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Nitrate is one of themost common pollutants in thewater environment. A key factor for the effective control and
removal of nitrate is the ability to accurately determine the nitrate concentration in groundwater and the second-
ary effluent of wastewater treatment plants. Here, a bioelectrochemical method for real-time detection of the
nitrate was developed. In this work, a kinetic model was developed to describe the correlation between the ni-
trate concentration and the current. Standard addition experiments showed the relative error between indicator
predictions and ion chromatographic values ranged from 3.14% to 9.74%. The monitoring results of secondary
effluent showed that the system could give a good response at different nitrate concentrations. The average
error of not N10.85% between the indicator predictions and ion chromatographic values was demonstrated.
This study offers a newmethod for the development of sustainable bioelectrochemical system (BES)-based tech-
nology for the real-time detection of nitrate in groundwater and the secondary effluent.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Nitrate is ubiquitous in groundwater and the secondary effluent of
wastewater treatment plants, in which the biodegradable organic mat-
ter is negligible [1–4]. It causes great harm to the natural environment,
such as lake eutrophication and red tides in the ocean [5,6], and shows
the toxicity when it is transformed into nitrite by microorganisms. Ni-
trate has received great attention as an important symbol of water pol-
lution among both scholars and the wider public [7], and that is one of
the important indexes in water environment monitoring [8,9].

Due to the significant environmental harmof nitrate nitrogen, its de-
termination and monitoring in industrial sewage and drinking water
are of utmost importance. However, it is difficult to directly detect ni-
trate in a simple and inexpensivemanner, due to its physical and chem-
ical properties [10]. Various methods for the detection of nitrate have
been used, such as ultraviolet spectrophotometry, ion chromatography,
cadmium column reduction, and electrochemical analysis [11,12]. The
ultraviolet spectrophotometricmethod iswidely used due to its reliabil-
ity, briefness and low cost [13], but some influence factors restrict its
more extensive usage, such as chloride, ammonia and other interfering
substances [14]. Ion chromatography has the advantages of simple op-
eration, good sensitivity, and good application prospects in some trace
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determination [15], but its application is limited due to the high price
and high maintenance costs. The disadvantage of the cadmium column
reduction method is a high workload and complex operation. Over
recent decades, bioelectrochemical systems have attracted great inter-
est due to their unique advantages in the monitoring of water quality.
For example, Jin et al. developed a bioelectrochemical volatile fatty
acid biosensor on the basis of themicrobial desalination cell [16].Micro-
bial Fuel Cell (MFC)-based biosensors have been applied for the analysis
of biochemical oxygen demand (BOD) and biodegradable organic mat-
ter and the detection chemical oxygen demand (COD) [17–19]. These
electrochemical methods have numerous advantages such as a fast de-
tection speed, wide measurement range and being easy to carry [5,20].
However, because of the high negative potential of nitrate ions on the
bare electrode, the electrode is usually modified with noble metal cata-
lysts or a biological enzyme,which limits the application in actualwater
quality monitoring [21–23]. Therefore, there is a growing demand for
the development of a sustainable, simple and cost-effective method
for the real-time monitoring of nitrate.

So far, very few attempts have been made to detect nitrate by using
bioelectrochemical technology. The aim of the present study is to ex-
plore whether a sustainable, simple, low-cost, and real-time indicator
based on bioelectrochemical technology can be developed and provide
give rapid signals regarding the nitrate in sewage effluent and
underground water. In this work, we report a novel approach for the
real-time monitoring of nitrate via the competitive relationship be-
tween microbial denitrification and electrogenesis processes
(Scheme 1). The development of the indicator opens up a newmethod
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Fig. 1. Effect of the nitrate concentration on the response current.

Scheme 1. Schematic illustration of the nitrate real-time indicator.
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for the real-time indication of nitrate, extending the application of bio-
electrochemical technology.

2. Model description

Marcus et al. proposed the Nernst-Monod model for describing bac-
terial kinetics, considering that the bio-anode served as the sole electron
acceptor, written as follows [24,25]:

I ¼ Imax
1

1þ exp −
F
RT

Eanode−EKAð Þ
� �

0
BB@

1
CCA Sd

Kd þ Sd

� �
ð1Þ

where I is the current produced by the electron donor, Imax is the max-
imal current produced by the electron donor, Sd is the concentration of
the electron donor (mg·L−1), Kd is the half-maximum rate constant for
the electron donor (mg·L−1), F is the Faraday constant (96,485C·mol−1

electrons), R is the ideal gas constant (8.3145 J·mol−1·K−1), T is the
Kelvin temperature (K), Eanode is the potential of the anodic electron
acceptor (V), and EKA is the anodic acceptor potential for the half max-
imum rate (V).

If only electron donors were added, it could be assumed that the
current was directly related to the electron donors consumed (Quek
et al., 2015). However, the current would be affected if other electron
acceptors of higher redox potential such as nitrate are present. Compet-
itive inhibition can be incorporated through a modifier on the K term,
which increases the effective K value for the electron acceptor when
the competitive electron acceptor concentrations are high relative to
the inhibitor's K [26]. The Nernst-Monodmodel, considering of compet-
itive inhibition, is as follows:
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The concentration inside the reactor is similar to the influent con-
centration, when the flow rate of the feed solution is large enough.
Then, eq. (2) can be written as follows:

I ¼ Imax
1

1þ 1þ Cin

Kc

� �
exp −

F
RT

Eanode−EKAð Þ
� �

0
BB@

1
CCA Sin

Kin þ Sin

� �
ð3Þ

Eq. (3) is used for describing the response of anode-respiring bacte-
ria to the electron donor in the presence of a competitive electron ac-
ceptor such as nitrate. Where Kc is the half saturation inhibitor
concentration (mg·L−1), Sin and Cin are the electron donor and compet-
itive electron acceptor concentration, respectively (mg·L−1). The values
to be determined for this equation include the half-saturation potential
EKA of the anode electron acceptor, the maximum current Imax, the
half-saturation constant Kin of the electron donor, and the half-
saturation constant Kc of the electron acceptor.

3. Materials and methods

3.1. The construction and operation of the bioelectrochemical indicator

Thebioelectrochemical indicator consisted of single transparent per-
spex chamber, equipped with a multichannel potentiostat (1030C, CH
Instruments, Inc., U.S.). The total empty volume for the chamber was
60 cm3. The graphite rods (approximately 6 cm in diameter and
15 cm in length) were punctured through the rubber stopper and de-
ployed into the chamber as current collectors. An Ag/AgCl electrode
(197 mV vs. standard hydrogen electrode, SHE) was employed as the
reference electrode to measure anode potential. Platinum mesh
(100 mm2) was employed as the counter electrode. All the parts of
the rubber stopper that contacted the graphite rods, reference elec-
trodes, counter electrodes and chambers were well sealed by epoxy
glue. Some studies showed that high constant anode potential could
achieve higher sensitivity [27,28]. In this work, the bioelectrochemical
indicator was connected to a potentiostat to control the working elec-
trodes potential maintained at−0.2 V (vs. Ag/AgCl electrode).

To start-up the indicator, two parallel bioelectrochemical reactors
were operated. In the acclimation stage of the electrode biofilm, a
30 mL mixture of potassium nitrate (2.2 ± 0.1 mM) and sodium
acetate(1.6 ± 0.1 mM, as sole electron donor) amended nutrient me-
dium (50 mM PBS, 0.13 g·L−1 KCl, 1 mL·L−1 Wolf's vitamins,
1 mL·L−1 Wolf's trace elements, pH= 7) were filled into the chamber,
whichwas then inoculatedwith 10mL of active sludge (obtained froma
domestic wastewater treatment plant, Beijing, China) and the effluent
(20 mL) from a sodium acetate feeding bioelectrochemical indicator.
After standing for a certain period of time, the sodium acetate amended
nutrient medium as the only electron donor was pumped into the elec-
trochemical reactor at a constant flow rate. The current-time curve was



Table 1
Measured values and fitting values of the new model.

Influent
nitrate
concentration
(mg·N·L−1)

Influent
sodium
acetate
concentration
(mg·L−1)

Measured
value
(mA)

Fitted
value
(mA)

Kc

(mg·L−1)
R2

0.00 227.51 2.44 2.63 0.0042 0.96
4.76 219.83 2.05 2.04
15.89 219.83 1.57 1.37
24.48 224.82 1.02 1.11
0.00 124.15 1.65 1.71
4.76 122.33 1.28 1.34
9.49 119.94 1.06 1.09
14.57 118.97 0.82 0.92
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Fig. 2. The relationship between the acetate concentration and the response current.
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recorded automatically by the potentiostat, and the electrode-respiring
biofilm formationwas completedwhen the current increasedwith time
and finally remained stable.

The freshly prepared feed solution was flushed with nitrogen gas
(purity N99.9%) for 20 min before use. The feed solution (mixture con-
taining sodium acetate and nitrate) was prepared and maintained
under a nitrogen atmosphere by connecting to a 5 L nitrogen-
containing gas-tight bag. Then, the solutionwas pumped into the cham-
ber at a constant rate by peristaltic pumps (BT100-2 J, Baoding Lange
Constant-Flow Pump Co., Ltd., China). The feeding rate was determined
to be approximately 60 mL·min−1 (HRT = 1 min) so that the concen-
tration inside the reactor was approximately equal to the influent
concentration.
3.2. Chemical analyses and calculations

During the operation of the bioelectrochemical indicator, samples
taken from the entrance and outlet of the indicator were filtered
through 0.22-μm filters. The sodium acetate concentration was deter-
mined by ion chromatography as previously described [29]. COD was
calculated using the following equation: COD (mg·L−1) = sodium ace-
tate (mg·L−1) × 0.78. Nitrate was determined by ion chromatography
(883 ion chromatograph, Metrohm, Switzerland). The current was re-
corded by the potentiostat every 1 min. All the experiments were con-
ducted thrice at ambient temperature (25 ± 2 °C), and average values
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Fig. 3. The response surface to describe the relationships among the current, the influent
substrate and the nitrate concentration.
were used for the data analyses. The indicator was operated stably for
half a year.

4. Results and discussion

4.1. Effect of nitrate on the current production

To investigate the effect of nitrate on the current production, the in-
fluent electron donor concentration was fixed at 180 mg·L−1 (average
value 175.9±3.4mg·L−1) in the formof COD and different nitrate con-
centration were added to the chamber. As shown in Fig. 1, the currents
were 2.455 ± 0.012 mA, 1.667 ± 0.016 mA, 0.519 ± 0.012 mA and
1.076 ± 0.013 mA, respectively, at nitrate concentrations of 0 mg·L−1,
10.5 ± 2.1 mg·L−1, 30.3 ± 2.3 mg·L−1 and 20.8 ± 1.2 mg·L−1, respec-
tively. With the addition of the same amount of electron donor, the
electric signals were varied at different influent concentrations of ni-
trate. The nitrate triggered a dramatic decrease in the current. It was
also observed that the current would increase once the nitrate concen-
tration decreased. This suggested the presence of a competitive rela-
tionship between microbial denitrification and electrogenesis
processes. A lag time of a few minutes was required to reach a new
steady-state current after the influent nitrate concentration was
changed.

4.2. Kinetic parameters

The EKA value was estimated from linear sweep voltammetry (LSV).
We changed the anode potential from−0.6 V to +0.1 V with a voltage
scan rate of 2 mV·s−1 when the sodium acetate concentration was
800mg·L−1. This could minimize electron donor limitation in the pres-
ence of nitrate. For the LSV tests, the anode was the working electrode,
and the cathode was the counter electrode. The LSV test was repeated
three times, and the average data of the was used for estimating EKA
values. The midpoint potential for the LSV experiments was−0.416 V.
This EKA was similar to previous literature reports [24,30,31].

The influence of sodium acetate on the response current in the ab-
sence of nitrate was investigated in an experiment by adding different
Table 2
The experimental results of of standard addition method.

Nitrate concentration
in underground
water (mg·N·L−1)

Nitrate
addition
(mg·N·L−1)

Measurement
by ion
chromatography
(mg·N·L−1)

Measurement
by indicator
(mg·N·L−1)

Relative
error
(%)

15.5 ± 2.3 1.0 16.5 ± 2.3 17.4 ± 3.1 5.45
15.5 ± 2.3 5.0 20.5 ± 2.3 19.5 ± 2.8 4.88
15.5 ± 2.3 10.0 25.5 ± 2.3 26.3 ± 2.3 3.14
10.4 ± 1.6 1.0 11.4 ± 1.6 12.1 ± 2.2 6.14
10.4 ± 1.6 5.0 15.4 ± 1.6 16.9 ± 1.9 9.74
10.4 ± 1.6 10.0 20.4 ± 1.6 21.8 ± 2.6 6.34
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concentration of sodium acetate to the chamber of the indicator. Each
concentration was tested 6 h after the system reached a steady state.
The average current values were used for data analyses. Then the cur-
rent versus substrate concentration data were fitted according to the
nonlinear expression of eq. 3 (Fig. 2).

Nonlinear regression fitting was accomplished by MATLAB 7.0. As
shown in Fig. 3, the experimental data had a good consistency with
the fitting curve, and the square of the correlation coefficient (R2) was
0.97. By fitting the Nernst-Monod equation to these curves, the sub-
strate half saturation constant Kin and the maximum current Imax

value were determined to be 411.6 mg·L−1 and 7.39 mA, respectively.
Because the type and operating mode of the reactor and the biofilm
thickness may have a significant impact on Kin estimation [24,32], the
half saturation constant Kin obtained for the single-chambered BES
with sodium acetate was higher than a previous report [30]. The devia-
tion of maximum current between the fitting value and experimental
valuewas 3.20mA,whichmay result from the influence of the electrode
materials, reactor operation, biofilm and so on. Then, the current pro-
duced by the substrate could bewell predictedwith Eq. 1 under the con-
dition of the electrode as the sole electron acceptor.

The competitive inhibition studies were routinely conducted to as-
sess the effect of the substrate concentration on current production in
the presence of a competitive electron acceptor. Themixture containing
sodium acetate and nitrate was continuously fed into the chamber. The
experimental data were fitted according to the nonlinear expression for
competitive inhibition as expressed in Eq. 3. Nonlinear regression fitting
was accomplished using MATLAB 7.0. Sodium acetate was used as the
electron donor, and the whole operation was divided into two periods
based on its influent concentrations of 222.99 ± 3.31 mg·L−1 and
121.35 ± 2.03 mg·L−1, respectively. For each operational period, the
concentration of nitrate increased stepwise (Table 1). By fitting Eq. (3)
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Fig. 5. The relative error between indicator predictions and ion chromatographic values.
to these curves, the nitrate half saturation constant Kc was determined
to be 0.0042 mg·L−1. It was observed that the measured value had a
good consistency with the fitting value, and R2 was 0.96. It implied
that Eq. (3) could be applied to describe the influence of acetate on
current in the presence of nitrate.

Fig. 3 shows the response surface to describe the relationship of cur-
rent versus the concentration of the substrate and nitrate. As shown in
Fig. 3, at the same influent concentration of nitrate, the current in-
creased with the increase of the influent concentration of sodium ace-
tate. On the other hand, the current decreased with the increasing
influent nitrate concentration under the same influent sodium acetate
concentration. This was attributed to the fact that an alternative
electron-accepting process whereby some electrons generated from
the electron donor were used to catalyze the reduction of nitrate [33].

4.3. Application of the indicator

The application of the indicatorwas based on a comparison between
the indicator predictions and ion chromatographic values. The relative
errors between indicator predictions and ion chromatographic values
were studied by adding standard compound to each underground
water sample. The underground water samples were taken from two
different sampling points (Haidian district, Beijing, China). As shown
in Table 2, the relative error ranged from 3.14% to 9.74%, suggesting
good consistency between the experimental and simulated data. It sup-
ported the validity of the model to describe the relationship between
the influent nitrate concentration and current. Hence, the current
could be used as the direct index for nitrate concentration, and the ki-
netic model was suitable for the detection of the nitrate concentration
in real samples, which extended its future application.

The actual water samples taken from the secondary effluent
(obtained from Dongyang, Zhejiang, China) were also employed to in-
vestigate the practical applicability of the nitrate indicator without any
pretreatment. The COD concentration in the experiment was set to
90 mg·L−1. The current production and nitrate concentration are
shown in Fig. 4. The system can give a good response at different nitrate
concentrations. A good consistency between the estimated results from
the indicator and the data from ion chromatographywith average error
of not N10.85% was demonstrated (Fig. 5). The results showed that the
bioelectrochemical indicator couldmonitor the nitrate in the secondary
effluent in real time.

Direct nitrate detection has been studied through the usage of a
nitrate-reducing biocathode (reference to Support information). The
results showed that the method not only increased the operating cost
(especially the consumption of ion exchange membrane) but also re-
quired more response time, compared with our study of nitrate indica-
tor. We will further study the feasibility of indicators for different types
of water quality monitoring in the future.

5. Conclusions

This study demonstrated the presence of a competitive relationship
between microbial denitrification and electrogenesis processes. Eq. (3)
could be applied to describe the relationship between the nitrate con-
centration and the current in this system. Standard addition experi-
ments showed the relative error between indicator predictions and
ion chromatographic values ranged from 3.14% to 9.74%. The monitor-
ing results of secondary effluent showed that the system could give a
good response at different nitrate concentrations. Further research
will be carried out to study the impact of electrode materials, reactor
configurations and anodic potentials on sensitivity.
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