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Abstract

Membrane fouling is regarded as the most critical bottleneck for the widespread applica-
tion of membrane separation technology. The application of electricity to the surface of
membrane provides a promising alternative for fouling mitigation, which may involve
the following effects such as electrophoresis, electroosmosis, and electrooxidation.
Electrophoresis and electroosmosis influence the movement of charged species (ions or
molecules) or movement of fluid adjacent to charged surface under the applied electric
field, while electrooxidation functions by degrading species accumulated in the concentra-
tion polarization layer and fouling layer to resume permeate flux. Different membrane
modules have been developed to satisfy the requirement of electrode assembly. Meanwhile,
this coupled process also promotes the development of stable and conductive electrodes
including membrane electrodes. Successful applications have been found in the areas of
ion separation and treatment of dye wastewater, arsenic contaminated wastewater, antibi-
otic contaminated wastewater, etc. Compared with microfiltration (MF) and ultrafiltration
(UF), existing research in the nanofiltration (NF) is still limited. The increasing applications
of NF in practice because of its unique separation capability will definitely trigger more
investigations on this electrically or electrochemically combined antifouling technique.

Keywords: membrane antifouling, electrophoresis, electrooxidation, nanofiltration,
membrane module

1. Introduction

Nanofiltration (NF) can distinguish species based on their size and/or valence [1]. The major
drawback of NF lies in inherent membrane fouling caused by concentration polarization and
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134 Nanofiltration

pore blockage, similar to other typical membrane separation processes. Membrane fouling
significantly decreases permeate flux with time and shortens membrane service life, requiring
mechanical or chemical cleaning or even complete replacement of the membrane elements
after certain operation time [2]. Therefore, effective antifouling technique is in high demand
to make the membrane separation processes economically more competitive.

The electrically or electrochemically combined separation process has been presented as an
effective fouling control strategy through in situ membrane cleaning. The utilization of an
external adjustable electric field in membrane filtration was first investigated and denoted
as electrofiltration, which has been thoroughly studied for decades [3]. It is the combination
of two driving forces: pressure and electric field, which are mainly used for the separation of
charged molecules or particles. Most studies published previously in the literature refer to
electro-microfiltration (EMF) or electro-ultrafiltration (EUF) with the feed solutions of miner-
als [4], emulsions [5], macromolecules [6], etc. It functions by dragging the charged foulants
away from the membrane surface within the electric field. The electroosmosis flow generated
by the superimposed electric field may also contribute to the enhanced permeate flux.

Compared with electrofiltration, there are relatively fewer studies about the combination of
electrooxidation with membrane separation. However, the effectiveness of such electrochemi-
cally assisted separation process in membrane fouling control has drawn increasing attention
with more research focus shifted to this area. With the contribution of electrochemical degra-
dation of organic foulants concentrated at the membrane surface, the permeate flux could be
resumed, and the permeate quality could be improved at the same time. The organic foulants
treated by this coupled technique include oily emulsion [7], dyes [8, 9], phenols [10], natural
organic matters [10], etc.

There are relatively fewer reports about electrically and electrochemically assisted NF than
MF and UF. Moreover, corresponding module designs for such coupled NF process are lim-
ited as well, mainly presented as the “sandwich” configuration of membrane between two
electrodes, whereas more compact module design with membrane performing dual functions
of filter and electrode has already been well developed in MF and UF. This chapter aims
to present the electrically and electrochemically assisted filtration process from the working
principles first and then the existing developed membrane modules with different designs for
embedded electrodes, followed by typical applications of coupled NF process. Toward the
end, some possible aspects for future research are discussed in order to make the electrically
and electrochemically assisted NF more practical and economically competitive.

2. Working principle

2.1. Electrophoresis and electroosmosis

Most particles acquire a surface charge when in contact with a polar (e.g., aqueous) medium
because of ion adsorption or ion dissolution. This surface charge influences the distribution
of nearby ions of opposite charge and leads to the formation of an electrical double layer at
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the interface between the particle and the dispersion medium. The double layer contains two
parts, the stern layer and the diffuse layer, with boundary named slipping plane. The zeta
potential £ is the electric potential at the slipping plane relative to a point in the bulk fluid.
If electric voltage is applied, the charged particle (plus ions within the slipping plane) will
likely be repelled toward the electrode of opposite charge, which is termed as electrophoresis.
The velocity of charged particles (plus ions within the slipping plane) closely depends on the
zeta potential C and the strength of the electric field [11]. The electrophoretic mobility, which
is defined as the electrophoretic velocity per electric field, has a positive correlation with the
zeta potential according to the Smoluchowski equation Eq. (1). This equation is valid in most
cases for particles or colloids in aqueous media [12],

Vr Z)E
u, = = (1

where u,_ is the electrophoretic mobility of charged particles (m*s™-V™), C the zeta potential
(V), &, the permittivity of free space (F-m™), ¢_the dielectric constant (dimensionless), u the
viscosity of the fluid (Pa-s), v, the electrophoretic velocity (m's™), and E the magnitude of
electric field (V-m™).

Electroosmosis is the motion of liquid under an applied potential across a porous material
such as membranes. Similar to the electric double layer in a charged particle, the electric dou-
ble layer also exists on the surface of porous material, which could be ionized when in contact
with a polar medium. Ions in the diffuse layer migrate toward the electrode with opposite
charge. Since ions are solvated, the solution is also dragged along, producing the electroos-
motic flow [13].

When electrophoresis is combined with membrane separation, the combined system is usu-
ally termed as electrofiltration in short. Electrophoresis-assisted membrane was first men-
tioned by Bier as the so-called forced-flow electrophoresis for the reduction of membrane pore
blockage, followed by similar research for the treatment of different feed solutions [5, 14-16].
The electrofiltration method is the consequence of the fact that charged droplets or parti-
cles in the feed solution could migrate away from the membrane surface in the electric field,
which helps to reduce concentration polarization and mitigate membrane fouling. A typical
schematic representation of electrophoresis-assisted filtration (electrofiltration) configuration
is shown in Figure 1 for the removal of negatively charged particulates using polysulfone
membrane [17]. Besides flux enhancement by applied electric filed, an electroosmotic flux is
expected toward the cathode because of the negative charges carried by the membrane under
neutral condition. However, if the membrane elements are utilized as both the electrode and
the filtration media, the electroosmosis flow could be regarded as zero because there is no
electric potential difference across the membrane [5]. Electrofiltration requires low conductiv-
ity of feed solution as well as high applied electric field to achieve high mobility of charged
particulates and hence high productivity of the filtration process. The antifouling effects of
electrofiltration membranes depend on many factors, such as magnitude of the electric field,
concentration of the feed solution, electrode material and arrangement, size and zeta potential
of the feed particles, etc.
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Figure 1. Schematic diagram of the electrofiltration process [18] (reproduced with permission).

2.2. Electrooxidation

Electrooxidation could be divided into indirect and direct electrooxidation processes. Indirect
electrooxidation could be achieved by electrochemically generated chlorine, hypochlorite,
hydrogen peroxide, or ozone [19]. It is also possible to use mediators, which are metal ions
oxidized on an anode from a stable and low valence state to a reactive and high valence state,
to treat mixed and hazardous wastes [20]. For direct electrooxidation process, the anode sur-
face could generate either physisorbed active oxygen (MO _-OH-) or chemisorbed active oxy-
gen (MO, , ). Physisorbed oxygen reacts directly with oxidizable organic compounds acting
as a source of hydroxyl radicals. 3-PbO, Sb-doped SnO,, and Boron-doped diamond (BDD)
exemplify this type of anode. Chemisorbed active oxygen is generated if the anode material
MO, is oxidizable and MO _-OH- is further oxidized to MO__ ,, which initiates oxidation pro-
cess by a two-electron transfer mechanism. Examples of this kind of anode are IrO,/Ti, RuO,/
Ti, etc. In general, ‘OH is more effective for pollutant oxidation than O in MO__ . The two
mechanisms are illustrated as below Reactions (2)—(5) [21].

Oxidation by physisorbed active oxygen:
H,O+ MO, - MO (OH) + H + e~ (2)
R+ MO _(OH), - CO,+ zH"+ ze + MO, 3)

Oxidation by chemisorbed active oxygen:

MO (OH) — MO _,+ H'+ e” 4)
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R+MO_, — RO+MO, (5)

The essential part of an anodic oxidation process is the selection of anodic material. An
ideal anode should possess high electro-catalytic activity, high electrochemical stability, and
affordable material cost. Meanwhile, it should also have a high overpotential for O, evolution
so that Reactions (2) and (4) can proceed with high current efficiency. Otherwise, most of the
electric current supplied will be consumed in splitting water.

Graphite and Pt electrodes can be effective only at very low current densities or in the pres-
ence of high concentrations of chlorides or metallic mediators [22]. PbO, is the most widely
investigated anode material because of its relatively low cost and high current efficiency
[23]. However, it suffers from severe electrochemical corrosion and causes secondary Pb*
pollution. SnO, has been reported to have a high overpotential of oxygen evolution. Its
stability is very poor [24]. Sb-doped SnO, electrodes have been developed including Ti/
SnO,-Sb, Ti/SnO,-Sb-CNT [9] and Ti/SnO,-Sb,O.-Y [25]. However, the performance still
needs further improvement. Although IrO_-based anodes (including dimensionally stable
anodes (DSA)) have also been used for anodic oxidation of organic pollutants [26-28],
such type of electrodes would have low current efficiency because of low overpotential
of oxygen evolution. Meanwhile, because chemisorbed active oxygen is mainly gener-
ated at the IrO-based anodes, partial degradation of certain pollutants in wastewater has
been mostly achieved, instead of complete mineralization [21, 26]. Boron-doped diamond
(BDD) electrodes are attractive candidates for electrooxidation because of their high elec-
trochemical stability, large electrochemical window, and high electrochemical activities
for the degradation of pollutants. However, the fabrication process usually involves com-
plex preparation procedures, severe operation conditions, and high equipment cost. It
is also a challenge to deposit the diamond layer on common electrode substrate such as
titanium [24, 29-31]. Another material worth mentioning is Magnéli titanium suboxides.
They have high corrosion resistance and are capable of conducting mineralization reac-
tions of organic pollutants such as trichloroethylene [32], p-nitrosodimethylaniline [33],
p-benzoquinone (BQ) [33], coumarin [34], phenol [35], etc. The most conductive phase of
Magnéli titanium suboxides, Ti,O,, has similarly large O, evolution potential to BDD elec-
trode. With nanotube array morphology, it even possesses comparable electrochemical
activity to BDD as well [35]. The preparation temperature of Ti,O, is over 800°C requiring
H, atmosphere. Partial oxidation may occur if the electrodes have been utilized multiple
times. Therefore, it is still highly needed to develop new electrodes with high electrooxi-
dation efficiency, high electrochemical stability, as well as acceptable material and fabrica-
tion cost.

The combination of electrooxidation with membrane filtration has been studied for a couple of
years. With the contribution of electrochemical degradation of organic foulants concentrated
at the membrane surface, the permeate flux of the hybrid membrane filtration process could
be significantly enhanced. One schematic diagram of the membrane separation with electro-
oxidation assistance is shown in Figure 2. In order for electrooxidation effect to occur, many
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Figure 2. Schematic diagram of electrooxidation-assisted filtration [18] (reproduced with permission).

researchers developed conductive membrane electrodes to serve as the anode. However, O,
gas may be induced if the applied potential is above the overpotential window, resulting
in bubbling resistance to adversely affect the permeate flux [36, 37]. One possible solution
is to locate the anode in close vicinity with the membrane surface to minimize the bubble
resistance. With such kind of configuration, the induced O, gas may make the fluid near the
membrane surface turbulent and further reduce concentration polarization and/or gel layer
resistance [7, 38]. The detailed mechanism for the coupled process is still not well understood,
requiring further fundamental investigation.

3. Electrically/electrochemically assisted membrane module design

3.1. Membrane material

Different from the porous membranes for UF and MF, the membranes in NF are mostly
dense with pore sizes from 1 to 10 nm. Generally speaking, organic polymers present a fixed
electric charge, which is mostly negative. Inorganic ceramics can be positively or negatively
charged depending on the pH of bulk solution and isoelectric point of the membrane mate-
rial [1].

3.2. Electrode material

For electrically assisted membrane filtration (electrofiltration), the anode and the cathode are
normally separated from the membrane element. To date, the most commonly applied anodic
material has been reported to be noble metal/metal oxides (e.g., platinum, iridium oxide)-
coated titanium [39-41]. Graphite or stainless steel may also be used [1, 42, 43], but electrode
corrosion is likely to occur after long-time operation. There is usually a wide range of selec-
tion for the cathodic material.
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When the membrane itself serves as the electrode (i.e., membrane electrode) during electro-
filtration, the membrane support layer or the modified layer could serve as the electrode.
Conductive polymers are possible candidates which may provide membranes with electrical
conductivity. Typical conductive polymers include polyaniline (PANI), polypyrrole (PPy),
poly(3,4-ethylenedioxythiophene) (PEDOT), polyphenylene vinylene (PPV), etc. Their good
conductivity is owing to the high electron mobility in the conjugated p-orbitals upon dop-
ing. Long-term stability should be considered when using conductive polymers as membrane
electrodes. Meanwhile, the high hydrophobicity of these polymers may have a negative
impact on filtrations of organic feed solutions. With much higher thermal and chemical sta-
bilities, conductive inorganic materials, such as carbon- (used as membrane support), noble
metal-, or metal oxides-based composites (used as modified layer), are possible alternatives of
membrane electrodes for electrofiltration [44]. Electrochemical corrosion in alkaline condition
is the common problem for carbon membranes [45]. The cost issue should be considered for
noble metal- or metal oxides-based composites as conductive modified layers [36]. Magnéli
Ti,O, has also been utilized as membrane electrodes for electrofiltration [35, 46, 47]. The issue
that should be considered for Magnéli Ti,O, membrane electrode is partial oxidation to other
Magnéli titanium suboxides with higher oxidation states if the electrolyte conductivity used
for electrofiltration is high.

For electrooxidation-assisted membrane filtrations, polymers are seldom utilized, and the
anodic materials are mostly composed of carbon, noble metal/metal oxides, doped SnO,, or
BDD. Typical fabricated membrane electrodes for electrochemically assisted MF and UF include
the TiO,/carbon composite membrane developed for oily water filtration [7]; the Boron-doped
diamond (BDD)/Ti membrane developed for the treatment of Disperse Blue 2BLN powder [8];
the carbon nanotube (CNT)/ALQO, flat sheet composite membrane developed for the filtrations
of silica spheres, latex particles, phenol, and natural organic matter (NOM) [10]; and the Ebonex
membrane (mixture of the Magnéli phases of Ti,O, and Ti,O,) for the removal of organic pollut-
ant such as p-methoxyphenol [48]. Issues to consider when using these developed membranes
include electrochemical instability of carbon membranes (usually graphite) [45, 49], sophisti-
cated fabrication of BDD in membrane modification [10], and also possibly oxidation of Ebonex
to higher oxidation states after repeated use. Up to now, the research on NF with electrooxida-
tion assistance is limited. One typical research is conducted by Xu and coworkers using doped
SnQO, as anode in vicinity of membrane surface to degrade membrane foulants simultaneously
with the separation process [25, 38]. Better performance may be achieved if replacing the elec-
trode in their research with the materials developed for electrooxidation-assisted MF and UF or
other typical materials for electrooxidation as mentioned in Section 2.2.

3.3. Membrane module configuration

Membrane module design is essential for the realization of electrically or electrochemically
assisted membrane filtration. The styles of electrode assembly into the module should con-
sider several parameters, including the types of membrane elements, the major working effect
for membrane antifouling, and possible side effects brought to the feed or permeate solution.
Generally speaking, most membrane modules with electrophoresis as the main antifouling
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mechanism are constructed with flat sheet membrane elements with exerted electric field pro-
vided between two separate electrodes on either side of the membrane [4, 15, 16, 40, 41, 50].
Some electrooxidation-assisted membrane module also follows this style of electrode assem-
bly with the anode in close vicinity of the membrane element [25, 38]. To make the system
more compact and energy efficient, the membrane element itself could serve as both the elec-
trode and the filtration media via the utilization of a conductive membrane support [5] or the
modification of a conductive layer on a non-conductive membrane support [36]. The compact
module design also promotes the development of electro-catalytic membranes (usually as
membrane anode) as well, which could degrade foulants accumulated on the membrane sur-
face simultaneously with the separation process through electrooxidation [7, 8, 51, 52], lead-
ing to higher permeate flux and better permeate quality.

The membrane modules presented below are some typical examples. Actually, these electri-
cally or electrochemically assisted module designs should be applicable to all kinds of pres-
sure-driven separation processes including MF, UF, NF, and RO, but the membrane elements
and operation conditions should change accordingly.

3.3.1. Flat sheet membrane module

Figure 3 presents a flat sheet module design for electrophoresis-assisted arsenic wastewater
treatment. The design utilized solid graphite plate as the anode and perforated graphite as
the cathode. The electric contacts to external power supply were also made of graphite. With
cathode located in the permeate side, it was possible to repel negatively charged H,AsO,” and
H,AsQO,” away from the membrane surface and retain relatively higher flux for longer opera-
tion time with applied electric field [43].

3.3.2. Tubular membrane module

According to the study of Wakeman and coworkers, tubular geometry modules would have
the most effective use of electrical power when used as an aid to prevent membrane fouling
[14]. Because of the annular structure of tubular membrane elements, the module design for
the hybrid process is more complex compared with flat sheet membrane module. In general,
a rod or wire needs to be inserted into the inside of membrane and fixed at two terminals.

/ Permeate

Graphite
contact ————————p
| — Perforated
E graphite plate
NF membrane Solid
- graphite
Feed —» N plate
B
Retentate

Figure 3. Flat sheet membrane module designs with electrophoresis assistance [43] (reproduced with permission).
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Cylindrical netting is then required to surround the outer surface of membrane as the other
electrode. Part of a typical tubular module design is shown in Figure 4, with rod electrode and
cylindrical netting electrode composed of the same or different materials. The electric field
distribution is more complex compared with flat sheet membrane module where the electric
field distribution resembles that of a typical parallel-plate capacitor.

3.3.3. Module with functional membrane element

Just as mentioned before, in order to make the module more compact, the membrane element
can also be utilized as one electrode if the inner or outer surface is conductive. Corresponding
electric contact needs to be designed to connect with external power supply. The authors have
developed one kind of membrane module that could act as membrane elements with either
inner or outer surface conductive [18]. As shown in Figure 5, the electric contacts of (2) and
(3) could connect the inner and outer surfaces of membranes, respectively, to the power sup-
ply. Both electric contacts were provided through stainless steel rods combined with graphite
rods. The other non-membrane wire electrode could be inserted through the module termi-
nals which were sealed with silicone rubbers.

3.3.4. Separate compartment of electrodes

For electrophoresis-assisted membrane filtration, low conductivity of feed solution is usu-
ally required. However, electrolysis is generally unavoidable at the high potential applied for
electrophoresis. Similarly, electrolysis will occur if the voltage supplied exceeded the elec-
trochemical window for electrooxidation-assisted filtration. Due to gas formation and other
electrochemical reactions that occurred at the electrodes, alteration of pH may occur, which
may damage the components within the feed or permeate solutions (e.g., biomolecules).
Besides using buffer solution, external compartments can be placed on either side of the elec-
trodes to avoid changes in the process streams. These compartments are separated from the
retentate and permeate compartments normally by cellophane or ion-exchange membranes.
Meanwhile, an additional rinsing cycle can be used within each compartment to wash away
electrolysis products and prevent particle deposition at the electrodes.

A typical design with separate compartment of electrodes and rinsing cycle is displayed in
Figure 6. If the feed solution is negatively charged, a cation-exchange membrane could be put
on the cathode side and an anion-exchange membrane on the anode side in order to avoid

Filtration layer

Intermediate layer
Peripheral screen

electrode Support layer

Rod electrode

Figure 4. Typical tubular electrically assisted NF membrane module design.
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Figure 5. Three-dimensional (A) and perspective view (B) of (a) tubular membrane module with electric contact for
inner and outer membrane surface, (b) compartment used for permeate collection, (c) symmetrical compartments for the
flow of feed solution and retentate. (1) Inlet opening for feed solution, (2) electricity connectors in contact with the inner
surface, (3) electricity connectors in contact with the outer surface, (4) pressure gauge connector in the permeate side, (5)
opening for permeate, (6) outlet opening for retentate [18] (reproduced with permission).

+ |

Rinsing cycle < Ion-exchange membrane
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<«—— Permeate channel
Rinsing cycle < Ion-exchange membrane

Figure 6. Membrane module design with separate compartment of electrodes and rinsing cycle.

increase of ion concentration in the filtration cycle. As reported by Weigert and coworkers, a
tenfold increase of permeate flux was achieved using this process design [53].

3.4. System energy consumption

The additional energy consumed by DC power supply should be considered for the elec-
trically or electrochemically combined NF system. The total energy consumption should
include energy required for operating the pump and for electrophoresis or electrooxidation.
Normally, the energy consumption is written as total specific consumption per unit volume
of permeate flux, with the equation below [25]:

_ QAP i
total JAn +]A e (6)
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Figure 7. Variation of energy consumption per unit volume of permeate with applied potential at TMP of 0.8 MPa and
CFV of 0.0258 m's™ [25] (reproduced with permission).

where Q was the flow velocity (m*s™), AP the TMP (Pa), V the applied voltage (V), I the
electric current (A), | the permeate flux (L-m™2s™), A the membrane area (m?), 1) the efficiency
of pump, and 7, the efficiency of DC power supply. Despite the additional costs brought
by electrooxidation or electrophoresis, total energy consumption may be reduced due to the
significant increase of specific permeate flux and the decrease of required treating time or
membrane surface area.

A typical graph showing individual and total energy consumptions is presented in Figure 7.
Although the energy consumed by electrooxidation increased with applied voltage, lower energy
is required for the operation (the pump energy) because of the enhancement of permeate flux. As
a result, the total energy demand shows a “V” curve with the minimum value at around 10 V. At
higher electric potential, the decrease in concentration polarization and fouling layer became less
obvious resulting in insignificant increase in permeate flux. Therefore, the total energy increased
with higher voltage [25].

4. Application

4.1. Ion separation and alteration of membrane property

Pupunat and coworkers present the first results obtained by superimposing an electric
field on a classical NF operation with single salt or mixed solutions of Na,SO, and NaCl
(fixed Na* concentrations of 10 and 50 mol'm™) over an estimated potential range from 0
to 1.9 x 10° V-m™ (0-7.5 V). The detailed experimental conditions are listed in Table 1 with
the same module design shown in Figure 4. The membrane was created from an a-alumina
macroporous support, an intermediate mesoporous titania substrate, and a very thin micro-
porous film of negatively charged Nafion. The anode is a stainless steel rod at the center of
tubular membrane, while the cathode is a stainless steel cylindrical wire netting stuck on the
membrane support. The anode was put inside in order to promote a pumping effect of Na*
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Membrane element Anode Cathode Application Conditions Ref.
Organo-inorganic Stainless steel Stainless steel Single salt and mixed CFV:3m:s™! [1]
tubular membranes rod cyhr.1dr1ca1 wire solut10n.s of.NaZSO4 and TMP: 5, 10, 20,
netting NaCl with fixed Na*
. 30 bar
concentrations of 10 and
50 mol-m™ Electric field: 0 to
1.9x10°V-m™
NF45 and BQO1 flat Stainless steel Porous, Direct red dye with an TMP: 6.9 bar [41]
polymeric membranes  wire lattice st.amless—steel average molecular weight CFV: 0.5 m-min-!
disk of 1373 kg-kmol™!
Electric field: 0 to
1.5x10*V-m™
BQO1 flat polymeric Stainless steel Porous, 3.08,17.11 and 59.88 TMP: 6.9 bar [54]
membranes wire lattice stainless-steel mol-m~ NaCl solution R
disk Electric field: 0 to
18 2.67 x10* V-m!
Self-prepared Solid graphite ~ Perforated 0-1000 ppb As (V) and As  TMP, 80-180 psig;  [42]
negatively charged graphite plate (II) solutions CFV, 3.785 L-min;
polyamide electric potential,
nanofiltration 0Oto2V
membrane NF-PS-3
NF90 flat polymeric Mesh Ti/ Ti Mesh 250 mg-L™ tetracycline TMP, 0.4-1.2 MPa;  [37]
membrane SnO,-Sb hydrochloride with NaCl ~ CFV, 10-60 L-h'};
of 0.06 mol-L™*! electric current,
10-50 mA-cm™
Polyamide polymeric Mesh Ti/ Ti Mesh 0.3-0.8 g-L' Acid Red 73  TMP, 0.4-1.2 MPa;  [24]

membrane

Sn0,-5b,0,-Y

solution with 0.1 mol-L™*
Na,SO,

CFV, 0.0086 to
0.043 m-s; electric
potential, 2.5-15V

Table 1. Summary of typical researches on electrically and electrochemically assisted NF.

through the porous medium. As expected, the experimental results clearly indicate that the
electric field could strongly modify the kinetics of ionic transport through the membrane.
The selectivities of S, ., and S .., continuously increased with higher electrical volt-
age at [Na,SO,]/[NaCl] of 1 and transmembrane pressure (TMP) of 10 bar. Meanwhile, the
directions of variations of [Na'], [SO,*~], and [CI] rejections were found to be independent
of [Na*] concentration whether it was 10 or 50 mol m™. The most significant difference in
NF and electrically assisted NF was observed at lower TMP. At TMP of 5 bar and voltage of
7.5V, the rejection of [Na‘] strongly decreased from 30 to —367% (minus means passage of
[Na‘]), while the rejection of [Cl] increased from —27 to 81% and [SO,*] from 56 to 90% [1].
This may be because the electrophoretic force was much more significant compared with the
competitive hydrodynamic force [37]. However, under practical consideration, it is better to
control the boundary voltage within 4 V because rapid increase in current density and strong

variations of pH values were observed.

Different from the study of Pupunat and coworkers, a very small fractionation was obtained
with applied electric field by Moél and coworkers using BQ0O1 membrane (polymeric mem-
brane from Osmonics). Before the application of electricity, higher permeability was achieved



Electrically and Electrochemically Assisted Nanofiltration: A Promising Approach for Fouling...
http://dx.doi.org/10.5772/intechopen.75819

for NaCl separation (dynamic permeability) compared with pure water (pure water per-
meability), which was explained by the swollen effect. After electricity was applied, they
found that dynamic permeability decreased. The loss in dynamic permeability increased
with higher NaCl concentration but was not affected by the magnitude and polarity of
electric field. The researchers suggest that the electric field could induce favorable condi-
tions for cross-linkage on the polymeric membrane surface. The smallest electric potential
of 1.33 x 10* V-m™ was sufficient to establish the polymer conformation, which explains the
absence of significant variations with magnitude. The possibility of controlling pore size by
an external force like an electric field represents an interesting opening in the field of NF and
deserves further investigation [54].

4.2. Treatment of dye wastewater

A major problem in the textile industry is the discharge of dyehouse effluents without proper
treatment, which will limit aquatic plant growth and affect the esthetic merits of water [55].
Efficient color reduction has been achieved by NF [56, 57], but the fouling issue remained
to be tackled. Moél and coworkers studied the electrically assisted NF process for a tex-
tile direct dye solution with Stokes-Einstein radius of 1.2 nm and concentrations of 0.2 and
12 kg'm™. Two types of membranes, BQO1 (polymeric membrane from Osmonics) and NF45
(polymeric membrane from Dow Chemical), were employed. Although both membranes can
have 100% dye rejection, they showed different behaviors. With low red dye concentration of
0.2 kg'm™, fouling was reversible for BQO1 but irreversible for NF45. For BQO1 membrane, a
1.25 x 10* V-cm™ electric potential is needed to avoid fouling, while for NF45, 6 x 10° V-cm™
is sufficient. With much higher red dye concentration of 12 kg-m™, a reversible fouling is
obtained using BQO1 with an electric field of 1.33 x 10* V-cm™, whereas a partially reversible
fouling is observed without an electric field. The authors suggested that electric field could
delay the formation of fouling layer and may interact with the structure of the red dye layer
leading to a more reversible fouling [42].

Xu and coworkers developed a coupled separation process with electro-catalytic oxidation
to treat C.I. Acid Red 73 wastewater [25]. Flat sheet module design was adopted with anode
located in close vicinity of membrane surface to achieve electrooxidation-assisted antifoul-
ing filtration. A Ti net was fixed behind the membrane in the permeate side serving as both
the cathode and the support for membrane, while a Ti/SnO,-5b,O,-Y net with electro-catalytic
activity was positioned at the feed side serving as the anode. With electrical supply, dyestuff
in the wastewater can be directly degraded at the anode; meanwhile, the rising of bubbles
may also result in turbulence of liquid around membrane surface and enhance the antifouling
performance. The authors investigated the enhanced flux from electrooxidation by coating the
anode with insulating varnish. With the application of electro-catalytic oxidation reaction, both
permeate flux and dye retention were improved. Besides electrooxidation, electrophoresis and
electroosmosis may also account for the flux increase at relatively higher applied potential.
The study revealed that the electro-catalytic permeation flux increased with applied poten-
tial, initial feed concentration, TMP, and cross-flow velocity (CFV). However, the increment
became slower when the applied potential exceeded 8 V and CFV was greater than 0.035 m-s™.
The authors further quantified the individual and total energy consumption required to run
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the pump and supply electric potential for electrooxidation. From their estimation, the optimal
energy consumption could be obtained at 10 V, 0.6 MPa with low CFV [25].

4.3. Treatment of arsenic-contaminated water

Arsenic is highly toxic to humans, with As (V) and As (III) most likely to be encountered in
potable water solutions. The prevailing pH ranges of As (IlI) and As (V) are 2-9 and 7-11.5,
respectively [58]. As (Ill) was found primarily as H,AsO, and hard to be ionized, which
explains the reason why As (III) was difficult to be removed from water using ordinary pro-
cesses like ion-exchange and electro-cross-flow membrane system [43]. Compared with As
(I), As (V) was easier to be removed (H,AsO,, pKa =9.13; H,AsO,, pKa = 2.22), so chlorine or
oxygen was usually added to treat arsenic-contaminated feed [43].

Pérez-Sicairos and coworkers found that rejection of As (V) and As (III) can be enhanced by
applied potential across the electro-cross-flow NF membrane system. The module design is
presented in Figure 3. The rejection of As (V) was increased slightly from 97.3 to 98.6% when
the applied potential was increased from 0 to 2.0 V at initial As (V) concentration of 1000 ppb.
The rejection of As (III) was increased from 52.3 to 70.4% when the applied potential was
increased from 0 to 2.0 V at initial As (III) concentration of 1000 ppb due to enhanced dissocia-
tion of the neutral species H,AsO, to form H* and H,AsO,". Applied pressure and type of salt
in the feed under investigation did not obviously affect the rejection of arsenic by the electro-
membrane system [43]. Better As (III) removal should be achieved with As (III) oxidized to As
(V) prior to the electrically assisted NF process.

4.4. Treatment of wastewater containing antibiotics

Xu and coworkers applied the technique of electro-catalytic oxidation enhanced NF to reduce
membrane fouling in the treatment of tetracycline hydrochloride wastewater. The mesh cata-
lytic anode was put on the intercept side and in close vicinity of the membrane. The applica-
tion of electrooxidation through the generation of hydroxyl radicals to the NF process brought
obvious higher permeate flux and lower flow resistance. For instance, at TMP of 0.4 MPa, CFV
of 30 L-h™, and current density of 20 mA-cm™, the total filtration resistance decreased from
14.54 to 3.84 x 10¥ m™ with the assistance of electrooxidation effect. The apparent retention of
tetracycline hydrochloride was slightly increased as well (from over 97% to over 99%). Within
the experimental range, higher permeate flux was obtained at higher TMP and higher current
density. The enhancement became less obvious at TMP of over 1.2 MPa and current density of
over 40 mA-cm™ For the coupled process, the effect of CFV on permeate flux was insignificant
because the concentration polarization layer was very thin. Compared with NF alone, better
filtration performance could be obtained at lower TMP and CFV, indicating the process may
be energy saving as well [38].

5. Concluding remarks and future perspectives

There is still a long way to go for the investigation of electrically and electrochemically
assisted NF process because existing research is quite limited compared with MF and UF. The
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increasing application of NF in industry will surely trigger the development of in situ clean-
ing technique for fouling mitigation, with the electrically and electrochemically assisted filtra-
tion process as a very important part of the technique.

Here are some areas that worth further studies. First, for most of existing research, the inves-
tigation time is less than 3 hours or even shorter. Longer time should be investigated in
order to see the coupled effect in the long run. Second, more fundamental research should be
conducted to investigate in depth the basic mechanism of this coupled process. Third, most
developed modules are only applicable to single membrane element. In order to increase the
feasibility of this coupled technique in practice, it is highly suggested to develop membrane
modules with multiple membrane elements (tubes or flat sheets) compacted together, which
definitely requires more complicated design of electricity connection. Fourth, more practical
and compact designs of membrane modules with separate compartment of electrodes are
needed because it is necessary to maintain the conditions of feed and permeate constant. Fifth,
new electrode materials are still required which should possess the following qualities: elec-
trochemically stable, corrosion resistant, economically acceptable, and electro-catalytic. It is
even better if such material could be placed on the membrane surface. Moreover, energy con-
sumption is still a key aspect to consider when determining the optimal operation condition.
In order to minimize energy consumption, pulsed electric field instead of constant electric
field could be used as suggested by some researchers. More research is still needed to further
reduce total energy consumption from the aspects of operation condition, membrane module
design, and membrane materials development.

Author details

Ping Geng™ and Guohua Chen?
*Address all correspondence to: ping.geng@polyu.edu.hk

1 Department of Applied Biology and Chemical Technology, The Hong Kong Polytechnic
University, Kowloon, Hong Kong SAR, China

2 Department of Mechanical Engineering, The Hong Kong Polytechnic University, Kowloon,
Hong Kong SAR, China

References

[1] Pupunat L, Rios GM, Joulie R, Persin M, Pourcelly G. Electronanofiltration: A new pro-
cess for ion separation. Separation Science and Technology. 1998;33:67-81

[2] Zydney AL, Ho C-C, Yuan W. Chapter 2 - fouling phenomena during microfiltration: Effects
of pore blockage, cake filtration, and membrane morphology. In: Dibakar B, Butterfield
DA, editors. Membrane Science and Technology. CRC Press, Elsevier; 2003. pp. 27-44

[3] Bier M. Electrical filtering process and device. In: U.S.P. Office, editor. United States.
p. 1963

147



148 Nanofiltration

[4]

[5]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Wakeman R], Tarleton ES. Experiments using electricity to prevent fouling in membrane
filtration. Filtration & Separation. 1986;23:174-176

Huotari HM, Huisman IH, Tragardh G. Electrically enhanced crossflow membrane
filtration of oily waste water using the membrane as a cathode. Journal of Membrane
Science. 1999;156:49-60

Wakeman R]. Electrically enhanced microfiltration of albumin suspensions. Food and
Bioproducts Processing. 1998;76:53-59

Yang Y, Li J, Wang H, Song X, Wang T, He B, Liang X, Ngo HH. An electrocatalytic
membrane reactor with self-cleaning function for industrial wastewater treatment.
Angewandte Chemie International Edition. 2011;50:2148-2150

Li XW, Li JX, Gao CY, Chang M. Surface modification of titanium membrane by chem:i-
cal vapor deposition and its electrochemical self-cleaning. Applied Surface Science.
2011;258:489-493

Zhang L, Xu L, He ], Zhang ]. Preparation of Ti/SnO,-Sb electrodes modified by carbon
nanotube for anodic oxidation of dye wastewater and combination with nanofiltration.
Electrochimica Acta. 2014;117:192-201

Fan X, Zhao H, Liu Y, Quan X, Yu H, Chen S. Enhanced permeability, selectivity,
and antifouling ability of CNTs/AL,O, membrane under electrochemical assistance.
Environmental Science & Technology. 2015;49:2293-2300

Pabby AK, Rizvi SSH, Requena AMS. Handbook of Membrane Separations: Chemical,
Pharmaceutical, Food, and Biotechnological Applications. 2nd ed. CRC Press; 2015

Overbeek JTG. Thermodynamics of electrokinetic phenomena. Journal of Colloid
Science. 1953;8:420-427

Huotari HM, Tragardh G, Huisman IH. Crossflow membrane filtration enhanced by
an external DC electric field: A review. Chemical Engineering Research and Design.
1999;77:461-468

Wakeman RJ, Tarleton ES. Membrane fouling prevention in crossflow microfiltration by
the use of electric fields. Chemical Engineering Science. 1987;42:829-842

Weng Y-H, Li K-C, Chaung-Hsieh LH, Huang CP. Removal of humic substances (HS)
from water by electro-microfiltration (EMF). Water Research. 2006;40:1783-1794

Ahmad AL, Ibrahim N. Automated electrophoretic membrane cleaning for dead-
end microfiltration and ultrafiltration. Separation and Purification Technology. 2002;29:
105-112

Lentsch S, Aimar P, Orozco JL. Enhanced separation of albumin-poly(ethylene glycol)
by combination of ultrafiltration and electrophoresis. Journal of Membrane Science.
1993;80:221-232



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

Electrically and Electrochemically Assisted Nanofiltration: A Promising Approach for Fouling...
http://dx.doi.org/10.5772/intechopen.75819

Geng P. Electricity-Assisted Antifouling Ceramic Membrane Modified by Magnéli
Titanium Sub-Oxides for Environmental and Biological Applications, in. Hong Kong:
The Hong Kong University of Science and Technology; 2015

Sarkka H, Vepsaldinen M, Pulliainen M, Sillanpaa M. Electrochemical inactivation of
paper mill bacteria with mixed metal oxide electrode. Journal of Hazardous Materials.
2008;156:208-213

Chen G. Electrochemical technologies in wastewater treatment. Separation and Puri-
fication Technology. 2004;38:11-41

Comninellis C. Electrocatalysis in the electrochemical conversion/combustion of organic
pollutants for waste water treatment. Electrochimica Acta. 1994;39:1857-1862

Awad YM, Abuzaid NS. Electrochemical treatment of phenolic wastewater: Efficiency,
design considerations and economic evaluation. Journal of Environmental Science
and Health. Part A: Environmental Science and Engineering and Toxicology. 1997;
32:1393-1414

Zhou M-H, Dai Q-Z, Lei L-C, Wu Z-C, Ma C-A, Wang D-H. Electrochemical oxidation
for the degradation of organic pollutants on a novel PbO,. Acta Physico-Chimica Sinica.
2004;20:871-876

Chen X, Gao F, Chen G. Comparison of Ti/BDD and Ti/SnO,-Sb,O, electrodes for pollut-
ant oxidation. Journal of Applied Electrochemistry. 2005;35:185-191

Xu L, Zhang L, Du L, Zhang S. Electro-catalytic oxidation in treating C.I. Acid red 73
wastewater coupled with nanofiltration and energy consumption analysis. Journal of
Membrane Science. 2014;452:1-10

Hu J-M, Sun X-J, Hou Y-Y, Zhang J-Q, Cao C-N. Degradation characteristics of IrO,-type
DSA® in methanol aqueous solutions. Electrochimica Acta. 2008;53:3127-3138

Martinez-Huitle CA, Quiroz MA, Comninellis C, Ferro S, Battisti AD. Electrochemical
incineration of chloranilic acid using Ti/IrO,, Pb/PbO, and Si/BDD electrodes. Elec-
trochimica Acta. 2004;50:949-956

Chatzisymeon E, Fierro S, Karafyllis I, Mantzavinos D, Kalogerakis N, Katsaounis A.
Anodic oxidation of phenol on Ti/IrO, electrode: Experimental studies. Catalysis Today.
2010;151:185-189

Chen X, Chen G, Gao F, Yue PL. High-performance Ti/BDD electrodes for pollutant
oxidation. Environmental Science & Technology. 2003;37:5021-5026

Chen X, Chen G. Anodic oxidation of orange II on Ti/BDD electrode: Variable effects.
Separation and Purification Technology. 2006;48:45-49

Chen X, Chen G, Yue PL. Anodic oxidation of dyes at novel Ti/B-diamond electrodes.
Chemical Engineering Science. 2003;58:995-1001

149



150 Nanofiltration

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

Chen G, Betterton EA, Arnold RG. Electrolytic oxidation of trichloroethylene using a
ceramic anode. Journal of Applied Electrochemistry. 1999;29:961-970

Bejan D, Malcolm JD, Morrison L, Bunce NJ. Mechanistic investigation of the conductive
ceramic Ebonex® as an anode material. Electrochimica Acta. 2009;54:5548-5556

Bejan D, Guinea E, Bunce NJ. On the nature of the hydroxyl radicals produced at boron-
doped diamond and Ebonex® anodes. Electrochimica Acta. 2012;69:275-281

Geng P, Su ], Miles C, Comninellis C, Chen G. Highly-ordered Magnéli Ti,O, nanotube
arrays as effective anodic material for electrooxidation. Electrochimica Acta. 2015;153:
316-324

Yang B, Geng P, Chen G. One-dimensional structured IrO, nanorods modified mem-
brane for electrochemical anti-fouling in filtration of oily wastewater. Separation and
Purification Technology. 2015;156:931-941

Geng P, Chen G. Electro-microfiltration concentration of whey protein using Magneli
titanium sub-oxide modified ceramic membrane. In: Asia Pacific Confederation of
Chemical Engineering Congress 2015: APCChE 2015, Incorporating CHEMECA 2015,
Melbourne, Australia; 2015. pp. 641-650

XuL, SunY, DuL, Zhang J. Removal of tetracycline hydrochloride from wastewater by
nanofiltration enhanced by electro-catalytic oxidation. Desalination. 2014;352:58-65

Sarkar B, De S, DasGupta S. Pulsed electric field enhanced ultrafiltration of synthetic and
fruit juice. Separation and Purification Technology. 2008;63:582-591

Bowen WR, Ahmad AL. Pulsed electrophoretic filter-cake release in dead-end mem-
brane processes. AICHE Journal. 1997;43:959-970

Zumbusch P, Kulcke W, Brunner G. Use of alternating electrical fields as anti-fouling
strategy in ultrafiltration of biological suspensions — Introduction of a new experimental
procedure for crossflow filtration. Journal of Membrane Science. 1998;142:75-86

Noél IM, Lebrun R, Bouchard CR. Electro-nanofiltration of a textile direct dye solution.
Desalination. 2000;129:125-136

Pérez-Sicairos S, Lin SW, Félix-Navarro RM, Espinoza-Gémez H. Rejection of As(III)
and As(V) from arsenic contaminated water via electro-cross-flow negatively charged
nanofiltration membrane system. Desalination. 2009;249:458-465

Hofs B, Ogier ], Vries D, Beerendonk EF, Cornelissen ER. Comparison of ceramic and
polymeric membrane permeability and fouling using surface water. Separation and
Purification Technology. 2011;79:365-374

Rueffer M, Bejan D, Bunce NJ. Graphite: An active or an inactive anode? Electrochimica
Acta. 2011;56:2246-2253

Geng P, Chen G. Magnéli Ti,O, modified ceramic membrane for electrically-assisted fil-
tration with antifouling property. Journal of Membrane Science. 2016;498:302-314



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

Electrically and Electrochemically Assisted Nanofiltration: A Promising Approach for Fouling...
http://dx.doi.org/10.5772/intechopen.75819

Geng P, Chen G. Antifouling ceramic membrane electrode modified by Magnéli Ti,O,
for electro-microfiltration of humic acid. Separation and Purification Technology. 2017;
185:61-71

Zaky AM, Chaplin BP. Porous substoichiometric TiO, anodes as reactive electrochemi-
cal membranes for water treatment. Environmental Science & Technology. 2013;47:
6554-6563

Rabah MA, Nassif N, Azim AAA. Electrochemical wear of graphite anodes during elec-
trolysis of brine. Carbon. 1991;29:165-171

Brisson G, Britten M, Pouliot Y. Electrically-enhanced crossflow microfiltration for
separation of lactoferrin from whey protein mixtures. Journal of Membrane Science.
2007;297:206-216

Dudchenko AV, Rolf ], Russell K, Duan W, Jassby D. Organic fouling inhibition on elec-
trically conducting carbon nanotube-polyvinyl alcohol composite ultrafiltration mem-
branes. Journal of Membrane Science. 2014;468:1-10

Zhang Q, Vecitis CD. Conductive CNT-PVDF membrane for capacitive organic fouling
reduction. Journal of Membrane Science. 2014;459:143-156

Weigert T, Altmann ], Ripperger S. Crossflow electrofiltration in pilot scale. Journal of
Membrane Science. 1999;159:253-262

Noél IM, Lebrun RE, Bouchard CR. Nanofiltration of NaCl solutions using a SPPO
membrane (BQO1) part 2. Membrane behavior with an electric field. Desalination. 2003;
155:243-254

Buckley CA. Membrane technology for the treatment of dyehouse effluents. Water
Science and Technology. 1992;25:203-209

Sojka-Ledakowicz ], Koprowski T, Machnowski W, Knudsen HH. Membrane filtration
of textile dyehouse wastewater for technological water reuse. Desalination. 1998;119:1-9

XuY, Lebrun RE, Gallo P-J, Blond P. Treatment of textile dye plant effluent by nanofiltra-
tion membrane. Separation Science and Technology. 1999;34:2501-2519

Brandhuber P, Amy G. Arsenic removal by a charged ultrafiltration membrane —
Influences of membrane operating conditions and water quality on arsenic rejection.
Desalination. 2001;140:1-14

151



ntechOpen

ntechOpen



