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Thin film composite (TFC) membranes are primarily used for commercial desalination and water purification
applications by both reverse osmosis (RO) and nanofiltration (NF). The incorporation of 2D nanosheets across
TFC membranes during interfacial polymerization generates a novel class of separation materials with higher
permeability and selectivity, as well as greater chemical and thermal stabilities, supporting antifouling behaviours.
Here, the potential of 2D nanosheet-based TFN to engineer materials of enhanced separation properties are
critically discussed, in light of defect engineering approaches, types of unique properties of various nanosheets
and Case studies on 2D nanosheet-based TFN membranes are critically compared, and properties-to-
performance relationships are established to reveal trends and provide insights on the future of the field. The
Received 25th March 2021, impact of the 2D nanosheets on the surface properties and interactions with solutes in water are extensively
Accepted 12th May 2021 discussed. Challenges related to the TFN fabrication processes and leaching of nanosheets over time, which
DOI: 10.1039/d1ma00256b diminishes the scalability and long-term separation performance are also discussed. A vision for advanced and
scalable manufacturing synthesis of nanosheets assemblies across or within TFN membranes is also evaluated
rsc.li/materials-advances alongside potential strategies to support the next generation of 2D-enabled separation membranes.
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1. Introduction

Reverse osmosis (RO) and nanofiltration (NF) membrane technol-
ogies are currently the most valuable and applied commercial
technology to desalinate water. State-of-the-art RO and NF
membranes are based on thin film composite (TFC) structures,
which usually consist of a thin selective poly(amide) (PA) layer
deposited over a range of porous supporting layers. The PA layer
is formed by Interfacial Polymerization (IP) at the interface
between an aqueous and an organic phase containing otherwise
insoluble self-reactive monomers." The PA layer governs the
physiochemical properties and separation performance of TFC
membranes and is optimized by controlling the free volume
across this layer to enable specific salt rejection but allow water
transport upon overcoming the osmotic pressure of a solution.
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The incorporation of specific functional monomers and additives
and the control of the IP reaction parameters, such as the monomer
concentration, or post-treatment conditions, have enabled the
development of a range of versatile membrane materials.”
Conventional TFC membranes suffer from disadvantages like
a trade-off between permeability and salt rejection, inevitable
fouling tendencies and relative instability towards chlorine
which is used for chemical cleaning.® Hence, membranologists
are constantly trying to develop innovative bridges to tackle
these shortcomings and fabricate next generation membranes
which offer superior performance at lower operating costs.*

The use of nanomaterials as additives during the IP reaction
yields a new class of membranes, referred to as Thin Film
Nanocomposite (TFN) membranes. Since the introduction of
the TFN concept in 2007, various types of nanomaterials ranging
from carbon allotropes, metal and oxide nanoparticles, cellulose
nanocrystals, and both inorganic and organic crystalline frame-
works have been incorporated into membrane materials, offering
different functionalities as well as surface properties.”*° The
incorporation of nanomaterials has been found to alter the PA
layer cross-linking levels and thus free volume distribution across
the layer."* Control over the IP chemistry has also enabled the fine-
tuning of morphological features, such as thickness, pore size and
roughness, and surface properties, including the surface charge
and hydrophilicity, resulting in materials with higher permeability
and selectivity, as well as stronger antifouling properties.”'"*?
Depending on the types of additives, TFN membranes have also
showed enhanced anti-microbial, thermal, mechanical and
chemical stability.>"?

Two-dimensional (2D) nanosheets have been recently employed
in the fabrication of TFN membranes. The unique properties of 2D
nanosheets, including their atomic thickness, extreme surface
charge and plasmonic characteristics, and the emergence of
scalable production routes have paved the way for a new class
of 2D-enabled TFN membranes, predicted to offer enhanced
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performance compared to commercial TFC membranes.™ Graphene
oxide (GO) and its derivatives are among the most promising
2D nanosheet materials, owing to their lower costs of production
and tunable surface chemistries."> Among other emerging 2D
nanosheets showing great promise are boron nitride® (BN), molyb-
denum disulfide’ (MoS,), metal carbides'® (MXenes), graphitic
carbon nitride” (g-C;N,), and covalent organic frameworks'®
(COF). Recent reviews of TFN membranes have primarily focused
on bringing together studies on the incorporation of various
nano-scale particulate matter for water treatment applications." >
Challenges associated with the fabrication, scale-up and commer-
cialization of some of these materials have been discussed.”* >
Laminar membranes, assembled solely by stacking 2D nano-
sheets,?® exhibit similar performance profiles as TFN membranes,
and several reviews on laminar and 2D-enabled mixed matrix
membranes have also broadly focused on advanced synthetic
pathways and their applications for liquid, gas and ion
separation.>>*’ Yet, despite the potential of laminar membranes,
TFN membranes appear currently better suited in the short term to
serve commercial needs and tackle current separation challenges,
since they offer more scalable and cost-effective solutions compared
to laminar membranes.”>*® The composition, structure and selec-
tion criteria of nanomaterial based fillers for TFN membranes was
briefly discussed along with its application in gas and liquid
separation.”® A recent review paper put together a discussion on
different nanosheet embedding strategies and the impact of the
processes on the performance of the membranes.’* However, this
manuscript is limited to common mechanisms and function of TFN
membranes, and lacks distinctive perspectives on sheet/polymer
interactions as well as a detailed summary of recent developments
of the 2D nanosheets on the physicochemical properties of the
membrane. The challenges associated with TFN membrane
fabrication and potential future perspectives are overlooked to
date, while critical analysis on prospect of the field is needed.

The focus of this critical essay is to review and compare
recent advances in 2D nanosheets-enabled TFN membranes for
both RO and NF developed for water treatment applications. A
summatry of 2D-enabled TFN membranes involving various additives
is discussed in terms of surface properties and performance, with
emphasis on the impact of 2D nanosheets on the PA layer and
membrane performance. The performance of these membranes is
then compared with that of commercial benchmarked membranes
to establish a roadmap for future 2D-enabled TFN membranes
whose applications go beyond those of conventional TFC
membranes. The fantastic properties of nanocomposite membranes
can open the gateway to catalytic, self-cleaning and reactive
membranes for water treatment,*'** gas separation,*® environ-
mental remediation of persistent chemicals and pharmaceutical,®**
and medical applications.***

2. Interfacially polymerized
2D-enabled TFN membranes

The global market of NF and RO membranes is dominated by the
interfacially polymerized PA TFC structure due to its superior
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performance and durability, easy fabrication strategy and industrial
scale-up options.”****” The top selective PA layer is 10-200 nm
thick, with porous polymer support—usually poly(ethersulfone)
(PES) or poly(sulfone) (PSf) usually 30-50 um thick.> Polycondensa-
tion reactions of polyamine monomers and polyacyl halides at the
interface lead to formation of the PA layer." The most common
organic phase monomer used is trimesoylchloride (TMC), while
metaphenylenediamine (MPD) and piperazine (PIP) are used as
aqueous phase monomers to fabricate the aromatic PA layer for RO
and aliphatic polypiperazine amide (PPA) layer for NF.>**® As shown
in Fig. 1a, the porous membrane surface is contacted with aqueous
and organic phases, subsequently initiating the IP reaction which is
self-inhibiting, and leading to the formation of a thin PA layer.’ The
concentration of amine monomer is the rate limiting factor during
IP. The optimum concentration of MPD and PIP are maintained at 2
wt% and between 1-2 wt% for RO and NF membranes, respectively.
The organic phase monomer TMC, is usually in the concentration
range of 0.1-0.3 wt%. A high ratio of amine-to-acid chloride is
maintained to facilitate complete polymerization, formation of
amide bonds and enhance the crosslinking degree of the PA
network.*® The IP reaction is terminated by heat curing to evaporate
excess solvent and initiate further crosslinking of the PA layer.*>*°
Heat curing strategy is debatable as it leads to deterioration of
membrane structure and performance given the high temperature
and long curing time. Hot air oven, solvent-assisted and microwave
heating are a few methods implemented.*>**

There are three main pathways to generate TFN from 2D
nanosheets. First, TFN membranes may be fabricated by incorpor-
ating the nanosheets into either the aqueous or the organic phase

MPD/PIP with
2D nanosheets in
aqueous phase

T™MC
in organic phase

2D-enabled
TFN membrane

| — —

=>

\’ Porous support

membrane

SRS e et leten

'\'@‘(XK(('\/' /[ | ‘ VNS L w :Q‘
e T s e | /\ i i\ ré;?;f_ﬂ:"{
S e Mo © ®
4. Mos, 5. MXene 6. COF
Fig. 1 (a) Fabrication of 2D-enabled TFN membranes via IP reaction;

(b) illustrations of various 2D materials for TFN membranes. (1) GO,
Adapted with permission.’** Copyright 2015 Springer Nature. (2) g-C3N,,
Adapted with permission.t’” Copyright 2020 Elsevier. (3) BN, Adapted with
permission.”* Copyright 2015 Springer Nature, (4) MoS, Adapted
with permission.”® Copyright 2018 Elsevier. (5) MXene (Titanium based
structure), Adapted with permission.*** Copyright 2018 Springer Nature.
(6) COF (triphenyle and pyrene-based structure). Adapted with permission.**>
Copyright 2008 Wiley-VCH.
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during the IP reaction. Second, the nanosheets may be incorpo-
rated into the substrate material or as an interlayer between the
substrate and the PA layer to support the formation.*>** Last, 2D
nanosheets may be applied onto the surface of the membranes
to decorate the PA layer in a controlled manner."**> The
conventional IP reaction involves removal of the aqueous phase,
utilizing rubber roller or airgun or air knife. Emerging innovations
open up methods such as vacuum filtration, spin coating and
electrospraying-assisted IP reaction techniques which facilitate the
contact of the aqueous phase on the support membrane. This
review paper brings together and systematically analyses TFN
membranes incorporated with 2D nanosheets during the IP
reaction into aqueous or organic phases. The following sections
summarizes the recent studies involving 2D-enabled TFN
membranes focussing on nanomaterials including GO, g-C3Ny,
BN, MoS,, MXenes and COF due to its relevance and emerging
trends in the research field. The schematic illustration of
different 2D structures is shown in Fig. 1b.

2.1. GO enriched TFN membranes

Graphene oxide (GO) is a carbon-based nanomaterial that has
received tremendous research attention for its role as nanofiller
in TFN membrane fabrication. Its desirable properties include
atomic thickness, smoothness, and abundant availability of
oxygen functional groups on its surface, facilitating higher rate of
water transport through its nanochannels.”"*®*” The incorporation
of GO across the PA layers of TFC membranes produces membranes
with improved hydrophilicity and enhanced performance.>*®*° TFN
RO membranes embedded with GO in the PA layer exhibited high
anti-biofouling property and chlorine resistance, combined with
high water permeation and maintained high salt rejection (Table S1,
ESLT entry 1).* GO nanosheets were fabricated via chemical
exfoliation and fractionated using 5 pum trach-etch membrane
to ensure precise control over the size of the nanosheets. The
fractionated GO nanosheets were dispersed in aqueous solution
containing MPD and employed in the IP reaction. At an optimum
concentration of 0.0038 wt% of GO nanosheets, the water perme-
ability and anti-biofouling properties of the TFN membrane
improved by 80% and 98%, respectively. The salt rejection for NaCl
was enhanced from 99.28% to 99.40%. The modified membrane
maintained salt rejection >99% after direct chlorination for 24 h at
2000 ppm of NaOCI exposure. The presence of oxygen-containing
functional groups on the surface of GO nanosheets improved the
hydrophilicity of the membranes through hydrogen bonding with
water molecules. Electron microscope images of TFN membranes
incorporated with non-fractionated GO displayed abnormal surface
morphology. Use of GO nanosheets of size >10 um was observed to
impact the MPD diffusion during IP reaction and facilitate visible
aggregation in the PA layer.

TFN RO membrane fabricated by incorporating 0.01 wt% GO
in aqueous phase exhibited enhanced water permeance, mechanical
stability, antifouling performance and chlorine resistance (Table S1,
ESL entry 2)."* Water permeance improved by 39%, accompanied
by salt rejection of 98% for NaCl. However, on further increasing
the GO content, the permeance and salt rejection properties
deteriorated due to aggregation and formation of localized defects.
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When the operating pressure was beyond 25 bar, the control TFC
membrane exhibited sharp decline in salt rejection to <80% while
the TFN membrane maintained a stable salt rejection >95%. The
decline in salt rejection was attributed to the deformation of the
membrane under mechanical stress. GO nanosheets with inter-
calation behaviour led to reinforcement of the skin layer and
improved the mechanical stability of the resultant membrane.
The improved hydrophilicity and negative charge on addition of
GO resulted in higher antifouling performance. Compared to the
control TFC membrane with water flux recovery at 50%, the TFN
membrane showcased 85% recovery. Chlorine exposure experi-
ments revealed that the TFN membrane exhibited stable perfor-
mance when compared to the control membrane. The improved
chlorine resistance was attributed to the formation of hydrogen
bonds between amide groups of the PA matrix and GO nanosheets,
offering protection against chlorine. A study reported that TFN RO
membrane incorporated with GO offered higher water permeance,
organic removal and antifouling performance.”® At an optimum
loading of 0.004 wt% of GO in the aqueous phase, permeance
increased by 27%. Fouling experiments after 5 h showed that
membranes incorporated with GO had moderate reduction of less
than 10% in flux when compared to control membranes at 14%
reduction. In addition, organic removal doubled in the case of
the TFN membrane. The improved membrane surface hydro-
philicity and negative charge enhanced antifouling and organic
removal properties.

Application of GO for TFN NF membranes has also been
explored.*®”" Incorporating GO at an optimum loading of 0.2 wt%
resulted in a twelve-fold increase in water permeance, with
negligible 1% decline in salt rejection, accompanied by high
antifouling performance (Table S2, ESI,{ entry 1).*® It was also
observed that in addition to improved hydrophilicity, negative
charge and enhanced surface morphology, formation of nano
voids in PA due to addition of GO enhanced the performance of
the membranes. The membranes exhibited higher normalized
flux at 95% and 95% during fouling experiments with bovine serum
albumin (BSA) and humic acid (HA) respectively, when compared to
the control membrane with values 68% and 44%. However, the
permeance reported was very low at 1.48 L m~> h™ " bar™ ', which is
lower than that of commercial membranes.

In the above-mentioned studies, GO nanosheets were incorpo-
rated into the aqueous monomer solution. The compatibility of GO
with organic solvents provides an alternative route for incorporation
in the organic phase during IP reaction. GO nanosheets with a
layered structure and an interlayer spacing of around 0.83 nm
were dispersed in the organic solution containing TMC in
n-hexane (Table S1, ESI,} entry 4).> At an optimum GO concen-
tration of 0.015 wt%, the water permeance of the TFN RO
membrane increased from 1.88 to 2.87 L m > h™* bar !, while
the rejection of NaCl and Na,SO, slightly diminished from
95.7% to 93.8% and from 98.1% to 97.3%, respectively. The
GO-incorporated TFN membrane also exhibited very good long-
term operation stability. At the termination of a 72 h filtration
experiment, the membrane exhibited a very stable water flux
and salt rejection. Nanochannels formed due to the interlayer
spacing in the GO nanosheets apparently provided shorter paths

© 2021 The Author(s). Published by the Royal Society of Chemistry
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with lower resistance for water permeation, enhancing the water
permeance.

GO-Incorporated TFN membranes have displayed the ability
to bridge the trade-off between permeance and selectivity, while
exhibiting enhanced antifouling performance. However, the
optimum loading might show variations when TFN membranes
are designed for improved permeance or fouling resistance.
The effect of incorporation of GO nanosheets into the PA layer
on permeance and fouling resistance has been extensively
studied (Table S1, ESLt entry 5).*° GO was dispersed in the
organic phase at three different concentrations at 0.0053 (TFN-
Low), 0.0107 (TFN-Med) and 0.0160 (TFN-High) wt%. Increasing
the GO content resulted in improving the antifouling and anti-
microbial properties of TFN membranes. At low concentration of
GO, the TFN membrane showed an increase in permeance by
35.29%. However, with increase in GO content the permeance
decreased. The performance of the TFN membrane in terms of
rejection of NaCl was stable and similar to that of the control
membrane at 96%. It was also concluded that the preparation
method of the GO is highly influential in imparting specific
properties to the TFN membrane. Compared to modified
Hummers’ GO, Staudenmaier GO had a lower impact on
membrane permeance and selectivity, while enhancing the anti-
fouling and antibacterial properties tremendously. Such difference
in performance could be attributed to its varied chemical
compositions.”

It has also been observed that the effects of incorporating
GO in terms of membrane permeation performance appeared
to be constrained, though GO is seen as a better candidate to
mitigate fouling and as antibacterial agent.*® This facilitated
the fabrication of TFN RO membranes incorporated with
p-aminophenol-modified GO (mGO) into the PA layer (Table S1,
ESL entry 6).>* The membrane incorporated with mGO at
0.003 wt% showed enhanced water permeance by 24.6% com-
pared to the control TFC membrane, while maintaining a high
rejection of 99.7% for NaCl. The water permeance and salt
rejection exhibited initial increase and then declined as the
loading of mGO was increased. Membranes incorporated with
0.005 wt% of mGO outperformed both membranes incorporated
with GO and control TFC membranes in terms of bacterial killing
ratios, which were 96.78% and 96.26% against E. coli and S. Aureus
respectively. This was ascribed to the following reasons: the
attached phenolic groups on the mGO structure improved the
bactericidal property of the membranes; the hydroxyl groups on
the aminophenol group improved anti-bacterial property through
oxidative stress reaction in bacteria.”® In addition, the electron
receptor property of mGO helped attract bacteria, and the sharp
edges of the mGO structure facilitated their destruction and
death.”® However, in terms of water permeance and salt rejection,
the performance of mGO-incorporated membranes was lower than
that of GO-incorporated membranes, and this was attributed to its
lower hydrophilicity.

The presence of oxygenated functional groups on the surface
of GO nanosheets provides potential active sites for attaching
various nanomaterials and functional groups to the surface,
aiding evolution of nanohybrid materials based on GO, which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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have a wide range of applications.>” GO nanosheets with different
metal and metal oxides including Ag,”**° Cu,*® TiO,*" and ZnO®?
have been synthesized and successfully incorporated into the PA
layer of TFC membrane, which exhibited excellent separation
performance with antifouling and anti-bacterial properties. In a
recent study, Ag-GO nanosheets were incorporated into the PA
layer to fabricate biofouling-resistant TFN membrane (Table S1,
ESL¥ entry 7).°® Incorporation of 0.008 wt% of Ag-GO nanosheets
showed high water flux recovery ratio of 89% and low irreversible
fouling at 10% during fouling/cleaning experimentation with BSA
solution. It was also observed that the TFN membrane reduced
the viable E. coli cells by 86% during biofouling studies with
bacterial suspensions, with negligible bacterial adhesion on the
membrane surface. However, slight reduction in water permeance
and salt rejection was observed for Ag-GO TFN membrane when
compared to the control membrane. Formation of polyester chains
due to incorporation of Ag-GO nanosheets significantly affected the
PA layer leading to compromised permeance and salt rejection
performance.

GO modified with sulfonic acid was used to prepare TFN NF
membrane incorporated with sulfonated graphene oxide (SGO),
(Table S2, ESLt entry 2).°" The addition of sulfonic groups
effectively reduced oxygen functional groups and resulted in
partial restacking of nanosheets. Incorporation of 0.3 wt% of
SGO exhibited enhancement in water permeance by 87.3% over
the control TFC membrane and maintained salt rejection
greater than 96.45% for Na,SO,. Despite the increased water
permeability, the salt rejections were similar to that of the
control TFC membrane due to the increased cross-linking and
lower MWCO of the SGO-incorporated membrane. Long-term
antifouling tests revealed that the SGO-incorporated membrane
had good fouling resistance to hydrophilic fraction of NOM,
when compared to the pristine TFC membrane, but during
filtration studies with HA which is the hydrophobic fraction of
NOM, the membranes fouled severely, and the performance
was lower than that of the control TFC membrane. Compared
to other commercial or TFN membranes, SGO-incorporated
membranes had lower membrane permeance, which restricts
their application.

In another study, TFN NF membranes incorporated with
triethylene tetramine-modified GO (GO-TETA) membranes exhibited
enhanced water permeance and antifouling performance (Table S2,
ESLT entry 3).°> The membranes incorporated with 0.03 wt%
GO-TETA exhibited improved water permeance from 8.3 to
12.2 L m > h™" bar *. The improved hydrophilicity of TFN
membranes resulted in high water flux recovery at 95% after
fouling experiments with BSA. The amine functional groups
present in the nanosheets also interacted with TMC molecules
during IP reaction, impacting the PA layer. The MWCO of the
membranes incorporated with 0.03 wt% GO-TETA decreased
approximately by two-fold from 565 Da for the control
membrane to 300 Da. However, the salt rejection properties
were not comparable to those of commercial membranes. The
Na,SO, and NaCl rejection was as low as 65.3% and 32.2%
respectively. Despite the lowering of MWCO, the positive charge
on the membrane surface and transport of salt ions through the
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interlayer spacing and the voids between the polymer and
nanosheets contributed to lower salt rejection. While incorporation
of GO nanosheets into TFN membranes increased the negative
surface charge of the membranes partly due to the negatively
charged nanosheets, it was noticed that the presence of functional
groups can alter and impart specific charge to the nanosheets.

A study reported fabrication of two novel TFN membranes
which incorporated positively charged GO nanosheets functiona-
lized with ethylenediamine (EDA) (Table S2, ESL} entry 4) and
polythylenimine (PEI) (Table S2, ESL,} entry 5) respectively.”* The
amine functional groups were grafted through amide bonds with-
out damaging the GO structure. Incorporation of 60 ppm of GO-
EDA or 40 ppm of GO-PEI resulted in increasing the water
permeance by 54.4% and 60.9% respectively, with salt rejection
maintained at over 98%. The nanosheet incorporation led to
formation of thinner, smoother and enhanced hydrophilic PA
layer and improved the membrane performance. However, the
charge properties of the functionalized GO led to variation in
the antifouling performance due to its sensitivity to pH. Among
these two amine functionalized GO nanosheets, GO-PEI showed
superior performance with high permselectivity, antifouling
performance, chlorine resistance and mechanical stability, com-
pared to the control membrane.

Maleic anhydride modified GO (MAH-GO) was introduced
into the aqueous phase during IP to generate TFN NF membrane
with superior performance.®> MAH-GO incorporation at 0.006 wt%
lead to highly hydrophilic, smoother and negatively charged
membrane surface. In addition, loose and thin selective PA layer
was formed which resulted in enhancing the water permeance by
76.7% to 8.22 L m > h™* bar ! while maintaining high salt
rejection of 97.6% for Na,SO,. The TFN membrane also exhibited
high antifouling and chlorine resistance performance. Building up
on this work, a double modified strategy was implemented to
fabricated TFN NF membranes which incorporated MAH-GO in
the selective PA layer and SGO into support membrane resulted
in enhancement in surface charge, hydrophilicity and thinner
selective layer.°® Incorporation of SGO at 0.1 wt% in the support
layer and 0.002 wt% MAH-GO in the selective PA layer increased
the water permeance by 33.4% at 143 L m > h™' bar '
compared to control membrane while maintaining Na,SO,
rejection at 98% and simultaneously exhibited better antifouling
and chlorine resistance performance.

2.2. g-C3N, incorporated TFN membranes

2-C;N, is an emerging 2D nanomaterial analogous to graphene,
possessing exceptional thermal and photocatalytic properties
besides chemical stability. Its 2D structure consists of tris-triazine
units which are linked through amine groups as depicted in
Fig. 1b.°”%® A pioneering study incorporating g-C;N, nanosheets
into the PA layer has confirmed improved hydrophilicity, surface
roughness and antifouling performance (Table S2, ESI, entry 6).%”
The TFN NF membrane incorporated with 0.0025 wt% of
2-C3N, nanosheets increased the water permeance from 10.45 to
18.8 L m > h™" bar™ " but showed decline in salt rejection to 84%
for Na,SO,. Fouling-cleaning experiments revealed that both the
normalized flux and FRR of the g-C;N, incorporated membrane
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was higher than that of the control membrane. The improved
performance was attributed to the hydrophilicity imparted by
g-C3N,. However, salt rejection decreased sharply on increased
concentrations of g-C;N,, which was mainly attributed to the
loosening of the PA structure and formation of defects
on incorporation of g-C;N, nanosheets. It was also observed
that the nanosheets had poor compatibility with the polymer
matrix.

Another study incorporated g-C3N, nanosheets as a hydro-
philic modifier for TFN RO membranes (Table S1, ESL, entty 8).%®
This improved the hydrophilicity of the membrane, resulting in
enhanced water flux until the concentration of 0.005 wt%, above
which the water flux reduced due to the aggregation effect of the
nanosheets. Membranes incorporated with 0.015 wt% g-C3N,
nanosheets showed the highest NaCl rejection at 99.7%. However,
the water flux was severely reduced. On the other hand, no
significant improvement in terms of antifouling behaviour was
observed. In fact, on increasing the concentration of the
nanosheets, severe deterioration of the membrane performance
was observed, mainly due to aggregation and localised defects
formed on the PA layer.

To overcome the compatibility issue, research works focused
on tailoring the g-C;N, nanosheets with desirable functional
groups and improving the dispersion in the monomer phases.
Acidified g-C3N, (aCN) nanosheets were incorporated into the
PA layer to fabricate TFN membranes with higher water per-
meance and antifouling performance (Table S1, ESL,} entry 9).%°
aCN nanosheets had smaller size and higher solubility in water
than g-C;N, nanosheets. aCN incorporated TFN membranes at
0.005 wt/v% concentration showed superior RO performance.
The water permeance was enhanced by 78.98% from 1.57 to
2.81 L m > h™ ! bar !, compared to control membrane along
with salt rejection at 98.6% for NaCl. The 2D planar structure of
the nanosheets with distributed triangular pores and generation
of nanovoids between nanosheets and the polymer matrix
improved the water permeance. The rejection performance
did not deteriorate much as the concentration of nanosheets
was very low and did not impact the polymer structure. The
membranes also showed superior antifouling performance
against BSA and HA foulants. However, the membrane surface
characterization revealed that there was no difference in the
contact angle and surface zeta potential between the mem-
branes incorporated with aCN and g-C;N, nanosheets. It was
suggested that the aCN nanosheets had higher dispersion
capability in the aqueous solution when compared to g-C;Ny,
which resulted in smoother membranes which enhanced per-
formance, but still the impact of nanosheets on the surface
properties is unclear in this study.

The edges of g-C3N, nanosheets could be attached to functional
groups such as -COOH, -OH or SOz;H to further improve the
hydrophilicity and surface charge. These hydrophilic functional
groups would also facilitate uniform dispersion and good compat-
ibility with the PA matrix. Accordingly, a study reported synthesis
of three types of g-C3N, nanosheets surface-functionalized with
—-COOH, -OH, and SO;H respectively with the help of oxygen donor
compounds (Table S1, ESLf entry 10).”° These nanosheets were
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incorporated into the PA layer during IP reaction. The membranes
incorporated with functionalized g-C;N, nanosheets exhibited
enhanced permeance without significant decrease in salt rejection.
The membranes modified with 0.05 wt% choloroacetic acid-
assisted functionalized carbon nitride nanosheets (g-C3N,-
COOH) exhibited 54% increase in water permeance compared
to g-C;N, incorporated membranes, and high salt rejection of
98.1% of NaCl. In general, the membranes incorporated with
these functionalized g-C;N, nanosheets had higher surface
negative charge and smoother surface due to the presence of
hydrophilic functional groups and formation of hydrogen bonds
with water molecules. The functional groups dissociated to
impart high negative charge to the PA layer and thus enhanced
the salt rejection and fouling resistance.

Another study incorporated polydopamine modified graphitic
carbon nitride nanosheet (PDA-g-C;N,) into the active layer to
fabricate a positively charged NF membrane.”' Incorporating
0.005 wt% of PDA-g-C;N, nanosheets decreased the surface
roughness of the membrane, while increasing hydrophilicity
and permeation. The membrane exhibited high rejections
>85% for divalent cations (Mg>*, Ca**, Ba**, and Cu*"), while
on the other hand the rejection of monovalent cation (Li") was
low (36.8%). The membrane also showcased good antifouling
properties. The fabricated membrane exhibited high potential
for treatment of industrial wastewater and especially in separation
of monovalent and multivalent ions.

Antifouling and chlorine-resistant properties of TFN RO
membranes incorporated with g-C;N, were reported in a recent
study (Table S1, ESLi entry 11)."” At an optimized g-C;N,
concentration of 0.01 wt/v%, the pure water permeance
increased by 30% and NaCl rejection was 99.23%. Total fouling
rate decreased from 31.2% for the control PA membrane to
18.3% for the TFN membrane. Moreover, the TFN membrane
showed higher chlorine resistance, with salt rejections decreasing
by 1.08% compared to the 2.95% decline for the control
membrane. However, compared to other membranes, the per-
meance of the TFN membrane was very low. The hydrophilicity
and charge properties imparted are not conclusive and its
performance enhancement needs to be established. To enhance
the membrane performance a study simultaneously incorporated
two nanofillers with different dimensions.”” g-C;N, nanosheets
and halloysite nanotubes (HNTSs) were co-deposited on the sub-
strate membrane via vacuum filtration of aqueous solution
containing PIP monomers and the nanomaterials, followed by
the PA layer formation via IP reaction (Table S2, ESL¥ entry 7).
The integration of g-C3N, and HNTs in the membrane structure
resulted in a synergetic effect of the nanomaterial functionalities,
which ultimately improved the membrane performance. The
2-C;N, nanosheets formed nanoaggregates which were enveloped
by the PA layer over it and the HNTs were aligned horizontally,
playing the role of a hydrophilic interlayer. This synergetic effect
led to a crumpled membrane surface, additional water transport
pathways, enhanced hydrophilicity and surface roughness.
At an optimum concentration of 16.4 ug cm™> of g-C;N, and
19.7 ug cm ™2 of HNTs in the aqueous phase, water permeance
rose to 20.5 L m > h™' bar '—a nearly two-fold increase
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when compared to the control membrane, with salt rejection
at 94.5%.

2.3. BN-Incorporated TFN membranes

Boron nitride (BN) is an attractive 2D nanomaterial for application
in high performance membrane filtration due to its exemplary
properties such as chemical inertness, high strength, mechanical
and thermal stability.”*”> Hexagonal boron nitride is isostructural
to graphene and often called white graphene.”* The pioneering
work of incorporating BN nanosheets into the PA layer for TFN
membrane was done in 2018.° In the study, highly hydrophilic
amine functionalized BN nanosheets (BN(NHS,)) were incorporated
into the PA layer (Table S2, ESLT entry 8). Incorporation of
0.004 wt% of BN(NH,) into the PA improved the negative charge
and hydrophilicity of the membrane surface, which resulted in
13.4% enhancement in permeance while maintaining high
rejections for NOM. The addition of BN(NH,) nanosheets into
the aqueous phase influenced the IP reaction, impacting the PA
layer morphology and chemical properties. When compared
with the commercial NF270 and NFT50 membranes in terms
of UV,s, rejection, the TFN membrane performed well with the
highest rejection of 97.91% whereas the values of commercial
ones were 92.44% and 92.94% respectively. But though the
NOM removal was very good when compared to commercial
membranes, salt rejection studied with Na,SO, solution yielded
a lower rejection of 68.93%, which is undesirable. The rejections
of MgSO, and NaCl were only 61.12% and 12.97% respectively.
This reduced salt rejection was attributed to the looser PA layer
with wider pathways for transport. As the concentration of
nanosheets was increased, they tended to aggregate and lead
to deterioration of performance. It was also observed that at
concentrations lower than 0.008 wt% of BN(NH,) nanosheets
the contribution to the PA network was mostly though NH,
functionalities and not via covalent bonding between C-B-N
atoms. Hence, the presence of amine groups overshadowed
BN nanosheets and their properties.

To further exploit the exceptional features of BN(NH,) nano-
sheets, the nanosheets were coated on the PA layer, through
covalent interactions.*> Membranes decorated with 0.003 wt%
BN(NH,) nanosheets were reported to enhance the permeance
by 59% and total fouling resistance by 50% when compared to
control membrane (Table S2, ESLT entry 9). BN(NH,) decorated
membrane showcased good stability during long term experiments.
The TFN membrane possessed higher hydrophilicity, negative
charge, and mechanical stability than the control membranes.
Owing to these superior properties, during filtration studies
involving BSA and SA, the normalized flux of BN(NH,)-decorated
membrane was at 95% after SA filtration and 99% after BSA
filtration when compared to the control membrane with 79%
and 92% respectively after 6 h experiments. Fouling-cleaning
studies confirmed the enhancement of fouling resistance as the
membrane showed very good flux recovery with lower fouling
tendency than the control membrane due to the superior
properties imparted by the BN(NH,) nanosheets.

To check its real-world application, surface water samples
from a reservoir were used as a feed and spectroscopic studies
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were used to analyse the rejection properties.'" The membrane
was fabricated with modified IP process (PPA-BN) in which the
nanofillers were incorporated into the PA layer and decorated over
the PA layer (Table S2, ESL, entry 10). The PPA-BN membrane
displayed 69% higher permeance and exhibited improved NOM
removal. Recent research has evaluated the performance of the BN
nanosheet-incorporated TEN RO membrane.”® The incorporation
of nanosheet resulted in improved membrane surface hydrophili-
city and roughness, which enhanced the water permeance by 25%
with 96.4% rejection for NaCl (Table S1, ESLT entry 12). However,
the flux enhancement when compared to other TFN membranes
was very low. The resultant TFN membrane exhibited excellent
antifouling performance when compared to the control
membrane. The membrane demonstrated improved chlorine
tolerance due to additional amide bonds and crosslinking PA
structure provided by the BN nanosheet.

2.4. MoS, incorporated TFN membranes

Transition metal dichalcogenides (TMD) are emerging 2D
nanosheets in the field of water treatment owing to their dis-
tinctive physical and chemical properties.>®”” TMD structure
consists of a transition metal layer sandwiched between two
chalcogen layers.”” MoS, is a typical TMD consisting of hexagonal
layers of Mo and S atoms. The MoS, sandwiched structure is
shown in Fig. 1b. MoS, nanosheets have shown promise in
membrane technology due to their distinctive properties such
as mechanical strength, electronegativity and hydrophilicity.”*”°
MoS, exhibited reduced resistance for transport of water mole-
cules due to its smoother surface and absence of oxygenated
functional groups.®® The presence of sulphur atoms on both
sides of the MoS, layer aided hydrophilicity and provided higher
affinity to water by means of hydrogen bonding. The first
research work of incorporating MoS, nanosheets via IP reaction
was undertaken in 2019 to fabricate TFN RO membranes.”® At an
optimum concentration of 0.01 wt% of MoS, nanosheet in the
organic phase, flux and NaCl salt rejection properties of the
membranes were improved to 6.2 L m > h™" bar™" and 99%
respectively (Table S1, ESL,T entry 13). Increased concentration of
MoS, nanofillers improved salt rejection, contrary to the fact that
at higher concentration the nanosheets tend to form defects due
to aggregation which leads to deterioration in salt rejection.””®
Incorporation of MoS, nanosheets enhanced separation perfor-
mance due to its electronegativity, repelling the salt ions and
facilitated higher rejection. Moreover, hydrophilicity of the
membrane surface was greatly enhanced. Together, these effects
resulted in simultaneous increase in water flux, salt rejection and
fouling resistance. However, these membranes suffered leaching
of the nanosheets during the first 2 h of experimentation, raising
health concerns. The reason for leaching is suggested to be lack
of functionalities on the nanosheets, causing poor interaction
and compatibility with the polymer matrix. In another study,
MoS, nanosheets were utilized to fabricate TFN NF membrane,
overcoming the trade-off in permselectivity (Table S2, ESL entry 11).
At an optimum concentration of 0.01 wt/v% in the organic phase,
water permeance was increased by 2.5 times maintaining high salt
rejection properties.**
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To tackle the compatibility and stability factors, several
additional studies were conducted to prepare functionalized
MoS, nanosheets.”®3*78* Accordingly, high efficiency polyphenol
assisted liquid exfoliation was used as a green method to produce
layered MoS, nanosheets with tannic acid (TA-MoS,).> Due to
their improved stability and compatibility, TA-MoS, nanosheets
were successfully incorporated into the polyamide layer, forming
a TFN NF membrane with superior performance. The optimum
dosage of nanosheets was found to be 0.025 wt%, which
enhanced membrane hydrophilicity and negative charge, and
resulted in superior nanofiltration performance and long-term
stability (Table S2, ESL entry 12).* The TFN membrane exhibited
enhanced water permeance as high as 17 L m™ > h™" bar*, with salt
rejection maintained at 98.5% for Na,SO,. The study also confirmed
that the nanosheets did not aggregate within the PA layer and
exhibited high compatibility with the polymer matrix due to the
functional groups on the 2D nanosheets. Non-selective defects were
reduced due to high cross-linking sites available on TA-MoS,
nanosheets, which in turn improved salt rejection. However,
the increased surface roughness caused more fouling compared
to control membrane.

To further improve the properties of MoS, nanosheets,
TA-Fe*" coordination complexes were used to modify MoS,
nanosheets.® It was observed that TFN membranes incorporated
with 0.01 wt% MoS,-TA-Fe** demonstrated 1.6 times higher
water permeance at 7.6 L m~> h™" bar ' when compared to the
control membrane, while retaining 96.5% salt rejection for
Na,SO,4(Table S2, ESLT entry 13). This study also mentioned
that the functionalization of the nanosheets increased the
crosslinking sites for unreacted TMC molecules during IP
reaction and simultaneously restricted the formation of inter-
facial voids. While studies of TFN membranes incorporated
with MoS,, showed that the hydrophilicity, surface roughness,
PA layer thickness and crosslinking degree were all enhanced,
this study found that TFN membranes incorporated with MoS,-
TA-Fe** displayed altered efficiencies. Incorporation of MoS,-
TA-Fe** nanosheets significantly affected surface roughness,
and these membranes showed decreased hydrophilicity. This
was attributed to the increased crosslinking degree which
reduced the unreacted acid chloride groups on the membrane
surface. While this effect did not significantly change the salt
rejection, it would deteriorate antifouling performance which is
highly dependent on the membrane hydrophilicity and charge. In
addition, at concentration higher than 0.01 wt%, the membrane
exhibited severely declined flux due to reduced hydrophilicity and
increased crosslinking degree. When compared to other TFN
membranes, the permeance was observed to be low.

A recent study incorporated oxidised molybdenum disulfide
(O-MoS,) into the polyamide active layer to form a TFN NF
membrane (Table S2, ESL entry 14)."> MoS, nanosheets were
produced via exfoliation and oxidised by the Hummers’ method.
0O-MoS, at an optimum concentration of 0.01 wt/v% dispersed in
the organic phase showed exceptional performance, with 2.5-fold
higher permeance with good antifouling properties. The rejection
of Na,SO,, MgS0O,, MgCl, and NaCl were 97.9%, 92.9%, 86.3%
and 65.1% respectively, which was comparatively higher than the
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value for the control membrane, as a result of the reduced pore
size and higher negative charge on addition of O-MoS,. The
reduction in pore size was attributed to the increased density of
the PA layer on addition of O-MoS, nanosheets as well as the
partial coverage of the pores by the nanosheets.

2.5. Other emerging nanosheets-incorporated TFN
membranes

Transition metal carbides and nitrides (MXenes) nanosheets
based applications have been hot topic of research since its
discovery in 2011. MXenes are described by the general formula
M,11X, Ty (n = 1-3), where M is an early transition metal,
X represents carbon and/or nitrogen, T denotes functional
groups (OH, O, Cl, or F) and x represents the number of these
groups. MXenes are derived from selective etching of precursors
represented as MAX (M,,,1AX,,), where A is usually an element from
groups 12-16."%%% Until now, around 30 MXene compounds
have been synthesized from MAX precursors.” Among them,
Titanium-based MXenes, particularly Ti,C,T, and Ti;C,T,, have
been explored for environmental remediation applications.?**°
MXenes possess excellent features such as high hydrophilicity,
high surface area, activated hydroxide sites, ease of functiona-
lization combined with adsorptive, anti-bacterial and metallic
properties, which facilitate their utilization in membranes for water
treatment applications and electrokinetic power generation.*”*%%>
Recent studies have showed promising results for MXene-based
membranes with high flux, rejection properties, antifouling perfor-
mance, and anti-bacterial properties.®**%%*

The role of MXene nanosheets in improving TFN membranes
was explored recently. The study incorporated Tiz;C,T, into the
PA layer to fabricate TFN RO membranes (Table S1, ESL,T entry
14).'® TizC,T, was synthesized by selective etching of Al from
the precursor Ti;AlC, using hydrogen fluoride. Ti;C,T, was
dispersed into the aqueous solution and incorporated into the
PA layer during IP reaction at various loadings ranging from
0-0.02 wt%. This led to the formation of a PA layer with lower
surface roughness, lower thickness and higher hydrophilicity
which translated into higher flux (2.3-2.5 L m~> h™" bar™")
when compared to the control membrane (1.7 L m~>h™ " bar "),
while the salt rejection (97.9-98.5%) was similar to that of the
control membrane (98.6%). Antifouling experiments with BSA
confirmed that at a concentration of 0.015 wt% of Ti;C,T,, the
membrane showed superior fouling resistance with low flux
decline value of 11.11% after 6 h when compared to 22.72% of
the control membrane.

COF nanosheets have been explored for their application in
water treatment and especially in membrane-based separations.®®*°
COF nanosheets are emerging microporous crystalline materials
which are synthesized from organic linkers. Recently, COF has
received tremendous research attention in membrane separation
due to its superior properties such as large surface area, high
crystallinity, uniform and tuneable pore structure, versatile cova-
lent building blocks, attachment of various functional groups,
and excellent thermal and chemical stability.>*°° A novel TFN RO
membrane was fabricated by incorporating COF nanosheets with
high crystallinity, achieving superior water/NacCl selectivity. Novel
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COF (TpPa) was synthesized via microwave-assisted Schiff-base
reactions.'® TpPa nanosheets were dispersed in the aqueous
phase containing MPD monomer. The IP reaction scheme was
facilitated by the vacuum filtration method. The resultant TFN
membrane incorporated with 50 pig cm™? TpPa nanosheet exhib-
ited three-fold water permeance at 2.2 L m~>h™ ' bar™' compared
to the control membrane and retained 97.7% salt rejection for
NaCl (Table S1, ESLt entry 15). TpPa nanosheets improved the
hydrophilicity, negative charge and surface roughness of the
membrane, which together improved the water permeance.
The electronegative nature of the TpPa nanosheet resulted in
lowered NaCl permeance, improving the water/NacCl selectivity.
The higher chlorine resistance was attributed to the amide and
methyl groups present in the COF.

A recent study reported a unique method of stitching COF-
based nanosheets to build aligned nanopores for NF membranes
(Table S2, ESL entry 15)."° Amino-functionalized nanosheets
(TpBD-NH,) were synthesized by solvothermal synthesis followed
by chemical reduction. The nanosheets were stitched at the oil-
water interface to form fishnet-like nanofilm structures with TMC
molecules. These nanofilms were encapsulated into the PA layer
during the IP reaction. The nanofilms induced aligned pores and
controlled the PA layer formation. The nanosheets were covalently
bonded into the matrix, enhancing their compatibility with the
polymer. The oriented pores promoted controlled diffusion of PIP
molecules and facilitated formation of thinner PA layer with
patterned surfaces. The resultant membranes showed enhanced
permeance and selectivity for both monovalent and divalent
salts. However, this novel TFN membrane exhibited lower water
permeance at 6.0 L m~> h™" bar ' when compared to the
membrane incorporating the COF nanosheets in PIP solution,
at9.5L m *>h ' bar .

Metal organic frameworks (MOFs) is an emerging nanomaterial
currently explored for various applications such as adsorption,'**
catalsysis,'*>'% electrochemical sensing,'®* energy storage/conver-
sion,’®'% and membrane separation processes.>""'”” MOFs are
crystalline porous materials comprising of metal ions/clusters as
building blocks linked by organic ligands.'®® MOFs possess very
high surface area and porosity, tuneable structure, pore size and
surface morphologies, and capacity to be combined with
several functional groups.'® The presence of organic linkers
and functional groups could facilitate the compatibility of the
MOFs within the polymer matrix. TFN membranes incorporated
with MOFs such as zeolitic imidazolate framework-8 (ZIF-8),'%%'%
zirconium based MOF (Ui0-66),"'° and various other zinc
based,**'** chromium based'** and copper based MOFs have
exhibited enhanced separation performance.''® However, it is a
great challenge to synthesize 2D MOFs with atomic thickness,
suitable structures and tuneable properties in large scale. In
addition, MOFs also suffer stability issues leading to structural
deterioration.’®>'%” The interaction of MOFs with polymer net-
work would depend on the type of MOFs and its functionalities,
which can be used to manipulate the selective PA layer and
separation performance of the membranes. There needs to be
conclusive study on impact of 2D MOFs nanosheets on the
membrane performance.’** However, 2D MOFs synthesis and
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incorporation into TFN membranes for water treatment appli-
cations would be an exciting research field due its versatility and
different possible MOFs structures.

3. Impact of 2D nanosheets on PA
layer and membrane performance

Apart from acting as alternate transport pathways for water
molecules, 2D nanosheets impact the properties and formation
of the PA layer of the TFN membranes conclusively enhance
the membrane performance. They influence the IP reaction
through their impact on reaction interface, diffusion of amine
monomers, and the confinement effect of degassed nanobubbles.
Their surface charge, size and hydrophilicity improve the reaction
interface and facilitate the IP reaction. In addition, they also
impact the interfacial stability and the IP reaction rate. For
instance, NH, groups present on BN nanosheet react with TMC,
forming more amide bonds and improving the membrane rejec-
tion performance. 2D nanosheets also facilitate formation of cross-
linked PA structure, which leads to reduced pore size, improving
the rejection properties of the TEN membrane.'>®* The presence of
2D nanosheets during the IP reaction also affects the diffusion
rates of the amine monomers. The concentration of PIP or MPD is
the rate limiting factor, as the diffusion occurs from the aqueous
to organic phase. 2D nanosheets have demonstrated both con-
trolled release and enhanced sorption of amine monomers during
IP reaction. Reduced diffusion rate of amine monomers has been
recorded in various studies.”® For instance, incorporation of
mGO nanosheets comprehensively reduces the diffusion rate of
MPD molecules into the organic phase.>® The combined effect of
steric hindrances and chemical interactions of the functionalities
on the nanosheets impacts the reaction rate between MPD and
TMC. The carboxyl and hydroxyl groups of the mGO structure
particularly also interact with TMC, affecting the IP reaction. As a
result of these interactions, a thinner PA layer is formed, which
reduces the resistance to water transport, thus enhancing the
water permeance of the membrane. From cross-sectional SEM
morphologies of the control and mGO-incorporated membranes
in Fig. 2a, it is evident that the thickness of the PA layer has
decreased drastically from 240 nm to 50 nm when the loading of
mGO was increased from 0 to 0.005 wt%. The nanosheets also lead
to formation of leaf-like structures on the surfaces of TFN
membranes when compared to nodular structures in the control
membrane. Indeed, many studies confirm that 2D nanosheet
incorporation leads to the fabrication of TFN membranes
with a thinner and smoother PA layer. The smoother surface
also facilitates lower fouling tendency as it provides fewer
attachment sites for foulants.'®*®7°

The incorporation of MoS,-TA-Fe*'nanosheets however
shows crumpled structures with scattered tufts.®> The MoS,-
TA-Fe** nanosheets attract PIP monomers through hydrogen
bonding interactions in the aqueous phase. This local enrich-
ment effect of PIP molecules facilitates their diffusion during the
IP reaction, leading to protruding structures on the membrane
surface. Increasing concentration of nanosheets during the IP
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reaction hinders the diffusion of aqueous monomers and leads to
the formation of a smoother membrane surface with thinner PA
layer. However, addition of the nanosheets beyond the optimum
concentration negatively affects the membrane structural integrity
and reduces both the permeance and salt rejection performance.’
The incorporation of MoS, nanosheets at low concentrations
facilitates uniform distribution over the PA layer.”® As the concen-
tration is increased, the nanosheets tend to aggregate and cover
the PA layer as shown in Fig. 2b, deteriorating its performance.

In terms of surface roughness of the TFN membranes, both
increasing and decreasing trends have been reported by several
studies.”"'®'® The increase in surface roughness is on
account of the confinement effect of the gas bubbles produced
during the IP reaction.** The IP reaction leads to formation of
CO, bubbles which are released through the PA layer. The
encapsulation of the nanosized gas bubbles into the PA layer
caused due to the influence of nanosheets, leads to the for-
mation of nanovoids and leaf-like structures along with the
conventional ridge-valley protuberances in the PA layer.'*® In
addition, the functionalities attached to the nanosheets also
take part in the IP reaction and act as alternate reaction
pathways, causing increased surface roughness.”®* The NH,
and COOH groups present on g-C;N, react with TMC molecules,
leading to ionic interactions and wrinkling effect of the polymeric
chains which caused significant increase in surface roughness."”
Increased surface roughness increases the filtration area, leading
to formation of a water hydration layer on the surface, which
improves water permeance and prevents deposition of organic
foulants. However, this effect can also lead to trapping and
accumulation of foulants in the rough microstructures, causing
deterioration of the membrane performance.'* In a few other
studies, surface roughness was observed to reduce when nano-
sheets were incorporated into the PA layer."*®®”° The intrinsic
hydrophilicity of g-C;N, nanosheets and the tendency of the
triazine units to form hydrogen bonding with OH™ ions present
in the polymerization solution leads to reduced roughness.®® In
addition, the functional groups present on the nanosheets also
form hydrogen bonds with amine groups of the monomer.
This leads to a compaction effect on the molecular chains,
causing a smoother surface.”” Nevertheless, the surface chemical
characteristics such as hydrophilicity and charge density also
majorly impact the membrane performance.'’ The intrinsic
hydrophilicity of the incorporated 2D nanosheets alter the hydro-
philicity of the PA layer formed. The PA layer with higher
hydrophilicity enhances the solubilisation and diffusion of water
molecules through it, improving permeance.”®

Hydrophilicity is also dependent on the surface roughness
of the PA layer formed. The higher the surface roughness, the
lower the contact angle and improved hydrophilic membrane."?
The tendency of the functional groups attached to the nanosheets
to form hydrogen bonds also enhances the hydrophilicity of the
PA layer in many cases.”'®*>”° Hydrophilicity of the membrane
surface can decrease the deposition of hydrophobic organic
foulants and improve the antifouling performance of the
membranes.”"**"*” The influence of nanosheets on hydrogen
bonding with amine monomers and the reduced diffusion

© 2021 The Author(s). Published by the Royal Society of Chemistry
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TFC TFN-Low TFN-Med TFN-High

(a) Cross-sectional SEM images of control and TFN membranes incorporated with 0.002 wt%, 0.003 wt% and 0.005 wt% mGO respectively (1-4),

Adapted with permission.>* Copyright 2019 Elsevier. (b) SEM surface morphologies of control and TFN membranes incorporated with 0.005 wt%,
0.02 wt% and 0.05 wt% MoS, respectively (1-4), Adapted with permission.”® Copyright 2018 Elsevier. (c) SEM surface morphologies (1-2), of PA and
0.015 wt% TizC,T, incorporated PA15 membranes after chlorine exposure test, Adapted with permission.*® Copyright 2020 Elsevier. (d) Epifluorescence
microscopy images of E. coli cells on control TFC (1), TFN-Low (2) and TFC-High (3). Green and red colour represents live and dead cells, respectively.
(4) Cell viability of adhered E. coli cells after 3 h of contact. Adapted with permission.*® Copyright 2018 Elsevier.

towards the organic phase increases the quantity of free acyle
chloride groups on the membrane surface. These groups
enhance the surface negative charge due to the formation of
carboxylic moieties. The intrinsic charge properties of the
nanosheets also impact the surface charge of the membranes.
In the case of BN nanosheets, the electron deficient nature of B
atoms, Lewis acidity and their propensity to acquire OH™
ligands in water enhances the negative charge density.*> The
enhanced negative charge facilitates higher salt rejection and
antifouling effect due to the electrostatic interactions.'*”%7%
Due to the interaction during IP reaction, the nanosheets also
enhance the density of the PA layer formed and reduce the pore
size. The partial coverage of the pores due to the horizontal
placement of the nanosheets over the pores also contributes to
the reduction in its size.">**> Reduced pore size along with
selective rejection of salt ions through the intrinsic pores of the
nanosheets also contributes to enhancement of salt rejection.

When the 2D layered nanosheets are incorporated into the TFN
membranes, they are proposed to contribute to the formation of

© 2021 The Author(s). Published by the Royal Society of Chemistry

additional water transport mainly through two mechanisms. In
the first mechanism, interfacial voids are formed between the PA
network and 2D nanosheets which offered lower resistance to
water transport leading to quick selective transport of water
molecules.”® As the size of nanovoids increases, the passage of
both water molecules and salt ions are possible which deteriorates
the salt rejection performance of the membranes.''® However, there
are no conclusive evidence through SEM images. It is also argued
that such interfacial voids cannot be detected by electron micro-
scopic imaging, but would contribute to the water permeance.*® In
the second mechanism, the intrinsic nanovoids present on the 2D
nanosheets and the interlayer spacing facilitates selective transport
of water molecules through its nanochannels enhancing the water
permeance.®® The interlayer spacing and nanovoids can be
influenced by the synthesis method and functionalisation of
nanosheets to achieve desired separation performance.>!

The comprehensive influence of the nanosheets also improves
the mechanical, chemical, and thermal stability of the TFN
membranes.*>**”> BN nanosheets enhanced the tensile strength
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and breaking elongation of TFN membrane.*> The mechanical
strength and wrinkled topology of BN nanosheets causes
mechanical interlocking and reinforced polymer structure. This
reinforced polymer structure exhibited stable filtration perfor-
mance during 52 h operational stability experiments. Similarly,
TFN membrane incorporated with GO showed stable perfor-
mance during a 72 h extended filtration process, due to the
mechanical strength imparted by GO.> It is well noted that
GO-incorporated nanocomposites have showed enhanced rein-
forcement of the matrix, leading to very high strength and
toughness."” Another important feature bestowed by nanosheets
is improved chlorine resistance of the membranes. Several
studies have reported their shielding effect on the vulnerable
amide bonds during chlorine exposure tests. The combined effect
of enhanced cross-linking and interactions of functional groups
reduces the impact of chlorine attack on the PA layer. For
instance, Ti;C,Tyincorporated TFN membranes after exposure
to 5 cycles of 2000 ppm NaOCI chlorination exhibited increased
water flux with high salt rejection.’® As shown in Fig. 2c, the
morphological observations of the control PA and TFN membranes
suggest high yellowing degree and visible exposure of pores on the
control membrane. The amide bonds in the PA layer are damaged,
leading to deformation of the layer, causing defects and micro
voids in its structure, leading to increased permeance and lower
salt rejection.

From the aspect of tailoring the fouling resistance properties,
the combined impact of surface hydrophilicity, negative charge
density, and steric hindrances plays a huge role in decreasing
the fouling propensity of the TFN membranes in contact
with organic and biological species.®'"*%5%%% As discussed
previously, the surface hydrophilicity, increase in the number
of hydrogen bonds and the electrostatic interactions can lead to
the formation of a water hydration layer over the membrane
surface which prevents the attachment of organic foulants. In
addition, as a result of the steric hindrance and electrostatic
repulsion effects owing to the distribution of nanosheets over
the PA layer, the foulants are pushed away, minimizing their
adsorption on the surface. Membranes incorporated with BN
nanosheets exhibited lowest fouling and decline of flux to 80%,
compared to 54% for the control PPA membrane. The commer-
cial XN45 membranes exhibited very high flux decline within
the first few hours of the experiments. PPA-BN membranes
showed most stable performance at the beginning and through-
out the 52 h test, due to their surface hydrophilicity and surface
charge. Greater initial fouling of the membranes leads to irreversible
entrapment of the foulants on the surface, necessitating inter-
mittent chemical cleaning to recover partial value of initial flux.
On the other hand, during the filtration experiment PPA-BN
membranes exhibited gradual flux decline due to the formation
of a loose organic fouling layer which is susceptible to physical
cleaning. PPA-BN membranes also performed well at low pH
and high Ca®>" concentration in feed water."*

Polymeric membranes are also prone to biological attacks
due to the availability of organic moieties such as proteins and
carbohydrates near the membrane surface. This facilitates the
adhesion, proliferation, and metabolism of microbes, resulting

3530 | Mater. Adv, 2021, 2, 3519-3537

View Article Online

Materials Advances

in the forming of biofilms on the membrane surface. In addition,
the formation of extracellular polymer substances acts as a shield
to protect them.''® The microbes also facilitate the deposition
formation of minerals, leading to mineral scaling combined with
biofouling."*® Available literature suggests that incorporation of
the 2D nanosheets, particularly GO, reduces the biofouling
tendency to a great extent.****>* One strategy to mitigate biofoul-
ing is to ensure reduction of the cell adhesion through improved
surface charge, hydrophilicity, and smoother surface of the
membrane.*® In addition, the incorporation of biocides such as
Ag" and Cu*" on the GO structure makes microbes inactive by
effectively reacting with their cell walls and DNA.”®° The reactive
oxygen species formed by the biocides causes oxidative stress in
the cells and also breaks down their proteins, damaging them."*
In a particular study, TFN membranes incorporated with GO
nanosheets, TFN-Low, TFN-med and TFN-High decreased the cell
viability to 52%, 43% and 37% respectively when compared to
85% for the control TFC membrane as Fig. 2d.*® The intrinsic
biocidal nature of GO and the sharp edges of the nanosheets
resulted in reducing the cell viability and biofilm volume.

4. Potential for 2D-enabled TFN
membranes for water purification
and desalination application

TFN membranes with high water permeance and good selectivity
find use in a wide range of applications for freshwater production.
The applications include desalination of sea water and brackish
water, drinking water treatment, industrial wastewater treatment
and reuse, and resource recovery. Water permeance and salt
rejection of these membranes are highly dependent on the type
of nanosheets used and their impact on the PA layer properties.
For both RO and NF, membranes displaying high water per-
meance and salt rejection are desirable. Tables S1 and S2 (ESIY)
summarizes the water permeance, salt rejection and the impact of
2D nanosheet on the physicochemical properties and performance
of 2D-enabled TFN membranes discussed in the paper. The trend
observed from Fig. 3a infers that GO incorporated TFN mem-
branes characteristically have lower water permeance and weak
impact on the salt rejection capabilities. The variation in
permeance and rejection properties for g-C;N, embedded TFN
membranes are due to the influence of different functionalities
attached to the 2D nanosheets. g-C3N, incorporated TFN
membrane exhibited very high salt rejection at 99.7% with no
improvement in water permeance against control membranes.®®
MoS,-enabled TFN membrane showcased the highest water
permeance at 6.2 L m > h™' bar !, while maintaining high
selectivity with 99% salt rejection.

Permeance for commercial RO membranes is in the range
1-2Lm *>h ' bar ' for seawater RO and 2-8 L m > h™ " bar*
for brackish water RO (BWRO), with salt rejection >99.9% and
95-99% respectively.'*"'?? Several studies have reported that
increase in water permeance of the RO membranes can possibly
reduce the specific energy consumption of the process, depending
upon the model assumptions and operating conditions.'**2°

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Performance of 2D-enabled TFN membranes for (a) NaCl rejection
and (b) Na,SO4 rejection.

Despite enhanced permeance at 15 L m™~> h™ " bar~ " for the TFN
membrane, the specific energy consumption predicted was
reduced by a mere 16.6% when compared to commercial TFC
membrane with 1 L m™> h™' bar ' permeance.”* From the
marginal reduction in this case, it is evident that energy con-
sumption is more dependent on the osmotic pressure of the
feed and the operating conditions rather on permeance. It was
observed that energy consumption reduces for operations such
as BWRO and NF membranes operating at 5-10 bar pressure.
The same study found that use of TFN membranes reduced the
specific energy consumption >80% compared to the commercial
BWRO membrane. It is worth noting that the energy calculation
models have not considered the fouling effect and the ageing of
the membranes during operation. Fouling decreases the flux
of the membranes and deteriorates the performance and
membrane integrity. In addition, increased permeance might
also trigger more fouling due to concentration polarization.
Therefore, membranes with enhanced antifouling properties are
desirable. The antifouling performances of TFN membranes
cannot be directly compared with each other due to the variation
in experimental setups and operational parameters. Apart from
the membrane surface characteristics, feed water chemistry and
filtration conditions play a vital role in the deposition of foulants.
Hence, future studies should follow a standard protocol for
filtration tests in terms of membrane size, flow conditions,
module setup, and feed water characteristics which can facilitate
performance comparison. However, TFN membranes incorpo-
rated with 2D nanosheets have showed improved antifouling and
biofouling resistance performance, which is highly favourable as
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it reduces the cost associated with frequent maintenance and
replacement of the membranes.

From the context of NF, commercial membranes have a
permeance in the range 5-12 L m™ > h™ " bar™* with Na,SO, rejection
greater than 98%.”'>' When compared to RO membranes, NF
membranes have a looser PA structure with higher water permeance
and lower operating pressure. NF membranes exhibit high rejection
of small neutral molecules, organic entities and charged multivalent
ions, while facilitating transport of water and monovalent ions.
Fig. 3b depicts the permeance and rejection values of 2D-enabled
TFN NF membranes. The functionalities present on the nano-
sheets greatly impacted the membrane permeance and rejection
performances. Even for same parent 2D nanomaterial GO,
the functionalization with sulfonic acid, EDA and PEI
respectively resulted in variation in permeance ranging from
2-12 L m % h™' bar'. Similarly, MoS, incorporated TFN
membrane performance was impacted by the different function-
alities attached to the 2D nanosheets. TFN membranes incorpo-
rated with TA-MoS, nanosheets showcased the highest salt
rejection at 98.5% for Na,SO,, with water permeance at
17 L m™? h™' bar™'. The membrane also exhibited good
selective rejection to divalent ions over monovalent ions, with
rejection for NaCl at 28%.%* TFN membranes incorporated with
O-MoS, showed water permeance improved by 155% from
3.11 to 7.91 L m > h™" bar ', accompanied by high rejection
of Na,SO, at 97.9%.'> The highest water permeance for
2D-enabled TFN NF membranes was exhibited by the membrane
incorporated with g-C;N, nanosheets, at 18.8 L m > h™" bar " but
with low salt rejection of 84% for of Na,SO,. However, the
synergetic impact of g-C;N, nanosheets and HNT showed high
water permeance of 20.5 L m > h ™" bar ' and Na,SO, rejection
of 94.5%. Separation of monovalent and multivalent ions was
enhanced for membranes incorporated with PDA-g-C;N,. Salt
rejection was maintained high for divalent ions including Mg>",
Ca*', Ba®>*, Cu®*" and zn**, and monovalent rejection was at
36.8% for LiCl.

BN-Incorporated membranes recorded low rejections for
Na,S0, ranging from 69% to 89% with good water permeance
in the range 7 to 15 L m > h™" bar ".>'>* However, it is
noteworthy that the membranes were optimized for organic
removal and antifouling performance for filtration of surface
water. Dual modified PPA-BN membranes with nanosheets—both
in the PA layer and decorated over it—resulted in improved water
permeance, NOM rejection, antifouling performance, and lower
chlorine demand for the permeate."' PPA-BN membrane exhibited
very high removal at 89% and 95% respectively for DOC and UV,s,
rejection, while commercial XN45 membrane had a rejection of
71% and 87% respectively. The high removal of NOM resulted in
lower chlorine demand of the permeate, which reduced the
formation of carcinogenic disinfection by products.

Most of the studies involving GO nanosheet-incorporated
membranes discovered a trade-off between permeance and salt
rejection, mainly due to the incompatibility of non-oxidized
regions of the GO structure with the PA matrix, leading to
formation of undesirable voids and defects which act as non-
selective pathways.®* Similar trade-off has been also observed
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for TFN NF membranes incorporated with g-C;N, and BN
nanosheets.”®” The GO structure is also unstable when in
contact with water and harsh chemicals, leading to degradation
of membrane integrity and deterioration in performance.>> A
recent study concluded that incorporation of GO had greater
impact on antifouling and antimicrobial performance than on
permeance. At low concentration of GO, the membrane per-
meance was enhanced a little, but at higher concentrations the
permeance decreased with stable salt rejection while the anti-
fouling and antimicrobial performance was highly improved.
Incidentally, production methods of GO nanosheets involve
hazardous solvents and oxidizing agents which is unsustain-
able and impact the environment.

BN-Incorporated TFN membranes have shown excellent
antifouling and organic removal performances. However, the salt
rejection of NF membranes is very low, which is undesirable for
both brackish groundwater and surface water desalination. The
improvement in permeance is also lower when compared to
other TFN membranes. Compared to other nanosheet fabrication
procedures, BN is produced via a facile single-step ball milling
technique. Besides, this is also is a green synthesis method which
does not involve any toxic solvents.” Nanosheets produced thus
have good functionalities and higher yield with low energy
consumption. Membranes incorporated with MoS, show the
potential to simultaneously increase flux and salt rejection,
bridging the trade-off between permeability and rejection.
However, the membrane permeance is lower than that of many
TFN membranes available in the literature. Leaching of MoS,
nanosheets was reported during the filtration experiments, which
can impact the membrane performance negatively. In terms of
the antifouling performance of TFN membranes incorporated
with MoS,, the results were highly impacted by the synthesis
technique of MoS, nanosheets and the functional groups present
on its surface. Nanosheets of TMDs such as WS, have been explored
as membrane materials and can also play a role as nanofillers for
TFN membranes.'**'*” Other emerging nanosheets such as MXene
and COF are at a very primitive stage in research and development
in terms of being used as nanofillers for TFN membranes. Their
impact on the PA layer properties and membrane performance
must be comprehensively evaluated and benchmarked against
commercial membranes. Distinctive insights into the 2D nanosheet
material-membrane properties and performances are tabulated in
Table S3 (ESIt). 2D nanosheet-membrane relationship is highly
influenced by the functionalities present on the nanosheets as they
play an integral part in interacting within the polymer matrix
governing its structure and chemistry.

5. Challenges and prospects

5.1. Challenges in manufacturing in design

Although 2D-enabled TFN membranes have showed enhanced
performance, there are some critical challenges which need to
be addressed. One major challenge is aggregation of nanosheets
which leads to defects in the PA layer, negatively impacting the
membrane separation performance. The major cause of this
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phenomenon is the poor compatibility of the nanosheets with
the PA matrix. Low dispersion of the nanosheets in the mono-
mer phases and their poor interaction during the IP reaction
cause aggregation and irregular distribution over the PA layer.
Hence, a few parts of the PA layer are devoid of the nanosheets
in such cases, leading to compromised membrane surface
and performance. In addition, this also leads to leaching of
nanosheets from the PA layer during operation, which is a
potential threat both to human health and the environment,
combined with deterioration of membrane performance. To
overcome this compatibility issue, nanosheets must be strongly
bonded with the PA matrix chemically and have sufficient
interactions with the polymer structure. This is achieved by
introducing suitable functionalities on the nanosheets so that
they are strongly anchored in the PA layer during the IP reaction.
It is worth noting that, the functional groups present on the
nanosheets highly influence the PA layer formation and the
performance of the membranes. A general rule of thumb followed
for TFN membrane fabrication is ultrasonication of the
nanosheets dispersed phases prior to IP reaction. This is
articulated to homogenize the solution and avoid any aggregation
of nanosheets. IP reaction scheme has been conducted under
ultrasonic environment to improve the interfacial mixing of
monomers."”®'*® Similarly 2D-enabled TFN membranes can be
fabricated under ultrasonic waves to enhance nanosheet mixing
and PA layer formation.

The random distribution of nanosheets is exacerbated by the
aqueous phase removal methods. Conventionally, after contacting
the membrane with the aqueous phase, removal methods such as
rubber roller, airgun or air knife are used. This can lead to loss of
nanosheets, uneven distribution on the PA layer and undesirable
defects which compromise the membrane integrity and separation
performance. These techniques have poor reproducibility, and are
prone to manual error.”** Adding to this fact, the conventional
removal techniques of excess monomers are not efficient,
requiring more research interest in uniform and controlled
removal of monomers from the substrate.

Recently IP reaction assisted by vacuum filtration, spin
coating,'* spray coating,"*' ultrasonic atomization'** and electro
spraying™** has been developed for membrane fabrication, resulting
in enhanced membrane chemistries and morphologies providing
superior filtration performance and bridge the trade-off between
permeance and selectivity. However, these methods are not cost-
effective, and hard to scale up. Vacuum filtration and spin
coating are viable for only a small membrane area and might
lead to loss of nanosheets through the substrate pores, and
during the spin operation in the case of spin coating. IP reaction
assisted by spray and electrospraying techniques led to fabrica-
tion of membranes with precise control over the PA layer with
minimum use of chemicals. However, they are energy intensive
and time-consuming methods. In addition, the size and char-
acteristics of nanosheets might be altered due to the spraying
effect. Alternative options such as support-free IP technique,"*
reverse IP technique,">"*° stitching of nanosheets prior to IP
reactions'®® and nanosheets interlayer** have been explored to
fabricate TFN membranes. Support-free IP technique suffers
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from difficulties to attach or transfer the fabricated fragile PA
layer onto the support membrane. Reverse IP is similar to the
conventional IP technique with the sequence of contacting the
aqueous and organic phase reversed. Defect free and controlled
PA layer formation is difficult in this method. Stitching of
nanosheets prior to IP and nanosheets interlayer techniques
again involves vacuum filtration assistance restricting its scale-
up option. In addition, the chemical interactions and stability of
the interlayer with the PA layer needs further research.

The production of most nanosheets is costly and time con-
suming, and is accompanied by toxic wastes. The techniques
involve complex procedures and require precise instrumentation.
Yet, the volume produced is very low in most cases. In addition,
the exfoliation of nanosheets is an energy-intensive process with
financial implications. Besides, the methods also involve use of
toxic solvents, leaving behind wastes which are hazardous to
human life and the environment. Conclusively, the production
methods are complex and difficult to scale up, thus restricting
their actual industrial preparation and application. Production of
GO is comparatively the cheapest among 2D nanosheets due
to the cheap and abundant availability of the parent material—
graphite. However, production of superior quality GO costs
390 US$ g ''*” while other 2D materials such as BN and MoS,
are very expensive at 944 US$ g ''*® and 1216 US$ g '*°
respectively. It is worth noting that while 2D nanosheets such
as BN, g-C3N,, MoS,, MXene and COF have been able to
enhance the performance of the membranes, the cost factor
and environmental impact of their production and operation
cannot be overlooked. The challenges associated with different
2D nanosheet-enabled TFN membranes are tabulated in
Table S3 (ESIt). Aggregation of 2D nanosheets is an inevitable
challenge observed in all 2D-enabled TFN membranes.

5.2. Future perspectives

2D nanosheets have unique properties based on their synthesis
and functionalization, and care should be taken to understand
the fundamentals of their properties and to exploit their full
potential as nanofillers for TFN membranes. Their properties
such as stability in water, dimensions, pore size, electrostatic
charge, dispersion in polar/non-polar solvents and chemical
interaction and orientation with PA layer must be taken into
account to fabricate high performance TFN membranes with
desirable properties. Tremendous research effort is needed to
synthesize nanosheets with precise control over their dimensions,
functionalities, and properties, in a cost-effective, environment-
friendly, and scalable production method. Most of the techniques
currently used for synthesis of 2D nanosheets involve highly toxic
chemicals and show poor scalability. Replacement of toxic chemicals
with green or relatively low toxic chemicals is desirable. Functional-
ities attached to the nanosheets are highly crucial in imparting
good compatibility and strong anchoring with the polymer
matrix. Simple and easy functionalization of nanosheets needs
to be further explored. Sustainable plant-based monomers and
solvents are emerging which are alternatives to existing petroleum-
based ones which are toxic and hazardous.**° However, further
research is needed to find sufficiently reactive natural monomers
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and suitable green solvents with compatibility for incorporation of
nanomaterials.

TFN membrane incorporated with GO has been the subject
of major studies for antibacterial properties and biofouling
resistance. Other nanosheets such as BN, MoS,, g-C;N,, COF
and MXenes should also be studied similarly. The synergetic
effect of incorporating different 2D nanosheets or other additives
simultaneously during IP reaction can also be explored. It is
reported that the introduction of polyvinyl alcohol (PVA) in the
aqueous phase during IP reaction, enhanced the dispersion and
compatibility of GO resulting in fabrication of highly hydrophilic
and defect-free membranes with improved antifouling perfor-
mance and water permeance.'*! Similarly, synergetic impact of
other additives along with 2D nanosheets could be explored. It
has been observed that GO nanosheets have a greater impact on
antibacterial properties than transport properties, while MoS,
nanosheets provide enhanced permeation and salt rejection.
How the synergetic effects of these two—or other—nanosheets
influence the IP reaction and properties of the PA layer is also
an exciting area of research. The antifouling strategies of
2D-enabled TFN membranes mainly focus on the surface charge
and hydrophilic properties. However, further research can
explore their photocatalytic behaviour and reactivity towards
organics and fouling agents for application in self-cleaning
membranes and membrane reactors.

Nevertheless, most TFN membranes are still at the lab-based
research stage, involving ideal feed solutions and operation
conditions for short durations. Most of the studies involving
TFN membranes are focussing on desalination performance.
Separation of emerging pollutants such as persistent organic
pollutants, pesticides, pharmaceuticals, microplastics and per/
poly fluoroalkyl substances (PFAS) should also be systematically
studied, and performance optimized for pollutant-specific
membranes. TFN membranes should be also examined for
domestic and industrial wastewater treatment. The membranes
must be evaluated for their performance in pilot scale plants
and examined from an industrial perspective. Long-term
experiments with multiple fouling-cleaning cycles must be
carried out to understand the possible deterioration of perfor-
mance and associated maintenance needed. It is also observed
that, most production methods of nanosheets are costly, which
increases the cost of manufacturing the membranes. Enhance-
ment in membrane performance outweighing the associated
cost factor would make these membranes viable. Hence, further
studies should confirm the superiority of 2D nanosheets when
compared to other additives, while substantiating their feasibility
with economic studies considering the cost and operational
difficulties in producing the nanosheets.

Several studies have proved that the incorporation of nano-
materials improves the membrane’s physicochemical properties,
thereby enhancing water permeation. Tremendous research
needs to be carried out to verify and understand the water and
ion transport in 2D-enabled TFN membranes. Studies should
also evaluate the contribution of the nanopores of nanosheets
in the improvement of flux. Since the introduction of TFN
membranes in 2007, dedicated research work has been carried
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out in this field. However, from the industrial point of view, the
funds invested in the field of TFN membrane research have not
successfully translated into fully functional industrial application.
NanoH,O Inc. is the only company which has launched a TFN
membrane into the commercial RO membrane market.'*?
Hence, further research investigations should concentrate on
cost-effective technology to fabricate TFN membranes in a
controllable and scalable process for industrial application.

6. Conclusions

The incorporation of 2D nanosheets offers promising prospects
in manufacturing TFN membranes with enhanced performance
in desalination and water purification applications. Along with
the recent developments in this field, systematic review of the
impact of nanosheets on membrane surface properties and
performance is conducted. 2D-enabled TFN membranes are
compared with commercial membranes and evaluated based
on the performances in RO and NF processes for water purification.
2D nanosheets with its unique properties resulted in 2D-enabled
TFN membranes with enhanced permeance, selectivity, antifouling
and antibacterial performances. However, challenges in manufac-
turing and design of TFN membranes restricts its implementation
in industrial aspects and is elaborately discussed. 2D nanosheets
produced in eco-friendly, cost-effective methods, and compatible
with PA layer would be the future perspectives. Advances in IP
reaction techniques for membrane fabrication would be crucial in
supporting 2D-enabled TFN membranes and facilitate its entry into
the industrial market. 2D-enabled TFN membranes are paradigm
technologies and their applications besides the water area, covered
in this topic, but also in the gas and solvent separation spaces, will
continue to grow over the next few years. It is also expected that
besides being used for solvents, gases and water enhanced
recovery, which is to date their main purpose, application in
the fine chemicals, enantiomers or biomolecule separation will
equally emerge.
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