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Abstract: In this study, a microbial fuel cell (MFC) that can achieve simultaneous anode anaero-
bic ammonium oxidation (anammox) and electricity generation (anode anammox MFC) by high-
effective anammox bacteria fed with purely inorganic nitrogen media was constructed. As the
influent concentrations of ammonium (NH4

+-N) and nitrite (NO2
−-N) gradually increased from

25 to 250 mg/L and 33–330 mg/L, the removal efficiencies of NH4
+-N, NO2

−-N and TN were
over 90%, 90% and 80%, respectively, and the maximum volumetric nitrogen removal rate reached
3.01± 0.27 kgN/(m3·d). The maximum voltage and maximum power density were 225.48± 10.71 mV
and 1308.23 ± 40.38 mW/m3, respectively. Substrate inhibition took place at high nitrogen concentra-
tions (NH4

+-N = 300 mg/L, NO2
−-N = 396 mg/L). Electricity production performance significantly

depended upon the nitrogen removal rate under different nitrogen concentrations. The reported low
coulombic efficiency (CE, 4.09–5.99%) may be due to severe anodic polarization. The anode charge
transfer resistance accounted for about 90% of the anode resistance. The anode process was the
bottleneck for energy recovery and should be further optimized in anode anammox MFCs. The high
nitrogen removal efficiency with certain electricity recovery potential in the MFCs suggested that
anode anammox MFCs may be used in energy sustainable nitrogen-containing wastewater treatment.

Keywords: microbial fuel cell; anode anaerobic ammonium oxidation; electricity generation;
electrochemical characteristics

1. Introduction

Traditional wastewater treatment is an energy-intensive process and has received
considerable attention due to the pressure of carbon neutralization and energy shortage, so
it is of great necessity to reduce energy consumption in this process [1,2]. As a matter of fact,
substantial internal chemical energy is contained in water pollutants, and the wastewater
may contain 9.3 times as much energy as is used to treat it [3]. As a promising technology
for sustainable wastewater treatment, microbial fuel cells (MFC) can use these pollutants
as fuels and directly convert the chemical energy into electricity with microorganisms as
catalysts [4]. In theory, it is feasible to turn wastewater treatment into a self-sustaining, or
even a net energy-producing, process by MFCs [1,5,6].

MFCs generate electricity by harvesting the electrons donated to the anode from fuel
oxidation [7]. Various pollutants from wastewater and pure chemical compounds have
been examined as fuel in MFCs [8,9]. A large number of studies have been conducted
on the oxidation of most ubiquitous organic pollutants in wastewater to produce electric
power (organic MFCs). However, nutrient removal remains a significant challenge in
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efficient wastewater treatment with MFCs and emerging studies have mainly focused on
energy-containing nitrogen pollutants [10–12]. As one of the most common inorganic water
pollutants, ammonium can also be used as the fuel in MFCs [13]. Anode nitrification MFCs
represent one type of MFCs based on the nitrification process, involving aerobic oxidation
of ammonium as the main reaction for anode ammonium oxidation [13,14]. Electricity can
be acquired from anode nitrification MFCs, but the oxidation of ammonium by nitrifying
bacteria requires oxygen supply. The presence of oxygen would hamper extracellular
electron transfer and greatly decrease power generation in the MFCs [13–15]. If oxygen can
be removed from the anode ammonium oxidation process, more electric energy might be
recovered via the harvesting of the internal chemical energy stored in ammonium.

Anaerobic ammonium oxidation (anammox), a process in which ammonium is ox-
idized by anammox bacteria that take nitrite as an electron acceptor (NH4

+ + NO2
− →

N2 + 2H2O), is known as a low-cost and eco-friendly nitrogen removal method [16,17].
As a result, the combination of the anammox process and MFCs (anode anammox MFCs)
might have several advantages over the anode nitrification MFCs. First, ammonium can
be oxidized without oxygen, which leads to less electron loss. On the other hand, the
anammox process has a significantly higher ammonium oxidation rate than that of the
nitrification process [18,19], implying that it involves faster electron transfer in electricity
generation. The possibility of MFCs with simultaneous anode anammox and electricity
generation abilities has been verified in several studies [20,21]. However, little evidence
is available for the ways in which anammox bacteria, as exoelectrogens, can limit the
development of anode anammox MFCs. A recent report concluded that anammox bacteria
are a newly discovered type of electrochemically active bacteria in microbial electrolysis
cells (MECs) and that anode anammox MFCs have broad prospects for application in this
field [22]. Electrogenesis bacteria are the core of the MFC system [1,5]. In addition, highly
effective electrochemically active bacteria would be the key for the improvement of these
promising anode anammox MFCs with great functions in pollutant removal and electricity
generation. In a previous study, a high-loaded anammox reactor reached an anammox
rate of 76.7 kg N/(m3·d) [18]. Exploring the potential of nitrogen removal and electricity
generation using anammox bacteria with such high activity in MFCs would improve our
understanding of the bioelectrochemical processes in anode anammox MFCs.

In the present study, anammox bacteria from the highly loaded anammox reactor were
collected as the anode inoculum to construct the anode anammox MFC, and the MFC was
fed with purely inorganic nitrogen media. The objectives of the present study were to
investigate the nitrogen removal and the electricity generation performance of the anode
anammox MFC, and develop a better understanding of the electrochemical characteristics
of this bioelectrochemical process.

2. Materials and Methods
2.1. Consruction of the Anode Anammox MFCs

The anode anammox MFC was a dual chamber MFC (Figure 1). The anode and cath-
ode chamber both had a net volume of 400 mL with graphite felt (8 cm × 4 cm × 0.5 cm,
Liaoyang Jingu Carbon Fiber Technology Co., Ltd., Liaoyang, China) as electrodes, sepa-
rated by cation exchange membranes (CEM, Φ 6 cm, Membranes International, Ringwood,
NJ, USA). The electrodes were fixed in the center of the anode and cathode chamber by
stainless steel wires. A 1000 Ω resistor was connected to the electrodes with copper wires
to form a closed circuit. The output voltage was monitored by a data acquisition system
(DAS, Agilent 34970A, Agilent Technologies, Santa Clara, CA, USA).
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Figure 1. Schematic diagram of the anode anammox MFC.

2.2. Operating Conditions

The anode inoculum (highly effective anammox bacteria) was taken from a highly
loaded anammox reactor in our lab [18]. The synthetic wastewater contained (NH4)2SO4
and NaNO2 and other trace components. The trace element solution was the same as in
our previous study [23]. The ammonium (NH4

+-N) and nitrite (NO2
−-N) concentrations

were administered as (NH4)2SO4, and NaNO2, respectively. The cathode chamber was
filled with a mixture of potassium permanganate solution (10 Mm) and phosphate buffer
(50 mM, pH 7.0).

The anode chamber was continuously supplied with the wastewater using a peristaltic
pump, and the hydraulic retention time (HRT) was set to 4 h. The ratio of NH4

+-N to
NO2

−-N was fixed at 1:1.32, and the influent concentrations of NH4
+-N and NO2

−-N
were varied along with the different operating periods. When the output voltage reached
and remained at a relatively stable value for at least 6 HRT, it was considered that the
MFC reached a steady state, then the influent concentration was raised to the next value.
The catholyte was supplied using a peristaltic pump (5 mL/min). The anode and cathode
electrolytes were bubbled with argon to remove oxygen before being mixed by a magnetic
stirrer (HJ-2, Jin Tan Co., Ltd., Jintan, China) during the test. The anode anammox MFC
was kept at 30 ± 1 °C in a biochemical incubator.

2.3. Analyses and Calculations

The ammonium–nitrogen (NH4
+-N), nitrite–nitrogen (NO2

−-N), nitrate–nitrogen
(NO3

−-N) and total nitrogen (TN) values were measured using the APHA Standard
Methods [24]. The pH was determined by an S20 K pH meter (Mettler Toledo, Zurich,
Switzerland). The conductivity was measured by an FE30 conductivity meter (Mettler
Toledo, Zurich, Switzerland). The output voltages were recorded every 2 min by the DAS.
The power density and the coulombic efficiency (CE) were calculated according to the
methods outlined in previous studies [25]. The electrode potential was measured using an
Ag/AgCl electrode (+0.195 V vs. SHE) as the reference electrode.
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Polarization tests were performed with the gradual change (80,000 Ω −10 Ω) in
the external resistance and the quasi-stable voltage, the anode potential and the cathode
potential were recorded, and the current density was calculated. Polarization curves
were plotted by taking the current density, the voltage, the anode potential, and the
cathode potential as the ordinate and the current density as the abscissa [26]. A three-
electrode system and a potentiostat (CHI660D, Beijing Huake Putian Technology Co., Ltd.,
Beijing, China) were used to perform electrochemical impedance spectroscopy (EIS) [27].
The sinusoidal disturbance voltage was 10 mV and the frequency range was 10−3–105 Hz.
The EIS equivalent circuit was fitted by ZSimpWin3.10 software.

3. Results and Discussion
3.1. Nitrogen Removal

The nitrogen removal performance of the anode anammox MFC under different nitro-
gen loads is shown in Figure 2. As the influent concentrations of NH4

+-N and NO2
−-N

gradually elevated from 25 to 250 mg/L and 33–330 mg/L, respectively, the removal efficien-
cies of NH4

+-N, NO2
−-N and TN were over 90%, 90% and 80%, respectively (Figure 2A,B).

Meanwhile, the volumetric nitrogen removal rate rose from 0.32 ± 0.05 kg N/(m3·d) to a
maximum of 3.01± 0.27 kg N/(m3·d) (Figure 2C). However, when the influent NH4

+-N and
NO2

−-N concentrations further increased to 300 mg/L and 396 mg/L, the nitrogen removal
efficiencies suddenly declined and the effluent concentrations of NH4

+-N and NO2
−-N

rose drastically to values almost equal to those of the influent (Figure 2A). Under these
circumstances, the activities of anammox bacteria were fully inhibited [28]. The decrease in
nitrogen removal in the anode anammox MFC indicated that the nitrogen load or nitrogen
concentration had exceeded the maximum threshold value that the MFC could withstand.

Ammonium and nitrite are the two main substrates used by anammox bacteria, but
they are potential inhibitors when their concentrations surpass the threshold inhibition
values [29,30]. In order to reverse the self-inhibition at high nitrogen concentrations and
increase microbial activity in the anode anammox MFC, the residual ammonium and
nitrite were firstly washed out of the anode chamber, followed by a progressive increase in
influent N concentrations, according to the remedial method of Tang et al. [28]. The nitrogen
removal performance recovered after the remedial measures (Figure 2A,B).

When the anode anammox MFC ran stably, the ratio of the consumed NO2
−-N to

the consumed NH4
+-N ranged from 1.25 to 1.40, and the ratio of the produced NO3

−-N
to the consumed NH4

+-N was 0.15–0.23 (Figure 2D), which was close to the theoretical
stoichiometry for the following anammox reaction (Equation (1)) [17]:

NH4
+ + 1.32NO2

− + 0.066HCO3
− + 0.13H+ → 1.02N2 + 0.26NO3

− + 0.066CH2O0.5N0.15 + 2.03H2O (1)

In addition, nitrate (NO3
−) was produced in the effluent. These results indicated that

the anode nitrogen conversion in the MFC was in accordance with the typical anammox
reaction. Owing to the faster oxidation rate of ammonium in the anammox process than
in the nitrification process, the maximum volumetric nitrogen removal rate of the anode
anammox MFC was 3.01 ± 0.27 kg N/(m3·d), which was much higher than that of anode
nitrification MFCs (0.240 kg N/(m3·d)) [13,14] and previously reported anode anammox
MFCs (0.417 kg N/(m3·d)) [20,21]. Considering that the inoculated anammox bacteria
demonstrated very high nitrogen removal abilities, the potential nitrogen removal effi-
ciency of the anode anammox MFC might be further improved under optimized operating
conditions [18,31,32].
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Figure 2. Nitrogen removal in the anode anammox MFC: (A) the concentrations of NH4
+-N, NO2

−-
Nand NO3

−-N in the influent and effluent; (B) removal efficiency changes in NH4
+-N, NO2

−-N and
TN; (C) variation in volumetric nitrogen removal rate over time and (D) ratio of consumed NO2

−-N
to consumed NH4

+-N and ratio of produced NO3
−-N to consumed NH4

+-N.

3.2. Electricity Generation

The electricity generation performance of the anode anammox MFC under differ-
ent nitrogen loads is depicted in Figure 3. The output voltage gradually increased from
35.13 ± 4.96 mV to 225.48 ± 10.71 mV as the influent nitrogen concentrations increased
(Figure 3A). The power density of the anode anammox MFC also rose with escalating
influent nitrogen concentrations and the maximum value reached 1308.23 ± 40.38 mW/m3

(Figure 3B). The output voltage suffered a great loss following substrate self-inhibition and
the electricity generation performance increased after the high nitrogen inhibition rate was
counteracted (Figure 3A). Simultaneous change was observed between electricity gener-
ation and nitrogen removal, and Pearson correlation analysis was conducted to explore
the relationship between them. Significant correlation between the maximum voltage and
the volumetric nitrogen removal rate at each concentration was observed (R2 = 0.9862,
p < 0.05), which showed that electricity generation depends on ammonium oxidation in
the anode anammox MFCs. The results corresponded well with reports that electrogenesis
from MFCs showed a meaningful relationship with substrate degradation [33,34].
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Figure 3. Profiles of (A) output voltage and (B) power density as a function of current output under
different influent nitrogen concentrations (NH4

+-N concentrations: Con.1: 25 mg/L, Con.2: 50 mg/L,
Con.3: 100 mg/L, Con.4: 150 mg/L, Con.5: 200 mg/L, Con.6: 250 mg/L, Con.7: 300 mg/L; Con.8:
0 mg/L) in the anode anammox MFC.

By measuring the electrode potentials of the anode anammox MFC across different
influent nitrogen concentrations, it was found that the cathode potential remained nearly
stable (about 865 mV vs. SHE), while the anode potential gradually reduced with the
rising nitrogen concentrations (Figure 4). The output voltage was the potential difference
between the cathode and the anode, so the change in the output voltage was mainly caused
by the evolution of the anode potential [35,36]. Coulomb efficiency (CE) is the ratio of
electrons captured by the MFC for electricity production and the electrons derived from
the oxidation of fuel, reflecting the utilization efficiency of fuel by the MFC [25]. The CE of
the anode anammox MFC reduced from 5.99 ± 0.12% to 4.09 ± 0.46% with the increasing
nitrogen concentrations (Figure 5). The utilization efficiency of fuel by the anode anammox
MFC declined with the increase in substrate concentration, which was consistent with other
reported studies [37,38].
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The electricity generation performance of the anode anammox MFC was compared
with other types of MFCs (Table 1). The anode anammox MFC had clear advantages over
anode nitrification MFCs and previous anode anammox MFCs, while the electricity pro-
duction parameters were lower than those for organic MFCs, especially for CE. In organic
MFCs, the organic compounds are primarily consumed by electrogenic/non-electrogenic
fermentation without exogenous electron acceptors and the anode potentials usually re-
main negative [39–42]. Therefore, the potential difference between the two electrodes is
large, and the organic MFCs can produce more electric power [8,43–45]. With regard to
ammonium-based bioelectrochemical systems, the oxidation of ammonium can be real-
ized by two ways. The first method, in MFCs, is to add exogenous electron acceptors
(oxygen or nitrite), which might compete with the anode for electrons, leading to low
CE [13,14,20,21]. The second method, in MECs, is to place the anode at oxidative potentials
(0.6 V vs. Ag/AgCl) [22,46,47].
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Table 1. Comparison of electricity generation in the anode anammox MFC, anode nitrification MFC
and Organic MFC.

MFC Types
Maximum

Output Voltage
(mV)

Maximum
Power Density

(mW/m3)

CE
(%) Anode Reactions and Potentials (vs. SHE) References

Anode anammox
MFC

225.48 1308.23 ± 40.38 4.09~5.99 1© NO2
− + 2H+ + e− → NO + H2O (EΘ′ = +0.38 V)

2© NO + NH4
+ + 2H+ + 3e− →N2H4 + H2O (EΘ′ = +0.06 V)

3© N2H4 → N2 + 4H+ + 4e− (EΘ′ = −0.75 V)
4© NO2

− + H2O→ NO3
− + 2e− + 2H+ (EΘ′ = −0.43 V)

This research

48 – – [20]

201.6 90.3 – [21]

Anode nitrification
MFC

98.5 2.43 ± 0.07 0.31~1.1 1© NH4
+ + O2 + H+ + 2e− → NH2OH + H2O (EΘ′ = +0.73 V)

2© NH2OH + H2O→ NO2
− + 5H+ + 4e− (EΘ′ = −0.06 V)

3© NO2
− + H2O→ NO3

− + 2e− + 2H+ (EΘ′ = −0.43 V)

[13]

82 93.3 – [14]

Organic MFC

340 902.8 72.3
CH3COO− + 2H2O→ 2CO2 + 7H+ + 8e− (EΘ′ = −0.29 V)

[8]

466 7250 71 [43]

540 66,000 43
C6H12O6 + 6H2O→ 6CO2 + 24H+ + 24e− (EΘ′ = −0.428 V)

[44]

198 885 ± 346 59 ± 4 [45]

Both the nitrification process and the anammox process were multistage reactions,
including positive potential and negative potential reaction steps (Table 1). Higher anode
potentials are essential for ammonium oxidation but would be unfavorable for electric-
ity generation. The anammox reactions demonstrated lower positive anode potential
(Equation (2)) than that of the aerobic ammonia oxidation reactions (Equation (3)) [48],
which might be the reason why the anode anammox MFC exhibited better performance in
power generation than the anode nitrification MFCs.

NO2
− + 2H+ + e−→ NO + H2O, EΘ′ = +0.38 V (2)

NH4
+ + O2 + H+ + 2e−→ NH2OH + H2O, EΘ′ = +0.73 V (3)

3.3. Electrochemical Characteristics

The electrochemical characteristics of the anode anammox MFC were investigated
in order to understand why those electrons released from the anammox process were not
sufficiently utilized for electricity generation and led to losses of power output. The internal
resistance of an MFC (mainly including activation loss, ohmic loss and mass transport
loss) is closely related to the power output losses and polarization curves are useful tools
for determining the resistance [25,26]. The polarization curves of the anode anammox
MFC plotted at various influent concentrations are illustrated in Figure 6A. The slopes of
the polarization curves in the low current density region were steep, indicating that the
activation loss was significant while slow drops of the curves represented much a smaller
ohmic loss and mass transport loss in the medium and high current density regions [25].
The polarization curves for different electrodes are depicted in Figure 6B. The cathode
potentials reduced slowly with the increase in current density, and the cathodic polarization
was not significant. By contrast, the variation in anode potentials was more visible than
for the cathode potentials, especially in the low current density region, indicating that
anodic polarization was more significant than cathodic polarization and activation loss was
noted in the anodic electrochemical reaction [49,50]. Based on the above tests, the activation
loss of the anode might be the main limiting factor for electricity generation in the anode
anammox MFC.
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Figure 6. Polarization curves of (A) whole MFCs and (B) electrodes (cathode: filled symbols; an-
ode: open symbols) under different influent concentrations (Con.1 to Con.6 represent NH4

+-N
concentrations from 25 mg/L to 250 mg/L).

Electrochemical impedance spectroscopy (EIS) causes very little disturbance to the test
system and is a non-destructive electrochemical test technology that can obtain data on
MFC resistance and other important parameters under actual operating conditions [25,27].
In order to analyze in detail the anode process during ammonium oxidation, EIS was per-
formed to quantify the different components of anode internal resistance (Rin), including
charge transfer resistance (Rct), ohmic resistance (Ro) and diffusion resistance (Rd) [27].
It can be observed that the plots were mainly composed of semicircles at the high frequen-
cies (Figure 7), indicating that Rct is the main type of anode resistance. The diameter of
the semicircles decreased as the influent concentrations increased, showing that the Rct
reduced as the biochemical reaction rate increased [27,51]. The accurate results in Table 2
were obtained by fitting the Nyquist plot data to an appropriate equivalent circuit (Figure 8)
using ZSimpWin3.10 software [52,53]. At each influent concentration, the resistance dis-
tribution of the anode was as follows: Rct (90%) � Ro > Rd. The results indicated that
the anode charge transfer resistance was mostly responsible for the anode anammox MFC
internal resistance.
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Figure 8. Equivalent electrical circuit for the electrochemical impedance spectra data simulation (Q is
the constant phase element and C stands for double-layer capacitor).

The anode charge transfer resistance (or active resistance) is caused by the energy
loss in the process of electron transfer from microbial cells to the electrode surface, and
is affected by the kinetics of the electrode reactions [54,55]. Large anode charge transfer
resistance generally means a low electron transfer rate or low electrode reaction rate [51,52].
Anammox bacteria were the main functional bacteria in the anode anammox MFC, whose
cells possess a unique compartment structure called anammoxosome. The anammox re-
action takes place inside the anammoxosome bounded by a low-permeability ladderane
lipid-containing membrane, decreasing its permeability to protons and hydrazine. Addi-
tionally, the anammoxosome was also enclosed by the intracytopplasmic membrane and
cytoplasmic membrane [17]. Compared with other reported electrochemically active bacte-
ria [56], an additional electron transfer barrier (the anammoxosome compartment) must be
crossed by anammox bacteria to transfer the electrons and the unique cell structure might
hinder extracellular electron transfer [22], which was in accordance with the large anode
charge transfer resistance in our study. The performance of the anode might be improved
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by selecting materials with better electrical properties (such as coated carbon nanotubes),
adding artificial electron mediators in the electrolyte or even editing bacterial genes related
to the electron transport chain to minimize the electron transfer resistance and reinforce the
electricity generation performance of the anode anammox MFCs [57–59]. In fact, the anode
electricity generation process in the anode anammox MFC is a new complex microbial and
bioelectrochemical reaction. More in-depth study of the underlying interaction between
microorganisms and electrodes during the electricity generating process, and the reaction
kinetics or the effect of bacterial metabolism on electrodes, in future can help to further
improve the process.

4. Conclusions

The emergence of ammonium-based MFCs provided an alternative approach for sus-
tainable nitrogen-containing wastewater treatment. An anode anammox MFC developed
by highly effective anammox bacteria showed stable nitrogen removal and electricity gen-
eration under different nitrogen concentrations during a long-term operation. It showed
excellent nitrogen removal performance with a maximum volumetric nitrogen removal rate
of 3.01 ± 0.27 kg N/(m3·d). It also presented certain electricity recovery potential with a
maximum power density of 1308.23 ± 40.38 mW/m3. Compared with the previous anode
nitrification MFCs, the anode anammox MFC achieved much higher nitrogen removal
and electricity generation performance. The performance of the anode anammox MFC
was significantly influenced by nitrogen concentration. The main challenge for the anode
anammox MFC was low energy recovery efficiency. Substantial power losses were due to
the anodic overpotential and the anode charge transfer resistance was the main reason for
the internal resistance. To further reduce the anode charge transfer resistance in the anode
anammox MFC, a better understanding of the whole process of the extracellular electron
transfer between microorganisms and electrodes is essential in future studies.
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