eq/cm?d)

0.070

(e~ eq/cm?d)

0.034

(e~ eq/cm?d)

0.191

10

12

Inoculation

0.039 0.039 0.070

0.220
0.220
0.430

0.538 x 104

0.001

10
10
10
10

12

Short- Phase A

term
test

0.039 0.070

0.039

0.139x 103

0.004
0.008

12

Phase B

0.077 0.070

0.077

0.281x 1073

12

Phase C

0.220 0.039 0.039 0.070

0.280 x 103

0.007

12

Phase D

0.153 0.027 0.027 0.035

0.210

0.215x 1073

0.006

Stage 1

Long-
term
test

0.038 0.070

0.038

0.280 x 103

0.007

10
20
30
10
10
10
10

12
12
12
6

0.039 0.039 0.140
0.210

0.220
0.225

0.281x 1073

0.007
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0.040
0.043
0.039

0.040
0.042
0.039

0.283 x 103

0.008

0.070

0.239
0.220
0.150

0.115

0.442 x 103

0.012

Stage 2

0.070

12 0.007 0.280 x 103

18
24

0.027 0.070

0.027

0.188 x 103

0.005

0.021 0.070

0.020

0.142 x 103

0.004

@ Actual H, consumption calculated from Egs. (1)-(3), and.

b Maximum H, flux calculated from Eq. (4).
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Fig. 5. Application of Monod equation to fit the bromate reduction date. Insert:
modeling of the kinetics by fitting to the Monod equation. Experimental conditions:
temperature 35+2°C; pH 7.2 £0.2; DO 0.4 +£0.1 mg/L; electric current 10 mA; and
HRT 12 h.

where Vinax is the maximum reduction rate (g/Lh) at a given tem-
perature. Its integrated form can be obtained as follows:
Ln(So/S) _ Vinax t l

So—S  Ks Sp—S Ks

(7)

where Sy is the influent concentration of bromate. A linear plot of
Ln (Sg/S)/(So-S) against t/(Sg-S) was employed to determine values
of Ks and Viqx from the intercepts and slopes of the plot. The kinetic
analysis was conducted as shown in Fig. 5.

The results indicated that Monod kinetic model could follow
bromate reduction well with a high correlation coefficient (R?) of
0.941. The value of Ks for the bromate reducing micro-organisms
was 125 pg/L and the maximum bromate reduction rate estimated
by using Eq. (7) was 109.12 pg/Lh at investigated condition. Com-
pared with other biological systems summarized in Table 3, the
bromate reduction rate in RBER was greater than the rates that
obtained in previous studies [19,44,45]. A higher removal rate of
116 pwg/Lh was achieved by using anaerobic column reactor which
used ethanol as electron donor [15], with a slightly higher rate of
120.5 pg/Lh observed by using MBfR while hydrogen supplying
from out of reactor [39]. It is noteworthy that the working vol-
ume of MBfR is only 0.065 L, this small volume possibly benefit to
maintain anaerobic environment and enrich the bromate-utilizing
microorganisms. In the current study, using H; as electron donor,
especially generated on the site of cathode exhibited desirable abil-
ity to reduce bromate. Therefore, the RBER is an ideal reactor for
simultaneous reduction of bromate and nitrate from water.

3.4. Possible mechanism in the RBER

During short-term test, the pH in effluent has increased slightly
from 7.2 to 8.1 at the end of each phase (data were not shown). The
pH variation may be ascribed to the production of hydroxyl anion
in the ACF cathode, according to Reactions (3) and (8).

2H,0 + 2e~ — Hy + 20H- (8)

The majority of researchers admittedly agreed that the optimum
pH for denitrifying bacteria is between 7.0 and 7.5 [33]. The increas-
ing pH in RBER may negatively affect the bromate and nitrate
reduction process. Thus, 0.1 mL of H,SO4 (0.5M) has been added
into the solution in a period of hydraulic retention time to maintain
pH around neutrality.
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Table 3
Comparison of bromate removal rates with other biological systems.

Initial
bromate
(ng/L)

Effective
volume (L)

Reactors

Bromate Ref.
removal

rate (pg/L

h)

Electron
donor

Initial
nitrate
(mg/L)

HRT (h)

Denitrifying bioreactor 4.6 25-35
Fixed-film bioreactor 36 1100

Ion exchange membrane bioreactor 0.7 200
Fixed bed column reactor 0.4 100-500
Hydrogen-based membrane biofilm reactor 0.065 100
Rotating biofilm-electrode reactor 1.21 800

85 Ethanol 0.3 83-116 [15]
30.7 Glucose 40 275 [44]
60 Ethanol 83 24 [45]
45 Sulfur 10.1 10-50 [19]
5 Hydrogen 0.83 120.5 [39]
25 Hydrogen 6-12 66.7-109.1 This study

Ml _
I’ e

NO;y

N

H,0

CO,

BI‘O;;-

GC anode ACF cathode

Fig. 6. Main mechanism of simultaneous bromate and nitrate removal in the RBER.

Meanwhile, the surface of graphite carbon anode was dissolved
during the long-term test. When the electric current increased to
30 mA, this phenomenon was more noticeable than the other cur-
rent. Feleke et al. [37]. summarized the main Reaction (9) of the GC
anode when the electric current was applied.

C 4+ 2H,0 — COy + 4H™ + e~ (9)

Based on the discussion above, the electron transfer process in
RBER was proposed and the most likely mechanism of bromate
and nitrate reduction could be deduced in Fig. 6. When the electric
current is applied, the electrochemical Reactions (8) and (9) could
be occurred on the ACF cathode and GC anode, respectively.
Meanwhile, bromate and nitrate ions were adsorbed onto the
biofilm, and microbial cultures attached closely on the cathodes
completely utilize H, as electron donors for reduction of bromate
and nitrate. The short-term tests show that when H, was not lim-
iting, bromate and nitrate reduction were complete, and the RBER
biofilm was composed mainly of bacteria from proteobacteria and
bacteroidetes classes [46]. When H; was limiting, nitrate reduction
was prior to bromate reduction for electrons from H,. The reactions
and enzymes of NO3~removal was summarized as follows [27]:

4H'+4¢" 2H,0 H,+2H*+2¢ 2H,0 2H'+2¢

H,0 2H'+2¢

bromate removal needs further assessment to judge if there was
a bromate-specific reduction pathway exists in some microorgan-
isms. Eventually, reduction products such as bromide, nitrite and
nitrogen gas released to solutions (Fig. 6).

4. Conclusions

In this study, an auto-hydrogenotrophic rotating biofilm-
electrode reactor (RBER) was designed for the simultaneous
removal of bromate and nitrate. Short-term test results confirmed
that the RBER system could reduce 150-800 pg/L bromate to below
10 pg/L when H; delivery was not limiting. High nitrate load could
affect bromate reduction through competing for the electron donor
H,. The long-term test (over 120 days) considered the influence of
electric current and hydraulic retention time (HRT) on bromate and
nitrate reduction. Kinetic parameters for bromate reduction calcu-
lated by the Monod equation were maximum bromate reduction
rate 109.12 wg/Lh and Ks 125 pg/L when the electric current was
10 mA and HRT was 12 h. Based on the analysis of reduction prod-
ucts, the bromate and nitrate removal in RBER might be attributed
to biological reduction of denitrifying bacteria using hydrogen as
the sole electron donor.
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