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Abstract Polymers are sometimes preferred for membrane filtration because they
are more flexible, easier to handle, and less expensive than inorganic membranes
fabricated from oxides, metals, and ceramics. The polymers are used as the
membrane active layer and porous support in reverse osmosis (RO), nanofiltration
(NF), ultrafiltration (UF), microfiltration (MF) processes. However, the application
of polymers for filtration suffers critical drawbacks, such as the chemical attack of
polymers, membrane fouling, and hydrophobicity of most polymers. In this chapter,
the polymers used for membrane filtration in recent studies and their fabrication
procedures are presented and discussed. The polymers used in recent applications
include cellulose acetate (CA), polyamide (PA), polyvinylidene fluoride (PVDF),
polysulfone (PSF), polyethersulfone (PES), polyvinyl chloride (PVC), polyimide
(PI), polyacrylonitrile (PAN), polyethylene glycol (PEG), polyvinyl alcohol (PVA),
poly(methacrylic acid) (PMAA), poly(arylene ether ketone) (PAEK), poly(ether
imide) (PEI), and polyaniline nanoparticles (PANI). A new polymeric material
named polyethersulfone amide (PESA) has also been presented recently. Most of
the recent studies have focused on improving the specific energy consumption, salt
rejection, water flux, chemical resistance and antifouling properties of polymeric
membranes and nanocomposites through blending and surface modification tech-
niques. These techniques involve the use of zwitterionic coatings, sulfonated poly
(arylene ether sulfone) (SPAES), perfluorophenyl azide (PFPA), carbon nanotubes
(CNTs) and graphene oxide (GO) as nanofillers, polyether ether ketone (PEEK),
and nanoparticles such as titanium dioxide (TiO2), and mesoporous silica. The use
of polymers for filtration is still gaining tremendous attention, and further
improvements of polymeric characteristics for enhanced membrane performance
are expected in the coming years.
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8.1 Introduction

Current water quality regulations and standards require the careful treatment of
water from different sources, including seawater, brackish water, groundwater,
industrial wastewater, municipal wastewater, and surface water, so that the final
effluents can be useful for a wide range of applications [3, 11, 12, 14]. Desalination
is a key water treatment approach, most especially in areas with inadequate natural
and renewable fresh water supply. In addition, the industries in many countries are
now being asked to treat their own wastewater to reduce dependence on naturally
available fresh water and desalinated water [21, 59]. However, treated water from
industries and municipalities require an appreciable level of treatment to prevent
possible secondary or end-use problems.

Conventionally, treatment processes such as biological treatment, distillation,
evaporation, chemical coagulation, flocculation, sand filtration, and gravity sedi-
mentation are used to remove pollutants from water [31, 35, 38]. For saline water
desalination, thermal distillation processes such as multi-effect distillation, multi-
stage flash, and thermal and mechanical vapor compression were mainly employed
in parts of the world until the recent decades. Nowadays, desalination via mem-
brane filtration processes, i.e., microfiltration (MF), ultrafiltration (UF), nanofil-
tration (NF), and reverse osmosis, (RO) is gaining immense attention from
desalination stakeholders [6, 88, 100]. Currently, the market share of membrane
filtration processes in the desalination industry has soared and surpassed those of
other approaches. MF and UF are mostly being used for pre-treatment in current
desalination applications, instead of coagulation or sedimentation. In addition, there
are more RO plants in the world than those that employ thermal desalination
approaches currently [28]. Likewise, membrane filtration processes such as mem-
brane bioreactors (MBRs) and osmotic membrane bioreactors (OMBRs) are being
preferred for wastewater treatment than conventional approaches such as activated
sludge processes (ASP), aerated lagoons, and trickling filters [17, 33].

The functional component of a membrane filtration process is the membrane.
Membranes can be made from polymeric or inorganic materials [66, 104]. Most of
the polymeric membranes are organic in nature, while inorganic membranes are
mainly oxides, ceramics, and metals [89]. Membranes made from polymeric
materials are cheaper than those fabricated from inorganic materials or ceramics
[66]. Additionally, polymeric membranes can be used to achieve high water pro-
duction capacity. These membranes are easy to handle during fabrication and can
be arranged in different configurations such as hollow fiber and spiral wound for
optimum performance [46, 66, 89]. Therefore, the objective of this chapter is to
review the polymeric materials that have been used for filtration in recent times.
Specifically, the recent advances in the fabrication of polymers for RO, NF, UF, and
MF processes are discussed. The type of polymer used for filtration is crucial
because it determines the permeate quality and the operating cost of water pro-
duction. Proper selection of polymer is required for a filtration process to ensure
that issues such as frequent membrane replacement and unwarranted energy
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consumption are avoided. The current challenges associated with recently devised
polymers are also presented and discussed.

8.2 Polymers Used for Membrane Filtration

Several polymers have been used in the fabrication of MF, UF, NF, and RO
membranes. Examples include cellulose acetate (CA), polyamide (PA),
polyvinylidene fluoride (PVDF), polysulfone (PSF), polyethersulfone (PES),
polyvinyl chloride (PVC), polyimide (PI), polyacrylonitrile (PAN), polyethylene
glycol (PEG), polyvinyl alcohol (PVA), poly(methacrylic acid) (PMAA), poly
(arylene ether ketone) (PAEK), poly(arylene ether sulfone) (PAES), poly(ether
imide) (PEI), and polyaniline nanoparticles (PANI). A new polymeric material
named polyethersulfone amide (PESA) has also been presented recently.
Fabrications, characterization, and related applications of such membranes are
highlighted in the subsequent sections.

8.2.1 Polymers for RO

RO technology (Fig. 8.1) has been found to be one of the most efficient and widely
popular methods of desalinating water because it is suitable for the production of
potable and near-to-potable water [41, 53].

RO membranes that are commercially available consist of polymeric materials
such as CA and PA [13, 28]. CA is used because it is a natural polymer that is
renewable, biodegradable, and eco-friendly [18, 63]. CA can be produced through
the esterification of wood, cotton, recycled paper, and bagasse. CA is also a widely
used polymer known for its high hydrophilicity, biocompatibility, high potential
flux, etc. [26]. However, PA membranes are generally preferred among the two
because of their ability to operate under a wider pH range and withstand higher
temperatures [72]. Unfortunately, the practical application of PA membranes is
often limited due to their continuous exposure to chlorine and other oxidizing
substances [110]. The amide group that is present in the PA membranes is vul-
nerable to chlorine attacks during chemical cleaning [28, 92]. Hence, an additional
de-chlorination step is required to reduce the concentration of chlorine to prevent
the degradation of the PA membranes. Also, in order to overcome this problem,
poly(arylene ether) copolymers, especially poly(arylene ether sulfone), have been

Feed (seawater)
Permeate (fresh water)

Rejected brine

Fig. 8.1 RO process showing the separation of salt from water
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used recently for RO desalination [67, 68, 92]. Since these polymers do not contain
any susceptible amide linkages, it makes them to be highly resistant to chlorine
attacks. It has also been established recently that thin film composite
(TFC) membranes based on SPAES display high chlorine-tolerance and no sig-
nificant change in water flux after 36 h of continuous exposure [110].

(a) poly(arylene ether sulfone) (PAES)

Photocross-linkable disulfonated PAES copolymers have been prepared for RO
applications in a recent study [64]. First, PAES oligomers with controlled degrees
of sulfonation and controlled molecular weights were synthesized via nucleophilic
aromatic substitution. Meta-aminophenol was used to control the molecular weight
of the PAES oligomers and install telechelic amine end groups. The
meta-aminophenol end-capped oligomers were reacted with acryloyl chloride to
obtain novel cross-linkable PAES oligomers with acrylamide groups on both ends.
The acrylamide-terminated oligomers were cross-linked using UV radiation in the
presence of a multifunctional acrylate and a UV photoinitiator to obtain PAES
copolymers thin films. It was shown that the cross-linked disulfonated PAES films
had smooth surfaces that promoted high water passage (Fig. 8.2). The copolymer
films also exhibited reduced water uptake and swelling relative to their linear
counterparts.

(b) Polyamide (PA)

Apart from the problem of chlorine attacks during chemical cleaning, PA
polymeric material faces membrane fouling [19, 78, 79]. Biofouling is one of the
most challenging fouling mechanisms experienced during membrane filtration [5,
39, 44]. Biofouling occurs due to the formation of a biofilm by the biological
species in a membrane filtration system, resulting in the depletion of the mem-
brane’s lifetime and selectivity. Although RO works based on the solution–diffu-
sion principle rather than size exclusion, biofouling is a major problem in RO. This
can be attributed to the thin layer of the active surface and the material of the dense
and porous structures [54, 90]. Thus, zwitterionic natured coatings on membranes
have been observed to be effective antibiofouling materials in recent studies

Fig. 8.2 Atomic force microscopy (AFM) images of a PA TFC membrane and b the disulfonated
copolymer, showing the smooth surface of the copolymer film that ensured higher water passage
[64]
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[50, 80]. A desirable feature of the zwitterionic structure is that it exhibits both
positively and negatively charged moieties within the same segment side chain
which imparts strong hydration capacity via electrostatic interactions. These
polyzwitterions are usually attached to the membrane’s surface using a grafting
approach. The coatings produce densely packed polymer chains that exhibit con-
sistent length and reduce the adhesion of cells and bacteria onto the membrane
surface [27]. The surface modification of polymeric RO membrane by zwitterionic
polymer can be used to achieve higher permselectivity and water flux [96]. The
modification has been accomplished recently by the grafting of a commercially
available membrane with N,N′dimethylaminoethyl methacrylate (DMAEMA) via
redox-initiated graft polymerization reaction [96]. Then, the DMAEMA graft was
modified via surface quaternization reaction with 3-bromopropionic acid (3-BPA)
to obtain the zwitterionic carboxybetaine methacrylate (CBMA) polymer chains on
the membrane surface. The CBMA, which has a cationic quaternary ammonium
group and anionic carboxylate group on its backbone, changed the chemical
structure, morphological structure, hydrophilicity, and charge of the RO membrane.
The fabricated procedures are illustrated in Fig. 8.3. The modified membrane
showed improved water flux (22.5% increase in water flux compared to the
unmodified membrane). By using positively charged lysozyme and negatively
charged bovine serum albumin as foulants, it was shown that the biofouling
properties of the modified membrane were enhanced as evidenced by the higher
water recovery rate after fouling test. Up to 99% mortality of Escherichia coli
(E.coli) and Bacillus subtilis was achieved. Another polymer that has been used
successfully for grafting is polysulfobetaine. Polysulfobetaine was grafted from the
surface of commercially available TFC membranes in another recent study [27],
leading to 80% reduction in microbial fouling without any adverse effect on the
permeate flux.

PA-RO membranes with enhanced antifouling properties have also been pre-
pared recently by making use of the highly reactive azide group of PFPA that can
form chemical bonds when activated by photoexcitation with nonreactive groups
[57]. First, PEG polymers were modified with a terminal PFPA group. Then, pieces
of commercially available PA were dipped into an aqueous solution containing the
PEG-PFPA prepared polymers. The pieces of modified PA were dried at ambient
conditions and irradiated with 254 nm UV light. Finally, the pieces of PA obtained
were rinsed with water to remove unreacted azides and other by-products. The
performance of the prepared membranes was evaluated through pure water per-
meability and sodium chloride (NaCl) rejection tests. The antibiofouling properties
of the membranes were assessed by monitoring the growth of E.coli on the
membranes. The prepared membranes were more hydrophilic than the commer-
cially available PA. The membranes also exhibited lower water permeability but
increased NaCl rejection. It was observed that the prepared membranes had better
antibiofouling properties as evidenced by the reduced growth of E.coli bacteria on
the prepared membranes.
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(c) Polyvinyl chloride (PVC)

Another polymeric material that has been used recently for the RO process is
polyvinyl chloride (PVC) [2, 70]. This is because of its flexibility and durability
along with suitable biological and chemical resistance [26]. Special selective
characteristics and enhancement of separation properties have been achieved in
membranes with the use of PVC/CA polymers as membrane binders. It has been
observed that an increase in CA concentration in the dope solution that consists of
PVC/CA polymers would result in an increase in the hydrophilic characteristics of
the membrane [26]. This is because the high amount of water would be absorbed;
hence, more water would pass through the membranes. An increase of CA con-
centration to about 10% could also improve the rejection capabilities of the fabri-
cated membrane.

Fig. 8.3 Illustration of the fabrication procedures for the modification of RO membranes with
zwitterionic polymer chains [96]
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(d) Chemical modifications of membrane properties using carbon nanotubes
(CNTs)

Other studies have also shown that membrane properties can be improved when
polymeric materials are chemically modified with other polymers of desirable
properties [80, 86]. One of such additives is carbon nanotubes (CNTs) which act as
nanofiller in RO desalination. Although a decrease in the membrane permeability
would be observed when the CNT concentration is increased, an increase in the salt
rejection and permeate flux would be achieved [77]. CA is efficient in the rejection
of salts during RO desalination because of its excellent desalting properties
resulting from its nanoscale characteristics [16]. Recently, raw and oxidized mul-
tiwalled CNTs (MWCNTs) in different concentrations (0.001, 0.002, 0.005, 0.01 wt
%) have been incorporated into PA-RO membranes [23]. The morphology of the
modified membranes was altered as a result of the MWCNTs incorporation. The
membranes embedded with raw MWCNTs exhibited slightly higher contact angle
compared to the pristine membrane, while membranes embedded with oxidized
MWCNTs had slightly lower contact angle compared to the pristine membrane. An
increase in the concentration of both raw and oxidized MWCNTs up to 0.005 wt%
resulted in an increase in the water flux, after which the water flux decreased.
Meanwhile, all concentrations of raw or oxidized MWCNTs resulted in better
antifouling performance of the modified membranes. The modified membranes with
0.005 wt% MWCNT concentration showed the best antifouling properties.

Kim et al. [42] have also demonstrated recently that the modification of PA-RO
membrane with CNT can be used to accomplish improved membrane properties
[42]. The CNTs were initially functionalized by reacting them with a sulfuric acid/
nitric acid mixture. Then, PA was prepared by using trimesoyl chloride
(TMC) solutions in n-hexane and aqueous solutions of m-phenylenediamine
(MPD) containing the functionalized CNTs. The maximum flux and salt rejection
values were observed when the functionalized CNTs were prepared by the reactions
of CNTs with a sulfuric acid and nitric acid mixture for 4 h at 65 °C. When shorter
reaction time and lower reaction temperature were used, the CNTs were not
well-dispersed in the PA active layers. Conversely, when longer reaction time and
higher reaction temperature were used, the CNTs were cut down into very small
pieces to form aggregated structures. Therefore, good dispersion of the function-
alized CNTs in the PA layer was necessary. The membranes containing the prop-
erly modified CNTs demonstrated higher water flux than the PA membrane
prepared without any CNTs. Better chemical resistance against NaCl solution
compared to the pristine RO membrane was also achieved by using the modified
membranes.

However, the mechanical strength and structural integrity of the nanofiller still
need to be improved in future research activities so that it can be employed for
large-scale commercial desalination. To achieve mechanical stability, a recent study
has tested 1,2-bis(triethoxysilyl)ethane (BTESE) instead. In this study [34], a
porous PSF-supported BTESE hybrid membrane was fabricated through a sol–gel
spin-coating heat treatment process. A 200-nm-thick BTESE-derived silica
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separation layer was deposited onto the PSF support surface. The RO membrane
was evaluated by using it to desalinate a NaCl aqueous solution. The membrane
showed a stable and high degree of water permeability with high salt rejection
reaching 96%. The membrane also showed good stability and reproducibility
during the RO desalination process that was run for more than 160 h.

8.2.2 Polymers for NF

(a) Polyimide (PI) and polyamide (PA)

NF membranes have gained popularity for water filtration in recent decades due
to their beneficial features such as low energy consumption when compared with
RO and high retention of divalent salts and neutral molecules of low molecular
weight [25, 61, 112]. Nonetheless, NF membranes can only withstand aqueous
solutions containing pH in the range of 2–11 due to their moderate stability. Most
of the NF membranes available today consist of PI, PA, PVA, and PAN polymers
in TFCs [4, 85, 87, 93, 95, 105, 108]. However, PIs are unstable when in contact
with a few amines. They also exhibit very low stability and performance in polar
solvents. These PIs are not preferred in aqueous solutions containing chlorinated
solvents, strong amines, and strong acids/bases, but they can be modified through
the process of cross-linking to obtain improved resistance against such chemicals.

(b) Poly(arylene ether ketone) (PAEK)

An alternative solution that involves the use of PEEK as NF membrane material
has been proposed recently [15]. It was observed that PEEK membranes have a low
degree of sulfonation and are highly resistant against various solvents, acids, and
bases. However, PEEK membranes exhibit low water permeability. The PEEK
membranes were tested for their separation performance in tetrahydrofuran
(THF) and dimethylformamide (DMF) where they exhibited a water permeance of
0.2–0.8 and 0.7–0.21 L/h m2 bar, respectively.

(c) Membrane fouling in NF membranes

The challenge of membrane fouling and chemical attack is also associated with
PA NF membranes. Fouling not only reduces the flux through NF membranes but
also increases the energy requirement. Meanwhile, surface modification has been
employed recently to impart antifouling properties to PA NF membranes [48, 52,
60, 109]. These properties have been achieved by grafting fluorinated PA onto the
surface of the PA NF membranes [48]. The fluorinated PA NF membranes have
lower surface energy which resulted in the minimization of the adhesion propensity
membrane. The detachment of foulants from the membrane surface was achieved
through the fluorination of the membrane. 98.3% permeation flux recovery was
accomplished through this approach. Stability problems are also associated with
PVA NF membranes. However, in a recent investigation, a novel TFC membrane
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has been fabricated by cross-linking PVA and 3-mercaptopropyltriethoxysilane on
porous PSF support in order to enhance the ion rejection and acid/alkali stability of
the membrane [109]. The introduction of a sulfonic acid group enhances the
hydrophilic properties of the membrane which in turn caused an increase in the
water flux across the membrane. This approach is not completely advantageous
because the sulfonic acid groups also caused the swelling of the membrane,
resulting in a decrease in the membrane’s rejection properties.

Meanwhile, antifouling and salt rejection features can be imparted to a TFC NF
membrane by replacing the mid-layer of the TFC membrane with an electrospun
nanofibrous membrane (ENM) resulting in a TFNC membrane [84]. ENMs are
known for their large dirt loading capacity due to their large internal surface area. In
order to achieve this, the ENM layer must be hydrophilic and heat-treated before
interfacial polymerization. In addition, they are highly porous compared to con-
ventional membranes which would ensure that the water flux across the membrane
is enhanced. ENMs are produced through electrospinning and have unique prop-
erties such as high surface area to volume ratio, tailorable pore sizes, and flexibility
in their surface chemistry.

8.2.3 Polymers for UF

PS and PES are widely used in UF membranes because they are polymeric mate-
rials with good mechanical properties, wide pH operation range, and strong
chemical stability [20, 62, 69, 82, 83, 91, 101]. However, their application in water
treatment is limited due to their hydrophobicity which ultimately leads to reduced
membrane permeability. Most of the polymeric membrane materials that are widely
used in UF processes exhibit hydrophobic properties. PVDF, PVC, and PMAA
have also been used recently for the fabrication of UF membranes. These polymers
are also naturally hydrophobic [10, 37, 55, 94 102, 111]. Membrane hydrophobicity
can cause water flux decline during operation due to the accumulation of organic
compounds that favor the attachment and growth of microorganisms onto the
membrane surface. This usually leads to membrane fouling and subsequently
membrane failure. Thus, to improve their properties and enhance their performance
in water treatment applications, modifications to these polymeric materials are
necessary. These modifications are carried out in such a way that the membrane
hydrophilicity is increased. An increase in the membrane surface hydrophilicity
would enhance the membrane’s antifouling properties for liquid water-based
filtration.

(a) Incorporation of TiO2 nanoparticles into polysulfone (PSF)

Blending and surface modification can be used to incorporate hydrophilic
materials (nanoparticles and amphiphilic copolymers) into UF membranes to
increase their hydrophilicity [49]. A hybrid PSF membrane impregnated with
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modified TiO2 nanoparticles for the impartation of hydrophilic property to PSF has
been proposed recently [66, 107]. The membrane was prepared by grafting the
hydrophilic polymer chains of (2-hydroxyethyl methacrylate) (P(HEMA)) on TiO2

nanoparticles through atom transfer radical polymerization process. PSF mem-
branes were impregnated with the modified TiO2 nanoparticles for achieving better
membrane performance, overcoming agglomeration of nanoparticles on the mem-
brane surface and reducing the leakage of nanoparticles from the membrane during
filtration. The modified TiO2 particles had better dispersibility within the polymer
than unmodified TiO2. The PSF membrane modified with TiO2-HEMA exhibited
improved hydrophilicity, higher water flux, and better antifouling performance than
the pristine PSF membrane and unmodified TiO2 impregnated membranes.

(b) Incorporation of mesoporous silica particles (MSP-1) into polysulfone (PSF)

Incorporating inorganic particles into a membrane’s casting mixture prior to
phase inversion is widely studied because it is a facile approach that can be used to
embed additional particle-based functionalities into membranes [16, 29, 73].
Surfactant-templated mesoporous silica particles (MSP-1) have been incorporated
into PSF matrices formed with and without PEG as a molecular porogen with the
aim of enhancing the properties of PSF membranes [22]. It was observed that
MSP-1 additives increased the hydrophilicity of the membrane by virtue of the
terminal silanol (Si–OH) groups on the pore walls and external surfaces of the
particles. Both MSP-1 and PEG modified the typical morphology of the phase
inversion membrane content. The mechanical properties of the PSF–MSP meso-
composite were comparable to those of their MSP-free counterparts. The addition
of MSP-1 to porogen-free membranes made from casting solutions with low
polymer content led to statistically significant differences in permeate flux. The
addition of only 5.0 wt% MSP-1 had a detrimental effect on flux, yet a further
increase to 10 wt% loading level raised the permeate flux above the value observed
for MSP-free controls. However, when the PEG porogen was included in the
casting mixture, no statistically significant changes either in flux or in rejection
were observed. The mesocomposite membranes showed enhanced dextran rejection
compared to MSP-free membranes, and fouling tests with humic acid solutions
demonstrated that the mesocomposite membranes experienced lower flux decline
and showed higher rejections than their MSP-free counterparts.

(c) Incorporation of zinc oxide (ZnO) and silica nanoparticles into polyvinyl
chloride (PVC) and poly(methacrylic acid) (PMAA)

The impact of incorporating nanoparticles into PVC for enhanced hydrophilicity
of PVC UF membranes has also been studied recently [75]. The effect of incor-
porating zinc oxide (ZnO) nanoparticles into PVC membranes was examined.
Five PVC membranes having variable ZnO percentages (0.3, 1.0, 2.0, 3.0, and 4.0
wt%) were fabricated via the phase inversion method using water as coagulant and
PEG as a pore forming additive. The ZnO impregnated membranes had a higher
hydrophilicity than pristine PVC membranes, with the 4.0 wt%-ZnO membrane
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being the most hydrophilic. An increase in ZnO concentration up to 3.0 wt% led to
an increase in water flux. Further increase in ZnO concentration led to a decline in
water flux due to the agglomeration of ZnO particles at the surface of the PVC
membrane (Fig. 8.4). An increase in ZnO concentration up to 3.0 wt% also led to
increase in membrane porosity, after which it declined. The pristine PVC mem-
branes were only able to recover 69% of water flux after BSA permeation, whereas
membranes containing 3.0 wt% ZnO were able to recover 92% of water flux after
BSA permeation. Incorporation of nanoparticles into PMAA has also been exam-
ined recently for the improvement of the performance of PMAA UF membranes.
Superhydrophilic silica nanoparticles have been grafted onto PMAA membranes
through the process of post-fabrication tethering [49]. An increase in the wettability
of the membranes was observed.

(d) Polyethersulfone (PES)

PES has been used in most of the recent studies on UF membrane separation.
The hydrophilicity of PES membrane has been improved recently by incorporating
mesostructured silica particles functionalized with amine and carboxylic groups
into PES [56]. The morphology, porosity, and pore size distribution of the modified
membrane changed significantly as a result of the incorporation of ordered meso-
porous silica particles. The hydrophilicity of the modified membrane also increased
significantly. Water permeation through the membrane increased as a result of the
enhanced surface porosity and hydrophilicity of the modified membrane. The
antifouling property of the modified membrane was improved, especially against
irreversible fouling, without negatively affecting the protein rejection potential of
the membrane. It was also observed that the modified membrane exhibited a stable
permeation performance during repeated stability tests. In another recent study, a
new hydrophilic polymeric material that is based on PES has been proposed. This
material was named polyether sulfone amide (PESA) [58]. PESA was prepared
through the polycondensation reaction of diamine (4,40-diaminodiphenyl ether)
with dicarboxylic acid (diphenyl sulfone 4,40-dicarboxylic acid) using triphenyl
phosphite (TTP), lithium chloride (LiCl), calcium chloride (CaCl2), and pyridine
(Py) as condensing agents and N-methyl-2-pyrrolidone (NMP) as a solvent. PESA
was further modified by grafting it with two hydrophilic monomers, i.e.,
3,5-diaminobenzoic acid (DBA) and gallic acid (GA) via interfacial polymerization.
It was observed that PESA membrane was more hydrophilic than pure PES
membrane. The modification of PESA membrane with DBA and GA further
increased the membrane’s hydrophilicity. PESA membrane and modified PESA
membrane had greater roughness compared to pure PES membranes. The pure
water flux and humic acid rejection of PESA membrane were higher than those of
the pristine PES membrane. PESA membrane also showed higher antifouling
properties than the PES membrane. The antifouling properties of PESA membranes
were further improved by surface modification with DBA and GA.

The hydrophilicity of PES membrane has also been enhanced by incorporating
PANI nanoparticles into PES UF membranes [48, 76]. To do this, three different
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membranes—pure polyethersulfone, self-synthesized PANI impregnated into PES,
and commercially available PANI impregnated into PES—were fabricated via
phase inversion. The membranes were characterized via contact angle goniometry
and evaluated through direct interaction with BSA, humic acid, silica nanoparticles,

Fig. 8.4 Energy dispersive X-ray (EDAX) spectroscopy showing agglomeration as more ZnO
particles are included in the PVC-ZnO casting solution [75]
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E.coli and Bacillus bacteria. The addition of PANI nanoparticles led to increased
hydrophilicity, enhanced fouling resistance, better flux recovery, improved BSA
and humic acid rejection, and reduced attack from bacteria. Interestingly, the
self-synthesized PANI impregnated into PES membrane was superior to the com-
mercially available PANI impregnated into PES membrane, in terms of membrane
properties. PES UF membranes have also been modified by incorporating highly
hydrophilic polyethylene glycol (PEG) and silver nanoparticles (Ag) into PES using
poly(acrylonitrile-co-maleic acid) (PANCMA) as a chemical linker [71]. Hollow
fiber configuration was used. Polymeric membranes with hollow fiber configuration
are preferred for some separation processes because this configuration has the
advantages of high surface area, self-mechanical support, excellent flexibility, and
ease of handling during module fabrication. The modified membrane was shown to
exhibit enhanced properties including higher hydrophilicity (75.5% decrease in
contact angle), increased water flux (by 36%), and reduced bacterial growth.
Another recent study has improved the hydrophilicity and antifouling property of
PES UF membrane by modifying it with dextran-grafted halloysite nanotubes
(HNTs) [106]. The incorporation of dextran-HNTs into PES membranes led to
significant increase in hydrophilicity as evidenced by the reduction of water contact
angle. In addition, the modified membranes showed higher flux and better
antifouling properties than pristine PES membranes. Interestingly, the modified
membranes had a slightly lower porosity, yet larger pore size than the pure PES
membranes.

Meanwhile, the conventional multi-bore hollow fiber membrane consists of three
or seven bore channels and an outer round-shaped geometry. However, the main
drawback of this geometry is the nonuniform wall thickness. The thinner part of the
membrane wall suffers as the mechanically weak point, while the thicker part
generates additional mass transfer resistance. Therefore, to overcome this draw-
back, an attempt has been recently directed toward the fabrication of a novel
tri-bore hollow fiber membrane with round-shaped bore channels but an outer
triangle-shaped geometry made of Matrimids and PES materials [97]. The
triangle-shaped tri-bore hollow fibers can be fabricated with a combination of a
tri-bore blossom spinneret and defined spinning parameters. The new geometry,
which exhibits a much more uniform wall thickness, was shown to improve the
mechanical properties of both the Matrimids and PES membranes as well as their
water permeation.

(e) Polyvinylidene fluoride (PVDF)

PVDF is another polymeric material that can be modified for enhanced
hydrophilicity. PVDF UF membrane has been recently modified by dipping the
PVDF membrane into a dopamine solution such that the dopamine coats the surface
of the PVDF membrane by self-polymerization [81]. The coated PVDF membrane
was rinsed with water to remove unreacted polydopamine. The coated PVDF
membrane obtained was then dipped into a solution containing TiO2 nanoparticles.
The dopamine acted as a glue to facilitate the attachment and distribution of the
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TiO2 nanoparticles onto the PVDF membrane. The resulting PVDF membrane was
rinsed with water to remove large TiO2 particles that are deposited onto the surface
of the polydopamine-coated PVDF membrane. The TiO2 nanoparticles were
homogeneously distributed on the surface of PVDF and did not agglomerate. The
hydrophilicity of the modified membrane was improved as evident in the significant
reduction of the water contact angle of the membrane. The pure water flux across
the modified membrane also increased significantly, and the BSA rejection of the
membrane was enhanced. The antifouling properties of the membrane were
improved as evident in the low irreversible fouling ratio and a remarkably high flux
recovery ratio (>90%) achieved for BSA separation.

(f) Poly(arylene ether ketone) (PAEK) and poly(ether imide) (PEI)

Other polymeric membranes that have been tested for UF operations in recent
studies are PAEK and PEI [40, 51]. Cardo PAEK membrane bearing hydrophilic
carboxylic acid groups (PAEK-COOH) has been proposed as an alternative to the
traditional hydrophobic PAEK membranes [51]. PAEK with pendent carboxylic
acid group (PAEK-COOH) was first synthesized by the aromatic nucleophilic
substitution polycondensation reaction of 2-[bis(4-hydroxyphenyl)methyl] benzoic
acid (PPH-COOH) and 4,4′-bisfluorodiphenylketone in DMSO. Thermal analyses
demonstrated that the synthesized PAEK-COOH polymer has a decomposition
temperature of 360 °C and glass transition temperature of 220 °C, which suggests
that it is well qualified for preparing membranes to deal with hot water without
temperature controlling. Then, the synthesized polymer was used to prepare a tight
UF membrane by the nonsolvent-induced phase inversion process. The resulting
membrane had a water contact angle of 61.5°. The membrane displayed high water
permeation flux and dye rejection. The antifouling performance and antidye
adsorption properties of the membrane are also promising, possessing a flux
recovery ratio of 91.5% for BSA, and dye adsorption rate below 5.0% for all the
studied dyes (Congo red, Coomassie brilliant blue R250, Direct red 23, and Evans
blue (EB). The membrane is thermally stable and suitable for high-temperature
filtration applications.

PEI UF membrane has been modified recently by blending PEI with
N-phthaloylated chitosan (NPHC) so as to enhance the antifouling properties of the
membrane [40]. The modified membrane was more hydrophilic than the unmodi-
fied membrane. The roughness of the surface of the modified membrane was greater
than that of the unmodified membrane. The surface roughness increased with
increasing NPHCs content. Pure water flux increased with increasing concentration
of NPHCs in the NPHCs blended membrane. Meanwhile, when the concentration
of NPHCs in the NPHCs blended membrane was increased, the capacity of the
fabricated membrane to reject protein became lower while permeate flux increased.
However, the separation of heavy metal ions increased with increasing concen-
tration of NPHCs in the NPHCs blended membrane. Maximum flux recovery was
achieved for the PEI/NPHCs blended membrane when the NPHCs concentration
was 2.0 wt%.
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8.2.4 Polymers for MF

MF membranes have been mainly used in membrane distillation (MD), MBRs, and
wastewater treatment processes [1, 7, 30, 32, 99]. Industrial and domestic
wastewater contains harmful organic pollutants (like pharmaceutical compounds)
which constitute a great threat to aquatic species and the environment in general.
Advanced technologies such as advanced oxidation processes (AOPs) have proven
to be very efficient in cleaning recalcitrant wastewater. One of the most important
AOPs is photocatalysis via TiO2, which completely mineralizes a wide range of
organic compounds. The direct incorporation of TiO2 nanoparticles onto MF
polymer membranes has been proven to be a viable membrane separation technique
recently [24]. Titanium tetraisopropoxide (TTIP) was used as the precursor for
TiO2. TTIP hydrolysis prevented the formation of agglomerates and increased the
bonding strength of the TiO2 particles formed. PES and PVDF membranes were
used as the supporting structures for TiO2 nanoparticles. After the attachment of
TiO2 particles, a decrease in the porosity of the membrane was observed. However,
the attached TiO2 showed the ability to degrade various molecules like dyes, drugs,
and pesticides.

MD is a thermally driven process by which water molecules are separated from
other undesired substances through porous membranes [7, 8]. Hydrophobic mem-
branes are required for MD applications because MD works based on the principle
of vapor permeation. The vapor pressure difference across a hydrophobic mem-
brane is the driving force in MD. Although MD is known for its easy implemen-
tation and utilization of heat, it has not yet gained industrial-scale application due to
its drawbacks, among which MF membrane fouling and low flux are the most
predominant and hard to tackle. Nonetheless, it has recently been reported that an
increase in the flux had been observed in DCMD membranes by tetrafluoromethane
(CF4) plasma surface modification [103]. Although the vapor flux through the
plasma-modified membrane reached its maximum at about 15 min and then started
to decrease, the overall flux of the modified membrane was still higher than that of
the virgin membrane. The PVDF membranes were converted to superhydrophobic
membranes through CF4 plasma treatment, which resulted in the enhancement of
flux and salt rejection.

MBRs have gained popularity in wastewater treatment due to its high quality of
processed water, reduction in excess sludge, controllability of solids, and mini-
mization of required footprint [36, 65]. Although it has many positives, one of the
most important drawbacks of MBR operations is also membrane fouling [9, 47]. In
order to potentially overcome this, graphene oxide (GO) is currently being incor-
porated with MF membranes to prepare MBR membranes with antifouling prop-
erties [45]. This is due to the unique properties of GO such as hydrophilicity and
large negative zeta-potential attributable to its functional groups. These properties
enhance water permeation through the membrane and impede biofouling. It has
been observed that the thickness of biofilm formed by the microorganism on
GO-incorporated membranes decreases and the negative zeta-potential increases
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when the GO content within the membrane is increased [47]. The addition (up to
1.3 wt%) of GO to the membrane dope helped to prevent fouling and increase pure
water flux through the membrane significantly. Above 1.3 wt% of GO would result
in an increase in polymer solution viscosity, which can result in the reduction of the
membrane pore size and water flux. High energy demands resulting from mem-
brane fouling is an indirect drawback associated with MBR operations. Therefore,
research on osmotic MBRs (OMBRs) has been intensified recently [43, 53, 98]. The
driving force in OMBRs is the osmotic pressure difference between the feed and
draw sides of the membrane, rather than hydraulic pressure difference. However, as
compared to a conventional MBRs, OMBRs contain a high rejection semiperme-
able membrane instead of a microporous membrane. Although the fouling potential
is comparatively much lower in OMBRs, membrane fouling still does occur. The
elevated salinity and salt accumulation, the interactions of inorganic ions and
organic foulants, and the scaling of low soluble salts under high ionic strengths
might even contribute toward more complex fouling phenomena [74]. But, due to
the absence of hydraulic pressure in OMBRs, the compaction of membrane foulants
is milder and hence fouling could be easily curtailed by hydrodynamic shear.

8.3 Summary

The fabrication procedures, features, and performance of the polymers used in
recent filtration processes are discussed in this chapter. These processes include RO,
NF, UF, and MF. The polymers used recently in systems such as MBRs and MD,
where membrane filtration is employed, are also discussed. The efficiency of a
membrane filtration process depends on the type of polymer, the physical charac-
teristics of a polymeric membrane, and the functional groups on the surface and
interior of the polymeric membrane. A membrane with desirable properties can be
fabricated through the modification of the membrane-forming polymers. This
modification can be achieved through the incorporation of materials such as
copolymers and nanoparticles into the membrane matrix. For RO, there is a general
preference for PA TFC membranes recently, but the application of these mem-
branes is restricted by the chemical attack of the amide group in PA due to chlorine
and other oxidizing compounds. Meanwhile, surface modification by zwitterionic
polymer can be used to achieve higher permselectivity and water flux. In addition,
SPAES lacks amide linkages; so TFC membranes based on SPAES have high
resistance to chlorine attacks. These zwitterionic coatings and reactive groups that
can form chemical bonds such as PFPA also have the potential to impart antifouling
properties to RO membranes. Nanofillers such as CNTs can be employed to
improve the salt rejection properties of RO membranes. However, further research
is needed to improve the mechanical integrity of CNT nanofillers for long-term
processes. For NF, PEEK contains a low level of sulfonation and can be used with
polymeric membranes to achieve resistance again solvents, acids, and bases. The
grafting of fluorinated PA onto the surface of the PA NF membranes could be used

182 A. Giwa et al.



to improve the resistance of PA TFC membranes to fouling. The fluorinated PA has
the potential to reduce the surface energy of TFC membranes, thereby reducing the
adsorption of foulants on the membranes. In addition, cross-linkers and sulfonic
acid group are capable of enhancing the hydrophilicity of NF membranes.

Most of the recent works on polymers used for UF have been focused on the
incorporation of inorganic particles into the polymeric casting mixture prior to
phase inversion. The use of surfactant-templated mesoporous silica particles, GO,
and ZnO in the fabrication of UF membranes is capable of improving the
hydrophilicity of the nanocomposites formed. An improvement in membrane
hydrophilicity might result in an increase in pure water flux across the membrane
and membrane fouling reduction. The separation properties of the nanocomposites
such as morphology, porosity, and pore size distribution can be significantly tai-
lored through such modifications. The dipping of the PVDF membrane into a
dopamine solution has also been shown as a method of imparting hydrophilicity to
PVDF UF membrane in a recent investigation. Recent advancements in the mod-
ifications of the functional and structural properties of polymers for filtration are
ongoing, and it is expected that further improvements in the future would ensure
more efficient and less expensive filtration processes.
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