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ABSTRACT
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Monoaromatic compounds (MACs) are typical refractory organic pollutants which are existing widely in various
environments. Biodegradation strategies are benign while the key issue is the sustainable supply of electron
acceptors/donors. Bioelectrochemical system (BES) shows great potential in this field for providing continuous
electrons for MACs degradation. Phenol and BTEX (Benzene, Toluene, Ethylbenzene and Xylenes) can utilize
anode to enhance oxidative degradation, while chlorophenols, nitrobenzene and antibiotic chloramphenicol
(CAP) can be efficiently reduced to less-toxic products by the cathode. However, there still have several aspects
need to be improved including the scale, electricity output and MACs degradation efficiency of BES. This review
provides a comprehensive summary on the BES degradation of MACs, and discusses the advantages, future
challenges and perspectives for BES development. Instead of traditional expensive dual-chamber configurations
for MACs degradation, new single-chamber membrane-less reactors are cost-effective and the hydrogen generated from cathodes may promote the anode degradation. Electrode materials are the key to improve BES performance, approaches to increase the biofilm enrichment and conductivity of materials have been discussed,
including surface modification as well as composition of carbon and metal-based materials. Besides, the development and introduction of functional microbes and redox mediators, participation of sulfur/hydrogen cycling may further enhance the BES versatility. Some critical parameters, such as the applied voltage and conductivity, can also affect the BES performance, which shouldn’t be overlooked. Moreover, sequential cathodeanode cascaded mode is a promising strategy for MACs complete mineralization.

Keywords:
Monoaromatic compounds (MACs)
Bioelectrochemical system (BES)
Degradation mechanisms
Electrode materials
Sulfur/hydrogen cycling

Abbreviations: BES, Bioelectrochemical system; MFC, Microbial fuel cell; MEC, Microbial electrolysis cell; MACs, Monoaromatic compounds; PACs, Polycyclic
aromatic compounds; BTEX, Benzene, Toluene, Ethylbenzene and Xylenes; CAP, Chloramphenicol
⁎
Corresponding author at. School of Environmental Science and Engineering, Tianjin University, No.135 Yaguan Road, Jinnan District, Tianjin, 300350, China.
E-mail address: yingxinzhao@tju.edu.cn (Y. Zhao).
https://doi.org/10.1016/j.jhazmat.2020.122892
Received 28 February 2020; Received in revised form 19 April 2020; Accepted 5 May 2020
Available online 18 May 2020
0304-3894/ © 2020 Elsevier B.V. All rights reserved.

Journal of Hazardous Materials 398 (2020) 122892

K. Yang, et al.

1. Introduction
Monoaromatic compounds (MACs) are a large group of compounds
characterized by a structure composed of a single benzene ring
(Farhadian et al., 2008a; Farhadian et al., 2008b). As refractory compounds, MACs exist mainly as a result of incomplete combustion of
organic matters, or incomplete degradation of polycyclic aromatic
compounds (PACs), and need to be eventually broken off and mineralized (Mazzeoet al., 2010; Morasch et al., 2011). Phenol, BTEX (Benzene, Toluene, Ethylbenzene and Xylenes), nitrobenzene and chlorophenols are representative MACs, which exist widely in water
(Lhotsky et al., 2017; Pous et al., 2018), sediment (Fan et al., 2017a)
and soil (Wu et al., 2018b). Bioremediation technology is considered as
an environmentally friendly and economical way to deal with MACs
pollution (Giovanella et al., 2020; Jadeja et al., 2019; Liu et al., 2019).
However, electron acceptors or donors need to be supplied for efficient
MACs biodegradation. Phenol and BTEX are more dependent on electron acceptors, such as oxygen and nitrate, for ring-cleavage reaction
compared with ring-less organics (Daghio et al., 2017). Chlorophenols,
nitrobenzene and antibiotic chloramphenicol (CAP) oppositely need
electron donors, such as acetate or hydrogen, to be reduced to phenol,
aniline and inactive product, thus decreasing their toxicity (Table 1).
(Fig. 1) shows the distribution of MACs in environment. The electron
acceptors with higher redox potential are consumed close to the surface. Due to the limitation of oxygen, and the absence of relevant
electron acceptors and donors for microorganisms to play functional
roles, bioremediation has some obstacles and difficulties in in-situ degradation of MACs (Marone et al., 2016; Nguyen et al., 2019; Wang
et al., 2015).
Bioelectrochemical system (BES) is an emerging technology that can
provide continuous electrons to enhance the biological oxidation and
reduction efficiency of MACs, overcoming the critical limitations of insitu bioremediation approaches (Liang et al., 2019b; Lu et al., 2014;
Shen et al., 2014; Wang et al., 2012). The BES anode can be served as
electron acceptors to accelerate the mineralization rate of phenol and
BTEX. While for highly toxic MACs containing chlorine or nitro group,
the current or hydrogen generated by the cathode can be used as highly
efficient electron donors to stimulate the dechlorination or nitro reduction process. Comparing with purely biological or electrochemical
system, BES offers the following main advantages: ⅰ) BES can improve
the degradation rate and efficiency of MACs; ⅱ) BES requires lower
carbon or energy consumption, plus can generate electricity simultaneously; ⅲ) BES has stronger pollutant conversion selectivity (Fan
et al., 2017b; Reimers et al., 2001; Zhang et al., 2019b; Zhou et al.,
2020). BES has great potential in the remediation of groundwater, sediment and soil contaminated by MACs. The development of novel

Fig. 1. MACs’ distribution in environment. Aerobic biodegradation happens in
the oxic zone (surface of groundwater). Deeper in the water or sediment or soil,
redox potential decreases, anoxic and anaerobic biodegradations happen,
which are slower. (Drawn with modifications after (Daghio et al., 2017)).

configurations, such as bioelectric wells and hollow-type reactors
(Huang et al., 2011a; Palma et al., 2018a), allowing BES to utilize the
existing groundwater wells or the soil texture to effectively achieve the
MACs bioremediation process. Based on supplying power or not, BES
can be divided into two types: ⅰ) Microbial Fuel Cell (MFC), more focusing on electricity generation (Logan, 2009; Logan et al., 2006), and
ⅱ) Microbial Electrolysis Cell (MEC), paying more attention to the degradation and conversion of pollutants as well as hydrogen recovery
(Luo et al., 2014; Rozendal et al., 2006b).
Previous review articles have discussed the BES applied for the
degradation of PACs, oil, VOCs (Volatile Organic Compounds) and
other substances (Cecconet et al., 2018; Kronenberg et al., 2017; Yan
et al., 2019; Zhang et al., 2018). However, to the best of our knowledge,
few reviews have referred to the application of BES in MACs degradation, a field of greater value and potential. Compared to PACs, MACs
with only single ring, are more conducive to be oxidized and reduced,
therefore, the MACs degradation rate, electricity recovery efficiency
and the reactor size in BES are more likely to be increased (Daghio
et al., 2018; Friman et al., 2013). In addition, MACs are more representative in organic pollutants. In contrast with PACs, the ringcleavage and functional group degradation mechanisms of MACs are
more easily studied and analyzed due to their simple structure. Since
the degradation of aromatic compounds by BES is mainly related to the
type of functional groups rather than the number of benzene rings,
understanding the degradation mechanisms and pathways of MACs can
be the basis for us to further study those of PACs. In this critical review,
the BES applications in MACs degradation in water, sediment and soil
are comprehensively summarized. Phenol and BTEX, oxidized by
anode, and nitrobenzene, CAP and chlorophenols, reduced by cathode
will be chosen as representative MACs to be reviewed. This paper includes: ⅰ) mechanisms; ⅱ) configurations; ⅲ) anodic oxidative

Table 1
Characteristics of the representative MACs.
Name

Structural formula

Functional group type

Degradation type

Desired electron type

Phenol

Hydroxyl group

Ring-cleavage and oxidative reaction

Electron acceptors (anode, O2, NO3-, Fe3+, etc.)

BTEX

Methyl group; Ethyl group

Ring-cleavage and oxidative reaction

Electron acceptors (anode, O2, NO3-, Fe3+, etc.)

Chlorophenol

Hydroxyl group and chlorine group

Dechlorination reaction

Electron donors (cathode, glucose, H2, etc.)

Nitrobenzene

Nitro group

Nitro reduction

Electron donors (cathode, glucose, H2, etc.)

CAP

Nitro group and chlorine group

Nitro reduction and dechlorination

Electron donors (cathode, glucose, H2, etc.)
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Fig. 2. Mechanisms of BES for MACs oxidative degradation (A) and reductive degradation (B).

degradation; ⅳ) cathodic reductive degradation; ⅴ) critical parameters;
ⅵ) advantages and challenges of BES for MACs degradation. The future
challenges and perspectives have also been mentioned in each part
aiming to provide guidance and idea for future researches focusing on
improving the MACs degradation efficiency and power density in BES.

acids are usually the initial metabolites during this process, formed
under the mediation of carboxylase (Hedbavna et al., 2016; Lin et al.,
2014). Generally, phenol produces hydroxybenzoic acid (HBA); benzene, toluene and ethylbenzene convert into benzoic acid (BA); and
xylene generates 3-methylbenzoic acid (Fig. 2A). Among these substances, the carboxylation process of benzene is more difficult to occur.
It may directly generate BA via carboxylation, or it may be first methylated or hydroxylated to toluene or phenol, and then further converted to BA indirectly. Further, the benzoic acids will undergo ringcleavage reactions to small molecule acids anaerobically and the electroactive microbes will further convert small acids to CO2 and electrons
(Fig. 2A). The presence of electroactive microbes, not only can prevent
the accumulation of intermediate products which may hinder the biodegradation process, but also can improve the system’s extracellular
electron transfer efficiency, which can increase the transformation rate
of MACs. It should be noted that these two types of microbes aren’t
totally independent of each other, while some pure strains may contain
both electroactivity and degradation activity.
The second part is using cathode as an electron donor to reduce
MACs, such as chlorophenols, nitrobenzene and antibiotic CAP. The
degradation pathway of this process is mainly dechlorination and nitro
reduction reactions: chlorophenols to phenol, nitrobenzene to aniline,
antibiotic CAP to inactive antibacterial product (Fig. 2B) (Fig. 6).
During this process, the toxicity of these MACs can be largely reduced
(Lin et al., 2019; Wang et al., 2011; Wu et al., 2018a). The degradation
process can be realized under both abiotic cathode and biocathode
conditions. Under abiotic cathode condition, electrons directly attack

2. Mechanisms of BES for MACs degradation
Typical BES consists of anode, cathode, a closed circuit, plus functional microorganisms (Hou et al., 2019; Logan, 2010; Miran et al.,
2018; Wang et al., 2020). In BES, MACs can either be oxidized by anodes or reduced by cathodes (Fig. 2). Catalyzed by microbes, electrons
from organic compounds can be released to the anode, flowing through
the external circuit, and finally combined with electron acceptors in
cathode zones (Guan et al., 2019; Kaur et al., 2019; Lu and Li, 2012). In
BES degrading MACs, biofilm developed on electrodes not only contains
electroactive microbes, but also has fermentative microbes, and methanogens, proving that the bioelectrodegradation of MACs is of multiple mechanisms.
Since the oxidation and reduction of MACs by BES are two different
reactions, the mechanisms will be divided into two parts. The first part
is the BES bioanode acting as an electron acceptor for the oxidation of
MACs, such as phenol and BTEX. This biodegradation process is mainly
completed by the degradative and electroactive microbes. The degradative microbes are mainly used to achieve the initial ring-cleavage
process of phenol and BTEX, while the electroactive microbes mainly
play a role in the subsequent degradation of intermediates. Benzoic
3
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the pollutants to finish the dechlorination or nitro reduction process.
While under biocathode condition, the functional microbes facilitated
the reduction process of MACs with the stimulation of electron donors
in BES. With biocatalyst, the efficiency and selectivity of the reduction
reactions in the biocathode can be improved.
Besides, since the electrodes used in BES are mostly porous materials, they will also have a certain sorption effect on the contaminants
(Fig. 2). Existing tests have proven that the small amount of pollutants
adsorbed on the electrode will be further degraded by the action of the
biological electrode immediately (Rabaey and Keller, 2008; Zhang
et al., 2010). In addition to the sorption process, the diffusion process of
MACs from the environment to the electrode is also worthy of attention.
The higher mass transfer capability can enhance the process of replenishing MACs from the farther area to the vicinity of the electrode,
which can not only increase the MACs degradation efficiency, but also
expand the influence radius of the biological electrodes. The diffusion
and sorption processes of MACs are affected by various factors, such as
conductivity, current density, electrode materials and configurations,
and shouldn’t be overlooked in real applications.
In addition, it is worth to mention that if other electron acceptors
such as sulfate or nitrate participate in the reaction, the mechanisms of
BES degrading MACs will be changed. Also, there are still many factors,
such as redox mediators, sulfur and hydrogen cycling as well as some
critical parameters, that will affect the mechanisms, which will be
discussed in the following sections.

problem, where the anode and cathode zones are coordinated but relatively independent (Fig. 3B). When applying this configuration to
treat nitrobenzene, nitrobenzene can be reduced to aniline at the
cathode zone, and won’t be oxidized back at the anode zone, realizing
to decrease its toxicity. As for MFC, the cathode needs to contact with
air to complete the oxygen reduction reaction (Bond et al., 2002;
Williams et al., 2010). Hollow-type MFC reactor will be a good option,
which has already shown great potential in soil remediation of MACs
(Fig. 3C) (Huang et al., 2011a). In summary, with the birth of low-cost
and simple configurations, the degradation of MACs by BES will potentially come into practical application.
4. Anodic oxidative degradation of MACs
The bioelectrochemical anode, mediated by microbes, was initially
applied to degrade domestic wastewater and simultaneously recover
energy from it (Logan et al., 2006). Recently, due to the synergistic
reinforcement of biology and electricity, the bioanode in BES has been
tried to enhance the degradation efficiency of industrial wastewater and
petroleum. Researches on BES degrading phenol and BTEX have been
widely studied (Table 2). The application and effects of different materials, microorganisms and operational conditions will be used as
classification basis to review the performance of BES on the anodic
oxidative degradation of MACs.
4.1. Biological anode

3. Configurations of BES for MACs degradation

The performance of the BES treating MACs will be directly affected
by the bioanode used, including the property of the material, as well as
the culture and acclimatization way of the microorganisms (Enzmann
et al., 2019; Feng and Song, 2016; Kalathil et al., 2013; Yuan et al.,
2019). In the whole field of BES, lots of materials and microorganisms
have proven to be feasible and many measurements have been proposed to improve and optimize the function of bioanodes (Tao et al.,
2016; Yuan et al., 2013; Yuan et al., 2011).
The effective anode materials will be first discussed. A good anode
material should possess the following characteristics: ⅰ) high specific
surface area and biocompatibility to enrich more functional microbes;
ⅱ) high electrical conductivity to transfer electrons as quickly as possible to speed up the reaction. Moreover, stable chemical and physical
structure as well as low cost should also be a good anode’s characteristics. In this case, carbon-based electrodes stand out as the most popular electrode materials for BES degrading MACs due to the advantages
of large specific surface area and good biocompatibility (Werner et al.,
2015). Granular graphite, graphite fibers, graphite rods, carbon cloth,
carbon paper have all been applied in BES for MACs degradation
(Borsje et al., 2016; Zhang et al., 2017) (Table 2). Due to the differences
in other conditions, it is difficult to compare the performance of different carbon-based electrodes while they all show satisfactory performances (Table 2). The electricity generation and removal capacity of
BES using carbon brush and graphite felt is slightly better than that
using carbon paper and graphite rod. It’s probably because that the
carbon brush and graphite felt have higher specific surface area, which
contributes to higher sorption capability and biological loading. Besides
carbon-based materials, some metal-based materials such as stainless
steel plate and transition metals (Baudler et al., 2015; Lin et al., 2013;
Ma et al., 2017; Morris and Jin, 2008, 2012) have also shown good
effect in BES degrading MACs because of their active surfaces and
higher conductivity (Burkitt et al., 2016).
In addition to the basic materials described above, many modification methods have also been applied to further improve the electrode performance. On one hand, polymeric materials such as chitosan
or polypyrrole can be modified on the electrode to enhance the biofilm
adsorption and electron transfer (Liu et al., 2011). On the other hand,
carbon materials can combine with metal materials to synthesize their
respective advantages to form composite materials with both better

In recent decades, double-chamber configuration is the most typical
configuration in BES degrading MACs, which consists of an anode
chamber and a cathode chamber separated by an ion exchange membrane (IEM). The shape of the two-compartment BES systems includes
H-type BES, U-type BES, cubic BES, tubular BES, et al (Freguia et al.,
2008; He et al., 2005, 2006; Min et al., 2005a, 2005b; Ringeisen et al.,
2006). Du et al. (2007) has reviewed these configurations in detail, so
this part won’t be illustrated in this paper. Due to the complicated
configurations, most of these reactors are laboratory-scale and difficult
to scale-up (Cui et al., 2014; Wang et al., 2012). Besides, the existence
of IEM increases the capital cost of the reactors and affects the mass
transfer of hydrogen ions, further limiting the practical and in-situ application of BES to treat MACs (Hu et al., 2008; Liu and Logan, 2004;
Rozendal et al., 2006a).
Therefore, researchers began to consider how to change the configuration of the BES for MACs degradation from double-chamber to
single-chamber, from membrane to membrane-less, making the system
from sequencing batch-mode to continuous-mode, from laboratoryscale to large-scale, from ex-situ to in-situ (Hwang et al., 2019; Schranck
and Doudrick, 2020; Shrestha et al., 2017; Yan et al., 2017). Till now,
some advanced reactor configurations have been designed and applied
to the bioelectrodegradation of MACs successfully.
A single-chamber sleeve-type membrane-less MEC reactor (Fig. 3A)
was constructed to treat the actual coal gasification wastewater containing phenol (Yang et al., 2019) and can be combined with Groundwater Circulation Well technology (IEG, Germany) to treat hydrocarbon-contaminated groundwater (Palma et al., 2018a; Palma et al.,
2018b; Velasquez-Orta et al., 2017). Without membrane, microorganisms and contaminants will be affected by anode and cathode simultaneously, hydrogen produced by cathode may promote the growth
of hydrogen-nutritional anaerobic microbes, which could facilitate the
degradation of MACs. Moreover, the mass transfer resistance of hydrogen ions is reduced, beneficial to maintain the pH of the BES, which
could affect the performance to some extent (Qin et al., 2016). However, when the cathode and anode are combined together, MACs requiring to be reduced by the cathode will be affected by the anode at
the same time, which will probably prevent the formation of target
products. The membrane-less two-stage configuration could solve the
4
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Fig. 3. Schematics of single-chamber BES in sleeve-type (A), two-zone type (B), hollow-type (C) for MACs degradation. (Drawn with modifications after (Huang et al.,
2011a, Wang et al., 2012; Yang et al., 2019), respectively).

biocompatibility and conductivity (Chen et al., 2017; Li et al., 2019;
Yan et al., 2012). Moreover, some transition metals with high oxidation
potentials may be able to generate hydroxyl radicals at low anode potential in BES, attacking the benzene ring and thus promoting the degradation of MACs. Taking a BES using polypyrrole (PPy)/β-MnO2
modified graphite felt anode to degrade phenol as an example, besides
the biodegradation pathway we mentioned before, phenol will be degraded by advanced oxidation through PPy/β-MnO2 as well (Fig. 4).
The modification of carbon-based electrodes by transition metal oxides
will be an important research direction of electrode materials in the
future, which will greatly improve the MACs degradation efficiency and
power generation efficiency in BES.
Secondly, functional microorganisms enriched on the anode are
another key factor determining the performance of the bioanode (Feng
et al., 2016; Ruff et al., 2018). The microbial community structure,
which depends on the culture and acclimation methods, will directly
determine the ability of BES to degrade MACs and generate electricity.
Many types of species, like Geobacter and Shewanella spp., have shown
the ability called extracellular electron transfer (i.e. they can transfer
electrons from organic substance to the electrode in BES) (Logan,
2009). It is worth noting that losses, termed as activation losses and
electrolyte-resistance losses, will occur during the process of electron
transfer (Larminie and Dicks, 2000). The electrolyte-resistance losses
can be reduced by the closer combination of the microbes and electrode, and the presence of the microbes can further reduce the activation losses (Larminie and Dicks, 2000). Therefore, the microbes/electrode combination has been demonstrated to be a better BES catalyst
than the electrode alone (Rabaey et al., 2007; Song et al., 2016; Sun
et al., 2015; Xie et al., 2018). In addition to the above microbes known
as electroactive microbes, many degradative microbes also exist on the
mixed-culture bioanode. These microbes interact with each other in
complex ways to fulfill the BES's mission of degrading MACs and generating electricity.
Functional microbes in BES degradation of MACs have been shown
to exist in a wide range of sites, such as: wastewater treatment plant,
groundwater culture, sediment culture and soil culture (Buitron and
Moreno-Andrade, 2014; Daghio et al., 2016a; Huang et al., 2011a).
Many experiments directly inoculated the mixed culture into the BES
anodic chamber for acclimation, and the reactors can finally be started
and operated successfully (Table 2). Besides mixed culture, some pure
cultures have also been shown to be able to degrade MACs and generate
electricity simultaneously in BES (Table 2). Electroactive genus Geobactor has been shown to contain strains that can produce electricity
with phenol as the sole anode substrate, such as Geobacter

metallireducens (Yang et al., 2019; Zhang et al., 2017; Zhang et al.,
2010). Since the metabolites of phenol and BTEX are somewhat different, it is unknown whether Geobacter can utilize BTEX, but it can be
speculated that such strains should also be included. Besides electroactive genera, MACs-degrading genera like Cupriavidus have also been
studied. The bacterial strain named Cupriavidus basilensis #9750 has
been proven to enable phenol degradation and power generation in
anaerobic condition (Friman et al., 2013). Similarly, Cupriavidus metallidurans CH34 has shown the ability to degrade toluene in BES
(Tofalos et al., 2018). In conclusion, some strains capable of degrading
MACs are included in electroactive genera, which can exhibit electrical
activity in BES. Researches on mixed microbes will help us achieve
breakthroughs in practical applications, and the discovery of more
useful pure strains will promote our understanding of the mechanisms
of BES degrading MACs.
4.2. Redox mediators
The addition of mediators is also a key point that can influence the
electricity generation of BES (Park and Zeikus, 2000). Direct electron
transfer and mediated electron transfer are two main means for extracellular electron transfer (Schroder, 2007). Direct electron transfer is
carried out through immobilized structures between the bacterial cell
and the anode (Bond and Lovley, 2003; Gorby et al., 2006), which
mainly depends on electrode materials and microbial community
structures. As for mediated electron transfer, electrons transfer through
mobile components known as redox mediators (Milliken and May,
2007; Newman and Kolter, 2000; Niessen et al., 2005). The existence of
exogenous redox mediators can improve the electricity production
performance of BES (Keck et al., 2002). The reaction mechanisms of
different mediators are different, depending on the mediator’s redox
potential, the mediator’s toxicity and the redox potential of the substrates and the anode (Adelaja et al., 2015).
The impact of redox mediators on BES degrading MACs is manifested as the increase of current generation and the unchanged degradation performance of pollutants (Table 3). The higher redox potential of the redox mediator is thermodynamically beneficial to the
growth and maintenance of microbes, especially the electroactive microbes (Logan, 2008). Adding riboflavin, with −208 mV redox potential, in BES treating toluene can significantly enhance electricity generation compared with adding Anthraquinone-2-Sulfonate (AQS),
whose redox potential is −225 mV (Adelaja et al., 2015; dos Santos
et al., 2004). Moreover, the promotion mechanisms of different redox
mediators were different. Two common mediators: neutral red (NR)
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Inoculum

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Geobacter metallireducens

Mixed culture

Mixed culture

Mixed culture

Cupriavidus
metalliduransCH34
Mixed culture

Mixed culture

Mixed culture
Mixed culture

Mixed culture

Mixed culture

Cupriavidus basilensis

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Pollutants

Benzene

Benzene

Benzene

Benzene

Benzene

Benzene

Benzene

Toluene

Toluene

Toluene

Toluene

6

Toluene

Toluene

Toluene

Toluene
Toluene

BTEX

BTEX

Phenol

Phenol

Phenol

Phenol

Phenol

Phenol

Self produced mediator
(+0.20 V vs. SHE)

Not detected

Not detected

Not detected

Self produced mediator
(0.80 V)
Self produced mediator
(+0.20 V vs. SHE)
Self produced mediator
(+0.20 V vs. SHE)
Not detected
Self produced mediator
(+0.30 V vs. SHE)
Self produced mediator
(+0.20 V vs. SHE)
Self produced mediator
(0.80 V)
Self produced mediator
(+140 mV vs. SHE)
Not detected

Neutral red

Ferricyanide

Self produced mediator
(+0.30 V vs. SHE)
Not detected

Not detected

Not detected

Not detected

Riboflavin (-225 mV vs.
NHE)

AQS (-208 mV vs. NHE)

Not detected

Not detected

Redox mediator

polypyrrole/β-MnO2
modified graphite felt
Graphite granules

Carbon felt

Carbon felt

Carbon paper

Graphite rods

Graphite plates

Graphite granules

Graphite plates
Graphite plates

Graphite granules

Graphite granules

Graphite rods

Carbon cloth

Carbon cloth

Carbon cloth

Solid graphite sticks

Carbon felt

Carbon cloth

Graphite fibers

Carbon felt

Carbon felt

Carbon felt

Granular graphite

Working electrode
materials

Table 2
Summary of the key studies regarding anodic oxidation of MACs in BES.

2

3

5.3 ± 0.2 mA

0.047 mA

0.2 mA

29.45 mW/m

9.1 W/m

3

478 mA/m2

200 mA/m2

2.4 ± 0.1 mA

301 mA/m2
431 mA/m2

4.45 ± 0.3 mA

5.1 ± 0.1 mA

45 ± 2 mA/m2

109.7 mV

88.2 mV

53.5 mV

1 mA

6.75 mW/m

2.1 mW/m2

550 μA

26.17 ± 0.08
mW/m3

0.54 ± 0.05
mW/m3

0.47 ± 0.01
mW/m3

200-250 μA

Max. current/
power/voltage

Remove 45.2 ± 2.1 mg/L BTEX from 25
mg/L
Remove 60.7 mg/L BTEX completely
within 47 d in the third cycle
Remove 0.36 mg/(L.h) phenol from 100
mg/L
Remove 95% phenol from 400 mg/L
within 60 h
Remove 90.1% phenol from 2 g/L within
10 d
Remove 97% phenol from 1 g/L when
HRT=10 h
Remove 99.6 ± 0.2% COD from 200 mg/
L phenol within 7 d
Remove 59 ± 3 mg/(L.d) phenol from 25
mg/L

Remove 0.24 μmol toluene within 2 d
after 5 cycles
Remove 100% toluene from 11.09 mg/L
within 16.2 h
Remove 100% toluene from 11.09 mg/L
within 25.3 h
Remove 100% toluene from 11.09 mg/L
within 34.1 h
Remove 75% toluene from 60 mg/L
within 17 d
Remove 67.2 ± 5.7 mg/(L.d) toluene
from 25 mg/L
Remove 70.0 ± 3.0 mg/(L.d) toluene
from 25 mg/L
Remove 1 mg/(L.d) toluene from 40 mg/L
Remove 1 mg/(L.d) toluene from 40 mg/L

Remove 100% benzene from 10.87 mg/L
within 22-24.5 h
Remove 90% benzene when HRT=10 d

Remove 82% COD from 30 mg/L
phenanthrene and 200 mg/L benzene
within 60 d
Remove 82.5% COD from 30 mg/L
phenanthrene and 200 mg/L benzene
within 60 d
Remove 81.5% COD from 30 mg/L
phenanthrene and 200 mg/L benzene
within 60 d
Remove 282 μmol benzene within 44 d

Remove 100% benzene from 15 mg/L
when HRT=27 h

Removal capacity

Total 250 mL

Each chamber of 15 mL

450 mL

Each chamber of 450
mL (medium volume)
Each chamber of 440
mL
250 mL

Total 120 mL

Total 250 mL

Total 250 mL
Total 250 mL

Total 250 mL

Total 250 mL

Total 320 mL

Each chamber of 0.8 L

Each chamber of 0.8 L

Anodic: 500mL
Cathodic: 300mL
(working volume)
Anodic: 470mL
Cathodic: 250mL
Each chamber of 0.8 L

Anodic: 490 mL;
Cathodic: 230 mL (net
liquid volume)
Total 1.6 L

200 mL working
volume

200 mL working
volume

Anodic: 320 mL;
Cathodic: 160 mL (net
liquid volume)
200 mL working
volume

Reactor size

Contaminated
groundwater

Synthetic medium

Synthetic wastewater

Soil

Synthetic medium

Contaminated
groundwater
Contaminated
groundwater
Synthetic medium

Contaminated
groundwater
Contaminated
groundwater
Marine encironment
Marine encironment

Synthetic medium

Synthetic medium

Synthetic medium

Synthetic medium

Sediment-seawater

Contaminated
wastewater
Contaminated
groundwater

Contaminated
groundwater

Synthetic medium

Synthetic medium

Synthetic medium

Contaminated
groundwater

Medium treated

(continued on next page)

(Palma et al., 2018a)

(Chen et al., 2017)

(Ailijiang et al., 2016)

(Huang et al., 2011a)

(Luo et al., 2014)

(Friman et al., 2013)

(Daghio et al., 2018)

(Palma et al., 2019)

(Palma et al., 2019)

(Palma et al., 2018b)

(Tofalos et al., 2018)

(Lin et al., 2014)

(Lin et al., 2014)

(Lin et al., 2014)

(Zhang et al., 2010)

(Adelaja et al., 2015)

(Wu et al., 2013)

(Rakoczy et al., 2013)

(Adelaja et al., 2015)

(Adelaja et al., 2015)

(Adelaja et al., 2015)

(Wei et al., 2011)

Reference
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(Buitron and MorenoAndrade, 2014)
Municipal wastewater

(Zhang et al., 2017)

and potassium ferricyanide (FeCN) have been studied. By passing
through or being absorbed by the cytoplasmic membrane of the microorganisms, NR could couple with NADH to form a reversible redox
couple (Eqs. (1)–(2)), allowing microorganisms to use the electrons to
grow and metabolize (Osman et al., 2011; Park and Zeikus, 1999).
Different from NR, FeCN cannot cross cell membranes. In this case,
electrons produced by respiration are considered to be transferred to
FeCN by membrane-bound enzymes, which act as FeCN reductases, and
thus produce measurable current (Ertl et al., 2000; Pasco et al., 2004).
Theoretically, FeCN could participate in the degradation of toluene at a
modest concentration (Eqs. (3)–(4)). In the BES for toluene degradation, the addition of these two mediators significantly improved the
system’ electricity output, but neither promoted the degradation of
toluene, which may be due to the excessive addition, resulting in certain toxic effects on microbes (Table 3). The difference of microbial
community structure between the two consortia, one with mediators
and one without mediators, also suggests a significant effect of mediators on microbes (Lin et al., 2014).

Remove 97% phenol from 200 mg/L
within 16 d
Mixed culture
Phenol

(1)

NR (reduced) → NR (oxidized) + 2e- + H+

(2)

3-

C7H8 + 14H2O + 36[Fe(CN)6] → 7CO2 + 36H

(3)
+

+ 36[Fe(CN)6]4(4)

Although redox mediators may have some toxic and inhibitory effects on microorganisms, as well as leak from the reaction zone to
participate in other reaction processes, resulting in a decrease in overall
efficiency, they did show their potential to improve the electricity
generation and coulombic efficiency in BES when degrading MACs.
Researches investigating the influence of redox mediators in the MACs
bioelectrodegradation are still less. The effect and mechanism of other
redox mediators, such as thionine and methylene blue, on BES fueled
with MACs need to be further explored, so as to improve the system’s
entire performance.
4.3. Sulfur and hydrogen cycling
The sulfur and hydrogen cycling may influence many processes in
BES, including the process of MACs degradation and electricity generation (Palma et al., 2019) (Fig. 5). Daghio et al. (2018) claimed that
the sulfur cycling in marine sediments could promote the bioelectrodegradation of toluene. Both the decrease of sulfate concentration in
sediments and the enrichment of sulfate-reducing bacteria (SRB) on the
bioanode indicated that the sulfur cycling was involved in the toluene
removal process. Based on the detection and analysis of sulfide, elemental sulfur and biological community, a hypothesis of sulfur cycling
can be summarized: sulfate is firstly reduced to sulfide, and then sulfide
is formed into elemental sulfur by electrochemical oxidation and adsorbed on the anode. The family Desulfuromonadaceae can reduce the
elemental sulfur to sulfide, and the sulfide can be reoxidized. Such
active sulfur cycling will promote the electricity production and the
MACs degradation efficiency. Similar promotion effect were also obtained when degrading BTEX in a MFC containing sulfate (Daghio et al.,
2018). Rakoczy et al. (2013) conducted an experiment on simultaneously removing benzene and sulfide from groundwater by MFC, and
the results showed that the presence of sulfide did not affect the degradation of benzene but significantly enhanced the system’s electricity
production. 26-100% of the electrons in the sulfide anodic oxidation
process can be used to help generate current in the MFC.
Hydrogen cycling (Fig. 5) can also affect the performance of BES.
The electricity generated from oxidizing MACs will cause the cathode to
evolve hydrogen. Part of the hydrogen will diffuse to the anode and
could be directly used as an electron donor by electroactive microbes to
generate more electricity (Call and Logan, 2011; Call et al., 2009; Lee

Carbon paper

Phenol-degrading culture
Phenol

NR (oxidized) + NADH → NAD+ + NR (reduced)
[Fe(CN)6]3- + e- → [Fe(CN)6]4-

Not detected

Graphite rods

120 mA/m2

49.8 mW/m2

Each chamber of 200
mL
Total 120 mL

Coal gasification
wastewater
Synthetic medium
1.4 L working volume

Remove 280.9 ± 23.4 mg/(L.d) phenol
from 500 mg/L
Remove 31.8 μM phenol/d from 70 μM
1.0 ± 0.2 mA
Mixed culture
Phenol

Self produced mediator
(0.70 V)
Not detected

Carbon brush

Removal capacity
Max. current/
power/voltage
Working electrode
materials
Redox mediator
Inoculum
Pollutants

Table 2 (continued)

(Yang et al., 2019)

Medium treated
Reactor size

Reference
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Fig. 4. Phenol degradation pathways in bioanode using PPy/β-MnO2/GF as the anode material. (Drawn with modifications after (Chen et al., 2017)).

et al., 2009). Besides being consumed directly, hydrogen could also
participate in some reactions to finish its cycling. On one hand, hydrogen can reduce CO2 to acetic acid via homo-acetogenic bacteria, and
the acids can be served as co-substrate to promote the degradation of
MACs or as electron donors to increase the electricity output
(Parameswaran et al., 2011). On the other hand, hydrogen can facilitate
the anaerobic degradation of phenol and BTEX by enriching more hydrogenotrophic methanogens (Liu et al., 2016; Palma et al., 2019; Yang
et al., 2019).
In conclusion, both the sulfur and hydrogen cycling can improve the
performance of BES degrading MACs. Furthermore, this also provides
BES with the potential to synchronously degrade aromatic compounds
and nutrients in response to the long-term complexly contaminated
environments. Future researches should pay more attention to the
confirmation and mechanism analysis of the promotion effect of sulfur
and hydrogen cycling. Besides, the effect of other elements’ cycling on
BES degradation of MACs, such as nitrogen, which has preliminarily
shown correlation with BES (Joicy et al., 2019), is required to be further
explored.

In addition, CAP, containing both chlorine and nitro group, is one
typical antibiotic pollutant belonging to MACs (Guo et al., 2019; Guo
and Tian, 2019; Xu et al., 2020; Zhang et al., 2020). The biocathode has
shown great performance in CAP degradation, in which CAP can be
efficiently and selectively converted to inactive antibacterial product
AMCl (partially dechlorinated aromatic amine) through nitro reduction
and dechlorination reactions (Fig. 6) (Guo et al., 2017; Liang et al.,
2013a; Sun et al., 2013). Under a medium cathode potential, both the
enrichment of CAP resistance bacteria (CRB) and expression of CAP
resistance genes (CRGs) could be abated, which can further reduce the
ecological risk when treating CAP-containing wastewater (Guo et al.,
2018; Guo et al., 2017; Liang et al., 2016). Since the bioelectrodegradation mechanisms of CAP in the process of nitro reduction and
dechlorination are similar to that of nitrobenzene and chlorophenols,
the latter two contaminants will be highlighted in this section.
In this section, the same classification method will be applied to
review, in order to make it easier to explore the research direction of
cathode reduction reactions and find how to better combine cathode
and anode by comparison with the anode reactions.

5. Cathodic reductive degradation of MACs

5.1. Cathode materials

In contrast to the anodic oxidative reactions, reductive reactions
occur in the BES cathode zone. At the beginning, the BES cathode was
only used to reduce oxygen to generate electricity (in MFC) or reduce
protons to generate hydrogen (in MEC) (Logan and Rabaey, 2012).
However, in recent years, BES cathodes have shown great potential in
recovering metal, producing H2O2, capturing CO2, reducing toxicity of
highly toxic MACs, etc (Cao et al., 2009; Fu et al., 2010; Kondaveeti and
Min, 2015; Li et al., 2010; Liu et al., 2002; Powell et al., 2009; Wang
and Ren, 2014). For example, chlorophenols and nitrobenzene, both
exist widely in the environment, can be dechlorinated or reduced to less
toxic products at the cathode (Table 4) (Fig. 2B). On one hand, placing
MACs' reduction reactions in the BES can largely decrease the carbon
source needed compared with purely biological reaction. BES can
convert carbon sources into electrons, which are easier to be used, thus
greatly increasing the MACs reduction efficiency (Jiang et al., 2016;
Shen et al., 2014). On the other hand, BES uses 5-30 times less energy
than purely electrochemical reaction because the electroactive microbes can provide considerable electrical energy for the system (Cui
et al., 2016; Jiang et al., 2016).

Taking the reduction role of cathode into account, the electrons
obtained by bioanode oxidation of degradable organics (e.g. glucose
and acetate) are transferred to the cathode to reduce MACs, such as
chlorophenols and nitrobenzene (Kong et al., 2014a) (Fig. 2B). During
this process, the main speed-limiting step is the transfer of electrons
from the cathode to the MACs, which largely depends on the property
of the cathode material (Liu et al., 2014; Cast and Flora, 1998). Several
types of cathode materials, such as granular activated carbon (GAC),
carbon brush (CB), and graphite granules (GG), have been used in
catalytic cathode reactions in the BES (Cardenas-Robles et al., 2013; Cui
et al., 2012; Huang et al., 2011b; Kong et al., 2013). However, the
electron transfer capacity of carbon-based electrodes is a little limited,
and metals can be introduced to overcome this limitation (Wei et al.,
2011). Pd was loaded as catalyst on the graphite felt for dechlorination
test of 4-chlorophenol, and the 4-chlorophenol reduction efficiency
could be improved (Wen et al., 2013). Stainless steel basket (SSB) was
combine with GG to make a composite biocathode called SSB/GG (Kong
et al., 2014a). The new composite cathode material combines the advantages of carbon-based and metal-based material, decreases the

Table 3
Electrical performance in MFC under different redox mediators.
Redox mediator

Redox potential

Working mode

Peak voltage output (mV) (increase ratio compared with control (no redox mediator))

Reference

30 μM Riboflavin
30 μM AQS
200 μM NR
300 μM FeCN

−208 mV (vs. NHE)
−225 mV (vs. NHE)
—
—

—
—
Via crossing cells
Via enzymes

265.33 ± 1.19 (484.3%)
66.61 ± 4.90 (28.7%)
109.7 ± 2 (319.2%)
88.2 ± 2 (239.2%)

(Adelaja et al., 2015)
(Adelaja et al., 2015)
(Lin et al., 2014)
(Lin et al., 2014)
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Fig. 5. Sulfur and hydrogen cycling in BES degrading MACs.

electrochemical impedance spectroscopy (EIS), promotes the electron
transfer, thus increasing the dechlorination reaction. Besides, cathodes
with positive charges and hydrophilic surface have shown better biocompatibility for the electroactive nitroaromatic reducers, thus performing well in the bioelectrotransformation experiment of nitrobenzene (Adelaja et al., 2015).
Similar to anode materials, biological loading capacity and electron
transfer rate are equally important for cathode materials (Chen et al.,
2011, 2012; Liu et al., 2011; Yuan and He 2015). The development of
novel composite materials or three-dimensional materials is required,
to further enhance their effect on the cathode reaction and biofilm
formation.

investigation, such species have been shown to exist widely in anaerobic bacteria. Electroactive dechlorinative bacteria can improve the
dechlorination efficiency of chlorophenols at the cathode, while electroactive nitroaromatic reducers can selectively and effectively reduce
nitrobenzene to aniline (Fig. 7). Unlike step-by-step electrochemical
reduction of abiotic cathode, electroactive nitroaromatic reducers such
as Enterococcus species can utilize cathode electrons to selectively reduce nitrobenzene to aniline (Fig. 7). The one-step reduction reaction
not only reduces the generation of harmful intermediate products, but
also reduces the consumption of anode carbon source, thus greatly
improving the operating efficiency of BES (Wang et al., 2011). Moreover, Desulfovibrio, Klebsiella (Qi et al., 2018) and Paracoccus, Variovorax (Liang et al., 2014) have also been reported to be able to play a
catalytic role in the reduction process of nitrobenzene at the biocathode. Similarly, electroactive chlorophenol reducers have also been
shown to be able to catalyze the reductive dechlorination of chlorophenols. Anaeromyxobacter dehalogenans 2CP-1 can use the cathode as
electron donor to more effectively complete the reduction of 2-chlorophenol (Strycharz et al., 2010). Similarly, mixed photosynthetic bacteria (PSB) can also be used to improve the performance of BES treating
chlorophenols, which proves that PSB may contain electroactive
chlorophenol reducers (Kong et al., 2014b). In general, related electroactive anaerobic bacteria do exist and have shown good biocatalytic

5.2. Cathodophilic functional bacteria
Abiotic cathodes were initially applied in the experiment, which
could only realize the reduction reactions with less efficiency and selectivity (Mu et al., 2009; Wen et al., 2013), while the biocathodes
catalyzed by bacteria can significantly improve the reaction efficiency
and conversion selectivity with lower operational cost (Butler et al.,
2010; He and Angenent, 2006; Jafary et al., 2015; Kondaveeti and Min,
2013; Rosenbaum et al., 2011). Although cathodophilic electroactive
genera capable of uptaking extracellular electrons are still under

Fig. 6. Proposed pathway of the cathodic CAP reduction in BES. (Drawn with modifications after (Guo et al., 2017; Liang et al., 2013a)).
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Inoculum

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Anaeromyxobacter
dehalogenans

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Mixed culture

Pollutants

4-chlorophenol

4-chlorophenol

4-chlorophenol

4-chlorophenol

4-chlorophenol

4-chlorophenol

4-chlorophenol

4-chlorophenol

2-chlorophenol

2,4,6-trichlorophenol

Nitrobenzene

Nitrobenzene
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Nitrobenzene

Nitrobenzene

Nitrobenzene

Nitrobenzene

Nitrobenzene

Nitrobenzene

Nitrobenzene

Self produced
mediator (0.30 V)
Self produced
mediator (0.30 V)
Self produced
mediator (-0.40 V vs.
SHE)
Self produced
mediator (-0.40 V vs.
SHE)
Self produced
mediator (-0.40 V vs.
SHE)
Self produced
mediator (-0.40 V vs.
SHE)
Self produced
mediator (0.50 V)

Self produced
mediator (0.50 V)

Self produced
mediator (-300 mV vs.
SHE)
Self produced
mediator (-0.36 V vs.
SHE)
Not detected

Not detected

Not detected

Not detected

Not detected

Not detected

Self produced
mediator (0.70 V)
Not detected

Not detected

Redox mediator

Graphite granules

CC-NH-NH2 (hydrophilic and
double positive charges)

CC-NH2 (hydrophilic and
single positive charge)

CC-SH (hydrophobic and
single negative charge)

Carbon cloth (CC)

Carbon cloth

Carbon cloth

Carbon cloth

Granular graphite

Carbon cloth

Graphite electrode

SSB/GG/CB

SSB/CB

SSB/GG

CB (carbon brush)

GG (graphite granules)

SSB (stainless steel basket)

Graphite sheet/Pd

Graphite sheet/Pd

Working electrode materials

Table 4
Summary of the key studies regarding cathodic reduction of MACs in BES.

The dechlorination rate was 0.4156 mol/
(m3.d) from 0.78 mM
The dechlorination rate was 0.7518 mol/
(m3.d) from 0.78 mM
The dechlorination efficiency (DE) was
11.4 ± 4.4% from 100 mg/L within 48 h
The dechlorination efficiency (DE) was
49.4 ± 4.5% from 100 mg/L within 48 h
The dechlorination efficiency (DE) was
58.5 ± 3.1% from 100 mg/L within 48 h
The dechlorination efficiency (DE) was
68.9 ± 2.5% from 100 mg/L within 48 h
The dechlorination efficiency (DE) was
82.7 ± 3.7% from 100 mg/L within 48 h
The dechlorination efficiency (DE) was
86.9 ± 2.3% from 100 mg/L within 48 h
The dechlorination rate was 40 μM over
24 h

8.75 A/m2

The removal rate was 8.57 ± 0.03 mol/
(m3TCC.d) from 1.5 mM
The removal rate was 0.467 ± 0.001
mM/ 24 h from 0.5 mM (with 500 mg/L
glucose)
kNB=0.135 ± 0.015/h (first order
kinetics) (with 2.78 mM glucose)
kNB=0.065 ± 0.011/h (first order
kinetics) (with 10 mM NaHCO3)
The removal efficiency was 51.04 ±
5.27% from 0.5 mM at 48 h (with
NaHCO3)
The removal efficiency was 49.23 ±
6.77% from 0.5 mM at 48 h (with
NaHCO3)
The removal efficiency was 60.17 ±
8.87% from 0.5 mM at 48 h (with
NaHCO3)
The removal efficiency was 59.10 ±
7.24% from 0.5 mM at 48 h (with
NaHCO3)
The NB removal efficiency can be up to
98% (with 1000 mg/L acetate)

59.5 A/m3 of the total
cathode chamber (TCC)
0.4 ± 0.05 mA

1.5 ± 0.5 A/m3

Not detected

Not detected

Not detected

Not detected

0.4 mA

0.4 mA

Convert 100 μM TCP to phenol at 4 d

Not detected

280 μA

Not detected

271.2 ± 8.0 A/m3

206.4 ± 6.2 A/m3

138.8 ± 4.0 A/m3

79.4 ± 4.0 A/m

3

19.6 ± 2.5 A/m3

27.8 A/m2

Removal capacity

Max. current/power/
voltage

180 mL (effective
liquid volume)

Each chamber of
28 mL

Each chamber of
28 mL

Each chamber of
28 mL

Each chamber of
85 mL
Each chamber of
85 mL
Each chamber of
28 mL

Each chamber of
336 mL
Each chamber of
85 mL

Each chamber of
196 mL

120 mL (working
volume)
120 mL (working
volume)
Each chamber of
80 mL
Each chamber of
80 mL
Each chamber of
80 mL
Each chamber of
80 mL
Each chamber of
80 mL
Each chamber of
80 mL
Not detected

Reactor size

Synthetic
medium

Synthetic
medium

Synthetic
medium

Synthetic
medium

Synthetic
medium
Synthetic
medium
Synthetic
medium

Synthetic
medium
Synthetic
medium

Synthetic
medium

Synthetic
medium
Synthetic
medium
Synthetic
medium
Synthetic
medium
Synthetic
medium
Synthetic
medium
Synthetic
medium
Synthetic
medium
Not detected

Medium
treated

(Wang et al.,
2012a)

(Qi et al., 2018)

(Qi et al., 2018)

(Qi et al., 2018)

(Liang et al.,
2014)
(Liang et al.,
2014)
(Qi et al., 2018)

(Wang et al.,
2011)

(Mu et al., 2009)

(Lin et al., 2019)

(Kong et al.,
2014a)
(Kong et al.,
2014a)
(Kong et al.,
2014a)
(Kong et al.,
2014a)
(Kong et al.,
2014a)
(Kong et al.,
2014a)
(Strycharz et al.,
2010a)

(Wen et al., 2013)

(Wen et al., 2013)

Reference
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Fig. 7. Nitrobenzene and chlorophenol reduction pathways of biocathode and abiotic cathode.

performances. The discovery of more functional bacterial species will
be conducive to better improve the efficiency and selectivity of MACs
reduction in BES.

feasibility and overall efficiency still need further verification. Besides,
in addition to cathode electrons, the reduction of nitrobenzene still
requires carbon source, such as glucose (Wang et al., 2011). Recently,
with the discovery of some autotrophic electroactive nitrobenzene reducers, the carbon source may be able to change from organics to inorganics (Liang et al., 2014) (Table 4).
In conclusion, compared with anodic oxidation, the biocathode reduction of highly toxic MACs has a wider research space, the influence
of redox mediators, the effect of hydrogen cycling, the improvement of
cathode materials and the discovery of more functional microorganisms
all need further study. Besides, the processes of reducing and further
mineralizing chlorophenols and nitrobenzene are still incomplete now
and need to be further simplified and improved.

5.3. Further improvement of BES reducing MACs
In the process of the degradation of chlorophenols or nitrobenzene,
phenol or aniline become the end product and hasn’t been removed, so
the system still needs to be improved to complete the mineralization of
MACs. Since phenol and aniline are much less toxic than chlorophenols
and nitrobenzene, BES reduction process can be served as a pretreatment step for increasing the contaminants biodegradability. Therefore,
some subsequent supplementary strategies have been proposed. Due to
the fact that phenol reduced from chlorophenols on the cathode can be
served as an anode fuel for BES, biocathode can be combined with
bioanode to mineralize chlorophenols (Fig. 8) (Freguia et al., 2008;
Kong et al., 2014a). Besides, the complete mineralization of chlorophenol can be achieved by adding denitrification bioreactor sequentially. The overall carbon source and time required for the reaction have
been greatly reduced (Fig. 8) (Arellano-Gonzalez et al., 2016). In addition, facultative anaerobic bacteria can be added into a moderately
aerated cathode chamber to allow the occurrence of not only dechlorination but also oxidation, enhancing the reactor’s COD removal
efficiency compared to purely anaerobic condition (Khan et al., 2019;
Sun et al., 2011) (Fig. 8).
Also, some measures have been proposed to enhance the aniline
degradation rate and the power density in BES (Cheng et al., 2015; Long
et al., 2019; Wang et al., 2018; Zhang et al., 2019a). Moderate oxygen
can be introduced into the anode zone to facilitate the ring-cleavage of
aniline with the assistance of aerobic aniline degradative bacteria,
therefore, the metabolites can be easily utilized as the anode fuel by
anode-respiration bacteria (Cheng et al., 2015). Combined photoelectrocatalytic microbial fuel cell (PEC-MFC) can also promote the aniline
mineralization in bioanode (Zhang et al., 2019a). Therefore, nitrobenzene can be converted to aniline on the biocathode, and the
aniline effluent can be transformed to the anode chamber to complete a
continuous process of mineralization. However, the degradation

6. Critical parameters of MACs bioelectrodegradation
6.1. Applied potential
Applying external electrical stimulation can significantly improve
MACs degradation efficiency in some cases. Electrical stimulation is
generally achieved by applying potential, because controlling potential
can help control the biodegradation reaction of MACs. The applied
potential would affect the current density and the activity of functional
microbes, and then affect the number of electrons that contaminants
can receive or release, thus changing the MACs degradation efficiency.
As for the anodic degradation, using a potentiostat to control the
bioanode potential as +0.2 V (vs. SHE) to degrade phenol, compared
with no applied potential, the BES current density increases from 0.3 to
1.9 mA, and the phenol degradation efficiency increases from 12 to
50% (Palma et al., 2018a). Similarly, by providing a +0.2 V (vs. SHE)
potential to the bioanode that degrades BTEX, the BTEX degradation
rate are significantly enhanced by 200% (Palma et al., 2019). In addition to controlling the anode potential by the potentiostat, electrical
stimulation can also be achieved by providing a constant voltage between the anode and cathode via power supply. Many researches have
shown that the application of 0.6-0.8 V of voltage is a reasonable choice
for BES bioanode to enhance the degradation efficiency of MACs
11
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Fig. 8. Three supplementary methods for BES to mineralize chlorophenol ((ⅰ) sequential biocathode-bioanode, (ⅱ) combined with denitrification, (ⅲ) biocathode
with facultative anaerobic bacteria).

(Table 2). Under proper electrical stimulation, the ATP contents and the
microbial enzyme activity could be enhanced, thus the microbial
growth rate and metabolic activity would be increased, which finally
could facilitate the MACs biodegradation. In addition to the microbial
activity, the bioanode community structure would also be changed. The
proportion of electroactive bacteria such as Geobacter and Arcobacter
would be increased by electrical stimulation (Yang et al., 2019). The
selective enrichment of electroactive bacteria could promote the catabolism of MACs intermediate products, increase current density, and
thus improve the overall performance of BES.
As for the cathodic reduction process, the applied potential is a
critical parameter as well. Applying 0.7 V (the voltage from anode to
cathode) to the BES degrading 4-chlorophenol increases both the system’s current density and dechlorination rate (from 0.42 mol/(m3.d) to
0.75 mol/(m3.d)) (Wen et al., 2013). Similarly, when providing an
external voltage of 0.5 V, the nitrobenzene removal rate in the biocathode enhanced from 0.013 to 0.020 mM/h, and the corresponding
aniline formation rate increased from 0.006 to 0.019 mM/h (Wang
et al., 2011). On the one hand, the application of voltage can stimulate
the bioanode electroactivity as described above to increase the BES
current density. Although the mechanisms of electron transfer from the
cathode to functional microbes are still unclear, a moderate increase in
current density could indeed improve the electroactivity and degradation activity of the cathode functional microbes. On the other hand,
with the increase of the applied voltage, the cathode potential will reduce in BES because the anode potential is stable to some extent when
degrading easily degradable substrates such as glucose and acetate. The
lower cathode potential has stronger reduction ability, which can promote the reduction process of chlorophenols and nitrobenzene. But it is
worth noting that if the applied voltage is too high (> 1.0 V), the anode
potential will significantly increase, which may damage the electron
transfer ability of the electroactive microbes, and thus decrease the
MACs degradation ability of BES. As for the cathodic degradation of
CAP, the abundances of CRB as well as relative expression of CRGs will
be influenced by the cathode potential. The application of medium
cathode potential (-1.0 V vs. SHE) can achieve the moderation of CRGs
and CRB, and promote the degradation of CAP (Guo et al., 2017).

6.2. Conductivity
Conductivity is an important parameter affecting the bioelectroremediation process of MACs polluted environment. Low conductivity
means higher ohmic and transport losses, which could negatively influence the MACs degradation efficiency. The addition of conductive
materials is an effective strategy to enhance the soil conductivity and
decrease the internal resistance. Both the power output and MACs degradation efficiency of the soil MFC can be improved by adding conductive carbon fiber, biochar or silica colloids in the contaminated soil
(Dominguez-Garay et al., 2013; Li et al., 2016; Tong et al., 2014). As for
the groundwater and sediment that were commonly contaminated by
nutrients (nitrate and sulfate), their conductivity will increase, which
may be beneficial to the MACs bioelectroremediation to some extent
(Daghio et al., 2018; Liu et al., 2005). Coupled with the sulfur cycling
and possible nitrogen cycling mentioned before, it is meaningful to
further study the effect of conductivity when removing MACs and nutrients simultaneously in BES (Daghio et al., 2016b). However, it’s
noteworthy that conductivity alone cannot be an adequate indicator to
evaluate the bioelectrodegradation ability. For instance, although the
high salinity means a higher conductivity of BES, it will simultaneously
inhibit the activity of functional microbes and affect the overall BES
performance.
7. Advantages and challenges of MACs bioelectrodegradation
7.1. Advantages of MACs bioelectrodegradation
There are several advantages of MACs bioelectrodegradation. One
important advantage is the significantly higher MACs degradation efficiency in the BES comparing to the open circuit control (biological
process) and the sterile control (electrochemical process) systems. For
instance, the bioelectrodegradation rate of toluene can reach about
three times the purely biodegradation rate (Palma et al., 2018b). The
COD degradation efficiency in BES degrading phenol is also increased
by 30% compared to that in the purely biological systems (Buitron and
Moreno-Andrade, 2014). BES provides a continuous flow of electrons
for electroactive microbes, breaking the limit of electron donors/acceptors in the anaerobic biodegradation process, stimulating the anaerobic respiration activity of microbes, and ultimately improving the
12
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degradation efficiency of MACs.
It is worth noting that due to the lack of necessary technical-economic data, it is not yet possible to systematically evaluate the cost in
the bioelectrodegradation process of MACs. It’s reasonable to assume
that the main cost of BES can be associated with the electrode materials.
Their cost can vary from between 30 and 45 euro/m2 up to 600-1000
euro/m2 if a novel material (i.e. DSA (dimensionally stable anode)) is
used. However, this cost must be considered in conjunction with the
lifetime and performance of the materials, which has never been assessed in practical applications. In terms of the income from electricity
generation during the degradation process of MACs in MFC, the example of phenol degradation can be considered, which can harvest
electricity about 30 mW/m3 on average. Assuming that a BES reactor
with 1 m3 volume stably runs with degrading phenol for 1 year, the
electricity harvested is 0.26 kWh, which could be translated as an income of 0.026 euro (considering 0.1 euro/kWh). Therefore, although
MFC has the unique advantage of power generation that other strategies do not have, the electricity harvested is still very low due to many
factors including the refractory nature of MACs.
Another main advantage lies on the occurrence of selectivity in BES
compared to the physicochemical methods that may generate intermediates with higher toxicity than the parent MACs. For instance, in the
process of purely electrochemical reduction, part of nitroaromatics (e.g.
nitrobenzene and CAP) will be converted to more toxic nitroso products
(nitrosobenzene and nitrosochloramphenicol), while in the biocathodic
reduction process, nitroaromatics can be selectively transformed into
amine aromatics at a conversion rate > 99% without the detection of
nitroso products (Figs. 6, 7).
In addition, the stability and sustainability of the BES is also a major
advantage. Utilizing biofilm as a catalyst is much better than using
chemical catalytic materials, which are expensive, short life, and easy
to passivate and deactivate. The functional microbes can maintain a
dynamic balance through their own growth and death, so that BES can
remain stable and ensure the MACs degradation efficiency for a long
time, though the specific time has not been actually detected.
Furthermore, the bioelectrodegradation process is more green and environmentally friendly. The environmental pollution phenomenon,
such as the precipitation of heavy metals that may occur when using
chemical catalysis, will not occur in the biocatalytic process.
In conclusion, using BES to degrade MACs has advantages in terms
of efficiency, selectivity, stability, green and sustainability.
Furthermore, optimizing parameters (e.g. applied potential, conductivity, mass transport, MACs contamination) according to specific
environments can further strengthen the advantages of the bioelectrodegradation process.

research priorities to achieve the bioelectrodegradation of real complex
and uncertain wastewater.
In addition, the scale-up of the reactor configuration has always
been one of the largest challenges in the BES field. Until now, some BES
with more easily degradable substrates as anode fuels, such as municipal wastewater, have successfully realized the enlargement of configuration, and the maximum size can reach 1.5 m3 (Dong et al., 2019;
He et al., 2019). If the initial ring-cleavage rate of MACs in BES is increased, so that MACs can be efficiently converted into easily utilized
organics, the BES reactor size for degrading MACs wastewater is expected to reach the BES scale for municipal wastewater treatment.
8. Conclusions
BES carries excellent potential to degrade MACs and recover energy,
where anode can oxidize phenol and BTEX, while cathode can reduce
chlorophenols, nitrobenzene and antibiotic CAP. However, the scale,
electricity output and MACs degradation efficiency in BES still need to
be improved. This review provides a comprehensive summary of BES
including mechanisms, configurations, electrode materials, functional
microorganisms and some critical parameters and proposes the future
challenges and perspectives. In conclusion:

• Single-chamber reactors are better for less cost and the hydrogen
generated from cathode may help promote the anode degradation.
• Surface modification of electrodes or designing carbon and metal•
•

based composite materials are effective strategies to enhance MACs
degradation in BES.
The development and introduction of functional microbes and redox
mediators, participation of sulfur/hydrogen cycling can further
build up the BES function.
The sequential cathode-anode cascaded mode may accelerate the
degradation and mineralization rates of MACs.
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