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Coupling coagulation and applied electric field is an efficient method to regulate cake layer
porosity and hydrophilicity for alleviating ultrafiltration membrane (UF) fouling. However,
the Al/Fe flocs aggregation behavior are induced from electric field and determine the cake
layer structure, which has not been studied comparatively yet. Herein, the anti-fouling
performance in an efficient electro-coagulation membrane reactor (ECMR, in which UF
membrane modules are placed between electrodes) was investigated with Al/Fe anode and
various electrochemical parameters from the viewpoint of regulating flocs aggregation.
Both the cake layers formed from Al and Fe flocs under an electric field were more porous
and hydrophilic in comparison with that formed without electric fields, resulting in an
enhanced water flux under higher electric field strength. Comparing with Fe flocs, Al flocs
had a faster growth rate and larger size, facilitating membrane pore block resistant, which
was more pronounced in a higher current density. Furthermore, the cake layer formed from
Al flocs was more porous than that formed from Fe flocs. Therefore, the anti-fouling
performance of ECMR with Al anode was superior to that of ECMR with Fe anode. When the
electric field strength increased from 0 to 10 V/cm, the normalized specific flux was
improved from 71.2% to 89.4% for ECMR (Al) and from 48.1% to 70.1% for ECMR (Fe) at
30 min.
© 2019 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Ultrafiltration (UF) has been employed as one of the most
promising processes for water treatment due to its easy
accessibility and highly effective removal of bacteria, turbidity
and protozoa at relatively low pressures (Jacangelo et al., 1995;
Jermann et al., 2007). However, the main limiting factors of
this technology application is serious membrane fouling that
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leads to significant decline of water flux and an increased cost
in water treatment (Xu et al., 2011; Zouboulis et al., 2014). To
effectively mitigate membrane fouling, various technologies
have been used as a pretreatment prior to UF, such as
coagulation (Zhao et al., 1944), electrocoagulation (Chellam
and Sari, 2016), pre-ozonization (Cheng et al., 2016) or
adsorption (Chang et al., 2005), which can not only alleviate
the membrane fouling but also enhance effluent water
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quality. Furthermore, recent studies on membrane bioreactor
(MBR) also demonstrated that MBR anti-fouling performance
improve effectively by additives (coagulant or powdered
activated carbon) (Ng et al., 2017; Wong et al., 2016) and
electrocoagulation (Bani-Melhem and Elektorowicz, 2011;
Ibeid et al., 2015). Therefore, the combination of membrane
technology and other water treatment technologies is an
excellent method to control membrane fouling.

Electrocoagulation (EC) is a high-efficiency technology that
integrates the advantage of coagulation, flotation and elec-
trochemistry, which has been applied successfully for differ-
ent types of contaminated water (Moussa et al., 2017).
Furthermore, EC has gained great attention in recent years
owing to its advantages such as compact treatment facility
size, lack of need for addition of chemicals, less quantity of
sludge production, ease of automation, higher removal
efficiency for contaminants, and low capital and operating
costs (Huda et al., 2017; Kim et al., 2017; Lakshmanan et al.,
2010; Matteson et al., 1995; Mollah et al., 2001). As a result, EC
is a promisingmethod for improvingmembrane filtration and
for wastewater treatment. Bani-Melhem presented a sub-
merged membrane electro-bioreactor (SMEBR). The SMEBR
consisted of membrane filtration, electrokinetic and biological
processes in one reactor, which can improve effluent quality
as well as mitigate membrane fouling (Bani-Melhem and
Elektorowicz, 2011). The key of mitigating membrane fouling
by EC is to form a loose and porous cake layer on the
membrane surface (Timmes et al., 2009; Timmes et al., 2010).
However, the electric field between the electrodes of the EC
isn't utilized effectually. Recently, a novel electro-coagulation
membrane reactor (ECMR), in which UF membrane modules
were placed between electrodes, has been put forward to
reduce membrane fouling by coupling EC and applied electric
field (Sun et al., 2017). ECMR presented a more porous and
hydrophilic cake layer than the traditional combination of EC
and UF in separate units (EC-UF), leading to a higher
membrane flux and showing a great potential in the applica-
tion of water treatment.

Applied electric field is an effective method to control
membrane fouling. It has been reported that applying an
electric field across the membrane will reduce membrane
fouling and increase permeate flux (Huotari et al., 1999; Park,
2006; Tafti et al., 2015). The charged contaminants could be
repelled from the membrane surface to alleviate the fouling
under the electric field due to the effect of electrophoretic and
electrostatic repulsive forces (Liu et al., 2012; Mollah et al.,
2001; Wakeman, 1986). Moreover, the presence of an electric
field can induce flocs polarization and aggregation, and then
contribute to the formation of the polarized cake layer, which
was found to be crucial to alleviating themembrane fouling in
the ECMR (Sun et al., 2017, 2018). However, the Al and Fe flocs
aggregation response to the electric field may be different,
owing to the morphology, structure and surface charge of Al
and Fe flocs are different. Therefore, we will carry out a study
to compare the performance of ECMR with Al/Fe electrode.

In this study, the combined effect of EC and electric fields
onmembrane fouling alleviation was investigated with Al and
Fe electrodes, respectively. Emphasis was paid on under-
standing the formation mechanism of the polarized cake
layer from the viewpoint of flocs aggregation. The different of
current density and electric field strength on flocs properties
and cake layer structure were systematically investigated to
gain insight into the effect of electrochemical parameters.
This study aims at providing a further understanding for the
design and application of an ECMR.
1. Experimental

1.1. Synthetic water sample

Humic acid (HA) stock solutions were prepared by dissolving
2 g HA (Sigma–Aldrich, USA) in 1 L deionized water with the
pH of 12, and stirred for 24 hr slowly on a magnetic mixer.
Afterwards, the HA solution was filtered with a 0.45-μm filter
and kept refrigerated (4°C) in a dark glass bottle (the total
organic carbon (TOC) concentration of the filtered HA solution
was 708 ± 10 mg/L) until use. 50 g kaolin was added into 1 L
deionized water with pH 8 and mixed under high shear
conditions for 0.5 hr in the magnetic mixer, and then left to
stand 24 hr, after which the upper part of the solution was
taken into a glass bottle by siphoning. The synthetic water
sample was prepared with deionized water containing 5 mg/L
HA, 50 mg/L kaolin and 0.5 mmol/L NaHCO3 as buffer mate-
rial. The pH of the synthetic water was adjusted by
predetermined amount of 0.1 mol/L HCl or 0.1 mol/L NaOH;
the conductivity was adjusted by NaCl. All chemicals were
analytical reagent grade and purchased from Sinopharm
Chemical Regent Co., Ltd., China.

1.2. Membrane fouling experiments

A schematic representation of the crossflow ECMR process is
shown in Fig. 1, the experiments were conducted in a 500 mL
plexiglass reactor containing 450 mL synthetic water, and the
volumeof the feedwater tank is 2 L. The electrodes (Al or Fe) had
an immersed area of 60 cm2, and the electrode distance was
2.5 cm. The synthetic water was pumped into the reactor by a
peristaltic pump, and part of the water flowed out after
membrane separation, while the other part of the water
entrapped in the reactor was pumped back into the feed water
tank due to the gradual decline in membrane flux. The
piezometer and balance used to record the transmembrane
pressure (TMP) and mass during the operation time were
connected to a computer. The solutionwas stirred by amagnetic
stirrer (300 r/min) to allow the electrolyte to spread evenly
throughout the reactor. The membrane module consisted of 10
hollow fiber membranes (PVDF, Tianjin MOTIMO Membrane
Technology Co., Ltd., China) having 3 cm length with average
pore sizes of 0.03 μm (the effective membrane area was 24 cm2).
Each membrane module was immersed in DI water for no less
than 24 hr to remove impurities and production residues
completely. Before experiments, the DI water flux of each
membrane module was test to ensure a stable permeate flux.
Thenormalized specific flux J/J0 as a functionof timewasused to
indicate the flux decline under a constant TMP (30 kPa) that was
maintained by a peristaltic pump. The ECMR is transformed into
EC-UFwith the removal of themembranemodule from between
the electrodes, and becomes an UF process with the removal of
the electrodes. According to the formula J = I/S ( J is current
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Fig. 1 – Schematic representation of ECMR process.
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density, I is current intensity; S is effective area of electrode), we
adjusted the current density by change the current intensity. In
our previous experiments, the effect of electrolyte concentration
on membrane flux was found to be relatively small, so we
adjusted the electrolyte concentration to achieve regulation of
the electric field strength under constant current density (Sun
et al., 2017). Both anode and cathode were Al and Fe in the Al-
ECMR and Fe-ECMR, respectively. Unless otherwise stated, the
initial pH of feed water was 7 and the current density was
maintained at 10 A/m2. After each group of experiments, the
membranemodulewas gently removed anddried in the air. And
then themembranemodulewasput inadryer andwaited for the
measurement of theproperties of the cake layer. All experiments
were repeated three times. The cross-sectional images of ECMR,
the image of ECMR vs EC-UF and the calculation method of the
normalized specific flux J/J0 were depicted in Appendix A.

1.3. Analytical methods

The concentration of HA stock solutions was determined by a
total organic carbon analyzer (TOC-V CPH, Shimadzu, Japan);
pH was measured by an Orion Benchtop pH meter; To avoid
the interference of iron (III) at the specific UV absorbance
wavelength (λ = 254 nm), the removal rate of HA was deter-
mined by Gel Permeation Chromatography (GPC, Agilent
Technologies, USA). Coagulated particles were measured in-
situ by a Mastersizer 2000 instrument (Mastersizer 2000,
Malvern, UK) as a function of operation time. The properties
of the cake layer such as hydrophilicity, surface morphology,
organic functionalities and elemental composition were
measured by a Dynamic Contact Angle Tensiometer (Data
Physics DCAT, LPD Lab Services Ltd., UK), scanning electron
micro-scope (SEM, JSM7401F, JEDL, Japan) and Fourier Trans-
form Infrared Spectrometer (Nicolet 8700, Thermo Fisher
Scientific, USA) respectively.
0 5 10 15 20 25 30
0.4
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Fig. 2 – (a) The removal of HA with ECMR, EC-UF, UF and EC
process. (b) The normalized specific flux of ECMR, EC-UF, and
UF process (HA = 5 mg/L, kaolin = 50 mg/L, NaHCO3 =
0.5 mmol/L, pH0 = 7, J = 10 A/m2, σ0 = 400 μS/cm).
2. Result and discussion

2.1. Performance of ECMR with Al and Fe anodes

The HA removal performance of ECMR (Al or Fe), EC-UF (Al or
Fe), UF and EC (Al or Fe) was studied. As illustrated in Fig. 2a,
the HA removal rate of ECMR (Al), ECMR (Fe), EC-UF (Al) and
EC-UF (Fe) reached 95.8%, 94.5%, 95.3%, 95.2% at 5 min,
respectively, and then the HA removal tended to be stable.
For UF, the removal rate of HA was relatively low and stable at
57.5%, because the main mechanism for HA removal by UF is
size exclusion. The HA removal rate of EC (Al), EC (Fe) reached
92.5%, 88.1%, at 25 min, respectively, and then the HA removal
tended to be stable. Those results indicated that UF could
effectively improve the removal of HA in EC process. As
shown in Fig. 2b, the flux for the UF (only) declined continu-
ously because the unpretreated feed water contained more
contaminants smaller than or similar to the membrane pores
which could penetrate through or foul UF membrane pores
(either by blocking or adsorption). These foulants would
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Fe anode under various current densities (HA = 5 mg/L,
kaolin = 50 mg/L, NaHCO3 = 0.5 mmol/L, pH0 = 7, σ0 =
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deposit on the membrane surface and form a tight cake layer,
causing serious membrane fouling. In ECMR and EC-UF, the
membrane flux declined rapidly in the initial stage of
filtration, and then the flux curve tended to be relatively
stable. The normalized specific flux at 30 min of ECMR (Al),
ECMR (Fe), EC-UF (Al) and EC-UF (Fe) stabilized at 81.2%, 54.2%,
71.2% and 48.1%, respectively. In ECMR and EC-UF, the anode
electrolytically generated Al or Fe ions to form hydrolytic
flocs. These flocs could not penetrate the membrane, hence
generated a loose cake layer on the membrane, which could
resist continuous membrane fouling compared to UF alone.
With respect to membrane flux, ECMR performed better than
EC-UF, indicating that the electric field in ECMR played an
important role in reducing membrane fouling. It was noted
that both ECMR and EC-UF with an Al anode had better
performance regarding alleviating membrane fouling com-
pared with those with a Fe anode. This might be ascribed to
the different structure and morphology of flocs generated
from hydrolysis of Al and Fe ions, which will be discussed in
detail in the next section.

2.2. Influence of current density on anti-fouling

The difference in ECMR (Al) and ECMR (Fe) under various
current densities has been investigated. As shown in Fig. 3,
whether the anode material was Al or Fe, the flux decline for
the ECMR decreased with increasing current density. The
normalized specific flux at 30 min for ECMR (Al) at 2, 10 and
20 A/m2 was 64.1%, 81.2% and 87.3%, respectively, and for
ECMR (Fe) was 41.7%, 54.2% and 71.6% at 30 min, respectively.
And Fig. 4 shows that a higher current density benefited flocs
growth. The floc size of ECMR (Al)with 2, 10 and20A/m2 start to
increase remarkably at 9, 3 and 2 min, respectively, while for
ECMR (Fe) the corresponding times were 31, 9 and 6 min,
respectively. This showed that the floc growthof ECMR (Al)was
faster than that of ECMR (Fe), because the Fe hydrolysis
products from the dissolved anode were ferrous ions which
showpoorer coagulation performance than ferric ions, and the
coordination of ferrous ions with HA would reduce the
oxidation/hydrolysis of ferrous ions to convert to ferric
hydroxides (Bagga et al., 2008; Timmes et al., 2009). Previous
publications (Wang and Tarabara, 2008; Ye et al., 2006)
demonstrated that membrane flux decline was the result of
pore blocking at earlier stages (a rapid decline phase) and cake
layer formation during the later stages of filtration (slow
decline phase), which means that the former could induce
serious flux decline, while the latter would reduce continuous
membrane fouling. According to Faraday's law, the amounts of
Al or Fe ions released from the anode are positively correlated
with reaction time and current density. At a low current
density (2 A/m2), contaminants could not fully coagulate with
Al or Fe hydroxides at first and the growth of flocs larger than
the membrane pore size required a longer reaction time.
Consequently, more contaminants and smaller flocs clogged
membrane pores or deposited on the membrane surface, and
thenwere continuously compressed resulting in lower surface
porosity and higher filtration resistance during the filtration
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stage. By contrast, more metal ions and hydroxyl ions were
produced from the electrodes at the high current density, and
subsequently a larger quantity of Al (or Fe) hydrolysis products
would be generated (Hu et al., 2015). Since particle aggregation
requires the collision and then adhesion of smaller particles
(Lee and Gagnon, 2016), with a high aluminum or iron
hydrolysis product concentration in solution, the opportunity
of collision between aluminum or iron moieties would be
increased, which may accelerate the formation of large flocs.
Hence, the greater the current density applied, the faster the
formation of the cake layer comprised of larger flocs would
occur, which could effectively alleviate membrane fouling by
preventing the smaller particles from reaching the membrane
surface and clogging the pores of the membrane. As shown in
Fig. 4b, the iron floc size increased with time at first and then
decreased, which indicated iron flocs were easily broken by
shear stress. Compared with iron flocs, aluminum flocs had a
shorter initial growth time and relatively large particle size at
the stable stage. Therefore, ECMR (Al) had better performance
than ECMR (Fe) regarding anti-fouling.

2.3. Influence of electric field strength on anti-fouling

The difference of ECMRwith Al and Fe electrode under various
electric fieldshas been investigated. As shown in Fig. 5, the flux
of the ECMR was positively correlated with the electric field.
The normalized specific flux for ECMR (Al) at 0, 2.5, 5 and
10 V/cm at 30 min was 71.2%, 81.2%, 84.9% and 89.4%,
respectively, while for ECMR (Fe) was 48.1%, 54.2%, 62.5% and
70.1%, respectively. It can be seen that electric field strength is
an important factor in anti-fouling, and enhancing the
strength of the electric field can increase the membrane flux.
The small colloidal particles could be more significantly
removed in the ECMR process, because the electric field
between electrodes affords them faster motion and larger
collision frequency, therefore accelerating the coagulation,
which reduces the probability of blocking of membrane pores
by small particles (Mollah et al., 2001). As shown in Fig. 6, the
charge neutralization ability of Al hydrolysates is better than
Fe hydrolysates. The charge of pollutants in the feed water is
negative, which is the same as Fe flocs while differs from Al
flocs. Driven by electric field force, the pollutants and Al flocs
move in the opposite direction. Thus, Al species collided and
aggregated each other at a higher probability than Fe flocs,
leading to a faster growth and larger size for Al-HA flocs. The ζ
potential of Fe species was lower in the presence of HA,
indicating that the HA coordinating with ferrous ions reduced
the charge neutralized ability of Fe flocs, whose result is
consistent with Fig. 4. In addition, the presence of an electric
field canmake the charged flocs polarized,which canaffect the
arrangement of flocs on the membrane surface due to the
action of the electric field force(Li et al., 2016; Menezes et al.,
2014). Hence, the electric field could have an impact on the
properties of the cake layer, making the cake layer looser and
more hydrophilic, which will be discussed in detail in the
following sections.

2.4. Characterization of polarized cake layer formed in ECMR

The properties of cake layer formed in ECMR with different
electrodeswere investigated. As shown in Fig. 7, the thickness of
the cake layer increased with the increase of electric field
strength. The thickness of the cake layer for ECMR (Al) at 0, 2.5,
5 and 10 V/cmwas 2.09, 2.87, 4.29 and 7.73 μm, respectively, and
for ECMR (Fe)was1.73, 2.67, 4.02and6.87 μm, respectively.Under
the influenceof an electric field, the internal charges onparticles
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are redistributed. Positive charge is biased towards the cathode
while the negative charge is biased towards the anode, and this
process is referred to as particle polarization. The polarized
particles are stretched by the electric field force along the
directionof theelectric field lines, andparticlesaremore inclined
to come close to each other, integrating to form larger particles
because thepositiveandnegative chargesattract eachother.The
results of Fig. 7 can be ascribed to the polarization of flocs under
the application of an electric field,whichmade both ends of flocs
have more charges and caused the flocs to stretch along the
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10 A/m2, fouling time = 30 min, and the corresponding
initial conductivity was 400, 200 and 100 μS/cm, for 2.5, 5.0
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direction of the electric field lines. The flocswith charges on both
endsattracteachotherbecauseof theeffect of electrostatic force,
so a cake layer formed under greater electric field strength is
more stable and less easily disturbed or destroyed, forming a
thicker andmore stable cake layer eventually.

Fig. 8 shows that the water contact angle of the cake layer
decreaseswith the increase of electric field strength, whether Al
or Fe anodes are used in ECMR. When the electric field strength
increased from 0 to 10 V/cm, the water contact angle of cake
layers for ECMR (Al) and ECMR (Fe) decreased from 79.08° to
69.62° and from 66.47° to 58.15°, respectively. This indicated
that the cake layer hydrophilicity can be improved by increas-
ing the electric field. It has been reported that the water contact
angle is an important index of hydrophobicity, and a lower
water contact angle indicates a higher hydrophilicity (Akbari et
al., 2016). To further investigate the character of the cake layers,
the pristine and fouled membranes were characterized by ATR-
FTIR. As shown in Fig. 9, the spectrum shows a broad region of
absorption around 3000–3600 cm−1 (O–H stretching vibration)
and the peaks centered near at wavenumbers of 2880 and
2935 cm−1 (aliphatic C–H stretching) (Howe et al., 2002; Kumar et
al., 2006), which are the characteristic absorption bands
representing humic substances (Litvin and Minaev, 2013).
Some functional groups of HA (hydroxyl, carboxyl and amine
groups) have been believed to be affected by electric field
(Menezes et al., 2014), especially hydroxyl and amide groups,
which possess higher electric dipolemoments and aremore apt
to be polarized. HA, with polarized functional groups, wasmore
inclined to adhere onto themembrane surface at higher electric
field. The spectral absorption intensity is in positive proportion
to the electric field strength, indicating thatmore contaminants
(HA) covered the membrane surface. This was in accordance
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with SEM characterization results showing that the thickness of
the cake layer increased with increasing electric field strength.

In addition, a high polarity cake layer exhibited better anti-
fouling and water permeation capability. Therefore, the key to
alleviating membrane fouling is the rapid formation of
polarity cake layers on the membrane surface. The Al flocs
not only had a fast growth rate, but were also larger than the
Fe flocs at the stable stage, so the thickness of the filter cake
formed by the former was thicker than that of the latter.
Nevertheless, the filter cake formed by smaller flocs was
relatively compact, which increased the filter resistance (Park,
2006; Wang and Wu, 2009). Therefore, even though the filter
cake layer composed of Fe flocs was more hydrophilic than
that composed of Al flocs, ECMR (Al) behaved much better
than ECMR (Fe) regarding the mitigation membrane fouling in
the presence of an electric filed.
3. Conclusions

Membrane flux and HA removal efficiency could be signifi-
cantly improved by the ECMR, and the excellent fouling
reduction performance of ECMR owed to coagulation of Al or
Fe ions with contaminants and the polarization of the cake
layer. For both Al and Fe electrode, operating at higher current
density and electric field strength caused more rapid forma-
tion of larger flocs as well as stretching of the flocs, which
made the cake layer looser and more hydrophilic, leading to a
higher flux. With the electric field strength increased from 0 to
10 V/cm, the water contact angle of cake layers and the
normalized specific flux of ECMR (Al) and ECMR (Fe) decreased
from 79.08° to 69.62° and 66.47° to 58.15° and improved from
71.2% to 89.4% and 48.1% to 70.1% at 30 min, respectively. As a
result, the anti-fouling performance of the ECMR (Al) dramat-
ically outperformed ECMR (Fe), due to Al flocs presented a
higher polarized degree and then easily aggregated each other
and grew faster in ECMR.
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