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Increasing human activities, a great demand for animal protein and intensive use of antibiotics, are responsible
for the persistent emergence of antibiotic contaminants in the environment. Increased attention has been paid to
this pollution because it possibly exacerbates the appearance of antibiotic resistance bacteria and antibiotic
resistance genes. Hence, the effective removal of antibiotic pollutants has become a hot topic in environmental
research. Bioelectrochemical systems (BESs) coupled with microbial metabolisms and electrochemical redox
reactions are considered to be promising alternatives for the degradation of antibiotics contaminants. In this
review, state-of-the-art BESs for enhanced antibiotics removal are described and antibiotics removal mechanisms
based on BESs are reviewed. The effects of typical parameters, such as the electrochemical properties and initial
concentration of antibiotics, applied potential, electrode material, carbon source, temperature, and salinity, on
the overall performance of such systems are elaborated. Degradation pathways and metabolic byproducts of
antibiotics related to BESs processes are also reported. Additionally, predominant microbes responsible for
several representative antibiotics are demonstrated and their evolution factors are tabulated and discussed.
Furthermore, the effect of the temperature, salinity, initial antibiotic concentration, and potential applied in
BESs on the fate of antibiotic resistance genes is disclosed. Finally, an outlook on future applications and
challenges is provided, which is conducive to the development of BESs for the treatment of wastewater containing antibiotics.
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Nomenclature
BES
MEC
WWTP
ARG
CV
CAP
NFZ
3A5MI
AMH

AMN
NFF
MFC
SBBR
PCR
ARB
SHE
SMX
SDZ

bioelectrochemical system
microbial electrolysis cell
waste water treatment plant
antibiotics resistance gene
cyclic voltammetry
chloramphenicol
nitrofurazone
3-amino-5-methylisoxazole
[(5-hydroxyamino-2-furyl)-methyl]-

1. Introduction

hydrazinecarboxamide
[(5-amino-2-furyl)-methylene]-hydrazinecarboxamide
(5-nitro-2-furyl)-methanamine
microbial fuel cell
sequencing batch biofilm reactor
polymerase chain reaction
antibiotic resistant bacteria
standard hydrogen electrode
sulfamethoxazole
sulfadiazine

responsible for several representative antibiotics are demonstrated and
their evolution is tabulated and discussed. The effect of BESs on the fate
of ARB and ARGs during antibiotics removal is also addressed. Finally,
challenges and outlooks are discussed, which aids the acquisition of
knowledge about biocatalyst mechanisms and contributes to the development of BESs in different matrixes.

Nowadays antibiotic contaminants extensively enter many environment matrixes and are considered as emerging contaminants of
concern [1–3]. This issue raises serious concerns for public health because the ecological balance is endangered and it poses a persistent
pressure on antibiotic resistant bacteria (ARB) and antibiotic resistance
genes (ARGs) [4–8]. Moreover, because of human activities, ARB and
ARGs move around the globe at an unprecedented scale compared to
the past billion years [9]. Hence, the worldwide occurrence of antibiotics contamination requires effective and economical treatments to
eliminate these pollutants, which has become a hot topic in environmental research.
Different treatments with considerable removal efficiencies with
respect to antibiotic residuals were developed in recent years.
Advanced oxidation processes (AOPs) attract attentions due to their
robust removal efficiencies [10,11]. But they are cost-prohibitive for
full mineralization of antibiotics and possibly produce sub-active toxic
byproducts [12]. The antibiotics removal efficiencies of adsorption
processes and membrane technologies are satisfying [13,14]. But these
techniques are unable to ultimately degrade antibiotics and are markedly impaired by the presence of other organic contaminants [14].
Biological methods catch attentions mainly with respect to their high
versatile performance for in situ application, but they are usually timeconsuming techniques [15–17].
Bioelectrochemical systems (BESs), including microbial fuel cells
(MFCs) and microbial electrolysis cells (MECs), coupled with microbial
metabolisms and electrochemical redox reactions are considered to be
promising alternatives for the degradation of biorefractory contaminants [18–21]. Compared with the aforementioned techniques,
BESs show the following advantages: (1) cost-effective operation:
without additional reductant usage in biocathodes and any external
power input, BESs exhibit high antibiotics removal efficiencies
(Table 1); (2) eco-friendliness: 3-amino-5-methylisoxazole (3A5MI), a
highly biotoxic intermediate of sulfamethoxazole (SMX), is further degraded in MFCs [22]. The use of biocathodes also circumvents the
production of highly toxic byproducts from chloramphenicol (CAP) and
nitrofurazone (NFZ) [23,24]; (3) versatile treatment of solid-phase
matrixes: Zhang et al. reported good performances of three-dimensional
biofilm electrode reactors for the antibiotics removal in solid-phase
environments [25]; and (4) integration possibilities with other technologies: MFCs coupled with AOPs, adsorption methods, and constructed wetlands for various antibiotics removal were investigated,
which are illustrated in Fig. 1.
The objective of this paper is to give a comprehensive review about
the effect of BESs on antibiotics pollutants and ARGs. Therefore, this
review firstly focuses on the application of BESs to seven classes of
antibiotics degradation, which are tabulated in Table 1. Based on illustrating the antibiotics removal mechanisms of BESs, the effect of
various operating parameters on the performance of BESs are elaborated. Degradation pathways and representative metabolic products of
antibiotics are disclosed. Additionally, predominant microbes

2. Antibiotics removal mechanisms based on BESs
Considering the different operation modes of BESs used to degrade
antibiotics, the removal mechanisms can be divided into the following
three categories:
In category A (Fig. 2A), mostly MFCs are operated, which consist of
a biological anode and abiotic cathode. Potassium ferricyanide (operated as two-chamber MFC) or oxygen (operated as single-chamber air
cathode MFC) are usually used as electron acceptors in the abiotic
cathode [50]. In biological anodes, antibiotics serve as electron donors
and carbon sources. Exoelectrogenic microbes and degrading antibiotic
bacteria, which attach to the anodes to form biofilms within extracellular polymeric substances, are responsible for the reduction of an
overpotential of biorefractory antibiotic parents and their metabolites.
Anaerobic biodegradation coupled with electrical stimulation is a key
mechanism in MFCs, contributing to the mineralization of antibiotics.
Persistent electrical stimulation can provide electrons to the microenvironment and stimulate the microbial metabolism through direct or
indirect electron transfer to bacterial cells [51]. The stimulated microorganisms metabolize antibiotics quickly by secreting enzymes, for
example, SMX and its byproduct 3A5MI [22].
In category B (Fig. 2B), the systems are usually operated as biocathodes, that is, an MEC with external energy supply, because the
reduction potentials of antibiotics are always higher at the biological
anode [52]. The anodes of this system are always operated as microbial
anodes to reduce the overall power consumption. The degradation
mechanism of antibiotics in this system mainly involves direct electrochemical reduction and biodegradation reactions. Antibiotics accept
electrons from the cathode and are directly reduced through electrochemical reduction. Additionally, microbes flourishing in cathode
electrodes as biocatalysts accelerate the reduction of antibiotics by reducing their overpotential. Representative examples include CAP and
NFZ [23,24]. The systems can also be operated as a biocathode without
external power supply if the antibiotics have a higher reduction potential than the biological anode.
In category C (Fig. 2C), modified materials are often used in the BES
cathode to generate radical species, which attack and degrade target
antibiotics. This process mainly involves the following reactions: (i)
electrons generated by bioanode transfer to the surface of the cathodic
material through an external circuit; (ii) cathodic material accepting
electrons to reduce dissolved oxygen or air from pumps for the proH2 O2 ; and (iii) H2O2 under ulduction of H2O2, i.e. O2 + 2e + 2H+
traviolet light or cathodic material can generate radical species, such as
hydroxyl radicals (%OH), which oxidize and destroy antibiotics parents,
i.e. H2O2 + hv → 2OH% and Antibiotic + OH% → Degradation products.
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two-chamber MEC with applied voltage of 0.2 V (vs. Ag/ AgCl)
three-dimensional biofilm-electrode reactors with applied voltage of 0.8 V
(vs. N.M)
three-dimensional biofilm-electrode reactors with applied voltage of 0.8 V
(vs. N.M)
MFC coupled with constructed wetlands
two-chamber MFC
two-chamber MFC
two-chamber MFC
biocathode with applied voltage of 0.5 V (vs. SHE)
biocathode with applied voltage of 0.5 V (vs. SHE)
biocathode with applied voltage of 0.5 V (vs. SCE)
biocathode with applied voltage of 1.5 V (vs. SHE)
biocathode with applied voltage of 1.5 V (vs. SHE)
two-chamber MEC with applied voltage of 0.3 V

Air-cathode single-chambered MFC
two-chamber MFC
biocathode with applied voltage of 0.8 V (vs. SHE)
air–cathode single-chambered MFC
air–cathode single-chambered MFC
SBBR with electrodes
three-dimensional biofilm-electrode reactors with applied voltage of 0.8 V
(vs. N.M)
three-dimensional biofilm-electrode reactors with applied voltage of 0.8 V
(vs. N.M)
MFC coupled with photo-electrochemical catalysis
MFC coupled with constructed wetlands
MFC coupled with membrane bioreactor
two-chamber MFC
two-chamber MFC
two-chamber MFC
two-chamber MFC

Configuration

2.5 d
96 h
12 h
48 h
24 h
24 h
24 h
72 h
72 h
24 h

40 h

anaerobic sludge
anaerobic sludge
anaerobic sludge
anaerobic sludge
anaerobic sludge
activated sludge
activated sludge
activated sludge
anaerobic sludge from a bioreactor
anaerobic sludge
a bioelectrochemical reactor effluent

7d
40 h

2h
2.5 d
17 h
7d
78 h
48 h
48 h

40 h

31 ± 3.7 h
24 h
1h
24 h
24 h
12 h
40 h

HRT

N.M
anaerobic sludge
Shewanella sp.
Anaerobic activated sludge
pig manure
anaerobic sludge
sulfamethoxazole acclimatized
culture
municipal wastewater
anaerobic sludge

anaerobic sludge

aerobic activated sludge
anaerobic sludge
nitrofurazone- reducing consortium
another MFC in group
another MFC in group
activated sludge
anaerobic sludge

Inoculation

Notes: HRT: hydraulic retention time; SHE: standard hydrogen electrode; SCE: saturated calomel electrode; N.M: not mentioned.

Classes of Antibiotics

Antibiotics

Table 1
Researches using bioelectrochemical systems for antibiotics removal.

800 µg/L
30 mg/L
50 mg/L
30 mg/L
30 mg/l
32 mg/L
30 mg/L
50 mg/L
50 mg/L
32 mg/L

200 µg/L

6 µg/L
200 µg/L

100 mg/L
800 µg/L
90 mg/L
50 mg/L
10 mg/L
20 mg/l
0.08 mmol/L

200 µg/L

50 mg/L
10 mg/L
50 mg/L
50 mg/L
50 mg/L
0.5 mg/L
200 µg/L

Initial Concentration

> 99
90
84
83.7
99.98 ± 0.10
96.0 ± 0.9
86.3
92.50
> 90
100

72.20–93.52

100
88.9–93.5

70
> 99
99.5
79.1
99
> 99
83.3

82.61–95.80

> 70
85.4
70.60 ± 4.21
98
91
> 90
89.3–95.6

Experiment

N.M
60
48
60.5
94.65 ± 4.26
62.0
62.9
N.M
N.M
< 7.8

∼63–82.5

N.M
23.3–64.2

10
N.M
N.M
14.90
58.26
65
63.3

∼76–82

∼40
35.2
53.82 ± 1.80
N.M
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Fig. 1. Schematic diagrams of combination of bioelectrochemical systems and other treatment process for antibiotics removal. (A) Schematics of constructed
wetlands-MFCs (1 computer; 2 data acquisition module; 3 resistance; 4 constructed wetlands-MFC; 5 peristaltic pump and tank). Reproduced with permission from
ref [48]. Copyright 2017 Elsevier. (B) Schematics of the three-dimensional biofilm-electrode reactors: (1 peristaltic pump; 2 DC regulated power supply; 3 active
carbon fiber/Ti mesh anode; 4 granular activated carbon; 5 active carbon fiber/Ti mesh cathode; 6 gravel; 7 cathode effluent; 8 anode effluent.). Reproduced with
permission from Ref. [25]. Copyright 2016 Elsevier. (C) Schematics of MFC-sorption apparatus. Reproduced with permission from Ref. [49]. Copyright 2015 Royal
Society of Chemistry. (D) Schematics of BESs coupled with advanced oxidation process (with novel metal foam electrodes). Reproduced with permission from ref
[47]. Copyright 2017 Elsevier. (E) Schematics of BESs coupled with advanced oxidation process (with Fe0/TiO2 cathode). Reproduced with permission from ref [32].
Copyright 2016 SpringerLink.

Fig. 2. Antibiotics removal mechanisms based on bioelectrochemical systems. (A) A biological anode on antibiotic oxidation coupled to an abiotic cathode. (B) A
biological anode coupled to biological cathode to reduce antibiotics. (C) A biological anode coupled to a cathode compartment with destroying antibiotics through
AOPs.
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Wu et al. rapidly degraded CAP in a copper foam cathode with in situ
produced hydroxyl radicals and direct electrochemical reduction affecting the cathode (Fig. 1D) [47]. In addition, Jiang et al. reported that
the cathode modified by photo- and electrochemical catalysis materials
(Fe0/TiO2) effectively produced %OH radicals under visible light and
electrons from the bioanode to achieve a rapid degradation of tetracycline (Fig. 1E) [32].
3. Effect of parameters on BESs during antibiotics removal
Studies on the removal of contaminants in BESs showed that the
performance of BESs is affected by many parameters [52–55]. Hence, it
is essential to discuss the effects of parameters in detail to optimize and
apply the systems in the future. Several parameters, such as the flow
rate, additives, source of inoculation, pH, and buffer solution have been
addressed in several reviews [56,57]. Here, properties of contaminants
themselves, such as electrochemical properties of antibiotics and their
initial concentration; system determiners, such as the applied potential
and electrode material; and environmental factors, such as the carbon
source, temperature, and salinity, are discussed. Their effects on the
performance of BESs are elaborated, mainly involving the power generation capacity, removal efficiency of antibiotics, and transformation
of degradation byproducts.
3.1. Electrochemical properties of antibiotics
The roles of the molecular structure and functional groups of pollutants have been proven to notably affect the performance of bioelectrochemical or electrochemical reduction [58,59]. With respect to
BESs treating antibiotics, the electrochemical properties of target antibiotics are important parameters because they provide a theoretical
basis to determine if the target antibiotics in the BES anode or cathode
are suitable for removal.
Cyclic voltammetry (CV), linear sweep voltammetry and chronoamperometry are powerful electrochemical techniques and CV is often
performed to elucidate the possible redox reactions of target antibiotics
under different potentials [60,61]. The CV results from Kong et al.
showed that NFZ has three reduction peak potentials at approximately
–0.35 V, –0.60 V, and –0.95 V (Fig. 3A; peaks a1, a2, and a3, respectively) [59]. This indicates that NFZ can be reduced on the cathode and
three cathodic reactions will occur under different cathode potentials.
Further investigation showed that the three cathode potentials 0.2 V,
0.5 V, and 0.8 V notably influence the bio-electro degradation efficiency
and byproduct formation of NFZ [23].
Another representative antibiotic is CAP, which is widely reduced in
biocathodes. Its electrochemical properties were revealed by Kong et al.
and Liang et al. using CV (Fig. 3A, peaks c1 and c2, and Fig. 3B, peaks a’
and c) [24,59]. The reduction potential of CAP was observed close to
-0.55 V and 0 V, suggesting that different cathode potentials lead to
different transformation reactions and metabolites of CAP. Guo et al.
provided experimental evidence that confirmed this conclusion [46].
They pointed out that the degradation efficiency of CAP at -1.25 V is
higher than that at –0.5 V and AMCl2, a typical byproduct of CAP, dechlorinates more easily.

Fig. 3. Cyclic voltammograms of nitrofurazone and chloramphenicol. (A)
Cyclic voltammograms of 50 mg/L nitrofurazone (NFZ) and chloramphenicol
(CAP) in the 50 mmol/L phosphate buffered solution (PBS); Scan rate: 5 mV/s.
Reproduced with permission from ref [59]. Copyright 2015 Elsevier. (B) Cyclic
voltammograms of 32 mg/L chloramphenicol reduction on the bare cloth
cathode. Scan rate: 5 mV/s. Reproduced with permission from ref [24]. Copyright 2013 American Chemical Society.

ascends with increasing initial concentration of antibiotics. Therefore,
more time is required to remove them. Guo et al. pointed out that the
degradation efficiency of CAP in the biocathode decreases with increasing concentration [46]. Wang et al. obtained a similar result; with
the increase of the SMX concentration from 20 mg/L to 200 mg/L, the
half-life of SMX removal in MFCs showed a greater extension from 24 h
to 72 h [37]. These results show that the degradation efficiencies of
antibiotics depend on the original concentration to some extent.
Nevertheless, other studies offered contradictory experimental results, that is, it was reported that the higher the antibiotics concentration is, the better is the BES performance. Wen et al. found that
the removal rate of 50 mg/L ceftriaxone sodium is much higher than
that of 30 mg/L ceftriaxone sodium in single-chamber MFCs [29]. Based
on electrochemical impedance spectroscopy and the anode discharge
performance, they revealed that ceftriaxone sodium indirectly influences the redox enzymes of microbes, which leads to the overall decline
of the internal MFC resistance. In another MFC study, similar results
were obtained [28]. It was observed that the electricity generation of
MFC increases with increasing penicillin concentration.
Additionally, some researchers reported that the performances of
BESs remain constant with increasing initial concentration of

3.2. Initial concentration of antibiotics
The effect of the initial concentration of antibiotics on the removal
efficiencies in BESs is rather complicated, because prior studies provided contradictory conclusions. Several studies showed that the higher
the concentration of the antibiotics is, the lower is the removal capacity
of BESs. Several studies reported an improvement in the removal efficiencies with increasing antibiotics concentration, while other work
demonstrated that the initial concentration of antibiotics has no notable
effect.
It is easily understandable that the pollution load of the systems
1425
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antibiotics. Zhang et al. showed an excellent tolerance of anodic biofilms to cefazolin sodium [26]. The anodic biofilms were continuously
exposed to increasing cefazolin sodium concentrations (from 50 to
450 mg/L) and a reduction of voltages over 1200 h during MFC operation was not observed. Extracellular polymeric substances and the
thickness of biofilms may be responsible for quenching the toxin of
those antimicrobial compounds. Another example was reported in Wu
et al. [62]; with the addition of tobramycin at the μg/L to mg/L level,
the voltage outputs in MFCs remained relatively high but steady. These
studies exhibited a prominent tolerance to the shock load, providing a
scientific reference for the treatment of highly concentrated pharmaceutical wastewater containing antibiotics in BESs.

addition, electrode materials also affect the formation of final degradation products. The CAP is completely mineralized to CO2 and H2O
with the copper foam electrode, while the main products based on the
use of carbon rod and nickel foam electrodes are nitrobenzene and 4nitrobenzyl alcohol, respectively. They revealed the materials reduction
current based on the results from CV. Based on the comparison of the
carbon rod with nickel foam electrodes, the highest reduction current
was obtained with the copper foam electrode.
With the goal of sustainable development of BESs, some low-cost
and environment-friendly electrode materials, such as biochar and
modification materials, can be developed to promote the redox reaction
rate. More attention needs to be paid on the investigation of the interaction between electrodes and microbes and the mutual effect between electrodes and antibiotic pollutants. For example, whether
modified electrodes can cause an increase in expression of genes related
to electron transfer and further to enhance electron transfer rates involving the redox reaction of antibiotic degradation warrants further
studies.

3.3. Applied potential
The change of applied potentials leads to the electrochemically active biofilm having a variety of degrees of electrical stimulation and
provides different numbers of electron donors to affect the mineralization of antibiotics [63,64]. A clear conclusion was drawn based on
previous studies; more negative applied potentials notably enhance the
removal efficacy of antibiotics and sharply shorten the hydraulic retention time (HRT) of biocathodes.
Kong et al. determined NFZ reduction rate constant of
0.677 ± 0.069 h−1 and reduction efficiency of 42.25 ± 1.35% at 1 h
when applying a voltage of -0.2 V, whereas these constants increased to
1.202 ± 0.124 h−1 and 70.60 ± 4.21%, respectively, at a cathode
potential of -0.8 V [23]. In addition, the more negative cathode voltage
was applied, the faster transformation rates of degradation intermediates were achieved. In NaHCO3-fed biocathodes, [(5-amino-2furyl)-methylene]-hydrazinecarboxamide (AMN), and (5-nitro-2-furyl)methanamine (NFF) products notably accumulated within 72 h at
-0.2 V, but they both further degraded and disappeared quickly within
48 h at -0.8 V.
Similar results were reported in other studies. The increase of the
applied voltage leads to a higher degradation efficiency and removal
degree of CAP. Guo et al. demonstrated that the CAP removal efficiency
increases with increasing cathode potential (from −0.5 V to −1.25 V;
vs. standard hydrogen electrode (SHE)) [46]. The amine product of the
CAP reduction (AMCl2) could be further degraded at −1.25 V but not at
−0.5 V. Wu et al. found that by increasing the applied voltage from
0.3 V to 0.5 V with a nickel foam electrode, the CAP degradation started
directly because of breaking of the bond of the terminal carbon instead
of hydroxylation of the head-end carbon with a nitrato nitro group
[47].
The increment of cathode potentials is tightly associated with higher
removal rates; however, when the externally applied potential is too
low, the overall energy consumption will increase. Therefore, the optimization of the applied potential to reduce the energy consumption
while keeping a high degradation efficiency of antibiotics needs to be
studied in the future.

3.5. Carbon source
The carbon source plays an important role in the balance between
competition and commensalism of the microbial community and metabolic activities of microbes [69,70]. Research in this area mainly focuses on the performance of BESs without additional carbon sources
(antibiotic acting as sole carbon source) and with inorganic and organic
carbon sources.
Wang et al. proved the feasibility and effectiveness of anodic oxidation of SMX in MFCs in an oligotrophic environment [22]. Without
additional carbon sources, the SMX, as the sole nitrogen and carbon
source, is deeply mineralized to CH4 (final degradation product). This
indicates that the metabolic capacity of microbial communities, which
utilized antibiotics as sole carbon sources, is greatly improved after
acclimation. Another study about the effect of the inorganic carbon
source NaHCO3 on the biocathodic metabolism for NFZ removal was
conducted by Kong et al. [23]. They demonstrated that the rate constant
and removal efficiency of NFZ reduction in NaHCO3-fed biocathodes
are a little bit lower than that with the addition of glucose but markedly
higher than those of the abiotic cathode. This implies that the NaHCO3fed biocathode still has a significant biocatalytic capacity. Based on the
studies of Wang et al. and Kong et al., antibiotic pollutants can be metabolized by functional microbes under oligotrophic conditions. However, this generally takes longer time.
Additionally, a lot of researches are based on easily biodegradable
carbon sources, such as glucose and acetate, as cosubstrates to enhance
the antibiotics treatment. Wen et al. demonstrated that the power
output of MFCs, which use glucose and penicillin as cosubstrates, is
nearly 48-fold that of MFCs only containing penicillin as substrate [28].
This observation indicates that the addition of cosubstrates provides
sufficient carbon sources and more electron donors to enhance the
metabolism of microbial communities. Similar evidence supporting this
conclusion was found in another study about ceftriaxone sodium degradation in MFCs [29]. The role of an easily biodegradable cosubstrate
was discussed by Liang et al. [24]. With the addition of glucose, the
cathodic current of the biocathode notably increased at a more positive
potential, suggesting that certain cathodic reactions occur and the
electron transfer rate enhances in the presence of glucose.
Organic cosubstrates, often used as additional electron donors,
promote the growth and metabolic activities of microbes. It is difficult
to achieve a desired removal efficiency in a short time when using
antibiotics as sole carbon sources due to their complex structures.
However, do antibiotics directly co-metabolize with additional carbon
sources or are they indirectly degraded through the secretion of enzymes and electronic shuttles from the microbial metabolism of additional carbon sources? These questions remain and need to be addressed in further research.

3.4. Electrode material
Electrode materials are fundamental for the overall performance of
BESs because microbes flourish in the electrode as biocatalysts to form
biofilms for electron transfer [65–68]. Numerous researchers have used
carbon felts as electrode materials (Table 1). However, the studies that
documented the performance of different electrode materials for the
treatment of wastewater containing antibiotics are limited. There is only
one study from Wu et al. who investigated the degradation efficacy of
three metal foams as cathode electrodes for CAP treatment in BESs [47].
Wu et al. compared the use of carbon rods, copper foam, and nickel
foam as cathodic electrodes and found that copper foam exhibits the
best CAP removal performance (Fig. 1D) [47]. Using a copper foam
electrode, 32 mg/L CAP was removed within 12 h, which is more than
that based on the carbon rod (after 24 h) and nickel foam (> 120 h). In
1426
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3.6. Temperature

experimental studies are required to understand the metabolic activities
and stress mechanisms of electrode biofilms exposed to environments
with temperature fluctuation.

Many studies have proven that the temperature greatly impacts the
bacterial growth, metabolic activity, and further biochemical reactions
related to antibiotics treatment [71–73].
Zhang et al. designed a single-factor experiment to explore the effect
of the temperature (20 °C, 30 °C, and 40 °C) [41]. They obtained a
higher CAP removal efficiency (75.13%) at 40 °C compared with 20 °C
(68.11%). Guo et al. investigated CAP removal efficiencies in BESs at
10 °C, 15 °C, and 30 °C, respectively [45]. The CAP removal efficiencies
sharply decreased from above 95% to below 10% as the temperature
decreased from 30 °C to 10 °C. Interestingly, the temperature did not
notably affect the performance of BESs with 2% salinity. Although the
reaction temperature varied from 30 °C to 10 °C, the BESs maintained
CAP removal efficiencies above 75%. Their results indicate the interaction of environmental factors and that the effect of the salinity on
BESs is more influential than that of the temperature.
Kong et al. and Liang et al. reported the effect of a temperature
switchover on the CAP removal by biocathodes [43,74]. Kong et al.
showed that the CAP reduction rate significantly decreases when temperature decreases from 25 °C to 10 °C, but the biocathodes still have a
larger reduction rate in contrast to the abiotic cathode at 10 °C. This is
in accordance with the CAP reduction reaction current they revealed via
CV. Based on GeoChip and Illumina sequencing approaches employing
16S rRNA genes, Liang et al. determined relevant microbes and functional genes responding to a temperature change from 10 °C to 25 °C.
The main difference of the key genes responding to a 15 °C temperature
increase is that the genes involve nitroreductase and heat shock protein
but no electron transfer genes. The good catalytic stability of the biocathode exposed to a continuous low temperature of 10 °C is mainly
based on: (i) enriching two dominant cold-adapted nitroreductase-carrying microbes, that is, Aeromonas and Vagococcus; and (ii) maintaining
the relative abundance of key electron transfer genes such as unique
cytochrome c genes and hydrogenase genes. Their investigation provided new insight into the development of cold-adapted biocatalytic
systems.
It is necessary to assess the operation of large-scale BESs degrading
antibiotics at different temperatures in the future. Hence, more

3.7. Salinity
A high salinity has an adverse effect on the biological treatment and
influences the conductivity of wastewater, which involves redox reaction rates in BESs [75–77]. Up to now, however, only one study by Guo
et al. focused on the effect of the salinity on the removal efficiency of
CAP by BESs [45].
The CAP degradation rates and formation of degradation products
under different salinities (0, 0.5%, 2%, and 6%) were evaluated.
Approximately 92.5% of the CAP removal efficiency was obtained at a
salinity of 0.5%, which is higher than those without salinity (88.3%)
and with a salinity of 6% (49.5%), indicating that the CAP removal
efficiency can be enhanced under low salinity but not under high salinity. Furthermore, the trends of AMCl2 and AMCl formation are consistent with the above-mentioned conclusion. The AMCl2 concentration
increases within 24 h and then is transformed to AMCl at salinities of
0.5%. In contrast, the content of AMCl2 ascends continuously up to 58 h
at a salinity of 6%, but almost no AMCl is generated. This suggests that
the low salinity of pharmaceutical wastewater accelerates the transformation rate of CAP to AMCl2 and the dechlorination of AMCl2 to
AMCl, but an inhibition effect occurs under higher salinity.
Based on the poor degradation of traditional biological treatment
due to the high salt content and limited removal of AOPs because of
high total dissolved solids, BESs are considered to be alternative
treatments for high-salinity wastewater containing antibiotics. Previous
studies on antibiotics removal by BESs have paid more attention to
municipal wastewater and simulative artificial sewage. However, given
the high diversity of antibiotics pollutants and universality of highsalinity pharmaceutical wastewater, more attentions are required to
study the removal dynamics of a broad range of antibiotics using BESs
under pressure of salinity. Additionally, more focus should be placed on
the effect of operating parameters on the long-term stability of electroactive biofilms exposed to high salinity.

Fig. 4. Degradation pathways of sulfadiazine. Reproduced with permission from ref [82]. Copyright 2018 Elsevier.
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C4H5N3

C6H10N4O3

C6H8N4O2

C5H6N2O3

96.9683 [M+H]+

209.0630 [M+Na]+

191.0526 [M+Na]+

164.9287 [M+Na]+

AMH

AMN

NFF

C4H5N3O3S

−

aniline

174.9379 [M−H]

pyrimidin-2ylsulfamic acid

C11H14ClN2O3

−

C11H14Cl2N2O3

291.0351 [M−H]−

AMCl2

257.0702 [M−H]

C4H6N2O

99.10 [M+H]+

3A5MI

AMCl

Proposed formula

Exacted m/z

Byproducts

142.04

168.15

186.17

95.11

175.17

258.70

292.03

98.10

Molecular weight

Proposed structure

Notes: 3A5MI: 3-amino-5-methylisoxazole; AMH: [(5-hydroxyamino-2-furyl)-methyl]-hydrazinecarboxamide; AMN [(5-amino-2-furyl)-methylene]-hydrazinecarboxamide; NFF: (5-nitro-2-furyl) methanamine.

Antibiotic

Table 2
Intermediate degradation products of representative antibiotics.
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Table 3
Effect of factors on microbial communities in bioelectrochemical systems.
Antibiotic

Condition

Value

Predominant microbial community

Refs.

chloramphenicol

salinity

0%
0.5%
2%
6%

Methylophilus, Methyloversatilis, Chryseobacterium and Comamonas
Proteiniphilum, Candidatus_Methangranum and Ornatilinea
Halomonas, Haliangium, Byssovorax and Methylophaga
Lysinibacillus and Pseudomonas

[45]

chloramphenicol

temperature

10 °C
15 °C
30 °C

Leptolinea, Longilinea and Acinetobacter
Terrimonas and Erysipelothrix
Methylophilus and Candidatus_Methanogranum

[45]

chloramphenicol

temperature

10 °C
10 °C to 25 °C

Aeromonas and Vagococcus
Raoultella and Enterococcus

[74]

chloramphenicol

antibiotics concentration

10 mg/L
20 mg/L
50 mg/L

Brevundimonas, Pseudomonas Saccharibacteria and Methylobacillus
Methylobacillus
Methylobacillus, Pseudomonas and Methylophilus

[46]

chloramphenicol

applied potentials

−1.25 V

Phylum: Proteobacteria
Genus: Alkaliphilus and Acinetobacter
Phylum: Proteobacteria
Genus: Flavobacterium and Acholeplasma
Phylum: Proteobacteria
Genus: Halomonas, Methylophaga

[46]

Phylum: Proteobacteria
Genus: Klebsiella
Phylum: Proteobacteria
Genus: Klebsiella
Phylum: Firmicute
Genus: Enterococcus

[23]

−1 V
−0.5 V
nitrofurazone

applied potentials

−0.2 V
−0.5 V
−0.8 V

due to dehalogenase secreted from microbes (Fig. 5A) [24]. Their results were also confirmed by other studies on biocathodes [45,46].
Additionally, Zhang et al. identified four probable metabolites, that is,
CAP-acetyl, AMCl2, AMCl2-acetyl, and Mc-AMCl2, based on the results
of ESI-Q-TOF-MS [41]. They revealed that the acetylation, nitroreduction, hydrolysis, and meta-cleavage pathways as the basic reactions in
MFCs (Fig. 5B). Different from processes with microorganism participation, Wu et al. conducted CAP degradation under pure chemical reactions and proposed a different degradation pathway (Fig. 5C) [47].
Electrons from anode microbes and hydroxyl radicals generated in the
cathode collaboratively enhanced the CAP reduction.
Interestingly, although the degradation of SMX in MFCs has been
investigated, two different degradation pathways of SMX were proposed by Wang et al. and Miran et al. (Fig. 6) [22,38]. Wang et al.
provide a comprehensive byproduct analysis according to HPLC detection of 3A5MI, the metabolite representative for biodegradation of
SMX, and the UPLC-QTOF-MS chromatogram. The split of the S-N bond
of SMX is a step to generate 3A5MI. Subsequently, amidogen of 3A5MI
as nitrogen source was further metabolized by microorganisms. Additionally, Miran et al. elucidated two main degradation pathways of
SMX based on different mass-to-charge ratios from LC-TOF-MS/MS.
One of the degradation routes involves the degradation of N-[(4-aminophenyl)sulfonyl]carbamimidic acid to 4-aminobenzenesulfonamide,
while the other one concerns the transformation of N-(4-sulfamoytphenyl)acetamide to 4-aminobenzenesulfonamide. The difference of
the SMX degradation pathways might be due to the distinction of the
functional microbes in these two MFC systems, which are provided in
detail in Table 4.

4. Degradation pathways and metabolic byproducts of antibiotics
The exploration of antibiotics byproducts and degradation pathways
was mainly carried out by HPLC, LC-MS/MS and LC-QToF/MS [78–80].
From a scientific and rigorous perspective, the identification of metabolic products should also be verified by their corresponding commercial reference standards if they can be bought and testified in
combination with other techniques such as nuclear magnetic resonance,
if needed. With respect to the detection procedure of degradation byproducts, Helbling et al. developed an effective technique as guidance
[81]. They provided a detailed description of high-throughput identification of biodegradation products of micropollutants, mainly through
target and non-target screenings of full-scan MS data and the proposition of structures according to the interpretation of MS spectra and MS/
MS fragments.
The degradation pathway of sulfadiazine (SDZ) in biofilm-electrode
reactors is depicted in Fig. 4. Based on the results from a Q-Exactive
Hybrid Quadrupole-Orbitrap mass spectrometer, Yang et al. proposed
twelve potential degradation byproducts [82]. The split of the S–N bond
between the aniline ring and sulfonic group of SDZ generates two main
byproducts, that is, pyrimidin-2ylsulfamic acid and aniline. Subsequently, two degradation pathways of SDZ along with these two primary intermediates were proposed by the authors. In addition, Kong
et al. conducted a comprehensive byproduct analysis of NFZ based on
the HPLC peak and mass/charge rates from HPLC-QTOFMS and found
three furan ring-containing products of AMH, AMN, and NFF as main
metabolites [23]. Their chemical structures are presented in detail in
Table 2. The main NFZ degradation reaction involved in the nitro group
reduction, cleavage of C-N unsaturated bond, and split of N-N bond are
shown.
Note that degradation pathways of CAP have been proposed in
many studies on biocathodes or MFCs and AMCl2 and AMCl are mainly
considered to be representatives for amine and dechlorinated products
of CAP (Table 2). Based on HPLC-MS/MS, LC-QTOFMS, and IC analysis,
Liang et al. firstly put forward that the nitro group of the CAP molecule
is converted to an amine group with the production of AMCl2 and then
AMCl2 is further transformed to AMCl through dichlorination, likely

5. Predominant microbes for antibiotics degradation in BESs
Microbial communities play a significant role as biocatalysts in the
overall performances of BESs. Rapid development of high-throughput
sequencing technology helps to explore the predominant microbes in
BESs for antibiotics degradation and to understand the changes of microbial communities responding to environmental factors. Similar to
the initial antibiotic concentration, applied potential, temperature, and
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salinity, their effects on microbes were investigated in previous studies
(Table 3). These effective factors prominently alter the diversity and
richness of microbial communities. Yan et al. reported that with the
prolongation of acclimation, the Chao1, Simpson, and Shannon indices
of microbial communities in MFCs sharply decline and Eubacterium spp.

flourishes in MFCs as sole dominating genus [36]. The factors enrich
the corresponding specific functional microbes. For example, based on
the temperature change to 10 °C, biocathodes significantly enrich
Aeromonas and Vagococcus with cold-adapted ability [74]. Nonetheless,
the effect of the factors varies from pharmaceutical to pharmaceutical

Fig. 5. Degradation pathways of chloramphenicol. (A) The cathodic CAP reduction in biocathodes; Green bar represents the abiotic cathode and biocathode, the
occurred reduction was indicated purple arrows. Reproduced with permission from ref [24]. Copyright 2013 American Chemical Society. (B) degradation pathway of
CAP in MFCs; Reproduced with permission from ref [41]. Copyright 2017 Elsevier. (C) degradation pathways of CAP with AOPs; Reproduced with permission from
ref [47]. Copyright 2017 Elsevier. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. (continued)

and causes clear differences between microbial communities. For instance, in biocathodes, the abundance of Proteobacteria increases with
a more negative potential for CAP treatment [46], while Firmicute
enriches to 60.07% based on a 0.8 V group treating NFZ [23].
The predominant microbes, which may be responsible for the degradation of antibiotics, are listed in Table 3. At the phylum level, the
three dominant microbes belonging to Proteobacteria, Firmicutes and
Bacteroidetes occur in most BES reactors. At the genus level, the
functional microorganisms vary from system to system and from
pharmaceutical to pharmaceutical. For SMX, Thauera capable of degradation of aromatic hydrocarbons flourishes in MFCs inoculating
SMX-acclimatized cultures [38]. In another study, Wang et al. pointed
out that the increment of the abundance of Methanobacterium, Methanosaeta, Treponema, and Achromobacter is responsible for the degradation of highly concentrated SMX in MFCs [37]. For CAP, the electrochemically active bacterium Pseudomonas occurs in all biocathodes,
possessing the ability of reducing nitroaromatics. For NFZ, Klebsiella
plays an important role as dominant genus (62.54% under −0.2 V and
56.96% under −0.5 V, respectively) in biocathodes [23]. Klebsiella not
only has the ability of reducing nitroaromatics, but also is electrochemically active. For oxytetracycline, the functional bacteria Eubacterium spp. are extremely enriched (up to 91.69% ± 0.27%) in
MFCs [36]. Previous studies showed that some members of Eubacterium
spp. anaerobically transform oxygen-containing heterocyclic aromatic
compounds or secrete enzymes to catalyze metabolic processes of
complex compounds [83–85]. For cefazolin sodium, Geobacter, Acinetobacter, Stenotrophomonas, Dysgonomonas, and Lysinibacillus were observed and are responsible for its degradation in single-chamber MFCs
through commensalism [26].
Further understanding of functional microbes will contribute to the
rapid development of BESs to treat wastewater containing antibiotics.

Isolation of pure functional bacterium, genetic engineering and
genome-scale metabolic modeling might yield functional species that
possess excellent degradation capacities [57]. Inoculation of these
functional species will contribute to the quick start-up of biofilms and
the good operation of BESs degrading antibiotics in practice.
6. Effect of BESs on the fate of ARB and ARGs during antibiotics
removal
The increasing appearance of ARB and more extensive proliferation
of ARGs are of concern [87,88]. These pollutants raise serious concerns
with respect to the public health due to the increase in the use of lastresort antibiotic drugs [89–91]. For biological treatments, long-term
antibiotics treatment exerts persistent and selective pressure on microbes to increase the transmission of ARGs, which is a common and
unavoidable challenge. Hence, it is of great importance to investigate
the effect of BESs on the fate of ARB and ARGs during antibiotics removal.
6.1. Do BESs facilitate or reduce the transmission of ARB and ARGs?
The question if BESs facilitate or reduce the transmission of ARGs
remains unanswered because the experimental evidences in the literarure results provided contradictory conclusions. In some pure ARB
model bacteria, current and electron shuttles are unbeneficial to the
removal of ARB and ARGs in BESs. In contrast, BESs contribute to the
removal of ARB and ARGs in other cases compared with other biological treatment processes.
Yuan et al. used a tetracycline and SDZ resistant E. coli strain carrying intI1, sulI, and tet(E) genes as a model bacterium and incubated it
into BESs [92]. Independent of the systems operated in the MFC or MEC
1431

Chemical Engineering Journal 358 (2019) 1421–1437

W. Yan et al.

Fig. 6. Degradation pathways of sulfamethoxazole. (A) Reproduced with permission from ref [22]. Copyright 2016 Elsevier. (B) Reproduced with permission from ref
[38]. Copyright 2018 Elsevier.

mode, both the abundances of E. coli and the aforementioned three
ARGs enrich with increasing current. Correlation analysis revealed that
a higher current is advantageous for the survival of E. coli, which determines the persistence of ARGs in BESs. Additionally, the availability
of the anode electrode and electron shuttles is tightly associated with
the survival of E. coli., indicating that indigenous electron acceptors in
the BESs are favorable to the existence of ARGs. Similar to the results
obtained with another SDZ-resistant bacterium, Li et al. investigated the
viability and ARGs expression of Klebsiella spp. exposed to direct-current stimulation in BESs [93]. A higher current (7–28 mA) accelerates
the growth rate of Klebsiella spp. and causes an upregulation of the sulII
and int1 expressions. The strong correlation between int1 and the current reveals that a higher current may promote the horizontal transfer
of ARGs. Based on the combination of the results from Yuan et al. and Li
et al., there is a potential risk in applying BESs to the treatment of
antibiotics with respect to the transmission of ARB and ARGs.
On the contrary, some researchers believe that the BES has its own
advantage over traditional biological processes with respect to the
minimization of the appearance and proliferation of ARB and ARGs. For
example, based on the results of high-throughput quantitative polymerase chain reaction (PCR), Yan et al. found that the normalized copy
numbers of total ARGs and mobile genetic elements in MFC biofilms
were markedly lower after long-term acclimation than those of microbial controls representing conventional anaerobic treatments [36].
Compared with the long-term treatment of low concentrations of cefuroxime in conventional sequencing batch biofilm reactors, BESs can
reduce three representative β-lactam ARGs, that is, OXA-1, OXA-2, and
OXA-10 [30]. Compared with the used of only constructed wetlands in
previous reports [94], Zhang et al. found that the lowest abundances of
tet(E) and sulI in the effluent were observed in integrated systems, that
is, MFCs coupled with constructed wetlands [48]. This indicates that
treatments coupled with BESs are more favorable for the reduction of
ARGs in the effluent. Additionally, Guo et al. found that both the

richness of ARB and the relative expression of floR and cmlA genes
decline with subsequent complete degradation of CAP [46]. This implies that the selective pressure of CAP to ARGs would be relieved
during the removal and the discharge of ARB is not enriched. Compared
with conventional WWTPs, where ARB and ARGs are enriched during
the sludge treatment process, the abundances of ARB and ARGs can be
efficiently controlled in BESs [46].
It is worth noting that the initial experimental conditions of the
aforementioned experiments were different and those experimental
conditions may cause different conclusions. For example, Yuan et al.
and Li et al. used antibiotics-resistant but not antibiotics-degrading
bacteria as mode microorganisms. Hence, the questions are if ARGs in
antibiotics-degrading bacteria are upregulated as functional genes
when the bacteria metabolize the antibiotics as the growth substrate
and if they are downregulated when the antibiotics are completely
degraded. These questions about the effect of the current on antibioticsdegrading bacteria and interaction of ARGs remain unanswered and
further investigation is needed. It is the opinion of the authors that BESs
have the potential to reduce the risk of ARB and ARGs because: (i) BESs
are constructed based on anaerobic biotechnologies because previous
studies confirmed that anaerobic treatment processes can efficiently
remove ARB and ARGs [95,96]; and (ii) BESs produce extremely low
excess biomass and less residual sludge compared with conventional
aerobic methods[97], which reduce the ARG carriers to some extent.
Hence, it seems that BESs are beneficial to the reduction of ARGs
compared with traditional biological treatments, but more research is
needed to obtain a more scientific conclusion.
6.2. Effect of the applied potential, initial antibiotic concentration, salinity,
and temperature on the ARB and ARGs
Based on the aforementioned evaluation of the environmental effect
on microbial communities mainly belonging to the hosts of ARGs, the
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Predominant microbes in bioelectrochemical systems for degrading antibiotics.
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β-proteobacteria
Clostridia
Bacteroidia

N.M.

N.M.

N.M.

N.M.

Clostridia
α-Proteobacteria
β-Proteobacteria
γ-Proteobacteria
N.M.

N.M.

N.M.

N.M.

N.M.

Family

N.M.

Flavobacteriia
α-Proteobacteria
β-Proteobacteria
γ-Proteobacteria

δ-proteobacteria (71.61%)
α-proteobacteria
β-proteobacteria
γ-proteobacteria
Clostridia
Bacteroidia
Flavobacteria

N.M.

N.M.

β-proteobacteria (47.61%)
Actinobacteria (15.40%)
α-proteobacteria (9.35%)
Flavobacteriia (8.00%)
Sphingobacteriia (5.05%)
γ-proteobacteria (3.52%)

Class

Thauera (56.4%)

Methanobacterium
Methanosaeta
Treponema
Achromobacter

Methylococcus capsulatus,
Dechloromonas
Byssovorax cruenta
Longilinea arvoryzae
Malikia spinose

Eubacterium spp. (91.8%)

[38]

[37]

[82]

[36]

[35]

[24]

[86]

[45]

[46]

[41]

Refs.

(continued on next page)

Achromobacter (14.9%),
Burkholderia–Paraburkholderia (12.3%)
Alcaligenes (9.4%)
Geobacter (5.01%)
Stenotrophomonas (4.4%)
Enterobacter (4%).

Salmonella bongori
Clavibacter michiganensis
Enterobacter
Pseudomonas
Dechloromonas denitrificans

Geobacter (67.55%)
Rhodopseudomonas (4.83%)
Desulfovibrio (3.49%)
Pseudomonas (2.29%)
Dysgonomonas (1.70%)
Petrimonas (1.54%)
Cloacibacillus (1.24%)

Lysinibacillus
Pseudomonas

Methylobacillus
Pseudomonas
Brevundimonas

Azonexus (19.94%)
Comamonas (19.41%)
Nitrososphaera (12.15%)
Chryseobacterium (8.86%)
Gaiella (5.45%)

Genus
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Notes: The percentage in brackets are the abundance of microbes according to previous references. And the order in one excel blank is reflected by their abundances, that is, the highest abundance of microbes was placed
in the top of the same blank; N.M: Not mentioned.

[23]
Klebsiella (62.54%)
γ-proteobacteria (81.09%)
nitrofurazone

Proteobacteria (84.81%)

N.M.

[26]
Geobacter (18.71%)
Acinetobacter (15.82%)
Dysgonomonas (5.36%)
Lysinibacillus (3.22%)
Stenotrophomonas (2.85%)
N.M.
cefazolin sodium

Proteobacteria (> 38.89%)
Bacteroidetes (20.1%)
Spirochaetae (7.05%)
Firmicutes (4.28%)

N.M.

[30]
N.M.
N.M.
cefuroxime

Proteobacteria (60–80%)

Xanthomonadaceae,
Propionibacteriaceae
Alcaligenaceae

[25]
N.M.
N.M.
Proteobacteria (47.3%)
Bacteroidetes (18.6%)
Chloroflexi (4.2%)
Sulfamethoxazole
and tetracycline

N.M.

[31]
Dechloromonas (31.47%)
Bacteroidetes (23.70%)
Nitrospira (4.63%)
Crenothrix (4.54%)
N.M.
N.M.
Proteobacteria (45.93%)
Bacteroidetes (20.16%)
Chloroflexi (4.23%)
sulfamethoxazole and tetracycline
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Refs.

W. Yan et al.

environmental factors also affect the ARB and ARGs in BESs. However,
the studies of the effect of environmental factors on the ARB and ARGs
during antibiotics removal in BESs are limited. Apart from the conclusion about the effect of the higher current on the ARB and ARGs in
Section 6.1, only Guo et al. evaluated the effect of the applied potential,
initial antibiotic concentration, salinity, and temperature on the fate of
ARB and ARGs [45,46]. Hence, the effects of other environmental
factors on ARB and ARGs, mainly including the cmlA, floR, tetC, sul1,
and intI1 genes, are debated in detail in the following section based on
the results from Guo and her co-workers.
The cathode potential affects the abundances of ARB and ARGs.
Except for tetC, the relative abundances of the cmlA, floR, sul1, and intI1
genes are the lowest at −1 V in BESs with 2% salinity compared with
those at −1.25 V and −0.5 V (the result that the current induces the
persistence of ARGs to some extent contradicts the conclusions of Yuan
et al. and Li et al.). The abundances of ARB are similar to that of ARGs,
that is, the lowest richness of ARB carrying floR and cmlA genes occurs
in BESs with an applied voltage of −1 V. These phenomena may contribute to the fact that the applied electrical field changes the cell
membrane permeability and speeds up the death of bacteria without
resistance under the poison of antibiotics. These results imply that the
appearance of ARB and transmission of ARGs can be controlled at −1 V
and that it would be a good choice to apply a voltage of -−1 V for CAP
wastewater treatment.
A higher initial antibiotic concentration contributes to a higher selection pressure for the propagation of the ARB and enrichment of
ARGs. As the CAP concentration increases from 10 to 50 mg/L, the
abundance of ARB increases more quickly and the relative expression of
the floR gene is induced more profoundly. A similar increase was also
obtained by ARB carrying the cmlA gene. Compared with 10 mg/L, the
CAP concentrations of 20 and 50 mg/L result in a striking rise in ARB
carrying the cmlA gene.
A low salinity, especially a salinity of 0.5%, facilitates the expression of cmlA, floR, sul1, and intI1 compared with salinities of 0.2% and
6%. The higher abundance of cmlA, floR, sul1, and intI1 at a salinity of
0.5% implies that not only the spread of ARGs is enhanced, but horizontal gene transfer of ARGs is promoted by the lower salinity.
However, the effect of the salinity on the tetC gene is completely opposite to that of the other ARGs and its abundance increases with increasing salinity from 0% to 6%. This indicates that the role of the
salinity to different ARGs is diverse.
A low temperature of 10 °C accelerates the proliferation of ARGs and
further enhances affected by the salinity. In BESs without salinity, the
relative abundances of ARGs and intI1 affected by 15 °C and 10 °C are
similar and both notably higher than those at 30 °C. However, at a
salinity of 2%, the highest relative expression of ARGs and intI1 occurs
at 10 °C and the abundance of ARGs and intI1 remains relatively low at
15 °C and 30 °C. The strong correlation between ARGs and intI1 reveals
that a 2% salinity has a stronger environmental impact than the temperature, which is conducive to the horizontal transfer of ARGs.
It is important to note that discussion about effect of these factors on
ARB and ARGs are based on limited results from Guo and her coworkers, hence more investigations are required to get a more scientific
conclusion. Additionally, previous studies have confirmed positive
correlations between different ARGs and between ARGs and mobile
genetic elements [98–101]. But the existing literatures are mostly
limited to individual ARGs relevant to antibiotics. Hence, it needs more
attention to investigate the fate of a broad range of ARGs under different operating conditions in BESs.
7. Challenges and outlook
Through combined integration of microbial metabolism and electrochemical redox reduction, BESs are regarded as emerging environment-benign and promising treatments for emerging pollutants, especially antibiotics. In this review, the effect of various environmental
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factors on the performance of BESs, functional microbes, and ARGs has
been addressed. However, the existing literatures paid more attention
to search functional bacteria but not further to reveal biocatalyst mechanism about functional genes. And previous studies focused on the
removal capacity of traditional BESs for wastewater containing antibiotics but not contribute to the development of BES systems to treat
antibiotics contaminants concentrated in solid matrixes. Hence, given
the diversity of antibiotics pollutants and the complexity of realistic
pollutant environments, several challenges with respect to the improvement of the removal capacity, revelation of biocatalyst mechanism, development of BES systems, and ARGs investigation remain
to be addressed and need more attention.

7.4. System development
Previous studies were performed in simulative aquatic environments, but the emerging contaminants of antibiotics are ubiquitous and
often found to be easily concentrated in solid matrixes such as sediments, sludge, and soil. The emergence of sediment MFCs and plant
MFCs or other solid BESs might be a good basis to study these troublesome issues. Specific BESs should be developed for different surroundings involving the investigation of the removal capacity and critical factors of antibiotics-containing solid matrixes. Additionally, the
coexistence of antibiotics pollutants and other contaminants, such as
heavy metals, is pervasive. Heavy metals pose a co-selective pressure on
ARGs. Biocathodes have proven to be a good platform for the reduction
of metals and antibiotics. Hence, it needs to be studied if biocathodes
are a good choice for the treatment of matrixes containing both antibiotic pollutants and heavy metals and for the release of the co-selective
pressure through rapid transformation.

7.1. Capacity improvement
Despite the major advances, the removal capacities of antibiotics in
BESs are relatively low considering their future application in realistic
polluted environments. Improving the electron transfer capacity is a
key to solve this issue. Electrodes are the habitats of exoelectrogens and
determine the activity of microorganisms and overall performance of
BESs. Therefore, low-cost and durable electrode materials with excellent conductivity and biocompatibility should be developed. Biochar
and its modification materials as well as other cost-effective carbon
based electrodes may be good choices. The comparison of different
electrodes with respect to their influence on microbial community and
electron transfer should be studied in the future. Furthermore, the addition of electron transfer mediators might enhance the removal capacity and the interplay of electrochemically active microbes, electrodes, and electron transfer mediators warrants further studies.
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