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• High salinity deteriorated the degrada-
tion of naphthalene by MEC.

• High salinity reduced the thickness of
anodic biofilms.

• The thickest biofilmwas obtained under
10 g/L NaCl concentration in MEC.

• The live/dead bacteria ratio decreased
with increasing salinity.

• Pseudomonas played an important role
in MEC with high salinity.
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The anaerobic biodegradation of polycyclic aromatic hydrocarbons (PAHs) in high salinity wastewater is rather
hard due to the inhibition of microorganisms by complex and high dosage of salts. Microbial electrolysis cell
(MEC), with its excellent characteristic of anodic biofilms, can be an effective way to enhance the PAHs biodeg-
radation. Thiswork evaluated the impact of NaCl concentrations (0 g/L, 10 g/L, 30 g/L, and 60 g/L) on naphthalene
biodegradation and analyzed the damage protection mechanism of anodic biofilms in batchingMECs. Compared
with the open circuit, the degradation efficiency of naphthalene under the closed circuit with 10 g/L NaCl concen-
tration reached the maximum of 95.17% within 5 days. Even when NaCl concentration reached 60 g/L, the deg-
radation efficiency only decreased by 10.02%, compared with the MEC without additional NaCl. Confocal
scanning laser microscope (CSLM) proved the superiority of the biofilm states of MEC anode under high salinity
in terms of thicker biofilms and higher proportion of live/dead bacteria cells. The highest dehydrogenase activity
(DHA) was found in the MEC with 10 g/L NaCl concentration. Moreover, microbial diversity analysis demon-
strated the classical electroactivemicroorganisms Geobacter and Pseudomonaswere found on the anodic biofilms
of MECs, which have both PAHs degradability and the electrochemical activity. Therefore, this study proved that
high salinity had adverse effects on the anodic biofilms, but MEC alleviated the damage caused by high salinity.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are persistent organic pol-
lutants composed of two or more aromatic rings fused together. Coal
chemical wastewater is one of the main sources of PAHs pollution,
which also contains high content of inorganic salts (e.g., chloride,
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sulfate, nitrate) (Ji et al., 2016). This typical refractory high-hazard or-
ganic wastewater with high salinity is a serious threat to human living
environment and the beneficial development of industry (Xiong and
Wei, 2017). Microbial electrolysis cell (MEC) has been shown to be ef-
fective to degrade recalcitrant organicmatter by the supply of the exter-
nal electric field to reduce the energy barrier. It has been confirmed that
an ion exchange membrane (IEM)-free MEC with pre-acclimated
bioanode could be achieved 2,4-dichloronitrobenzene wastewater
treatment (Liu et al., 2020a). Luo et al. found the removal efficiency of
nitrobenzene (50mg/L) inMEC can reach 98% in 36 hwith 0.8 V applied
voltage (Luo et al., 2019). It is cost-effective to provide a small external
voltage delivered by a power source for circumventing the thermody-
namic reaction barrier of PAHs degradation (Cheng et al., 2006; Sun
et al., 2015). At present, most studies focus on promoting the degrada-
tion of PAHs by MEC, but few studies concentrate on the high salinity
of PAHs wastewater in complex environments.

Microbial biofilm is an important form of microbial aggregation and
growth, which plays an essential role in controlling pollutant migration,
transforming and degrading pollutants, and has been a research hotspot
in recent years (Liu et al., 2020b). Similarly, the stability of biofilms is
the hinge to the efficient operation of MEC. It was found that the num-
ber of typical hydrogenotrophic denitrifiers in the biofilms of MEC inte-
grated gas diffusion membrane increased during the remediation of
nitrate contamination (Liang et al., 2020). Factors such as temperature,
pH and concentration of salt ions, substrate and others will affect the
microorganisms in the anodic biofilms and thus affect the operation of
MEC (Xu et al., 2014; Wang et al., 2010; Carmona-Martinez et al.,
2015; Yu et al., 2020). However, only investigating changes inmicrobial
populations and populations in previous studies was not enough to ex-
plore the state of anodic biofilms in dealing with hazards (Zakaria et al.,
2019; Zhang and Li, 2020). Therefore, in this study, we evaluate the im-
pact of NaCl on the stabilization of anodic biofilm in various aspects dur-
ing long-term operation.

The aim of this researchwas to explore the influence of high salinity
on PAHs degradation in simulated chemical industry wastewater by a
single-chamber MEC. Naphthalene was selected as the model pollutant
of PAHs for their relatively high content and typical structure in the coal
industrial wastewater. The removal efficiency of naphthalene by MEC
and anodic electrochemical properties under different NaCl concentra-
tions were analyzed, the biofilm homeostasis and microbial activity in
anode were studied at the same time. The degradation mechanism of
PAHs wastewater with high NaCl by MEC is revealed, which provided
a basis for MEC process to treat high salinity industrial wastewater.
2. Materials and methods

2.1. Chemicals

Naphthalene at >99% purity was obtained from Aladdin Chemistry
Co. Ltd. (Shanghai, China). Acetone, methanol, n-hexane and acetoni-
trile are high-performance liquid chromatography (HPLC) grade,
which were purchased from Sigma-Aldrich (St. Louis, USA). Other
chemicals were reagent grade and bought from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China).
Table 1
The characteristics of the MEC reactors.

Reactor Circuit NaCl concentration

RO Open circuit 0 g/L
RC0 Closed circuit 0 g/L
R C10 Closed circuit 10 g/L
R C30 Closed circuit 30 g/L
R C60 Closed circuit 60 g/L
RO60 Open circuit 60 g/L
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2.2. MECs set-up and acclimatization

Six lab-scale reactors were built and operated simultaneously. These
400-mL single-chamber reactors used inMECexperiments are shown in
Fig. S1, which were constructed with acrylics. Carbon brushes (50 mm
in diameter and 80 mm in length, produced by Toho tenax Co., Ltd.,
Japan) in the center and nickel meshes (80 mm in width and 250 mm
in length, produced byAnping kaianmetalmeshCo., Ltd., China) around
the reactors were used for anode and cathode respectively and
pretreated to remove the interference of impurities (Cui et al., 2017).
Carbon brushes were immersed in acetone and hydrochloric acid
(1 M) for 24 h respectively then rinsed with running water for 1 h;
the next operation was washing with deionized water for three times;
after drying in 105 °C, carbon brusheswere heat-treated inmuff furnace
at 450 °C for 30min.Nickel screenwas soaked in acetoneovernight then
rinsed with running water and washed by deionized water, finally,
dried at 105 °C. The applied voltage was set at 800 mV by DC power
source to overcome electrodes overpotentials and avoid water electrol-
ysis. Reactors were operated with external 10Ω resistance. The current
was converted by monitoring potential data. Titaniumwire (0.2 mm in
diameter, Baoji LiXing Titanium Group Co., Ltd., China) was used to
stretch out the reactor and connect external circuit. The initial pH was
adjusted to 7.0 ± 0.1 by sodium hydroxide aqueous solution (1 M)
and hydrochloric acid (1 M) and all reactors were placed in constant
temperature room (35 ± 0.5 °C).

The sewage and sludge from biochemical pool in this experiment
stemmed from a coal chemical industry in Xuzhou (Jiangsu province,
China), which used asmicrobial inoculation source. The quality of actual
wastewater was not suitable for the growth of microorganisms, but the
microbial in high-salinity wastewater with complex chemical has a po-
tential ability for the degradation of refractory organic matter. There-
fore, sewage and synthetic wastewater were domesticated in a ratio of
1:10, different contents of naphthalene and sodium acetate were also
added. The components of synthetic wastewater are shown in
Table S1. The sewage and synthetic wastewater were aerated with ni-
trogen to remove the oxygen in the solution and then inoculated into
the reactor with sludge. After 30 days stabilization, the anodes of
MECs were successfully covered with the microorganisms, which out-
put voltage were also stable.
2.3. Experimental design

After domestication stage, the reactors were operated for 10 periods
in sequencing batch mode, which were shown in Table 1. A total of
90 days elapsed from domestication to the end of the reactions. In
each period, RO and RO60 were operated in open circuit and respectively
added NaCl concentration is 0 g/L and 60 g/L, while RC0, RC10, RC30 and
RC60 were operated in closed circuit with different NaCl concentration
(0 g/L, 10 g/L, 30 g/L and 60 g/L). For each cycle, 400mL syntheticwaste-
water containing 10mg/L naphthalenewithout oxygenwere added into
each reactor by nitrogen protected. Each cycle operation time was
5 days according to the decreased current. After the end of each cycle,
all the liquid in the reactors was drawn out, and replacedwith new syn-
thetic wastewater for the next cycle.
PAHs concentration Phenol concentration

10 mg/L 150 mg/L
10 mg/L 150 mg/L
10 mg/L 150 mg/L
10 mg/L 150 mg/L
10 mg/L 150 mg/L
10 mg/L 150 mg/L
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2.4. Analytical methods

The water sample was collected from each reactor once every 24 h,
respectively, then filtered through syringe filter (0.22 μm, Nantong
haizhixing experimental equipment Co., LTD, China). The COD were
measured three replicates according to standard methods. Liquid sam-
ple was pretreated according to the literature (Zhou et al., 2020) for
the determination of naphthalene and phenol. 5 mL of n-hexane, used
as an extraction agent, was added to the water sample, and the upper
portion was collected after mixing thoroughly and layering. The extrac-
tion operation was repeated three times. After drying under nitrogen,
dissolve the extract with 2 mL methanol and filtered through 0.22 μm
organic filter (0.22 μm, Nantong haizhixing experimental equipment
Co., LTD, China). Naphthalene and phenol were quantified by a HPLC
(Ultimate 3000 Series, Thermo Fisher Scientific, USA). The HPLC was
equipped with Acclaim™ 120 C18 (4.6 mm × 250 mm, 5 μm, Thermo
Fisher, USA), and mobile phase consisted of 75% acetonitrile and 25%
water by volume ratio. The injection volumewas 10 μL and column tem-
perature was 30 °C with a flow rate of 1.0 mL/min. Naphthalene and
phenol were detected at the wavelength of 220 nm and 270 nm,
respectively.

2.5. Dehydrogenase activity

Dehydrogenase activity (DHA) ofmicroorganismswasmeasured ac-
cording to the literature (Reddy et al., 2010), which based on the reduc-
tion of 2, 3, 5-triphenyltetrazolium chloride (TTC). Since taking biofilm
samples during the reaction cycle would affect the stability of the reac-
tor, the anode biofilms were only sampled in the last cycle. The free mi-
croorganisms in the liquid were sampled and tested daily from a stable
period.

2.6. Electrochemical analysis

Cyclic voltammetry (CV)was conductedwith electrochemicalwork-
stations (CHI604E, CH Instruments, INC., China) to assess electrocata-
lytic activity of anode-attached biomass (Yin et al., 2019). The anode
was set as the working electrode, the counter electrode was nickel net
and the reference electrode was a standard calomel electrode. The
anode potential was applied a potential ramp with time at a scan rate
of 10 mV/s in a cyclic manner from +0.6 V to −0.8 V.

2.7. Biofilm characterization

At the end of the last reaction cycle, the biofilmswere characterized.
The cell viability assessment in anode biofilms was evaluated by confo-
cal laser scanningmicroscopy (CLSM, Leica TCS SP8, LeicaMicrosystems,
Germany). LIVE/DEAD® BacLight™ Bacterial Viability Kits (L7012,
Thermo Fisher Scientific, USA)was used to stain the biofilms on anodes.
The thickness of the biofilmswas obtained through the software of Leica
and the percentage of live cells was calculated by counting pixels of
layer-scanned images with ImageJ.

2.8. Microbial diversity analysis

After the last cycle of the reaction, the anode carbon brushes were
detached from the reactors for microbial community analysis. The
anode was first softly washed with sterile phosphate buffer to remove
free microorganism and impurities. Then the total DNA of electrode
biofilms was extracted with the PowerSoil DNA Isolation Kit (MoBio,
Shanghai, China). After the DNA samples met the requirements, high-
throughput sequencing based on IlluminaMiseq PEwas used to analyze
the microbial community. The universal primers 338F (5′-ACTCCTACG
GGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′)
were used.
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2.9. Date calculation

Naphthalene removal efficiency (RE, %) was defined as:

RE ¼ C0−C1

C0
� 100% ð1Þ

where the C0 (mg/L) and C1 (mg/L) represent the naphthalene concen-
trations in the initial and real-time, respectively.

The current (I, A) was calculated according to the ohm law:

I ¼ U
R

ð2Þ

where U (V)represents the voltage of the resistor, and R (Ω)represents
the resistance of the external resistor.

Anodic coulombic efficiency (CE, %) of the MEC was calculated ac-
cording to the following formula (Zhao et al., 2016)

CE ¼ It
nF C0−C1ð ÞV=M � 100% ð3Þ

I (A) is the current, t (s) is the time of running time of the reactor, n is
the number of electrons (n=4), F is faradays constant (96,485C/mol), V
(L) is the volume of the reactors,M is themolecularweight (32,000mg/
mol), C0 and C1 are the COD in the initial and real-time respectively
(mg/L).

3. Results and discussion

3.1. Effect of NaCl on naphthalene degradation

The removal of naphthalene reflects the performance of MEC and
the living state of microorganisms on the anode. The half-life of naph-
thalene can effectively reflect the degradation efficiency of naphtha-
lene，which was calculated as reported by Zhou et al. (2020).
Changes of naphthalene concentration in the reactors are shown in
Fig. 1a. The naphthalene degradation efficiency of RO (open circuit) on
day 5 was 85.88%, lower than that of RC0 (closed circuit, 95.17%). Simi-
larly, the half-life of naphthalene in RC0 was 1.25 d, compared with
2.37 d for RO. Therefore, the MEC can significantly improve the ability
of naphthalene degradation efficiency compared with anaerobic bio-
degradation. According to the risk of anodic biofilms exposed in the
PAHs environment, the superiority ofMEC in the process of PAHs degra-
dation was demonstrated (Venkidusamy et al., 2016). High NaCl con-
centration has great influence on PAH degradation, in which some
bacteria are insufficient to function availably at salinities of seawater
or above (Ghosal et al., 2016). When NaCl concentration increased to
60 g/L (RC60), the degradation efficiency of naphthalene in MEC de-
creased to 85.15% and the naphthalene half-life in RC60 increased to
2.18 d. The degradation of naphthalenewas significant under high salin-
ity conditions, but it was encouraging that even when the NaCl concen-
tration was as high as 10 g/L, the degradation effect of MEC on
naphthalene was still positive. This is undoubtedly acceptable for the
treatment of high-salinity PAHswastewater. The naphthalene degrada-
tion efficiency in RO60 was significantly lower than that in closed-circuit
(RC60), and the half-life also increased to the highest 3.70 d in each reac-
tor. The applied potential can improve the activity of enzyme and pro-
mote the metabolism of microorganisms, which can improve the
abundance of microorganisms and enhance the degradation effect of
PAHs (Kronenberg et al., 2017). The kinetics followed a pseudo first-
order rate law (RC0 > 0.889), and the apparent rate constants
(k) under different NaCl content were determined (Fig. 1b). RC0 exhib-
ited a superior performance, and the k was more than 1.61 times larger
than RO. Notably, RC30 at salinities that of seawater also showed a higher
k value than RO. This suggested that MEC still has advantages due to the
impact of relatively high salinity.



Fig. 1. The performance of naphthalene and CODdegradation inMEC: (a) naphthalene concentration content in 5 days and; (b) corresponding linearizedpseudofirst-order kinetic profiles
of naphthalene degradation (C0 denotes the initial COD concentration and C represents the COD concentration measured in the reactor); (c) the COD removal efficiency; (d) the average
degradation efficiency of COD. Error bar represents the standard error, P-value of significance difference analysis was less than 0.05, n = 3.
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The COD removal efficiency in the reactor also varied with the
change of NaCl concentration and whether the reactor was charged
or not. Naphthalene half-life computational method was used for
the calculation of COD half-life. The COD concentration in the MEC
declined more rapidly than simple anaerobic reactor, COD half-life
of RC0 was 0.40 d earlier than RO, this implied the superiority of
MEC for substrate degradation. However, final removal rate of COD
did not have significant differences between RO and RC0 as shown
in Fig. 1d. The COD removal efficiency of the MECs at different salt
loads were demonstrated in Fig. 1c. The COD degradation efficiency
was the highest when NaCl concentrationwas 10 g/L. In non-BES sys-
tems, this salinity may inhibit anaerobic degradation (Pereira et al.,
2019). Adding salt to bioelectrochemical reactor can reduce ohm re-
sistance in MECs and may be an efficient solution to enhance MEC
performance. Miyahara et al. (2015) reported that 0.1 M (5.8 g/L)
NaCl facilitated the growth of microorganism in BES anode biofilms.
These findings have highlighted the potential of MEC as an alterna-
tive high-salinity wastewater treatment technology. For instance,
when treating coal chemical wastewater, a high concentration envi-
ronment of salt solution may facilitate refractory organic removal.
Apparently, high NaCl concentration still affected the removal of
COD by MEC, but it was still far superior to the high-salinity control
group (RO60). This is inconceivable in conventional anaerobic degra-
dation, because the presence of high salt significantly inhibits en-
zyme activity associated with degradation and also changes the
microbial community (Guo et al., 2016).
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3.2. Dehydrogenase activity

Dehydrogenase is one of the indispensable intracellular enzymes for
microorganisms to degrade organic pollutants and obtain energy. Dehy-
drogenase activity (DHA) reflects the living state of microorganism,
which used to characterize the ability of cells to degrade substrates. The
daily DHA in the effluent of the reactors was found to increase gradually
their peak value in the first 2 days and then decreased rapidly until the
end of cyclic operation (Fig. 2a), which was consistent with the degrada-
tion rule of COD and naphthalene in the reactors. The maximum DHA in
MEC was RC0 without extra NaCl at the second day. This highest DHA at
MEC can be attributed to the activation of voltage-sensitive channels of
the electrode microorganisms, which leads to the enhancement of the
biocatalyst at this condition (Semenov et al., 2015; Modestra et al.,
2015). With the increase of NaCl concentration, the DHA in liquid phase
decreased. Thiswas predictable because of the inhibition of enzyme activ-
ities by high salinity. ThemaximumDHA in liquid phase with 60 g/L NaCl
concentration (RC60) was only 55.17% of the RC0, but it was still 1.94 times
higher than the open-circuit control group (RO60) under the same NaCl
concentration conditions. The DHA in RO60 remained at a low level
throughout the cycle. On the anodic biofilms, the DHA was higher in RC0
and RC10 than other groups (Fig. 2b). Although the DHA in RC10 was
slightly higher than that of RC0, there was no significant difference be-
tween the two groups. Surprisingly, 10 g/L NaCl concentration did not ad-
versely affect the DHA of the anode biofilms, while the total dissolved
solids (TDS) of most coal gasification wastewater was below 10 g/L. This



Fig. 2. (a) Dehydrogenase activity of microorganisms in the reactors; (b) Dehydrogenase activity of microorganisms on the anode of MEC and open circuit control group in different NaCl
concentrations (Mean ± SD, P-value of significance difference analysis was less than 0.05, n = 5).
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may be affirmative for the application of MEC in the treatment of high-
salinity coal chemical wastewater. Under the condition of 60 g/L NaCl
concentration, the DHA in closed-circuit reactor (RC60) was 1.72 times
than that of the open-circuit (RO60). It was indicated that MEC can effec-
tively protect the microorganisms loaded on the anode to some extent
(10–30 g/L)when the NaCl concentration is high, even high salinity dam-
age to anode biofilms is visible.

3.3. Biofilm characterization

The control groups and the MECs were subjected to different NaCl
concentrations. As shown in Fig. 3, it compared the CLSM images of
the anode biofilms obtained from the different cases, differentiating
the living cells (green) and inactive cells (red). It was apparent that
more living cells ratio appeared on the anode surface in RC0, while
more damaged cells were observed on the anode surface in open-
circuit control group (RO) during long-term operation. The thickness
of biofilms in RO was only 66.68 μm, approximately 63.49% of the thick-
ness in RC0 (105.02 μm) (Table 2). This intuitively indicated that the
growth of biofilms was enhanced by a weak electrical stimulation. Sim-
ilarly, MEC also enhanced microbial activity on the biofilms. The live/
dead bacteria ratio (rld) was the highest in RC0, more than 5 times of
RO. With the increase of NaCl concentration, the rld rapidly decreased,
and it was the lowest in RO60. The influence of NaCl on the biofilms of
MEC anode was significant. When the concentration of NaCl increased
from 10 g/L to 60 g/L, the thickness of the biofilms on anode decreased
by 56.99%. The biomass on the anode of the control under 60 g/L NaCl
concentration (RO60) was significantly reduced, remaining only spo-
radic spotted parts. This clearly shows that MEC can reduce the damage
ofmicroorganisms in biofilms at high salinity. As Puyen et al. (2012) ob-
served, the reduction in both the number of cells and their biovolume as
the salt concentration increased from0 g/L to 10 g/L, because of the high
osmotic pressure caused by high salinity, the growth of microorganisms
was inhibited. It was arguable that the maximum biofilm thickness ap-
peared in RC10 rather than RC0, althoughRC0 has the highest rld. Although
it has been reported that high salinity would take place ionic strength
effect, resulting in a serious reduction of membrane permeability, but
the 10 g/L NaCl concentration did not reach the limit threshold (Sun
et al., 2010). On the other hand, the presence of NaCl in the solution im-
proves MEC performance by increasing the conductivity and therefore
decreasing the solution resistance between electrodes (Merrill and
Logan, 2009). It was reported that the applied low voltage (<0.9 V)
can promote activity of bacteria by expand membrane permeability
and promote enzymatic reactions (Chen et al., 2016). Therefore, the op-
timum MEC operation state may also be positively correlated with the
5

thickness of the anodic biofilms. The enhancement of anodic biofilms
is bound to improve the efficiency and stability of high-salinity PAHs
wastewater treatment by MEC.

3.4. Analysis of electrochemistry

The current and anode potential development of the MECs under
different salinity were shown in Fig. S2. The current and potential grad-
ually stable with consecutive operation cycles, which proved the devel-
opment of anodic biofilms. The current variation characteristics inMECs
was firstly increased to a peak current and then decreased gradually.
The current became stabilized after 2 d when salinity less than 30 g/L
(RC0, RC10, RC30), because the substrate in MECs were almost consumed
within 2 days. In R C60, the current gradually smoothed after 3 d, which
was related to the slow degradation of the substrate at high salinity.

Cyclic voltammetry (CV) experiments were conducted to explore
electroactivity of biofilms attached to the anode caused by voltage im-
position and NaCl addition. RC0 had the largest redox peak, followed
byRC10, which indicated anode biofilmhad better electrochemical activ-
ity than the other groups (Fig. 4). The area of the closed area indicated
the strength of the charge and discharge performance of the biofilms,
which can be used to characterize the electron transfer ability. There-
fore, the electron transfer ability of RC0 and RC10 anodic biofilms were
the best. Obviously, the electron transfer performance of the anode bio-
film was negatively correlated with the NaCl concentration when the
concentration was higher than 10 g/L.

Coulombic efficiency (CE) can be used to assess the fraction of avail-
able electrons from substrate that ends up as electrical current (Sleutels
et al., 2011). During the 24 h in RC0, COD in the reaction system de-
creased rapidly by 70.92%, while the CE of the anode was as high as
89.82%. The 24-h CE of RC10, RC30 and RC60 were 79.9%, 58.13%, and
50.05% respectively, decreasingwith the increase of NaCl concentration.
The CE of each reactor decreased as the reaction progresses. This indi-
cated that the increase of salinity significantly inhibited the
electroactivemicroorganisms in the anodic biofilms. Itwas also possible
that othermicroorganisms degraded the COD, leading to electronic loss.
Even though the DHA of RC0 and RC10 was not significantly different, the
differences of the microbial composition in the anodic biofilms may
exist. In addition, the decrease of the rld in the anodic biofilms with
the increase of salinity was also positively correlated with the decrease
of CE. At the end of the 5th day, the CE of RC0, RC10, RC30 and RC60 were
38.56%, 17.19%, 16.64% and 13.81%, indicating that the anodic reaction
only contributed to only a part of organic degradation. According to
the CE calculation, it was implied that other anaerobic reaction partici-
pated into the organic catabolism.



Fig. 3. Planar and three-dimensional CLSM images of anode biofilm (red represents dead cells, green represents living cells).
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3.5. Microbial community

The microbial communities in the reactors were responsible for the
degradation of organic compounds into energy to drive the orderly op-
eration of the whole system, which play important roles. Therefore, mi-
crobial community taxonomic compositions at different levels were
analyzed. Ten bacterial phyla were viewed from 6 libraries (Fig. 5a).
Themajority of sequences belonged to Proteobacteria and Actinobacteria
that together accounted for 40.74% ~ 76.63% of the total reads in
Table 2
Biofilm thickness and Live/dead bacteria ratio under different conditions.

Reactor Biofilm thickness (μm) thickness(μm) Live/dead bacteria ratio

RO 66.68 ± 10.27 cd 1.73
RC0 105.02 ± 4.08 b 8.69
R C10 155.03 ± 17.80 a 4.28
R C30 93.35 ± 18.86 bc 2.02
R C60 66.68 ± 9.43 cd 1.26
RO60 43.34 ± 4.71 d 0.71

Fig. 4. Cyclic voltammetry curve of the anodic electrodes.
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Fig. 5. Taxonomic composition of bacterial communities at three levels (a) phyla, (b) classes, (c) genera.
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bacterial communities. Specifically, in the control groupswithout power
supply, the proportions of Proteobacteria and Actinobacteria together
reached 76.63% (RO) and 73.51% (RO60). However, in theMECs, the pro-
portions were significantly reduced. The investigation of relevant indi-
cates that along with numerous biotechnological applications,
halophilic microorganisms have greater catabolic generality than previ-
ously thought about (Ghosal et al., 2016). Actinobacteria was the most
important component in the bacterial communities under the condition
of high salinity, and the percentage of Actinobacteria was as high as
42.66% in RO60. The significant increase of Desulfuromonadia at the
class level (Fig. 5b) in MECs implied the correlation of electron transfer.
Bacteroidia were frequently founded in the anode biofilm in MECs,
which reported to involve electricity generation (Ha et al., 2012).
Proteobacteria were also important in MEC because Gamma- and
Alpha-proteobacteria were also detected in a certain proportion,
which are well-known microbial communities in utilizing organic sub-
strates (Ariesyady et al., 2007). In addition, Thermotoga may also play
a potential role in bioelectrochemical systems due to its increased pro-
portion in MEC, this found might be novel (de Barros et al., 2017).

In genus level (Fig. 5c), it seemed that relatively high bacterial diver-
sities in all MECs. This proves that applied voltagewould perform a ben-
eficial role in anodic microbial community, which also strengthens the
biodegradation ability of MEC for refractory organic matter. The bacte-
rial diversity in the high-salinity control group (RO60) appeared to be
low, which indicated that high-salinity was harmful tomicroorganisms.
Obvious variations were observed, Rhodococcus, which proven to play
an active role in degrading PAHs (Ivshina et al., 2016), was found to
be a dominant group in all groups, especially in the control groupswith-
out applied voltage. Although the proportion of Rhodococcus was still
high, the content of MECs group was significantly lower than that of
the control groups without power supply. Geobacter, a typical electro-
genic microbe, has been detected in samples of all MECs, especially in
RC0 (6.36%). Interestingly, Zhou et al. (2016) isolated Geobacter
sulfurreducens from petroleum hydrocarbons as a sole carbon source,
which can initiate the degradation of benzene and naphthalene respec-
tively. This indicates that Geobacter can be utilized for producing elec-
tricity with PAHs. It is beneficial for the removal of PAHs in BESs. The
recognized exoelectrogenic bacteria and hydrocarbon degraders Pseu-
domonas was also a part of the anode biofilm in MECs, especially in re-
actor RC10 (12.46%). Pseudomonas has also been reported to be able to
produce surfactants to solubilize hydrophobic organic substance, in-
creasing the likelihood of PAHs being degraded (Singh and Tripathi,
2013; Patowary et al., 2017). In addition, the proportion of Pseudomonas
in high NaCl control group (RO60) was also higher (6.14%), which may
be due to the vigoroso salt tolerance of Pseudomonas (Kastner et al.,
1998; Pereira et al., 2019).

4. Conclusion

This study characterized the effect of high salinity on MEC anode
biofilms during PAHs degradation. The naphthalene degradation
efficiency at 60 g/L NaCl concentration in open circuit on 5 days
was 65.84%, significantly lower than that in closed circuit (85.15%)
with the same salt concentration. Similar results appeared in the
degradation of COD. The DHA increase of anodic biofilms at high
salinity in MEC was demonstrated to have higher substrate degrada-
tion performance by microorganisms, which may be responsible for
the promotion of naphthalene degradation. Visually, CLSM showed
the protective effect of MEC on biofilms at high salinity. The
microbial community analysis suggested that Geobacter and Pseudo-
monaswere selectively enriched in the biofilms of anode, which was
considered to be closely related to electron transfer and PAHs
degradation. Our findings indicated a novel insight into the PAHs
degradation by MEC in high salinity wastewater.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.145752.
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