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The Nernst-Monod model is used to describe bio-anode performance with respect to the effect of the electron
donor and anode potential. However, electron competition is not considered in themodel, limiting its application
in wastewater treatment systems. In this work, nitrate was employed to describe the influence of a competitive
electron acceptor on bio-anode performance. A new dynamic model of microbial anode respiration and nitrate
respiration was developed for the removal of nitrogen oxides. The competitive relationship between microbial
anode respiration and nitrate respirationwas investigated based on electron transfer as described by the kinetics
of Nernst-Monod electron transfer and nitrate reduction. The experimental results showed that nitrate had a sig-
nificant influence on microbial anode respiration. The model parameters were estimated with the experimental
results obtained in a continuous-flowbioelectrochemical system(BES) fedwith acetate. The simulated results re-
vealed that nitrate respiration could indirectly affect the microbial anode respiration by altering the available
substrate concentration. In addition, bacterial community analysis indicated that there were two dominant func-
tional microorganisms coexisting in the anode chamber. The first microorganism was represented by Geobacter,
which has extracellular electron-transfer abilities. The secondwas denitrifying bacteria, which can use the carbon
sources in the anodic chamber and electrons from the electrode for nitrate reduction. This is the first time that
mathematical modelling of nitrate reduction has been applied to BESs.

© 2018 Published by Elsevier B.V.
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1. Introduction

BESs have received great attention in recent years by virtue of their
ability to convert the electrons generated from the degradation of or-
ganic compounds inwastewaters directly into electrical current. Several
iron-reducing bacteria, such as Geobacter sulfurreducens and Shewanella
oneidensis, are capable of transferring electrons produced from the oxi-
dation of organic compounds directly to electrodes [1].The bio-anode
serves as an electron acceptor and provides a habitat for the microor-
ganisms to grow in BESs. When connected with a suitable cathode
through an external circuit to provide a path for the flow of electrons,
this system could be used to generate power in the form of an electro-
chemical cell. The kinetics of the consumption of individual substrates
have been described by the Nernst-Monod model under the conditions
of different anode potentials and substrate concentrations [2, 3].
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Nitrate nitrogen has received great attention, among both scholars
and the wider public, because of its importance in indicating water pol-
lution [4]. At present, nitrate nitrogen residuals are becoming more
common in sewage effluents [5].Wastewaters generated from different
industries, such as synthetic fibre manufacturing and fertilizer produc-
tion, are characterized by a very high concentration of nitrate. Some
studies have found that perchlorate reduction could be inhibited in
the presence of nitrate as a competing electron acceptor [6, 7]. It is im-
portant to understand whether the presence of nitrate can interfere
with the ability of microbial anode respiration in BESs for to remove ni-
trogen oxides from wastewater [8–11] and groundwater [12].

Recent designs involving simultaneous phenol removal, nitrification
anddenitrification usingmicrobial fuel cells [13], simultaneous nitrifica-
tion and denitrification with single-chamber BESs [11, 14], and nitrate
removal from groundwater by using BESs [12] have brought us new
anode systems. Several studies have reported the negative effects of
these alternative electron acceptors onmixed-culture BES anode perfor-
mance [15, 16]. The fact is that the power output of BESswill decrease or
terminate in the presence of an alternative electron acceptor, such as ni-
trate or sulfate. However, the effect of competitive electron acceptors on
microbial anode respiration is controversial at present. Some studies
found that the current generation was severely inhibited in the
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presence of electron acceptors with a higher redox potential such as ni-
trate and oxygen [17]. Nevertheless, some studies showed that the cur-
rent fluctuated at a low nitrate nitrogen concentration (CNO3−-N) and
then continuously decreased once the CNO3−-N in the anodic chamber
exceeded a critical level [18–20]. Nitrate respiration could influence an-
odic respiration by consuming organic carbon in the anodic chamber of
the bioelectrochemical system [18] and using electrons from the elec-
trode to reduce nitrate [21].

This study aimed to verify the hypothesis that there is a kinetically
competitive relationship between microbial anode respiration and ni-
trate respiration (Schematic 1) by constructing a kinetic model. In the
presence of acetate only, current can be directly related to the acetate
concentration [22]. In contrast, the current would be influenced if
other electron acceptors with a higher redox potential, such as nitrate,
were added [17]. The competitive kinetic model offers a newway of re-
vealing the effect of nitrate respiration on microbial anode respiration.
This model also provides a foundation for further research on sustain-
able nitrate indicator schemes in water detection.
2. Materials and methods

2.1. BES reactor construction

The bioelectrochemical reactor consisted of two identical transpar-
ent Perspex chambers that were separated by a cation exchange mem-
brane (Ultrex CMI-7000, Membranes International, USA). Graphite
granules (approximately 3–4 cm in diameter) and a carbon brush (ap-
proximately 2 cm in diameter and 10 cm in length) were employed as
the electrode materials in each chamber as the bioanode and cathode,
respectively. The working volumes of the anode and cathode chambers
were 120 mL and 180 mL, respectively. The graphite rods (approxi-
mately 6 cm in diameter and 15 cm in length) were punched through
the rubber stopper and deployed into the anode chamber as current col-
lectors. A Ag/AgCl electrode (197 mV vs. standard hydrogen electrode,
SHE) was employed as the reference electrode to measure the anode
potential. All the contact points of between rubber stoppers and the
graphite rods, reference electrodes and chambers were well sealed by
epoxy glue. The cathode was constructed as described previously [23].
The bioelectrochemical reactor was connected to a potentiostat (CHI
1000C, CH Instruments, Inc., China) to record the data and maintain
the anode potential constant at −0.2 V (vs. Ag/AgCl electrode).
Schematic 1. Schematic illustration of the kinetic competition between microbial anode
respiration and nitrate respiration in BESs.
2.2. Inoculation and operation

For the acclimation stage of the anode biofilm, 60mLmixture of po-
tassium nitrate (2.2 ± 0.1 mM) and sodium acetate (1.6 ± 0.1 mM, as
the sole electron donor) amended nutrient medium (50 mM PBS,
0.13 g·L−1 KCl, 0.20 g·L−1 NH4Cl, 1 mL·L−1 Wolf's vitamins, 1 mL·L−1

Wolf's trace elements, pH = 7) was filled into the anode chamber,
which was then inoculated with 20 mL of active sludge (obtained
from a domestic wastewater treatment plant, Beijing, China) and
40 mL of the effluent from a sodium acetate-fed bioelectrochemical re-
actor. Aftermaintaining these conditions for a certain period of time, the
sodiumacetate-amended nutrientmediumwas pumped into the anode
chamber of the BES at a constant flow rate. Potassium ferricyanide
(100 mM) was used as the electron acceptor in the cathode chamber.
The current-time curve was recorded automatically by the potentiostat,
and the anode-respiring-biofilm formation was completed when the
current increased with time and finally remained stable.

The feed solutions were flushed with nitrogen gas (purity N 99.9%)
for 20 min before use and kept refrigerated at 4 °C to prevent biological
growth. Then, the feed solutions, connected to a nitrogen-containing
gas-tight bag with a volume of 5 L, were pumped into the anode cham-
ber using peristaltic pumps (BT100-2J, Baoding Lange Constant-Flow
PumpCo., Ltd., China). The reflux ratiowas set to 5.0; therefore, the sub-
strate and nitrate concentrations inside the anodic chamber were equal
while recording the current.

All the experiments were conducted thrice at ambient temperature
(30 ± 2 °C) according to the same procedure, and the average values
were used for data analysis. The reactor was stably operated for more
than one year.

2.3. Analysis and calculations

During the operation of the BES, samples taken from the inlet and
the outlet of the reactor anode chamber were filtered through 0.22 μm
filters before analysis. The concentration of sodium acetate was deter-
mined using high performance liquid chromatography (HPLC) as de-
scribed previously [24]. NO3

−-N and NO2
−-N were quantified by

chromatography (883 ion chromatograph, Metrohm, Switzerland).
The concentration of N2O in the headspace of the anode chamber was
determined using gas chromatographicmass spectrometry as described
by Cheng et al. [25]. The N2O concentration in the liquid phase was cal-
culated from that in the gas phase byHenry's law. The reported aqueous
N2O concentration was modified by adding N2O in the gas phase.

Genomic DNA was extracted from anode biofilm using the
FastDNA® SPIN kit for Soil (MP Biomedicals, USA). PCR amplification,
PCR-product purification and quantification and sequencing were per-
formed with an Illumina MiSeq platform (BGI, Wuhan, China). The de-
tailed methods of operation and microbial analysis were described in
the previous study [26].

The coulombic efficiency (CE) was calculated by the following equa-
tion: CE = CP/(FbSv/M) × 100%, where CP is the total charge in cou-
lombs, calculated by integrating the current over time; F is Faraday's
constant (96,485 C·mol−1 electrons); b is the number ofmole electrons
produced from each mol of acetate consumed; S is the concentration of
sodium acetate consumed; v is the liquid volume; andM is the molecu-
lar weight of sodium acetate [27]. The acetate oxidation reaction of the
anode in the BES was as follows [28]:

CH3COO
− þ 4H2O→2HCO3

− þ 9Hþ þ 8e− ð1Þ

As shown in Eq. (1), 8 mol of electrons was produced from eachmol
of acetate consumed. The consumed amount of sodium acetate was de-
termined as the difference between the influent concentration and ef-
fluent concentration obtained by HPLC.
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2.4. Model description

The competitive Nernst-Monodmodel was developed to investigate
the competitive relationship between microbial anode respiration and
nitrate respiration in the BES reactor.

2.4.1. Model assumptions
The competitive Nernst-Monodmodel was established based on the

following four assumptions:

(1) The biofilm matrix was a conductor characterized by the biofilm
conductivity.

(2) The rate of donor-substrate utilization depended on the electron-
donor concentration, the electron-acceptor concentration and
the anode potential.

(3) The non-limiting flow of anions and cations in the biofilm main-
tains electroneutrality; hence, ions moved with no ohmic loss.

(4) The transfer of electrons from bacteria to the conductive biofilm
matrix was rapid and reversible; thus, we described the electron
transfer at the interface as a Nernstian system.

2.4.2. Developed model
At present, only a few papers have dealt with the kinetics of the bio-

anode [29]. Marcus et al. proposed the Nernst-Monod model for de-
scribing bacterial kinetics as follows: [30].

I ¼ Imax
Ss

Ks þ Ss
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Sa
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� �
ð2Þ
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RT
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The Nernst-Monod model, considering the bio-anode as the sole
electron acceptor, is as follows:
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Eq. (5) to can be simplified to the following:

I ¼ Imax
1

1þ exp −
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Eanode−EKAð Þ
� �
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Ks þ Ss

� �
ð6Þ

This model is a modified version of the Monod model obtained by
considering the electrode as the final electron acceptor, where I is the
current production of the electron donor (mA), Imax is themaximal cur-
rent of electron-donor production (mA), Ss is the electron-donor con-
centration (mg COD·L−1), Sa is electron-acceptor concentration
Table 1
Process matrix for the developed model.

Process Ss SN

Current production and biomass formed of anode-respiring by bacteria −1
Ye

Denitrification and biomass formed by anode-respiring bacteria −1
Yde;e −

Denitrification and biomass formed by denitrifying microorganisms −1
Yde

−

(mg·L−1), Ks is the half-maximum rate constant for the electron
donor (mg COD·L−1) and Ka is the half-maximum rate constant for
the electron acceptor (mg COD·L−1), F is the Faraday constant
(96,485C·mol−1 electrons), R is the ideal gas constant
(8.314 J·mol−1 K−1), T is the temperature in Kelvin (K), Eanode is the po-
tential of the anodic electron acceptor (V), EA0 is the standard reduction
potential for the anodic electron acceptor (V), and EKA is the anodic ac-
ceptor potential for the half-maximum rate (V).

During the start-up of the reactor, there were nomicroorganisms on
the electrodes. It was observed that the current was negligible in the
first two days after inoculation and then started to increase gradually,
similar to previous reports in the literature [28, 31]. In addition,
Dumas et al. also confirmed that the biofilm was fully responsible for
the electro-catalysis of acetate oxidation [32]. Therefore, acetate oxida-
tion was due to the catalysis of the anode biofilms, and the acetate oxi-
dized by other pathways was negligible. The model developed in this
work decoupled the processes of current production, nitrogen oxide re-
duction and biomass formation. A process matrix for the developed
model is shown in Table 1.

Where rCOD,max,1 is themaximum acetate utilization rate for electro-
genicmicroorganisms (mg COD·L−1·h−1), Xe is the biomass concentra-
tion of electrogenic microorganisms (mg COD·L−1), Ye is the yield
coefficient for the electrogenic-microorganism current production pro-
cess (COD·COD−1), SNO3 is the nitrate concentration (mgN·L−1), KNO3,1

is the half-saturation constant of nitrate for electrogenic microorgan-
isms (mg N·L−1), Yde,e is the yield coefficient for the electrogenic-
microorganism denitrification process (COD·COD−1), rCOD,max,2 is the
maximum acetate-utilization rate of denitrifying microorganisms (mg
COD·L−1·h−1), KNO3,2 is the half-saturation constant of nitrate for
denitrifyingmicroorganisms (mg N·L−1), Ks0 is the half-saturation con-
stant for the uptake of acetate by denitrifying microorganisms
(mgCOD·L−1), Yde is the yield coefficient for denitrifying microorgan-
isms (COD·COD−1), and Imax is proportional to the term rCOD,max, 1Xe.

EKA was estimated using linear sweep voltammetry (LSV). Imax was
estimated using Matlab 7.0, while other kinetic parameters, such as
rCOD,max,1, Ks and KNO3,1, were calculated by Aquasim software (version
2.1d).

3. Results and discussion

3.1. Parameter estimation

LSVwas carried out to estimate EKA. The concentration of sodium ac-
etate (CAC− ) was high enough to ensure that the reaction in the anode
compartment was not affected by electron donors (the CAC

− was
800 mg·L−1). For the LSV tests, the anode was the working electrode
while the cathode served as the counter electrode. LSV tests were per-
formed thrice with the anode potential varied from −0.6 V to +0.1 V
at a scan rate of 2 mV·s−1, and the average EKA was reported to be
−0.414±0.01 V (Fig. 1), similar to previous reports in the literature [3].

The electrons donated by sodium acetate oxidation were primarily
used for microbial anode respiration and nitrate reductionwhen nitrate
and sodium acetate were added simultaneously into the BES anodic
chamber. To estimate the parameters of the model, the influent COD
wasfixed at 85mg·L−1, and different concentrations of nitrate nitrogen
were added to the anode compartment at a hydraulic retention time
(HRT) of 10 min. Each CNO3

−
-N was monitored for 5 days after the
O3 SN2 Xe Xde kinetic rate expressions

1 rCOD; max;1Xeð Ss
SsþKs

Þð 1
1þ exp ð− F

RTðEanode−EKAÞÞÞ
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Þð SNO3
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Þ
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Fig. 3. Relationship curves between the current and electron-donor concentration fitted
according to the Nernst-Monod model.
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Fig. 1. Polarization curve (I-V curve) under non-limiting substrate conditions.
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system reached a steady state. During the experiment, the concentra-
tions of nitrite and N2O were negligible and did not have any relation-
ship with the influent CNO3

−
-N fed to the BES (data not shown) [19].

However, the effluent CNO3−-N directly depended on the influent
CNO3−-N. The experimental results showed that the effluent COD de-
creased from 61.11 ± 0.81 mg·L−1 to 3.85 ± 0.50 mg·L−1 and the
CNO3−-N in the effluents increased from 0.11 ± 0.10 mg·L−1 to 19.51 ±
0.12 mg·L−1 with the increase in the influent CNO3−-N from 0.12 ±
0.26mg·L−1 to 40.32±1.44mg·L−1 (Fig. 2a and b). It was also observed
that the current and CE varied at different influent CNO3−-N values. The
experimental values of the current and CE were decreased gradually
from 35.73 ± 1.24 mA to 3.74 ± 0.17 mA and from 66.56 ± 1.19% to
1.94 ± 1.76%, respectively (Fig. 2c and d). With the addition of the
same amount of electron donor, the nitrate nitrogen triggered a signifi-
cant current decrease, suggesting the presence of a competitive relation-
ship between microbial anode respiration and nitrate respiration. In
addition, a lag time of approximately 10 min was required to reach a
new steady-state current after the influent CNO3−-N changed, which
Fig. 2. Variations in (a) effluent COD, (b) effluent CNO3
−
-N, (c) current and (d) CE under th

compartment.
was similar to the HRT. The experimental data set was then used for
the determination of kinetic parameters.

By fitting the competitive Nernst-Monod equation using Aquasim
software (version 2.1d), rCOD,max,1, Ks and KNO3,1 were determined to
be 122.56 mg COD·L−1·h−1, 36.30 mg·L−1 and 8.40 mg·L−1, respec-
tively. The 95% confidence intervals of these three parameters were
found to be 3%, 10% and 8%, respectively. These results indicated that
the estimated parameter values had a high level of certainty. As the
type of bio-anode and biofilm thickness have a significant impact on
the substrate diffusion [20], which can significantly influence the esti-
mation of the half-saturation constant, the Ks obtained from the two-
chambered BES with sodium acetate was higher than that reported by
Brown et al. [33] and lower than those reported by Lee et al. [34] and
Liu et al. [35]. We observed that rCOD,max,2, Ks and KNO3,1 were higher
than rCOD,max,1, Ks0 and KNO3,2, respectively, indicating that the
denitrifying microorganisms had stronger electron-accepting ability.
e condition that different concentrations of nitrate nitrogen were added to the anode



Table 2
Parameter values used for the developed model.

Parameter Value Unit Source

T 303 K Operating condition
V 0.12 L
F 96,485 C·mol−1 Common constant
R 8.314 J·K−1·mol−1

Eanode −0.2 V
EKA −0.414 V Estimated in this work
Imax 59.61 mA
rCOD,max,1 122.56 mgCOD·L−1·h−1

KNO3,1 8.4 mgN·L−1

Ks 36.3 mgCOD·L−1

rCOD,max,2 2770 mgCOD·L−1·h−1 [36]
Ks0 5.76 mgCOD·L−1

KNO3,2 5.88 mgN·L−1

Ye 0.14 COD·COD−1 [37]
Yde,e 0.243 COD·COD−1 [38]
Yde 0.67 COD·COD−1 [39]
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This might be due to the different metabolic pathways in denitrifying
microorganisms and anode-respiring bacteria.

The Imax valuewas determined by adding different concentrations of
sodium acetate to the anodic chamber of the BES at a HRT of 10 min.
Each COD concentration was monitored for 5 days after the system
reached a steady state. The average current values under different
electron-donor concentrations are displayed in Fig. 3. The relationship
curve between the current and electron donor concentration was fitted
according to the Nernst-Monod model (Eq. (6)). As illustrated in Fig. 3,
the Nernst-Monodmodel showed a good fit to the data, and the square
of the correlation coefficient (R2) was 0.97. Through the fitting curves,
the Imax value was determined to be 59.61 mA. The values of the esti-
mated parameters are listed in Table 2.

3.2. Microbial community analysis of the anode biofilm

The 16S rRNA amplicon Illumina sequencingmethod was employed
to analyse the microbial community of the biofilm in the bio-anode
chamber. The relative abundance of bacterial phyla and genera are
shown in Fig. 4a and b, respectively. Based on community identification,
the main enriched bacteria in the anode biofilm were Proteobacteria,
Bacteroidetes and Chlorobi, which accounted for 40%, 16% and 11% of
the total sequences, respectively.

At the genus level, the microbes could be classified into two types
(Fig. 4b). First were the microorganisms with extracellular electron-
transfer functions, represented by Geobacter. Geobacter is the most
widely studied anode-respiration or electrogenesis bacterium, which
transfers electrons to the anode, by means of its outer-membrane-
bound cytochrome C [23]. Geobacter is also known as a heterotrophic
Fig. 4. Relative abundance of bacterial communities in the anode biofilm, (a) Relative abundan
abundance of bacterial genera. Genera with b1% abundance were summarized as others.
denitrifying organism [10, 40, 41] and is directly associated with the
current production and denitrification processes. The electron-transfer
pathways would be changed in the presence of nitrate, resulting in
low current generation. The second type was the denitrifying bacteria,
such as Bacteroides [42], Dechloromonas [43] and Sterolibacterium [44].
It has also been reported that Bacteroidetes could use electrons from
the electrode to reduce nitrate and synthesize organics for its growth
[21]. Therefore, denitrifying bacteria could affect anodicmicrobial respi-
ration by consuming organic carbon and electrons from the electrode in
the anodic chamber of the BES.

3.3. Model validation

The validation of the dynamicmodel was based on a comparison be-
tween the model predictions and a new set of experimental data. Dur-
ing the model validation procedure, all model parameters were kept
unchanged apart from the influent COD concentration and HRT. The in-
fluent COD was fixed at 90 mg·L−1 and different concentrations of ni-
trate nitrogen (0 mg·L−1 to 39.72 ± 1.17 mg·L−1) were added to the
anode compartment with an HRT of 30 min. Each concentration was
monitored for 6 days after the system reached a steady state.

As shown in Fig. 5a, the experimental and simulated values of efflu-
ent COD concentrations decreased from 45.99± 1.95mg·L−1 to 0.46±
0.22 mg·L−1 and 45.63 mg·L−1 to 0.66 mg·L−1, respectively, with an
increase in influent CNO3−-N from 0 mg·L−1 to 39.72 ± 1.17 mg·L−1.
As expected, the current varied at different influent CNO3−-N values, as
the experimental and simulated values of current production decreased
gradually from 27.37 ± 0.42 mA to 1.94 ± 0.31 mA and 29.32 mA to
0.75 mA, respectively, with an increase in influent CNO3

−
-N (Fig. 5b).

In addition, the experimental and simulated values of CNO3−-N in the ef-
fluent increased from 0 mg·L−1 to 11.54 ± 1.05 mg·L−1 and 0 mg·L−1

to 11.35 mg·L−1, respectively (Fig. 5c). A lag time of approximately
30minwas required to reach a new steady-state current after the influ-
ent CNO3−-N changed, which was similar to the HRT. The validation re-
sults showed that the model predictions matched well with the
measured data in terms of the COD, current and NO3

−-N profiles. Fur-
thermore, R2 calculations (Fig. 5) confirmed the acceptable accuracy of
the model predictions. The results indicated that the developed model
was able to reasonably describe the competition between microbial
anode respiration and nitrate reduction.

3.4. Implication of this work

The effects of COD, nitrate and C/N ratio on current production and CE
were obtained by the validated mathematical model, and the corre-
sponding profiles from the simulated data are shown in Fig. 6. The
model-fitting results indicated that the current was directly related to
the effluent COD concentration (Fig. 6a). This suggested that nitrate
ce of bacterial phyla. Phyla with b1% abundances were summarized as others. (b) Relative



Fig. 5. Comparison of model outputs with experimentally measured values; (a) effluent
COD, (b) current, and (c) effluent NO3

−-N.
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respiration could indirectly affect microbial anode respiration by con-
suming organic carbon in the anodic chamber of the BES. The result is
conducive to resolving the controversy over the influence of nitrate on
microbial anode respiration. The model can be used as an effective tool
to reveal the effect of nitrate respiration on microbial anode respiration.
Fig. 6.Model simulation results for the (a) correlation between current and effluent COD, (b) v
and (d) effect of influent CNO3−-N on CE.
Themodel predictions in Fig. 6b demonstrated the effect of the influ-
ent C/N ratios on current production. A lower C/N ratio had a significant
effect on current production due to the limiting of electron donors. The
current dramatically increased when the influent C/N ratio increased
from 4.0 to 7.0, indicating that high rates of current production required
sufficient organic loads. In addition, itwas also found thatwhen the cur-
rent was maintained at the same level under different C/N ratios, the I-
C/N curve shifted to the right as the influent CNO3−-N decreased. The re-
sults implied that the model could be used as an effective tool to evalu-
ate whether the BES is applicable for the simultaneous removal of
carbon and nitrogen.

The relation between influent CNO3
−
-N and current production is

shown in Fig. 6c. As expected, the current production decreased contin-
uously and later flattened with the increase in influent CNO3

−
-N. A

change in current could also be observed in relation to the influent
COD. When the influent COD was 100 mg·L−1, the current decreased
significantly as the influent CNO3

−
-N increased from 0 mg·L−1 to

30 mg·L−1. However, the current began to drop significantly as the in-
fluent CNO3−-N rose from 40 mg·L−1 to 70 mg·L−1 when the influent
CODwas 300 mg·L−1. This observation implied that a proper COD con-
centration was necessary to accurately determine CNO3−-N. The above
results are encouraging for the development of a sustainable real-time
indicator for nitrate nitrogen detection.

Further, CE is an important indicator for evaluating the effectiveness
of BESs. As shown in Fig. 6d, the CE variedwith different influent CNO3−-N

values, and a decreasing trendwas observedwith the increase in influent
CNO3−-N, which implied that fewer electrons were used for electricity
generation at high CNO3−-N values. Themodel provided away to evaluate
the performance of BESs for the treatment of nitrate-containing
wastewater.

4. Conclusions

A kinetic modelwas developed to reveal the effect of nitrate respira-
tion on microbial anode respiration. The results obtained in this study
indicated that nitrate respiration could indirectly affect microbial
ariation in current at different influent C/N ratios, (c) effect of influent CNO3−-N on current,
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anode respiration by consuming organic carbon in the anodic chamber
of the BES. The dynamic model provided a foundation for the develop-
ment of a sustainable, BES-based real-time technology for the detection
of nitrate nitrogen. The model was a useful tool to evaluate whether a
BES was effective in the simultaneous removal of carbon and nitrogen.
The model also provides a way to estimate BES performance in treating
nitrate-containing wastewater.
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