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ABSTRACT

Given that surface water is the primary supply of drinking water worldwide, the presence of natural organic
matter (NOM) in surface water presents difficulties for water treatment facilities. During the disinfection phase of
the drinking water treatment process, NOM aids in the creation of toxic disinfection by-products (DBPs). This
problem can be effectively solved using the nanofiltration (NF) membrane method, however NOM can signifi-
cantly foul NF membranes, degrading separation performance and membrane integrity, necessitating the
development of fouling-resistant membranes. This review offers a thorough analysis of the removal of NOM by
NF along with insights into the operation, mechanisms, fouling, and its controlling variables. In light of engi-
neering materials with distinctive features, the potential of surface-engineered NF membranes is here critically
assessed for the impact on the membrane surface, separation, and antifouling qualities. Case studies on surface-
engineered NF membranes are critically evaluated, and properties-to-performance connections are established,
as well as challenges, trends, and predictions for the field’s future. The effect of alteration on surface properties,
interactions with solutes and foulants, and applications in water treatment are all examined in detail. Engineered
NF membranes containing zwitterionic polymers have the greatest potential to improve membrane permeance,
selectivity, stability, and antifouling performance. To support commercial applications, however, difficulties
related to material production, modification techniques, and long-term stability must be solved promptly.
Fouling resistant NF membrane development would be critical not only for the water treatment industry, but also

for a wide range of developing applications in gas and liquid separations.

1. Introduction

The decomposition of plants and aquatic organisms results in a
complex matrix of organic compounds known as natural organic matter
(NOM). A variety of substances, including humic acids (HA), fulvic acids
(FA), proteins, amino acids, carbohydrates, fats, and transphilic acids,
are found in the matrix. These substances differ in their molecular sizes,
structures, and origins, giving rise to diverse properties
(Metsamuuronen et al., 2014; Sillanpaa, 2015). Although NOM is not
harmful, its tendency to produce by-products that may be carcinogenic
following the oxidative disinfection phases of water treatment mandates
its removal from drinking water (Chaukura et al., 2020).

Over 700 distinct disinfection by-products (DBPs) can be produced
when NOM reacts with routinely used disinfectants such chlorine,
ozone, or chlorine dioxide (Wawryk et al., 2021). Epidemiological
studies indicate that human exposure to DBPs may be harmful to health
due to their toxic, mutagenic, and carcinogenic characteristics (Kristiana
et al.,, 2017). Water treatment systems are further stressed by the
transport and interaction of NOM with other pollutants such as heavy
metals (Joseph et al., 2019), fluorides, radionuclides (Santschi et al.,
2017), emerging contaminants such as micro/nanoplastics (Sharma
et al., 2021), per/polyfluoroalkyl substances (PFAS) (Gagliano et al.,
2020), pharmaceutical compounds (Kim et al., 2020) and organic
micropollutants (Li et al., 2021; Loganathan et al., 2022). Water distri-
bution systems are negatively impacted by biological development that
is sparked by the presence of organics in the water.

Globally, surface water from lakes, rivers, and reservoirs provides
roughly 50% of the world’s drinking water (Katsanou and Kar-
apanagioti, 2019). NOM levels in surface water are significantly affected
by water contamination, environmental activities, and climate change
(Sillanpaa et al., 2018b; Ndiweni et al., 2019). The chemistry and NOM
concentration of surface water are strongly impacted by the increased
frequency of unfavourable natural disasters including floods, droughts,
and forest fires around the world, demanding the adaptation of drinking
water quality management systems to shifting risk profiles (Khan et al.,
2015). Due to these factors, the removal of NOM from drinking water is
turning into a difficult process that necessitates the use of highly effec-
tive and dependable water treatment technologies that can handle the
complex fluctuations of NOM and its rising concentrations in water
sources around the globe.

Methods such as adsorption, coagulation, and flocculation involve
the addition of chemicals to react with NOM and facilitate its removal.
These methods suffer from lower removal efficiency, difficulties during
operation and control of the treatment process, and the formation of
secondary pollutants (Matilainen et al., 2010; Sillanpaa et al., 2018a).

Using coagulants like aluminium sulfate (alum), polyaluminium chlo-
ride (PAC), and ferric chloride can only remove 40-60% of NOM from
feed water, leaving substantial residual NOM in treated water that can
considerably promote the development of DBPs. (Abdikheibari et al.,
2020; Dayarathne et al., 2021). For instance, a conventional drinking
water treatment plant in Victoria, Australia, removed only 57.5% of
NOM, leaving behind 2.55 mg L™! of residual NOM in treated water
(Abdikheibari et al., 2020). Most drinking water treatment facilities are
based on conventional trains of operation, and such facilities generate
large quantities of water treatment sludge, which requires further safe
handling and costly disposal methods (Nguyen et al., 2022a, 2022b).

Nanofiltration (NF) membranes offer an advanced, compact,
modular construction, environmentally friendly, and economically
feasible solution to produce high-quality drinking water and address the
issue of NOM problems during surface water treatment (Abdikheibari
et al., 2020). Although NF membranes are increasingly being used for
NOM removal, a major drawback of their operation during drinking
water production is linked to surface fouling (Mallya et al., 2021). As a
result of this phenomena, the membrane permeance is decreased, its
performance and longevity are reduced, and membrane replacement is
required frequently (Huang et al., 2020). Based on the characteristics of
the foulants, fouling is classified into inorganic fouling or crystalline
fouling (e.g., inorganic salt precipitates), organic fouling (e.g., humic
substances, polysaccharides, and proteins), colloidal fouling (e.g., clay
and flocs), and biofouling (e.g., bacteria and fungi) (Zahid et al., 2018;
Pichardo-Romero et al., 2020). The primary foulant that influences the
establishment of a fouling layer on the membrane surface during surface
water treatment is NOM (Abdikheibari et al., 2020).

The essential component of developing next-generation fouling
resistant NF membranes is the creation of antifouling membrane sur-
faces (Zhao et al., 2021). The fabrication of next-generation fouling--
resistant NF membranes has been facilitated by the adaptability and
efficacy of surface engineering membranes with appropriate polymers
and nanomaterials (Mallya et al., 2021). A sustainable and efficient
method for producing drinking water in developing nations,
fouling-resistant membranes can drastically lower the expenses of
operation and maintenance (Mallya et al.,, 2022). It is crucial to
comprehend how NOM behaves during NF treatment and investigate
cutting-edge surface engineering materials in order to create membranes
that are fouling-resistant due to the rising concentration and charac-
teristics of NOM in surface water. Recent works on the improvement of
NOM removal and membrane fouling mitigation via pre-treatment,
membrane modification, and cleaning were critically reviewed (Peters
et al., 2021). The discussion in this study is restricted to ultrafiltration
(UF) membranes, which allow significant fractions of
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low-molecular-weight NOM to pass through yet result in additional
problems downstream. A thorough update on the synthesis of
fouling-resistant surface-engineered NF membranes is urgently needed,
as is the development of an understanding of the mechanisms underly-
ing the removal of NOM via NF membranes.

The last major reviews focusing on NF membrane fouling and its
mitigation strategies date back to 2014-2015 (Metsamuuronen et al.,
2014; Zhao and Yu, 2015) and the most recent reviews have focused on
reverse osmosis (RO), ultrafiltration (UF) membrane fouling, and miti-
gation strategies (Choudhury et al., 2018; Peters et al., 2021; Zhao et al.,
2021). According to an evaluation of different approaches to the syn-
thesis of fouling-resistant RO membranes (Zhao et al., 2021), surface
modification with hydrophilic polymers/nanomaterials post-interfacial
polymerization (IP) has a higher level of industrial interest due to its
straightforward operation and ability to be seamlessly incorporated into
existing production lines. However, the manuscript is limited to the
common mechanisms and functions of engineered membranes. Various
antifouling, fouling release, and antimicrobial materials have been
evaluated (Choudhury et al., 2018) to enhance membrane fouling
resistance. Modification strategies include the construction of hydro-
philic surface layers and antibacterial layers, and optimization of the
membrane morphology and surface charge by incorporating emerging
polymers/nanomaterials. Literature suggests that post-IP reaction sur-
face engineering is very effective for synthesizing fouling-resistant
membranes. No comprehensive review of surface-engineered mem-
branes has been conducted, specifically focusing on the development of
antifouling NF membranes. The literature lacks distinctive perspectives
on nanomaterial/polymer interactions with membrane surfaces, as well
as a thorough description of current advancements in
surface-engineered NF membranes and their effects on the physico-
chemical properties of the membrane. The challenges associated with
surface-engineered NF membranes and future perspectives have been
overlooked to date, and critical analysis of the prospect of this field is
required.

This paper provides a state-of-the-art assessment on the fouling
resistant surface-engineered NF membranes synthesised via post-IP re-
action modification. To close a gap in the literature and aid in the cre-
ation of next-generation NF membranes, the mechanisms underlying the
interactions of NOM with the NF membrane surface were thoroughly
assessed and presented. Most importantly, we critically evaluated and
compared different nanomaterials/polymers for providing fouling
resistant properties to the NF membranes. This review paper primarily
focuses on the surface engineering of membranes for improved anti-
fouling performance, but also discusses the issue of NOM during surface
water treatment via NF membranes, along with its related issues and
mitigation techniques. In the first section, NF membrane synthesis and
its properties are briefly introduced, followed by a critical discussion of
the separation mechanisms involved during NOM removal. Organic
fouling, a major challenge for NF membranes during surface water
treatment, is reviewed, along with its influencing factors. A brief over-
view of alternative mitigation tactics is provided in the second section,
with an emphasis on designing NF membranes that are resistant to
organic fouling. The impact of surface engineering on membrane surface
properties and performance along with potential application is
comprehensively discussed. Finally, the challenges in surface engi-
neering membranes, as well as insights into future perspectives on
developing fouling resistant membranes for targeted applications and its
complexity, are presented and discussed.

2. NF membranes for removal of NOM

This section briefly introduces the chemistry and properties of NF
membrane synthesis, along with comprehensive discussions of NOM
removal mechanisms via NF membranes, the issue of organic fouling,
and the impact of controlling factors.
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2.1. NF membrane synthesis and properties

The performance of NF membranes is dictated by the structure of the
thin selective polyamide (PA) layer with interconnected sub-nanometric
pores generated over a mesoporous non-selective support membrane, as
shown in Fig. 1 (a) (Peng et al., 2022). The active PA layer is formed by
IP reaction, which occurs at the interface between the aqueous and
organic phases (He et al., 2015). Monomers such as piperazine (PIP),
metaphenylenediamine (MPD), polyethyleneimine (PEI) at concentra-
tion 1-2 wt% in the aqueous phase and trimesoylchloride (TMC) at
concentration 0.1-0.3 wt% in organic phase are commonly employed
for IP reaction (Fig. 1 (a) and Fig. 1 (e)) (Du et al., 2022). The selective
PA layer is usually 100-300 nm thick with a rough surface because of the
protruding structures formed via the IP reaction, as shown in Fig. 1 (b
—d). The PA layer dictates the membrane separation performance, while
the mesoporous support (30-50 pm thick) enhances the mechanical
strength of the membranes (Peng et al., 2022). Control over IP reaction
parameters such as monomer concentration, solvents, chemical addi-
tives, nanomaterials, and post-treatment conditions enables desirable
properties to the PA layer and enhances its performance (Mallya et al.,
2021). Membrane properties such as electronegative charge, surface
morphologies, molecular weight cut-off (MWCO), and hydro-
phobic/hydrophilic nature play a pivotal role in membrane separation
performance (Mallya et al., 2021). These properties can be carefully
engineered by controlling the IP reaction parameters and engineering
the support membranes (Kahrizi et al., 2022; Wang et al., 2022). The
pore size and MWCO of NF membranes fall in the range of 0.5-2 nm and
200-1000 Da, respectively (Du et al., 2022). Compared to RO mem-
branes, NF membranes can operate at low operating pressures (3.5-16
bar), maintain higher permeation flux as well and retain divalent ions
(>90%) but monovalent salt rejection is relatively low (30-60%) (Pey-
dayesh et al., 2020; Shin et al., 2020). NF membranes also have high
rejection (>80%) for NOM (Sengur-Tasdemir et al., 2021), persistent
organic pollutants (Khoo et al., 2022), pharmaceuticals (Couto et al.,
2020), hazardous chemicals in health care products and cosmetics
(Wang et al., 2021). Generally, organic fouling and NOM removal via NF
membranes are evaluated using lab-prepared HA solution as hydro-
phobic NOM surrogates, whereas bovine serum albumin (BSA) or so-
dium alginate (SA) are used as hydrophilic NOM surrogates (Chen et al.,
2016; Abdikheibari et al., 2019). The separation of solutes in NF
membranes is achieved via size exclusion and interactions between the
membrane surface and solute molecules (Zuo et al., 2021). NF mem-
branes mostly possess negative charge under neutral or alkaline envi-
ronments and positive charge under highly acidic conditions (Mallya
et al., 2022). The negative charge is linked to the deprotonation of the
carboxylic groups present in the polymer structure at acidic pH, whereas
the positive charge is due to the protonation of amine moieties at
alkaline pH. This charge governs the electrostatic interactions of the
membrane surface and multivalent ions, which influence the separation
performance (Hoffman and Phillip, 2020; Kong et al., 2020).

2.2. NOM separation mechanisms

NOM is classified into three categories: hydrophobic fractions con-
sisting of high molecular weight (HMW) humic substances (HS), which
in turn are made up of HA, FA, and humin; hydrophilic (non-humic)
fractions consisting of low molecular weight (LMW) substances such as
proteins, carbohydrates, and polysaccharides; and transphilic fractions
(intermediate properties) (Tshindane et al., 2019). Hydrophobic NOM is
rich in aromatic carbon, phenolic structures, and conjugated double
bonds, which contribute to the negative charge and brown colour of
water, whereas hydrophilic NOM consists of more aliphatic carbon and
nitrogenous compounds (Zularisam et al., 2007). Surface water pre-
dominantly contains humic substances; for instance, humic substances
account for 45% of NOM in surface water, while low molecular weight
(LMW) neutral compounds, building blocks, and biopolymers contribute
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Fig. 1. (a) Schematic representation of IP reaction. (b) Surface and (c) Cross sectional scanning electron microscopic image of PA layer structure, (d) Atomic force
microscopic image of membrane showing the membrane surface roughness. Reprinted with permission from Ref (Zarshenas et al., 2022), (e) IP reaction scheme with

formation of the polyamide layer.

to 37%, 12%, and 6% of NOM, respectively (Abdikheibari et al., 2020).
The separation of the neutral macromolecular components of NOM is
mainly based on size exclusion and is governed by the MWCO of the
membranes and the shape and molecular weight distribution (MWD) of
the NOM (Metsamuuronen et al., 2014). The molecular size range of
NOM compounds is in the colloidal range, varying from approximately
1 kDa-100 kDa, depending upon the source water (Ericsson and
Tragardh, 1997; Song et al., 2011).

A study employed two commercial membranes, NF-3 (1 kDa) and
NF-4 (800 Da), to remove NOM using HA feed solution and real surface
water (Yu et al., 2018). The DOC rejection was 89% and 94% respec-
tively, for NF-3 and NF-4 membranes during tests with HA solution. The
increased rejection from NF-4 was attributed to the reduced MWCO,
which facilitated sieving of HMW humic compounds, which are prom-
inent in HA (Yu et al., 2018). Removal of organic matter with molecular
size (<10 kDa) was lower despite the fact that the pore size of the
membranes used was less than 1 kDa, implying that NOM separation was
dependent not only on the pore size of the membranes and the molecular
size of NOM, but also on other properties such as charge and hydro-
philicity (Yu et al., 2018). In addition, the results indicated that there
was a greater difference between the rejections of the two membranes
employed during surface water filtration compared to HA filtration.
DOC removal results also suggested that the NF-3 and NF-4 membranes
removed less organic matter from surface water at 45% and 70%,
respectively (Yu et al., 2018). Comparing the two test waters, the surface
water mainly consisted of biopolymers, humic substances, and LMW
organic matter, whereas the HA solution was composed of hydrophobic
components. Size exclusion is the major mechanism for the removal of
large NOM components, while other properties of NOM need to be
considered (Yu et al., 2018).

Hydrophobic/hydrophilic interactions of NOM with the membrane
surface play a major role in the NOM removal mechanism (Mallya et al.,
2022). NOM with a higher hydrophobicity is more likely to be deposited
or adsorbed on the membrane surface and pores, making removal easier
(Al-Amoudi, 2010). The deposition of NOM components onto the
membrane leads to organic fouling, which decreases the flux, and the
formation of a cake layer facilitates the removal of NOM owing to the
additional filtering effect (Song et al., 2011). For instance, during
filtration studies employing two different feed waters with similar MWD
of organics, higher NOM removal was achieved for the feed water with a

higher content of hydrophobic NOM components due to adsorption and
accumulation across the membrane surface (Cho et al., 1999). Mem-
brane hydrophilicity/hydrophobicity also plays a vital role in the
retention of organic (Abdikheibari et al., 2018). In the case of hydro-
philic membranes, the surface absorbs water molecules, forming a water
hydration layer that can effectively reject organics (Abdikheibari et al.,
2018). For instance, a super-hydrophilic membrane exhibits excellent
retention of the hydrophobic fraction of NOM (Shao et al., 2011;
Abdikheibari et al., 2018). Hydrophobic membranes also show a higher
removal of hydrophilic NOM (Xu et al., 2010). This was attributed to the
deposition of hydrophobic organic foulants during the filtration process,
which further increased repulsive interactions with the hydrophilic
NOM. A schematic representation of the different separation mecha-
nisms and interactions during NOM removal using the NF membrane is
shown in Fig. 2 (j). Irrespective of membrane hydro-
philicity/hydrophobicity, hydrogen bonding between NOM and the
membrane surface may trigger NOM adsorption and deposition on the
membrane, leading to enhanced NOM separation caused by size exclu-
sion (Al-Amoudi, 2010).

Electrostatic repulsive forces between the membrane surface and
organic moieties greatly influence NOM removal (Mallya et al., 2022).
NF membranes with MWCO values of 500 Da was found to be able to
remove 87% of organics, which were less than 1 kDa. LMW NOM pos-
sesses a higher negative charge, which facilitates its retention via
repulsive forces (Abdikheibari et al., 2020). The agglomeration of
negatively charged NOM species on top of the membrane may also boost
the surface negative charge, which facilitates further repulsion of
organic matter, increasing rejection (Schafer et al., 2000; Jarusutthirak
et al.,, 2007). The MWCO of the membrane represents the filtration
performance based only on the size-exclusion principle, which is mostly
applicable to HMW components. Charge interactions play a major role in
the separation of LMW components of NOM (Lin et al., 2007). During the
removal of NOM with a similar MWD, the presence of charged moieties
enhanced the separation via electrostatic repulsion (Lin et al., 2006).
Accordingly, in a study with a commercial NF 270 membrane employing
three model compounds with similar MWD, namely phloroglucinol,
resorcinol, and 3-hydrobenzoic acid, the rejection of 3-hydrobenzoic
acid was the highest because of its negative charge (Lin et al., 2006).
The other two compounds that had no electrostatic charge during the
operation were separated mainly based on size exclusion. In the context
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Fig. 2. Microscopic images of (a) fresh NF membrane, (b) NF membrane fouled with SA and (c) NF membrane fouled with BSA. Reprinted with permission from Ref
(Abdikheibari et al., 2019), (d) Concentration polarization on NF membrane surface, (e) (f) and (g) representing the organic fouling mechanisms including
adsorption, pore blockage and gel layer respectively, (h) Biofouling mechanism on NF membrane (Open resource; Credit: Bay Area Lyme Foundation), (i) microscopic

image of biological cells on the membrane surface (j) Separation mechanisms of NOM via NF membrane.

of NOM characteristics, hydrophilic acids with aliphatic structures
mostly possess greater negative charge densities than hydrophobic ar-
omatic compounds (Meylan et al., 2007; Teixeira and Sousa, 2013). The
separation of hydrophobic compounds is mainly governed by size
exclusion and hydrophobic interactions, whereas hydrophilic com-
pounds are separated by charge interactions (Abdikheibari et al., 2019;
Mallya et al., 2022). The LMW neutral compounds of NOM are not

effectively separated compared to other fractions (Teixeira and Sousa,
2013). Recent study inferred that a commercial NF membrane, XN 45,
was only able to remove 38% of LMW neutrals when compared to 98%
removal of humic substances from a surface water source in Australia
(Abdikheibari et al., 2020). NOM and the membrane surface charge
characteristics facilitate the separation of smaller organic molecules
through electrostatic interactions (Loganathan et al., 2020). Organics
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with sizes comparable to or larger than membrane pores can be effec-
tively retained by size exclusion (Yu et al., 2018). The fact that counter
ions with opposite charges could pass through the membrane and
emerge on the permeate side owing to the electrostatic attraction phe-
nomenon cannot be neglected (Van der Bruggen et al., 1999). It is also
suggested that the polarity of the molecules is a governing factor in the
permeation of NOM through membrane pores. Accordingly, a study
described the effect of dipole moment on NOM rejection (Van der
Bruggen et al., 1999). Molecules with high dipole moments are assumed
to align in the direction of the membrane pores due to electrostatic in-
teractions with the membrane, which inherently allows them to pass
through the membrane and emerge in the permeate, reducing retention
(Van der Bruggen et al., 1999). Comparing NOM molecules of similar
sizes, polar molecules have a higher tendency to pass through the
membrane and emerge in the permeate stream than non-polar molecules
(Van der Bruggen et al., 1999).

In addition to the membrane surface properties and NOM charac-
teristics, the concentration of organics is suspected to influence the ef-
ficacy of membrane filtration performance (Metsamuuronen et al.,
2014). According to a report, NF was ineffective in rejecting NOM from
surface water with a high organic content (DOC of 13-17 mg L’l) due to
the amplification of NOM diffusion across the membrane, which was
facilitated by concentration polarization and deposition of NOM on the
surface (Plourde-Lescelleur et al., 2015). Contradicting results were re-
ported, in which NF membrane was able to remove more than 90% of
NOM as DOC rejection during treatment of a river water containing very
high concentration of NOM (160 mg L) (Owusu-Agyeman et al.,
2019). The higher DOC retention was attributed to size exclusion being
the major mechanism of NOM removal. An increase in feed concentra-
tion did not significantly affect NOM retention. The effect of concen-
tration is not clearly understood and is interdependent on the
characteristics of NOM and NF operating conditions, such as the re-
covery rate and cross-flow velocity (Plourde-Lescelleur et al., 2015;
Owusu-Agyeman et al., 2019).

The pH and ionic strength (IS) of the feed water strongly influence
the PA layer properties, configuration, and charge properties of NOM,
which ultimately controls the performance of the membranes (Luo and
Wan, 2013; Su et al., 2017). The pH of the feed solution governs the
surface charge of the membranes and organic molecules because of its
tendency to protonate/deprotonate the functional groups present in
them (Su et al., 2017). The presence of carboxyl and amine groups in the
polymer structure contributes to the membrane charge (Abdikheibari
et al., 2020). NF membranes exhibit amphoteric behaviour, and the
membrane charge differs according to the pH of the feed solution (Siew
et al., 2020). An acidic environment decreases the repulsive forces to-
wards organic molecules owing to the neutralization of ionized carboxyl
groups of NOM, increasing the NOM hydrophobicity and decreasing the
negative charge (Braghetta et al., 1997, 1998). It has also been proposed
that the variation in pH changes NOM configuration (Ghosh and
Schnitzer, 1980). The reduced membrane charge along with the
decreased size and negative charge of NOM leads to poor separation
performance under acidic pH (Abdikheibari et al., 2020). Accordingly,
reductions in DOC and UVjs4 rejection (17.2 and 12.7%, respectively)
were reported when the pH was decreased from 7 to 5 during filtration
studies of natural surface water with lab made PA membranes (Abdi-
kheibari et al., 2020). Under the same conditions, the commercial NF
membrane XN 45 exhibited slight reductions. Similar results were re-
ported during the removal of humic acid from water using NF mem-
branes (Hong and Elimelech, 1997). It was reported that the rejection of
humic acid at pH 4 and 8 is 89% and 93%, respectively. A few studies
have also reported no difference in the rejection of organic molecules
under varying pH values, despite the negative charge of the membrane
and NOM (Verliefde et al., 2008; Owusu-Agyeman et al., 2019).

The IS of the solution is reported to affect the colloidal stability of
NOM molecules according to the Derjaguin-Landau-Verwey-Overbeek
(DLVO) theory (Derjaguin et al., 1987). A high IS compresses the
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electrical double layer of charged NOM, decreasing its hydrodynamic
radius and reducing the electrostatic repulsive forces between the
membrane surface and NOM molecules, which diminishes the rejection
performance of the membranes (Hong and Elimelech, 1997). On the
contrary, higher rejection of NOM has been reported when the IS of feed
was as high as 0.05 M (Jarusutthirak et al., 2007). The higher rejection
can be attributed to the densification (swelling) of the PA layer because
of the lowered electrostatic repulsion between the polymer chains of the
membrane matrix, which was more dominant than the double-layer
compaction phenomenon (Kilduff et al., 2004; Wang et al., 2014).

To effectively remove NOM from water, factors such as the MWCO of
membranes, membrane surface chemistry, solution characteristics,
NOM properties, and hydrodynamic conditions must be considered.
Table S1 summarizes the performance of the PA NF membranes and
their respective physicochemical properties during the removal of NOM
from surface waters or synthetic surrogate solutions. These results also
suggest the versatile nature of NF membrane processes for handling
water with varying chemistry and composition, and still achieve desir-
able removal rates for NOM.

2.3. Organic fouling mechanisms and controlling factors

Organic fouling occurs when organic foulants accumulate on the
membrane surface, resulting in partial or complete blocking of the pores
of NF membranes (Zhang et al., 2021; Du et al., 2022). Microscopic
images of fresh membrane and membrane fouled with SA and BSA are
shown in Fig. 2 (a - c), respectively. The images show significant
deposition of foulants on the membrane surface. To overcome this issue,
membranes must be cleaned at frequent intervals with either water or
corrosive chemicals, and in many cases, the old membranes must be
replaced, which makes the process very expensive (Huang et al., 2020).
Organic fouling is usually classified as reversible or irreversible. In
reversible fouling, the attached foulants can be effectively removed by
washing the membranes with suitable cleaning agents, whereas irre-
versible fouling is caused by foulants that are chemically bonded to the
membrane, causing permanent damage to the structural integrity (Zhao
et al., 2019a). They are ineffective for physical cleaning procedures and
require chemical cleaning or replacement of membranes.

Reversible fouling is governed by the phenomenon of concentration
polarization (CP) which occurs at the surface of the membrane as rep-
resented in Fig. 2 (d) (Shon et al., 2013). The driving force, which is the
applied pressure, causes water molecules and foulants to be pushed to-
wards the membrane surface. The fouling phenomena are complex, with
a combination of adsorption, complete pore blockage, and cake layer
formation, as depicted in Fig. 2 (e — g) (Muthukumaran et al., 2014).
Foulants smaller than the membrane pore size can be deposited into the
membrane pores, which is the major factor causing irreversible fouling,
whereas the deposition of larger foulants can significantly cause com-
plete pore blockage and gel layer formation, leading to a severe decline
in membrane permeance (Chang et al., 2011). Based on membrane
selectivity, water molecules pass through the membrane while the fou-
lants are retained and accumulate on the surface, forming a gel layer, as
shown in Fig. 2 (g). This layer acts as a secondary barrier for transport
through the membrane, leading to the build-up of permeation resis-
tance, causing a decrease in flux (Baker, 2012). Reversible fouling can be
handled by frequent cleaning of the membranes or by inducing turbu-
lence at the membrane surface using feed spacers or rotating/vibrating
membrane modules (Bagheri and Mirbagheri, 2018; Park et al., 2021b).
These dynamic techniques are aimed at creating turbulence that de-
creases the effect of CP. The effect of shear stress enhances mixing,
which decreases the thickness of the CP layer and improves the mem-
brane antifouling performance (Bagheri and Mirbagheri, 2018; Park
et al., 2021b).

Biofouling is another unavoidable consequence of organic fouling.
The abundant availability of proteins near the membrane surface facil-
itates microbial colonization and leads to the formation of biofilms on
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the membrane surface as shown in Fig. 2 (h), which adversely affects the
membrane performance (Yadav et al., 2022). The biofouling mechanism
is cyclic, as depicted in Fig. 2 (h), starting with the landing of the or-
ganics and bacteria on the membrane surface and the growth of bacterial
cells that aggregate and tend to form a biofilm, which further releases
free bacterial cells (Yadav et al., 2022). To overcome this issue of
organic fouling and biofouling, frequent cleaning of the membranes is
employed, which improves the membrane performance; however, irre-
versible fouling along with membrane degradation might cause a severe
drop in membrane separation performance (Pichardo-Romero et al.,
2020). Cleaning agents must be carefully chosen based on their
compatibility with membranes because harsh chemicals (acids, bases,
oxidants, and chlorine compounds) may permanently damage the
membrane and degrade its performance (Yadav et al., 2022). Organic
fouling and biofouling are interdependent and governed mainly by
factors such as (1) membrane surface properties and NOM characteris-
tics, (2) feed water characteristics, and (3) hydrodynamic conditions
which are extensively discussed in the following sub-sections.

2.3.1. Membrane surface properties and NOM characteristics

Fouling and NOM removal mechanisms are controlled by foulant-
membrane interactions, which are significantly influenced by mem-
brane surface features such as membrane morphology (roughness), hy-
drophilicity/hydrophobicity, surface chemical composition, and surface
charge (Abdikheibari et al., 2018; Zhao et al., 2021). Smooth and hy-
drophilic membranes exhibit a lesser propensity to foul than those with
rough and hydrophobic surfaces (Jiang et al., 2017). Similar to this,
during filtration trials using hydrophilic and hydrophobic water, a hy-
drophilic membrane showed less flux reduction and fouling (Feng et al.,
2015). In a different investigation, under identical operating conditions,
super-hydrophilic membranes displayed fouling layers with weak
adhesion strength in comparison to super-hydrophobic membranes
(Shan et al., 2016). This was due to the decreased affinity for both the
hydrophobic and hydrophilic fractions of NOM. Membranes with inert
properties have also functioned well (Mustafa et al., 2016). According to
a study, the majority of hydrophilic membranes saw the greatest flow
loss due to severe fouling brought on by polar interactions with foulants
(Mustafa et al., 2016). It is impossible to ignore the propensity of
extremely hydrophilic membranes to draw hydrophilic materials and
make their adsorption on the membrane surface easier, which leads to
fouling (Kwon et al., 2005; Jiang et al., 2017). The membrane negative
charge, which can interact with negatively charged organic molecules, is
just as important to fouling as other membrane characteristics like
surface roughness and hydrophilicity (Abdikheibari et al., 2018). As a
result, negatively charged hydrophobic membranes work better as filters
than neutral hydrophilic membranes (Cho et al., 2000).

Research studies have indicated that hydrophilic NOM have a
stronger impact on membrane fouling in relation to NOM properties
(Her et al., 2004; Zazouli et al., 2010). For instance, autopsy of fouled
membranes revealed that hydrophilic NOM with high mol-wt poly-
saccharides and proteins made up the majority of the organic fraction in
the fouling layer of NF membranes (Her et al., 2000; Abdikheibari et al.,
2020). A pilot research used hydrophilic and hydrophobic NOM
including SA and HA solutions as the feed to compare the fouling effects
of various NOM fractions (Zazouli et al., 2010). Individual alginate
fouling causes a substantial flux reduction and is more detrimental than
HA fouling (Zazouli et al., 2010). Similar findings have been observed
for hydrophilic NOM components such HMW polysaccharides and pro-
teins, which induce significant membrane fouling (Her et al., 2004; Lee
and Elimelech, 2006). Polysaccharide deposition on the membrane
surface limits the ionizable groups on the polymer network, lowering the
negative charge on the membrane surface. This lowers electrostatic
repulsion between the membrane surface and organic species substan-
tially (Cho et al., 1998). According to other studies, the electrostatic
repulsion between the membrane surface and organic species can be
augmented by the deposition of negatively charged foulants on the

Chemosphere 321 (2023) 138070

membrane, enhancing rejection (Schafer et al., 2000; Jarusutthirak
etal., 2007). A study reported high flux decline for NF membrane at 54%
after 54 h filtration experiment with surface water containing mostly
hydrophilic fulvic acid like NOM (Abdikheibari et al., 2020). The anal-
ysis of fouled membranes revealed that the fouling layer was primarily
composed of hydrophilic NOM derived from polysaccharides and fulvic
acid-like organic materials. In general, the high molecular size of hy-
drophilic NOM and the tendency of alginic components to form a gel
layer result in the formation of a dense fouling layer, leading to a sig-
nificant flux decline (Lee and Elimelech, 2006).

The development of the fouling layer could potentially be caused by
interactions between hydrophilic NOM moieties and the membrane
surface via hydrogen bonding and dipole-dipole interactions (Abdi-
kheibari et al., 2020). Highly hydrophilic membranes exhibit organic
fouling by hydrophilic foulants through these interactions (Yamamura
etal., 2014). Similarly, membrane autopsies of fouled commercial NE9O
NF membranes subjected to pilot-scale organic fouling experiments with
surface water from the Paldang Dam revealed that the initial organic
fouling was caused by the deposition of hydrophilic NOM components,
which decreased the negative charge of the membrane and triggered the
accumulation of hydrophobic NOM (Chon and Cho, 2016). Filtration
experiments were conducted with surface water containing mainly hy-
drophilic NOM and a synthetic feed of HA solution (Yu et al., 2018). It
was observed that flux decline and fouling were more severe for surface
water than for the HA solution. The membranes used were hydrophilic,
which facilitated the deposition of hydrophilic NOM from surface water
(Yu et al., 2018). Biopolymers present in surface water have also been
identified as major foulants that cause the irreversible fouling of mem-
branes (Kimura and Ando, 2016; Zheng et al., 2021). Contradicting
studies have suggested that biopolymers could act as a controlling layer
that can retain LMW organics through adsorption and size exclusion
effects, decreasing fouling on NF membranes (Su et al., 2021a, 2021b).

The hydrophobic components of NOM can also cause severe fouling
during operation. The intrinsic hydrophobicity of the membrane surface
can trigger the deposition of hydrophobic NOM foulants (Jhaveri and
Murthy, 2016; Abdikheibari et al., 2018). Accordingly, severe flux
decline of 45% after 100 h of filtration with surface water was reported
and linked to the fouling caused by the hydrophobic fraction of NOM
(Nilson and DiGiano, 1996). Similarly, lake water with a high hydro-
phobic fraction causes a drastic flux decline when compared to water
with lower hydrophobic constituents (Feng et al., 2015). Fouling caused
by the hydrophilic fraction of NOM is reversible, whereas hydrophobic
fractions lead to irreversible fouling (Amy, 2008). The hydrophilic na-
ture of the hydrophilic NOM fraction can decrease irreversible adsorp-
tion on the membrane surface and facilitate complete flux recovery upon
flushing with water (Abdikheibari et al., 2019). The deposition of hy-
drophobic foulants, such as compounds with alkyl and aromatic groups,
makes the fouling layer less responsive to flushing with water and ne-
cessitates the use of chemical cleaning agents to induce oxidation and
cleavage of protein molecules to remove them from the membrane
surface and recover the water flux (Zhao et al., 2015; Tin et al., 2017).

2.3.2. Feed water characteristics

The impact of feed water chemistry, such as IS, pH, and specific ions,
on the fouling potential of NF membranes has been evaluated in several
studies (Abdikheibari et al., 2020; Wang et al., 2020). In general, high IS
and low pH lead to severe fouling. The increased acidic nature of the
feed solution, along with high IS, reduces the electrostatic repulsive
forces between NOM and the membrane surface owing to the charge
screening effect (Sillanpaa, 2014). A lower pH transforms the structure
of NOM into rigid coiled structures due to the decreased intermolecular
interactions within them. This also increases the hydrophobic character
of organic matter and leads to the deposition of a dense and thick fouling
layer (De la Rubia et al., 2008; You et al., 2020). Accordingly, NF
membrane flux decreased to 66% after operation of 6 h at pH 5 when
compared to decrease to 89% at pH 7 during filtration studies with
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surface water, which mainly comprised of hydrophilic NOM (Abdi-
kheibari et al., 2020). Similarly, a study reported a severe flux decline at
low pH (2-4) during filtration studies with Ngare Nanyuki surface water
with high NOM content (Owusu-Agyeman et al., 2019). In a research
study that used a hollow fibre NF membrane, a severe flux drop to 20%
was reported after 100 h filtration experiment due to fouling of mem-
brane caused by the hydrophobic fraction at high IS source water (Nil-
son and DiGiano, 1996). Humic macromolecules tend to become coiled
structures at high IS, leading to the formation of a dense fouling layer
(Hong and Elimelech, 1997).

The presence of ions such as Na* and Ca?* can increase the fouling
propensity owing to the shielding effect of the charges between NOM
and the membrane surface, thereby reducing its electrostatic repulsive
forces (Zhao et al., 2015). The presence of Ca®" destabilizes the colloidal
stability and neutralizes the charge of organic moieties, leading to the
extensive aggregation of NOM near the membrane surface (Song et al.,
2020). Ca%" ions can form complexes with NOM and the membrane
surface, leading to the formation of a highly dense fouling layer
(Emadzadeh et al., 2014; You et al., 2020). At higher permeation rates,
Ca?" has a strong tendency to convert reversible to irreversible fouling
and severely impact membrane performance (You et al, 2020).
Increasing the Ca®* concentration to a moderate value of 1 mM shielded
the electrostatic repulsion between the membrane and NOM, decreasing
its rejection and slightly reducing the normalized flux of a commercial
NF membrane (Abdikheibari et al., 2020). Concentrations above the
critical value (2.5-3 mM) of Ca®* ions can lead to complexation with
NOM, which decreases the DOC content of the feed and, in turn, reduces
fouling (Wang et al., 2017a; Miao et al., 2018).

Although several studies have been performed to understand the
effect of Ca%* ions on organic fouling, very few studies have elucidated
the role of magnesium ions in organic fouling. Mg?' ions are also
ubiquitously present in surface waters (Wang et al., 2020). Limited work
on Mg2+ has yielded contradictory results. (Arabi and Nakhla, 2009),
reported that Mg?" ions decreased membrane organic fouling. Another
study compared organic fouling in the presence of Mg?* and Ca®" ions
and concluded that the presence of Ca®* caused severe fouling, while
less fouling was observed in the presence of Mg (Lee et al., 2006).
Similarly, the effects of multivalent cations such as Ca*, Mg?* and La®*
on the organic fouling of NF membranes were evaluated (Mahlangu
et al., 2020). The study concluded that Ca®" worsened membrane
fouling through its complexation with organics and increased affinity of
foulants for membrane surface, whereas Mg?* and La®* had less impact
on organic fouling. A report concluded that the fouling propensities of
Ca%* and Mg?* are comparable (Abrahamse et al., 2008). The effect of
Mg?* on polysaccharide fouling was investigated in a study that inferred
that Mg?>" aggravates membrane fouling (Wang et al., 2020). The
addition of Mg?" promotes the crosslinking of alginate and increases its
gelling tendency. It was reported that the Mg?" reacts with carboxylic
and hydroxyl groups of organic matter and the membrane, leading to
development of dense gel layer on the membrane surface (Wang et al.,
2020). In several water treatment facilities, feed water for nanofiltration
is subjected to pre-treatment via ultrafiltration (UF) membranes (Li
et al., 2020b). The permeate of the UF membrane consists of preserved
humic acid components after UF (PHACUF), which, in the presence of
Mg2+ ions, causes severe fouling (Song et al., 2021). This was attributed
to the tendency of the Mg?* ions to fully link with the carboxylic groups
of the PHACUF moieties, causing a bridging effect and the formation of
dense and large flocs. A recent study also suggested that the presence of
other metal ions such as AI®*, Fe3*, and Cu®" at critical concentrations
caused severe flux decline, Cu?" at a very low concentration of 5 pM,
AIP* and Fe3" at 20 pM (Su et al., 2020).

Emerging contaminants, such as PFASs and Micro/nano plastics
(MPs and NPs), in drinking water sources also tend to interact with NOM
(Garg et al., 2021; Wu et al., 2021). Controlled studies confirmed that
the interactions between HA, BSA, SA, and PFASs, influenced the
organic fouling and removal of both organics and PFAS (Zhao et al.,
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2016; Wang et al., 2018). The presence of NOM also leads to the ag-
gregation of MPs and NPs through charge and hydrophobic interactions
and bridging (Sharma et al., 2021). In addition to metal ions and
emerging contaminants of concern, the presence of inorganic colloids,
such as silica and alumina, along with NOM, can also severely affect
membrane fouling (Schulz et al., 2016). Inorganic foulants are also
deposited on the membrane surface, leading to a porous or compact
layer, which in turn significantly impacts back diffusion during mem-
brane cleaning (Teychene et al., 2016; Ma et al., 2019a). Understanding
the interactions between organic foulants and various other moieties in
water is important and can provide guidance on fouling control.

2.3.3. Hydrodynamic conditions

The shape of the membrane module and filtration type had a sig-
nificant effect on the extent of fouling. Membrane modules used in in-
dustrial applications include flat sheets and tubular, hollow-fibre, and
spiral wound (Wang and Liu, 2021). Flat sheet membrane modules have
been extensively used in lab-based research because of their facile
preparation and operation procedures (Baker, 2012). Hydrodynamic
conditions during membrane filtration play a vital role and govern the
extent and rate of fouling. Membranes can be operated under either
constant transmembrane pressure (TMP) or constant flux modes (Miller
et al., 2014). Owing to the fouling of the membranes, the resistance
towards permeation increases, which reduces the flux in the constant
TMP mode. In the constant TMP mode, a very high initial flux is ach-
ieved because of the clean surface of the membranes without a fouling
layer. However, as the filtration proceeds, the membranes exhibit
increased mass transfer resistance due to fouling, which reduces the
permeate flux (Abdikheibari et al., 2018). Under constant flow condi-
tions, the permeate flux was maintained constant by continuously
varying the TMP. When the TMP is increased, the convective flow
transports the organics towards the membrane with greater force and
facilitates their deposition on the membrane surface (Hong and Eli-
melech, 1997). This greater force pushes the foulants into the pores,
leading to complete pore blocking and irreversible fouling in many
studies (Alborzfar et al., 1998; Seidel and Elimelech, 2002). In general,
the accumulation of organics on the membrane surface can be decreased
by enhancing the shear flow by either increasing the crossflow velocity
or decreasing the TMP. High cross-flow velocities can induce turbulent
flow regimes and high shear stress in the membrane system, which can
mitigate fouling (Alborzfar et al., 1998). Accordingly, with an increase
in cross flow velocity from 950 to 1300 L h ~%, flux decline was reduced
from 35% to 26% (Alborzfar et al., 1998). The study also observed that
an increase in operating pressure from 0.8 to 1 Mpa increased the flux
decline by 58%. Another report suggested that, under constant crossflow
velocity mode, increasing the flux by 3-times led to a 70% increase in
fouling. This was because of the increased accumulation of NOM on the
membrane surface under the effect of convective flux (Seidel and Eli-
melech, 2002). Contradicting results have also been reported when high
cross-flow velocities were employed (Peters et al., 2021). The microbial
cells present in feed water can be damaged under such conditions,
triggering the release of extracellular polymeric materials. This, along
with microalgal flocs, can lead to the formation of smaller colloidal
substances that severely foul membranes (Wicaksana et al., 2012; He
and Vidic, 2016).

Overall, the available literature varies significantly regarding the
impact of factors affecting NF performance during the treatment of
NOM-containing water. This was mainly attributed to the diverse nature
of NOM and its complex physicochemical interactions with the mem-
brane surface. The choice or synthesis of NF membranes is usually based
on high NOM removal and antifouling performance, as well as consid-
ering NOM properties, feed water conditions, and NF operational
parameters.
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3. Fouling mitigation strategies

Fouling mitigation strategies, such as feedwater pre-treatment,
membrane fouling monitoring, and cleaning, are briefly discussed.
This is followed by a detailed section on recent advances in surface
engineering of fouling-resistant NF membranes based on different types
of engineering materials with a critical comparison of membrane
performance.

3.1. Feedwater pre-treatment

Feedwater pre-treatment is a widely used strategy to improve feed
water quality and prolong membrane life by mitigating the organic
fouling of NF and RO membranes (Zhang et al., 2016b; Liu et al., 2022).
Coagulation (Mariam and Nghiem, 2010), adsorption (Jamil et al.,
2021), disinfection, oxidation (Park et al., 2017), ion exchange
(Lopez-Ortiz et al., 2018) and low-pressure membrane filtration (Li
et al., 2020b) are few of the pre-treatment methods explored to mitigate
organic fouling in NF membranes. Suitable methods are chosen based on
various factors, such as NOM characteristics, feed water quality,
pre-treatment efficiency, and the associated impact on membrane
fouling, cost aspects, and quality of produced water. Fundamentally, the
purpose is to reduce the amount of NOM entering the membrane stage,
thereby decreasing fouling. Compared to other pre-treatment tech-
niques, coagulation is an inherent part of most drinking water treatment
plants (Sarkar et al., 2007; Lin et al., 2019). Pre-treatment methods have
their own drawbacks as they can inherently change the properties of
foulants and significantly affect membrane performance and fouling
propensity (Chellam et al.,, 1997; Yuan et al, 2022). NF
membrane-based surface water treatment plants require pre-treatment
as a mandatory stage to remove larger particles and suspended and
dissolved solids that are present in abundance in surface water (Lin
et al., 2019).

3.2. Membrane fouling monitoring

Monitoring membrane fouling in real time and in situ is essential to
evaluate the severity of fouling and initiate timely membrane cleaning
(Jiang et al., 2017). During the NF operation, the fouling performance
was evaluated by monitoring the flux decline with time (Ma et al.,
2019b). During the filtration process, the foulants begin to deposit on
the membrane surface, resulting in a significant flux decline during the
first hours (0-8 h) of the experiments, followed by a gradual decline in
flux (Abdikheibari et al., 2019). For instance, NF membrane exhibited a
flux decline of 46% during 52 h filtration studies with surface water
wherein, 25% decline was observed within the first 8 h (Abdikheibari
et al., 2020). Autopsy of fouled membranes is also widely used to
characterize and study foulant distribution and foulant types to
comprehensively evaluate fouling (Chon and Cho, 2016; Li et al.,
2020c). Techniques such as electrical impedance spectroscopy (Cen
etal., 2015), optical coherence tomography (Gao et al., 2014), magnetic
resonance imaging (Schork et al., 2018), ultrasonic time-domain
reflectometry (Li et al., 2015) and fluorescence imaging (Park et al.,
2020) can provide information on membrane fouling type, distribution,
and fouling layer thickness. Other emerging techniques, such as Raman
spectroscopy (Lamsal et al., 2012), infrared spectroscopy, and ultra-
violet/visible reflectance spectroscopy (Gao et al., 2018) can provide
information on the composition and concentration of foulants on the
membrane surface. This in situ real-time monitoring of membrane
fouling could help surface water treatment facilities to understand the
extent and factors affecting the fouling conditions as well as predict the
onset of fouling while offering relevant data (Rudolph et al., 2019).
These methods have been applied to many different experimental scales
and types of membrane modules (Rudolph et al., 2019). A single tech-
nique cannot provide all the information required to completely eval-
uate the fouling layer development. Each of these techniques has
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advantages and disadvantages (Rudolph et al., 2019).

Recent advances in machine learning, artificial neural networks,
deep learning models, and sophisticated control systems have created
advanced fouling prediction models using these data that can evaluate
diverse filtration conditions, focusing on improving NOM removal,
reducing organic fouling, and producing high-quality drinking water
(Park et al., 2019; Shim et al., 2021). Owing to the various factors
impacting NF membrane fouling, the development of in situ real-time
methods that provide quantitative and qualitative data on organic
fouling and their integration with smart systems is necessary to optimize
surface water treatment plants for the best performance along with plant
and region-specific solutions.

3.3. Membrane cleaning

Periodic membrane cleaning is required to remove the cake layer
formed during membrane fouling. Cleaning methods include physical,
chemical, and biological approaches (Huang et al., 2020). Physical
cleaning is based on hydraulic rinsing of the membranes by manipu-
lating the flow conditions using methods such as sparging, sponge ball
cleaning, and backwashing (Gul et al.,, 2021). Physical cleaning
involving backflushing may severely impact the membrane structure
owing to delamination, while rinsing the membranes might not be
successful in removing the foulants deposited inside the pores (Gul et al.,
2021). When air bubbles are used in sparging methods, the micro-and
nanobubbles formed can help remove the foulant layers on the mem-
brane surface while not being able to remove the foulants inside the
pores (Wray et al., 2013; Bhoumick et al., 2021). Chemical cleaning
utilizes detergents, surfactants, acidic/alkali solutions, disinfectants,
and chelating agents, separately or in combination, to remove deposited
foulants (Huang et al., 2020). The frequency and type of cleaning are
governed by the NOM and membrane surface characteristics (Huang
et al., 2020). The efficiency of cleaning depends on various factors, such
as the concentration of cleaning agents, temperature and pH of cleaning
solutions, cleaning time, and interaction among the cleaning agents,
foulants, and membrane surface (Zhao et al., 2019a; Xu et al., 2020).
Chemical agents should selectively remove fouling without significantly
affecting the structural and chemical integrity of the membrane (Huang
et al., 2020). In general, the use of cleaning agents is successful in
removing foulants and recovering the water flux. In most cases, the
chemical and physical properties of the membrane are altered by the
interaction with cleaning agents, causing an increase in flux and a
decline in solute rejection (Fujioka et al., 2015; Stolov and Freger,
2019). Exposure to commonly used NaOH cleaning solution leads to
swelling of the active layer of NF membrane and increases the pore radii
by 23%, leading to 5-7% decline in sulfate rejection (Wadekar et al.,
2019). In this regard, rejection of neutral NOM moieties by alkali treated
NF membranes drastically reduced by 27% due to the temporary
expansion of polymeric chains and pores (Al-Amoudi and Lovitt, 2007;
Kallioinen et al., 2016). This was attributed to the repulsive electrostatic
interactions of the deprotonated carboxylic groups in the active surface
layer under alkaline conditions, causing expansion of the polymer chain,
which reduces organic retention (Kallioinen et al., 2016; Wadekar et al.,
2019). Alkaline cleaning agents have been reported to effectively
remove both the hydrophobic and hydrophilic fractions of NOM. Hy-
drophobic NOM is solubilized at an elevated pH during alkali cleaning,
whereas hydrophilic proteins and polysaccharides are emulsified and
removed from the fouling layer (Lee et al., 2001; Gwon et al., 2003).
Alkali chelating agents, such as EDTA, with strong chelating capabilities
are used in combination with NaOH to recover flux and completely
remove the foulant layer formed in the presence of Ca®"cations (Wang
et al., 2005). This mechanism involves the disruption of intermolecular
foulant-cation bridges that detach the foulant layer from the membrane
surface (Li and Elimelech, 2004). Many studies have reported contra-
dictory effects of alkaline cleaning on membrane flux and solute rejec-
tion, which implies that the cleaning efficiency is highly dependent on
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membrane surface properties, cleaning chemical agents, and the nature
of foulants (Al-Amoudi et al., 2007; Fujioka et al., 2015). Acidic cleaning
solutions containing acids, such as hydrochloric acid, sulfuric acid, and
citric acid, have also been explored for cleaning NF membranes. Acids
tend to cause hydrolysis of amide bonds initiated by the protonation of N
and O groups (Jun et al., 2019). For instance, a study reported that the
exposure of NF membranes to highly acidic solutions resulted in an in-
crease in the surface negative charge and permeate flux, while the PA
layer was peeled off from the support during the operation owing to the
lower stability of the amide bonds (Jun et al., 2018). Oxidizing agents
such as NaOCl and Hy05 have also been extensively used to effectively
clean membrane surfaces, as they have the tendency to degrade organic
foulants (Gohil and Suresh, 2017; Ling et al., 2017). The membrane
structure is significantly affected by exposure to oxidizing agents, which
deteriorates the membrane separation performance after cleaning
because of the low tolerance of NF membranes to oxidants (Goh and
Ismail, 2020; Huang et al., 2020). Cleaning agents based on biological
routes through enzymatic pathways have been widely explored for NF
membrane cleaning owing to their ability to specifically degrade bio-
logical macromolecules, such as proteins, lipids, and polysaccharides
(Lan et al., 2021; Zhang et al., 2022a). Emerging techniques, such as the
application of an electric field to membranes during filtration, could also
be explored (Ho et al., 2018). Challenges, such as heat generation and
membrane degradation during the process, cannot be overlooked.
Although different cleaning strategies have been reported, the choice of
cleaning strategy is highly dependent on the membrane surface prop-
erties as well as the NOM components present in the specific feed water.

3.4. Surface engineering NF membranes for enhanced organic fouling
resistance

The interactions between foulants and uncontaminated clean mem-
branes determine the initial phase of fouling, implying that interaction
forces are the most important determinant of the initial fouling rate
(Abdikheibari et al., 2020). As a result, developing antifouling mem-
branes requires surface engineering of the membrane to achieve specific
interactions with foulants (Zhan et al., 2021; Zhao et al., 2021). Surface
engineering of membranes after IP reaction is a highly preferred method
over substrate modification and IP reaction additives as it successfully
imparts new functionalities to the membrane surface while maintaining
its bulk properties, such as membrane permeance and salt rejection
performance, while providing desirable antifouling and organic removal
properties (Zhao et al., 2021). Both lab-prepared and commercial
membranes have been modified by various physical and chemical
techniques. Physical methods that are relatively easy to perform include
layer-by-layer assembly, dip coating, and filtration coating (Goh and
Ismail, 2020). Chemical modification provides structural and long-term
operational stability because of its strong covalent bonding and
compatibility with the PA layer (Choudhury et al., 2018). Physical al-
terations based on weak van der Waals interactions with the membrane
surface may result in modifier detachment during high-pressure opera-
tion (Goh and Ismail, 2020). Chemical modifications are mainly based
on grafting macromolecules, polymers, and nanomaterials onto the PA
layer (Choudhury et al., 2018). This involves strong anchoring of surface
modification agents via chemical bonds onto the membrane PA layer via
various mechanisms, such as cationic, anionic, free radical, redox, atom
transfer radical polymerization (ATRP), plasma, enzymatic, and ultra-
violet (UV) (Khoo et al., 2021).

Surface engineering post-IP reactions are based on the incorporation
of materials that inhibit fouling (Abdikheibari et al., 2020). The versatile
nature of foulant-membrane surface interactions can be altered by
incorporating a wide range of suitable materials to impart antifouling
properties to the membrane (Mi et al., 2017). The strategy is based on
either passive or active mechanisms. The passive mechanism is based on
the inhibition of foulants and bacterial attachment without changing the
foulant properties, whereas the active mechanism focuses on degrading
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the foulants and killing the bacteria (Choudhury et al., 2018; Vanan-
gamudi et al., 2018b). Engineered materials, such as organic polymers,
including hydrophilic neutral and charged polymers, zwitterionic
polymers, polyelectrolytes, poly (dopamine), hyperbranched polymers,
thermo-responsive, amphiphilic, and various inorganic nanomaterials,
as well as combinations of organic/inorganic materials, have been
explored to combat fouling for NF membranes. Fig. 3 shows schematics
of the different surface engineering materials and the antifouling
mechanisms discussed.

3.4.1. Neutral and charged hydrophilic polymers

Poly (vinyl alcohol) (PVA) is a water stable, neutrally charged hy-
drophilic polymer with high number of OH groups making it highly
hydrophilic and biocompatible (Guo et al., 2019a). PVA is cheap and
environmentally friendly, with a very high film-forming capability,
facilitating various PVA and its derivatives for application in surface
engineering NF membranes to mitigate organic fouling (Choudhury
et al., 2018; Zhao et al., 2021). Commercially available NF membranes
such as AFC30, AFC40, and AFC80 from PCI membranes are coated with
neutral PVA layers (Otero-Fernandez et al., 2020). In general, NF
membranes coated with PVA exhibit smoother surfaces with low nega-
tive charges, increased hydrophilicity, and excellent antifouling and
chlorine resistance properties (Ba et al., 2010; Ng et al., 2020). A study
reported the performance of PVA-coated commercial NF 270 mem-
branes for organic rejection (Drazevic et al., 2013). The PVA-coated
membrane exhibited, 5-30% increase in rejection of hydrophobic or-
ganics and decrease the rejection of hydrophilic solutes from 6 to 50%,
while the rejection of NaCl was retained (Drazevic et al., 2013). It was
concluded that the PVA coating affected the solute/membrane in-
teractions and the concentration of organics near the membrane surface,
which improved the removal of hydrophobic organics and reduced the
mass of the foulants adsorbed onto the membrane (Drazevic¢ et al.,
2013). The PVA coating on the membranes also facilitates easy removal
of foulants deposited on the membrane surface via cleaning strategies,
and the PVA coatings can be regenerated (Ba et al., 2010; Suzuki et al.,
2016). The PVA coating can also prevent the impact of chlorine-based
cleaning agents on the PA layer, which can help retain the membrane
with good transport properties even after multiple cleaning cycles (Liu
et al., 2015a). The PVA coating requires cross-linking agents such as
aldehydes and polyacids to prevent swelling and dissolution of PVA
coating during operation (Guo et al.,, 2019a). Although various re-
searchers have developed cross-linked PVA coating-based NF mem-
branes, they exhibit low permeate flux because of the thick PVA layer,
which restricts their widespread application (Table 1, entry 1) (Liu et al.,
2015a; Zhu et al., 2020b).

Poly (ethylene glycol) (PEG) is another uncharged polymer with
flexible long chains, a high exclusion volume, and hydrophilicity, which
can restrict the attachment of organic foulants on the membrane surface
(Shahkaramipour et al., 2017). When compared to PVA coating, PEG
incorporation is based on grafting polymer brush-like molecules onto
the PA layer, which provides steric hindrance to the organic foulants,
avoiding its deposition on the membrane and maintaining high rejection
performance (Kang et al., 2007; Shahkaramipour et al., 2017). Various
studies have reported that PEG and its derivatives can be used as surface
modification agents for commercial NF membranes (Tang et al., 2009;
Van Wagner et al, 2011). The anchoring of PEG-based chains is
dependent on the carboxylic and amine groups present on the PA layer;
in many cases, another activation step is required to introduce more
functional groups on the PA layer to improve its attachment (McCloskey
et al., 2012). PDA was used as an activating agent to covalently attach
amine-functionalized PEG to the polyamide matrix (McCloskey et al.,
2012). The incorporation of PEG resulted in significantly decreasing the
water permeance by 74.29%, and during 24 h fouling tests membrane
flux was constant i.e., maintained excellent fouling resistance (Table 1,
entry 2). PEG and its derivatives, such as polymers, hydrogels, and
PEG-like polymers, have also been explored for the surface modification
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Fig. 3. Surface engineering of NF membranes using various materials discussed in this review. Adapted with permission from Ref (Xu et al.,

of membranes (Zou et al., 2011; Zhao et al., 2021). The high solubility of
PEG in water, as well as the tendency of PEG-based materials to collapse
under high salinity conditions, can lead to deterioration of the mem-
brane surface, significantly impacting the membrane transport proper-
ties (Shahkaramipour et al., 2017).

Poly (acrylic acid) (PAA) is a hydrophilic anionic polymer with OH-
groups, while polyethylene imine (PEI) is a branched cationic polymer
with primary, secondary, and tertiary amide bonds that can be cova-
lently bonded to the nascent PA layer (Bera and Jewrajka, 2016; Wang
et al., 2017b). Owing to their hydrophilic properties and electrostatic
interactions, PAA and PEI and their compounds have been widely uti-
lized to modify NF membrane surfaces to impart very high hydrophilic
properties (Himstedt et al., 2013; Bera and Jewrajka, 2016). The
enhanced antifouling performance was attributed to the steric hindrance
caused by PEI and its compounds towards organic foulants, formation of
hydration layers, and a smoother membrane surface (Table 1, entries
3-5) (Bera and Jewrajka, 2016). It was also observed that upon incor-
poration of the modifiers, the flux and salt rejection were reduced,
which was attributed to the increase in resistance to water transport and
reduction in surface negative charge, respectively (Table 1, entry 5)
(Choudhury et al., 2018). Grafted PAA is sensitive to the pH of the feed
water, which affects its structure, leading to swelling, which could
further deteriorate the separation performance (Himstedt et al., 2011).
PAA has been employed with polyelectrolytes such as poly (allylamine
hydrochloride) (PAH) to modify commercial NFO0 membranes via a
layer-by-layer assembly method, which enhanced the hydrophilicity,
surface roughness and maintained nearly 100% normalized flux when
compared to 85% for control membrane during 2 h filtration studies
with HA solution (Table 1, entry 6). The membrane exhibited reduced
flux owing to increased resistance to mass transfer due to multiple layers
of polyelectrolytes (Baig et al., 2021).

3.4.2. Zwitterionic polymers
Post-activation by grafting of zwitterionic polymers has been widely
used for surface engineering membranes because of its feasibility and

(h) Mineralization
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2022a).

diversity in imparting antifouling properties (Wang et al., 2019; Guo
et al., 2020a). Zwitterionic polymers are a class of materials with the
same number of cations and anions in their polymer chains, and they
exhibit high hydrophilicity (Zheng et al., 2017). In general, the incor-
poration of zwitterionic polymers results in enhanced membrane surface
hydrophilicity, rougher surfaces, and electronegative charges, which
play a key role in reducing the deposition of organic foulants (Lau and
Yong, 2021). The enhanced surface charge, hydrophilicity, and ten-
dency of zwitterionic polymers to bond with water molecules can lead to
a thick water hydration layer over the membrane surface, inhibiting the
deposition of organic foulants (Ding et al., 2021; Zhan et al., 2021). The
unique zwitterionic structure and steric hindrance also play an impor-
tant role in repelling organic foulants away (He et al., 2016). Zwitter-
ionic polymers have been incorporated in many strategies, including
self-assembly, solution polymerization, atom-transfer-radical polymeri-
zation (ATRP), solvent evaporation, and chemical vapor deposition
(CVD) (Lau and Yong, 2021). For instance, zwitterion-modified NF
membranes were prepared by employing PDA as an adhesive agent and
sulfobetaine methacrylate (SBMA) monomers via surface-initiated
atom-transfer radical polymerization (SI-ATRP), as shown in Fig. 4 (a)
(Ding et al., 2021). The mechanisms underlying this modification
technique and the interactions with the PA layer are shown in Fig. 4 (b).
The modified membranes exhibited enhanced hydrophilicity, lower
surface charge, and reduced pore size, retaining very high salt rejection
of 99.1% for NaSO4 and excellent flux recovery of 92.1% during fouling
experiments with HA (Table 1, entry 7). It has been reported that the
SBMA and hydration layers acted together as a buffer layer, as shown in
Fig. 4 (a), which inhibited the deposition of organic foulants on the
membrane surface with a 10% flux decline. When compared to
PEG-based materials, the zwitterions can form eight times more
hydrogen bonds, which can significantly increase the hydrophilicity and
enhance the water permeance of the engineered membranes (Table 1,
entries 8-11) (He et al., 2016).

Zwitterions also exhibit high stability under diverse filtration con-
ditions (Shahkaramipour et al., 2017). In a recent study, SBMA and
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Summary of surface engineered membranes and impact on permeance, salt rejection and fouling recovery compared to control membrane without coating.

Entry  Surface Modification Impact on membrane Membrane transport properties Fouling performance (NOF-  Ref
engineering method surface parameters (R normalized flux, FRR- Flux
. Permeance % 1 or | of NaySO4 .
material -roughness, PAT - PA o1 o recovery ratio)
. (Lm“h permeance rejection .

layer thickness, CA - bar 1) compared to %) Value in [ ] refers for
contact angle, ZP - zeta control membrane, with
potential at pH 7, 1 - control type of feed and filtration
. membrane .
increases, | - decreases time.

1 PVA Contact coating R |,PAT1,CA |, (-ve) ZP 8.83 16.38 99.4 NOF: 40% [15] HA Zhu et al.
1 FRR: 80% [40] HA (2020b)
R = 3.2 nm (average),
ZP = —19.2 mV, CA =
28.6°, PAT = 165 nm

2 PEG Contact coating CA | 2.7 174.29 FRR: ~95% [30] Oil water McCloskey
CA = 40° emulsion (120 min) et al. (2012)

3 PEI Dip coating R |, PAT 1, CA ~, (-ve) 7 Similar 82 FRR: 81% [72] BSA (25 h) Bera and
ZP | Jewrajka
R = 13 nm (average), ZP (2016)
=3mV,
4 PEI-PEG Dip coating R|,PAT1, CA, (-ve)ZP | ~8 Similar 84 FRR: 90% [72] BSA (25 h) Bera and
R =78 nm (average), ZP Jewrajka
=—4mv, (2016)

5 PEI-dextran Dip coating R |, PAT 1, CA ~, (-ve) ~8.5 121 91 FRR: 88% [72] BSA (25 h) Bera and
A Jewrajka
R = 13 nm (average), ZP (2016)
=1mV,

6 PAA and PAH Dip coating and R|,PAT1,CA | 5.71 1~17 >98 NOF: ~100 [85] HA (2 h) Baig et al.
layer-by layer R = 250 nm (RMS), CA (2021)
deposition =70.4°

7 PDA-SBMA Surface initiated R|,PAT 1,CA |, (-ve) ZP 7.6 110 99.1 NOF: 39.5% [21.4] HA (3h) Ding et al.
ATRP 1 FRR: 92.1% [85.7]1 HA (3h)  (2021)

R = 20.2 nm (average),
ZP = —25mV, CA =
18.4°, PAT = 93.3 nm

8 SBMA Surface initiated R |, PAT 1, (-ve) ZP | 16.8 1290 97.2 FRR: 95.5% [81] BSA (5h) Guo et al.
ATRP R = 13.1 nm (average), FRR: 93% [86] HA (5h) (2019b)

ZP = -30 mV, PAT = FRR: 95% [85] SA (5h)
170 nm

9 SBMA Surface initiated R 1, PAT 1, (-ve) ZP | 10.7 1137.8 98.6 FRR: 97.41% [90.3] HA Guo et al.

ATRP R = 27.29 nm (RMS), (4h) (2019c¢)
CA =39°, PAT = 350 nm

10 AEPPS Amination R1,CA |, (-ve) ZP | 9.6 1105.7 99.5 FRR: 95.5% [88.3] BSA Mi et al.
reaction R = 52.9 nm (RMS), ZP (5h) (2015)

= —40 mV, CA = 18°,

11 1,3-PS Amination R1,CA |, (-ve) ZP | 12 1240 ~13 FRR: 93.8% [77.11 BSA (16 ~ Mi et al.
reaction R = 47.8 nm (RMS), ZP h) (2017)

= -19.2mV, CA = 36°, FRR: 95.6% [82] for SA (16
PAT =110 nm h)
FRR: 97.0% [92] for LYZ
(16 h)

12 SBMA and AEMA In-situ chemical Rt, PAT |, CA |, (-ve) ZP 27.5 1 300 98.6 NOF: 90% [55] BSA (3h) Zhang et al.

modification | FRR: 98% [79] BSA (3h) (2022b)
R = 21.9 nm (average),
ZP = -2 mV, CA =12,
PAT = 35 nm

13 MPDSAH Ce induced graft R|,CA |, 4.1 135 96 FRR: 95.5% [55] BSA (4h) Lietal. (2014)

polymerization R = 34.16 nm (RMS),
CA =35.5°%,
14 PDA Contact coating CA | 8.0 1231 FRR: 60% [30] Oil water McCloskey
CA = 40° emulsion (120 min) et al. (2012)
15 PDA Contact coating CA 1T ~9.4 110.5 95 NOF: 85% [70] BSA (8 h) Zhang et al.
CA =59.3° (2017)
16 Hyperbranched Contact coating R, CA |, (-ve) ZP 1t 21.5 113 97 NOF: 65% [44] HA (12h) An et al.
polyglycerol R = 22 nm (RMS), ZP = FRR: 75% [47] HA (12h) (2020)
(hPG) —2mV, CA = 31°
17 PNIPAM ATRP reaction R1, PAT 1, CA |, (-ve) ZP 18.2 1109.2 ~98 NOF: 80% [65] BSA (0.5h) Xu et al.
1 FRR: 100% [85] BSA (0.5h) (2022a)
R = 37.3 nm (average),
ZP = —30 mV, CA = 40°,
PAT = 96 nm

18 PFTS Surface coating R1,CA |, (-ve) ZP | ~4 1 50.5 80 NOF: ~88% [70] BSA (24h) Ruan et al.
followed by R = 12.2 nm (average), NOF: ~86% [72] HA (24h) (2018)
covalent grafting ZP = —32 mV, CA = 65° NOF: ~88% [75] SA (24h)

19 HFBM Surface coating R1,CA |, (-ve) ZP | 21.9 114.6 78.8 FRR: 99.4% [91.8] BSA Zhang et al.

followed by

R = 10.9 nm (average),
ZP = —-35mV, CA = 64°

12

(24h) (2016¢)

(continued on next page)
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Entry  Surface Modification Impact on membrane Membrane transport properties Fouling performance (NOF-  Ref
engineering method surface parameters (R normalized flux, FRR- Flux
X Permeance % 1 or | of NaySO4 .
material -roughness, PAT - PA 2,1 o recovery ratio)
. (Lm~“h permeance rejection .
layer thickness, CA - bar 1) compared to %) Value in [ ] refers for
contact angle, ZP - zeta control membrane, with
potential at pH 7, 1 - control type of feed and filtration
. membrane .
increases, | - decreases time.
grafting via FRR: 99.8% [86.3] HA
Michael addition (24h)
20 TiO, Self-assembly N/A ~10 1 6.99 ~96 NOF: 85% [70] BSA (8h) Zhang et al.
(2017)

21 TiO, PDA assisted CA | ~10 11.26 ~95 NOF: 95% [70] BSA (8h) Zhang et al.
coating CA = 24.5° (2017)

22 Biogenic Ag Covalent binding CA | 4.97 131.48 ~87 Modified membrane Liu et al.
by bridging agent CA = 38°, exhibited effective (2015b)
cysteamine antibacterial ability

inhibiting P. aeruginosa and
E. coli growth
23 Ag-doped TiO, Surface coating R1,CA| 0.6 ~ 170 60 Bacterial growth reduced Habib et al.
R = 13.7 nm (average), approximately 93% and (2020)
CA =36° 91% for the modified
membrane when compared
to control membrane for
E. coli and B. subtilis,
respectively.
24 BN Surface coating R|,PAT 1,CA |, (-ve) ZP 7.65 159 88.3 NOF: 99% [92] BSA (6h) Abdikheibari
) FRR:93% [89] BSA et al. (2019)
R = 6 nm (RMS), ZP =
—34.86 mV, CA = 25°,
PAT = 54 nm
25 BN Surface coating + R1,CA, (-ve) ZP t 12.15 169 NOF:95% [89] Surface Abdikheibari

IP reaction
nanofiller

R = 3.2 nm (average),
ZP = —-70 mV, CA = 20°

water (6h)
NOF: 80% [54] Surface
water (52h)

et al. (2020)

2-aminoethyl methacrylate hydrochloride (AEMA) were successfully
grafted onto an NF membrane surface (Zhang et al., 2022b). The
zwitterion-modified membrane exhibited higher hydrophilicity, higher
surface area, and thinner PA layer. As a result, the membranes recorded
nearly 300% increase in water permeance at 27.5 L m~2 h7! bar!
compared to 8.7 L m 2 h™! bar ! for control membrane while main-
taining NaySO4 rejection at 98.6% (Table 1, entry 12). The incorporation
of zwitterions reduced the formation of an additional external layer over
the nodular PA layer. Antifouling tests revealed that the normalized flux
and flux recovery was at 90% and 98%, respectively, for the zwitterion
modified membrane when compared to control membrane at 55% and
79% (Zhang et al., 2022b).

3.4.3. Polydopamine

PDA and its derivatives have been widely used to modify membrane
surfaces and impart high antifouling properties (Kasemset et al., 2013;
Karkhanechi et al., 2014). Dopamine is a mussel adhesive protein that
exhibits excellent adhesive properties as well as self-polymerization in
weak alkaline aqueous environments, leading to a strong adhesive PDA
coating that is compatible with most organic and inorganic substrates
(Jiang et al., 2013; Mi et al., 2021). Its inherent adhesive properties,
along with its ability to form strong interfacial binding via covalent and
hydrogen bonding, as well as electrostatic and hydrophobic interactions,
endow great opportunities for its use in membrane surface modification
(Zhao et al., 2021). PDA coatings also exhibit enhanced hydrophilicity
due to various hydrophilic groups such as catechol, amino, and quinone,
while functional groups, such as OH, NH, and C=0, serve as dual im-
pacts, enhancing the hydrophilicity and acting as active sites for further
modification (Guo et al., 2016; Mi et al., 2021). The antifouling prop-
erties of PDA-incorporated NF membranes are mainly attributed to the
enhanced hydrophilicity of PDA, which keeps the organic foulants away
from the surface through hydrophilic and electrostatic interactions
(McCloskey et al., 2012; Zhang et al., 2017). In a few other cases, the
purpose of PDA coating is to provide a strong adhesive layer to further
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modify the membrane surface by immobilizing a suitable nanomaterial
or further crosslinking with polymers for antifouling performance (Ang
et al., 2019). Owing to these opportunities with PDA, membranologists
extensively explore modifying the membrane surface with PDA coatings
in various strategies, such as using an interlayer prior to IP reaction,
post-IP reaction coating, and further cross-linking with other nano-
materials or polymers to enhance membrane performance and anti-
fouling properties, which are not limited to NF membranes but are also
widely used for RO membranes as well (Zhao et al., 2021). For instance,
a study reported PDA modification of NF membranes resulted in fouling
mitigation and increased flux during fouling experiments with BSA feed,
resulting in normalized flux of 85% when compared to 70% for control
membrane (Table 1, entry 14) (McCloskey et al., 2012). The major issues
with  PDA-incorporated @ NF membranes are their long
self-polymerization time, alkaline pH, and uneven coating with unsat-
isfactory permeance, selectivity, and long-term stability, which restrict
the commercial application of this technology (Baek et al., 2017). The
use of ultraviolet irradiation (Baek et al., 2017), FeCl3/H504 (Zhu et al.,
2018), CuSO4/H205 (Zhang et al., 2016a) have been used to increase the
polymerization rate and support the formation of defect-free PDA
coatings. A bottle neck exists between the permeance and rejection, as
often the PDA coating adds up to the mass transfer resistance, which
reduces the water flux by more than 10% (Table 1, entries 14-15) (Baek
et al., 2017). Incorporating the PDA coating as a surface modifier to
further incorporate nanomaterials or polymers would increase the
membrane thickness and significantly reduce flux (Zhao et al., 2021).
Therefore, to engineer PDA-incorporated membranes, the antifouling
performance should be very high, with minimal flux reduction.

3.4.4. Hyperbranched polymers

Hyperbranched polymers (HBP) are reactive three-dimensional (3D)
spherical macromolecules with unique physicochemical properties such
as controllable size, monodispersity in water, abundant terminal func-
tional groups, and nanovoids (Qiu et al., 2021). The inner voids of HBP,
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(Ding et al., 2021).

as well as the outer voids between the HBP molecules, acted as alter-
native selective water transport pathways, increasing the water per-
meance (Wei et al., 2013; Qiu et al., 2021). The steric hindrance and
electrostatic interactions of HBP resulted in the maintenance of the
required selectivity of NF membranes (Wei et al., 2013). The charge and
molecular size of HBP can be suitably engineered by modulating the
number of quaternary ammonium groups attached to them, resulting in
enhanced permeance and molecular selectivity (Qiu et al., 2021). While
most studies have focused on improving the permeance and salt rejec-
tion of NF membranes with HBP used as additives during IP reactions,
only a few studies have focused on attaching HBP post-IP reactions (Wei
et al., 2013; An et al., 2020; Qiu et al., 2021). Hyperbranched poly-
glycerol (hPG) has received increased attention for the synthesis of
fouling resistant membranes because of its dendrimer-like structure,
hydrophilicity, chemical stability, low toxicity, and easy synthesis
strategy (Hasan and Pandey, 2015; Abbina et al., 2017). Grafting hPG on
to the already formed PA layer, as shown in Fig. 5 (a) significantly
enhanced the hydrophilicity of the membrane surface, leading to 13%
increase in permeance while maintaining 97% rejection of NaySO4
compared to control membrane (Table 1, entry 16) (An et al., 2020).
hPG proved to be an excellent grafting agent to alleviate the organic
fouling of membranes during filtration tests with HA and BSA, as shown
in Fig. 5 (b-e) (An et al., 2020). The normalized flux at end of 12 h (HA)
was increased to 65% and flux recovery to 75% when compared to
control membrane with 44% and 47%, respectively (Fig. 5 (e)).
Compared to BSA, HA fouling was severe with lower normalized flux
and reversibility, indicating that different fractions of NOM interact
differently during fouling of membranes, increasing the complexity of
surface-engineered membranes. During fouling tests with BSA solution,
the normalized flux was increased to 90% compared to 75% for control
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membrane. The HBP coating exhibited an inherent thickness of
300-400 nm which could significantly increase the mass transfer resis-
tance and reduce the permeance (Nikolaeva et al., 2015). Fig. 5 (f) and
Fig. 5 (g) are microscopic images of the control and HBP-coated mem-
branes, respectively, where an increase in the thickness of the selective
layer is evident. There are challenges with the stability of the coating
during filtration and cleaning, which need to be addressed for actual
applications (Zhao et al., 2021).

3.4.5. Thermo-responsive polymers

Smart materials responding to temperature stimuli and self-cleaning
properties have been explored for the synthesis of antifouling membrane
surfaces (Yu et al.,, 2011; Vanangamudi et al., 2018a). Poly (N-iso-
propylacrylamide) (PNIPAM) is a low critical solution temperature
(LCST) thermo-responsive polymer that exhibits a hydrophilic coiled
structure at temperatures below 32 °C (LCST), which is favourable for
antifouling surfaces (Xu et al., 2022a). Above the LCST, the polymer has
a globular structure, which helps in the detachment of foulants owing to
structural changes (Xu et al., 2022a). In a recent study, PNIPAM was
incorporated into a bromine-containing polyamide NF membrane via
ATRP, as shown in Fig. 6 (a) (Xu et al., 2022a). The modified membrane
with 1 h polymerization time exhibited nearly double the permeance at
18.2 L m 2 h! bar ! when compared to 8.7 L m~2 h~! bar™ 1), while
retaining high divalent salt rejection (Table 1, entry 17). This was
mainly attributed to the improved surface hydrophilicity upon incor-
poration of PNIPAM (Zhao et al., 2020; Xu et al., 2022a). Further
increasing the polymerization time resulted in extra resistance to water
transport, reducing the permeance significantly (Xu et al., 2022a). In
addition, PNIPAM incorporation significantly increases the deposition
resistance and adhesion resistance of the foulants by reducing fouling
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Fig. 5. (a) Synthesis of hyperbranched polymer incorporated membranes and its antifouling mechanisms, (b) and (c) Represents the fouling performance of the
membranes during filtration/cleaning experiments with BSA, (d) and (e) Fouling performance of membranes during filtration/cleaning tests with HA, (f) and (g)
represent the microscopic images of control and HBP coated membrane. Reprinted with permission from Ref (An et al., 2020).

and improving the recovery of flux during cleaning strategies (Zhao
etal., 2020; Xu et al., 2022a). The incorporation of PNIPAM resulted in a
significant increase in the normalized flux when compared to that of the
control membrane, as shown in Fig. 6 (b), suggesting its enhanced
antifouling performance (Xu et al., 2022a). The thermo-responsive na-
ture of PNIPAM resulted in the formation of a buffer layer due to the
shrinking of the polymer above the LCST (Fig. 6 (c)), which restricts the
membrane-foulant interactions and enhances the detachment of pol-
lutants, thus decreasing irreversible fouling (Xu et al., 2022a). In several
water treatment facilities, the feed water temperature can exceed 32 °C,
which can initiate spontaneous thermo-responsive behaviour on the
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membrane and lead to poor membrane separation. The
thermo-responsive properties can cause the PA layer to become unstable
in actual industrial applications.

3.4.6. Amphiphilic polymers/surface

Amphiphilic polymers consist of both hydrophilic and hydrophobic
components in their structures, which have been explored for use in
antifouling membranes and fouling release coatings (Ruan et al., 2018).
The hydrophilic component of the polymer facilitated the formation of a
water hydration layer, mitigating the deposition of organic foulants,
whereas the low surface energy of the hydrophobic part promoted
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efficient removal of foulants during cleaning (Ruan et al., 2018). Owing
to the presence of various fractions of NOM in surface water, researchers
have recommended the use of amphiphilic polymers (Choudhury et al.,
2018). Amphiphilic polymers are emerging materials that have been
mostly used for RO membrane surface modification (Matin et al., 2016).
Its unique properties can be explored for the surface engineering of NF
membranes. Attaching both hydrophilic and low-surface-energy poly-
mers can result in the formation of amphiphilic surfaces, which can
improve antifouling membrane performance. In this regard, a study
involved two-step modification of the NF membrane. First, triethanol-
amine (TEOA) with abundant hydrophilic groups was attached to the
membrane surface, followed by the covalent grafting of 1H,1H,2H,
2H-perfluorodecyltrichlorisilane (PFTS) (Ruan et al., 2018). This
amphiphilic surface resulted in an enhanced antifouling performance
during filtration studies with HA, BSA, and SA solutions (Table 1, entry
18). The membranes also reported significant flux decline of 50.5%
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when compared to control membrane owing to the addition of dual
modification layers (Ruan et al., 2018). In another study, triethylene-
tetramine was attached to the carboxylic groups on a polyamide mem-
brane, followed by grafting of 2,2,3,4,4,4-hexafluorobutl methacrylate
(HFBM) via a Michael addition reaction (Zhang et al., 2016¢). The
Amphiphilic membranes reported 14.6% higher permeance and excel-
lent fouling resistance during filtration studies with BSA, HA, and oil/-
water emulsions (Table 1, entry 19).

3.4.7. Inorganic nanomaterial and mineralization

Various inorganic nanomaterials such as Cu (Ben-Sasson et al.,
2016), Ag (Liuetal., 2015b), TiOg (Zhang et al., 2017), Fe (Karimnezhad
et al., 2019), ZnO (Purushothaman et al., 2022), and silica (Liu et al.,
2017a) have been widely used for the surface modification of mem-
branes, mainly because of their biocidal properties, as well as improved
hydrophilicity and organic fouling resistance. The general mechanism is
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based on the liberation of metal ions, which facilitates antibacterial
properties and hydrophilic surfaces for mitigating organic fouling
(Choudhury et al., 2018). Ag and TiO5 based nanomaterials are widely
used for membrane surface modification owing to their easy in situ
generation and high antibacterial performance (Table 1, entries 20-23).
Inorganic nanomaterials suffer from poor compatibility with the poly-
amide matrix, leading to aggregation and leaching, which significantly
reduces membrane separation performance (Mallya et al., 2021).
Various studies have focused on the functionalization of inorganic
nanomaterials or the use of bridging agents to improve their compati-
bility with the polymer matrix (Liu et al., 2015b; Zhang et al., 2017). For
instance, biogenic AgNPs were grafted onto a selective polyamide layer
via a cysteamine bridge for strong anchoring of AgNPs (Liu et al.,
2015b). The modified membrane exhibited enhanced hydrophilicity,
permeance, and antibacterial performance with good stability while
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maintaining higher salt rejection (Table 1, entry 22). Hybrid inorganic
nanomaterial structures have also been explored for modifying mem-
brane surfaces to impart antibacterial and antifouling properties (Yi
et al., 2019). For instance, Ag-doped TiO, nanoparticles were immobi-
lized on commercial NF membranes using the dip-coating method
(Habib et al., 2020). The hybrid nanomaterial-modified membranes
exhibited enhanced hydrophilicity and antibacterial properties. Never-
theless, the membrane suffered from significant flux decline of 70%
owing to the increase in hydraulic resistance due to additional coating of
PVA and nanoparticles used for modifying the surface (Table 1, entry
23).

Emerging 2D nanosheet-based materials, such as graphene oxide
(GO) and its compounds (Zhao et al., 2019b), BN (Abdikheibari et al.,
2019), and MoS; (Mallya et al., 2022) have also been explored as surface
engineering agents for NF membranes. The hydrophilicity and negative
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Fig. 7. (a) Synthesis of BN nanosheet decorated NF membrane, (b) Synthesis of dual modified NF membranes with BN nanosheets, (¢) MWCO results and (d) NF
performance data of BN decorated NF membrane compared to control membrane, (e) NF performance data and (f) NOM removal of commercial, control and dual
modified membrane compared to conventional treatment plant. Reprinted with permission from Ref (Abdikheibari et al., 2019, 2020).
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charge of the nanosheet, along with its seamless covalent integration
with the PA matrix, enhanced the NF membrane performance. Suitable
functionalization of 2D nanosheets has increased their compatibility
with the polymer matrix (Mallya et al., 2021, 2022). In this regard,
amine amine-functionalized BN nanosheets were decorated over already
formed polyamide structure, as shown in Fig. 7 (a), which enhanced the
membrane flux by 59% and 50% of total fouling resistance as well as
maintained more than 92% NOM removal (Table 1, entry 24) (Abdi-
kheibari et al., 2019). The reactive edges of the BN nanosheets facili-
tated covalent interactions between the electron-deficient B atoms and
the polymer chains, and the amine functionalities led to reactions with
unreacted TMC molecules (Abdikheibari et al., 2019). The modified
membrane exhibited excellent long-term operational stability and
recoverability without leaching of the nanosheets. Surface engineering
with BN led to a significant decrease in the MWCO of the NF membrane
from 825 Da to 595 Da, resulting in enhanced NOM rejection (Fig. 7 (c)).
The membrane hydrophilicity and surface charge were enhanced, which
resulted in a higher normalized flux and NOM rejection during filtration
studies with BSA and SA, as shown in Fig. 7 (d). Compared to organic
polymers, inorganic nanomaterials have lower compatibility with the
polymer matrix; however, the modification strategy is simpler and less
time-consuming (Choudhury et al., 2018). As mentioned, compatibility
can be enhanced by attaching suitable functional groups to the 2D
nanosheets, which can anchor strongly onto the polyamide layer (Mallya
et al., 2021). In another research, amine-functionalized BN nanosheets
were incorporated as nanofillers and surface modifiers to synthesize
next-generation (Fig. 7 (b)) NF membranes for surface water treatment
(Abdikheibari et al., 2020). The study reported that the dual modifica-
tion strategy enhanced the hydrophilicity and negative charge by 60%
and 40%, respectively, as well as 69% increase in flux, when compared
to control membrane (Table 1, entry 25). The membranes exhibited
stable filtration performance and enhanced antifouling and NOM
removal performance, as shown in Fig. 7(e) and Fig. 7 (f). The
NF-treated water showed a lower chlorine demand and higher removal
of humic substances and lower molecular-sized NOM. Although 2D
nanosheet materials have enhanced NF membrane performance, their
tendency to form aggregates and leach during filtration cannot be
overlooked.

As discussed, the surface charge, morphology, hydrophilicity, and
functional groups of the membrane surface affect NOM fouling and
removal performance (Ding et al., 2021). In particular, the free car-
boxylic groups present in the PA network play a vital role in exacer-
bating fouling as they tend to bridge with metal ions such as Ca%* and
Mg which are abundantly present in hard surface water (Zhu et al.,
2020a). Researchers have explored strategies to shield these free car-
boxylic groups as an easy method to improve antifouling performance
(Han et al., 2016). This could also be achieved by incorporating salts
such as CaCl,, NaHCO3, Ca(HCOs3)-, FeCls, CuSO4, NiSO4, Al5(S04)3, Cu
(NO3)2, Mg(NO3), and CuSO4 as additives during the IP reaction (Fan
et al., 2014; Ghosh et al., 2019; Zhu et al., 2020a) or post-IP reaction
activation of the membrane surface with the respective salts to facilitate
mineralization. This endows the membrane surface with enhanced hy-
drophilicity and negative charge, as well as increased water flux and salt
rejection (Choudhury et al., 2018).

3.4.8. Dual modification with organic polymers and inorganic
nanomaterials

Surface-engineered membranes with inorganic nanomaterials suffer
from leaching and compatibility issues with the polymer matrix of the
NF membranes (Li et al., 2019). The synergistic use of organic polymers
and nanomaterials has been explored to impart high antifouling prop-
erties (Rahaman et al., 2014). The three main strategies explored for this
surface modification include a) attachment of organic polymers to the
membrane surface and immobilization of inorganic nanomaterials on it
(Zhang et al., 2016d). b) The inorganic nanomaterial is deposited on the
membrane and further attached to the organic polymer to modify the
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membrane surface (Rahaman et al., 2014). ¢) Modifying the inorganic
nanomaterial with organic polymers before surface modification of the
membrane (Zhang et al., 2016d). For instance, a study first coated the
NF membrane surface with PVA, followed by attaching AgNPs in situ via
thermal reduction (Zhang et al., 2016d). This method could successfully
immobilize AgNPs in a simple and low-cost manner, as well as increase
the release efficiency of Ag + while also reducing the leaching of AgNPs.
The resulting membrane exhibited enhanced antibacterial performance
but decreased permeance. The availability of several inorganic nano-
materials as well as organic polymers endows suitable properties for the
membrane surface as well as good compatibility with the PA matrix,
which could enhance the membrane separation and antifouling perfor-
mance (Zhao et al., 2021).

4. Impact of surface engineering on PA layer properties and
membrane performance

The incorporation of nanomaterials/polymers in surface-engineered
NF membranes affects the PA layer properties, conclusively enhancing
membrane performance. Their surface charge, hydrophilicity, and size/
thickness influence membrane surface properties. The functional groups
present in their structure cause further cross-linking of the PA layer,
which leads to reduced pore size, improving the rejection properties of
surface-engineered NF membranes. For instance, the attachment of BN
nanosheets to the PA layer decreased the MWCO from 825 Da to 595 Da
because of the partial coverage of the PIP-TMC network with BN
nanosheets, as well as the formation of further amide and covalent C-B
bonds (Abdikheibari et al., 2019). In another study, incorporation of
PDA-SBMA declined the MWCO from 295.7 Da to 226.1 Da while
enhancing the salt rejection to 99.1% and decreasing the water per-
meance by 10% (Ding et al., 2021). The majority of studies involving
surface-engineered membranes exhibit a significant decline in water
permeance, which could be attributed to the increased resistance to the
transport of water due to the additional coating of the surface engi-
neering materials. The decrease in permeance was also linked to the
reduced pore size and free pore volume of the selective layer after sur-
face modification (Abdikheibari et al., 2019). When compared to
different studies reviewed in this work, membranes modified with PEG
and PFTS exhibited highest decline in permeance at 74.29% and 50.5%,
respectively, when compared to their control membranes (McCloskey
et al., 2012; Ruan et al., 2018).

In terms of the surface roughness of surface-engineered NF mem-
branes, both increasing and decreasing trends have been reported (Guo
et al., 2019c¢; Zhang et al., 2022b). The increase in surface roughness is
attributed to the confinement effect of nanosized CO, gas bubbles
generated during the IP reaction in the PA layer, causing nanovoids and
leaf-like turning structures (Mi et al., 2015; Zhang et al., 2022b). The
covalent interactions between the reactive functional groups on the
modifier materials and the PA layer structure cause alternative reaction
pathways and cross-linking, leading to increased surface roughness
(Abdikheibari et al., 2020). An increase in surface roughness increases
the filtration area and supports the formation of a water hydration layer
on the membrane surface, which results in an increase in water per-
meance and organic fouling resistance. This effect can also cause
entrapment of foulants onto the rougher ridge-valley microstructures,
further deteriorating membrane performance (Xu et al., 2022a). Many
studies have also reported a reduction in surface roughness owing to
surface engineering with nanomaterials/polymers (Table 1, entries
3-8). This was mainly attributed to the covering of the nodular structure
of the PA layer with nanomaterials or polymer chains (Li et al., 2014). A
few studies have also reported that surface engineering methods can
interfere with the polymerization of PIP and TMC molecules, leading to
thinner and smoother polyamide layers (Abdikheibari et al., 2019; Guo
et al., 2019¢). A smoother membrane surface can lead to a reduction in
the area available for the adsorption of foulants, thereby restricting
organic fouling of membranes (Baig et al., 2021; Ding et al., 2021).
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Along with the improvement in antifouling properties, surface-
engineered NF membranes also showed excellent resistance to
biofouling (Liu et al., 2015b; Habib et al., 2020). This is achieved
through a reduction in cell adhesion to the membrane surface through
careful engineering of hydrophilicity, surface charge, and morphology.
The incorporation of biocidal materials causes inactivation of microbes
through interactions with their cell walls and DNA. The reactive oxygen
species generated by biocides damage the cell, leading to its death (Li
et al., 2020a). NF membranes were engineered by attaching zwitterions
followed by immobilization of Ag nanoparticles, resulting in significant
improvement in antifouling and antimicrobial properties without
compromising the NF separation performance (Yi et al., 2019).
Surface-engineered NF membrane exhibited higher release of Ag + ions,
disrupting the growth and metabolism of bacteria conclusively reducing
93.1% of E. coli and 95.7% of S. aureus, demonstrating great antimi-
crobial effects against different types of bacteria.

The intrinsic charge properties of the engineering materials affect the
membrane surface charge. Several studies have reported that surface-
engineered membranes show enhanced negative charge across the
membrane surface, resulting in improved salt rejection, organic
removal, and antifouling performance owing to electrostatic in-
teractions (Abdikheibari et al., 2019; An et al., 2020). The availability of
free carboxyl and amine groups on the PA layer governs the surface
charge of the membrane and supports the attachment of various modi-
fiers. The incorporation of polymers, such as zwitterionic and amphi-
philic polymers, reduces the amount of free carboxyl groups and induces
a shielding effect by decreasing the surface negative charge (Ruan et al.,
2018; Zhang et al., 2022b). In such cases, the enhanced hydrophilicity,
formation of a water hydration layer over the membrane surface, and
steric hindrance due to the modifiers endow excellent antifouling per-
formance (Bera and Jewrajka, 2016). Surface-engineered NF mem-
branes with zwitterionic 1,3 — PS decreased the surface negative charge
(Mi et al., 2017). In spite of this, the membrane exhibited enhanced
hydrophilicity, translating into excellent antifouling performance to
proteins and polysaccharides with FRR >95% for BSA, and SA feed so-
lutions. The improved hydrophilicity also enhances the solubilization
and diffusion of water molecules, thereby increasing the permeance.
Critical assessment of the various surface-engineered NF membranes
reviewed in this paper revealed that the incorporation of zwitterionic
polymers resulted in improved hydrophilicity of the membrane and
exhibited the highest increase in water permeance. In particular, using
SBMA and AEMA exhibited 300% increase in water permeance (Zhang
etal., 2022b), while incorporation of SBMA and 1,3 — PS exhibited 290%
and 240% increases in water permeance, respectively, when compared
to control membranes as well and maintained very high salt rejection
(Mi et al., 2017; Guo et al., 2019b).

Surface-engineered NF membranes exhibit improved mechanical,
chemical, and thermal stability. Decoration of BN nanosheets on already
formed PA layer significantly enhanced the tensile strength and
breaking elongation of the membrane (23.50% and 16.7%, respectively,
compared to control) (Abdikheibari et al., 2019). The wrinkled topology
of the BN nanosheets and its mechanical interlocking with polymer
chains resulted in a reinforced polymer structure. The mechanical load
can be partly transferred to the surface engineering material to preserve
the underlying polymer structure, thereby boosting the mechanical
strength and stability of the engineered NF membranes. The membrane
modified with BN exhibited stable filtration performance during 52 h
stability experiments owing to its excellent mechanical strength.
Surface-engineered NF membranes also exhibit enhanced chlorine
resistance owing to the shielding effect of the amide bonds of the PA
layer during the chlorine exposure tests. The interactions of the func-
tional groups present on the modifier materials, as well as the
cross-linked structure, diminish the impact of chlorine on the degrada-
tion of the PA layer. For instance, membranes grafted with PVA after
exposure to 31,200 ppm h of NaOCl exhibited increased water flux with
higher salt rejection (Liu et al., 2015a). The grafting of PVA molecules at
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the sites of amide linkages and amine groups reduced the number of
chlorination sites. The dual effect of the reduction in chlorination sites
and the protective coating layer of PVA restricts the attack of chlorine on
the underlying polyamide layer (Liu et al., 2015a).

It is evident that the surface-engineered NF membranes significantly
impact the PA layer properties and endow the membrane with suitable
properties for enhanced permeance, selectivity, antifouling perfor-
mance, mechanical and chemical stability. The properties of the engi-
neering materials including size, hydrophilicity, charge and its
interactions with polymer matrix influences the membrane surface
properties and performance.

5. Potential for surface-engineered NF membranes for drinking
water treatment and emerging applications

Surface-engineered NF membranes with high water permeance, salt
rejection, and antifouling performance have been used in a wide range
of applications in liquid separation. Drinking water treatment, desali-
nation of seawater and brackish water, pharmaceuticals, manufacturing,
food industries, resource recovery, and industrial wastewater treatment
and reuse are important applications. Although the requirements and
membrane performances vary for each application, membranes are
required to showcase the standard transport properties and antifouling
performance. The surface engineering of NF membranes and optimiza-
tion of their performance for key specific applications are essential. The
water permeance and selectivity of these surface-engineered NF mem-
branes are highly dependent on the type of modifiers, engineering
strategies, and their impact on membrane surface properties that
determine specific applications. The selection of a particular surface-
engineered NF membrane is based on the removal efficiency of the
target component, as well as its impact on reducing the capital, opera-
tion costs, and energy requirements. In this section, a few important and
emerging applications of NF membranes are summarized, with a critical
focus on drinking water treatment.

Commercial NF membranes operate with permeance in the range of
5-12 L. m 2 h~! bar~! with NaySO4 rejection >98% and Ca®* and Mg?*
rejection around 70%. The surface-engineered NF membranes were
compared in terms of their impact on the water permeance and desali-
nation performance, as shown in Fig. 8. The majority of surface-
engineered NF membranes fall within the recommended water per-
meance and salt rejection range. The type of surface modifier and
functional groups present greatly impacted the membrane permeance
and rejection performance. As shown in Fig. 8, the highest permeance
was recorded for the membranes incorporating zwitterionic polymers. In
particular, a study using SBMA and AEMA to engineer NF membranes
recorded 300% increase in water permeance at 27.5 L m 2 h! bar!
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against the control membrane. Compared to other studies reviewed in
this paper, this membrane exhibited both the highest value for water
permeance and an increase post surface engineering. The membrane
exhibited high salt rejection of 98.6% for NaSO4 as well as excellent
fouling resistance, with normalized flux maintained at 90% compared to
55% for the control membrane. Surface-engineered NF membranes with
zwitterion polymers show enormous potential for suppressing organic
fouling and exhibit enhanced water permeance and salt rejection (Mi
et al., 2017; Zhang et al., 2022b). NF membranes incorporated HFBM
and hPG also exhibited extraordinary water permeance values at 21.9,
and 21.5 L m™2 h™! bar ! respectively with enhanced antifouling
behaviour.

In terms of increase in water permeance, surface-engineered mem-
branes incorporated with SBMA and 1,3 — PS exhibited 290% and 240%
increases in water permeance, respectively, when compared to control
membranes as well and maintained very high salt rejection (Mi et al.,
2017; Guo et al., 2019b). While Membranes modified with PEG and
PFTS exhibited highest decline in permeance at 74.29% and 50.5%,
respectively, when compared to their control membranes (McCloskey
et al., 2012; Ruan et al., 2018). Another general trend observed in Fig. 8
is the lower permeance recorded for membranes modified with inor-
ganic nanomaterials, such as Ag, TiO2 and BN. Incorporating Ag-doped
TiO, resulted in 70% decrease in water permeance to 0.6 L m ™2 h™?
bar~! with salt rejection at 60% for NaySO4 (Habib et al., 2020). The
majority of studies involving surface-engineered membranes exhibit a
significant decline in water permeance, which is attributed to the
increased resistance to the transport of water and reduction in pore size
due to the additional coating of the surface engineering materials. This
resulted in an increase in the salt rejection of the surface-engineered NF
membranes. Highest salt rejection was reported for surface-engineered
NF membranes incorporated with 1 wt% zwitterionic AEPPS polymer
at 99.5% for NapSO4 (Fig. 8), with water permeance enhanced by
105.7% from 4.67 t0 9.6 Lm 2 h™! bar ! (Mi et al., 2015). The mem-
brane also exhibited good selective rejection of divalent ions over
monovalent ions, with rejection of NaCl of 42%. The membrane’s
antifouling properties was simultaneously improved, with FRR ratio
being as high as 95.5%. for BSA. Lowest salt rejection was reported for
Ag-doped TiO; and HFBM incorporated membranes at 60% and 78.8%
for NaySO4 respectively.

NF membranes are widely used in drinking water treatment plants to
source water from surface and groundwater resources (Wang et al.,
2022). This water contains high concentrations of hardness, causing ions
such as Ca?* and Mg?" along with high sulfate and NOM concentrations,
resulting in an unpleasant and distinctive taste. The presence of hard-
ness ions also leads to severe scaling in piping and storage during water
treatment, whereas high sulfate concentrations have been associated
with intestinal discomfort and diarrhea (Wang et al., 2022).
Surface-engineered NF membranes have reported high rejection rates
for Ca?* and Mg?* supporting their application in solving the water
hardness problem. A PNIPAM-incorporated NF membrane reported
>95% rejection of MgSO4 (Guo et al., 2019¢). In another report, the
SBMA-modified NF membrane exhibited rejections of 95% and 60% for
MgS04 and CaCly (Guo et al., 2019b).

Surface-engineered NF membranes with BN nanosheets exhibit
exceptional operational versatility for handling NOM issues during
drinking water production (Abdikheibari et al., 2020). Compared to the
conventional treatment plant, the BN-incorporated NF membrane
separated 650% and 341% more of UVy54 and DOC. The engineered
membrane was better in terms of pure water flux, NOM removal, and
DBPs formation potential than the control and commercial membranes.
The BN engineered membrane also exhibited stable performance under
detrimental conditions, such as high concentrations of Ca** and low pH.
BN engineered NF membranes also removed more than 93% of PFAS
compared to 65% for commercial membrane supporting application of
surface-engineered NF membranes for remediation of emerging con-
taminants such as PFAS and micropollutants (Abdikheibari et al., 2022).
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Anthropogenic activities, such as mining, smelting processes, and
industrial wastewater discharge, have led to the contamination of water
sources with toxic heavy metal ions such as Hg?", Pb?*, Ni2*, cd?*,
Zn** and Cu®** (Kumar et al., 2022). Commercial and
surface-engineered NF membranes are effective for removing heavy
metals from water. The separation properties and mechanisms of
heavy-metal cations are similar to those of hardness ions.
Surface-engineered NF membranes can be tweaked to achieve particular
interactions for the removal of target heavy metals through electrostatic
interactions and adsorption (Wang et al., 2022). For instance, NF
membranes modified with a surfactant-functionalized layer reported
separation efficiency >98% for Zn>" and Ni**, 96-98% for Cu", >85%
for Pb%t (Xu et al., 2022b). NF membranes have been employed in
various leather and textile industries to remove heavy metals and dyes
from wastewater to promote zero liquid discharge (Pal et al., 2019;
Tavangar et al., 2019). Hybrid processes involving NF and forward
osmosis (FO) have improved effluent quality and reduced organic
fouling in leather processing factories (Pal et al., 2019). Wastewater
from textile industries contains high concentrations of dye components,
which are hazardous to humans and the environment. NF membranes
have been highly effective in removing more than 98% of these dyes
from textile wastewater (Liu et al., 2017b; Yadav et al., 2022). In this
context, surface-engineered NF membranes with diethanolamine exhibit
high rejection of Congo red, methyl blue, sunset yellow, and neutral red
at 99.6%, 99.8, 97.5 and 81.2%, respectively, while maintaining higher
permeance and fouling resistance (Liu et al., 2017b). The incorporation
of diethanolamine assists in modifying the membrane surface proper-
ties, thereby electrostatic interactions and steric hindrance, providing
the membrane with high dye removal and antifouling properties (Liu
et al.,, 2017b). A study reported surface-engineered nanofiber mem-
branes with chitosan and proteins from egg white, which removed both
cationic dye toluidine blue O (TBO) and anionic dye orange 7 (AO7)
from aqueous solutions (Chen et al., 2022). Electrostatic interactions
mainly governed the removal of dye molecules. The membrane exhibi-
ted very high absorption of 329.36 mg g~ within 30 min for AO7, and
317.16 mg g~ ! for TBO within 90 min. The repeated use of the engi-
neered membranes did not significantly affect the removal of the dyes,
supporting their potential as high-efficiency materials for dye waste-
water treatment.

NF membranes have also been employed in a range of biotechno-
logical applications, such as the separation of sucrose, glucose, and
fructose from cane molasses (Luo et al., 2018), decolorization of
molasses (Luo et al., 2019), fractionation of different proteins (Pruksasri
et al., 2015) and enantiomers (Hadik et al., 2005). NF membranes are
used in the pharmaceutical industry for the separation of active phar-
maceutical ingredients from genotoxic impurities, as well as for the
purification and recovery of antibiotics and drugs such as amoxicillin,
diclofenac, ibuprofen, and paracetamol (Mallakpour and Azadi, 2022).
In a particular study, coating NF membrane with chitosan resulted in
enhancing the hydrophilicity and fouling resistance while maintaining
high rejection for drug molecules including mebeverine (98%) and
diphenhydramine (97%) (Kamrani et al., 2018). Surface-engineered NF
membranes with 1,3 — PS zwitterionic modification exhibited high
rejection of erythromycin at 99% (Mi et al., 2017). Phycobiliproteins,
such as C-phycocyanin (CPC) and allophycocyanin (APC), have been
widely used as fluorescent markers in clinical diagnosis and as dyes in
cosmetics and pharmaceuticals (Flores-Montero et al., 2019). Several
protein components have very similar molecular masses and properties.
The separation and purification of phycobiliproteins via column chro-
matography are laborious and costly (Liu et al., 2020). In this context,
nanofiber membranes engineered with ethylenediamine and hexame-
thylenediamine show antibacterial and antioxidant properties, as well as
high potential for separation of CPC and APC from complex algae
feedstock (Liu et al., 2020).

Owing to the emerging applications of NF membranes, it is essential
to develop surface-engineered NF membranes with suitable properties
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and performances for tailored liquid separation applications. However,
all applications require the membrane to have excellent antifouling
performance, which can be engineered by understanding the mecha-
nisms behind the interactions of particular foulants with the membrane
surfaces in each application.

6. Challenges and future perspectives

The complex composition and variability of NOM in source water
remains a critical challenge for water treatment facilities. Owing to the
complex nature of NOM, various fractions such as polysaccharides,
proteins, and humic substances are not uniform in terms of their surface
properties and molecular weights. This leads to varying degrees of
fouling potential and combined fouling owing to the interactions be-
tween different organic fractions (Tomaszewski et al., 2011; Shao et al.,
2019). The interactions between the NOM fractions can lead to the
formation of aggregates that have completely different fouling behav-
iours compared to the individual foulants, and few of the NOM fractions
cannot be well defined due to their complex and overlapping behaviour
with others (Wang and Tang, 2011; Arkhangelsky et al., 2016). For
instance, its well observed that in natural waters, protein-like and humic
substances have similar characteristics and overlap, making it harder to
characterize the fouling layer (Chen et al., 2002; Guo et al., 2020b). As a
result, the lack of detailed characterization of NOM in feed water and
fouling layer can significantly impact the understanding of the mecha-
nisms behind organic fouling of membranes, NOM retention, and the
quality of treated water. Understanding NOM characteristics, fouling
mechanisms, and factors affecting fouling is essential for surface engi-
neering membranes for enhanced antifouling and NOM removal
performance.

Although surface-engineered NF membranes have shown enhanced
performance, some critical challenges need to be addressed. The ad-
vantages and disadvantages associated with different surface engineer-
ing materials for developing advanced NF membranes are tabulated in
Table S2. One of the major issues is the trade-off between the water
permeance and rejection. Most studies have reported a significant
decline in water permeance due to an inevitable increase in mass
transfer resistance post surface engineering. In particular, the incorpo-
ration of macromolecules, such as hyperbranched polymers, amphi-
philic polymers, and thermo-responsive polymers, results in a reduction
in the permeance of the membrane owing to the bulky nature and thick
coating layers. Coating with inorganic nanomaterials has also caused a
significant decline in membrane permeance. Surface-engineered NF
membranes should exhibit a balance between antifouling performance
and reduction in the water permeance. Membranologists also highlight
the importance of improving the selectivity and antifouling performance
rather than water permeance of the membrane (Werber et al., 2016).
The increase in water permeance can trigger extensive fouling as well
have minimal impact on specific energy consumption. For instance, a
study reported mere 16.6% reduction in specific energy consumption for
a surface-engineered membrane compared to the commercial membrane
with water permeance 15 L m2h!bar!and1Lm?2h! bar!
respectively (Yang et al., 2020). It’s worth noting that the majority of the
energy calculation models of surface-engineered membranes have not
considered the fouling and ageing of the membranes. It’s essential to
establish relevant techno-economic analysis of antifouling
surface-engineered NF membranes to highlight environmental and
economic advantages over existing commercial membranes and fouling
mitigation strategies such feed water pre-treatment and membrane
cleaning. The future studies should also focus on development of
guidelines based on cost analysis for recommending the permeance,
selectivity, and antifouling performance of surface-engineered
membranes.

Most nanomaterials and polymers used for surface-engineered NF
membranes use complex, costly, and time-consuming synthesis
methods. They use hazardous chemicals for their synthesis, which are
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dangerous to humans and the environment (Mi et al., 2017; Zhang et al.,
2022b). For instance, the best-performing zwitterion polymer-modified
membranes require the excessive use of chemicals such as 2-bromopro-
pionyl bromide, 2-bromoisobutyryl bromide, and copper bromide,
which can cause severe skin burns and eye damage, as well as cause
detrimental effects on aquatic life (Khoo et al., 2021; Zhang et al.,
2022b). Large volumes of various organic solvents used during modifi-
cation generate waste for careful handling and disposal (Mallya et al.,
2021; Park et al., 2021a). Commercially used IP reaction monomers for
NF and RO membranes, such as MPD, PIP, and TMC, are highly toxic and
are derived from petrochemicals that are not sustainable. Organic sol-
vents are also used in high volumes during IP reactions, generating a
large amount of waste (Mallya et al., 2021; Park et al., 2021a). In terms
of the synthesis process, most surface engineering methods are time
consuming, ranging from a few hours to days of contact in a controlled
environment, and require the use of energy-intensive processes such as
UV and plasma, restricting its industrial scale-up (Baek et al., 2017; Reis
et al., 2017a, 2017b). There is a need to develop feasibility studies to
evaluate the industrial scale-up opportunities for surface-engineered NF
membranes. Future research should focus on developing environmen-
tally friendly methods to synthesize materials and engineer membranes
using simple and cost-effective procedures.

The long-term stability of the surface-engineered membranes is an
important parameter for industrial applications. Most studies have
focused on lab-prepared membranes and evaluated their performance in
short-term experiments in lab-scale filtration units. Data from actual
long-term experiments and fouling/cleaning cycles are required to
confirm their industrial application. There is a lack of correlation be-
tween the short-term and long-term performance of surface-engineered
membranes. The delamination of the modified surface during operation
is a major issue for these membranes. Physically coated and covalently
grafted polymers/nanomaterials have reportedly detached from the
membrane surface during operation owing to their poor stability. For
instance, hydrophilic polymers such as PEG and PVA have a tendency to
be easily washed away during high-pressure operation owing to the
large drag force and reactivity towards water (Shahkaramipour et al.,
2017; Guo et al., 2019a). This leaves the membrane surface exposed to
foulants, causing significant fouling, thereby reducing membrane per-
formance. Inorganic nanomaterials have shown a tendency to form ag-
gregates and unselective voids, leading to compromised membrane
integrity and causing significant degradation of membrane stability
during extended filtration conditions. Environmental issues associated
with the leaching of inorganic nanomaterials cannot be overlooked. The
reorientation and reactivity of attached polymers, such as zwitterionic,
amphiphilic, and thermo-responsive polymers, can significantly deteri-
orate membrane performance (Choudhury et al., 2018). For instance, it
is essential to maintain the recommended process conditions such as pH,
temperature, and ionic content in the feed water to support the perfor-
mance of engineered NF membranes. Any changes in the conditions can
induce reorientation and varied reactivity of the engineering material
with the foulants, impacting the transport and antifouling performance.
Hence, long term stability tests and pilot scale experiments are required
to ascertain the stability and performance of surface-engineered NF
membranes. Comprehensive techno-economic analysis at the pilot scale
is essential to support the feasibility of industrial applications of
surface-engineered NF membranes and justify their performance.
Pilot-scale studies will assist membranologists in gaining more infor-
mation on the feasibility, profitability, fouling, and filtration perfor-
mance of surface-engineered membranes with actual feedwater for
specific applications, replacing the synthetic feed materials often uti-
lized for lab studies.

From the prospects of application of surface-engineered NF mem-
branes in drinking water treatment, the literature should be updated
with studies evaluating the removal performance of problematic NOM
and emerging contaminants such as PFAS, micropollutants, heavy
metals, and pharmaceuticals. The majority of existing studies only
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report desalination and antifouling performance with limited salts and
modal organic foulants. There is a lack of studies pertaining to the
performance analysis and fouling behaviour of surface-engineered
membranes in contact with surface water. Because of the extensive
use of surface water in various countries for drinking water production,
more research should focus on surface engineering NF membranes to
optimize NOM removal, antifouling performance, and DBPs reduction
during drinking water production. From the perspective of NOM fouling
and removal, inorganic nanomaterials such as BN nanosheet-
incorporated membranes have performed exceedingly well. The issues
with the lower compatibility of nanomaterials with polymer matrices
hinder their application. Membranologists should focus on improving
the compatibility of these nanomaterials with covalent functionalization
and using inorganic/organic hybrid nanoarchitectures to engineer
membranes. From an industrial point of view, the incorporation of hy-
drophilic polymers is a relatively easy strategy because of its simple
procedure and easy integration into existing membrane production fa-
cilities. Various commercial NF and RO membranes have used coating
layers of hydrophilic polymers such as PVA. From a thorough review of
the various mechanisms behind NOM interactions with membrane sur-
faces, it is evident that the incorporation of hydrophilic polymers is not a
foolproof solution to mitigate the organic fouling of NF membranes.
Specific interactions of NOM with hydrophilic polymers can trigger
more fouling (Zhao et al., 2021). Thus, more research should be focused
on the use of amphiphilic polymers that contain both hydrophilic and
low-surface-energy groups that can perform well and alleviate organic
fouling in NF membranes.

From this comprehensive review, it is evident that engineering next-
generation fouling resistant NF membrane is critical for securing water
for the future. Recent advances in emerging nanomaterials and polymers
have significantly diversified the pool of materials available for engi-
neering NF membranes to enhance their performance. There is a critical
need to develop guidelines for selecting engineering materials, and a
comprehensive performance evaluation is necessary to develop NF
membranes for targeted liquid separation applications. Membrane
manufacturers should focus on implementing a circular economy
approach to solve the waste membrane modules generated after their
lifespan. The approach does not involve a single-step solution, but rather
follows a chain of processes and optimizations. Material scientists and
membranologists have focused on developing antifouling membranes
using various approaches including surface engineering. This is followed
by the optimization of the process and control, including pre-treatment,
membrane fouling monitoring, and membrane cleaning. The application
of machine learning and artificial intelligence in developing advanced
fouling models and performance predictions is crucial for optimizing NF
membranes for enhanced antifouling and NOM removal. Although
several surface-engineered membranes show enhanced antifouling per-
formance, pre-treatment and membrane cleaning are unavoidable. In
this regard, surface engineering of NF membranes and the regeneration
of membranes in situ using simple procedures are of the most impor-
tance. More research should be focused on cost-effective end-of-life
membrane regeneration as well as recycling (direct and indirect) before
reaching landfills. Owing to emerging NF membrane applications such
as the treatment of groundwater, surface water, brackish water, and
water reuse, it is highly relevant to have a comprehensive approach to
solve the fouling problem and reduce the waste generated due to the
used membrane as well as reduce the energy and economic
requirements.

7. Conclusions

Due to the increasing concentration of NOM in surface water and its
interaction with emerging pollutants, it is necessary to eliminate these
contaminants in order to create safe and high-quality drinking water.
Due to the extraordinary rise in the demand for freshwater and the
development of new membrane materials with improved performance,
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NF membrane-based water treatment plants will in particular see sig-
nificant growth. The development of fouling-resistant and long-lasting
NF membranes is necessary since the membrane’s performance is
severely impacted by the inevitable organic fouling that occurs during
surface water treatment. Understanding fouling mechanisms and in-
teractions between NOM and membrane surface is crucial for the
development of NF membranes that are fouling-resistant. Considering
mechanisms including size exclusion, electrostatic interactions, steric
hindrance, and hydrophilic/hydrophobic interactions, current study
provides a thorough assessment of the removal of NOM during surface
water treatment using NF. With regard to the influencing variables and
solutions for fouling mitigation, the crucial topic of organic fouling is
thoroughly covered. Surface-engineered NF membranes post-IP reaction
facilitated the optimization of membrane surface properties, including
chemistry, morphology, hydrophilicity, and charge, to enhance anti-
fouling performance. Various materials, including polymers, inorganic
nanomaterials, and hybrid inorganic/organic materials, have been
explored and reviewed based on their strategies, syntheses, and appli-
cations. A systematic review of the effect of surface engineering on
membrane surface properties and performance is undertaken along with
recent advancements in this sector. The effectiveness of the surface-
engineered NF membranes for water (filtration is assessed by
comparing them to commercial and control membranes. Surface-
engineered NF membranes with improved permeance, selectivity, anti-
fouling, and antimicrobial property were created by engineering mate-
rials with its special features. While preserving outstanding antifouling
and chemical stability qualities, zwitterion-based surface-engineered NF
membranes stand out among these materials as having significant po-
tential for addressing the trade-off between permeance and salt rejec-
tion. With a 300% increase in permeance at 27.5 L m~2 h™! bar~!
compared to the control membrane with 98.6% NaySO4 and outstanding
antifouling performance, the surface-engineered NF membrane with
SBMA and AEMA outperformed previous membranes. However, diffi-
culties in the design and manufacture of surface-engineered NF mem-
branes limit their industrial applicability, and this is thoroughly
examined. Future views include the production of engineering materials
using economical and environmentally friendly processes as well as the
simple modification of membrane surfaces to work with selective layers.
The transition of surface-engineered NF membranes into the industrial
sector would be supported by improvements in post IP reaction modi-
fication procedures. In addition to the water purification area covered in
this paper, applications of fouling-resistant NF membranes would grow
exponentially in gas and other liquid separations.
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