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voltage on membrane fouling in
the amplifying anaerobic electrochemical
membrane bioreactor for long-term operation†

Mengjing Cao, ab Yongxiang Zhangab and Yan Zhang *ab

A novel and amplifying anaerobic electrochemical membrane bioreactor (AnEMBR, R2) was constructed

and operated for a long time (204 days) with synthetic glucose solution having an average chemical

oxygen demand (COD) of 315 mg L�1, at different applied voltages and room temperatures. More than

twice sodium bicarbonate was added for maintaining a pH of around 6.7 in the supernatant of the

reactor R2, close to that of a control reactor called anaerobic membrane bioreactor (AnMBR, R1), after

138 days. And the transmembrane pressure (TMP) for the R2 system was only 0.534 bar at the end of

operation and 0.615 bar for the R1 system. Although the electrostatic repulsion force contributed to

pushing away the pollutants (proteins, polysaccharose and inorganic salt deposits, and so on), more

microorganisms adsorbed and accumulated on the membrane surface after the whole operation, which

might result in a rapid increase in membrane filtration resistance in the long-term operation. There were

much more exoelectrogenic bacteria, mainly Betaproteobacteria, Deltaproteobacteria and

Grammaproteobacteria, on the cathode and the dominant methanogen Methanothrix content on the

cathode was three times higher than the AnMBR. The study provides an important theoretical foundation

for the application of AnEMBR technology in the treatment of low organic strength wastewater.
1. Introduction

Anaerobic membrane bioreactor (AnMBR) technology for
domestic wastewater treatment has been studied increasingly
due to producing value-added products, solid free effluent and
occupying a small footprint.1–5 However, membrane fouling in
the AnMBR has already been a considerable setback in real
engineering application.6 The main factors causing membrane
fouling are organic pollutants, inorganic pollutants and
microbial pollutants, which originate mainly from the active
sludge.7,8 Furthermore, extracellular polymeric substances (EPS)
and soluble microbial products (SMP)9 produced by microor-
ganisms were the main reason for membrane fouling. The
polymeric compounds in the active sludge were correlated
positively to the negative surface charges of active sludge ocs.10

And the increased negative surface charges in the sludge ocs
would contribute to stronger repulsive electrostatic interactions
and weaker bonding among different particles.11 And this
means that it is an effective way to suppress membrane fouling
rtation Engineering, Beijing University of
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Science and Water Environment Recovery

y, Beijing 100124, China

tion (ESI) available. See DOI:

372
and increase membrane service life by changing the surface
property of the sludge ocs.

Integrating microbial fuel cell (MFC) with AnMBR has been
proved to be an effective fouling control strategy by reducing
particle zeta potential and the amount of SMP in the cathodic
mixed liquor.12 But there are two main difficulties for wide
application of the MFC system. On one hand, it is difficult to
remain the same power densities in the practical engineering
application as that in the laboratory system.13 On the other
hand, the stability of large bioelectrochemical systems is poor
for a long-term operation.13 These problems have been turned
out to be closely related to the cathode inevitable biolm.14 The
biolm growth resulted in increasing fouling of the cathode
outer surface.15 And salt deposition, humic acid adsorption and
microbial by-products were formed into internal pollutants on
the cathode.16–18 Fortunately, a novel anaerobic electrochemical
membrane bioreactor (AnEMBR) was developed by Katuri et al.
rstly.19 The stability of cathode was enhanced strongly by
regulating the applied voltage and the membrane biofouling
was mitigated, which could be due to a combination of factors
(hydrogen bubble formation, low cathode potential and pH) in
this system.19 But there are many problems to be solved in the
AnEMBR research led now.

Metal materials were usually adopted directly as the cathode
unit, not environment-friendly products.19,20 Katuri et al.
incorporated an electrically conductive nickel-based hollow
ber membrane (Ni-HFM) as the basic separation unit in an
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra05500c&domain=pdf&date_stamp=2021-09-21
http://orcid.org/0000-0001-9134-2249
http://orcid.org/0000-0001-7870-3134
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05500c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011050


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 4
:4

3:
07

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
AnEMBR system.19 But metal ions in metal membrane might
ow into the water through hydraulic-action or ion-exchange
and result in potential environmental risk.21 The physical,
chemical and biological properties of sludge on the membrane
surface may be changed by applied voltage.22,23

The conductive hollow ber membrane prepared by carbon
nanotubes as a basic separation and cathode overcame above
problems.21 The good performance of the carbon nanotubes
hollow ber membrane was attributed to high mechanical
strength, good hydrophilic characteristics, large specic surface
area and encouraging electrical conductivity of carbon nano-
tubes.24 And Yang et al. found that the carbon nanotubes hollow
ber membrane with negative electro-assistance mitigated
membrane pore blocking in the AnEMBR.21 There are two main
reasons to suppress the membrane fouling in the AnEMBR
system. Increased biogas was produced on the membrane
surface, which was similar to a weak gas sparging; less pollut-
ants, especially EPS, were adsorbed and accumulated on the
membrane surface because of like electrostatic repulsion
between conductive membrane surface and active sludge. But
the current studies about the AnEMBR system mainly stay in
laboratory-scale system, and with small size. Namely, the reac-
tors were usually small, had a working volume of <1 L or 1 L, and
the reactors were operated for <100 days.19,21,25 Hence, it is
necessary to explore the performance and membrane fouling
control mechanisms of the larger AnEMBR system for a long-
term operation, especially, to observe the complicated rela-
tionship between the applied voltage and the increased rate of
membrane fouling, and compare the differences with the small
AnEMBR system.

To address these objectives, an amplifying anaerobic elec-
trochemical membrane bioreactor (AnEMBR) was constructed
rstly by the modied polyvinylidene uoride (PVDF) hollow
ber membrane by coating with multiwalled carbon nanotubes
(HF-PVDF-CNT) as the basic separation unit and cathode
simultaneously. The operation conditions (pH, temperature,
oxidation–reduction potential, and dissolved oxygen) were
online monitored to analyze the specic factors and conditions
during the whole long-term experiment. The membrane fouling
propensity was detected continuously in terms of trans-
membrane pressure (TMP). The organic, inorganic and physi-
cochemical characteristics, CH4 production and microbial
communities were observed for exploring antifouling mecha-
nism in a long-term operation, especially analyzing the differ-
ence with the small AnEMBR system.

2. Materials and methods
2.1 AnEMBR setup and operation

An amplifying anaerobic electrochemical membrane bioreactor
(R2 system) with 3.2 L of working volume (50 cm height, 9.4 cm
internal diameter) was run at room temperatures in a contin-
uous upow mode for 204 days. The hydraulic retention time
(HRT) of the reactor was about 36 h. HF-PVDF-CNT membranes
were used as the basic separation unit of the reactor R2. HF-
PVDF-CNT membranes were fabricated by ltration coating,
and the prepared procedures in detail were the same as our
© 2021 The Author(s). Published by the Royal Society of Chemistry
previous research.26 The experimental bioreactor setup is shown
in Fig. S1,† similar to the AnEMBR setup constructed by Katuri
et al.19 But in our AnEMBR system, the cylindrical carbon-
graphite felt containing a platinum core adhered strongly
anaerobic sludge was used as the anode, and the HF-PVDF-CNT
membrane module (contained HF-PVDF-CNT 10 membrane
wires) was used as cathode. Bottom radius and height of the
carbon-graphite felt were 8 cm and 10 cm, respectively. The
working area of the membrane module was 351.68 cm2. The
vertical distance between the end of cathode and the top of the
anode was about 5 cm. There were many on-line monitoring
devices on the top of the reactor R2 to monitor the parameters,
including pH, temperature (T), oxidation–reduction potential
(ORP), and dissolved oxygen (DO). The electrochemical work-
station (CORRTEST, Wuhan, China) was placed between anode
and cathode to measure potentials, and provided stable nega-
tive potentials for the cathode. Other parameters are presented
in the ESI (Tables S1–S4†). An anaerobic membrane bioreactor
(AnMBR, R1), similar to the R2 system, was operated in parallel
under the same environmental conditions, except there was no
applied voltage on the membrane surface and no carbon-
graphite felt existed in the sludge zone. Both systems were
inoculated with anaerobic sludge from the secondary sedi-
mentation tank of Beijing Gaobeidian sewage treatment plant.
The sludge concentration (MLSS) in both reactors aer inocu-
lation was 3000 mg L�1.
2.2 Measuring method

The chemical oxygen demand (COD) concentrations were
determined by standard methods.27 The morphologies on the
membrane surface were observed by scanning electron
microscopy (SEM, SU8020, Japan). The transmembrane pres-
sure (TMP) of membrane modules was monitored by the pres-
sure transducer (JYB-3151, Beijing, China). The chemical
component of pollutants on the membrane surface was detec-
ted by Attenuated Total Reection (ATR)-Fourier infrared spec-
trometer (FTIR, Nicolet iS10, USA). Three-dimensional
excitation emission matrix (3D EEM) uorescence spectroscopy
(F-7000, Hitachi, Japan) was used to determine the composition
in EPS of sludge aer stimulation by voltage. The uorescence
spectrometer (XRF, SRS3400, Germany) was used to analyze
inorganic elements of pollutants on the membrane surface. The
chemical component of pollutants, zeta potential, particle size
of sludge, andmixed gas composition were detected in Zhongke
Baice Technology Service Co., Ltd (Beijing, China). High-
throughput sequencing technologies were used to investigate
the microbial community change under an electrochemical
environment. The detailed procedures are presented in the
ESI.†
3. Results and discussion
3.1 Experiment factors

The reactors R1 and R2 were operated continuously at room
temperatures. The temperatures of internal mixed solutions for
two reactors remained equal or close at all times, as illustrated
RSC Adv., 2021, 11, 31364–31372 | 31365
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in the Fig. S2.† And the oxidation–reduction potential (ORP)
evolution proles during the operation (204 days) were obtained
to evaluate the oxygen concentration in the solutions.28 As
shown in Fig. S3,† the initial ORPs for the reactors R1, R2 were
�295 and �301 mV, respectively. Methanogens were not t for
living in the condition. This could be a reection of low
anaerobic microbial activity in the initial environment. And the
ORP growth rate of R2 system was lower than that of R1 system.
The ORP tended to be stable up to 42 days in the reactor R1, but
up to 50 days in the reactor R2. It may suggest that the cathode
potential (�0.5 V) was not optimal.

Moreover, the supernatant pH values remained relatively
stable following adding a quantitative NaHCO3 during the
whole operation in the reactor R1 (Fig. 1), even tended to
increase slightly. In the reactor R2, initial buffered medium
contained the same compositions as the reactor R1. But the
serious acidication was in the presence of the reactor R2 at 100
days. The supernatant pH values decreased rapidly within 100–
114 days, and stabilized at a lower level within 115–125 days.
The supernatant in the AnEMBR (R2) acted for liquor in the
cathode chamber of the microbial electrolysis cell (MEC). So,
acidication could be caused by the accumulation of excess
protons produced by microbial metabolism in the anode zone.
The protons were not consumed absolutely in time in the anode
or cathode zone (mainly cathode zone). It suggests that the
protons utilization was low on the conductive cathode
membrane because the probe of pH online detector was placed
near the cathode. And carbonates and phosphates with low
concentrations, had a weak pH buffering capacity. To improve
the performance deterioration, the concentration of NaHCO3 in
inuent of the reactor R2 increased from 0.3 g L�1 to 0.5 g L�1 at
125 days, 0.7 g L�1 at 138 days, respectively. With the increase of
NaHCO3, the pH increased gradually from 6.2 to 6.7 in the
supernatant of AnEMBR system up to 143 days. In general, the
optimal pH range was 6.5–7.5 for methanogens living. Obvi-
ously, pH value was in the optimal pH range for the reactor R2
aer 143 days. And difference of pH values was <0.2 between
Fig. 1 pH of the supernatant during the whole operation of the
reactors R1 and R2.

31366 | RSC Adv., 2021, 11, 31364–31372
two reactors at the same point in time during the whole oper-
ation, except when the reactor R2 broke down. It suggests that
higher alkalinity could prevent the AnEMBR system from acid-
ication. It is necessary to make an additional cost to ensure the
AnEMBR system operation for a long time, due to an increase in
the alkalinity demand, compared with the AnMBR system. This
was an important and different factor for the long-running
AnEMBR system, compared with the short-running AnEMBR
system.
3.2 COD removal performance

The COD removal of both anaerobic membrane bioreactors (R1
and R2) is illustrated in Fig. 2(a). And the colour of two reactors
changed gradually, as shown in Fig. 2(c)–(f). The surface
potentials on the cathode in the reactor R2 were kept stable at
different stages (Table S4†). Inuent COD concentrations were
highly volatile in the rst 20 days. It could be attributed to the
reasons that glucose was easy to be converted into volatile fatty
acids (VFAs) naturally in the long-placed raw solution, which
could lead to the changes of inuent COD concentration. But
COD concentration in the raw solution was stable at around
315mg L�1 by shortening storage period aer 40 days. Although
pH of the supernatant had changed in the reactor R2 by
increasing the inuent pH values (controlled by NaHCO3) aer
125 days, the COD concentrations were very close between each
other and both average inuent COD concentrations were
always about 315 mg L�1.

As is shown in the Fig. 2(b), the COD removal changes were
similar between each other before 65 days. COD concentrations
in effluent decreased in the rst 8 days and increased within 9–
21 days. This may be for the reasons that anaerobic microor-
ganisms had to take some time to adopt the new environment
for growing and enriching, while initial organic matter in the
inoculated sludge from the wastewater treatment plant was to
be digested and diluted with replaced tap water. COD concen-
trations in effluent were relatively high from 8 to 65 days, but
declined gradually. It may suggest that a lot of bacteria died and
dominant population was too low to digest excess organic
matter, but the dominant bacteria was enriching. There was
some difference for COD removal in both reactors. The effluent
COD concentration was stable at a low level in the reactor R1
aer 66 days. But the low and stable COD concentration only
existed within 66–110 days when the cathode potential was
�0.5 V in the reactor R2. The COD concentration in effluent
showed a liner rate of increase from the 110 days to 123 days
during the operation of R2 system. Surprisingly, the COD
concentration in effluent at 123 days had already been more
than that at the rst day in the reactor R2. There was little or no
biological activity in the R2 system at 123 days. At the same
time, the system R2 was examined from head to toe within 13
days. pH values in supernatant of the reactor R2 (6.15–6.35)
were lower than those in supernatant of the reactor R1 (6.5–6.6)
within 110–123 days, and the pH began to decrease at 100 days.
It could be seen that R2 system exhibited a poor self-regulating
ability for acidication in the long-term operation, compared
with R1 system. So, the concentration of NaHCO3 in inuent of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 COD removal during the whole operation of the reactors R1 and R2 (a) and (b). Physical diagram of R1 (c) and R2 (d) before operation.
Physical diagram of R1 (e) and R2 (f) under operation.
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the reactor R2 increased from 0.3 g L�1 to 0.5 g L�1 at 125 days.
Interestingly, effluent COD concentration decreased rapidly in
the reactor R2 during two days. But effluent COD concentration
maintained relatively high level and the optimal anaerobic
environment was still not be absolutely recovered in the reactor
R2 up to 138 days. For better comparative analysis, the
concentration of NaHCO3 in inuent of the reactor R2
continued to be increased by 0.2 g L�1 and the corresponding
pH is 6.5 in the supernatant at 138 days. The pH value was
approximate to that in the supernatant of the reactor R1.
However, there was no better COD removal than that of the
reactor R1.

Furthermore, the average COD concentration was
33.68 mg L�1 in effluent of the reactor R1 during the stable
operation. And the average COD concentrations in effluent of
the reactor R2 from stage 1 to 3 were 37.79, 64.20 and
39.62 mg L�1, respectively. As shown in Fig. S4 (le),† there was
obvious difference for SCOD concentrations in both superna-
tants. The average SCOD concentration was 57.09 mg L�1 in
supernatant of the reactor R1 during the stable operation. But
average SCOD concentrations in supernatant of the reactor R2
from stage 1–3 in order were 67.48, 105.09 and 98.51 mg L�1,
respectively. Both average COD concentration in inuent of the
reactors R1 and R2 was 315 mg L�1. So, the biological treatment
contribution rate and membrane separation contribution rate
of R1 and R2 were 91.68% and 8.32%, respectively. It could be
seen that anaerobic digestion process in the system R1 played
© 2021 The Author(s). Published by the Royal Society of Chemistry
a major role for treatment of synthetic wastewater. Glucose as
a simple organic compound, nally was converted smoothly
into methane, hydrogen and carbon dioxide through anaerobic
digestion process in the R1 system. In comparison, biological
treatment contribution rates of the reactor R2 from stage 1 to 3
were 89.29%, 83.70% and 83.38%, respectively. Membrane
separation contribution rates in supernatant of the reactor R2
from stage 1 to 3 were 10.71%, 16.30% and 16.62%, respectively.
Obviously, membrane separation contribution rates of the
reactor R2 were all higher than that of the reactor R1, but the
trend for biological treatment contribution in sludge zone was
opposite. It could suggest that the applied voltage had a positive
effect on organic degradation or repulsion in the cathode zone,
but a negative relatively effect on organic degradation in the
anode zone. And it might be attributed to the electrostatic
repulsion enhancing the membrane separation. If the biolog-
ical treatment efficiency had been improved, the transfer
velocity of electrons and protons would be a key factor, espe-
cially for the large reactors. And the control of alkalinity would
be an important and effective way to solve the problem of
acidication in the AnEMBR system. Hence, it is important to
research the effect of different pH on the AnEMBR system and
seek optimal solutions to accelerate the transfer of electrons
and protons in the future.

In addition, acetate was the major component of the volatile
fatty acids in the supernatant of both reactors (Fig. S4 (right)†).
The acetate concentrations in the supernatant of the reactor R2
RSC Adv., 2021, 11, 31364–31372 | 31367

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05500c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 4
:4

3:
07

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(8.18, 18.91 and 22.48 mg L�1, from the stage 1 to 3, respec-
tively), were always more than those in the reactor R1 (6.76, 8.21
and 9.28 mg L�1, from the stage 1 to 3, respectively). And the
acetate concentrations in effluent presented the same change.
The CH4 production produced mainly in the sludge zone of the
reactor R1. But less organic matter was oxidated absolutely in
the anode while some acetate was converted into CH4 and CO2

on the cathode by the Methanothrix (Fig. S11 and S12†) in the
reactor R2. The change of acetate concentration was a reaction
of COD and the reasons were the same as the COD removal.

3.3 Membrane fouling performance

The membrane fouling performance of the reactors R1, R2, is
shown in Fig. 3. The reactor R2 presented a better antifouling
ability than that of reactor R1. There was a sudden increase in
the TMP at 201 days in the reactor R1 because the HRT was
decreased to the initial value by hand. And the TMP evolution
stepped up in the reactors. And the average TMP growth rate
was 0.00301 bar per day in the reactor R1 while 0.00262 bar per
day in the reactor R2. Furthermore, the TMP growth rates in the
reactor R2 from stage 1 to 3 were 0.00174, 0.00244 and 1.00093
bar per day, respectively. The membrane fouling rate had
increased in terms of accelerating the TMP growth, though the
membrane fouling was suppressed by the applied voltage. It
might be due to more and more electrogenic microorganisms
adsorbed and deposited on the cathode membrane surface,
resulting in the pores blocked or reduced. It is different from
the result in short-term operation.

The membrane modules were taken out from the reactors
and the macroscopic representation was showed in Fig. S5.†
Surprisingly, the colour of cake layers on the membrane surface
in the reactors R1, R2 were a little dark green and dark,
respectively. It is worth noting that the reactors were shaded by
a layer of aluminum foil except for some areas tted with a gas
bag and electrodes on the top of the reactor R2. No green algae
appeared in the liquor.

The morphological microstructure on the used membrane
surface was showed in the Fig. S6.† A lot of pollutants covered
heavily the membrane surfaces with the complicated network
structure. And the quantity of micron-size pores on the
Fig. 3 TMP evolution during the operation of the reactor R1 and R2.

31368 | RSC Adv., 2021, 11, 31364–31372
membrane surface in the reactor R2 was relatively more than
that in the reactor R1. Bymagnication observation, some pores
on the membrane surface might be caused by biogas bubbles
bursting in the cake layer.

Moreover, the used membranes in the reactors R1, R2, were
cut off by the same way. Then the cross-sectional morphologies
of the used membranes were taken into scanning electron
microscope (SEM) images, as shown in Fig. S7.† The cross-
section of a cake layer in the reactor R1 was thick, and prone
to being broken easy. In comparison, the cake layer was rela-
tively solid and thin in the reactor R2. These results might be
a reaction of different binding force among chemical compo-
sitions of cake layers pollutants on the different membrane
surfaces. In contrast to the unused membrane surfaces
(Fig. S8†), there are less pollutants in the carbon nanotubes
mats with negative charges.
3.4 Organic pollutants on the membrane

The Fourier infrared spectrometer (FTIR) spectra showed very
similar peaks on the membrane surfaces in the reactors R1, R2.
As shown in Fig. 4, there were the same organic groups on the
used membrane surfaces, different from those on the unused
membrane (HF-PVDF-CNT) surfaces. This is because the FTIR
was tested in ATR mode and the depth of measurement was
<100 nm. And the depth of pollutant was visible to the naked
eye. So the base material had less inuence on the FTIR result of
the used membrane. For the HF-PVDF-CNT membrane, the
strong absorbance appeared at 1546, 1627, 3178 cm�1. They
were related with the benzene ring or N–H structure, carbonyl,
and the amino groups or carboxyl groups, which proves that the
HF-PVDF membrane were modied successfully by carbon
nanotubes and dopamine.26 However, for the used membrane,
the strong absorbances at 3200 cm�1, were attributed to the
telescopic vibration peak of O–H in the hydroxyl groups, and the
C–H telescopic vibration peak was appeared at 2900 cm�1.29 The
materials had strong correlation peaks for absorption, such as
1652 and 1540 cm�1, caused by amide band I and II, respec-
tively. A peak at 1039 cm�1 was due to C–O in polysaccharose.30

Furthermore, the relevant infrared absorption peaks on the
membrane surface in the reactor R1 were much stronger than
those in the reactor R2. It suggests that more proteins and
polysaccharose were adsorbed on the membrane surfaces in the
system R1.

EEM uorescence spectroscopy is showed in the Fig. 5.
Overall, there were four mainly strong absorption peak in each
spectrum, T1

1, T
2
1, T

1
2 and T2

2, respectively. These peaks (T11 and
T2
1) were related to tyrosine proteins and others were related to

tryptophan proteins.31 And locations and intensities of above
absorption peaks are showed in Table S5.† It could be seen that
contents of tyrosine and tryptophan proteins on the membrane
surface were 1.16 and 1.34 times as much as these on the
electro-assisted membrane surface, respectively.

Moreover, charged cake layers on the membrane surfaces
were characterized by zeta potential, as shown in Table S6.† The
average zeta potential was �26.77 (�0.27) mV for the pollutants
on the membrane surface in the reactor R1, but �22.47
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Infrared spectra of the used membranes in the reactors R1 and R2 (left). Infrared spectra of the unused and used membranes in the
reactors R1 and R2 (right).
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(�0.27) mV in the reactor R2. The sludge in the reactor R2
contained lower negative charges. It should be taken into
consideration that negative surface charges increased linearly
with the total extracellular polymer (EPS) content in sludge and
increased proteinaceous and carbohydrate fractions played
a major role in the EPS.32 Therefore, the less proteins or EPS
with less negative charges deposited and agglomerated on the
electro-assisted membrane. These results about EEM uores-
cence spectroscopy and zeta potential were corresponding to
the above FTIR analysis.

3.5 Salt deposition on the membrane

Besides organic matter, the salt deposition as main inorganic
matter was detected by uorescence spectrometer (XRF), as
shown in Table S7.† The same major elements resulted in the
membrane fouling of both reactors, including S, Ca, P, Fe, Al, Si,
Zn, K, Ni and Cu. In comparison, the content of each element (S,
Ca and P) was all >10%. They played an important role in the
inorganic salt deposition formation on the membrane surface.
Fig. 5 EEM fluorescence spectroscopy results for the pollutants on the

© 2021 The Author(s). Published by the Royal Society of Chemistry
In general, the pollutants mainly come from sludge ocs, EPS
and sediments in view of source. Surprisingly, the contents of
Zn and Cu elements were relatively high and they may come
from raw inoculated sludge. In terms of element contents,
metal ions in water were deposited mainly on the membrane
surface in the form of sulfate, carbonate, phosphate, silicate,
hydroxide, oxide. And the main element of positive ion was Ca.
These salt depositions were formed into highly viscous gel or
dense pollution lter cake layers.33–35 The content of total
elements, including Ca, Fe, Al, Si, Mg and Cu, accounted for
50.34% in the reactor R1, but only 47.09% in the reactor R2. And
the proportion of elements, S and P, was 40.56% in the reactor
R1, but only 36.73% in the reactor R2. It suggests that a negative
cathode potential had a positive effect on pushing the inorganic
matter away.

In addition, different sludge particles formed gradually
a cake layer with depositing on membrane surface during
ltration. The particle size of sludge is showed in Table S8.†
Particle size of >90% particles on the electro-assisted
membrane surface in the reactors R1 (left) and R2 (right).

RSC Adv., 2021, 11, 31364–31372 | 31369
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membranes was smaller than that on the membrane without
applied voltage. And particle size of >50% particles in the anode
zone was smaller than that in the sludge zone. These results
were opposite to the traditional experimental conclusion about
membrane fouling mechanism in the anaerobic membrane
reactor. It is normally regarded that small particles were easier
than large particles to block the pores on the membrane
surface, resulting in increasing density of cake layers and
reducing permeability of the membrane in the membrane
reactor.36 Furthermore, the particle size of pollutants on the
membrane surface in the reactor R2 was very close to that in the
sludge zone of the reactor R1 or R2. And the particle size of
pollutants on the membrane surface was the biggest in the
reactor R1. The reason might be that, the amounts of micro-
organisms on the membrane surface in the reactor R2 was more
than that in the reactor R1. And there were more abiotic
pollutants, including EPS, colloid and salt deposition, on the
membrane surface in the reactor R1.
3.6 Electron transfer in the AnEMBR system

The potentials and the current were showed in the Fig. 6. The
potential difference was relatively stable in every stage, �0.1 to
0.1 V, �0.7 to �0.8 V and �1.2 to �1.4 V, respectively, from
stage 1 to 3. And the current was <0.0001 A, 0.0003 A and 0.0009
A, respectively. Obviously, the total resistance decreased while
the potential difference increased. It could be attributed to the
change of microbial community through the simulation of the
applied voltage as sole environment variable. Hence, it is
hypothesized that the increased microbial community (in the
anode or cathode zone) had a greater effect on the conductivity
of the system, but it might be a reason to increase the TMP
growth rate.
3.7 CH4 production

The Table S9† showed CH4 production (main biogas, compared
with H2 <5%) during different operation stages. The CH4

production increased with decrease of the cathode potentials
and the largest CH4 production was 51.85 mL per day, less than
Fig. 6 Potential on anode and cathode and potential difference between
by the electrochemical workstation (right).

31370 | RSC Adv., 2021, 11, 31364–31372
that in the reactor R1 (83.45 mL per day). Methane bubbles had
a weak effect in the system R2, but electrostatic repulsion had
a great positive effect on migrating membrane fouling. It could be
attributed to high internal resistance of the membrane module
with low transfer efficiency of electrons. So, preparation of the
membrane with high conductivity and highmembrane ux was an
important issue to develop the AnEMBR system. As said Bruce E.
Logan, the electrodes with high surface areas andmaximize power
volumetric densities need to be developed for scaling up and
commercialization of microbial electrochemical technology.37

In view of CH4 production, the change of biogas from the system
R2 (AnEMBR) was similar to the change of temperature detected by
the online monitor. But the biogas production decreased gradually
with decreased experimental temperature in the system R1. It is
a possible that temperature might seem to have a smaller inuence
on biogas produced by the system R2 and AnEMBR system seemed
to have a potential advantage for the wastewater treatment in the
low temperature, for example, in winter.
3.8 Microbial community

The Table S10† showed the microbial alpha diversity in the
reactor R1 and R2. The Shannon index and Simpson index were
0.0084 and 5.74, respectively, for the microbial community on
the cathode surface in the reactor R2. In comparison, the
Shannon index and Simpson index were 0.0063 and 6.00,
respectively, for the microbial community on the membrane
surface in the reactor R1. These values demonstrated that more
species appeared on the membrane surface in the electro-
chemical environment. In addition, the number of operational
taxonomic units (OTU) for the microorganisms on the cathode
in the reactor R2 was more than that on the membrane surface
in the reactor R1. It shows that more microbes had appeared on
the cathode and was far more than that in the reactor R1.
Importantly, just to conrm above analysis about membrane
fouling performance and mechanism.

Furthermore, the main microbial species and proportions
were presented at the class and gene levels on the membrane
surface of the reactors R1 and R2, in the Fig. S9–S12,†
anode and cathode (left). The current through the systemR2measured

© 2021 The Author(s). Published by the Royal Society of Chemistry
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respectively. The proportions of Methanomicrobia group at the
class level were 1.78% and 4.49% of the microbial community
on the membrane surface of the reactors R1 and R2, respec-
tively. The result explains the CH4 production observed in this
study. Anaerolineae and Clostridia groups for degrading soluble
organic matter38,39 on the membrane surface of the reactor R2
(5.17% and 8.14%, respectively) were higher than those of the
reactor R1 (7.45% and 2.28%, respectively). And the exoelec-
trogenic bacteria, mainly including Betaproteobacteria, Del-
taproteobacteria and Grammaproteobacteria, on themembrane
surface of the reactor R2 accounted for 1.96%, 10.98% and 2%.
The values were all more than those of the reactor R1 (0.7%,
9.08% and 0.79%, respectively). Furthermore, an acetoclastic
methanogen named Methanothrix was the dominant metha-
nogens on the cathode of the reactor R2, accounting for 3.79%.
The value was far higher than that on the membrane surface of
the reactor R1.Methanothrix could participate in direct electron
transfer (DET) to produce CH4 using the CO2 reduction pathway
or acetate decarboxylation pathway.40 In addition, the genus
Desulfovibrio was an important and dominant sulfate-reducing
bacteria community41 on the cathode of the reactor R2
(2.39%). In comparison, the proportion of the genus Desulfovi-
brio was only 0.85% on the membrane surface of the reactor R1.
Some Desulfovibrio species could use directly the electrons and
energy from the cathode42 or hydrogen, organic acids, or
alcohol.43 And H2 was only utilized when acetate presented.43

The exoelectrogenic bacteria was benecial for improving bio-
electrochemical methane gas production in the system R2.

4. Conclusions

The amplifying AnEMBR system was operated at different
applied voltages for 204 days. The system performance in the
long-term operation was different from that in the short-term
operation. There were good membrane-antifouling ability and
membrane separation contribution in the AnEMBR, compared
with AnMBR. But the performance was deteriorated easily in the
long-term operation of the AnEMBR system. The number of
microorganisms increased highly with stimulation of the applied
voltage, which might result in increasing membrane fouling rates
in terms of the TMP and reducing the service life of themembrane
if the reactor was operated in a long time. The exoelectrogenic
bacteria, and methanogens content on the cathode was much
higher than the AnMBR, whichmay be related to the dark cathode
surface. As the rst study about a long-term operation of ampli-
fying AnEMBR system, the results provide an important theoretical
foundation for the further development of AnEMBR technology in
the real engineering.
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