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Chapter

Principles of Membrane
Surface Modification for Water
Applications

Yilmaz Yurekli

Abstract

Membrane technologies offer efficient and reliable solutions to separate
components from aqueous media. Among them, pressure driven membrane separa-
tion processes namely microfiltration (MF), ultrafiltration (UF), nanofiltration
(NF) and reverse osmosis (RO) have been preferred in many industrial operations
(food, pharmaceutical, chemical, drinking water, wastewater) due to the intrinsic
advantages such as high selectivity, stability, ecocompatibility, scalability, flex-
ibility, small footprint and low operational cost. This chapter will focus on the latest
developments of surface modified polymeric membranes via the Layer-by-layer
self-assembly approach and incorporation/decoration of nanomaterials. Variable
parameters including size and charge of polyelectrolyte, ionic strength of the media,
number of bilayers, and different types of nanomaterials on the bulk and surface
property, water permeability, selectivity, antifouling, antibacterial, and adsorptive
properties of the resultant composite membranes will be reviewed by comparison
with the neat membranes. Membrane stability in terms of throughput and rejection
characteristics during long-term filtrations will be addressed in this chapter.

Keywords: fouling, layer-by-layer self-assembly, membrane, nanometaloxide,
surface modification

1. Introduction

The global water scarcity is one of the critical issues faced by human beings.
Sustainability of the available water resources is very important for society’s
development which renders the transformation of wastewater into clean water is
mandatory. One of the most challenges in the treatment of industrial and municipal
wastewater is the quality and the corresponding cost of the treated water. Recent
improvements in membrane technology have emerged as the most important and
reliable treatment method for wastewater separation and recycling by the unique
features including no need for chemical additives, thermal inputs, and spent media
regeneration. The fact that the membrane market in the water and wastewater
segment around the world is projected to reach USD 39.2 billion with a compound
annual growth rate (CAGR) of 10.8% from 2013 to 2019 is a true indicator of this
appeal [1]. Among different kinds of membrane materials, polymer-based mem-
branes have the most common use owing to their relatively cheap manufacturing
costs and simple fabrication processes [2, 3]. Polymeric UF, NF, and RO membranes
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have been successfully used for the production of clean water and recent improve-
ments have been summarized by Deng and Yin [4].

The hydrophobic nature of the polymeric membranes with their inherent
permeability/selectivity trade-off is the most prominent problem that causes
membrane fouling and lower throughput [5]. Applying one of the surface modi-
fication strategies (coating, grafting, blending, etc.) to convert surface non-polar
groups into strong polar groups by the introduction of -OH, -COOH, -NH, has been
accepted as a facile and robust way for the manufacturing of the membranes with
desired hydrophilicity, leading to improved performance in terms of permeability,
selectivity, and antifouling properties [6, 7]. It must be pointed out that the number
of modification steps during the membrane fabrication process makes it difficult
for large-scale production and the bulk structure of the membrane can be worse
affected by the complex technological process, which will result in impairing the
separation performance and mechanical strength of the membrane.

The LbL self-assembled surface modification via polyelectrolytes provides a
defect-free ultra-thin surface accomplished on any negatively or positively charged
surface by a single-step process. In addition, it is an environmentally benign process
involving aqueous solution as the media at moderate temperatures. Another approach
adopted to improve membrane performance is the impregnation/decoration of inor-
ganic nanomaterials in/on the membrane. According to the literature, TiO,, ZnO and
Ag NPs [8-10] provide antibacterial, SiO, NPs [11] electrical conductance, carbon
nanotubes (CNTs) such as single-walled CNTs (SWCNTs) and multi-walled CNTs
(MWCNTs) [12] and graphene oxide (GO) [13] new water pathways, Fe catalytic
property, and FeO NPs [14] magnetic property to the membrane. The hydrophilic
nature of the nanomaterials with their high surface area to volume ratio, photocata-
lytic, antibacterial, and adsorptive capabilities have been widely utilized to modify
the conventional polymeric membranes, aiming to overcome their limitations. For
example, GO and TiO, nanoparticles have been attracted considerable attention,
in which the former has abundant of oxygen-containing functional groups (e.g.,
carboxyl, carbonyl, epoxy groups, and hydroxyl), making them hydrophilic, hence
improves membrane permeability [15], while the latter can contribute to continuous
oxidation reactions, result in destruction or lethal effect on bacteria, virus, fungi, and
algae [16, 17]. Zeolite nanoparticles with high ion exchange capability, on the other
hand, add new functionality to the above-mentioned nanoparticles. Zeolites have
well-defined porous structures and offer mobility of alkali and alkaline earth metals,
in order to compensate net negative charge between Si4+ and Al3+ in the framework
makes zeolites excellent adsorber for the removal of many target solutes [18-20].

The nanomaterials can be incorporated into polymer dope by physical blending [21]
or deposited as a thin layer on the active layer of the membrane via layer-by-layer self-
assembly [22], interfacial polymerization [23], surface grafting [24], or filtration

[25, 26] methods.

In the following sections, recent developments in the fabrications and applica-
tions of membranes that meet the required throughput, selectivity, mechanical
integrity, resistance to fouling, and low manufacturing cost will be discussed.
Throughout the chapter, membrane modification techniques via layer-by-layer
self-assembly and decoration/incorporation of inorganic nanoparticles (hybrid
membranes) will be focused. The effect of variable parameters including size and
charge of polyelectrolyte, ionic strength of the media, number of bilayers, and dif-
ferent types of nanomaterials on the bulk and surface property, water permeability,
selectivity, antifouling, antibacterial, and adsorptive properties of the resultant
composite membranes will be highlighted. Benefits and drawbacks of blending and
coating methods will be discussed.
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2. Surface modification strategies

This section focuses on the two methods commonly used for the modification
of the surface properties of polymeric membranes. They are LbL self-assembly
approach with and without inorganic nanoparticles, and surface decorated polya-
mid (PA) skin layer of thin film nanocomposite (TFN) membranes.

2.1 Surface modification based on LbL self-assembly

LbL self-assembly is a noninvasive method that does not impact the bulk
properties of the supporting membranes. The superiority of this technique lies
in the well-controlled of thickness, roughness, and charge of the layer. LbL uses
polyelectrolytes which are normally hydrophilic and exhibit a charge. Chitosan,
Polyethyleneimine (PEI), Poly(diallyldimethylammonium chloride) (PDADMAC),
Poly (allylamine hydrochloride) (PAH) are extensively preferred cationic polyelec-
trolytes, while alginate, Poly(sodium 4-styrenesulfonate) (PSS), Sodium carboxy-
methyl cellulose are preferred as anionic polyelectrolytes [27, 28]. Deposition can
be accomplished by alternating oppositely charged polyelectrolytes on support
followed by rinsing after each step, which is used to remove excess and weakly
adsorbed polyelectrolytes, hence defect-free ultra-thin layer around 2 nm is formed.
A binary layer formed by two opposite polyelectrolyte deposits can be reproduced
up to 60-100 multilayers [29, 30]. One of the coating processes including dip
coating, spin coating or spray coating, which are schematically represented in
Figure 1 can be applied for LbL assembly. The main drawback of dip coating is the
long process time due to diffusional resistance, and rinsing for the elimination of
polyelectrolyte complex formation and hence flocculation on the surface. Successive
deposition of highly ordered polyelectrolyte multilayers as a result of rapid rear-
rangement of polymer chains on the substrate is performed by a spin coating within
a short time, however, the surface area of the material to be coated is limited. In the
case of spray coating process, the polyelectrolyte solution is sprayed over a support
membrane and the excess solution is drained by gravity. The processing time to
finish deposition is almost two orders of magnitude lower than the dip-coating
process and large surfaces can be easily coated with an automated spray coater.

The thickness and the morphology of the layers are influenced by the polyelec-
trolyte type, number of bilayers and deposition conditions (pH, salt concentration,
polyelectrolyte concentration, and deposition temperature and time). For example,
linear growth in the multilayer thicknesses was achieved for the PSS/PDADMAC
system at 25 °C, while, the increase was reported exponential at 55 °C [32]. The
number of sequential layered pairs is commonly known as to produce the thicker
film, which corresponds to a lower permeability. However, according to Lajimi’s
results, the maximum flux, charge density, and hydrophilicity were observed when
the number of CHI/ALG bilayers attained 15 [33]. This was explained by the transi-
tion of polyelectrolyte layers from a loose stratified structure to a tightened inter-
penetrating granular structure. In the following subsection, various parameters
affecting the structure of the deposited layers will be discussed.

2.1.1 Factors affecting the structure of the LbL modified membranes

One of the most important parameters controlling the thickness, stability,
and structure of layers is the salt concentration (ionic strength). Increasing ionic
strength leads to thicker layers with a rougher surface [34]. The polyelectrolytes
at high salt concentrations turn to coiled and loopy structures (instead of a flat
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Schematic representation of different processes used for LbL assembly: (A) dip coating, (B) spin coating and
(C) spray coating. [31].
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Figure 2.
Variation of the PEI deposition layer with respect to ionic strength of PEI solution. NaCl concentration in PEI
solution (a) o M and (b) 0.5 M [35].

surface) with more charged chain segments, due to the screening effect, which
prevents the electrostatic interaction between polyelectrolyte charges. This behavior
is represented schematically in Figure 2 [35]. In the presence of salt, more PEI
adsorption occurs as a result of reduced segment/segment repulsions and increased
surface/segment attractions. The reduction in repulsive forces between polyelec-
trolyte segments makes them small coils covering lower surface area per chain,
causing to a larger area density of segments. The former is connected to the radius
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of gyration (Rg), directly related to selectivity, while the latter is related to surface
charge density. Tekinalp showed that the surface charge groups of PEI deposited
layer in the presence of salt was higher compared to the salt free case. It has been
also proposed that the first polyelectrolyte solution should contain a high concen-
tration of salt, to improve surface segment interactions and thus higher polyelec-
trolyte adsorption, where a higher unbound charge can be used to form a stable
and thin second layer. On the other hand, there is no need to add salt to the second
polyelectrolyte solution in order to prevent the formation of thick and rough layers.

The strength of the interactions between polyelectrolyte layers, hence stability
of the deposition is depended on the salt counterions which participate in charge
neutralization called extrinsic compensation. The following ion exchange reaction
can be used to explain this phenomenon [36]:

Pol" Pol, Na,, +Cl,, <> Pol"Cl, + Pol” Na,, 1)
2 2
) )
(1) [NaCl] | [Nucl],
y—0

where, m, K, and y represent deposited layers, equilibrium constant, and
extrinsically compensated polyelectrolyte multilayers, respectively. High salt
concentration results in an increased charge screening as the extrinsic charge
overcompensation ( Pol"Cl_Pol Na, ) is dominant over the intrinsic charge com-
pensation ( Pol*Pol_ ). At this condition, chains are more mobile due to the poor
interactions between polyelectrolytes, which will enhance the possibility of layers
detachment [37]. In fact, multilayer formation is thermodynamically favorable as
the polyelectrolyte complexation has a small enthalpy change and increase in
entropy [38]. The displacement of counterions when polyelectrolytes adsorb on an
oppositely charged polyelectrolyte creates an increase in entropy. The sum of three
terms determine the Gibbs free energy change of the LbL process. The first one,
which is known as intrinsic compensation is the attraction energy carried out
between surface charge groups and opposite charges on the polyelectrolyte. The
second one, which is not desirable through LbL process is the conformational
change caused by entropy loss. The third term is another penalty for deposition and
is related to the segment/segment repulsive energy. It is clear that detachment of the
deposited layers is prone when the sum of the repulsive and conformation energies
exceeds the attraction energy. Therefore, charge density of polyelectrolytes and the
ionic strength of the solution predominantly control the stability of the deposited
multilayer. However, in some cases, where long-term usage under harsh condition
of water purification, stability would be required to be increased, alternatively by
using crosslinker between each polyelectrolyte layer [39].

Solution pH is another parameter influencing the morphology of the deposited
layer. Thicker layer forms during polyelectrolyte assembly carried out at a high pH.
Thin layers with flat chain conformations are attained in the case of highly charged
polyelectrolytes. Polyelectrolytes at high pH are partially ionized and incorporat-
ing more nonionized chain segments is prone to swell. Therefore, the solution pH
determines the charge density of polyelectrolytes, hence surface charge density. At
the deposition pH corresponding to the average of the pKa values of the polycation
and polyanion, maximum density of ionic cross-links in the assembly is achieved.
Unless the charge density is below a minimum value the charge reversal is possible
for the formation of multilayers [40].
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In order to overcompensate surface charges, charge density and polyelectrolyte
concentration in dipping solution should be high. Temperature selected during
polyelectrolyte assembly influences the final structure of the film. Higher tempera-
ture results in thicker layer due to the chain mobility leading to an increase in the
number of loops and tails adsorbed to the membrane surface. The molecular weight
of polyelectrolyte influences the stability of the deposited layer. Wang et al. studied
the impact of molecular weight of cationic PEI on the permeability and rejection
performance of the hydrolyzed PAN membrane [41]. 3.5 bilayers were established
by keeping the molecular weight of sulfonated poly (ether ether ketone) constant,
which was selected as an anionic polyelectrolyte. Water fluxes with the increase in
layers were decreased for both high (25,000) and low (800) molecular weight PEI,
however, no salt rejected in the case of low molecular weight PEI was observed.
This was explained by the lower structure of the selective layer. Consequently,
when using low molecular weight PEI, a higher number of layers could be necessary
to achieve salt rejection. The support membrane is, on the other hand, limited to
the first few bilayer depositions. Surface charge density and the relative dielectric
permittivity of the support may alter the morphology of the multilayer assembly up
to a thickness in the micrometer range [42]. In general, a good support membrane
for the LbL assembly is expected to have a low surface roughness and a high surface
charge density.

2.2 Surface modification containing nanomaterials (TFN)

The purpose of the surface modification of membranes used in water treatments
is to reduce or eliminate fouling, which is the main problem in any membrane
separation process. In the NF processes, the starting material is usually selected
as UF membrane. The polyamide thin film composite (TFC-PA) membranes have
been successfully used in water treatment for the purpose of desalination and
decolorization, however, membrane fouling and chlorine intolerance cause to
decline the permeation flux, shorten the service life, and increase the operating
cost, and hence reduce the long term process efficiency. Therefore, researches
based on nanoparticle decorations in a skin layer of the asymmetric membrane for
NF applications have been rapidly increased.

In TFC-PA approach, nanoparticles are introduced either in organic or aque-
ous phase. However, the hydrophilic nature of the mostly inorganic nanomaterials
necessitates their use in aqueous amine solution. Interfacial polymerization (IP)
occurs as soon as acyl and amine monomers interact with each other, in which
nanoparticles are either embedded within the polymer matrix or dispersed on top
of the polymer film depending on the approach of introducing nanoparticles. The
so-called membrane is typically rinsed with hexane or water followed by heat treat-
ment to complete polymerization.

Carbon nanotube (CNT) has intensively attracted attention due to high aspect
ratio, low density, mechanical strength, and stiffness. However, its hydrophobic
nature makes dispersion problems in various solvents (NMP, DMAc, DMSO,
DMF) as well as within a polymer matrix. Therefore, many efforts have been
focused on introducing hydrophilic/functional moieties or macromolecules on
a CNT surface [43]. Various methods, including acid treatments, plasma oxida-
tion, chemical grafting, in situ polymerization, amination, hydrothermal treat-
ment, and TiCl4 precipitation on the acid treated multi-walled carbon nanotube
(MWCNT) have been successfully investigated for the addition of functional
groups such as carboxylic, amine, hydroxyl etc.

MWCNT-NH, has been embedded in PA layer to improve separation perfor-
mance of the NF membrane. Dispersion of 0.001 to 0.01 w% MWCNT-NH, in
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piperazine monomer solution followed by the interfacial polymerization revealed
that the MWCNT-NH, was successfully dispersed within the PA layer, and the
modified NF membranes had high hydrophilicity, smoothness, enhanced separation
performance, and antifouling property [44]. Similarly, Xue et al. studied the effect
of MWCNTs with different functional groups (MWCNT-COOH, MWCNT-OH,

or MWCNT-NH) on the NF performances [45]. Piperazine solution consisting of

1 w% functionalized CNT was cast on PSf UF membrane. The coated membranes
were than immersed into an organic acyl solution to initiate interfacial polymeriza-
tion. The remarkable results for thin film nanocomposite NF membranes obtained
from different fabrication approaches are summarized in Table 1.

Wu et al. used MF membrane to fabricate NF by vacuum filtration of function-
alized CNT suspension followed by IP process [55]. The thickness and roughness
of the intermediate layer determined the PA active layer morphology. Authors
observed that the thickness of the active layer was increased with an increase of
CNT layer which associated with the absorbed monomer on the coated membrane.
Remarkable results from CNT loaded UF and NF membranes have been summa-
rized in literature [43].

GO is another carbon-based nanomaterial, which has charged oxygen-containing
functional groups. Owing to its laminar structures with high surface area, GO
nanosheet is mostly preferred for MF, UF membrane surface modification via
vacuum filtration or LbL assembly methods. The number of deposition cycles can
adjust the thickness of GO layer at a molecular level. Thin layer formation occurs
based on alternatively depositing polyelectrolytes and GO nanosheets through

Substrate Method Nanofiller Remarkable features Ref.
PSf IP (PIP-TMC) Modified SiO, Enhanced fouling resistance, [46]
NPs (100 nm) long term stability and proper
pore size
PSf IP (TMC-MPD) Biocidal GO Good bacterial inactivation [47]
nanosheets without alteration intrinsic
transport properties of the
membrane
PSf IP (TMC-MPD) GO nanosheets Enhanced water permeability [48]
PES IP (PIP-TMC) ZIF 8/GO hybrid High antibacterial activity and [49]
nanosheets salt retention
PES PVA coating layer TiO, Enhanced water flux and NaCl [50]
salt rejection
PAN PEI-g-GA coating Impressive prospect for the dye [51]
layer reuse
PES Chitosan High antibacterial activity [52]
incorporated GO
coating layer
PP (MF) LbL (CMCNa- PEI) Highly potential to the [53]
crosslinked with application of dye removal and
GA partial desalination with high
permeability.
PVDF Vacuum filtration LDH@g-C3N4@ Superior dye rejections, water [54]
PDA/GO flux, and photocatalytic self-
cleaning ability

Table 1.
Thin film nanocomposite NF membranes fabricated by using different approaches and their performance
SUmmary.
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electrostatic attractions. Zhao et al. fabricated ultrathin hybrid membranes via LbL
self-assembly using gelatin (GE) and GO on hydrolyzed PAN membrane [56]. The
positively charged GE interacted with negatively charged GO in the self-assembly
process, leading to efficient multilayers.

Song et al. functionalized and anchored GO nanosheets with polyelectrolyte
to further enhance the separation performance of the GO membranes [57]. GO
modification was carried out with ethylenediamine (EDA) molecules, followed by
poly (allylamine hydrochloride) (PAH) anchoring to amplify the surface charge
density. Amine reduced GO (ArGO) anchored by PAH (PAH@ArGO) nanosheets
with positive charge and PSS@GO nanosheets with negative charge were alter-
nately deposited on the polycarbonate support via LbL assemblyThe selective layer
thickness of the PE@ArGO membrane was about 160 nm, possessed high density
positive/negative charge gated ion transport nanochannels and superior salt rejec-
tion by means of Donnan charge exclusion.

However, instability of GO (disintegration or re-dispersion) in water is one
biggest block that limits its practical usage. Covalent crosslinking is a promis-
ing strategy for the solution of this problem. The functional groups on the GO
nanosheets such as hydroxyl and carboxyl groups are convenient sites for the
cross-linking reaction with different crosslinker. Mie et al. fabricated a GO mem-
brane covalently cross-linked by 1,3,5- benzenetricarbonyl trichloride between
acyl chloride and carboxyl groups [58]. Results revealed that cross-linking effec-
tively ensured the GO membrane with necessary stability to prevent its inherent
dispensability in an aqueous environment.

MOFs are porous crystalline materials possess superior compatibility in polymer
matrix, apart from other inorganic nanomaterials. By their unique features includ-
ing size, shape, and polarity, MOFs provide preferential passage for certain mole-
cules, simultaneously rejected undesired substances, when embedded in membrane
phase. Gong et al. prepared positively charged NF membrane by incorporating
NH2-MIL-125(Ti) porous titanium based MOFs material into PEI and trimesic acid
(TMA) crosslinking system [59]. The structure and the experimental procedure are
illustrated in Figure 3(1a-c and 2). The effect of MOFs loading amount on the NF
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Figure 3.

(1) (a, b) Schematic of NH2-MIL-125(Ti) structure (H, white; C, black; O, red; N, blue; Ti, yellow
polyhedral) and (c) the structural formula of NH2-MIL-125(Ti), (2) Schematic of the preparation of NH2-
MIL-125(Ti)/PEI/TMA composite membranes, (3) The effect of NH2-MIL-125(Ti) loading on heavy metal
removal performance of NH2-MIL-125(Ti)/PEI/TMA composite membranes, (4) Selectivity of different PEG
solutions (pressure: 4 bar; solute concentration: 200 mg/L) by the MPT-o0.010 composite membrane, (5) Heavy
metal (Ni2+) removal performance of the MPT-o0.010 composite membrane at different (a) feed concentrations
(test pressure: 4 bar) and (b) test pressures (salt concentration: 1000 mg/L) [59].
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performance, metal rejection, and stability were studied. The surface roughness

of the membrane increased from 6.9 to 92.4 nm when the MOFs loading increased
from 0.0 to 0.02 w%. The rejection of Ni**, Mn**, Zn>* and permeability optima
was obtained, at 0.01 w% of MOFs (Figure 3 (3)). Beyond this value, metal rejec-
tions reduced seriously. The MWCO of the membrane based on 90% or above PEG
rejection (Figure 3 (4)) showed that the composite membrane could be considered
as a loose NF membrane having an effective pore radius and PEG rejection of
1.5-2.2 nm and 1000-2000 Da, respectively. Furthermore, the resultant composite
membrane was found to be positively charged over a large pH interval (3-11) that
could be ascribed to the protonation of amine groups. The increase in hydraulic
permeability, while maintaining with similar rejection by the introduction of MOFs
was attributed to the preferential water channels and suitable window size, that
can selectively cut off heavy metal ions allowing water molecules to pass through.
In addition, the positive surface charge density of the nanocomposite membrane
contributed to the rejection of heavy metal cations by electrostatic repulsive forces.

3. Blending method

The introduction of inorganic nanomaterials (eg. TiO,, ZnO, GO, AlL,O;, and
Si0,) into polymer dope to make mixed matrix membrane (MMM) has been
favored over the other methods including coating and grafting due to its simplic-
ity. These nanoparticles are attractive in wastewater treatment, because of their
porous textures, high surface area to volume ratio, high pore volume and their
surface functional groups (-OH) which impart enhanced hydrophilicity and surface
properties of the resultant membranes. They form new water pathways, increase
solute rejection and control the degree of fouling.

MMM can be configured in both flat sheet and hollow fiber forms based on
phase inversion process. Homogenous solution is prepared by dispersing the
nanomaterials in a suitable organic solvent (N-methyl-2-pyrrolidone, dimeth-
ylformamide, dimethylsulfoxide, dimethylacetamide). A certain amount of
polyethyleneglycol or polyvinylpyrrolidone as pore former is introduced to the
solution. After sonication, the suspension is slowly added into the main membrane
forming material (PSf, PAN, PWDF etc.). The dope solution is continuously stirred
overnight, followed by casting process with the required thickness. An asym-
metric membrane is then produced by placing the composite film into coagulation
bath for nonsolvent induced phase inversion. The incorporation of the inorganic
nanoparticles alter the bulk structure of the membrane as they hinder the interac-
tion between polymer and solvent molecules [60]. Their hydrophilic character
changes the solvent exchange rate during phase inversion process leading to a thin
and dense selective layer with a finger like support layer. The hydrophilic nature of
the nanoparticles causes them to move towards the surface during phase inversion
process. This enhances the surface properties of the resultant membrane.

3.1 Nanocomposite membranes prepared by blending method

The research in improving the properties of nanofiltration membranes is
recently increased tremendously. Various nanomaterials including GO, CNT, metal
organic frameworks (MOF) (ZIF-8), TiO,, SiO,, zeolite, have been incorporated
to form a nanocomposite membrane with high performance. In the following
part, a review will be provided to highlight the performance of these composite
membranes.
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3.1.1 Metal organic frameworks

MOFs consist of metal ions or clusters coordinated to organic ligands to form 1D,
2D or 3D structures. High crystallinity, porosity (up to 90%), internal surface areas
(over 6000 m?/g), and stability make MOF ideal candidate for the enhancement
of the membrane performance. The possibility of synthesizing different structures
having various sizes and functionalities for a specific application is another advan-
tageous of the MOFs [61]. This is important, since the main problem encountered
during incorporation of inorganic nanomaterials into polymeric matrix is their
incompatibilities [62]. Filler-polymer compatibility can be improved by the organic
constituents of MOFs.

Ze-Xian Low studied the effect of 2D ZIF-L nanoflakes on the performance of
the PES UF membrane [63]. Incorporation of ZIF-L was significantly improved
water flux without greatly altering the MWCO of the modified UF membrane.
Similarly, the combined effect of lower surface roughness, zeta potential, and
higher hydrophilicity, caused to a lower bovine serum albumin (BSA) attachment
onto the surface of the composite membrane. With those outstanding features,
fouling resistance of the so-called membrane against BSA enhanced almost twice
with more than 80% flux recovery.

In literature, MOF type materials have been extensively studied in heavy metals
adsorption as they provide tunable pores and high specific area [64, 65]. The
adsorptive characteristics of UiO-66-NH2 MOF has been tested by incorporating
into PAN/CHI dope solution to make composite nanofiber [66]. The adsorptive
membrane incorporated with 10 w% of UiO-66-NH2 MOF showed maximum
monolayer coverage of 441.2, 415.6, and 372.6 mg/g for Pb*, Cd*, and Cr®,
respectively, in static condition. In crossflow filtration, carried out 20 mg/L initial
metal concentration at 1 bar TMP, the permeation flux and metal removal were
observed as for 452, 463, and 479 L/m”.h., and 94, 89, and 86%, respectively for
Pb*, Cd**, and Cr®". During long term filtration, slightly reduced permeation flux
and rejection were obtained up to 18 h., beyond this point, a significant reduction
in both flux and rejection revealed that the nanofibrous membrane pores were
saturated.

3.1.2 Zeolite NPs

Zeolite nanoparticles with their unique properties such as high ion exchange
capacity and fast adsorption rate make it excellent choice for the separation of
heavy metals in wastewater treatment [67] and desalination process [68]. In the
study of Yurekli, variations in the morphologies and the filtration performances
of the zeolite NPs blended PSf hybrid membranes have been investigated with
respect to the loading amount of zeolite NPs [67]. Figure 1 indicates surface and
cross-sectional SEM microphotographs of the native and zeolite NPs incorporated
PSf membranes. Formation of the new pores with larger diameters in Figure 4 has
been attributed to the phase separation occurred quickly and to the aggregation of
the NPs. Compared to the native PSf membrane, zeolite loaded PSf membrane has
more uniformly distributed finger-like pores which are extended through the thick-
ness of the membrane that shortens the pathway (tortuosity) of the solutes, hence
improve the hydraulic permeability. An increase in the hydraulic permeability value
of 94% for the PSf10-30 membrane has been attained compared to the pristine PSt
(23.2 L/m2.h.bar). It was observed that the retention of heavy metals through the
PSf10-30 membrane was more pronounced at lower transmembrane pressures and
heavy metals concentrations.
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Figure 4.

SEM microphotographs of the native and zeolite incorporated PSf membranes; (a, c) top surface and (b, d)
cross-sectional images of the native and 10% zeolite added PSf membranes, (e) hydvaulic permeabilities of
the PSf membranes prepared with different amount of zeolite NPs, (f) Pb2+ and (g) Ni2+ concentrations in
permeate duving filtrations of Pb2+ or Ni2+ aqueous solutions, respectively in diffevent initial concentrations
through PSf 10-30 membrane at 1 bar. [67].

3.1.3 GO NPs

Similarly, Mukherjee et al. studied the impact of GO NPs on the removal of
heavy metals using mixed matrix membrane (MMM) [69]. GO NPs were syn-
thesized based on the modified Hummer method, blended in different fractions
with PSf dope solution and prepared the MMM by phase inversion method. The
main results extracted from the study of Mukherjee is depicted in Figure 5. From
Figure 5(a)-(c) addition of GO NPs into PSf matrix increased MWCO, porosity,
negative charge density, and permeability of the MMM. Based on the prelimi-
nary cross-flow tests 414 kPa was selected as optimum TMP considering both
rejection and permeabilities of the membrane. In order to investigate reusability
of the MMM, the fouled membrane with 50 mg/L chromium aqueous solution
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Figuress.

Effect of GO concentration on (a) MWCO and porosity; (b) zeta potential at neutval pH (c) contact angle
and permeability. Effect of regeneration on (d) permeate flux and (e) rejection by GO 0.2 membrane, with
414 kPa TMP, 40 I/h CFR and operated at pH 10. (f) Long duration filtration performance of GO 0.2
membrane in case of filtration of mixed metal solution at 414 kPa TMP and 40 L/h CFR. [69].
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in cross-flow mode of 414 kPa and 20 L/h of retentate flow rate for 1 hour was
washed first with water for 10 min and then with acidic solution at pH 5.5 for

30 min and again with water to remove all the acidic residuals. All the steps in the
regeneration cycle were carried out in dynamic conditions similar to the case in
fouling. The reduction in solution flux at each cycle was explained as the accumu-
lation of chromium ion at the GO surface, which was also observed by the reduc-
tion in rejection values in the consecutive cycles (Figure 5(a) and (b)). The results
from long term filtration performance of the MMM with respect to the mixed
metal solution (Cr, Cu, Cd, and Pb) each having concentrations of 50 mg/L, as
illustrated in Figure 5(f) demonstrated the permeate flux decreased continu-
ously. The authors concluded that the simultaneous adsorption of different heavy
metals, on the membrane increased the resistance of adsorption, which resulted in
permeate flux reduction rapidly with time. Finally, the concentrations of all heavy
metals in permeate remained almost constant up to breakthrough time (8 h) and
increased thereafter till feed concentration.

3.1.4 TNT nanotubes

Subramaniam et al. fabricated PVDF hollow fiber UF membrane incorporated
with titanate nanotubes (TNTs) for decolourization of aerobically-treated palm oil
mill effluent [70]. TNTs which were synthesized based on the alkaline hydrothermal
process were dispersed in NMP under sonication for 30 min. Hollow fiber membranes
were fabricated by means of a dry-jet wet spinning method by changing the amount
of TNTs in the bore solution of TNT/PVP/PVDF in between 0-1%. The spherical
TiO, nanoparticles were reported to be converted into completely TNTs with an
average diameter of 24 nm at the end of the hydrothermal process. The variation in
the pore size was more pronounced by the addition of pore former than the addition
of TNT into the dope solution meaning that the addition of TNT had no considerable
effect on the pore size and finger-like structure of the membrane. The result was
evidenced by the similar porosity values obtained for all the membrane formulations.
Addition of TNT increased the membrane roughness, BSA rejection, color rejection
and water flux simultaneously (Figure 6a). However, beyond a certain amount of
TNT loading, a reduction in water flux has been observed, which was ascribed to the
aggregation of NPs. The authors finally investigated the flux recovery and antifouling
performances of the resultant membranes during 5 regeneration cycles as depicted
in Figure 6. Regeneration was accomplished by first fouled the membrane with
AT-POME at 1 bar for 240 min using cross-flow filtration, then the fouled membrane
was washed with water for 30 min. In Figure 6, the fluxes in all membrane configura-
tions decreased over time but the flux recoveries for all the membranes after 5 cycles
were observed above 80% except the pristine PVDF, which exhibited gradual decli-
nation of flux throughout the test. Similarly, all the membranes comprised of TNT
regardless of loading were able to recover rejection performance after water washing

Rojection %

+ e

Time (i)

Figure 6.
(a) Pure water fluxes, AT-POME flux, BSA and color removal (b) AT-POME flux and (c) AT-POME color
removal for five cycles of AT-POME filtration [70].
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but pristine PVDF showed declining rejection through 5 cycles. The results has been
related to the variation of the hydrophilic natures of the membranes.

3.1.5 Alumina NPs

Alumina NPs loaded PVDF membrane fabricated according to the phase inversion
method has been demonstrated that the hydrophilicity, permeability, antifouling capac-
ity, and mechanical stability were increased with no considerable change in pore density
and size [71]. In another study, fouling resistive, reduced flux decline and less hydro-
phobic interaction between foulant and membrane surface are some of the outstanding
features of the alumina NPs added PES UF membrane [72]. Different types of NPs have
been incorporated into variable polymeric matrix to improve separation performances
and fouling resistance of the hybrid membranes and their characteristics compared to
the pristine ones collected from recently published studies have been listed in Table 2.

Nanoparticles used to fabricate a hybrid membrane can also enhance the
mechanical stability compared to the pristine membrane by decreasing the impact
of the membrane compaction. Compaction is known as the mechanical deformation
of the polymeric membrane matrix and observed at the initial stage of the pres-
sure driven membrane operations. Structure densification leads to a flux decline.
Blending NPs with polymer matrix allows well distribution of NPs through the
thickness of the membrane during phase inversion process. The stability of those
NPs in the macrovoid region reduces the loss of membrane structure because com-
paction is known to occur predominantly in bulk macrovoid region. For instance,
Pendergast et al. reported that stability of PSf membranes was improved when silica
and zeolite NPs were included in the membrane structure, resulting in less compac-
tion than pure PSf membrane [86].

3.1.6 Surface modified NPs

Although, the addition of the NPs into polymer matrix by simple blending
method offers superior advantageous in terms of rejection, antifouling, and perme-
ability, the tendency of NPs to agglomeration due to high surface free energy and
high affinity to water molecules during phase separation on one hand, and the pos-
sibly release of NPs into filtrate due to weak interactions between NPs and polymer
chains on the other hand, makes surface modification of NPs mandatory to obtaina
hybrid membrane with well dispersed, stable, and compatable NPs. Modifications
are based on either chemical treatment of NPs or grafting of functional polymers
on hydroxyl groups available in NPs. Oxidation, for example, could be the desired
pathway through acid treatment to create carboxyl and hydroxyl functional groups
on carbon nanotubes. Different surfactants have also been proposed to be grafted
on NPs surfaces to mitigate the agglomeration and their mechanisms have been
reviewed detailed in the literature [87]. Besides the improvement of homogenous
dispersivity, stability, and compatibility, the functionalization of NPs increases
the membrane antifouling property as they offer higher surface charge density,
which is useful for the rejection of the foulants. Ayyaru and Ahn studied with the
PES nanocomposite membranes blended with surface modified TiO, NPs (anatase,
20-25 nm in size) for fouling mitigation [88]. The TiO, nanoparticles were sulfonated
by replacing the surface hydroxyl groups with —SO;H group and the loading effect of
sTiO, NPs was investigated. Surface roughness, porosity, and pore size of the modi-
fied membranes exhibited notable enhancement compared to the PES membrane.
Increasing porosity revealed a good distribution of sTiO, NPs in the dope solution.
The improved properties of sTiO, blended membranes such as high hydrophilicity
permeability, anti-fouling performance, and improved BSA rejection were attributed
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Polymer Filler Method CA(°) Foulant The main contributions of nanoparticles to the resultant membrane Ref.
PES TMU-5 MOF NIPS 672-51.6 8000 ppm Hydraulic permeability increased from 44.4 to 60.7 L/m2.h.bar. Surface become [73]
powder smoother (roughness reduced from 43.9 to 5.2 nm.) and flux recovery ratio (FRR)
milk increased to 25.5 to 98.7%. After 5 cycles 99% of water flux recovery was obtained.
solution
PVDF CNT/GO NIPS 79.6-62.1 1000 ppm Hydraulic permeability increased from 75.5 to 125.6 L/m2.h.bar. Pore size after [74]
BSA nanoparticle addition increased from 14.5 to 18.5 nm. Roughness exceptionally
solution increased from 12.9 to 30.9 nm. FRR increased from 52 to 60.6%.
PVDF Amine Dip coating 66-32 Mixture The addition of nanoparticles improved pore size (30.4 to 50.3 nm.) and water [75]
functionalized of organic permeability (648 to1512 L/m2.h.bar) of the resultant membrane. No significant
silica and change in roughness was observed and FRR improved from 53 to 80%.
inorganic
foulants
psf Cuprous iodide NIPS 71.6-60.4 500 ppm The increase in pore size (from 58.2 to 92 nm.) and hydrophilicity resulted in an [76]
nanosheets BSA increase in hydraulic permeability (556 to 1473 L/m2.h.bar). FRR value was slightly
solution improved (31-36%). At the end of 6 regeneration cycles 36% water flux recovered.
(pH73)
PES (MF) CuO NPs NIPS 69.8-64 500 ppm Hydraulic permeability increased from 266 to 435 L/m?h.bar. Pore size after [771
BSA nanoparticle addition increased from 13.9 to 17.8 nm. Surface roughness reduced from
solution 3.2 t0 2.5 nm. FRR was slightly improved from 45.5 to 48.2%.
CA (UF) GO/MOF@GO NIPS 73.2-49.5 1000 ppm Both rejection (91.4-95.4%) and hydraulic permeability (66-122 L/m”h.bar) enhanced. [78]
BSA The reduction in surface roughness from 25.2 to 72 nm. caused to increase FRR from
solution 49.8 to 88.1%.
PVDF (UF) AC/TiO, NIPS 80.4-66.4 20 ppm Pore size (18 nm.), surface roughness (22.4 nm.) values were unchanged, but hydraulic [79]
HA permeability improved from 90 to 172 L/m” h.bar. FRR was reduced from 90.6 to
solution 83.3%, due to strong interaction of the foulants with AC. After 2 regeneration cycles
87% of water flux was recovered.
PSt (UF) GO/CGO NIPS 90.6-731 1000 ppm Hydraulic permeability increased from 60 to 123 L/m”h.bar with a rejection value of [80]
BSA BSA larger than 99.5%. Smoother surface (reduction in surface roughness from60.7 to
solution 23.1nm.) and lower FRR value (from 68.6 to 52.7%) were reported.
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Polymer Filler Method CA (°) Foulant The main contributions of nanoparticles to the resultant membrane Ref.
PES (UF) HANTs NIPS 83.6-67.1 1000 ppm Addition of nanoparticles caused all pore size (34.1-43.2 nm.), surface roughness [81]
BSA (10-19.4 nm.), hydraulic permeability (169-439 L/ m?.h.bar), and FRR (54.4-69.3%) to
solution increase. After three cycles, regeneration capability was enhanced from 45.1 to 57.9%.
pH74
PVC (UF) Boehmite (30 nm) NIPS 71.3-57.2 500 ppm Pore size (from 11.1 to 14.9 nm.), hydraulic permeability (211.3-350.7 L/m”h.bar), and [82]
BSA FRR (from 44.3 to 60.4%) were improved by the addition of nanoparticles. At the end
solution of the 4th regeneration cycles, water flux recovery improved from 20.6 to 47.7%.
PVDF (UF) TiO,/GO NIPS 66-53 1000 ppm With the increased in pore size (50-57.6 nm.) and hydrophilicity, hydraulic [83]
BSA permeability from37.9 to 200 L/m”h.bar. and FRR from 51.1 to 89.2% were increased.
solution
PVDF (UF) Vermiculate NIPS 82.6-573 1000 ppm Humic acid (HA) rejection (94.6, 88.3, 91.7, and 89%) and hydraulic permeability (444, [84]
82 nm 66.4 BSA 372.9, 425.7, and 405.7 L/m>.h.bar) and stability at the end of 4th regeneration cycles
CuO <50 nm 62.5 solution (81.5, 61.4,73.8, and 68.3%) were improved when vermiculate, cuprous oxide, alumina,
ALO; < 50 nm 64.8 pH7 and silica was added respectively. The properties of the neat membrane were reported
SiO; <200 nm as 80.9% HA rejection, 367.3 L/ m?h.bar. Hydraulic permeability, and 45.5% water flux
recovery at the end of 4th cycles.,
PSf (UF) GO nanosheets NIPS 94-83.3 200 ppm Hydraulic permeability and pore size increased from 98 to 294 L/m%h.bar. and from [85]
BSA 19 to 31 nm., while rejection was unchanged. After two cycles, water flux recovery
solution enhanced from 73.4 to 82.4%.
Table 2.

Filtration performances and physical characteristics of the hybrid membranes prepared by blending method.
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to the hydrogen bonding force and more electrostatic repulsion properties of sTiO,
NPs. The same group has also investigated the effect of the addition of sulfonated
graphene oxide (sGO) NPs into PVDF membranes fabricated by the phase inversion
method [89]. A gradual increase in water fluxes was obtained up to the sGO loading
concentration of 0.8% meaning to the elimination of aggregation. Maximum water
permeability attained at the 0.8 wt% of sGO addition was reported as 146% higher
than the neat PVDF. The enhancement of the water flux has been explained by the
improved charge density due to the availability of extra sulfonic groups on sGO sup-
ports that can attract more water layer. In addition, the attached —SO;H group in sGO
provides stronger hydrogen-bonding with respect to -OH/-COOH groups available in
native GO. The performances of the CNT and sulfonated CNT (sCNT) NPs blended
PVDF UF membranes were compared for the objective of conserving the bacterial
population and providing antifouling property [90]. The porosity, pore size, water
flux, fouling recovery ratio values of PVDF-CNT and PVDF-sCNT were obtained as
81 and 84%, 50 and 60 nm, 360 and 680 L/m;.h and 72.7 and 83.5%, respectively. In
addition, the BSA (bovine serum albumin) rejection was 90% in the PVDF-sCNT.
Authors demonstrated that the fabricated composite membranes were nontoxic to
the bacterial population, hence the proposed membrane architecture can be a prom-
ising approach for membrane bioreactor systems in wastewater treatment plants.

4. Conclusion

Membranes containing nanomaterials in the form of MMNMs or TEN, ensure
outstanding features in terms of permeability, selectivity, antifouling, and self-
cleaning ability for water applications due to their synergistic effects. However,
there are still major challenges to developing high-performance membranes for
large scale water treatments. Difficulties in dispersion of inorganic nanoparticles in
a polymer matrix, the release of nanoparticles and associated environmental toxic-
ity, long term stability, and the production cost of the nanocomposite membrane,
needs to be further explored. Care should be taken that the nanoparticles selected
do not sacrifice an ability of the membranes to improve another ability.
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