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Abstract
This study reports the effect of anolytic nitrite concentration on electricity generation and electron transfer in microbial fuel cells
(MFCs). Anolytic nitrite enhanced the electricity generation capability of the MFCs at relatively low concentrations (< 60 mg·
L−1) but inhibited the activity of anodic electrogenic bacteria at high concentrations. In the anode chamber of theMFC, nitrite was
converted to nitrate-releasing electrons before being quickly removed through denitrification. Nitrite alone (in the absence of
organic matters) could not perform as an electricity production matrix but promoted electricity production as a co-matrix in the
MFC. At an influent nitrite concentration of 60 mg·L−1, the coulombic efficiency of the MFC was minimized at approximately
5.4%, and the charge transfer resistance was also lowest, while the concentrations of extracellular polymeric substances (EPS)
and cytochrome c were both maximized. Higher anolytic nitrite concentrations (> 60 mg·L−1) inhibited the production of
cytochrome c and EPS and increased the charge transfer resistance, thereby reducing the efficiency of electron transfer in the
anodic biofilm. The results provide valuable guidelines for MFC applications in wastewater treatment processes with nitrite-
containing influents.
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Introduction

Owing to their inadequate supply and adverse influence on en-
vironmental and economic development, fossil fuels will be in-
creasingly replaced by sustainable technology in the future (Fu
et al. 2018). However, the high energy cost of traditional waste-
water treatment technology contradicts the trend of sustainable
development (McCarty et al. 2011; Oh et al. 2010). Accordingly,
sustainable energy production and new water treatment technol-
ogy research have become prime concerns of the twenty-first
century. Microbial fuel cell (MFC) is a sustainable wastewater

treatment technology that consumes diverse organic substrates as
fuel (Logan and Regan 2006; Virdis et al. 2010). By chemically
reacting with oxygen or other reagents, an MFC converts the
chemical energy from contaminants into electricity, thereby
performing dual roles of pollutant treatment and energy recovery.
The various wastewaters used as MFC substrates for electricity
generation and wastewater treatment include domestic sewage
(Park et al. 2018), swine wastewater (Ding et al. 2017), and
leachate (Moharir and Tembhurkar 2018). These usages have
highlighted the wide application potential of MFCs in wastewa-
ter treatment.

In addition to consuming organic matters to generate elec-
tricity, MFCs utilize substances such as nitrite, which react as
biocathodic electron acceptors. Therefore, MFCs promise to
simultaneously remove both organic carbon and nitrite from
wastewater (Al-Mamun et al. 2017). Faraghi and Ebrahimi
(2012) successfully operated a microbial fuel cell using nitrite
as the anodic electron donor. They concluded that nitrite can
be oxidized to nitrate in the absence of O2, providing a possi-
ble substrate for electricity generation in MFCs. Chen et al.
(2014) reported that besides the primary nitrification substrate
(ammonium), the intermediates (hydroxylamine and nitrite)
supply anodic fuel for current generation.
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Nitrite is an important intermediate product in nitrogen
contaminant removal. It can either be reduced to NO or N2O
through denitrification or oxidized to nitrate by nitrite-
oxidizing bacteria (NOB). Ma et al. (2017) reported that
NOB induces the release of electrons from nitrite. Therefore,
a certain amount of nitrite can be detected in several raw
wastewaters or their treated effluents. Hence, before treating
actual nitrite-containing wastewater by MFC technology, we
must further investigate the influence of nitrite on electricity
generation, pollutant degradation, or some other performance
of MFC. Current investigations have focused on the degrada-
tion of organic compounds and the reduction of nitrogenous
compounds in the anode and cathode chamber of MFCs, re-
spectively. However, the transformation and degradation of
nitrite in the anode chamber of MFCs has not been fully ex-
plored. The effects of nitrite on the performance ofMFCs, and
its mechanism in the MFC, are unavoidable problems in prac-
tical applications.

To resolve these problems, this study investigates the effect
of anolytic nitrite concentration on the electricity production
capacity and contaminant removal efficiency of dual-chamber
MFCs with sodium acetate as the electron donor in continuous
flow mode. The results provide a theoretical basis and techni-
cal support for the MFC treatment of actual nitrite-containing
wastewater.

Materials and methods

MFC configuration and operation

The two-chambered microbial fuel cell (MFC; anode and
cathode chambers of net volume 302 mL each) was construct-
ed from plexiglass. The chambers were separated by a proton
exchange membrane (Nafion™ 117, DuPont, USA) (Fig. 1).
The anode and cathode electrodes were constructed from car-
bon felt (diameter 5 cm) with a 20-cm2 working area. The
anolyte was deoxygenated with N2 for 10 min to maintain
an anaerobic condition. Experiments were carried out in an
anaerobic chamber to prevent O2 interference with the nitrite
degradation. The anode compartment was inoculated with the
effluent from the MFC running on acetate. All experiments
were conducted at 23 ± 2 °C. The MFC was operated under a
constant load of 1000 Ω.

Five MFCs were set up and run in batch mode for inocu-
lation. The output voltage of eachMFC reached approximate-
ly 0.13 V after about 5 days, indicating that some microbes
had already attached and proliferated on the anode carbon felt.
The operation mode was then changed to continuous flow
with nutrient solutions of different concentrations (0 to
120 mg·L−1). The cell voltage resistance was measured across
a 1000 Ω resistor. The hydraulic retention time (HRT) was
50 h under continuous flow.

The MFC was operated using synthetic anolytes with the
following composition (grams per L deionized water):
C2H3NaO2·3H2O 2.127, K2HPO4·3H2O 18.3, KH2PO4 2.7
(pH= 6.8–8.8, buffer capacity = 0.0366 mol·L−1·pH −1), NH4Cl
0.1, NaCl 0.5, MgSO4·7H2O 0.1, CaCl2·2H2O 0.015 (Virdis
et al. 2012), trace elements 1 ml (Lu et al. 2006). The initial
COD concentration in the anolyte was around 1200 mg·L−1;
the detailed initial COD concentrations were presented in
Table 1. Different nitrite concentrations (initial nitrite–N = 0, 30,
60, 90, and 120 mg·L−1) were added to the anode in different
reactors. The cathode chamber was filled with 50mMpotassium
ferricyanide solution and pH was kept at 7.4 to minimize the
influence of the cathode potential on the overall cell
performance.

Data acquisition, electrochemical and chemical
measurements

The cell voltage was recorded every 5 min by a data acquisi-
tion module (KEITHLEY 2700, Keithley Company, USA),
and the current I (A) was calculated by Ohm’s law:

I ¼ Ecell=Rext ð1Þ

where Ecell is the output voltage (V), and Rext is the external
resistance (Ω).

The sodium acetate concentration was calculated in terms
of COD and measured by standard methods (APHA et al.
1998). The nitrite and nitrate concentrations were measured
colorimetrically (APHA et al. 1998).

All measurements were conducted in triplicate, and the
results are expressed as their means ± standard deviations.
The significance of the results was tested by analysis of
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Fig. 1 Schematic of the MFC system. The synthetic medium was fed to
the anode by a peristaltic pump (HRT = 50 h). The external resistance was
1000 Ω. The cell voltage was recorded every 5 min by a data acquisition
system
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variance (ANOVA) in SPSS Statistics 17.0, with statistical
significance designated by p < 0.05.

Coulombic efficiency(CE)

Coulombic efficiency (CE) is the ratio of the total number of
electrons transferred to the anode from the substrate to the
maximum possible number of electrons if all substrate remov-
al could produce a current. In the continuous flow scenario,
the Coulombic efficiency depends on the current generated
under steady conditions as shown in Eq. (2):

CE ¼ MI
FbqΔCOD

ð2Þ

where M = 32 is the molecular weight of oxygen, F is
Faraday’s constant, b = 4 is the number of electrons ex-
changed per mole of oxygen, q is the volumetric influent flow
rate, and △COD is the difference between the influent and
effluent CODs. Again, the current I was calculated by
Ohm’s law (Logan and Regan 2006).

Electrochemical impedance spectroscopy(EIS)

Electricity generation and power density are related to the
electron transfer or charge transfer, where the latter relates to
the internal resistance (Kim et al. 2014). The internal resis-
tance was analyzed by electrochemical impedance spectros-
copy (EIS) on an electrochemical workstation (CHI660E,
Chenhua Instrument Inc., Shanghai, China). The frequency
was ranged from 0.01 Hz to 100 kHz on the whole cell
(two-electrode mode) (Barsoukov and Macdonald 2005). An
EIS spectrum typically comprises a semicircle and a linear
portion representing the ohmic resistance, charge transfer re-
sistance, and diffusion resistance, respectively (Katz and
Willner 2003). The first intersection on the x-axis of the EIS
spectrum represents the ohmic resistance, the diameter of the
first (high frequency) circle is the charge transfer resistance,
and the solution resistance is found at high frequencies where
the impedance data cross the Re(Z) axis (Borole et al. 2010;
Hutchinson et al. 2011). The ohmic resistance is contributed
by the electrodes, solutions, membranes, and interfaces. The

charge transfer resistance represents the capacitance and po-
larization resistance built on the electrical double layer of the
electrode surfaces (Kim et al. 2014). The Nyquist plots of the
EIS spectra were analyzed using Zview Software.

EPS and cytochrome c

Extracellular polymeric substances (EPS) and cytochrome c
may assist electron transfer through biofilms (Cao et al. 2011;
Gralnick and Newman 2007). To explore its effect on the
anode microbial biofilm, the influent nitrite concentration
was varied in the present study, and the EPS and cytochrome
c contents on the anode electrode were determined.

The biofilm EPS in each reactor was extracted and deter-
mined as described in Fang et al. (2002). When the output
power reached stability, biofilm-coated samples were re-
moved from each MFC and immersed in 50 mL of TE buffer
(pH 7.5) containing 10 mM Trizma base, 10 mM EDTA, and
2.5% NaCl. Biofilm was scraped from each sample and cen-
trifuged at 4000 rpm for 20 min. For EPS extraction, the
concentrated biomass was resuspended in 10 ml of a 0.85%
sodium chloride solution containing 0.22% formaldehyde at
80 °C for 30 min. The EPS dissolved in the formaldehyde
solution was recovered by further centrifugation at 3500 rpm
for 30 min. The carbohydrate and protein contents of EPS in
the extracted solution were measured by the phenol/sulfuric
acid method (Gaudy 1962) and the Lowry method (Lowry
et al. 1951), respectively, and were summed to obtain the total
EPS of the samples. Calibration curves for determining the
EPS carbohydrates and proteins were constructed using lac-
tose and bovine serum albumin, respectively.

As heme is a constituent of cytochrome c, the cytochrome c
content in the present experiment was assayed by measuring
the heme concentration (Sun et al. 2014). To quantify the
cytochrome c, small pieces of anode electrode with biofilm
were taken from the MFC and immersed in phosphate buffer
saline (PBS). The heme dissolved in the PBS solution was
recovered by further centrifugation at 15000 rpm for 15 min
at 4 °C and quantified by measuring the supernatant at
400 nm. The extraction and determination processes of heme
are specified in the literature (Sinclair et al. 2001).

Table 1 COD removal and
Coulombic efficiency of MFCs at
different anolytic nitrite
concentrations

Nitrite
concentration

(mgN·L−1)

Initial
COD

(mgN·L−1)

COD
removal

(%)

COD removal
loading

(g COD m−2·d−1)

Coulombic
efficiency
(%)

Power
density

(mW·m−2)

0 1180 ± 13 34.7 ± 2.3 29.8 ± 2.8 7.8 ± 0.7 208.3 ± 2.9

30 955 ± 25 39.0 ± 5.2 27.1 ± 4.5 9.5 ± 1.1 263.2 ± 3.9

60 1217 ± 16 53.5 ± 1.9 47.8 ± 3.1 5.4 ± 0.9 266.5 ± 1.3

90 1165 ± 19 31.9 ± 2.9 27.4 ± 3.2 7.5 ± 1.3 138.2 ± 3.0

120 1209 ± 34 25.2 ± 3.2 22.2 ± 3.7 6.9 ± 0.8 103.8 ± 1.1
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Scanning electron microscopy (SEM) characterization
and confocal laser scanning microscopy (CLSM)

Asmicroorganisms crucially affect the performance of MFCs,
the biofilm morphology was clarified by scanning electron
microscopy (SEM) (3400 N, HITACHI instrument) and con-
focal laser scanning microscopy (CLSM) (Leica TCS SP5,
Germany). For SEM analysis, anode biofilm pieces were sam-
pled from each MFC and washed twice with sterilized PBS
solution. The anode pieces were fixed by immersion in 3%
glutaric dialdehyde for 10 h at 4 °C. The residual glutaric
dialdehyde was removed from the anode samples by three
20-min washes with PBS. The anode samples were then
dehydrated by sequential treatment with a series of ethanol
dilutions (30%, 50%, 70%, 90%, and 100%), each applied
for 20mins. Finally, the samples were mounted onmetal stubs
and coated with gold. The biofilm was observed in high vac-
uum using the secondary electron imaging mode of SEM.

Images of the biofilms cultured in the MFC anode were
nondestructively obtained by CLSM. Parameters such as bio-
film depth and cell area (biomass) were determined by digital
image analysis of the CLSM optical thin sections at various
depths. The proprietary staining kit LIVE/DEAD was obtain-
ed from Molecular Probes Inc. (Eugene, OR, USA) and ap-
plied as described by the manufacturer. Briefly, the
LIVE/DEAD stain stored at − 20 °C was warmed to room
temperature and centrifuged. The staining solution contained
10 mL of deionized water and 15 μL each of the two compo-
nents A and B. This working solution was applied directly to
the biofilms for 15 min. The stained samples were detected
under CLSM and analyzed with Image J software.

Results and discussion

Electricity generation and power density

The required start-up time was shorter for reactors supplied
with low nitrite concentrations (0–60 mg·L−1) than for reac-
tors with relatively high nitrite concentrations (90 and 120mg·
L−1) (11 days to stable voltage in the former case versus ~
27 days in the latter; see Fig. 2). Therefore, it was concluded
that increasing the anolytic nitrite concentration extended the
start-up time of the MFC. In addition, as shown in Fig. 2, the
stable voltage outputs in the nitrite and no-nitrite cases were
obviously different. The stable output voltages of the MFC
were 0.72 ± 0.02 V and 0.73 ± 0.03 V in the presence of 30
and 60 mg·L−1 nitrite, respectively, and 0.65 ± 0.03 V in the
control reactor (nitrite concentration 0 mg·L−1). This suggests
that low nitrite levels (0–60mg·L−1) raised the system voltage.
At very high nitrite concentrations, the recorded peak voltage
outputs were suppressed (0.52 ± 0.01 V and 0.46 ± 0.02 V at
90 and 120 mg·L−1, respectively).

Based on these results, we hypothesize that low nitrite con-
centration promotes electricity generation in the system, en-
hancing the maximum output voltage by approximately 14%.
When the nitrite concentration increased to 90 and 120 mg·
L−1, the basically stable voltage output of the systems reached
only around 0.50 ± 0.02 V, indicating that the anode-
electrogenic bacterium of our system has limited tolerance to
nitrite.

Faraghi and Ebrahimi (2012) reported that nitrite performs
as an electricity generation matrix. Specifically, it contributes
electricity by transferring electrons to the anode during the
nitrite-to-nitrate conversion. To verify whether nitrite can act
as a single matrix for electricity generation, we replaced the
influent with solution containing 60 mg·L−1 nitrite alone, ex-
cluding the organic matter.

The voltage output change after replacing the anode solu-
tion is shown in Fig. 3. The output voltage of the MFC
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decreased rapidly after the replacement, reaching substantially
zero after approximately 5 h. We speculated that in the initial
stage after replacement, the wall surface of the reactor or car-
bon felt retained some organic matters, which were consumed
by the electrogenic bacteria to produce electricity. When the
residual organic matter was depleted, the system ceased its
electricity production because nitrite alone cannot be
exploited as an electricity production matrix. In the present
system, nitrite cannot be a single matrix that drives the
MFCs, but at certain concentrations and complemented by
organic matters, it promotes their electricity production.

Coulombic efficiency

The coulombic efficiencies of the MFC reactors at different
influent nitrite concentrations are shown in Table 1. At a nitrite
concentration of 60 mg·L−1, the coulombic efficiency of the
system was only 5.4 ± 0.9%, much lower than under other
conditions. When supplied at this concentration, the nitrite
raised the speed of organic consumption, but only around
5.4% of the organic matter was expended in electrical energy
production. The vast majority of the remaining organic matter
was consumed by other metabolic activities of the
microorganisms.

We speculated that the larger current also promoted the
metabolism of the microorganisms without enabling their
electricity generation. The inoculated anode bacteria were
probably mixed microorganisms, most of which could not
generate electricity. As such bacteria consume more organic
matters than electrogenic bacteria, the coulombic efficiency

was reduced. Electron loss caused by denitrification, which
also consumes organic matters, will also affect the coulombic
efficiency of the system at high influent nitrite concentrations.

COD and nitrogen removal

At all influent nitrite concentrations, the nitrite removal rates
of the MFCs exceeded 80%, and no significant nitrate was
accumulated in the effluents (Table 2). This result shows that
most of the nitrite was removed in our system. As the influent
nitrite concentration increased, the system maintained its high
nitrite removal rate. The highest nitrite loading was 7.56 ±
0.11 g·m−2·d−1. It is presumed that increasing the initial nitrite
concentration strengthens the NOB activity, maintaining the
nitrite removal rate of the system at a high level (Magnussen
and Hjertager 1981). The maximum COD removal efficiency
about 53.5 ± 1.9% was observed when the nitrite concentra-
tion was 60 mg·L−1, and the maximum COD removal load
reached 47.8 ± 3.1 g COD m−2·d−1 (Table 1).

Relatively higher nitrite removal (84.3%–86.9%) and
higher power density of 266.5 mW·m−2 were achieved in this
study, compared with the previous results reported by Faraghi
and Ebrahimi (2012) with nitrite removal efficiency of 10% to
22% and power density of 37.8 μW·m−2. Nitrite removal by
denitrification can proceed in two ways: the nitrite can first be
converted to nitrate with the release of electrons or used as a
direct electron acceptor. In the present experiment, nitrite con-
centrations of 30 mg·L−1 and 60 mg·L−1 significantly in-
creased the electricity generation capacity of the system with-
out significantly increasing the nitrate concentration in the

Table 2 Nitrogen removal from
MFCs at different anolytic nitrite
concentrations

Influent nitrite

(mg·N·L−1)

Effluent nitrate

(mg·N·L−1)

Effluent nitrite

(mg·N·L−1)

Nitrite removal
efficiency (%)

Nitrite loading

(gN·m−2·d−1)

0 2.51 ± 0.23 0 / /

30 3.75 ± 0.41 4.71 ± 0.24 84.3 ± 0.8 1.83 ± 0.17

60 2.54 ± 0.17 9.33 ± 0.95 84.5 ± 1.6 3.67 ± 0.07

90 3.13 ± 0.22 12.41 ± 0.74 86.2 ± 0.8 5.62 ± 0.15

120 2.87 ± 0.38 15.74 ± 1.21 86.9 ± 1.0 7.56 ± 0.11

Table 3 Ohmic resistance and
charge transfer resistance (Ω) of
MFCs at different anolytic nitrite
concentrations

Experimental
stage

Anolytic nitrite concentration

30 mg·L−1 60 mg·L−1 90 mg·L−1 120 mg·L−1

Resistance (Ω)

Ohmic Charge
transfer

Ohmic Charge
transfer

Ohmic Charge
transfer

Ohmic Charge
transfer

Day 2 1.93 3.96 1.70 1.78 1.63 4.12 2.30 9.64

Day10 1.30 4.50 1.52 3.46 1.55 4.73 4.92 12.58

Day 20 1.48 3.42 1.62 2.57 4.34 4.29 1.59 7.13
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effluent. This result indicates that in our system, the nitrite was
quickly removed by denitrification via nitrate formation with
electron release. It can be speculated that nitrite reacted as a
co-matrix for electricity production. After conversion into ni-
trate, the nitrite was rapidly removed through a denitrification
reaction in the anode chamber.

Internal resistance and electron transfer

The internal resistance of the present system was analyzed by
EIS. Nyquist plots of the whole cell on day 2, day 10, and at
steady state for different nitrite concentrations together with
the equivalent circuit are shown in Fig. S-1. The well-fitted
EIS results simulated in Zview software are presented in
Table 3.

The increased voltage output in our research might be at-
tributed to reduction of the charge transfer resistance, which
was affected by the kinetics of the electrode reactions and the
growth of a conductive biofilm on the electrode surface.
During the stable stage of the reactors, the charge transfer
resistance was lowest in the 60 mg·L−1 NO2

−–N MFC
(2.57 Ω) and highest in the 120 mg·L−1 NO2

−–N MFC
(7.13 Ω). Interestingly, the charge transfer resistance was
higher at 30 mg·L−1 NO2

−–N than at 60 mg·L−1 (3.42 Ω vs.
2.57 Ω).

The effect of influent nitrite concentration on the anode
microbial biofilm was assessed by determining the EPS and
cytochrome c contents on the anode electrode.

As seen in Figs. 4 and 5, both the EPS and cytochrome c
contents increased as the influent nitrite concentration in-
creased from 0 to 60 mg·L−1, peaked at 60 mg·L−1, and then
substantially declined at higher nitrite concentrations. As these
trends were consistent with the power density trend, we deter-
mined the regression relations between EPS and power den-
sity and between cytochrome c and power density. The ob-
tained correlation coefficients were r = 0.975 and r = 0.981,
respectively. The threshold correlation coefficient (rmin), esti-
mated at the 0.05 significance level of the regression coeffi-
cient, was 0.878. Given that | r | >rmin for both EPS and
cytochrome c, it appears that the nitrite concentration influ-
enced the EPS and cytochrome c contents of the anode micro-
organisms and that the EPS and cytochrome c variations were
significantly correlated with the system energy output
(Herdman and Stapells 2003).

The reduced EPS contents at improperly high nitrite con-
centrations suggest that excess nitrite decreased the electron
transfer rate from the microorganisms to the electrode, thereby
lowering the electricity generation. In addition, if most of the
substrate was expended in multiplying the microorganisms
instead of generating electricity, the electrode surface would
be increasingly covered by microbes, inhibiting the electro-
chemical reaction, increasing the ohmic resistance of the
MFC, and reducing its electron transfer efficiency. After
10 days, the initial phase of microbial growth began in the
MFC. Accordingly, the charge transfer resistance gradually
decreased over time, thus reducing the activation barrier and
boosting the output voltage. Our findings agree with
Hutchinson et al. (2011), who reported that the charge transfer
resistance reduces during biofilm growth before stabilizing
with an acclimated biofilm.

As mentioned above, the 60 mg·L−1 NO2
−–N MFC

showed the lowest charge transfer resistance (2.57 Ω) during
the stable stage of the reactor, implying a relatively high elec-
tron transfer efficiency and a more active biofilm than in the
other MFCs. In the 30 mg·L−1 NO2

−–N MFC, the charge
transfer resistance was 33% higher than in the 60 mg·L−1

NO2
−–N (3.42 Ω vs. 2.57 Ω). This finding is attributed to

the relatively low conductivity of the anode electrolyte at the
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lower nitrite concentration, implying a limited electron trans-
fer. Interestingly, the maximum charge transfer resistance of
7.13 Ω produced in the 120 mg·L−1 NO2

−–N MFC was 2.8-
fold higher than the 2.57Ω produced in the 60 mg·L−1 NO2

−–
NMFC, meaning that high concentrations of additional nitrite
inhibited the biofilm growth. This result reflects the biological
toxicity of nitrite.

Surface morphology and biofilm formation

Besides generating internal resistance, microorganisms might
crucially affect the performance of an MFC. O'Toole et al.
(2000) found that microorganisms undergo profound changes
when transitioning from planktonic organisms to cells that are
part of a complex, surface-attached community, with

�Fig. 6 Scanning electron micrographs of the anodic biofilm at different
stages. The anolytic nitrite concentration was 60 mg L−1. (a) Blank
carbon felt; (b) Colony formation, 5 days; (c) Biofilm development, 10
d; (days) Biofilm maturation, 25 days

Fig. 7 Confocal laser scanning micrographs of anodic biofilms at
different stages when anolytic nitrite concentration was 60 mg L−1. The
electrode was stained with LIVE/DEAD BacLight viability stain. (a)
Colony formation or the early stage of biofilm growth, 5 days. (b)
Biofilm maturation, 25 days
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consequent changes in their EPS, internal resistance, and other
properties. The biofilm morphologies obtained by SEM and
CLSM are presented in Figs. 6 and 7, respectively. The SEM
images (Fig. 6a–d) show the growth process of the biofilm on
the carbon felt. The biofilm formation process can be divided
into three stages: (1) initial attachment and proliferation of
bacteria on the electrode surface (initial adhesion), (2) extra-
cellular polymer release (growth), and (3) further adaptation to
life in the biofilm after surface attachment (maturation of the
biofilm) (O'Toole et al. 2000). Finally, widely diverse organ-
ism morphologies are observed on the carbon felt, with rods
being the most common morphological form.

The specific composition of the biofilm was elucidated in a
CLSM imaging analysis. Figure 7 confirms the rod-shaped
form of the organism morphology that dominated the SEM
results. Most (62.4 ± 1.2%) of the biofilm cells maintained
were viable during the early stage of biofilm growth, in con-
trast with the 52.3 ± 1.7% biofilm viability at the maturation
stage of the biofilm. At this stage, biofilm growth on the elec-
trode was a dynamic equilibrium process, accompanied by the
production of new cells and the death of old cells, indicating
that the biofilm had stabilized.

EPS, which constitutes mainly carbohydrate and protein, is
an important part of the biofilm. The structure and composi-
tion of EPS greatly influence the biofilm, and EPS itself pro-
motes the adhesion and growth of microbial cells on the elec-
trode surface (Hamilton 2003). Research has revealed redox-
active molecules in EPS, such as outer membrane cyto-
chromes, which facilitate and direct electron transfer.
Alternatively, EPS might provide a supporting matrix for the
cytochromes and promote their rapid electron transfer (Cao
et al. 2011). At influent nitrite concentrations above 60 mg·
L−1, the EPS content of the anode biofilm decreased (Fig. 4).
Because the EPS contents are closely connected to extracellu-
lar electron transfer (Sheng et al. 2010), the lowered EPS may
partly account for the increased charge transfer resistance of
the system at high nitrite concentrations.

Electron transfer through cytochrome c is a primary elec-
tronic transfer mode in MFCs (Gralnick and Newman 2007).
The heme groups in cytochrome c are arranged in a closed
space that allows the passage of electrons, facilitating electron
transfer from the cells to the outer electrode (Kleerebezem and
van Loosdrecht 2007; Mowat and Chapman 2005).

The cytochrome c and EPS contents were both relatively
high at an influent nitrite concentration of 60 mg·L−1 (Figs. 4
and 5). These high levels promoted the electron transfer of
microorganisms to the anode electrode, so the charge transfer
resistance of the system reduced while the external output
voltage increased. The enhanced outside current strengthened
the activity of the anode microorganisms, thereby improving
their ability to consume organic matters. Moreover, as EPS
generation consumes the energy needed for bacterial growth
(Qureshi et al. 2005), a large amount of organic matters will be

consumed, so the system coulombic efficiency decreases. At
increasingly higher influent nitrite concentrations, the nitrite
for microbial growth became increasingly inhibited.
Consequently, the EPS and cytochrome c contents
plummeted, adversely affecting the electricity production ca-
pacity of the MFC. However, how the nitrite simultaneously
affects the EPS and cytochrome c of the electrode biofilm as
an electricity-producing matrix needs further investigation.

Conclusions

A comprehensive analysis of electricity production, nitrogen
removal, and surface morphology on an MFC electrode
showed that nitrite could react as the co-matrix on the elec-
trode, thereby promoting electricity generation at relatively
low concentrations (< 60 mg·L−1 in this study). Higher
anolytic nitrite concentration (> 60 mg·L−1) inhibited the ac-
tivity of the electrogenic bacteria, as reflected in the lowered
production of cytochrome c and EPS, and consequent de-
crease of the system output voltage. The current output of
the MFC was maximized at an anolytic nitrite concentration
of 60 mg·L−1; however, high current also promoted the activ-
ity of heterotrophic microorganisms without electricity-
producing capacities, thereby decreasing the coulombic effi-
ciency to 5.4%.
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