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Abstract
The microbial fuel cell (MFC) system is a promising environmental remediation technology due to its simple compact design,
low cost, and renewable energy producing. MFCs can convert chemical energy from waste matters to electrical energy, which
provides a sustainable and environmentally friendly solution for pollutant degradations. In this review, we attempt to gather
research progress of MFC technology in pollutant removal and environmental remediation. The main configurations and
pollutant removal mechanism by MFCs are introduced. The research progress of MFC systems in pollutant removal and
environmental remediation, including wastewater treatment, soil remediation, natural water and groundwater remediation, sludge
and solid waste treatment, and greenhouse gas emission control, as well as the application of MFCs in environmental monitoring
have been reviewed. Subsequently, the application of MFCs in environmental monitoring and the combination of MFCs with
other technologies are described. Finally, the current limitations and potential future research has been demonstrated in this
review.

Keywords Microbial fuel cell . Environmental remediation . Pollutant degradations . Bioelectrochemistry . Wastewater
treatment . Biosensor

Introduction

The microbial fuel cell (MFC) system is an emerging environ-
mental treatment technology that integrates microbial and elec-
trochemical processes to generate energy by oxidizing organic
matter. MFCs can degrade contaminants under mild and clean
reaction conditions and have some the advantages of microbial
and electrochemical methods. Compared with other technolo-
gies, MFCs consume much less energy and generate electricity
while degrading pollutants (Zhang et al. 2016). MFCs can re-
move a variety of pollutants, including refractory organics,
heavy metals, and inorganic non-metals. The main mechanism
of pollutant degradations by MFCs are as follows: (1) anodic

oxidation—pollutants such as cellulose are degraded as elec-
tron donors; (2) anode reduction—pollutants receive electrons
at the anode; (3) adsorption—pollutants are adsorbed on the
electrode or biofilm; (4) electrodynamics—the electric field
generated by MFCs affects the chemical form and distribution
of pollutants; (5) cathode alkalization—when the proton is con-
sumed in the cathode, the acidity/alkalinity increases; (6) cath-
ode reduction—NO3

−, NO2
−, and high-priced metals, etc. ob-

tain electrons from the cathode; and (7) power source—MFCs
are used as a power source to drive an electrochemical system
to remove pollutants (Wu et al. 2018). At the anode of MFC,
many microorganisms can transfer electrons generated by pol-
lutant metabolism to the electrode. There are four possible ways
to transfer electrons: (1) metabolic intermediates, (2) redox me-
diators, (3) conductive nanowire, and (4) periplasmic and
membrane-bound cytochromes (He et al. 2017). Some micro-
organisms can act as electron acceptors and use electrons from
electrodes to reduce pollutants, for instance,Methanobacterium
palustre was able to accept electrons directly from the elec-
trodes and reduced dehalogenated 2-chlorophenol to pheno
(Lovley 2012), and Geobacter metallireducens could also re-
duce nitrate to nitrite with electrodes acting as the electron
donors (Shrestha and Rotaru 2014).
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In recent years, various innovative MFCs have been devel-
oped as solutions for pollutant removal and environmental
restoration, including (1) single-chamber MFC, (2) H-type
dual-chamber MFC, (3) cube dual-chamber MFC, (4) SMFC
(sediment MFC), and (5) stacking MFC (Fig. 1). In order to
systematically introduce MFC technology, the research status
of MFCs in environmental restoration was reviewed. This
study mainly introduced the latest research of MFCs in pol-
lutant removal and environmental remediation, including
wastewater treatment, soil remediation, natural water and
groundwater remediation, sludge and solid waste treatment,
and greenhouse gas emission control, as well as the applica-
tion of MFCs in environmental monitoring (Fig. 2).

Microbial fuel cells for wastewater treatment

Domestic sewage

MFCs can be used to treat domestic sewage (Table 1). By
reducing the electrode distance, the internal resistance of
MFCs can be reduced and the performance of MFCs can be
improved. When the electrode distance decreased from 4 to
2 cm, the internal resistance decreased from 161 to 77 Ω, and
the maximum power density increased by 68% (Liu et al.
2005). Influent chemical oxygen demand (COD) has little
effect on the removal rate of organic matter in domestic sew-
age but has a greater effect on electricity generation. The in-
fluent COD increased from 25 to 300 mg/L; the higher the
COD, the better the power generation effect of MFCs. When
COD was 300 mg/L, the maximum power density of 25 mW/
m2 was obtained (Rodrigo et al. 2007).

There have been attempts at the long-term use and expan-
sion of MFCs for domestic sewage treatment. For example,
after stable operation of the system for 60 days, the real do-
mestic sewage flow rate was 600 ± 100 L/day, and the removal
rates of COD, biochemical oxygen demand (BOD), and total
suspended solids were 86%, 87%, and 95%, respectively. The
removal rates of total nitrogen (TN) and total phosphorus (TP)
were 84% and 64% (Valladares Linares et al. 2019). A 1000 L
modular MFC system was constructed and operated in a mu-
nicipal sewage treatment plant for more than 1 year to deal
with the actual municipal sewage. In the study with low (av-
erage of 80 mg/L) and high (average of 250 mg/L) influent
COD, the effluent COD was maintained below 50 mg/L and
the removal rate was 70–90% (Liang et al. 2018). With the
deepening of research, MFCs are expected to be used in actual
domestic sewage treatment.

Livestock wastewater

The contents of organic matter and N in livestock wastewater
are relatively high, and they produce an odor. Research has

shown that the odor of animal wastewater is related to volatile
organic acids (Castillo-Gonzalez and Bruns 2005). In the treat-
ment of animal wastewater by MFCs, 99.76% of odor-related
chemicals were removed while power was generated (Kim
et al. 2008). With the increase of HRT, the removal rates of
COD in wine wastewater increased. The COD removal rates
at HRT 13, 14, and 20 days were 71, 73, and 83%, respectively
(Ma et al. 2016). Pretreatment improved the power generation
and comprehensive treatment efficiency of wastewater. After
sonicated and autoclaved, the wastewater generated 16% more
power (110 ± 4 mW/m2) than before treatment (96 ± 4 mW/
m2). The COD removal was increased from 88 to 92% by
stirring diluted wastewater (Min et al. 2005).

The feasibility of MFC technology in the long-term and ex-
panded treatment of swine wastewater was evaluated. Two
MFCs with a total volume of 115 L were used to treat pig
manure wastewater for more than 6 months. Graphite and stain-
less steel mesh were used as electrodes, respectively, and
achieved similar removal rates of COD and N (1.9 ± 0.3 kg/
(m3 day) and 0.35 ± 0.02 kg/(m3 day), respectively). However,
over time, the graphite electrode was broken and blocked, which
reduced the applicability of the electrode. In contrast, stainless
steel electrodes have the advantages of high efficiency, low price,
and good applicability. This type of electrode material can be
used to expand the scale of MFCs (Vilajeliu-Pons et al. 2017).

Industrial wastewater

Industrial wastewater has a complex composition and is diffi-
cult to degrade, such as dye wastewater, coal gasification
wastewater, vinasse wastewater, and food processing waste-
water. MFCs recently become popular in industrial wastewa-
ter treatment. Ottoni used a two-chamber MFC to generate
electricity and treat vinasse wastewater. The MFC resulted in
a maximum current density of 1200 mA/m2 and a power den-
sity of 800 mW/m2 within 61 days, while achieving a COD
removal rate of 60% (Ottoni et al. 2019). In addition to
bioelectrochemical effects, MFCs also are used as a power
source to degrade pollutants in wastewater. Using MFCs as
a power source, the decolorization rate of dye wastewater
reached up to 90.4% after 6 h of aeration. However, when
only aeration was conducted without applying voltage, the
decolorization rate had little effect (Zhang et al. 2015).

Removal and recovery of metal ions

Unlike organic pollutants, heavy metals are nonbiodegradable
and persistent in wastewater. The removal of metals is related
to the electrodes, hydraulic retention time (HRT), and electron
acceptors. Catalysts improve the performance of MFCs.
Compared with the 55.3 ± 1.8% removal rate of Cu(II) by
graphene oxide-modified carbon cloth, the removal rate of an
electrode modified with reduced graphene oxide increased to
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98%. This may have been due to the fact that reduced graphene
oxide provides a large adhesion area for bacteria and enhances
the electron transfer of cathode biofilms (Wu et al. 2019). In the
anode chamber, Pt was recovered from wastewater with a

content of less than 16.88 mg/L. The recovery rate of Pt was
close to 40%, and the longer the reaction time, the higher the
recovery efficiency (Liu et al. 2019d). As an electron acceptor of
MFCs, O3 improved the removal rate of metal ions. When O2

Fig. 1 Mainstream configurations of MFCs. a Single-chamber MFC (Liu and Logan 2004). b H-type dual-chamber MFC (Hassan et al. 2016). c Cube
dual-chamber MFC (Xu et al. 2019). d Sediment microbial fuel cell (Ewing et al. 2017). e Stacking MFC (Dong et al. 2015)
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was used as an electron acceptor, the removal rates of Cr and Pb
were 91.8% and 88.5%, respectively. When O3 was used as an
electron acceptor, the removal rates increased to 99.2% and
98.4%, respectively (Gholizadeh et al. 2018).

Removal of antibiotics

Due to the hydrophilicity and stable structure of antibiotics,
the traditional treatment process cannot effectively remove
antibiotics from water. However, biodegradable antibiotics
have been proven to be feasible in recent studies, and MFCs
are considered a promising method to degrade antibiotic con-
taminants (Zhang et al. 2019a). There are three main mecha-
nisms of antibiotics removal by MFCs, as follows: (1) antibi-
otics act as an electron acceptor or C source in the bio-anode;
(2) antibiotics are degraded by microorganisms in the cathode
or directly reduced by an electrochemical reaction; and (3)
antibiotics are degraded by free radicals produced by
cathode-modified materials (Yan et al. 2019).

The effect of the initial concentration of antibiotics on its
degradation rate in MFCs is interesting. Studies have shown

that the higher the concentration of antibiotics (200 ppm), the
lower the degradation rate (70%) (Wang et al. 2015b).
However, other studies reported that the degradation rate
(from 88 to 96%) increased with the increase in antibiotic
concentration (from 30 to 50 mg/L) (Wen et al. 2011). In
addition, it was reported that the performance of MFCs did
not change with the increase in the initial concentration of
antibiotics (from 80 to 450 mg/L) (Zhang et al. 2018a), which
provided a scientific basis for the treatment of high-
concentration antibiotic wastewater by MFCs. This may be
related to the different structures and properties of antibiotics
and their effects on degrading microorganisms.

Microbial fuel cells for soil remediation

Removal of hydrocarbons

MFCs can greatly promote the removal of refractory organic
matter in soil (Table 2). They have the advantages of simple
structure, low energy consumption, little damage to soil

Fig. 2 MFCs for pollution removal and environmental remediation
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structure, and little influence on microorganisms (Cao et al.
2015). Difficulties in mass transfer in contaminated soil, includ-
ing substrate bioavailability and electron transport, limit the bio-
degradation efficiency of soil MFCs. Biochar has good electrical
conductivity and is used as a sustainable electrode material in
MFCs. Three types of biochars with a mass ratio of 2% were
filled in the soil. After 223 days of operation, the removal rate of
TPHs was 17% higher than that without biochar (Li et al. 2019).
Soil properties are the determinants of hydrocarbon bioremedia-
tion. When the soil water content decreased from 33 to 28%, the
internal resistance increased by 46%, thereby resulting in a de-
crease in the hydrocarbon degradation rate (Wang et al. 2012a).

The pollutant concentration and external resistance also affect
the removal efficiency. Some studies have found that with the
increase in the hexachlorobenzene (HCB) concentration in soil,
the degradation efficiency of pollutants increased, but the remov-
al rate decreased. When the external resistance was 2000, 1000,
510, and 10 Ω, the removal rate of HCB was 57.5%, 61.18%,
62.9%, and 71.15% after 56 days, respectively (Cao et al. 2015).
Small external resistance induced a larger current in soil MFCs
and the degradation rate of HCB accelerated with the increase in
the current. This may have been due to (1) the electrons pro-
duced by electrogenic bacteria increasing the metabolic reaction
rate of anaerobic bacteria (Li et al. 2010); (2) the electric field
changing the permeability of cell membranes, thereby leading to
excessive absorption of extracellular substances and changing
the metabolism of microorganisms; and (3) the electric field
influencing some enzymes in electrogenic bacteria to promote
an organic removal reaction (Pitts et al. 2003).

Remediation of heavy metals pollution

Bioremediation of heavy metals is more difficult than that of
organic pollutants because the latter can be oxidized to CO2

and water, but heavymetals can only be converted into less toxic

forms or immobilized to reduce their bioavailability. Paddy field
soil is rich in Fe oxides. After being submerged, Fe(OH)3 acts as
an electron acceptor owing to the role of Fe-reducing bacteria,
thereby resulting in Fe and As release, an increase in the bio-
availability of As, and subsequent accumulation of As in rice,
which endangers the environment and human health. MFCs
were implanted into paddy soil, and the release of Fe and As
into soil pores was significantly reduced by using an anode as an
electron acceptor (Gustave et al. 2018).

MFCs can also drive electric remediation of toxic metal-
contaminated soil. Under the action of an electric field, metal
ions with positive charge migrate from the anode to the cathode.
After MFCs treatment, 25% and 18% of Zn and Cd in the soil
near the anode were removed, respectively (Chen et al. 2015).
Soil pH is one of the key factors affecting the distribution and
migration of metals. At low acidity/alkalinity, metals mainly
exist in the form of ions in soil pore water, and the migration
effect is greater. The increase in acidity/alkalinity leads to heavy
metal precipitation and reduces the migration of metals (Al-
Hamdan and Reddy 2008). It should be noted that the reduction
in water content hinders the migration of heavy metals. With the
decrease in soil water content, the internal resistance improves,
thereby affecting the power generation of MFCs and hindering
the migration of heavy metals (Habibul et al. 2016).

Sedimentmicrobial fuel cells for natural water
remediation

Sediment remediation

Degradation of organic matter in sediments

SMFCs consist of an anode embedded in anaerobic sediment
and a cathode suspended in an aerobic water column. The use

Table 2 MFCs for removement of different contaminants in soil

Pollutants Treatment Inoculum Initial
concentration

Removal
efficiency

Reactor type Reactor size (L) Reaction
time (days)

Ref

2,4-Dichlorophenol Anodic Bacillus
subtilis

10 mg/L 60% Dual-chamber 0.5 4 (Hassan et al. 2016)

Atrazine Anodic Soil 98.0% Dual-chamber 0.4 14 (Dominguez-Garay
and Esteve-Nunez 2018)

Hexachlorobenzene Anodic Anaerobic
sludge

40 mg/kg 71.15% Single-chamber 0.14 56 (Cao et al. 2015)

Petroleum
hydrocarbons

Anodic Soil 77 ± 2.4% Single-chamber 182 (Li et al. 2018b)

Pb Zn Anodic Soil 291.1 mg/kg
814.2 mg/kg

37.2%
15.1%

Single-chamber 1.4 100 (Song et al. 2018)

Cd Pb Anodic Lab-scale MFC 98 mg/kg
910 mg/kg

31.0%
44.1%

Dual-chamber 0.25 143
108

(Habibul et al. 2016)

Fe As Anodic Soil 65.0%
47.0%

Single-chamber 1.2 50 (Gustave et al. 2018)

Cr Anodic
Cathodic

Soil 100 mg/kg 34.3%
15.8%

Single-chamber 300 (Guan et al. 2019a)
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of SMFCs is an effective means to degrade organic pollutants
in sediments. However, low conductivity of sediments is an
important limiting factor for organic removal. Adding biochar
to the sediment improved the conductivity, and the removal
rate of TOC was about 4 times higher than that of SMFC
without biochar (Chen et al. 2016a). The combination with
aquatic plants improved the degradation efficiency of organic
matter in sediments. After 367 days of operation, the degra-
dation rates of pyrene and benzopyrene by SMFCs were
55.73 ± 5.65% and 47.20 ± 8.32%, respectively. The combi-
nation of calamus and SMFCs resulted in at least a 70% higher
degradation rate of pyrene and benzopyrene compared with
that of a single SMFC (Yan et al. 2015), which may have been
related to the complex aerobic-anaerobic environment of plant
roots (Hodge et al. 2009).

Phosphorus immobilization in sediments

SMFCs can affect the form of P in sediments. After 50 days of
treatment, metal-bound P (14 to 11%), Ca-bound P (26 to
23%), and refractory P (33 to 28%) increased, which helped
to maintain the stability of P in sediments (Martins et al. 2014).
The anode of SMFCs is embedded in anaerobic sediments, and
themechanism of controlling P in sediments may be as follows:
(1) biodegradation of organic P; (2) acting as an electron accep-
tor, which prevents the dissolution of Fe, Al, and Ca com-
pounds that adsorb P; and (3) increasing the activity of
polyphosphate organisms in sediments (Xu et al. 2018).

Nitrogen removal from sediments

N release from sediments is an important pollution source in
the overlying water of aquatic ecosystems. SMFCs are used to
reduce the N content in sediments. SMFCs transfer and trans-
form N in sediments through the following mechanisms: (1)
NH4

+ acts as an electron donor for power generation; (2)
NH4

+ is synthesized by nitrifying bacteria, which are used
by heterotrophic organisms for power generation (He et al.
2009); (3) NH4

+ in pore water is released to the overlying
water under the action of electromigration; and (4) minerali-
zation of organic N.

Heavy metal removal from sediments

SMFC can fix and remove metal ions in sediments by via
electrokinetic processes or changing the redox state of metal
ions. Under the action of electric field, the metal ions in the
sediment migrate to the overlying water. In Kabutey’s study, it
was found that the Cd content in the sediment decreased and
the Cd in the overlying water increased (Kabutey et al. 2019).
Some microbes can receive electrons from electrodes, and
they are used to remedy heavy metals through reduction
(Thrash and Coates 2008). For example, Geobacter

sulfurreducens can reduce soluble U(VI) into insoluble
U(IV) form, which is adsorbed by the electrode surface
(Abbas et al. 2017b). Cathodic aeration improved the reduc-
tion effect of metal ions in sediment. After 60 days, the aerated
SMFC reduced the maximum amount of Cr(VI) to Cr(III) ions
(80.70%) and Cu(II) to Cu(I) ions (72.72%) (Abbas et al.
2018). Temperature and pH have important effects on the
performance of SMFC. Normally, bacteria obtain the best tox-
ic metal removal effect under neutral pH. At low and high
temperature, few toxic metals are removed. Previous research
reports pointed out that bacteria can remove toxic metals to the
maximum extent at 30 to 45 °C (Abbas et al. 2017a).

Remediation of overlying water

Phosphorus removal from overlying water

At present, the main method of removing P from water is the
adsorption and precipitation of soluble P byminerals (such as Fe
hydroxide) at the sediment-water interface (Yang et al. 2016).
SMFCs form internal ion currents in water and sediment sys-
tems, such as H + and PO4

3−, which increase the P flux from the
overlying water to sediment, and are expected to be used for
eutrophication control. In one study, SMFCs reduced the TP
content in the overlying water from 0.1 to 0.01 mg/L. This
may have been due to the electromigration of phosphate (Wolf
et al. 2002), in which PO4

3− flowed downward to the interface
between the water and sediment to adsorb or deposit on the
surface of some metal (Al, Ca, and Fe) salts in the sediment.
With the increase in initial PO4

3− concentration, the migration
from overlying water to sediment improved, even though the
removal rate decreased (Xu et al. 2018).

Nitrogen removal from overlying water

In SMFCs, NO2
−-N and/or NO3

−-N is used as the electron
acceptor of the cathode, thereby reducing the contents of
NO2

−-N and NO3
−-N in the overlying water (Virdis et al.

2008). Acidity/alkalinity, electrode distance, and external re-
sistance are the key factors affecting the removal of TN in
overlying water. The removal rate of TN improves with the
increase in acidity/alkalinity and electrode distance, and de-
creases with the increase in external resistance (Sajana et al.
2014). Excessive O2 in the overlying water resulted in a sig-
nificant decrease in N removal efficiency, but the N removal
rate improved with the increase in the organic matter concen-
tration in the sediments (Zhang and Angelidaki 2012a).

Removal of heavy metals from overlying water

In the SMFC system, electrons generated by degradation of
organic substances in the sediment are transmitted to the cath-
ode through wires, and the metal ions can become terminal
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electron acceptors. Li’s research pointed out that when Cu(II)
in the overlying water was less than 3 mg/L, it was found that
Cu(II) was reduced to metallic copper at the cathode and the
power generation of SMFC was improved (Li et al. 2017).
The mechanism by which SMFC removes metals from over-
lying water is not only bioreduction but also biosorption and
bioaccumulation. InWu’s study, Hg(II) and Ag(I) in overlying
water reached removal rates of 25% and 35%, respectively,
under open-circuit conditions, which was mainly due to the
effects of biosorption and bioaccumulation (Wu et al. 2017).

Microbial fuel cells for groundwater
remediation

Refractory organic compounds

Refractory organic compounds in groundwater include aromatic
compounds and chlorinated hydrocarbons, whose existence is
mainly attributed to human pollution. Because of the lack of
electron acceptors, these substances exist in the environment
for a long time. Studies have shown that benzene is anaerobically
degraded in the anode chamber of MFCs, which provides the
possibility for MFCs to remove organic pollutants from ground-
water (Rakoczy et al. 2013). The composite anode improved the
removal rate of toluene. The performance of the composite an-
ode made of conductive coke and conductive carbon black was
better than that of a single anode, and the removal rate (88.2%) of
toluene was the highest at 1:3. This may have been due to the
large porosity of coke and the high specific surface area of car-
bon black, which were beneficial for microorganisms to adhere
to the surface of the anode (Liu et al. 2019c). Stacked MFCs
improve the removal rate of organic matter. When three MFCs
were connected in a series, the removal rate of benzene was
19.6% higher than that of a single MFC. The removal rate by
parallel MFCs was better than that of a series of MFCs. The
performance of three parallel MFCs (removal rate of 92.7%)
was much higher than that of a series of MFCs (removal rate
of 75.5%) (Chang et al. 2017).

Metal contaminants

The objective of groundwater treatment with metal contami-
nants is to change the metal ions to a state of low toxicity and/
or solubility, and then remove them by precipitation or adsorp-
tion. For example, Geobacillus can reduce soluble U(VI) to
relatively insoluble U(IV) by using organic compounds as
electron donors, thus effectively removing U from contami-
nated groundwater (Gregory and Lovley 2005). In microbial
metabolism, As(III) can be converted into less toxic As(V) by
using electrodes as direct electron acceptors (Pous et al. 2015).
Hao applied bioelectricity generated by MFC directly to a
bioelectrical reactor to promote microbial reduction of V(V)

in groundwater. V(V) acted as an electron acceptor, and V(V)
with high toxicity was reduced to V(IV), and the removal rate
of V(V) reached 93.6%. When the output voltage of MFC
improved from 200 to 700 mV, the removal efficiency of
V(V) increased with the improved of the voltage (Hao et al.
2015). The electrochemical system based onMFC power sup-
ply provides an efficient and economical method for control-
ling metal pollution in groundwater. Under the 600 mV pro-
vided by MFCs, the oxidation rate of Tl(I) reached nearly
80.5% within 4 h of operation, and Tl(I) was gradually oxi-
dized into Tl(III) that was easy to precipitate, which was more
conducive to the removal from groundwater (Tian et al. 2017).

Nonmetallic inorganic pollutants

In recent years, MFC system has made remarkable achieve-
ments in the removal of nitrate from groundwater. With ace-
tate as the electron donor of the anode chamber, groundwater
was injected into the cathode chamber of MFCs, and 64% of
NO3

−-N was removed (Pous et al. 2013). Four different vol-
umes of sand/water (0, 10, 50, and 100%) were added into two
chambers of the MFCs to simulate the working condition of
the denitrification bioreactor in an aquifer. The denitrification
time was 15, 25, 24, and 20 days, respectively. The results
showed that the reduction efficiency of NO3

−-N was related
to the sand/water ratio, and the biological community was
slightly different under different sand/water ratios, which
might have been related to the conditions of the liquid phase
circulation in the cathode chamber (Van Khanh et al. 2016).

Nitrate loading, COD, and HRT all affect the removal of
nitrate. With the increase in nitrate loading, the concentration
of NO3

−-N in effluent increases. Contrary to the effect of
nitrate loading, the NO3

−-N content in wastewater is reduced
with the increase in COD concentration. When the HRT is
longer, the bacteria have enough time to denitrify. With the
gradual shortening of the HRT, the nitrate removal rate in
groundwater decreases owing to the lack of denitrification
time (Liu et al. 2016).

Microbial fuel cells for sludge and solid waste
treatment

Sludge treatment

Sludge treatment and disposal have become difficult and expen-
sive problems. MFC provides a promising method for sludge
treatment. MFC improves the degradation efficiency of organic
matter in sludge, mainly because the electric field generated by
MFC has an impact on microbial community. On the one hand,
electric field can change the permeability of cell membrane,
leading to excessive absorption of extracellular material, and
then change the metabolism of microorganisms. On the other
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hand, the electric field acts on some enzymes in the bacteria to
promote the removal of organic compounds (Xin et al. 2019).
The degradation of 2,4-dichlorophenoxyacetic acidwere studied
by electro biological coupling system, and it was found that the
electron transfer was controlled by the surface diffusion, while
the electric field can provide more electrons and accelerate the
electron transfer rate, which is conducive to the degradation of
pollutants by microorganisms (Zhang et al. 2013).

Electrode distance, water content, and temperature all affect
the degradation of organic matter in dewatered sludge. Adding
the distance between the electrodes leads to a longer time for
protons to transfer from the anode to the cathode, which im-
proves the internal resistance of MFCs and reduces the degrada-
tion rate of organic matter. The internal resistance can be reduced
by decreasing the electrode spacing. However, in single-chamber
MFCs, electrode distances that are too short allow O2 from the
cathode to more easily diffuse to the anode, which is detrimental
to the performance of MFCs. Low water content of dewatered
sludge reduces the microbial activity and proton transfer rate
(Wang et al. 2015a). Ideal humidity allows bacteria to more
easily consume organicmatter and is conducive to the hydrolysis
of organic compounds (Liang et al. 2003). The increase in tem-
perature contributes to the diffusion of organic matter from
dewatered sludge to electrogenic bacteria, and also promotes
the growth rate of bacteria and the rate of biochemical reactions
in cells (Larrosa-Guerrero et al. 2010). However, excessive tem-
perature damages the protein and nucleic acid in cells, thereby
resulting in cell death (Liu et al. 2005).

Solid waste treatment

Low-value organic matter in municipal solid waste is a poten-
tial source of electronic donors for MFCs. Different combina-
tions of solid wastes have an effect on organic matter removal
and power generation. The highest COD removal rate (78%)
and the highest Coulomb efficiency (24%) were observed
when food wastes, cardboard wastes, and garden wastes were
mixed at a ratio of 1:1:1. This may have been related to the
influence of different types and proportions of solid wastes on
the diversity of microorganisms in the anode (Pendyala et al.
2016). The research showed that there was a linear relation-
ship between temperature and the maximum power generation
of MFCs, which may have been related to the decrease in
internal resistance with the increase in temperature. The effect
of temperature on the removal of organic matter is relatively
small. With the temperature increased from 20 to 35 °C, the
removal efficiency of COD increased slightly from 45.7 to
52.8%, respectively (Karluvah et al. 2015). As the temperature
decreased from 30 to 20 °C, the removal rate of COD only
decreased from 87 to 85%, respectively (Feng et al. 2008).

Landfilling is the main form of solid waste management.
Landfill leachate is the liquid emitted from landfill systems.
The organic load of leachate is relatively high and difficult to

treat. MFCs were used to treat landfill leachate without addi-
tional energy input. After 52 days of operation, the removal
rates of BOD, TOC, and NH4

+-N reached 74%, 27%, and
25%, respectively (Damiano et al. 2014).

Microbial fuel cell control of gas emissions

Paddy fields and wetlands are the main sources of CH4 emis-
sions. MFCs are used to control CH4 emissions because the
electrogenic bacteria on the anode compete with methanogens
for organic substrates, thereby reducing CH4 production
(Arends et al. 2014). The application of MFCs reduced the
emissions by 17.9–36.9% for CH4, 7.2–38.7% for N2O, and
5.9–32.4% for CO2 from constructed wetlands (CWs). With
the increase in external resistance (over 500 Ω), the CH4 and
N2O emissions of the CW-MFC increased significantly, while
the CO2 emissions decreased. With the increase in organic
load, the emissions of CO2 and CH4 increased and the emis-
sions of N2O decreased, which may have been related to the
effect of organic load on microbial nitrification and denitrifi-
cation (Wang et al. 2019).

Biochar has the characteristics of good stability, high po-
rosity, and large surface area. There are very different research
results on the effect of biochar on CH4 emissions in paddy
fields, as follows: (1) incorporating biochar into paddy fields
reduced the CH4 emissions in the rice growth cycle; (2)
adding biochar had no effect on CH4 emissions (Xie et al.
2013); and (3) adding biochar increased CH4 emissions in
paddy fields (Zhang et al. 2012). However, biochar as the
anode of MFCs seems to reduce CH4 emissions from rice
paddies. Studies have shown that the CH4 emissions of bio-
char anodes are 39% lower than those of carbon felt anodes
(Khudzari et al. 2019).

Microbial fuel cells for environmental
monitoring

In recent years, with the gradual development ofMFCs in chem-
istry, electrochemistry, and microorganisms, they have been
widely used in the field of environmental monitoring. MFCs
are used as energy supply devices to provide the required power
for remote sensors, and are also used as self-powered biosensors
to detect environmental pollutants (Huang et al. 2011).

Because of the sustainability of power generation, MFCs are
used as a long-term alternative power supply for remote moni-
toring sensors in remote areas. As a power supply for sensors,
MFCs need sufficient power output and stable potential. The use
of supercapacitors and DC/DC converters contribute to solve
these two problems (Donovan et al. 2011). Through a power
management system, MFCs operate sensors and integrate a te-
lemetry system to transmit remote signals wirelessly (Kim et al.
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2007). Under natural conditions, there are several factors that
affect the power and potential output of MFCs, such as temper-
ature, acidity/basicity (Raghavulu et al. 2009), the presence of
toxic substances and inhibitors.With the increase in temperature,
the resistivity of the solution decreases andmicrobialmetabolism
and membrane permeability are enhanced, which improves the
power output ofMFCs. However, somemicroorganisms achieve
optimal performance at low temperatures, which contributes to
the application ofMFC-driven sensors in cold regions (Vazquez-
Larios et al. 2010). The acidity/alkalinity affects the activity of
microorganisms. Most MFCs operate best under neutral condi-
tions (Oliveira et al. 2013).

When MFCs are used as self-powered sensors for in situ
online environmental monitoring, they can monitor a variety
of pollutants, including BOD, heavy metals (Hg, Pb, Cr),
bentazon, formaldehyde, DO, and p-nitrophenol (Table 3).
MFCs use electroactive microorganisms as probes, and the
existence or change in the target analyte level affects the elec-
tron transfer process of microorganisms, thereby generating
electrical signals. By focusing on the changes in battery output
under different environmental conditions, the purpose of pol-
lutant monitoring can be achieved (Abrevaya et al. 2015).
MFC sensors provide a potential alternative method for mon-
itoring pollutants, but also face several challenges. These in-
clude limited selectivity, low recognition limit, and high po-
tential contamination of other strains. Further research is re-
quired to determine how to eliminate the above challenges and
improve the application ability of MFC-based biosensors
(ElMekawy et al. 2018).

Integration of microbial fuel cells with other
technologies

Integration with anaerobic digestion

Anaerobic digestion technology has been widely used in or-
ganic waste treatment and energy recovery. Anaerobic diges-
tion is suitable for the treatment of high contents of organic

matter above 30 °C, but at low concentrations of substrate and
low temperatures, the effect is not adequate. MFCs have good
performance under low COD and low temperature (10–
20 °C), which allows the integration of MFCs and anaerobic
digestion to have greater pollutant removal efficiency (Pham
et al. 2006).

An upflow anaerobic sludge bed reactor-microbial fuel
cell-biological aerated filter (UASB-MFC-BAF) system was
developed to treat high-concentration molasses wastewater.
The removal rates of COD, sulfate, and chroma were 53.2%,
52.7%, and 41.1%, respectively. In this system, the up-flow
anaerobic sludge bed (UASB) reactor was mainly responsible
for removing COD and reducing sulfate, while the MFC unit
produced electricity by oxidizing sulfide to elemental S
(Zhang et al. 2009). Embedding MFCs in an anaerobic-
anoxic-oxic (A2/O) process is conducive to solving the prob-
lem of substrate competition and high energy consumption in
the A2/O process. An anaerobic tank was used as the anode
chamber of the MFC, while an anoxic cell was used as the
cathode chamber. TheMFC-A2/O reactor generated electricity
continuously. Compared with the control, the removal effi-
ciencies of COD, TN, and TP increased by 15.9%, 9.3%,
and 1.4%, respectively (Xie et al. 2014). An anaerobic fluid-
ized bed reactor (AFB) was used as the anode chamber of the
MFC (Fig. 3). A combined system of AFB and MFC was
designed. After stable operation, the COD removal rate of
alcohol wastewater was 80–90%. Moreover, a longer HRT
resulted in a higher COD removal rate (Huang et al. 2011).

Integration with ecological treatment technologies

The rhizosphere of plants can release O2 and organic matter.
The large surface area of plant roots and the complex aerobic-
anaerobic environment are conducive to the growth and at-
tachment of microorganisms (Hodge et al. 2009). A plant-
SMFC systemwas constructed by combining Acorus calamus
and a SMFC. Within 367 days, the degradation rate of pyrene
and benzopyrene in shallow lake sediments was at least 70%
higher than that of a single SMFC (Yan et al. 2015). Plants

Table 3 MFC sensors for organic matter and toxicity monitoring

Parameter measured Inoculum Reactor type Voltage or current Detection range
(mg L−1)

Ref

BOD5 Anaerobic sludge Dual-chamber 0.26–0.90 mA 32–1280 (Ayyaru and Dharmalingam 2014)

Oxygen dissolved Domestic wastewater Single-chamber 5.6–462 mA m−2 0–8.8 (Zhang and Angelidaki 2012b)

Hg, Pb Activated sludge Dual-chamber 0.026–0.040 mA 1–10 (Kim et al. 2007)

Cr Ochrobactrum anthropic YC152 Dual-chamber 81–258 mV 0.0125–5 (Wang et al. 2016)

Bentazon The effluent of MFC Dual-chamber 0.9–1.4 mA 1–3 (Stein et al. 2012)

p-Nitrophenol Pseudomonas monteilii LZU-3 Dual-chamber 115–150 mV 50–200 (Chen et al. 2016b)

Formaldehyde The effluent of MFC Dual-chamber 0.22–0.5 mA 5–100 (Jiang et al. 2017)
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also absorbed heavy metals. A Plant-SMFC including
Pennisetum removed 35% of Cr from soil, of which 95%
was absorbed by plants; the contents of Cr in roots and stems
were the highest at 44.7% and 37.9%, respectively (Guan et al.
2019a). PMFCs are widely used in wastewater treatment (Fig.
3). A duckweed-MFC reactor achieved a 71% removal rate of

B from wastewater. The COD, NH4
+-N, and PO4

3− removal
rates were 84%, 81%, and 76%, respectively (Turker 2018).

The constructed wetland (CW) system is a wastewater
treatment technology that effectively removes many pollut-
ants. MFCs can utilize the natural redox gradient in CWs.
Combining MFCs with CWs improves the efficiency of

Fig. 3 Integration of MFCs with other technologies. a AFB-MFC (Huang et al. 2011). b PMFC (Guan et al. 2019b). c CW-MFC (Liu et al. 2019b). d
PAMFC (Gouveia et al. 2014). e MFC-MBR (Wang et al. 2018)
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wastewater treatment and obtains additional energy output
(Hartl et al. 2019). Temperature is the key factor for pollutant
removal. The COD of CW-MFC effluent in summer was low-
er than that in winter because the microbial activity was higher
in summer. Up-flow microbial fuel cell-coupled constructed
wetland (UCW-MFC) was used to treat high-concentration
pharmaceutical wastewater. It was found that closed-circuit
operation was more effective than open-circuit operation.
Compared with those in open-circuit mode, the removal rates
of ibuprofen and bisphenol A increased by 9.3% and 18%,
respectively, and when the HRTwas decreased from 16 to 4 h,
the removal rates decreased by 14.6% and 23.7%, respectively
(Liu et al. 2019b). DO in the cathode area is of great signifi-
cance to the removal of organic matter and N in CW-MFCs.
With the increase in DO concentration from 1.0 to 2.0 mg/L,
the average removal rate of COD increased from 76.54 to
87.00%, respectively. However, when the DO concentration
was 1.5 mg/L, the average removal rate of TN was the highest
(84.40%), which was 13.75%, 2.62%, 6.32%, and 9.68%
higher than that of 1.0, 2.0, 2.5, and 3.0 mg/L, respectively
(Liu et al. 2019a).

Algae can absorb CO2 and release O2 through photosyn-
thesis. Algae were introduced into the cathode of a MFC to
form a photosynthetic algae microbial fuel cell (Fig. 3).
Meanwhile, the power generation and wastewater treatment
capacity of MFCs were improved. By fixing Chlorella in the
cathode, a new type of microbial C capture battery was con-
structed, which achieved zero CO2 emissions and an 84.8%
COD removal rate in wastewater treatment (Lakaniemi et al.
2012). A MFC with a Chlorella-modified cathode was con-
structed to treat livestock wastewater. Compared with those of
a MFC without Chlorella modification, the removal rates of
NH4

+-N, TN, and TOC in the anode chamber were increased
by 3.0%, 25.4%, and 7.7%, respectively. The removal rate of
NH4

+-N in the cathode chamber (68.7%) was also much
higher than that in the MFC (47.5%). This indicated that algae
could improve the performance of MFCs in wastewater treat-
ment (Zhang et al. 2019b). Light affects the performance of
algal MFCs. Under high light intensity, photosynthetic activ-
ity in the cathode improved, the MFC output voltage in-
creased, and the consumption rate of organic matter in the
anode chamber increased (Gouveia et al. 2014).

Integration with membrane bioreactor

A membrane bioreactor (MBR) is a wastewater treatment tech-
nology that combines the activated sludge process and mem-
brane filtration technology (Meng et al. 2017) and achieves high
pollutant removal efficiency and complete biomass retention.
However, during the operation of MBRs, suspended particles
(microorganisms and cell debris), colloids, solutes, and sludge
flocs are deposited on the membrane surface and/or in the mem-
brane pore, thereby resulting in the blockage of membrane pores

and a decrease in membrane flux (Meng et al. 2009). Studies
have shown that additional weak current fields effectively con-
trol membrane fouling (Akamatsu et al. 2010), which provides a
possibility for the combination ofMFCs andMBRs (Fig. 3). The
electric field generated byMFC can change the characteristics of
sludge, reduce core foulants, and improve the activity of micro-
organisms. It can also change the composition of bacteria species
and increase the particle size of flocs. It can improve the perfor-
mance of sludge flocs by accelerating the growth of filamentous
bacteria, thus slowing downmembrane pollution and prolonging
the filtration period. The main fouling on the membrane surface
consists of negatively charged sludge flocs, microorganisms, and
their metabolites. Under the bioelectric field, the fouling moves
away from the membrane surface and reduces the fouling adhe-
sion rate. Therefore,MFC-MBR coupling system can effectively
control membrane fouling (Liu et al. 2018).

Influent load is a key factor affecting the control of mem-
brane fouling in MBRs by MFCs. At the low load stage,
MFCs play a negative role, while at the high load stage, the
electric field generated by MFCs contributes to reduce mem-
brane fouling (Wang et al. 2018). The initial concentration of
mixed liquid suspended solids (MLSS) has a serious impact
on the power generation and membrane fouling of MFC-
MBR systems. With the increase in the MLSS concentration,
the rate of membrane fouling improves. With the decrease in
the MLSS concentration and the increase in DO, power gen-
eration increases. The combined MFC-MBR system not only
reduces the MBR membrane fouling but also improves the
wastewater treatment effect (Su et al. 2013). The MBR aera-
tion tank was directly used as the MFC cathode chamber,
which was conducive to the better utilization of O2 and the
improvement in effluent quality. At the same time, it was
expected that the energy consumption of the MBR process
would be offset by MFC power generation to achieve more
sustainable wastewater treatment (Wang et al. 2012b).

Integration with Fenton reaction

The Fenton reaction was first discovered by Fenton in 1894.
Hydroxyl radicals produced by the reaction of H2O2 with Fe2+

are highly oxidative and have good removal effect on refractory
organic pollutants in wastewater. In the past few years, Fenton
reaction has been used in wastewater treatment. However, the
traditional Fenton process is still costly, energy-intensive, and
requires additional unstable reagents (Li et al. 2018a).

The protons and electrons generated by the MFC anode
chamber enter the cathode chamber through the membrane
and external circuit, and then they can react with O2 to form
H2O2 in the cathode chamber, which makes it possible to
combine MFC with Fenton reaction. MFC and Fenton reac-
tion constitute a bio-electro-Fenton system, which has the fol-
lowing advantages: (1) no need for external electric energy
input; (2) refractory organic pollutants can be removed in
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the cathode chamber; (3) biodegradable organic matter can be
removed in the anode chamber. Fe2+ needed for Fenton reac-
tion can be supplied by composite cathode, which can reduce
the excessive addition of metal and the content of impurities in
water (Kahoush et al. 2018). Some methods are needed to
make more iron loaded on the cathode surface to improve
the sustained release capacity of iron ions. For example, after
oxidizing carbon felt with nitric acid, the highest iron load
reached 11.02% (Ling et al. 2016). MFC can also be used to
power the electro-Fenton system, which will save energy con-
sumption and operating costs. However, the low-voltage out-
put of MFC is a key limitation of large-scale operation.

Current limitations and future outlook

There are still many challenges to overcome beforeMFCs can be
applied to the real environment. There are few studies on the
long-term operation of MFCs. The execution time of MFCs for
pollutants removal is usually short. Improving long-term opera-
tion stability is the key to the full field application of MFCs. In
addition, most of the current research on MFCs is at the labora-
tory scale, and the actual application needs to be expanded. One
way to achieve this is to enlarge the size of a single MFC, which
will lead to the improvement in reactor internal resistance; an-
other method is to use a stacking system to increase the total
reactor volume, which will lead to complex interactions between
stacking units. It is easy to cause additional losses owing to
voltage reversal. Cost issues also need to be considered; for
example, Pt or graphene-modified electrodes improve the per-
formance of MFCs, but their prices are relatively high. In dual-
chamber MFCs, the use of ion-exchange membranes increases
the cost of MFCs. Cost reduction is an important condition for
the practical application of MFCs.

In order to promote the sustainable development of MFCs
in environmental remediation and pollutant treatment, future
research should focus on the following issues: (1) electro-
chemically active microorganisms play an important role in
MFCs. Therefore, it is necessary to further understand the
metabolic mechanism and electron transfer mechanism in or-
der to improve the capacity of MFCs for pollutant treatment
and power generation. (2) In order to improve the long-term
operation performance and reduce the cost of MFCs, it is
necessary to study materials and develop sustainable, low-
cost, and high-performance electrodes, catalysts, and separa-
tor materials. (3) Combining MFCs with other technologies
can improve the application of pollutant treatment.
Combination technologies will compensate for the shortcom-
ings of single technologies, and have broad application pros-
pects. More efforts should be made to improve the perfor-
mance of composite technologies. (4) The research on energy
harvesting system needs to be further strengthened, which is
the key to the practical application of MFC. The system needs

to convert the weak energy storage generated by MFC into
intermittent driving load and have appropriate stable output.

Conclusion

This review summarized the application of MFC technology
to wastewater treatment, soil remediation, natural water and
groundwater remediation, sludge treatment, gas emission con-
trol, and environmental monitoring. Clearly, research on
MFCs in the field of pollution control and environmental re-
mediation is progressing, but there are still some challenges,
including less long-term research, high cost, and small scale. It
should be noted that although these problems exist, MFCs still
provide a promising method for pollutant treatment and envi-
ronmental remediation.
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