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Abstract: Membrane fouling restricts the wide application of anaerobic membrane bio-reactors (AnMBRs). In this study, a microbial
electrolytic cell (MEC)-AnMBR biosystem was constructed to relieve membrane fouling. Total chemical oxygen demand (COD)
removal efficiency and methane production in MEC-AnMBR were increased to 6.7% and 77.1%, respectively, in comparison to
AnMBR. The membrane fouling of MEC-AnMBR was greatly lessened by the slower growth of extracellular polymeric substances
(EPS) and soluble microbial products (SMP). High-throughput sequencing analysis showed that Synergistaceae-uncultured and
Thermovirga were enriched in MEC-AnMBR, and Thermovirga was found as the key functional microorganism. These results
indicated that MEC-AnMBR could simultaneously enhance the reactor efficiency and mitigate membrane fouling.
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1 Introduction
Generally, wastewater treatment processes are
energy intensive. Aeration consumes much energy
and thus anaerobic treatments are considered attractive for their comparative energy efficiency (Song et
al., 2018; Sun et al., 2018a). Compared to traditional
anaerobic treatments, the anaerobic membrane bioreactor (AnMBR) is much more efficient owing to its
smaller space requirements, lower sludge loss, and
higher biogas production (Li et al., 2017; Talvitie et
al., 2017). However, membrane fouling always occurs in AnMBRs especially at high sludge concen‡
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trations, and this limits their wide application (Katuri
et al., 2014; Wang et al., 2016).
Extracellular polymeric substances (EPS) and
soluble microbial products (SMP) are produced by
microorganisms with the similar components, mainly
proteins and polysaccharides, and they are the main
pollutants in membrane fouling in AnMBR. Gao et al.
(2011) thought that high EPS concentration would
increase viscosity and slow down the diffusion of
dissolved oxygen, that affected the normal physiological activities in zoogloea and reduced the membranous
flux. Lee et al. (2002) found that the accumulation of
SMP increased the sludge viscosity which increased
membrane resistance. However, frequent cleaning or
direct replacement of membranes increased energy
consumption and operating costs (Sun et al., 2018b).
Efficient ways are, therefore, urgently needed for enhancing the efficiency of AnMBR and mitigating
membrane fouling (Sun et al., 2018a).
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Bio-electrochemical systems (BESs) employ
cells as biocatalysts to drive redox reactions on a solid
electrode and are considered as promising wastewater
treatment technology. The combination of BES and
AnMBR has been shown to be a feasible way of
mitigating membrane fouling (Cusick et al., 2011;
Chen et al., 2014; Ding et al., 2018). Microbial fuel
cells (MFCs) and microbial electrolytic cells (MECs)
are two main types of BESs which can alleviate
membrane fouling while recovering energy during
sewage treatment processes (Steinbusch et al., 2010;
Ren et al., 2014; Shoener et al., 2014). Tian et al.
(2014) found that MFC-AnMBR could actually alleviate membrane fouling by neutralizing the charge on
the sludge surface and promoting sludge reunification. In contrast to MFCs, MECs could generate biogas from biodegradable organics during the
wastewater treatment process. So MEC-AnMBR
offered a promising biotechnology to control membrane fouling which could also improve waste stabilization along with methanogenesis (Fu et al., 2010;
Wang et al., 2011). Dhar et al. (2013) reported that
AnMBRs as pretreatment of MECs were found to
improve energy recovery and they confirmed that
propionate was bio-transformed to acetate and hydrogen gas. Ding et al. (2018) explored the effect of
degradation of organic pollutants and membrane
fouling in MEC-AnMBR under different conditions
and showed that the chemical oxygen demand (COD)
removal rate reached a maximum with an applied
voltage of 0.6 V, and it was almost 1.2 times higher
than that without the application of voltage. However,
these studies mainly focused on the detection of
conventional indicators and the analysis of metabolites without in-depth exploration of the microbial
community.
In this study, the feasibility of MEC-AnMBR
system was investigated for simultaneous enhancement of reactor efficiency and to mitigate membrane
fouling. AnMBR and MEC-AnMBR were operated
with synthetic high strength wastewater containing
organics for 35 d of continuous operation. The performance in terms of waste stabilization and methanogenesis was investigated. The characteristics of
membrane fouling were simultaneously monitored. In
addition, the dynamics of the microbial community of
the cathode were analyzed through a high-throughput
sequencing technique. The relationships among ex-

ternal electric field, reactor efficiency, and microbial
community are discussed here to clarify the mechanism of membrane fouling alleviation.
2 Materials and methods
2.1 Reactor construction
The MEC-AnMBR was comprised of a single
chambered MEC reactor made from plexiglass with
an effective volume of 2.7 L. The cathode material
was a titanium mesh with a built-in hollow fiber ultrafiltration membrane module. The anode material
was carbon felt with an area of 13 cm×6 cm and the
electrode spacing was about 5 cm. A lead wire from
the anode and the cathode connected to the external
power supply was used to control the applied voltage
with a 10 Ω resistance set in an external circuit. The
reactor was fed with continuous influent at the bottom, and the effluent was filtered through the membrane and then flowed out. Influent and effluent were
controlled by a constant current pump. The change of
the transmembrane pressure (TMP) was monitored by
a pressure gauge. A hole was provided for gas collection at the top of the reactor and the generated
biogas was collected in the gas sampling bag. The
configuration of the reactor is shown in Fig. 1.

Fig. 1 Configuration of the MEC-AnMBR

2.2 Sludge and wastewater
The reactor was inoculated with secondary settling tank sludge from the Hangzhou Qige Sewage
Treatment Plant, China.
The synthetic influent was high-concentration
organic wastewater characterized by the COD concentration of 10 g/L. The composition of synthetic
wastewater was as follows: CH3COONa: 12.83 g/L;
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NH4Cl: 0.96 g/L; KH2PO4: 0.22 g/L; yeast extract:
0.1 g/L; tryptone: 0.1 g/L; trace elements solution:
1 mL/L. The trace element solution composition was
administered according to previous study (Ding et al.,
2018).
2.3 MEC-AnMBR membrane module
The membrane module for this experiment was
provided by Tianjin MOTIMO Membrane Technology Co., Ltd., China. The membrane material was
polyvinylidene fluoride (PVDF) and the membrane
was in the form of an external pressure hollow fiber
with a membrane pore diameter of 0.01 μm, the effective length of the membrane was 13 cm, the diameter of the filament was 1.2 mm, and the effective
area was 0.1 m2.
2.4 Reactor operation
The reactor was operated with a continuous
constant flux inlet flow. The membrane flux was
0.56 L/(m2·h) with a hydraulic retention time (HRT)
of 2 d, and the volumetric loading was 4.8 kg COD/
(m3·d) operated at 28–30 °C in a constant temperature
water bath.
A traditional AnMBR (open circuit) was operated as a control group, and the MEC-AnMBR (applied voltage of 0.8 V) was used as the experimental
group. The operational period ended when the TMP
reached 20 kPa; then a polluted membrane had to be
replaced by a new one to maintain a steady operation.
2.5 Analyses and calculations
2.5.1 Analytical procedures
The influent COD concentration (CODin), supernatant of reaction chamber (CODsup) and of effluent (CODout) were measured by the potassium
dichromate method. COD removal efficiency was
calculated as follows: The total COD (TCOD) removal efficiency (%)=[(CODin−CODout)/CODin]
×100%; The COD removal efficiency for the biodegradation (%)=[(CODin−CODsup)/CODin]×100%;
The COD removal efficiency for the physical interception (%)=[(CODsup−CODout)/CODin]×100%. The
TMP was obtained from the data from the vacuum
gauge. The biogas production was measured by an
indicating fermentation tube, and the biogenic components were analyzed by gas chromatography
(GC9790, Fuli, China).
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2.5.2 Analysis of microbial community
The biofilm was scraped from the bio-cathodes
with a sterile scalpel. Genomic DNA was extracted
from the two biofilm samples by the 3S DNA Isolation Kit (Bocai, China) according to the manufacturers’ instructions and stored at −20 °C. One percent of
agarose gel electrophoresis was used to test the integrity of genomic DNA. The bacterial 16S RNA
gene was then amplified by GeneAmp PCR System
(ABI Company, USA) using primers 338F (5'-ACTC
CTACGGGAGGCAGCAG-3') and 806R (5'-GGAC
TACHVGGGTWTCTAAT-3'). The archaeal 16S
RNA gene was then amplified by GeneAmp PCR
System (ABI Company, USA) using primers
Arch344F (5'-ACGGGGYGCAGGCGCGA-3') and
Arch915R (5'-GTGCTCCCCCGCCAATTCCT-3').
The PCR was conducted under the following conditions: 95 °C for 3 min, followed by 27 cycles at 95 °C
for 30 s, 55 °C for 30 s, 72 °C for 45 s, and a final
extension at 72 °C for 10 min. After the PCR product
was purified and quantified, sequencing was performed on an Illumina Miseq PE250/PE300 platform
(Majorbio Bio-Pharm Technology Co., Ltd., Shanghai, China). The paired-end (PE) readings obtained by
Miseq sequencing were initially spliced according to
the overlap relationship, and Trimmomatic and
FLASH software were used to control the sequence
quality and filter. Operational taxonomic units (OTU)
clustering was performed using non-repetitive sequences according to 97% similarity, and the silva
database was used as a reference database for subsequent analysis (Quast et al., 2013).
2.5.3 Scanning electron microscopy and confocal
laser scanning microscope
Membrane silk was taken from the membrane
module at the end of the membrane operational period
according to a previously published protocol
(Porras-Saavedra et al., 2018); finally it was observed
under a scanning electron microscope (SEM) (FEI
SIRION 0308947, the Netherlands) and a confocal
laser scanning microscope (CLSM) (LSM780, Zeiss,
Germany).
2.5.4 Analysis of EPS and SMP
The EPS and SMP of the sludge were removed
by the heat extraction method. The sludge around the
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membrane and on the membrane surface was
obtained at the end of the membrane operational period, centrifuged for 10 min at 6000 r/min and the
supernatant was removed. The residual sludge was
mixed with deionized water. Continued centrifugation for 10 min at 6000 r/min, removed the supernatant and the centrifuge pellet was ground with 0.5%
(w/v) NaCl solution. Then, 5 mL of the whole solution was put in a crucible (to measure the mixed liquid
volatile suspended solids (MLVSS)) and the rest was
heated in a thermostat water bath at 60 °C for 1 h, then
centrifuged at 20 000 r/min for 20 min. The supernatant (EPS sample) was collected and put in a refrigerator at 4 °C as reserve. The sludge sample (20 mL)
was placed in a 50 mL centrifuge tube to centrifuge it
for 10 min at 4000 r/min, the supernatant was filtered
through a 0.45 μm filter, and the filtrate was the SMP
sample. The protein content, including extracellular
protein polymers (EPSp) and soluble microbial protein products (SMPp), was determined by the
Folin-phenol method; the polysaccharide content,
including extracellular polysaccharide polymers

(EPSc) and soluble microbial polysaccharide products (SMPc), was determined by the phenol-sulfuric
acid method.

3 Results and discussion
3.1 Performance of MEC-AnMBR
3.1.1 COD removal performance
The concentration of COD in reactor supernatant
(sCOD) was basically stable and the COD removal
rate gradually increased with the operation of the
reactor (Fig. 2). At the end of the membrane operation, the TCOD removal efficiencies in AnMBR and
MEC-AnMBR were 90.17% and 96.76%, respectively. The TCOD removal efficiency of MECAnMBR was obviously improved. The COD removal
efficiency was mainly determined by the biological
degradation of activated sludge and the physical retention of the membrane modules. In AnMBR, biodegradation accounted for 74.78% of the COD
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Fig. 2 COD concentrations in the influent, reactor supernatant, and effluent of AnMBR (a) and MEC-AnMBR (b), and the
COD removal efficiencies in the influent, reactor supernatant, and effluent of AnMBR (c) and MEC-AnMBR (d)

537

Du et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2019 20(7):533-545

Biogas production indirectly reflects the reactor
performance. The biogas produced in AnMBR and
MEC-AnMBR includes CH4, CO2, H2, and other
gases, where the H2 and CO2 contents do not exceed
1% and 4%, respectively. As illustrated in Fig. 3, the
methane concentration ranged between 80% and
95%. Methane production gradually increased from
2.5 L/d to 3.5 L/d in AnMBR, whereas it increased
from 2.3 L/d up to 6.2 L/d in MEC-AnMBR. The
methane concentration of MEC-AnMBR was significantly higher than that of AnMBR. It was mainly
because the MECs provided the external electric field
that could accelerate electron flow rate and significantly promote metabolic activity of the anaerobic
methanogens on the cathode (Cheng et al., 2009;
Clauwaert and Verstraete, 2009; Villano et al., 2010).
3.2 Membrane fouling
3.2.1 Characteristics of membrane fouling in MECAnMBR
Membrane fouling of AnMBR and MECAnMBR processes could be divided into three stages
by observing the trend of TMP (Le-Clech et al.,
2006). These were the initial stage, the cake formation
stage, and the cake compaction stage (Fig. 4). TMP of
AnMBR was 21.5 kPa on the 24th day while the TMP
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of the MEC-AnMBR reached 18 kPa in day 35. The
membrane operational period of MEC-AnMBR was
about 0.5 times longer than that of AnMBR, indicating that MEC-AnMBR could effectively alleviate
membrane fouling. The images of the membrane
module in each stage of membrane fouling in
MEC-AnMBR are presented in Fig. 5. The biofilm
surface gradually formed a dense cake layer with
glaze microbial secretions, leading to more serious
membrane fouling (Bagheri and Mirbagheri, 2018;
Teng et al., 2018).
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removal efficiency, and physical retention accounted
for 15.39%. In MEC-AnMBR, the proportion of biodegradation reached 82.92%, and the physical retention only accounted for 13.84%. Activated sludge
plays an important role in COD removal during the
whole operation compared with physical interception
in the membrane module and this was due to the high
microbial concentration and long sludge retention
time (SRT) in the reactor which ensured efficient
biodegradation of organic matter. The increase in
COD removal mainly arose from biodegradation; the
removal efficiency was stable during the membrane
operational period in MEC-AnMBR (She et al., 2006;
Sleutels et al., 2009; Ding et al., 2016). The addition
of MECs strengthened the growth and microbial metabolism which eventually enhanced the COD removal performance (Baek and Pagilla, 2006; Ho and
Sung, 2010; Nguyen et al., 2015).
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Fig. 4 TMP development with the membrane operational
period in AnMBR and MEC-AnMBR

Akamatsu et al. (2010) succeeded in mitigating
membrane fouling by application of an intermittent
electric field to the membrane bioreactors. The
membrane flux drastically reduced the static electricity generated by the intermittent electric field and
peeling off the sludge from the membrane surface
slowed down the membrane fouling. Tian et al.
(2014) constructed an anaerobic membrane
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3.2.2 Correlation of membrane fouling and reactor
performance
The relationships between TMP and COD removal efficiency for both reactors are shown in Fig. 6.
The increased membrane fouling was beneficial for
the physical COD removal rate as it strengthened the
physical retention of membrane components.
The methane production in AnMBR was not
changed with the passage of time, while it gradually
increased in MEC-AnMBR (Fig. 7). The increased
methane production indicated a promoted methanogenic activity. At the same time, the higher gas production at the cathode had an eroding effect on the
sludge around the membrane components, so membrane fouling was eased as well.
3.3 SEM image and CLSM analysis
The membrane module was taken from the reactor at the end of the operational period and a portion
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Fig. 5 Images of the membrane module in each stage of
membrane fouling in MEC-AnMBR
(a) Before operation; (b) Initial membrane fouling stage; (c)
Slow membrane fouling stage; (d) Rapid membrane fouling
stage

of the membrane was used for SEM. The comparison
of the film surface in AnMBR and MEC-AnMBR is
shown in Fig. 8; both of the film surfaces formed a
dense cake layer with similar microbial morphologies.
The proteins and polysaccharides in microbial
secretions seemed to be important sources of membrane fouling, because they could be easily adsorbed
on the suspended sludge, the membrane surface, and
the membrane pores, leading to membrane fouling.
The fluorescence intensity of the labeled proteins and
polysaccharides in MEC-AnMBR membranes was
lower than that in AnMBR (Fig. 9), indicating that the
concentrations of proteins and polysaccharides in
MEC-AnMBR were lower.
Physical COD removal efficiency (%)

bio-electrochemical reactor (AnEMBR) to treat low
strength simulated wastewater by coupling an MEC
and Ni-HFMs (hollow-fiber microfiltration). The
membrane fouling of the AnEMBR was obviously
alleviated by the hydrogen generated on the surface of
the AnEMBR leading to a scouring effect at low cathodic potential and a local cathodic pH rise. Li et al.
(2014) constructed a membrane bio-electrochemical
reactor (MBER) along with MFC and MBR. It reduced membrane fouling from both the simulated
wastewater and actual cheese plant wastewater (Li et
al., 2014; Liu et al., 2018).

Physical COD removal efficiency (%)
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Fig. 6 TMP and physical COD removal efficiency developments with the membrane operational period of
AnMBR (a) and MEC-AnMBR (b)

3.4 Microbial community analysis
In order to explore the mechanism of membrane
fouling, the microbial communities belonging to archaea and bacteria on bio-cathodes were also analyzed in this study. Three membrane fouling stages
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Fig. 7 TMP and CH4 production development with the membrane operation time of AnMBR (a) and MEC-AnMBR (b)
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Fig. 8 SEM images of the membrane wire in AnMBR (a) and MEC-AnMBR (b)

Fig. 9 CLSM images of the membrane of AnMBR and MEC-AnMBR
(a and c) CLSM images of a membrane section from AnMBR and MEC-AnMBR; (b and d) CLSM images of the membrane
surface in AnMBR and MEC-AnMBR. Red indicates polysaccharide, while green indicates protein

in AnMBR were named as C-A-1, C-A-2, and C-A-3,
respectively. These stages of MEC-AnMBR were
correspondingly named as M-A-1, M-A-2, and M-A-3.
High-throughput sequencing was performed on
archaea in the six samples of the traditional AnMBR
and MEC-AnMBR for each membrane fouling stage,
and 35 744, 38 400, 30 465, 33 480, 31 371, and 29 341
valid sequences were obtained, respectively. At 97%
similarity, 21, 21, 14, 20, 13, and 15 OTUs could be
generated by clustering. As listed in Table 1, the

Shannon indices of the archaeal community increased
in AnMBR but decreased in MEC-AnMBR during
membrane operation. However, the value of MECAnMBR was higher than that of AnMBR.
The archaeal communities of both reactors were
significantly different (Fig. 10a). Methanosaeta was
the dominant genus in AnMBR while Methanosarcina was the dominant genus in MEC-AnMBR. In
AnMBR Methanosaeta accounted for 93.74% and
94.08% during stages I and II, although it decreased
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to 56.14% in stage III. In MEC-AnMBR the number
of Methanosarcina was slightly higher than Methanosaeta during stages I and II, but in stage III, the
relative abundance of Methanosarcina was much
higher than Methanosaeta. The relative abundance of
Methanosarcina increased during the anaerobic digestion which indicated that the environmental conditions in the MEC-AnMBR system were much more
suitable for Methanosarcina. Methanosaeta is a
strictly acetoclastic methanogen, while Methanosarcina can produce methane using all three methanogenesis pathways (acetoclastic, hydrogenotrophic,
and methylotrophic methanogenesis) (Cheng et al.,
2009; Clauwaert and Verstraete, 2009). In the MECAnMBR system, methane was primarily produced by
methanogens through hydrogenotrophic methanogenesis with the reduction of CO2 on the cathode by
direct capture of electrons.
High-throughput sequencing was also performed
on bacterial communities in AnMBR and MECAnMBR at each membrane fouling stage. Six groups
of samples were respectively obtained 30 326, 31 690,
30 358, 32 123, 26 185, and 31 542 valid sequences,
and 357, 360, 380, 371, 335, and 298 OTUs could be
generated by clustering at 97% similarity level. As
listed in Table 2, the Shannon indices of the bacteria
community decreased in both AnMBR and MECAnMBR; however, there was no significant difference between the two reactors.
The bacterial genera in different samples are
presented in Fig. 10b. The dominant genera were
Synergistaceae_uncultured and Thermovirga in
AnMBR and MEC-AnMBR during stage III and their
percentages were 29.56% and 22.00%, respectively.
Thermovirga was another dominant genus of the two
reactors. The relative abundance of Thermovirga was
12.52% in AnMBR and 22.00% in MEC-AnMBR,
which increased in both reactors during the degradation process. Synergistaceae_uncultured and Thermovirga, the long-chain fatty acid degrading anaerobic
fermentative bacteria, are able to coexist with methanobacteria (Dahle and Birkeland, 2006). As a result,
they were the dominant species in the anaerobic fermentation system. Thermovirga displayed high hydrolytic ability and had a high tolerance to highly saline wastewater (Wang et al., 2017). In the MECAnMBR system, Thermovirga accelerates hydrolysis

and generates small molecules that can be utilized by
methanobacteria to enhance methanogenesis.
Table 1 Richness and alpha-diversity of archaea in six
samples
Sample

Readings

C-A-1
C-A-2
C-A-3
M-A-1
M-A-2
M-A-3

35 744
38 400
30 465
33 480
31 371
29 341

0.97 similarity level
OTU Shannon Simpson Coverage
21
0.35
0.8796 0.999 944
21
0.32
0.8864 0.999 922
14
0.86
0.4748 0.999 934
20
1.15
0.4121 0.999 970
13
0.92
0.4646 1.000 000
15
0.87
0.6286 0.999 898

Fig. 10 Relative abundance of archaea (a) and bacteria (b)
at the genus level in six samples
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3.5 Mitigation mechanism of membrane fouling in
MEC-AnMBR
To further reveal the mechanism of membrane
fouling, the composition of EPSs and SMPs in suspended sludge and membrane surface sludge was
measured for both reactors. Data analysis showed that
EPSp and EPSc contents in the suspended sludge of
MEC-AnMBR were higher during the membrane
contamination stage.
It was evident that the EPSp and EPSc concentrations in AnMBR membrane sludge gradually increased with reactor operation, while the concentrations of EPSp and EPSc in the MEC-AnMBR did not
change with the passage of time (Fig. 11). The EPSp
and EPSc concentrations in the membrane surface
sludge of MEC-AnMBR were higher than that of
AnMBR during the initial stage but lower than that of
AnMBR at the end. This may be due to the combination of the MEC that accelerated microbial electrons

Table 2 Richness and alpha-diversity of bacteria in six
samples
0.97 similarity level

Sample

Readings

C-A-1

303 26

OTU Shannon Simpson Coverage
357
4.08
0.0393 0.998 714

C-A-2

316 90

360

3.71

0.0525

0.998 454

C-A-3

303 58

380

3.68

0.0609

0.998 089

M-A-1

321 23

371

3.88

0.0461

0.998 693

M-A-2

261 85

335

3.70

0.0524

0.997 709

M-A-3

315 42

298

3.36

0.0812

0.998 447

541

transport, leading to an elevation of microbial metabolic activity at the beginning of MEC-AnMBR, so
that the EPSs content was significantly higher than
that of AnMBR and it entered into the normal stage
earlier (Zhang et al., 2009; Soler-Cabezas et al.,
2018). The concentration of EPSp and EPSc rapidly
increased with AnMBR operation. By comparison,
the microbial metabolism and energy generation were
strengthened under the influence of the MEC, as the
microbes in MEC-AnMBR used more extracellular
nutrients resulting in no increase of EPSp and EPSc
during operation. Thus, the sludge would not subside
and easily agglomerated on the membrane surface,
which indicated that the growth rate of sludge cake
layer was slow. At the end, the concentrations of
EPSp and EPSc were significantly lower than that of
AnMBR and the membrane fouling in MEC-AnMBR
was alleviated (Zhang et al., 2017; Aslam et al.,
2018).
During the initial period in MEC-AnMBR, the
concentration of SMPp in the suspended sludge and
membrane surface sludge was higher than that of
AnMBR. The concentration of SMPp in AnMBR
cathode film module gradually increased during the
later stage and the concentration of SMPp in AnMBR
cathode membrane module was significantly higher
than that in MEC-AnMBR (Fig. 12). It could be attributed to the combination of MEC in AnMBR; the
microbial metabolism in the reactor was enhanced
with significantly high SMPp concentration in
AnMBR. However, the SMPp concentration did not
significantly fluctuate in MEC-AnMBR. The concentration of SMPp in MEC-AnMBR was

Fig. 11 Concentrations of EPSp and EPSc in the suspended sludge (a) and membrane surface sludge (b) of AnMBR and
MEC-AnMBR
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Fig. 12 Concentrations of SMPp and SMPc in the suspended sludge (a) and membrane surface sludge (b) of AnMBR and
MEC-AnMBR

significantly lower than that in AnMBR during the
later stage of operation. The concentration of SMPc in
AnMBR and MEC-AnMBR membrane sludge was
relatively low and varied slightly during the operation. Studies have shown that a large accumulation of
EPS and SMP in the suspended sludge and membrane
surface sludge can aggravate membrane fouling (Zhu
et al., 2018). Therefore, MEC-AnMBRs could reduce
membrane fouling by reducing the growth rates of
EPS and SMPp concentrations (Lee et al., 2002; Gao
et al., 2004).

4 Conclusions
In the current study, the successful establishment
of MEC-AnMBR could effectively alleviate membrane fouling and improve the reactor efficiency. The
maximum COD removal efficiency of MEC-AnMBR
was around 96.8% and the methane production was
6.2 L/d. The membrane operational period was extended to 35 d compared with AnMBR (24 d).
Thermovirga and Methanosarcina were inferred to be
the key functional microorganisms in MEC-AnMBR.
The slow growth rates of ESP and SMP in the membrane surface sludge were the primary reason for
membrane fouling mitigation.
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中文概要
题

目：微生物电解池耦合厌氧膜生物反应器运行性能及

目

微生物学机理研究
的：将微生物电解池（MEC）与厌氧膜生物反应器

（AnMBR）耦合，构建 MEC-AnMBR 系统，以
期同步实现污水高效处理和膜污染缓解，推动膜
生物反应器的理论创新和技术创新。
创新点：1. 将 MEC 与 AnMBR 耦合，构建 MEC-AnMBR

方

系统用于高浓度有机废水的处理；2. 研究反应器
运行和微生物群落之间的关系；3. 探究膜污染运
行周期中各膜污染阶段微生物代谢产物与自身
代谢活性的变化规律。
法：1. 启动和运行 MEC-AnMBR 反应器，并与传统
AnMBR 对照，综合考察 MEC-AnMBR 反应器的
运 行 性 能 ； 2. 利 用 高 通 量 测 序 技 术 对 传 统
AnMBR 和 MEC-AnMBR 各膜污染阶段的阴极膜
表面微生物群落结构及多样性进行研究，并综合

Du et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2019 20(7):533-545

结

分析 MEC-AnMBR 反应器的运行特性与微生物
群落间的相互关系；3. 对 MEC-AnMBR 反应器阴
极膜组件及微生物分泌物进行原位观察，并研究
其在膜污染运行周期中各膜污染阶段微生物代
谢产物与自身代谢活性的变化规律。
论：1. 成功构建微生物电解池 MEC-AnMBR 生物系
统；2. 与 AnMBR 相比，MEC-AnMBR 中的化学
需氧量（COD）去除效率和甲烷产量分别增加
6.7%和 77.1%；3. 与 AnMBR 相比，MEC-AnMBR

545

的膜污染因细胞外聚合物和可溶性微生物产物
增长缓慢而大大减少；4. 高通量测序分析表明
MEC-AnMBR 富 含 互 养 菌 属 （ Synergistaceaeuncultured）和互营热菌属（Thermovirga），而
Thermovirga 是关键的功能性微生物；5. 这些结
果表明 MEC-AnMBR 可同时提高反应器效率并
减轻膜污染。
关键词：微生物电解池；COD 去除效率；甲烷产量；膜污
染；微生物特性

