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This paper provides a critical review about the integration of electrochemical processes
into membrane bioreactors (MBR) in order to understand the influence of these
processes on wastewater treatment performance and membrane fouling control. The
integration can be realized either in an internal or an external configuration. Electrically
enhanced membrane bioreactors or electro membrane bioreactors (eMBRs) combine
biodegradation, electrochemical and membrane filtration processes into one system
providing higher effluent quality as compared to conventional MBRs and activated
sludge plants. Furthermore, electrochemical processes, such as electrocoagulation,
electrophoresis, and electroosmosis, help to mitigate deposition of foulants into
the membrane and enhance sludge dewaterability by controlling the morphological
properties and mobility of the colloidal particles and bulk liquid. Intermittent application
of minute electric field has proven to reduce energy consumption and operational cost
as well as minimize the negative effect of direct current field on microbial activity which
are some of the main concerns in eMBR technology. The present review discusses
important design considerations of eMBR, its advantages as well as its applications
to different types of wastewater. It also presents several challenges that need to be
addressed for future development of this hybrid technology which include treatment of
high strength industrial wastewater and removal of emerging contaminants, optimization
study, cost benefit analysis and the possible combination with microbial electrolysis cell
for biohydrogen production.

Keywords: electro membrane bioreactors (eMBRs), fouling precursors, bacterial activity, electrocoagulation,
electroosmosis, electrophoresis, extracellular polymeric substances (EPS), soluble microbial products (SMP)

INTRODUCTION

Numerous water and wastewater treatment processes have been employed in order to minimize
water pollution and to augment drinking water resources (de Luna et al, 2009; Naddeo
et al,, 2011; Cesaro et al, 2013; Secondes et al., 2014; Ballesteros et al., 2016). Among these
techniques, conventional activated sludge (CAS) process is the most widely used method due to
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its effective mineralization of organic and inorganic compounds
from various types of wastewater. However, CAS has been shown
to have limited capability of degrading recalcitrant pollutants
such as pharmaceuticals, flame retardants, persistent organic
compounds, anionic surfactants, etc. (Bernhard et al., 2006;
Singhal and Perez-Garcia, 2016). Besides, this treatment method
also poses several disadvantages which include high footprint and
reactor volume, the production of large amount of excess sludge,
that requires further treatment and disposal, and the installation
of the sedimentation tank for separation of the mixed liquor from
the treated effluent. Furthermore, a final disinfection treatment
(e.g., UV, ozone, chlorination, etc.) is required for the removal of
pathogenic microorganisms.

A more promising alternative for wastewater remediation
is the combination of the activated sludge treatment with
membrane filtration process. This technology, also known
as membrane bioreactor (MBR), differs from CAS since a
membrane module is used instead of the secondary clarifier to
separate activated sludge from the final effluent (Xing et al., 2000).
MBR offers many advantages such as higher effluent quality,
smaller footprint and reactor volume, lower energy consumption
and less sludge production (Cicek, 2003; Yuniarto et al., 2008).
As a result, MBR technology has experienced unprecedented
growth in recent years. Its applications have extended widely
from treatment of municipal wastewater (Weiss and Reemtsma,
2008; Ma et al., 2013; Zhou et al., 2015) to removal of toxic
and hazardous compounds in landfill leachate (Ahmed and Lan,
2012), and industrial wastewaters (Artiga et al., 2005; Yigit et al.,
2009; Palogos et al., 2014).

However, an inevitable fouling problem limits the application
of this technology into full scale practical operation. The
deposition of sludge particles and colloids onto and into the
membrane leads to a severe decline of the permeate flux
and affects stable operational performance (Kimura et al,
2005). There are several approaches that can reduce fouling in

membranes (Naddeo et al., 2015a,b; Scannapieco et al., 2015)
but the most common techniques used in MBR technology
are the excess aeration and frequent membrane cleaning.
However, these methods also result in an increase of energy
demand and operating costs as well as reduction of membrane
lifespan (Wei C. H. et al,, 2011; Zhang et al., 2011; Shi et al,,
2014).

Recent advances have demonstrated that the application of an
electrical field to membrane bioreactors (electrically enhanced
membrane bioreactors or electro membrane bioreactor, eMBR)
can effectively reduce fouling (Chen et al., 2007; Akamatsu et al.,
2010; Liu et al., 2012a). This method induces electrochemical
mechanisms such as electrocoagulation, electroosmosis, and
electrophoresis that help in degradation of pollutants and, at
the same time, control the mobility, and deposition of foulants
onto the membrane surface (Bani-Melhem and Elektorowicz,
2011). Electrocoagulation is the main mechanism influencing
the removal of organic compounds with high fouling potential
from wastewater. It involves the in situ generation of coagulants
from the electrochemical dissolution of immersed sacrificial
anodes (usually iron or aluminum) (Figure 1C). Depending on
the pH of the solution, various metal species are produced
during electrocoagulation which react with the pollutants leading
to the destabilization and aggregation of suspended particles
and the precipitation and adsorption of dissolved contaminants
(Giwa et al., 2016). Moreover, the applied voltage also allows
the negatively charged foulants such as activated sludge and
secreted polymers to drift toward the oppositely charged
electrode and away from the membrane via electrophoretic
motion (Figure 1A) (Chen et al., 2007; Akamatsu et al., 2010,
2012). Consequently, electroosmotic force propels the removal
of bound water from the microbial flocs electrical double
layer which decreases the sludge specific resistance to filtration
hence improving fouling control (Figure 1B) (Ibeid et al,
2013a).
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FIGURE 1 | Electrochemical mechanisms occurring in the operation of the electro MBR (eMBR): (A) electrophoresis, (B) electroosmosis, (C)
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The application of a direct current (DC) field to MBRs
has proven to be more effective compared to other fouling
control methods, however, it is also associated with high energy
consumption and affect bacterial lifespan (Wei V. et al., 2011;
Giwa et al,, 2015; Zeyoudi et al, 2015). New and cheaper
developments suggest that intermittent application of minute
electric field also enhances membrane filterability and is similarly
effective in controlling fouling as that with continuous DC
field (Akamatsu et al., 2010, 2012; Liu et al., 2012a,b). It also
minimizes the direct exposure of bacteria to the electric field,
hence, reducing the negative effects to microbial community
(Akamatsu et al., 2010; Bani-Melhem and Elektorowicz, 2010;
Liu et al., 2012a; Hasan et al, 2014). Some studies also
focused on extracting internal energy contained in wastewater
(e.g., 17.8-28.7k]J/gCOD) (Heidrich et al, 2011) which can
be used to offset the input of external DC field for fouling
control. This can be achieved by combining bioelectrochemical
systems (BES) with MBRs. Microbial fuel cells (MFCs) and
microbial electrolysis cells (MECs) are two types of BES
that use exoelectrogenic microbes to produce energy from
wastewater by converting biodegradable organic matter directly
into electricity, hydrogen, and other valuable products via
biological and electrochemical processes (Zhang F. et al., 2014).
They are innovative methods for simultaneous renewable energy
production and wastewater treatment (Wang et al, 2015).
Hybrid systems combining BES with MBR have also been
recently investigated for cost-effective wastewater remediation
and fouling control (Wang et al., 2012; Liu et al., 2013a, 2014;
Lietal., 2014).

This paper critically reviews the combination of
electrochemical processes with MBR. This is the first review
paper that explores the advantages, the limitations, future
challenges, and developments of this hybrid technology

in wastewater treatment. The design considerations,
applications to  different types of wastewater and
mechanisms of pollution removal and fouling control

using electrically enhanced membrane bioreactor are also
discussed.

ELECTRICALLY ENHANCED MEMBRANE
BIOREACTOR (eMBR)

This section is divided into three parts: the first part highlights
three of the most important considerations for the design
of eMBR which are the main configurations, materials and
operating conditions; the second part enumerates the numerous
applications of this technology on different types of wastewater
and the third discusses the effects of appending electricity on
pollutant removal, fouling control, and bacterial activity in an
eMBR technology.

Design Considerations

Main Configurations

The main eMBR configurations applied in wastewater
treatment can be generally classified into two: (1) External
electrochemical unit (usually electrocoagulation unit) preceding
a submerged membrane bioreactor (EC-SMBR) (Figure 2A)
and (2) submerged membrane electro-bioreactor (SMEBR)
(Figure 2B).

EC-SMBR was used by Kim et al. (2010), Bani-Melhem
and Smith (2012), and Keerthi et al. (2013) to treat
municipal wastewater, actual gray water, and tannery
wastewater, respectively. Here, the influent is first treated via
electrocoagulation process in a separate unit prior to biological
degradation and membrane filtration in a conventional
submerged membrane bioreactor (SMBR). This system was
developed primarily to enhance the phosphorus removal from
wastewater and prevent the applied DC field to have direct
contact with the microbial community since it could have
inhibitory effects on bacterial activity (Bani-Melhem and Smith,
2012). It was also proven to positively improve chemical oxygen
demand (COD) and color removal from tannery wastewater
(Keerthi et al., 2013).

In SMEBR, on the other hand, electrochemical processes
are integrated with membrane bioreactor by the addition of
sacrificial electrodes inside the SMBR. The wastewater first
passes through the biological treatment zone for biodegradation,
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FIGURE 2 | Main eMBR configurations applied to wastewater treatment: (A) external electrochemical unit (usually electrocoagulation unit) preceding
a submerged membrane bioreactor (EC-SMBR), (B) submerged membrane electro-bioreactor (SMEBR).
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that is between the reactor wall and the anode, then across
the electrical zone (i.e., between the electrodes) to undergo
some electrochemical processes and further degradation, and
eventually is filtered out through the membrane module to
remove the solids (Hasan et al., 2014) (Figure 1). In some SMEBR
studies, the cathode is designed as part of the membrane module
[e.g., carbon cloth electrode fabricated with polyvinylidene
fluoride (PVDF) membrane or copper wire cathode inside a
PP non-woven sheet] or an electrically conductive low- cost
membrane is used as the cathode itself [e.g., terylene cloth
modified with polypyrrole (Ppy), polyester filter cloth modified
with PPy coated graphene (GR/Ppy), or with PPy coated
graphene oxide (GO/Ppy)] (Akamatsu et al., 2012; Liu et al,
2012a,b, 2013b; Zhang et al., 2015). Details about membrane
and electrode materials are discussed in Section Materials. The
resulting effluent quality of eMBR is observed to be better than
the EC-SMBR (Tables 1, 2). Moreover, fouling alleviation is
further enhanced, as reported in the Section Membrane Fouling
Reduction, in this configuration due to the combined efforts
of electrocoagulation, electroosmosis, and electrophoresis inside
the SMEBR system. A novel design of SMEBR was proposed
and developed by Bani-Melhem and Elektorowicz (2010) which
consists of cylindrical perforated electrodes immersed inside the
bioreactor with a membrane module placed at the center.

Between the two configurations, SMEBR is increasingly
becoming more popular and has been utilized in many studies
(Bani-Melhem and Elektorowicz, 2010; Ibeid et al., 2013a; Hasan
et al,, 2014). Since it allows all the three fundamental operations
(i.e., biodegradation, electrochemical processes, and membrane
filtration) to take place in a single reactor vessel (smaller
footprint) and it can be adapted as the most suitable design
for large scale applications. Its compact characteristics and high
treatment efficiency make SMEBR an economically attractive
technology for wastewater treatment.

Materials

Membrane and electrode materials are equally important in
designing eMBR as both can significantly affect the reactor’s
performance, pollutant removal, and fouling control. The
membranes are responsible for the retention of microbes in
the reactor which improves biological treatment and for further
purification of the resulting effluent via filtration (Giwa et al,
2016). Among the numerous papers available in literature for
eMBR, only few studies have been made comparing the different
performances of membrane materials and these studies only
focused on the effects of the membrane’s pore size on fouling.
Kim et al. (2010) used two plate type membranes: PVDF (mean
pore size: 0.08 um) and polyethersulfone (PES) (mean pore size:
0.2pum) in an EC-SMBR system and observed that although
both membranes maintained a stable transmembrane pressure
(TMP) for a period of 5 months without chemical cleaning,
PVDF has better performance, as shown in its lower average
TMP (PVDF = 10kPa vs. PES = 16 kPa) which was attributed
to its smaller pore size. Apparently, membranes with large pore
sizes are more susceptible to fouling as more smaller particles
can migrate, attach and accumulate into the interior surfaces of
the pores resulting in pore narrowing and pore blocking and

eventually to irreversible fouling (Kim et al., 2010). The same
conclusion was reached by Akamatsu et al. (2010) when they used
MF-1 (0.1 wm) and MF-2 membranes (0.22 jum) in eMBR, both
membranes were made up of a mixture of cellulose acetate and
cellulose nitrate.

The high cost of membrane materials limits eMBR in large
scale application. This brought the development of low cost
alternatives such as non-wovens, meshes, and filter cloths (Liu
et al., 2012a). Though cost efficient, these alternative filters
have relatively large pore size and inadequate fouling control.
Such constraint has been addressed by a group of researchers
modifying low cost filters to improve its effectivity. Liu et al.
(2012b) utilized polypyrrole (PPy) modified polyester filter cloth
as both the cathode and filtration material in eMBR. Membrane
modification was done by liquid and vapor phase polymerization
using different concentrations of FeCl3-6H,O (10, 20, and
40%). Results showed that vapor phased PPy modification with
20% iron oxidants has substantially increased the membrane’s
electrical conductivity (lower specific resistances) and a DC field
as low as 0.2V/cm is sufficient enough to drive electrostatic
repulsion between negatively charged foulants and membrane.
This development also paved the way of addressing the issue
on the effects of direct application of electric field on bacterial
activity which is discussed in Section Microbial Activity. In
another study, vapor modified PPy membranes (VPM) were
coated by graphene (Gr/PPy) and graphene oxides (GO/PPy) to
further enhance their conductivity (Liu et al., 2013b). Graphene
and its oxides have unique electronic properties which can
be enhanced by coating with polypyrrole (PPy). The electric
resistance of GO/PPy modified membrane is 0.71 kS2/cm while
for Gr/PPy is 0.68 kQ2/cm. These values are significantly lower
compared to 2.03kQ/cm for PPy modified filter cloth (Liu
et al., 2013b). In terms of anti-fouling property, membrane
with higher conductivity (i.e., lower electric resistance) shows
improvement in permeate flux. Liu et al. (2013b) tested the
antifouling performance of Gr/PPy and compared it with PPy
modified filter cloth under 1.0 V/cm electric field. VPM modified
Gr/PPy membrane can suppress the fouling more effectively than
PPy by increasing the permeate flux and cumulative permeate
volume by 20% (Table 3). PPy modified filter only increases 10%
of cumulative permeate volume (Table 3). Above aforementioned
studies have proven that using electrically conductive membranes
as the cathode itself was possible and very effective in fouling
suppression. Some low-cost membranes used in eMBR and their
performances with applied electric field are included in Table 3.

Utilizing better configuration of electrode and membrane
materials helps minimize electric energy consumption in
fouling reduction. Akamatsu et al. (2012) fabricated a low
cost membrane-carbon cloth assembly made of PVDF flat-
sheet microfiltration (MF) and plain-woven carbon cloth
as the membrane and electrodes, respectively. The study
successfully demonstrated that upon application of electricity,
either continuously or intermittently, the membrane flux always
recovers to the initial flux level (Table 3). Liu et al. (2012a) placed
copper wires inside the flat sheet membrane module and two
stainless mesh anodes outside the module. This configuration
ensures constant electrophoretic forces against the deposition

Frontiers in Environmental Science | www.frontiersin.org

August 2016 | Volume 4 | Article 57


http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive

Electrochemical Processes in Membrane Bioreactors

Ensano et al.

(penunuo?)
WY 08¢ F 6L =171//6BwolL F
MY Q' L=1" L = uopduwinsuoo ULE=14H POl = 14S 0zt =SSL1/PWL0F 0=
ABisus oyoeds %26 440 UW O L/NO UlW G = s aueiquisw N-€ON1/BW L | F ey = N-
v102 =00 ‘%66 = d-"0Od ‘%66 aInsodx3 0d WV gk = a0 4N J8qi4 MOJIoH EHN /bW S L F L'y = d-"Od Jeyemelsem
“lelouese = N- EHN :S8I0UBIOS [EAOWISY Syfoem / = el uolesedQ S :POUIED |V :Bpouy 4and HIINS J/BWorL F9Le =a00 fediouniy
/6w 99-92
= N-HN /6w /~Z = d4-"Od
%/8 = d0O Pue /6w 0g6-091 = 40O YA
‘%26 = N=SHN ‘%65 = d-"0Od ULL=14HPOL = 14S 1/BWoL-61
HEIN %26 = QOO PUe ‘%p6 =  JUeliWIslU| = awl) ainsodx3 Od aueIqUIBW N = N-SHN 1/6W |1-¢
2102 N-®HN ‘%66 = d-"Od ‘Hg3INS AN ZL=0a0 IV :9poyreD J8qy MOJ|OH = d-70d /6w 00/-091 Jojemalsem
:_m 18 ueseH ”>oc®_o_tm_ [eAOUIY SMeem / = aull| COzm\_mQO V:epouy BZOJOIN HaIN ‘SA 4g3aINsS = d0O0O 493Ins _ma_o_r_:_\/_
/BWOSLZ1-0429
=SSN shep
69-2v = 14S Y /~2'9 = 1dH
% 6'6. =d[BIOL ‘% &'L. snonupUod
=d-"Od ‘”HEN-03 %0 Ly = = ewn ainsodx3 O0d (A0 ) JBw e =dL
d 810l ‘% 065 = d-"Od "HaW V '6-6'v = Aiddns Jemod IV :8poureD seuBIqUIBW 188US /bW LGz =NL 1/BWGLLL Joyemalsem
0102 “[e 18 Wiy Aousioyg [eroweyy O Syow G = e uokessdo IV:epouy ¥4 S3d SA4AAd HEIN-O3F 'sAHaN = Qoo “1/bw 1'02 = aog fediouniy
1/Bwes 0
=d-0d “1/Bw 60
%S9 =d-"Od  (dANS-03) 1/BW 0r0e ‘(HaNS) = N-SON “/Bwe L |
%%’ 26 = N-CHN ‘%98 = d0O 71/BW00Se = SSTIN ey = N-HN “1/Bwegy
‘HAINS (e3sem 8Bpnjs ou) 1HS =00 "1/bwg. = SSL
‘%S Y6 =d-"0d ‘%8 /L 440 UW G7/NO ‘WO/SW BG"0 = ANAIRONPUOD
= N-HN ‘%6°88 = A0O uw Gl = ewpensodxg 0q  wog'g = deb eponos|3 aueIqUIBW 4N “/bw L6z = SAL
210z ‘ynws pue ‘HaINS-03 Azl = Addns Jemod OJ IV :8poyre) Jeay HaNS /bW Eeg L =00 Do G'ET
wayg|N-lueg :S8I0UBIDIT [eAowsYH ptg =ouln COzm\_vaO IV ‘epouy MO||OH |-p8epNes/ ‘SA HaINS-03 =]16G/.= IQ .Eo\wE 6350 Jarem \n@@
/68 =SSN el
(o15BM
abpn|s ou) payoads jou = |HS
%28'S. = 10100 ‘%69°2. ¥/ =Hd oe|g = 10j00 “1/BW 0091
=J00 YN ‘%S/'26 =10[00  SNONURUOD = swp ainsodx3 0g  wo g = deb epoios|3 = Q00 “1/Bwoozy
€102 '%2°06 = AOO ‘HAS-03 ZJWO/yWGL = a0 SS :BpouED Han =381 “1/Bwoz.s = sdlL Joemalsem
“[e 38 IUpesy 'SeIoUBIOT [eAoWeY U L1=0} = ewn uopeledo IV :8pouy seuelquBW 4aAd "SA HEINS-03 /6w 0266 = S1 ‘v =Hd Aeuue]
wo g = deb 71/BW00Sy = SSTIN ey T/Bwzlz = €0oed
9pOLOBIT HWONWOL =00 L= pPZe = 1HS se Ayl /6w ey =
Hd ‘U GO | = swi sisA0308|3 8-9=Hd wo g~y NL 1/Bwe = 0ag 1/Bwoet
‘SuonIpuod _mcozm_wao E:E_HQO SNONUNUOD = awlll m_ijQXm_ od = deb 8pO0J108|3 auelquisw 4N = AmD\C SPI|OS PBA|OSSIP Jayemelsem
GLOZ “le e %G8 = HEINS ‘%08 = ZWO/YW0E-0 = A0 o4 :epoyren 198Us 1el4 fejoL /bW LGz = 40O ferisnpul
UepezuiessoH  HEIN :Selusioyd [eAowsy AOO  UIWOG =GO = ewil] sisAjoi083 o4 :18pouy  (S3d) euoynsieyiellod  HGIINS SA HEIN 7/Bweol =ss €/ =Hd pauIquIo)
J9)emalsem
saoual9yey s)insay suonipuod jeuonesado S|eli9jew apoJ1od|g  S|el91ew aueiqWB suoneinbyuo)  SO1ISHA)OBIBYD 19}BMIISBM Jo adAL

"1o]ema)sem [eal uo HgNe Jo uoneolddy | | 31gVL

August 2016 | Volume 4 | Article 57

Frontiers in Environmental Science | www.frontiersin.org


http://www.frontiersin.org/Environmental_Science
http://www.frontiersin.org
http://www.frontiersin.org/Environmental_Science/archive

Ensano et al.

Electrochemical Processes in Membrane Bioreactors

7/} w0
Q —
Q o
s =0
s T 5
]
© z 8
o O T
179]
D
(&)
5
°
KN
e 9
IR e
[0 T DT FH DO
= 3“0307,\0000
2 a I o
7] IS Il
[} 30 Z = o =
[+ COFRFZuWwOo
T
c S
» <
7] N
c % 1S o O
2 © o x5
B o e R
2 © © =
Q I Eu_ _Ig
o [ON NI T = ®©
- c © < > =
[ ;:E"OLOUE?:
S C&%.gt”joi\lv
- cw O E~+~ 1<
= 2 a - B
© g, e T g
=i - Il
o 0] S = - )
o Q0O Zxo O
o OO0OOQOO0OImAOw
19}
0 20 =
© s O
= 30
] o)
= Il
© E=INY
£ 8s
° © o5
[0}
[
(0]
g | 5%
@ g
] <
2 o)
: g
° o] °
© o« O c 1)
€ ©> g © ol
s Cc2D S0l o5
c ,nggcgucE
] B 3lwc el
= c = >C % >¢
2 55285 EcE 2
E £E20528528E
g S5 >88223y
= Ocvaalsca>=
)
c
o
2
5
o o
= om
c L
Q >
o n
o
14 z
3 s
- 1 hJ
5 43221
B SEESa Iy
© Evmgl—'—
L oo RD_,Z oS
) R2ocE5ILO
S & LT D5
o TYQOEEDDD
S Lo~ &N 2
2 FBoP2Bo EEE
© 6 @ ¥
2 S B PSR
[ lhzz~=-—~o0o
3 3 015332342
g s QI QYN® IS
c = OzZzzZzll Il wo oo
£
c
8 £
- 8 58
- [}
5 3 3 g
w | 53| &
= o+ L0
o o @ [ S
< | >8 2¢
= - 3 = 2

of foulant on the membrane (Table3). This suggests that
inexpensive electrode materials can also be used in eMBR instead
of high cost membranes (e.g., PVDE, PES, titanium) which can be
a valuable consideration for full scale use.

Anode material is one of the most important parameters
in studying eMBR since it significantly affects the current
density which is one of the typical performance indicator in
any electrochemical system. The two most commonly used
anodes in eMBR are aluminum (Al) and iron (Fe) electrodes.
Both of them are proven to be useful for pollution removal
(Wei et al.,, 2009) as well as for membrane fouling reduction
(Zhang J. et al., 2014). Most importantly, they also serve as
micronutrient necessary for microbial growth (Bani-Melhem
and Elektorowicz, 2010). However, higher concentrations of
dissolved anode materials may create inhibitory effects on
bacterial metabolism, hence, electrode impact should be tested
according to the applied DC field prior to the eMBR design.
There are other anode materials used in eMBR study but this
paper focused only on these two sacrificial anodes as they have
more benefits than other tested materials (Zhang et al., 2015).
The mechanisms of pollutant removal and fouling suppression
using these aluminum and iron electrodes are discussed in the
succeeding Sections Pollutants Removal and Membrane Fouling
Reduction. Aluminum electrodes are preferred compared to
iron electrodes due to the higher surface area of aluminum
hydroxides, generated from electrocoagulation process, which
increases the adsorption capacity (Emamjomeh and Sivakumar,
2009) of soluble compounds and the entrapment of particulate
materials.

Operating Conditions

Operating parameters such as aeration intensity, hydraulic
retention time (HRT), sludge retention time (SRT), mixed liquor
suspended solids (MLSS), current density (CD), and direct
current (DC) exposure time play a vital role in determining
both treatment performance and membrane fouling in eMBR.
In conventional SMBR, surplus aeration is applied to aid in the
scouring of flocs that have adhered on the membrane surfaces for
fouling control (Rahimi et al., 2011). In eMBR, excess amount
of oxygen is not needed since deposition of foulants onto the
membrane surface is controlled by the applied DC field. Studies
have shown that the running costs of eMBRs are much lower
than MBRs using excess aeration for fouling control (Akamatsu
et al,, 2010). However, an optimum aeration condition in eMBR
is not yet fully studied as it varies accordingly on the design
and configuration of the bioreactor. In EC-SMBR, for example,
4.2 L/min of compressed air was considered adequate to supply
oxygen for microbial incubation, to provide good mixing of
the sludge suspension and to create a shear stress for effective
scouring of membrane surfaces (Bani-Melhem and Smith, 2012).
Zhang et al. (2015), on the other hand, applied an aeration
intensity equal to 1m3/h to maintain 2 ppm dissolved oxygen
concentration in the SMEBR. Large aeration intensity, greater
than 800 L/h, was observed to be harmful for microbial growth
and may cause break down of floc’s formation which promotes
the release of colloids and solutes resulting in severe pore
blocking (Meng et al., 2008).
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TABLE 3 | Influence of the applied electric field on membrane fouling.

Applied electric
field

Exposure mode

Membrane material

Effects on membrane fouling

References

0-20V/cm Continuous ON Polypropylene Hollow fibrous +Electric field = 1 Flux, 1 electrophoresis rate, Chen et al., 2007
membrane assembly (inner telectroosmosis Optimum electric field = 20 V/cm
diameter = 0.32 mm)

1V/em Continuous ON VPM Gr/Ppy modified polyester VPM Gr/Ppy modified polyester: Liu et al., 2013b

VPM Ppy modified polyester

1 permeate flux by ~20% 1 cumulative permeate
volume by ~20%

VPM Ppy modified polyester: 1 cumulative
permeate volume by ~10%

0, 4, and 6V/cm

Continuous ON, Intermittent:
90s ON/90s OFF, 60s ON/90 s
OFF, 30s ON/90's OFF

Mixture of Cellulose acetate and
cellulose nitrate (MF-1 pore size
= 0.1 m, MF-2 pore size =
0.22 pm)

Continuous: * electric field = 1 Flux, 1
electrostatic repulsion

Intermittent: permeate flux always recovers when
6V/cm is applied for 90 s due to electrophoretic
force (optimum application = 6VV/cm, 90s ON/90's
OFF)

Akamatsu et al.,
2010

5,12.5, 20, and
23 A/m?

Continuous ON, Intermittent:
200s ON/400s OFF, 415s
ON/185s OFF, 480s ON/120s
OFF, 496's ON/104 s OFF

Hollow fiber PVDF membrane
(pore size = 0.1 um)

+Current Density = | sludge conductivity, 1
settleability, | SVI, | SMP, 1Flocs size, 1
electrophoresis,

Tafti et al., 2015

0, 15 A/m?

Intermittent: 5min ON/20 min
OFF

Ultrafiltration Zeeweed-1 (pore
size = 0.04 um)

SRT = 20d

| SRF (MBR = 24 x 1012 m/kg, SEMBR =

3.2 x 1012 m/kg) | SMP (MBR = 75-135mg/L,
SEMBR = 40-60 mg/L) | bound water (VBR =
1.2gH,0/g TS, SEMBR = 1.2gH,0/g TS)
JVSS/MLSS (MBR = 0.85, SEMBR = 0.52) |PSD
(MBR = 200 um, SEMBR = 400 pm) | Zeta
potential (MBR = —30 to —35mV, SEMBR = —20
to —25mV)

SRT = 150d

| SRF (MBR = 688 x 1012 m/kg, SEMBR =

3.7 x 1012 m/kg) | SMP (MBR = 130-195mg/L,
SEMBR = 75-85mg/L) | bound water(MBR =
20gH»0/g TS, SEMBR = 6.8 gH,0/g TS)
1VSS/MLSS (MBR = 0.85, SEMBR = 0.59) |PSD
(MBR = 200 pm, SEMBR = 400 um) | Zeta
potential (MBR = —30 to —35mV, SEMBR = —20
to —25mV)

Ibeid et al., 2015

15 A/m?

Intermittent: 5min ON/20 min
OFF

Hollow fiber PVDF membrane
(pore size = 0.1 um)

4 TMP from 2 to 8kPa | Fouling rate by 3x:
SEMBR = 0.13kPa/d vs. MBR = 0.37 kPa/d

Ibeid et al., 2013a

30 and 50V/cm

Intermittent: 4 min ON/4 min OFF

PVDF Membrane-Carbon Cloth
assembly (pore size = 0.1 pm)

The flux always recover completely to the initial flux
level when 50 V/cm is applied. For 30 V/cm,
recovery is not complete.

+Electric field = trepulsive force acting on the
foulant substances at the membrane surface

Akamatsu et al.,
2012

0.036 and Intermittent (5 min ON/1 min OFF)  Non-woven PP membrane (pore  Non-woven PP membrane (0.036 V/cm): Liu et al., 2012a
0.073V/cm size = 5 um) Terylene Filter cloth | Irreversible Resistance by 20x | flocs size | EPS
(pore size = 22 pm) concentration by 6-7 mg /gMLVSS
Terylene Filter cloth (0.073V/cm):
2x voltage drop is required due to larger pore size
and thickness
0.2V/cm Intermittent: 5min ON/1 min OFF  Vapor Phased Polymerized 1 Flux by 2x 4 Effluent volume by 30% after 4 h of Liu et al., 2012b
(VPM) Ppy membrane filtration
0.2V/cm Intermittent: 5min ON/1 min OFF  Ppy/SDBS modified polyester | Irreversible resistances by 5x | Total resistances Liu et al., 2013c

by 2x | Deposited sludge in cake layer by 22%

4, increase of variable value; |, decrease of variable value; x, times.
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The effects of HRT and sludge properties (SRT and MLSS)
in wastewater treatment using eMBR were explored by Giwa
and Hasan (2015). In their experiments, reduction of effluent
characteristics [COD, total nitrogen (TN), and total phosphorus
(TP)] were realized at increasing HRT due to more exposure
time of reactor content to biodegradation and electrocoagulation.
HRT was varied by increasing the influent flow rate from 20 to
50L/d. COD and TP concentrations in the effluent were lower at
shorter SRT due to the decline in the MLSS concentration, while
high TN removal was observed when SRT was increased from
5 to 20 days due to the provision of ample time for the growth
of nitrifying bacteria responsible for the biological nitrification
processes (Giwa and Hasan, 2015). The values of HRT in some
studies range from 6 to 14h (Wei et al,, 2009; Kim et al., 2010;
Elektorowicz et al., 2014; Hasan et al., 2014) while, regarding
SRT, it can last up to 268 days (Bani-Melhem and Elektorowicz,
2011) (Tables 1, 2). Longer SRT is one of the many advantages
of eMBR over CAS process. Sludge wasting can be minimized,
hence, eMBR has lower sludge production.

Meanwhile, the effect of MLSS on fouling control varies in
some studies. Giwa et al. (2015) proved that increasing MLSS
(1455-4111 mg/L) causes more severe fouling due to the increase
in sludge viscosity leading to higher hydrodynamic force required
to propel sludge circulation. Bani-Melhem and Elektorowicz
(2011), on the other hand, showed that MLSS concentration
within the range of 2100-5000 mg/L has less effect on membrane
fouling. To date, there is no study yet on the optimum range of
MLSS in eMBR that would give excellent pollutant removal and
fouling minimization.

Current density (CD = current [A]/anode electrode area
[m?]) is a crucial factor which affects the performance of the
electrochemical treatment in eMBR. It controls the dosing rate
of metal ions as well as the gas bubble density that are released
in the solution via redox reactions of electrodes (Ibeid et al.,
2013b). The higher the current density, the more coagulants are
formed in a shorter period of time and the stronger electrokinetic
forces are induced between foulants, bulk liquid, and membrane,
hence, improving pollutant removal and fouling abatement.
Excessive CD also results in waste of energy in the form of
heat dissipation inside the reactor (Zhang et al., 2015). At the
same time, DC exposure time is also important since both
the intensity and application time can significantly influence
bacterial community in the eMBR system (Giwa and Hasan,
2015). Optimization of these parameters is, therefore, a must.
Tafti et al. (2015) studied the impact of CD ranging from 5 to
23 A/m? in combination with different DC exposure modes as
reported in Table 2 (480 s OFF/120s ON, 200s OFF/400s ON,
496 s OFF/104 s ON, 415 s OFF/185 s OFF and continuously ON)
on activated sludge properties and pollutant removal efficiencies
using synthetic municipal wastewater. Results showed that at
higher CD (>20 A/m?), eMBR exhibits higher COD, phosphate
and ammonia removals as compared to conventional SMBR
and that the microbial flocs were able to tolerate the electrical
shocks at these values. The optimum conditions observed by Tafti
et al. (2015) were CD = 12.5 A/m? and exposure mode equal
to 415s OFF/185s ON. Other papers employed CD intensities
ranging from 10 to 12 A/m? in their eMBR studies and obtained

similar results (Hasan et al., 2012, 2014; Hosseinzadeh et al.,
2015) (Table 1). Moreover, the amount of DC exposure time
used in eMBR primarily depends on the current density and
sludge properties (i.e., MLSS). At CD equals to 25A/m? and
MLSS below 10,000 mg/L, shorter time-OFF was needed in each
electrical cycle while at higher MLSS values, longer time-OFF
is required (Ibeid et al., 2013b). The effects of electricity on
pollutant removal, fouling control and microbial activity are
further discussed in Section Effects of the Electric Field on eMBR
Performance.

As mentioned, all of these parameters influence eMBR
performance by directly affecting the sludge properties.
Therefore, it is important to note that understanding the
relationship between these parameters and identifying their
appropriate combination, which will depend on the type of
wastewater (low, medium, high-strength wastewater) being
treated and configuration used, result in an enhancement of
eMBR performance.

Application with Different Influent

Wastewater

Due to numerous advantages that the technology provides, eMBR
has been used in the treatment of different types of influent
wastewater. It has been employed to remove organic substances
(COD) and nutrients (nitrogen and phosphorous) as well as
color from combined industrial wastewater (Hosseinzadeh et al.,
2015), tannery wastewater (Keerthi et al., 2013), and municipal
or domestic wastewater (Kim et al., 2010; Bani-Melhem and
Smith, 2012; Hasan et al., 2012, 2014). Tables 1, 2 provide
a comprehensive summary of the applications of electrically
induced membrane bioreactor on real and synthetic wastewater,
respectively.

Most investigations of this hybrid reactor were still limited
to lab scale reactors fed with synthetic or low-to-medium
strength wastewater and only few focuseson pilot scale
application. The challenge, therefore, centers on scale-up
of this system and its application to wastewater with high
pollutant loading (e.g., landfill leachate, food processing
wastewater, etc.). Moreover, eMBR could also provide a suitable
environment for the biodegradation of emerging contaminants
(i.e., endocrine disrupting substances, pharmaceutical products,
flame retardants, and personal care products) from water and
wastewater streams due to its high solid retention and use of
diverse microbial culture.

Effects of the Electric Field on eMBR

Performance

Pollutants Removal

Previous studies have reported high satisfactory results in
eMBR performance. In fact, removal efficiencies of organic and
inorganic compounds in wastewater using eMBR exceeded the
performance of conventional MBR systems (Wei et al., 2009;
Bani-Melhem and Elektorowicz, 2010, 2011; Kim et al., 2010;
Bani-Melhem and Smith, 2012; Hasan et al., 2012; Zhang et al.,
2015). Both MBR and eMBR systems exhibit excellent removal
of physical impurities i.e., color (>91%), turbidity (>95%), and
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suspended solids (100%) due to the effective solid retention
by the membrane module (Bani-Melhem and Smith, 2012).
However, in terms of COD, eMBR gives higher removal efficiency
(85-98%) compared to MBR (72-95%) (Tables 1, 2) which
is attributed to the effects of electrochemical processes (i.e.,
electrocoagulation, electroosmosis, electrophoresis) in addition
to biodegradation and membrane filtration (Hosseinzadeh
et al, 2015). During electrocoagulation (Figure 1C), various
monomeric and polymeric metal complexes are generated from
the electrochemical dissolution (electro-oxidation) of sacrificial
metal electrodes (aluminum or iron) (Wei et al., 2009). In the
case of aluminum anode, AI** ions react with OH™ ions to form
amorphous AI(OH)s(s) while for iron, gelatinous iron hydroxide
Fe(OH)y(s) and/or Fe(OH)j3(y) is formed in the aqueous stream
due to the reaction between Fe?t and Fe>* with OH™ (Equations
1-8). These metal complexes react with contaminants in the
wastewater to form flocs which can both destabilize and aggregate
colloidal particles or precipitate and adsorb dissolved compounds
(Elabbas et al., 2016). Oxidation and reduction of some pollutants
may also be possible which lead to its deposition at the anode and
cathode, respectively (Giwa et al., 2016).

For Aluminum:

At the anode: Al,) — APT 4 3e”

At the cathode: 2H,0 + 2™ — Hy) + 20H™ (2)

In the solution: A" + 30H™ — Al(OH)y() 3)
For Iron:

At the anode : Fe() — Fe*t + 2¢™ (4)

At the cathode: 2H,0 + 2~ — Hyg) +20H (5)

In the solution: Fe?* + 20H™ — Fe(OH),(5) (6)

Likewise, eMBR performs better in phosphorus removal than
SMBR. EC-SMBR can remove as high as 94.3% POi_P
(compared to 65% in SMBR) (Bani-Melhem and Smith, 2012)
while SMEBR can remove up to 99% (MBR = 59% removal)
(Hasan et al, 2012) from both raw (Table1) and synthetic
wastewaters (Table 2). This is because generated Al and Fe
coagulants facilitate adsorption of soluble phosphorus in the
bioreactor (Kim et al.,, 2010; Bani-Melhem and Smith, 2012).
Biodegradation alone does not adequately eliminate POi_P
from aqueous solution hence the low removal efficiency in
conventional MBR (as low as 20.8%) (Wei et al., 2009).
Using aluminum anode, cationic polymers such as AI** and
[Alg(OH;5)]3T react with phosphate ions to precipitate AIPOy)
and Als(OH15)POy), respectively, according to Equations (7),
(8) (Bani-Melhem and Smith, 2012). In the case of sacrificial Fe
anode, the iron hydroxides that are formed adsorb the soluble
phosphorus and the excess Fe>* combines with phosphorus ions
to form FePOy() precipitates (Equation 9) (Bani-Melhem and
Elektorowicz, 2011).

Depending on their net surface charge, the pollutants can
also migrate and deposit on oppositely charged electrodes
via electrophoretic motion upon DC application (Giwa et al.,
2015). For example, the deposition of anions on the anode as
represented by Equation (10) where Mt and A~ correspond to
metal ions and anion, respectively. In addition, electroosmosis
mechanism (Figure 1B) also occurs within the system which
enhances dewatering of the smaller floc particles and decreasing
specific resistance to filtration (Ibeid et al., 2013a). Heavier flocs
that are not adsorbed on the electrode surface settled at the
bottom of the reactor as sludge due to gravity and to the gas
produced at the electrodes (Giwa et al., 2015).

MT + A~ — MA + (MA)" or (MA)™ (10)
Treatment efficiencies of ammonia nitrogen (NH3-N) were
consistently excellent in conventional MBR (~89% and up)
but vary in electro-enhanced MBR (70-100%) (Tables1, 2).
There are two factors being considered for such results: (1)
the application of high DC field and (2) excessive metal
ion concentration (Bani-Melhem and Elektorowicz, 2011; Tafti
et al., 2015). Nitrifying bacteria, which are responsible for the
conversion of ammonia nitrogen (NH3-N) to nitrate nitrogen
(NO3-N), are very much sensitive to high voltage. Direct
exposure to applied DC >2.5 A/m? was proved to have inhibitory
effects in the metabolism of nitrifying bacteria (Li et al., 2001).
Furthermore, accumulation of metal ion complexes as a result
of electro-dissolution of sacrificial anodes is also detrimental to
nitrifying bacteria. Iron complexes, in particular, form a barrier
that hinders the transfer of enzymes and nutrients through
the microbial cell membrane (Bani-Melhem and Elektorowicz,
2011). This is the reason why ammonia removal using iron
and stainless steel anodes are relatively lower (70 and 81.9%,
respectively) (Bani-Melhem and Elektorowicz, 2011; Zhang et al.,
2015) as compared when using aluminum anode (98-100%) (Wei
et al, 2009; Hasan et al.,, 2012; Giwa et al,, 2016). Optimization
of electrolysis conditions should, therefore, be done so as not to
impede biological treatment.

Membrane Fouling Reduction

Investigation on the influence of appending electricity on fouling
control in eMBR was pioneered by Chen et al. (2007). In this
study, six different DC field strengths ranging from 0 to 20 V/cm
were applied and the results showed that better filtrate flux
recovery was obtained at higher DC intensity due to the increase
in particle electrophoresis. In SMEBR, the movement of the
suspended particles and the water during membrane filtration
can be controlled by the applied electrical field. Major foulants
in wastewater usually possess negative surface charge and upon
DC application, electrophoresis force counteracts permeation-
induced deposition of these foulants away from the membrane
surface and toward the electrode of opposite charge (anode)
(Figure 1A) (Wei et al, 2009). On the other hand, the bulk
liquid which is commonly positively charged is drifted toward the

APT 4 PO — AIPOy (7) e .
. - cathode then flows to the membrane facilitating the filtration, a
Als(OH);5™" +PO4™" — [Alg(OH);5]POys) (8) process called electroosmosis (Figure 1B). Electroosmosis, thus,
Fe’t + PO~ — FePOy() (9)  removes bound water from the microbial flocs enhancing sludge
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dewaterability and decreasing the specific resistance to filtration
(Ibeid et al.,, 2013a). Specific cake resistance to filtration and
modified fouling index were observed to decrease by 82 and 81%,
respectively, when 12 A/m? current density was applied to eMBR
in the treatment of raw municipal wastewater (Hasan et al., 2014).

Application of electric field for membrane fouling suppression
does not only control the movement of charged particles and
bulk liquid, it also modifies the sludge properties through the
electrocoagulation process (Figure 1C) (Hasan et al., 2014). The
use of sacrificial anodes releases metal ions which precipitate or
adsorb negatively charged foulants [i.e., extracellular polymeric
substances (EPS), soluble microbial products (SMP)] and
facilitates formation of larger flocs which drives the particle back-
transport from the membrane surface to the bulk solution (Ibeid
et al., 2013a). In a study conducted by Zhang et al. (2015), two
types of anode materials were used: stainless steel (Fe-MBR)
and titanium (Ti-MBR). Between the two, Fe-MBR showed
better fouling mitigation performance than the Ti-MBR due to
the combined action of electric field force induced backwash
(electrophoresis) and the formation of iron coagulants which
reduced the SMP concentration (electrocoagulation). Titanium
mesh anodes used in Ti-MBR were inactive metal hence it
did not release any coagulant ions and fouling control relied
mostly on the magnitude of electric field applied (Zhang et al.,
2015). Moreover, Kim et al. (2010) proved that electrocoagulation
does not only effectively removed phosphorus by precipitating
AlPOy() crystals but these precipitates are also capable of
adsorbing EPS. Hosseinzadeh et al. (2015) attributed the lower
tansmembrane pressure (TMP) and sludge volume index (SVI) to
electrocoagulation in SMEBR. In EC-SMBR, membrane fouling
was reduced by 13% due to the electrocoagulation pre-treatment
(Bani-Melhem and Smith, 2012).

Nevertheless, it should be noted that energy consumption and
operational cost will obviously be affected by high electricity
requirements and, therefore, must be reduced. Some researchers
studied the use of intermittent application of minute electric
field for effective fouling control and possible energy savings.
Table 3 summarizes the different studies that investigates effects
of continuous and intermittent application of electric field on
membrane fouling. Akamatsu et al. (2010) developed a novel
fouling suppression system in MBRs which controls the motion
of activated sludge by applying electric current only when
the permeate flux has drastically declined due to membrane
fouling. By switching on and off every 90, electric field strength
of 6 V/em facilitates detachment of foulant activated sludge
from the surface of the membrane thus significantly improved
the average permeate flux (Figure 1A). Upon cost estimation,
about half of the energy requirements were saved using this
fouling suppression system. In another experiment, Akamatsu
et al. (2012) investigated the performance of MBR on fouling
suppression by applying 50 and 33 V/cm electric field at a 4 min
ON/4 min OFF cycle directly on the membrane cathode made of
carbon cloth. The results showed that the flux always recovered
to the initial flux level when the electric field was ON and at
voltage gradient applied equal to 50 V/cm. This proved that
higher electric field intensity means stronger repulsive force
between the foulants and the membrane surfaces enhancing the

fouling control (Akamatsu et al., 2012). A minute electric field,
0.2V (0.036 V/cm) and 0.4V (0.073 V/cm) were applied by Liu
et al. (2012a) using a low cost, micro-porous PP non-woven
sheet and a terylene filter cloth. For both membranes, application
of either 0.2 or 0.4V electric field causes increase in permeate
flux, enhancement of microbial growth and activity, decrease of
filtration resistance and reduction of sludge EPS content which
all contributed to fouling control.

Microbial Activity

Like any other biological wastewater treatment processes, eMBR
relies mostly on the mixed microorganisms present in the system.
The ability of bacterial community to effectively degrade organic
matter (COD) and nutrients (N and P) from raw wastewater
makes biological process the most widely used treatment
method. Therefore, integrating electrochemical technologies
with biological treatment should take into consideration the
effects of electricity on bacterial viability.

Microbial analyses have revealed that a stressor such as
strong electric current provides negative impact on the microbial
properties (i.e., metabolism, physiology, shape, and mobility)
(Wei V. et al.,, 2011). Increasing intensity of electric field (DC
> 2.5 A/m?) decreases nitrification rate by 20% (Li et al., 2001).
As a result, low ammonia removal is observed due to the
inhibition of nitrobacteria and denitrifying bacteria by large
voltage (Bani-Melhem and Elektorowicz, 2011; Bani-Melhem
and Smith, 2012; Hasan et al., 2012). Moreover, at higher voltage,
breakage of bacterial cells and production of SMP are observed
to occur which increases fouling (Zhang et al., 2015). Wei V.
et al. (2011) proved that increasing DC intensity (6.2, 12.3, and
24.7 A/m?) also increases pH (from nearly neutral to around pH
10) of electrolytic biomass fluid causing 10, 15, and 29% death
percentage, respectively.

It should be noted that beneficial effects can also be
achieved in applying minute electric field in eMBR system. Low
voltage (0.036-0.073 V/cm) promotes the growth of filamentous
bacteria which are proven to improve sludge filterability (Liu
et al., 2012a). Intermittent application prevents prolonged direct
contact between electric field and microbial community hence
minimizing the negative effects of high DC field. To date, there
are no studies yet on the optimal electric field suitable for
enhancing bacterial activity in an eMBR application.

CONCLUSIONS

Membrane fouling is a major limitation in MBR operation
that should be resolved. Among the different fouling control
techniques, integration of electrochemical processes into MBR
seems to be a promising method. Electrochemical phenomena
such as electrocoagulation, electroosmosis and electrophoresis
are the main mechanisms of membrane fouling control in
eMBR. It also enhances pollutant removal. However, direct
application of electric field to MBRs incurs high energy
consumption and has negative effects on bacterial viability
which is responsible for the biodegradation of the organic
pollutants. Optimum configuration of electric field helps to
reduce energy consumption while simultaneously reducing
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inadvertent interferences with eMBR performance. This can be
done by using better configuration of electrode and membrane
materials and intermittent application of low or moderate electric
field.

The combination of electrochemical processes with MBR
processes is still in its infancy stage, with a small number
of scientific papers published during the last decade. This
review focused only on those publications with international
significance. The studies on eMBR are limited to bench or pilot
scale reactor fed with real or synthetic wastewater. Large scale
applications are not reported. Optimization study, modeling and
cost benefit analysis between MBR and eMBR are, therefore,
useful for scaling up the system. Moreover, treatment of high
strength industrial wastewater and the removal of emerging
contaminants through eMBRs have not been yet highly explored.
There are numerous already published papers regarding the
effective removal of these contaminants by electrochemical
processes or MBR, but not by the combined process. Moreover,
the potential of this combined system as an efficient technology
for biohydrogen production, due to hydrogen ions reduction at
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