Recent developments in forward osmosis membranes using carbon-based nanomaterials
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Abstract

Contamination and industrial development are amongst the reasons for water quality deterioration
beyond treatability by conventional processes. Unfortunately, conventional water and wastewater
treatment technologies are not always capable of handling industrial wastewaters, and hence more
advanced treatment technologies are required. The new trend of osmotically driven membrane
technologies has demonstrated an exceptional efficiency for water purification and treatment
including seawater desalination. Compared to pressure-driven membrane processes, forward
osmosis (FO) technology, as a standalone process, is more energy-efficient, and less prone to
membrane fouling than its predecessor reverse osmosis (RO) technology. However, forward
osmosis suffers a severe concentration polarization that is acting on both sides of the membrane
and results in a sharp decline in water flux. A thinner support layer has been recommended to
lessen the concentration polarization impact in the FO process but a very thin support layer
compromises the membrane mechanical strength. Recently, researchers have applied different
carbon-based nanomaterials to enhance water flux, fouling propensity, and mechanical strength of
the FO membrane. This work reviews advancement in the FO membrane fabrication using carbon
nanomaterials to improve the membrane characteristics. Despite a large number of laboratory
experiments, carbon-based nanomaterials in the FO membrane are still at the early-stage of
laboratory investigation and no commercial products are available yet. The study also reviews the

main challenges that limit the application of carbon-based nanomaterials for FO membranes.
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1. Introduction

Water contamination by organic and inorganic pollutants is a significant problem that has attracted
considerable attention worldwide [1-5]. Contaminants removal from water requires robust and
efficient decontamination technologies, which are capable of the treatment of a wide range of
impurities. There are various existing physical and chemical technologies for water and wastewater
treatment such as gravity separation [6, 7], membrane filtration technologies [8-14], air flotation
[15], absorption material includes fluorochemicals, chemical vapor deposition, coating mesh,
carbon-based materials, hydrophobic aerogels, sol-gel process, and sponges [16-26]. These
technologies can remove a large proportion of dissolved matters [8], but they have some inherent
limitations such as low separation or rejection rate, fouling, high energy consumption, reusability,
and recyclability of the filtration media [ 9, 17, 21].

Membrane technologies stand out as the most widely recognized and advanced technologies for
wastewater and water treatment and have a long history of excellent achievement in the field [27-
29]. As of late, FO has stood out as competitive membrane technology for wastewater treatment
with several advantages over the existing membrane technologies. These advantages include low
power consumption, less fouling, and applicability for a wide range of feed solutions [30].
Additionally, the FO process includes the capability to concentrate low osmotic pressure feed
solution with a concentrated draw solution [31]. This makes the FO process a potential technology
for treating a wide range of water and wastewaters, including desalination. Despite the advantages
of the FO process, it suffers from several drawbacks, for example, concentration polarization (CP),
reverse solute flux (RSF), and low permeability [32]. Also, fouling materials accumulation on the
membrane surface, especially in the treatment of complex feed solutions or when the pretreatment

process is insufficient to provide a high-quality feed solution to the FO process [31].

One of the possible solutions for this problem is to apply nanotechnology to improve the
performance of the FO membrane performance. Also, nanoparticles help to overcome the
problems of low water permeability, low mechanical strength, and fouling propensity application

of nanomaterials enhances permeability and lowers the phenomenon of CP [33-35].



The incorporation of hydrophilic nanomaterials to the thin-film composite forward osmosis
membrane substrate can lead to the development of higher porosity, improved hydrophilicity and
lesser tortuosity that collectively alleviate internal concentration polarization. Mostly, metal oxide
nanoparticles as well as carbon-based nanomaterials functionalized using hydrophilic moieties are
extensively utilized to accomplish this purpose. Among all the carbon-based nanomaterials,
graphene oxide derivatives (hydrophilic additives) are becoming increasingly important as they
can enhance the selectivity, performance, and productivity of the membranes by changing the
mechanism of membrane formation. Therefore, carbon additives have been used in polymeric
membrane fabrication to improve the characteristics of the membrane such as fouling, low flux,
and poor mechanical-chemical stability of the FO membranes. The schematic representation of the
influence of hydrophilic additives on non-solvent induced phase separation and membrane

formation mechanism is shown in Fig 1.
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Figure 1. Schematic representation of the influence of hydrophilic additives on non-solvent

induced phase separation and membrane formation mechanism



There is tremendous research related to the field of carbon nanoparticles, which has been shown
by an enormous number of research articles published every year on the topic of FO technology.
However, the major drawback of incorporating carbon additives is the instability and low
efficiency of different membrane materials that have become a challenge over time [36-38]. To
overcome this problem, an option must be developed, which gives the potential applicant as far as

ease, high productivity at commercial scale with the simple technique.

Weiyi Li et al. [39] built up a theoretical model to understand the relationship between the structure
parameter (S) and CP using the classical solution-diffusion theory. The model depicts internal
concentration polarization (ICP), assuming a linear structure of the support layer while the intricate
morphology is combined in the macroscopic phenomenological coefficients [39]. Studies
demonstrated the reliance of the FO membranes fabricated by phase inversion technique on the
porous structure, which is straightforwardly corresponding to the flux rate [40-43]. Most recently,
researchers focused on the preparation of FO membranes using functionalized graphene oxide [44,
45] and ultrathin free-standing reduced graphene oxide [46] to reduce the CP. This is due to the
fact that CP in the FO membrane is directly affected by the tortuosity and thickness of the
membrane, and inversely with the membrane porosity and diffusion coefficient of the solute. The
main disadvantage of the majority of the membrane-based water treatment system is membrane
fouling. Different aspects of mass transportation result in the attachment, adsorption, or
accumulation of various particles onto pores and surfaces of membranes, leading to fouling of the
membrane. In general, the three main categories of membrane fouling are organic, inorganic, and
bio-fouling. Out of these, biofouling makes almost 40% of the membrane fouling in the reverse
osmosis process that leads to an irreversible reduction in the salt rejection and permeate flux [46].
On the other hand, the superior reversibility of fouling in FO enables its utilization in different

applications in water treatment.

Our findings, concepts, and discussions in this review may be used to develop polymeric
asymmetric membranes decorated with various functionalized carbon materials. Furthermore, the
review also provides insights to reduce the CP effects, a field that still lacks a versatile strategy.
As far as we could possibly know, the mechanisms involved in the free-standing fabrication and

uniform GO, and rGO membranes are still unexplored. The existence of various oxygen-



containing functional groups (epoxy, carbonyl, and hydroxyl) enhances the hydrophilicity of
graphene-based membranes. In this review, detailed theoretical and experimental insights are
discussed for the preparation of graphene-based membranes. Further, we have also examined the
three types of fouling (organic, inorganic and biofouling), various factors controlling the fouling
development, and research works performed with and without nanomaterials to confirm the fouling

reversibility occurring in the FO membranes.

2. Design for FO membranes:

2.1. Prerequisites of an ideal FO membrane

The performance and applications of FO technology dominantly rely upon the characteristics of
the FO membrane that is directly related to the materials used in the membrane structure (i.e.,
porous and non-porous). For instance, porous membranes are used for the microfiltration [47] and
ultrafiltration [48] whereas the non-porous or dense membranes are utilized for gas separation [49]
and pervaporation [50] applications. Earlier studies showed that symmetric and asymmetric
membranes were applied to the FO processes [51, 52]. However, in recent years, asymmetric
porous membranes are widely used for FO applications, where the permeability selectivity index
depends on the thickness of the dense layer [53]. Technically, the asymmetric membrane has 0.1—
I um dense layer thickness and 100-200 um supporting layer thickness [54]. The morphology and
chemical structure of the dense layer with pores in the range of 0.4—1 nm determines the membrane
performance [55]. Therefore, the FO membrane optimization will be as the following:

a) Anasymmetric FO membrane should have a dense thin layer for solute rejection from feed
and draw solutions [56]. The selective layer should be designed based on the application
of the FO membrane; for example, a pore size smaller than 3A is required for the rejection
of NaCl. Furthermore, the substrate of the porous to the porous supporting layer provides
mechanical stability to the membrane [57-59]. However, recent studies by [60-63] showed
that the contact angle and pore structure of the supporting layer is a critical factor for the

transport mechanism.



b) FO membranes fabrication using hydrophilic polymers with a contact angle of less than
60°. In addition, the excellent antifouling properties for the FO membrane are desired as
fouling adversely affects the performance and water flux.

The most popular hydrophilic synthetic polymers used for the fabrication of supporting layer

of FO membranes include cellulose derivatives [64], polyethersulfone (PES) [65] and

polysulfone (PSf) [66], polyacrylonitrile (PAN) [67] and also hydrophobic
polyvinylidene fluoride (PVDF) [68] has been frequently used for the same. The above-stated

polymer's chemical structures are presented in Figure 2.
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Figure 2: Chemical structure of polymers used to fabricate the support layer of the FO membranes [68].

Physical properties of the active and support layers play a vital role in the performance of the FO
membranes. For example, the membrane’s active layer determines the coefficient of water and salt

permeability. However, the structural parameter (S) represents the resistance of the support layer



towards solute diffusion. A smaller value of S will facilitate solute molecules diffusion inside the

permeable supporting layer, which further enhances the water flux.

2.2. Geometrical categories of FO membranes

In general, FO membranes fall into three categories based on the various geometrical structure:

a) Flat Sheet FO membranes: These membranes are utilized in many water treatment applications
where the waste streams to be dealt with contain a high concentration of fouling agents or the
solutions having high viscosities.

b) Hollow fiber FO membranes: These membranes are utilized for the large-volume water-
treatment applications, like seawater desalination or downstream wastewater treatment. However,
the FO process application for industrial waste-water treatment is limited due to the severe
membrane fouling and clogging problems [30, 59].

c¢) Tubular FO membranes: These membranes are known for the microfiltration and ultrafiltration
applications. However, most of the previous studies are investigated the development of the flat
sheet and hollow fiber membrane modules [59, 62, 65]. Tubular modules are innately simpler to
produce since they just require sealing at either end of the module. Figure 3 represents the various

membrane modules.
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Figure 3: Various designs of FO membrane modules

Nowadays, most of the membranes that have either flat sheet or hollow fiber configurations are
prepared by immersion precipitation. In this technique, the polymer and solvent mixture case is
done first on a proper supporting layer followed by immersion in a coagulation bath containing
distilled water or non-solvent. In this process, the precipitation occurs as a result of the exchange

of non-solvent and solvent [69].

2.3. Membrane materials and chemically modified polymers for FO membranes

Extensive attention has been given recently to conductive FO membranes [70]. The surface charge
of the FO membrane is a significant parameter to be considered when treating feed waters with
charged foulants [71,72]. In conductive FO membranes, the embedment of the electrode is
achieved by a conductor of dispensing properties like carbon nanotubes (CNTs) in the material of
the membrane substrate [73]. Then, an external electric field is applied to the membrane during

the membrane filtration, which generates electrostatic repulsion between the foulants with charge
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and membrane surface, therefore effectively mitigating the fouling of the membrane [74, 75]. The
conductive FO membrane modified with metal, carbon, or any other materials can be used as a
negative electrode [76]. It has been experimentally demonstrated that by applying an external
voltage to a conductive FO membrane, an outstanding resistance to microbial fouling and organic
fouling might be carried out by an electroactive membrane [77]. The other advantage of the
conductive membrane is that it is easy to operate and can be automated [76]. Apart from CNTs,
different types of conductive polymers such as polypyrrole (PPy) and polyaniline (PANI) have
also been used to manipulate membrane properties and improve their antifouling behavior [78].
However, these techniques are limited due to their drawbacks including increasing capital, high
operational cost, and difficulties in scale up the system. PANI can improve the overall membrane
permeability while incorporating antifouling properties [79].

Double skin forward osmosis membranes have been proved to provide higher water flux and
mitigating internal fouling and ICP in the FO process [80]. The fabrication methods of these
membranes are similar to single-skinned FO membranes, for example, phase inversion, interfacial
polymerization, or layer by layer deposition [81-83]. Antifouling double-skinned FO membrane
containing a polyamide salt-rejecting layer and a zwitterionic brush-decorated, multiwalled carbon
nanotube (MWCNT) foulant-resistant layer exhibited excellent antibacterial adhesion, anti-protein
adsorption and excellent flux recovery in the PRO mode in comparison to a pristine TFC
membrane [84]. More recently, the FO membrane with no support layer was used to eliminate the
impact of ICP completely [85]. In a recent effort, functionalized monolayer porous graphene as
the FO membrane was tested through molecular dynamics (MD) simulations [86]. GO membrane
exhibited insignificant ICP and considerable water flux, circa 1.7 x 10’ times more than the
conventional CA membrane. Polymeric support-free FO membranes fabricated via the solvent
evaporation method has also been reported [85]. This membrane was synthesized by an initial
polycondensation reaction between 4,4-oxybis (benzoic acid) and hydralazine sulfate salt and
subsequent grafting of a carboxylic acid group to the side chains. However, self-standing
membranes lack mechanical stability and difficulty to scale-up prevents its widespread
applications. In an attempt to overcome stability and scaling up issues of support-less FO
membranes, FO membranes with an extremely thin support structure and superior mechanical

robustness have been reported in the FO literature [87, 88]. These membranes utilize a



polyethylene (PE) battery separator as a support layer providing the membrane with extreme
thinness, high porosity, and high pore interconnectivity.

Janus membranes have immense potential as an emerging material for various separations [89,
90]. Janus is a two-dimensional material with asymmetric properties on each side, one side is
superhydrophobic while the other side is superoleophobic/hydrophilic, which makes it self-
cleaning in the air and antifouling in water [91]. The membrane with a hydrophilic CA layer and
hydrophobic PVDF nanofiber via electrospinning achieved an unparalleled 274.2 Lm>h™!' water
flux, and 1.65 gm>h™! reverse salt flux using DI water IM NaCl feed draw solution, respectively
[90]. The performance of these membranes is limited to lab-scale due to wetting issues, which

deteriorate membrane selectivity and water flux in long term operations.

3. Molecular simulation and mechanisms of transport in FO membranes

Microscopic information and understanding of activities that happen at a molecular level are vital
for understanding water-transport mechanisms and novel membrane materials development [92,
93]. Atomistic molecular modeling techniques are confirmed to be very efficient to investigate the
structure and dynamics of the dense amorphous membrane polymers and transport processes in
these materials [94, 95]. Molecular permeation mechanisms and the effects of factors such as
chemical functionalization and structural parameter are expected to be revealed by molecular
simulations [95]. A list of simulation techniques and their spatial ranges are outlined in Table 1.
Figure 4 presents the number of studies employing simulation techniques to study the FO
phenomena. A slow but gradual increase in the number of research articles is observed after 2015

and in 2019, approximately 160 papers in total employed simulations.

Table 1. Simulation techniques and their spatial range. Adapted from [96] with permission from

Springer.
Simulation technique Spatial range (approximate values)
Molecular dynamics (MD) Inm to 10nm
Coarse-grained molecular dynamics S5nm to 100nm
Dissipative particle dynamics (DPD) 100nm to 10pm
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Micro computational fluid dynamics 1lpm to Imm
(CFD)
Computational fluid dynamics (CFD) 100pm to 20mm
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Figure 4. The number of research articles in the FO literature using molecular dynamics or other
simulations. The search was done using Science direct database with exact keywords “forward

osmosis AND molecular dynamics”.

Computational tools such as MD simulations are often utilized in the FO process to gain insights
into the water and ion transport mechanisms across the FO membrane [93, 97]. MD uses step-by-
step computer simulations to solve the Newtonian equations of motions [98], as presented by

equation 1.

d?r;
Fy=ma; = m;— [1]
Where F; is the force exerted on particle i by N-1 other molecules, m is the mass of the particle i,
a is the acceleration of the particle, » is the distance between the particles and ¢ is the time. The
Newtonian force can also be expressed as a gradient of potential U, as presented in equation 2.

surN
6Ti

Fi=-VU(r) =— [2]
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The relationships in equations 1 and 2 are used to obtain trajectories of all atoms as described by
their position, velocity, and momenta, which becomes the raw data for predicting the bulk
performance of a system [98]. It should be noted that both equilibrium and non-equilibrium states

can be simulated by the MD technique [99].

Very few studies have discussed MD simulations for commercial polymeric membranes [97, 100].
A computational MD simulation was performed by Heo et al. [97] to investigate the adsorption
behavior of synthetic organic compounds (SOC). Two different membranes (CTA-HTI) and RO
(BW30-Dow FilmtecTM, Co) were compared in terms of SOCs adsorption in this study. The RO
(BW30-Dow FilmtecTM, Co) membrane had significant adsorption for phenolic compound 4CP
(chlorophenol) compared to the FO (CTA-HTI) membrane and showed superior performance in
the RO-mode in terms of water permeability and SOCs removals. You et al. [100] estimated the
diffusion coefficient of different species (water and electrolytes) through a thin film inorganic
(TFI) membrane produced by a tetracthylorthosilicate-driven sol-gel process employing MD
simulation. The diffusion coefficient of the electrolytes obtained through simulation was two

orders the magnitude of water molecules.

MD simulations can be a useful tool to study molecular interactions, for instance, between the
nanoparticle and the polyamide layer (PA) of TFC membrane when coating membrane with
nanoparticles [101] or interaction of foulant with the PA layer [102, 103] or foulant-foulant
interactions [ 104, 105]. The interactions between atoms are governed by Lennard-Jones (LJ) or by

coulomb charge interactions [106]. The Lennard-Jones potential is given by equation 3.

vey = 1e[(5) - (5)] 3

Where V is the intermolecular potential between two particles, ¢ represents the van der Waals
radius, € is the measure of how strongly the particles attract each other, and r is the distance
between the particles. The strength of the microscopic interaction is usually quantified in terms of

the interaction energy [101], as presented by equation 4.

mixture ~ (Epolyamide + Enanoparticles) [4]

Einteraction
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The stability of a molecular structure is directly proportional to the negative interaction energy. In
other words, the molecular structure becomes more stable with increasing the negative energy.
MD simulation can also provide us with new and fundamental insights into the fouling mechanism
at a molecular level [102]. However, applying MD to foulants with extraordinary molecular
diversity and complex foulants such as natural organic matter (NOM) can be challenging [104].
Kalinichev et al. [104] study found that calcium ions have a strong binding with carboxylic groups
in NOM. A study by Plazinski and Rudzinski [105] revealed that the gelling of alginates in the
presence of divalent ions is accompanied by the junction zone (region of alginate chain
aggregations). A limited number of studies have reported foulant-membrane interactions [102,
103]. In general, the adhesion between foulant and membrane surface is governed by hydrogen
bonding, van der Waals interaction in the short-range, and ionic bridge binding in the long-range
[102]. MD simulations have also revealed that both calcium (Ca?") and sodium (Na*) can form
very strong ionic binding complexes, and calcium ions have a stronger binding with the

carboxylate group than Na" ions [103].

Gai et al. [107] studied the functional porous graphene membrane performance in the FO process
utilizing MD. The water flux achieved by fluorinated porous graphene in Gai study was about 1.8
x10* times the flux of typical cellulose triacetate (CTA) membrane. When the pore diameter of the
membrane was smaller than 1 1.7A’, no salt ions passed through the membrane during the
simulations. Liu et al. [108] conducted MD simulations to study a single layer nitrogenated holey
graphene C2N membrane performance in a forward osmosis process by tuning its pore size using
tensile strain. The study concluded that with the increase of tensile strain and temperature, the
permeation flux increases monotonically. Furthermore, when the tensile strength increased by
more than 4 %, the membrane becomes completely permeable to water and impermeable to ions.
With a tensile strength of less than 4%, it was showed that the number of water molecules in the
draw solution does not change. Zhang and Gai [109] investigated the brine separation performance
of graphene (N=3, 4, 5, and 6) in the FO process using MD simulations. The pore-flow model was
applied to describe the water transport mechanism of graphene membranes in the FO process. The
outcomes of this research revealed that a single-layer graphene-3 membrane could simultaneously
achieve a high water flux and 100% rejection and there is no linear correlation between water flux
and structure parameters. Table 2 shows a list of some other studies which employs MD simulation

to study transport mechanism in graphene/CNT membranes.
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Table 2. An overview of MD simulation studies and main findings for graphene and CNT and

composite membranes in the FO literature.

Simulation type Membrane (s) Main findings Ref
MD (molecular CNT The choice of suitable solute can [106]
dynamics) enhance the efficiency of the FO.

Steered MD (large Porous graphene & Diffusive flux in graphene is 2.5 [110]

scale) CNT times higher than CNT, but CNT

has higher salt rejection.

MD Graphene Zero ICP and higher water flux [111]

reported.

MD Stacked  graphene GE membranes in FO systems [112]
(GE) membranes have high retention than GE
with nanoslits membranes in RO.

MD PDA 1.8 times higher flux than normal [113]
(polydopamine) GO membrane and five times
coated GO higher than the CTA membrane.
membrane

Nonequilibrium MD  Layered GO Water and ion dynamics are [114]
membrane affected by oxygen functional

groups on the nanosheets.

MD+DPD(dissipative MWCNT/Polymer Optimum fabrication conditions [115]

particle dynamics) composite can be obtained by using
membrane simulations.

Computationally, a method that is much faster than MD and more flexible than lattice-gas
automata schemes [116] known as dissipative particle dynamics (DPD) has gained more popularity
in recent years. The DPD is one of the most potent and simple mesoscale simulation approaches
and has the potential to emerge as an even more widely used modeling and simulation technique

for many complex fluid systems [117]. Furthermore, DPD can give us insights into mesoscopic
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information, which cannot be obtained by experiments or original simulations [118]. In this

method, a set of point particles that move-off lattice interacting with each other with three types

of forces [119]. A conservative force deriving from potential is given by equation 5 [119,120].
|

—a;; (1- r—]) iy, |ry| <7

C _
Fij_

[5]
0, |rij| > e

Where Fg is the pairwise conservative force on particle i due to particle j, a;; is a parameter for

determining the magnitude of the repulsive force between beads 1and j, r;; = r; — 1; is the distance
Tij

B and 7, is the cutoff distance. As stated in equation [1], the
ij

between particles 7 and j and 7;; =

conservative force vanishes beyond a cutoff distance 7,.[121]. The second force acting on the
particles is the dissipative force which tries to reduce the radial velocity differences between the

particles is presented by equation 6.

[6]

FD = {_waﬂrijl)(nij-vij)-nij , |rij| <r
’ 0, |ri| > 7

Where y is the frictional parameter, w? is the -dependent weight function given by F}

j,andvij =

v; — v; is the difference in velocity of the bead i and j. A further force acting on the particles

termed as the stochastic force [119] or random force is presented by equation 7.

-1
gw® (|ry|)Gdtzny , |ry| < .

Y 0, |7”i]'| >T'C

[7]

Where Fl-’;- is the pairwise random force on particle i due to particle j, o is the noise parameter, wR®

is the r-dependent weight function given by FiI},

and ¢;; is a random number based on Gaussian
distribution. The dissipative and stochastic force can be termed as a “pair-wise Brownian dashpot”
which is momentum conserving [119]. Araki et al. [120] demonstrated the water molecules
transport across a polymeric membrane and the effects of additive (Sodium acetate) on water
permeation using a coarse-grained molecular simulation based on dissipative particle dynamics

(DPD) method in the FO process [121,122]. Results of DPD simulations from Araki et al. [120]
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revealed that additives enable the reduction of water permeation into a polymeric membrane and
the additives need to be more polymer-phobic than water molecules. Another study based on DPD
simulations was performed by He et al. [118] to investigate membrane structure and morphology
on a mesoscale in the FO process. The DPD model was constructed with a neutral substrate, which
was mapped onto the experimental polypropylene-diphenyl ether system to focus on membrane
morphology and kinetics of membrane formation at a mesoscale. The polymer chain in this study
was constructed by connecting adjacent particles i and j via a harmonic spring [123, 124], as

presented by equation 8.
F = —Kr; [8]

Where Fg is the harmonic spring force between particles i and j, and K is the spring constant. The

results of this study revealed that the number of interfaces between the polymer and diluent first
increases and then decreases to minimize the total free energy, and the domain size has a more
rapid growth in the intermediate stage. However, this study was based on a 2D model, and the
substrate was neutral [ 118]. Our analysis of the literature shows that very few studies have adapted
DPD simulations compared to the MD simulations. This is due to the fact that despite being a
powerful simulation technique, a major disadvantage of DPD is that it cannot sustain temperature
gradients as energy in the module is dissipated and not protected, and the Brownian dashpot forces

are represented as a thermostat [119].

4. Different carbon-based nanomaterials used in FO membranes

It is certain that the FO membrane is the heart of the FO system. For accomplishing the necessary
separation efficiency, the forward osmosis membrane needs to have superior qualities like
increased salt rejection, higher water flux, superior anti-fouling property, and good stability [125].
Extended efforts have been taken to meet the aforestated requirements. Either chemical
modification [126] or physical modification [127] are proved to be effective to upgrade the FO
membrane efficiency. On the other hand, some standard problems, such as higher reverse salt flux
and lower water flux, still remain, which obstructs the advancement as well as utilization of the

FO membrane. Furthermore, ICP is likewise viewed as one of the major issues when asymmetric
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thin-film composite (TFC) membrane is utilized for FO utilization. In order to resolve this issue,
with the advancement of nanotechnology, numerous researchers have studied the usage of
nanomaterials for enhancing the properties of FO membranes [128]. Nanomaterials such as carbon
nanotubes [129, 130], graphene [131], graphene oxide [132], zeolites [133], metal-organic
framework (MOF) [134], titanium dioxide [135, 136] have also been incorporated into the FO
membranes for enhancing its performance. Figure 5 presents the characteristic fabrication and thin-
film composite PA FO membranes structures [ 137]. Table 3 is the summary of the FO performance

of carbon nanomaterial-based thin-film composite membranes.
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Figure 5: Diagrammatic representations representing characteristic structures of nanomaterial-
included polyamide thin-film composite membranes: a) thin-film nanocomposite (TFNC)
membrane, b) thin-film composite membrane having nanomaterial-coated polyamide layer
surface, c¢) thin-film composite membrane having nanocomposite substrate and d) thin-film

composite membrane having an interlayer of nanomaterial. Reproduced from [137]
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Table 3: Summary of FO performance of carbon nanomaterial-based thin-film composite membranes

Sl. Thin-film Thin-film Addition of Optimal particle Substrate Forward osmosis performance Year;
No. nanocompo nanocompo nanomaterials loading preparation
3 3 A Ref.
site site techniques/M
membrane-  membrane- embrane Draw solution Cross-flow Water flux Solute flux
filler substrate surface velocity L/mh
modification g/m?h
method
1 Carbon Polysulfone CNT incorporated into 0.05 wt/v% in Phase 2M Magnesium  1.59 cm/s 8.6 2.1 2015;
nanotubes the TFC membrane dopamine solution inversion chlordie (deionized
. [138]
active layer water)
2 Carbon Polysulfone CNT incorporated into 0.05 wt% in  Phase 2M Magnesium 7.8 cm/s 14.50 7.50 2016;
nanotubes the TFC membrane dopamine solution inversion chlordie (deionized
. [130]
active layer water)
3 Graphene Polyacrylonit GO incorporated into the 0.06 wt% in m- Phase iM Sodium 300 mL/min 23.6 4.4 2016;
oxide rile TFC membrane active phenylenediamine inversion chloride [139]
layer of solution
(deionized water)
4 Graphene Polysulfone GO incorporated into the 0.1 wt% in Phase M Sodium 25 14.5 2.6 2018;
oxide TFC membrane active inversion chloride [140]
m- L/min

layer

phenylenediamine ,

triethylamine and

(deionized water)
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sodium dodecyl

sulfate solution

Graphene Polyether Nanomaterial 0.02 wt/v% in m- Phase 1M Sodium 8cm/s 27.5 3.0 2018;
oxide/Fe304 sulfone incorporated into the TFC  phenylenediamine inversion chloride [141]
nanohybrid membrane active layer solution
(deionized water)
Graphitic Polysulfone Nanomaterial 0.05 wt/v% in Phase 2M Sodium  21.4cm/s 18.9 2.74 2018;
carbon incorporated into the inversion chloride
L om- [142]
nitride TFC membrane active
phenylenediamine (deionized water)
layer
solution
Graphene Polyether Nanomaterial 0.1 wt% in Phase M Sodium  8.5cm/s 28 5.84 2018;
quantum sulfone incorporated into the inversion chloride
) m- [143]
dots TFC membrane active
phenylenediamine, (deionized water)
layer
trimethylamin, and
camphorsulfonic
acid solution
Graphene Polysulfone Surface modification n-(3- 2M Sodium 500 mL/min 11.0 15.0 2015;
oxide / poly- using Dimethylamino  chloride
. . , [144]
L-lysine nanomaterial/nanomate propyl)-n’-

rial-coated PA surfaces.

ethylcarbodiim
ide
hydrochloride/
n-

hydroxysuccini
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mide facilitated

graphene oxide

/ poly-L-lysine
grafting
9 Graphene Polysulfone Surface modification Amide forming 1M Sodium 200 mL/min 5.4 35.10 2015;
oxide-Silver using condensation chloride (deionized
145
nanomaterial/nanomate reaction water) [145]
rial-coated PA surfaces.
10 Graphene Polysulfone Surface modification Coating 2M Sodium 500 mL/min 13.0 8.75 2016;
oxide- using chloride
. . [146]
polydopami nanomaterial/nanomate
ne rial-coated PA surfaces.
11 Acid- Polyethyleni  Nanomaterial 0.3 wt% in dope Electrospinning 1M Sodium 9.0 cm/s 33.00 3.70 2015;
functionalize  mine incorporated substrates chloride (deionized [147]
solution
d carbon water)
nanotubes
12 Acid Polysulfone Nanomaterial 0.5 wt% in Phase M Sodium  0.09 cm/s 12.70 5.80 2016;
functionalize incorporated substrates inversion chloride (deionized
dope solution [148]
d carbon water)
nanotubes/
Titanium
dioxide
composites
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13 Carbon Polysulfone Nanomaterial 0.15 wt% in Phase 2M Magnesium 7.8 cm/s 14.5 6.6 2016;
nanotubes incorporated substrates inversion chloride (deionized
dope solution [130]
water)
14 Acid polyether Nanomaterial 0.5wt% in Phase 0.6 M Sodium Draw solution : 11.98 7.7 2017,
functionalize  sulfone incorporated substrates dope solution inversion chloride (deionized 400 mL/
[149]
d carbon water)
min
nanotubes

Feed solution:

200 mL/

min
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4.1 Carbon nanotubes

Out of the different nanomaterials used for the FO application, carbon nanotubes (CNTs) displayed
greater possibility in the membrane separation field because of its exclusive transmission
performance and one-dimensional (1-D) nanostructure [150]. In addition, the carbon nanotubes
show properties like inoxidizability, chlorine resistance, mechanical strength, chemical stability,
and antibacterial property. Therefore, CNTs are extensively utilized to upgrade the efficiency of

the FO membrane by either incorporation in the substrate or the active layer of the membrane.

4.1.1 Addition of CNT into the active skin layer of TFC membrane

It was stated that a higher loading of carbon nanotubes probably caused a porous network in the
membrane, and the hollow nanochannels, as well as their interspaces present in CNTs, could
contribute to advanced water transport channels [129]. In the study carried out by Li et al. [129],
the team examined the influence of CNTs and the efficiency of the manufactured membranes. TFC
FO membranes were fabricated based on the polyacrylonitrile (PAN) substrate, including CNTs
in the selective skin layer. The carbon nanotubes can enhance the water flux through the addition
of hydrophilic groups. As the concentration of CNTs was increased, the mean surface roughness,
as well as hydrophilicity, also enhanced. The thin-film composite membranes with 0.2 wt% CNTs
showed the greatest performance with 8.64 g/m?-h reverse salt flux and 25.14 L/m?-h water flux
utilizing deionized water and 0.5 M sodium chloride as feed and draw solution respectively. This
study proved to be a potential method to manufacture the superior flux of forward osmosis

membranes.

Lower hydrophilicity has turned out to be a significant problem, which restricts the utilization of
CNTs in the modification of membranes. Pristine CNTs possess reduced solubility in water and
can barely enhance the performance of forward osmosis membrane unless functionalized. In some
researches, amino [151] and carboxylic [152] CNTs have already been used for modifying forward
osmosis membranes and the aforestated both functionalized nanomaterials have proved to be

efficient. As a result, functionalized CNTs were found to be significant additives for the forward
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osmosis membrane applications. As the polarity of the sulfonic group is stronger than that of a
carboxyl group or amidogen, the sulfonated carbon nanotubes (S-CNTs)-functionalized forward
osmosis membranes should demonstrate superior hydrophilicity. In Yonghao et al. [153] work,
CNTs were functionalized using sulfonated groups and included in the membrane selective layer
to attain the required thin-film nanocomposite (TFNC) FO membrane. Incorporation of sulfonated-
CNTs resulted in a denser and smoother membrane surface, and also the hydrophilicity enhanced
remarkably. As for membrane performance, FO membranes with sulfonated-CNT exhibited
superior water flux and moderate reverse salt flux. Maximum water flux of 29.9 + 1.6 L/m*.h was
attained by utilizing deionized water as the feed solution and 1 M sodium chloride solution as the
draw solution. This water flux was approximately 140% greater and the reverse salt flux

diminished to almost 12%.

4.1.2 CNT-coated PA surfaces.

Surface modification is an excellent method due to the fact that it permits modification in the
performance of a membrane without considerably altering the intrinsic membrane structure. The
development of forward osmosis-based technologies should address a number of technical
obstacles, particularly additional improvement in fouling resistance and alleviation of reverse
solute flux. Innovative membrane advancement targets at developing a superior draw solute
obstruction by means of membrane manufacturing or modification of the surface [154]. In another
study, zwitterion-functionalized CNTs were coated onto a commercial TFC membrane for
achieving bidirectional solute flux mitigation by means of electrostatic repulsion forces induced
by the zwitterionic functional groups and the steric interactions with carbon nanotubes [155].
Diagrammatic representation of the coating of the membrane, as well as the testing process, is
shown in Figure 6. The test results obtained will stimulate additional advancement of efficient
techniques for fouling control and bidirectional solute flux. Coating zwitterion functionalized
CNTs on the active layer mitigated reverse solute flux, probably, due to the prolonged electrostatic
repulsion in the existence of low ionic strength solutions. With 0.97gm 2 optimal coating density,
a considerable diminished specific reverse solute flux was noted for multiple draw solutes,
inclusive of sodium chloride (NaCl) (55.5%reduction), ammonium bicarbonate (NH4HCO3)

(61.9%), ammonium chloride (NH4Cl) (70.8%), diammonium phosphate ((NH4)2HPO4)(74.5%),
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and ammonium dihydrogen phosphate (NH4H2PO4) (83.8%). When supplied with actual
wastewater, a much greater stable water flux (just 14.9% reduction) was accomplished using the
zwitterion functionalized CNTs coated membrane in the course of a twelve-day semi-continuous
process, relative to that of the pure membrane (reduction of 54.5% flux). Almost entire membrane
foulants can be separated by means of simple physical flushing, leading to a more cost-effective

and robust forward osmosis operation.
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Figure 6: Diagrammatic representation of the membrane coating as well as the testing process.

Reproduced from [155].

3

4.1.3 Nanocomposite substrate

In general, to improve mass transfer and decrease the ICP, the substrate of the FO membrane needs
to be thin and possess an enhanced porosity as well as low tortuosity [26, 27]. Choi et al. [149]
fabricated a mixed matrix TFC membrane with a functionalized CNT combined with
polyethersulfone (PES) support layer, by means of phase inversion (PI) as well as interfacial
polymerization (IP). The membrane was evaluated for wastewater reclamation and seawater
desalination. About 72% enhancement in water flux was reposted and attributed to the improved

hydrophilicity of the membrane. Even though the TFC mixed matrix membrane demonstrated
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lesser water flux relative to the TFC commercially used membrane, increased reverse salt flux
selectivity of TFC mixed matrix membrane was noted relative to TFC commercially used
membrane (4% greater) and TFC membrane (15% greater), demonstrating the perm selectivity of
the membrane. During the test for effluent organic matter fouling, 16% lesser normalized flux
reduction of the TFC mixed matrix membrane was noted relative to the TFC membrane. There
was 8% lesser reduction of thin-film composite mixed matrix membrane as compared to the TFC
commercially used membrane because of the effect of functionalized-CNT on repulsive
membrane-foulant interaction improvement, resulting from the negatively charged membrane
surface. Subsequent to physical cleaning for 10 min, TFC mixed matrix membrane showed
improved normalized flux relative to the TFC membrane (6%) and the commercially used TFC
membrane (4%). The work showed for the first time the utilization of TFC mixed matrix membrane
in wastewater reclamation and seawater desalination. It was also observed that TFC mixed matrix
membrane had lower organic matter fouling and that was probably due to the repulsive foulant-
membrane interaction. TFC mixed matrix membrane with functionalized CNT blended in PES
support layer was synthesized by Choi et. al. [156] by means of interfacial polymerization as well
as phase inversion. Water flux of the aforestated advanced membrane enhanced by 72% relative

to TFC membrane because of the increased hydrophilicity.

4.1.3 Nanomaterial interlayer

The utilization of an interlayer material with specific features for the preparation of an active
polyamide layer for thin-film composite membranes might lead to increasingly permeable as well
as selective layers. This interlayer material has the ability to avoid the interference of support
membrane at the time of the polyamide film formation, thereby permitting an extensive series of
support materials for osmotic membranes with diminished internal concentration polarization. The
FO membrane with the same active polyamide layer demonstrated superior separation
characteristics when the nanofiber membrane was utilized as the porous supporting layer. Zhao et
al. [157] speculated that an important configuration of the TFC FO membrane influencing the
separation characteristics is the microstructure of supporting layer surface which is in contact with
the selective skin layer, that could be referred to as sublayer, developing the connection area of the

supporting layer and the active skin layer.

26



Zongyao et al. [158] prepared a TFC FO membrane using an ultra-thin spray-coated interlayer of
CNT. The influence of the carbon nanotube interlayer on the properties of polyamide layer
structural as well as the transportation behavior in FO was examined. Figure 7 is the recommended
cross-sectional structure of the polyamide layer developed on (A) pure poly(ether sulfone) support
and (B) carbon nanotube-coated poly(ether sulfone) support. Test results confirmed that the carbon
nanotube interlayer contributed an interface that enables the development of an extremely
permeable and selective polyamide layer of huge surface area for water transportation whereas
hindering the development of a flowerlike polyamide framework within the pores of the substrate.
The FO TFC membrane with the carbon nanotube interlayer displayed a superior water flux

compared to formerly stated several FO membranes whereas preserving a similar rejection of salt.
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Figure 7: Recommended cross-sectional structures of the polyamide layer developed on (A) pure
poly(ether sulfone) support and (B) carbon nanotube-coated poly(ether sulfone) support.
Reproduced from [158]

The study by Zhao et al. [157] revealed the influence of the sublayer framework on the separating
efficiency of TFC forward osmosis membranes. An advanced TFC forward osmosis membrane
with a polyvinylidene fluoride support layer porous membrane, a CNT network sublayer, and a
selective polyamide skin layer was fabricated by a facile filtration-supported IP technique. Figure
8 shows a diagrammatic portrayal of fabricating the multilayer FO membrane. The test results
demonstrated that the fabricated FO membrane displayed enhanced separation efficiency and
water flux twice more than the forward osmosis membrane in the absence of a carbon nanotube
sublayer. The different characterization of the fabricated forward osmosis membrane framework

demonstrated that the presence of the carbon nanotube sublayer was promising for contributing a
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3-D free space that enhanced the active area of the polyamide layer by optimizing the space
configuration under the polyamide layer. Simultaneously, the experimental results confirmed the
adverse impacts of the standard support layer framework on the CP and on the separating
effectiveness of the FO membrane, emphasizing the significant part of the sublayer framework
between the support layer and the selective skin layer for enhancing the membrane performance

during FO process.

Interfacial

Filtration polymerization

CNT dispersions MPD/TMC

PVDF membrane CNT network Polyamide layer
Figure 8: Diagram showing the fabrication process of the multilayered forward osmosis

membrane [157]

4.2 Graphene oxide

Graphene-based nanomaterials have attracted a lot of attention for a new generation of
applications. Specifically, graphene oxide nanosheets (GO) demonstrated a pronounced potential
for developing the functional nanocomposite materials having higher chemical stability as well as
stronger hydrophilicity [36]. In recent times, GO was proposed as a candidate for combining the
processability of polymers, as well as the exceptional features of GO materials, make them one of
the best carbon-based materials for developing membranes. GO is considered to be an outstanding
additive and is extensively utilized as an additive on the forward osmosis membrane surface [132,
159]. It was reported that the graphene oxide-incorporated FO membranes demonstrated increased
water flux, higher hydrophilicity and superior anti-fouling property [129]. Incorporation of GO in
TFC PA membranes was analyzed for reverse osmosis [ 160], forward osmosis [161] and oily water
treatment utilizing hollow fiber ultrafiltration [162] applications, which demonstrated higher-flux

as well as antifouling properties.

The nanochannel of approximately 0.3 nm of the graphene oxide membrane is adequate for the

proper water molecule penetration [163]. On the other hand, the molecules of water or any other
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solvents, inclusive of ions of constituents, will have interaction with various functional groups
available in the graphene oxide layer. Subsequently, the improved interlayer space could be
utilized in tuning the nanochannel diameter as well as the separation performance of graphene
oxide-based membranes. These GO-based membranes can be utilized to separate dyes, separate
divalent and monovalent ions, proficiently capture as well as dehydrate the solvent—water mixtures
[164, 165]. Ultrathin graphene oxide-based forward osmosis membranes were fabricated by Hung
et al. [166]. Appropriate crosslinking agents were utilized for tuning the inter-layer space of
graphene oxide sheets in order to attain the preferred membrane efficiency. Interlayer space of
graphene oxide-based membranes controlled the interaction occurring among the surface
functionality of graphene oxide with the nature of crosslinking agents, like trimesoylchloride
(TMC), meta-phenylenediamine (MPD) and polyvinylalcohol. The covalent bonds between the
crosslinking agents and layer efficiently suppressed the stretching of d-spacing. In contrast with
other symmetric membrane structures, the graphene oxide-TMC/MPD behavior noted in the
ultrathin PA asymmetric framework for the efficiency of pressure retarded osmosis approach
displayed 20.8 L/(m?h) water flux and 3.4 g/(m?h) reverse salt flux. A reliable water flux for a
longer-term pressure-retarded osmosis operation was attained utilizing the graphene oxide-
TMC/MPD membrane (approximately 98.7%). Consequently, the aforestated membrane could
also be utilized to suppress the ICP.

4.2.1 Incorporation of GO into the active skin layer of TFC membrane

Numerous researches have confirmed that the preparation of a highly efficient FO membrane needs
the optimization of the support layer and active layer structures [167]. The hybrid process is
regarded as a technique for modifying the FO membranes to improve their water permeability, salt
rejection, and reducing membrane fouling [168]. The nanomaterial GO has the ability to absorb
heavy metals because of the existence of its functional groups and increased active surface area
that can improve the antifouling properties and stability of the membrane [169]. Saeedi et al. [170]
effectively manufactured an advanced TFNC forward osmosis membrane using PSf, diverse
weight ratios of polyethylene glycol 400 in the membrane support layer, and varying amounts of
graphene oxide in the active layer of forward osmosis membrane. The TFC FO membranes

displayed increased water permeability, porosity, superior hydrophilicity, salt rejection, and water
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flux and low ICP and structural parameter value, relative to the standard TFC membrane.
Compared to the TFC membrane, the TFNC membrane displayed a greater rejection to chromium
(Cr), cadmium (Cd), and lead (Pb) from aqueous solutions, with the greatest rejection rate of
chromium, cadmium, and lead equal to 98.3, 99.7, and 99.9%, respectively. Overall, from the
aforementioned study, it was concluded that the thin-film nanocomposite FO membranes

demonstrated a greater separation efficiency and better performance.

The research work by Eslah et al. [140] investigated the preparation of GO-embedded PA TFNC
membranes on the PSf substrate for FO utilization. The graphene oxide nanosheets had been
incorporated into the PA layer utilizing various concentrations, i.e., from 0.05 to 0.2 wt%. Test
results confirmed the PA surface modification by graphene oxide nanosheets and improving the
hydrophilicity of the surface by enhancing the graphene oxide concentration. Also, the test results
demonstrated that the water flux for 0.1 wt% graphene oxide incorporated TFNC membrane was
34.7 L/m?h, indicating a 90% enhancement relative to the TFC membrane, whereas there was 39%
decrease in reverse salt flux. Thus the aforestated work confirmed that polyamide-graphene
oxide/polysulfone is a potential membrane for forward osmosis utilization, especially in pressure-

retarded osmosis mode.

It was demonstrated by experimentation that in the membrane modified using graphene, the solid
matrix chemical functionalization, the applied pressure, the geometry and size of the pores are the
chief factors affecting the efficiency of desalination processes [171]. Also, laminated graphene
oxide membranes have been established as a prospective candidate for the water desalination
application. Magnetically responsive graphene oxide/ Iron(ILIII) oxide (Fe304) nanohybrids were
manufactured by Rastgar et al.[141] by means of a flexible coprecipitation reaction and dispersed
in MPD monomer. When subjected to the magnetic field, the magnetically sensitive nanohybrids
had been later incorporated in the polyamide selective layer supported on an extremely porous
polyethersulfone substrate for developing an effective forward osmosis membrane. By the
intercalation of iron(ILIII) oxide nanoparticles in between graphene oxide layers, special channels
are developed all over the membrane selective layer, thereby helping the transportation of water
molecules. These kinds of developments had been further evident when the nanoscale channels

were well-ordered alongside the water flow pathway. Furthermore, the membrane surface
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hydrophilicity has also been enhanced by the inclusion of graphene oxide/ iron(ILIII) oxide

nanohybrid into the polyamide active layer.

4.2.2 Nanomaterial interlayer

To improve the efficiency of the FO membrane, chemical modification has been considered as an
effective technique. Polydopamine has been extensively utilized as a bio-inspired hydrophilic
polymer for modifying the lab-manufactured or commercial TFC FO membranes. Polymer
membrane with a polydopamine (PD) coating is currently employed as a support layer of a hollow
fiber as well as flat-sheet thin-film composite membranes for seawater desalination and water
treatment. PD coated membrane demonstrated an improved water flux because of the hydrophilic
modification by the polydopamine coating [172]. In recent times, GO was reported to offer
two-dimensional (2-D) nanochannel for increasing the transportation of water and hydrophilicity
[173, 174]. A compromise between membrane selectivity and permeability, the enhancement in
permeability, was considered to be more necessary for increasing the performance of the
membrane performance [175]. In the study of Choi et al. [176], a TFC membrane with a
polysulfone support layer and an ultra-thin graphene oxide/polydopamine interlayer was
manufactured by PI, self-polymerization, as well as IP technique for improving the membrane
permeability of the TFC membrane for forward osmosis utilization. Figure 9 is the diagrammatic
representation for the fabrication of a TFC FO membrane with graphene oxide/polydopamine
interlayer. The support layer surface demonstrated increased hydrophilicity due to the presence of
the hydrophilic functional groups of graphene oxide and polydopamine. For extended PD coating
time, membrane permeability diminished because of the pore blocking by GO as well as PD. The
TFC membrane with the polysulfone support layer coated with the graphene oxide/PD interlayer
presented excessive development in water flux (almost 57.6%) without a remarkable reduction in
the reverse solute diffusion under an optimum condition of 0.5 g/L of graphene oxide concentration
and one hour of PD coating time. Test results from the aforestated study are anticipated to promote
the advancement of TFC type forward osmosis membranes consisting of a hydrophilic interlayer
to accomplish enhanced membrane efficiency for seawater desalination as well as purification

processes.
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Figure 9: Diagrammatic representation for the production of TFC FO membrane with GO/DP
interlayer [176]

4.2.3 Surface modification using graphene oxide

Numerous researches have proposed the modification of the TFC membrane surface with
antimicrobial nanomaterials, bio-active molecules, or polymers [177] for providing antimicrobial
action as well as biofouling strength to the membrane. As an illustration, it was demonstrated that
thin-film composite membranes functionalized using copper or silver nanoparticles provide a
reduced sensibility to biofouling [178]. Conversely, carbon-based nanomaterials like GO can be
combined with the PA layer to develop TFC membranes with increased antimicrobial
performance. Because of the chemical functionalities, the graphene oxide nanomaterial could be
simply combined with an extensive range of nanoparticles and polymers. Utilizing the surface of
GO to anchor silver nanoparticles seems favorable, mainly because of the surface functional

groups, which function as nucleation points for the development of particle.

Faria et al. [127] proposed the manufacturing of anti-biofouling TFC FO membranes

functionalized using GO-silver nanocomposites. The characterization, like Raman spectroscopy
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and scanning electron microscopy, confirmed the GO-silver nanocomposite immobilization on the
surface of the membrane. GO—silver modified membranes exhibited 80% inactivation of the
attached Pseudomonas aeruginosa cells. Along with a static antimicrobial assay, the aforestated
work also contributed to an understanding of the anti-biofouling ability of FO membranes in the
course of dynamic operation in a crossflow testing cell. Functionalization using GO-silver
nanocomposites caused a potential anti-biofouling ability without decreasing the intrinsic transport
properties of the membrane. Dynamic biofouling tests also revealed that reduction in water flux at
the time of biofouling development was diminished by 30% subsequent to the TFC membrane
modification with GO-silver nanocomposites. The results from the aforestated study confirmed
that the utilization of GO-silver nanocomposites is an attractive and feasible method for the

advancement of anti-biofouling TFC membranes.

4.2.4 GO membranes - Single and multilayers

Selective and fast water transportation within graphene oxide laminates has been intensely
validated in both experimental and theoretical methods [179]. The 2-D nanomaterial frameworks,
particularly those consisting of GO, have gained broad research interest for membrane-based
desalination as well as separation processes [180]. Conversely, the influence of horizontal defects
in two-dimensional nanomaterial frameworks, which originate from non-uniform deposition of
two-dimensional nanomaterial flakes in the course of layer build-up, has been virtually completely
disregarded. In the study carried out by Cody et al. [180], the team applied Monte Carlo
simulations, in ideal conditions in which the vertical inter-layer space permits for the permeation
of water, whereas completely rejecting salt, on both the development of the laminate framework
and molecular transportation across the laminate. The simulation results demonstrated that the
two-dimensional nanomaterial frameworks are highly tortuous, having water permeability
diminishing from 20 to <1 L m 2 h™! bar !, as thickness amplified to 167 from 8 nm. Maximizing
packing density is an important technical challenge, along with the issue of optimizing interlayer

space, for the two-dimensional nanomaterial membrane development.

Developing an ultrathin membrane with hydrophilic nanometer GO layers is an efficient technique
for improving the FO membrane performance. The GO membranes assembled by means of

electrostatic interaction, as well as PA-crosslinking, were examined for the forward osmosis
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performance [181]. The aforestated membranes showed increased water flux and lower solute flux

when sugar, as well as trisodium citrate, were utilized as the draw solution.

It was observed that the three main issues influencing the performance of the FO membrane are
water flux, membrane biofouling, and reverse solute diffusion. The GO membrane shows higher
water flux, demonstrating its possibility for the utilization in the water purification field. On the
other hand, precise control of the GO membrane pore size is essential for effective ion sieving. In
the work by Pang et al. [182], the hydrophilic metal-organic framework nanoparticles (UiO-66),
are interpolated into the GO layers to develop ultra-thin sandwich membranes for enhancing the
performance of FO process. Figure 10 is the representation of the GO/UiO-66 sandwich membrane
for the FO process. The incorporated UiO-66 nanoparticles introduced appropriate and uniform
nanochannels that could efficiently permit water to pass through, whereas hindering the solutes of
sodium ions. In the FO model, the GO/UiO-66 membrane demonstrated 29.16 L/m”h water flux
of, which was about 270 % greater than the pure GO membrane, and 83.5% less reverse solute

diffusion.
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Figure 10: Representation of the graphene oxide/U10-66 sandwich membrane for the FO
process. Reproduced from [182]
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The GO membranes worked efficiently in the course of FO operation [183] and are noted to be
better than standard FO membranes in certain aspects [37]. Kim et al. [184] related the
performance of hydrophilic reduced-GO membrane and commercially available cellulose acetate
(CA) FO membrane. The study demonstrated that the salt rejection and water flux of the reduced-
GO membrane were greater than that of the commercially available FO membrane. Mi and his
team members made GO membranes using layer-by-layer assembly of polyelectrolyte and GO on
the back as well as front sides of a polyacrylonitrile support layer [185]. The GO membranes can
be categorized as free-standing membranes as well as stacked membranes having a substrate. Due
to the fact that the porous support layer is not able to stop the solute, ICP generally happens in that
region. The dissimilarity in the concentration between both sides of the functional layer is lesser
than that between the feed and the draw solution, resulting in a reduced driving force across the
membrane. For the freestanding membrane, the mechanical strength of this membrane is less,
though the effect of the substrate on the separating performance could be removed. Especially, in
the FO mode, the existence of ICP in free-standing GO membranes could be practically entirely
prevented [186]. In a research work of Zhang et al. [186], the team noted that the flux of free-
standing reduced graphene oxide membranes was linearly associated with the concentration of
salt, which confirmed that the ICP was entirely removed. Water flux in a freestanding membrane
was five times more than that of commercially available CA FO membranes, whereas the rate of
ion penetration in reduced-GO membranes was lesser relative to that of commercially available
FO membranes. Furthermore, GO membranes showed distinct performance in both membrane
orientations, i.e., FO and PRO modes. In the case of sucrose draw solute in the PRO mode, the
water flux of the GO membrane was two times greater than that of the FO mode. Nevertheless, the
fluxes of the GO membrane in the PRO and FO modes appeared similar, although when the draw
solution was trisodium citrate (TSC) or magnesium chloride, ICP happens in the PRO and FO
modes due to the electrolyte-induced swelling. In the study by Mi et al. [187], water flux of a
crosslinked GO membrane was found to be higher than that of commercially available FO
membrane when the draw solution was sodium chloride or TSC. While MgCl> was the draw
solution, water flux of the GO membrane diminished considerably; however, the commercially
available FO membrane did not demonstrate a similar phenomenon. The aforestated observation

indicated that the surface charge of GO membranes enforces restrictions on their utilization.
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Salehi et al. [33] prepared an advanced extremely effective FO membrane utilizing the LbL
assembly of negative GO nanosheets and positive chitosan by means of electrostatic interaction
on a porous layer of support. The porous support layer was fabricated by mixing hydrophilic
sulfonated-PES into PES matrix by wet phase inversion process. The test results demonstrated that
the membrane coated by a Chitosan/graphene oxide bilayers showed water flux of magnitude 2—4

orders greater than the TFC membrane.

4.3 Graphene

Graphene is considered to be a carbon allotrope, which has a single-atom-thick planar sheet having
an sp2-bonded carbonous structure [188]. This nanomaterial is typically manufactured by the GO
reduction, where oxygen-consisting functional groups of graphene oxide, like carboxyl, carbonyl,
epoxy, and hydroxyl, are detached to certain degrees [189]. The two-dimensional (2-D)
arrangement with sub-nanometer surface apertures makes this nanomaterial a potential barrier for
selective mass transport. Because of the interlayer functional groups in graphene, the d-spacing of
this nanomaterial is lower compared to GO with 0.34 nm. This value is not influenced by exterior
conditions, which means that the graphene-based membranes are equally able to display a steady
performance for an extended time. On the other hand, the graphene sheets will experience low

hydrophilicity which might result in an increased fouling propensity.

4.3.1 Graphene laminated membranes

Not just the FO, but the entire membrane-based technologies are prone to fouling problems,
obstructing their continued performance in the longterm. By utilizing graphene and polyaniline
(PANI), Shakeri et al. [188] manufactured an innovative electro-conductive membrane by
laminating graphene onto a polyamide-imide support layer through a simple pressure-assisted
method. For improving the mechanical stability of the manufactured by means of crosslinking of
polyaniline with graphene nanosheets, the membrane was thermally treated for almost 3h at 140
°C. Both nanocomposite membranes (with and without thermal treatment) showed superior

mechanical stability and their reverse salt flux and water permeation performances were confirmed

36



utilizing a standard FO desalination system. The study confirmed that the selectivity ratios, which
is tha ratio of water flux to reverse salt flux, of membranes were 0.79 g/L (without treatment) and
0.69 g/L (with treatment) in the FO mode. Also, the of anti-fouling performance of the membranes
were examined by the FO process with alginate as the model organic foulants. Figure 11 is the
diagrammatic portrayal of rearranged FO arrangement, which was used to examine the fouling
performance of the membranes. With the application of 2 V anodic potential, both fouling

resistance and recovery rate of flux were significantly enhanced in both the membranes.

Taking the benefit of electro-conductive graphene nanosheets, Rastgar et al. [190] proposed an
advanced in-situ electro-oxidative method to lessen the organic fouling. A very thin layer of
graphene was deposited onto the PES support layer for preparing the graphene laminate
membrane. Selectivity ratios of the graphene laminated membrane was experimentally measured
to be 1.44 L/g and 1.48 L/g in the DS-AL and FS-AL configurations, respectively. Due to the fact
that this membrane is utilized in the FO process for treating artificial wastewater consisting of 500
ppm sodium alginate, the manufactured graphene laminate membrane showed superior antifouling
properties when 2V direct current potential was enforced on its surface. To confirm these results,
the fouling performance of the graphene laminate membrane was tested against that of the standard
FO TFC membrane. Under electrical potential, the ratio of water flux recovery was remarkably
enhanced from 75.4% (TFC membrane) to 98.7% (graphene laminate membrane), indicating
greater antifouling behavior of the manufactured membrane. Thus, it can be noted that, the
aforestated study offers a sensational platform for the manufacturing of electro-oxidative

membranes with exceptional anti-fouling behavior.
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Figure 11: Diagrammatic portrayal of rearranged FO arrangement which was utilized to
examine the fouling performance of electro-conductive membranes. Reproduced from

reference [188]

4.3.2 Stacked graphene membranes

Monolayer graphene membranes, with the higher Young’s modulus (1100 GPa), are mechanically
durable for use in the FO systems without a supporting layer, and therefore are more effective

relative to the carbon nanotubes. Still, there are certain technical difficulties while scaling-up the
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manufacturing of nanoporous graphene membrane: (1) fabrication of superior quality, huge area
graphene sheets at a lower cost, and in a reproducible eco-friendly way; (2) perforation to attain
the required pore size, shapes, and pore distribution without compromising the mechanical

strength.

Stacked graphene membranes having cascading nanoslits could be fabricated inexpensively,
relative to monolayer nanoporous graphene membranes, and these membranes have the possibility
for molecular separation. Madhavi et al. [112] studied the efficiency of seawater desalination of
these stacked graphene layers FO membranes using MD simulations. The FO operation is assessed
with respect to the rejection rate and water flux, and described by examining the water density
distribution along with the radial distribution function. The aforestated work confirmed that the
characteristics of membrane inclusive of the number of layers, interlayer separation distance,
offset, and pore width have substantial impacts on the desalination efficiency. The observations
from the previous research work are beneficial in developing graphene-based membranes for the

FO applications.

5. Reversible membrane fouling in the FO process

Even though the membrane-based technology has several benefits over the conventional water
treatment technology, the fouling of membrane still remains to be a main operational issue [191].
Membrane fouling can happen due to the presence of different types of contaminants in the feed
water inclusive of microbial products, microorganisms, chemical reactants, dissolved organics,
colloidal or particulate matter, and inorganic compounds [192]. The fouling of membrane leads to
the necessity of an efficient pretreatment process of the feed solution and membrane chemical
cleaning, which results in extra expenses and rises the consumption of energy. As a result, fouling

minimization is the key to successful as well as profitable membrane operation.

Even though the fouling layer might have an extra thickness in the FO membranes, subsequent
studies demonstrated the reversibility of membrane fouling in the FO process, thereby establishing
the recovery of water flux as great as 60 to 100% of the original value [193, 194, 195]. The superior
reversibility of fouling in FO enables its utilization in different applications, like domestic

wastewaters loaded with organic material [193]. In the FO application, the mitigation of the fouling
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can be achieved by means of different techniques like the introduction of air bubbles, flow
pulsation, and higher cross-flow velocity [196]. Table 4 summarizes some of the preceding studies
performed on the fouling reversibility of FO membrane by means of flushing at higher cross-flow
velocities. These type of higher reversibility was also noted with scaling by silica [197], and
gypsum [198] and fouling by biopolymers and proteins [193, 195]. In general, the results
confirmed that the reversibility of FO fouling by periodic rinses, with no requirement for chemical

cleaning.
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Table 4 : Summary reversibility of fouling in different FO membrane based systems using flushing at higher cross-flow velocities

SI. Draw Feed solution Membrane Flux Operation Cleaning Cleaning Fouling Ref.
No. solution material (L/(m2h) time time velocity
reversibility
(min) (min) (cm/s)
1 31,954+ 350+ 14 ppm Polyamide 10.6 4200- 10 25.6 85-100 [193]
253 ppm secondary effluent 4560
seawater
2 35,000 200 ppm humic acid, Polyamide 16 - 60 25 100 [195]
ppm sea 200 ppm alginic acid,
salts 220 ppm CaCl2,1200
ppm sea salts
3 4M 0.5 mM CaCl2, 200 Cellulose - 1620 15 0.011 96 [194]
NaCl ppm alginate, S0mM triacetate
NaCl
4 4M 115 mM NaCl, 19 mM  Polyamide 5 1440—- 15 21 60 [197]
NaCl MgClI2, 4.2mM silica 4320
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5.1 Different types of fouling in FO process

In the subsequent section, we examine mainly about the three types of fouling (organic, inorganic
and biofouling), different factors controlling the development of fouling, and different studies
carried out with and without nanoparticles to confirm the fouling reversibility in the FO

membranes.

5.1.1 Organic fouling

This type of fouling happens by organic matters in the feed solution. Organic fouling could be due
to hydrophilic, transphilic, as well as hydrophobic fractions present in the feed water. Organic
fouling of FO membrane was widely investigated in the past decade [199]. Mi et al. [200]
examined the organic fouling in FO processes, and the team observed a close relationship between
the intermolecular adhesion force and organic fouling, thereby confirming that foulant—foulant
interaction performs a major role in evaluating the extent as well as rate of fouling. It was observed
that calcium-binding, hydrodynamic shear force, and permeation drag are the most significant
factors controlling the progress of organic fouling. It was noted that the aforestated type of fouling
(model foulant- alginate) is reversible with no chemical cleaning [201]. The results from Mi et al.
[201] study suggested that operation in FO mode might contribute an exceptional benefit in
diminishing or even removing the requirement for chemical cleaning. The study demonstrated that
FO membrane fouling by alginate is nearly completely reversible by physical cleaning for a
moderately short period of time. Adhesion force information showed that a smaller percentage of
comparatively adhesive sites on the surface of the membrane performs a major role in enhancing

the fouling potential of the membrane and reducing the cleaning efficiency.

Choi et al. [149] studied the effect of TFC mixed matrix membrane functionalized CNT blended
in PES support layer. The synthetic wastewater with alginate was utilized as the feed solution,
whereas artificial seawater was the draw solution. Subsequent to the alginate fouling, cleaning of
the physical membrane was carried out for the measurement of water flux recovery. Electrostatic
repulsive force can perform a leading role in the interaction force between the functionalized CNT-
blended polymer membrane and the alginate foulant, because of the negative charge. Due to the

interaction between the PA layer surface and the foulant, the change in surface roughness can perform
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a serious role in reducing the fouling. In addition, it was also confirmed that the smoother membrane
surface provided a reduced accumulation of foulant materials on the surface. The study revealed the
effect of the functionalized-CNT in increasing the resistance against alginate fouling. In contrast with
pressure-driven membrane processes, the fouling layer in the FO membrane was completely reversible.
It was also proved that the reversibility in fouling was improved in the TFC mixed matrix membrane

because of surface roughness and electrostatic repulsive force.

Rastgar et al. [141] developed an extremely efficient FO membrane tailored by GO/Fe304 nanohybrid,
and the organic foulants such as bovine serum albumin (BSA), sodium alginate (SA) were utilized as
foulants to examine the membrane fouling in FO mode. For assessing the fouling reversibility,
subsequent to surface cleaning, the cross-flow velocity was diminished to its original level and by
utilizing the 10 mM sodium chloride feed solution, water flux through the membranes was recorded
again. As established experimentally, the greater fouling resistances attained against BSA and SA
foulants in the GO/Fe304 modified membranes could be due to their lesser surface roughness and

higher hydrophilicities.
5.1.2 Inorganic scaling

This type of scaling happens as the concentration of sparingly soluble salts surpasses their
solubility, resulting in precipitation of metal salts and serious membrane flux decline [197]. Out
of the different scalants, silica and gypsum (calcium sulfate dehydrate) are the most commonly

seen scalants in brackish water or seawater desalination.

A previous research work on calcium sulfate dihydrate scaling confirmed that the nonexistence of
hydraulic pressure in FO assisted to enhance the cleaning efficiency of the membrane [198]. The
work by Mi et al. [202] examined the silica scaling as well as cleaning performance in FO and
compared the reverse osmosis and FO modes. The results showed that, under the established
hydrodynamic conditions, the rates of water flux decline under silica scaling are very much
comparable in the two aforestated modes. However, the flux recovery is approximately 100% in
the FO mode, whereas it is just almost 80% in the reverse osmosis mode. Atomic force microscopy
force measurements indicated that roughness of the membrane surface enhanced the adhesion
force between the silica gel layer and polyamide membrane, considerably reduced the cleaning
efficiency of the polyamide membrane. In a pilot-scale study by Chun et al. [203] on the fouling

characterization of a forward osmosis-reverse osmosis system treating higher fouling potential
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brackish surface water, inorganic scaling was noted to be hard to eliminate following to chemical
and physical cleaning. Thorough characterization confirmed that it is possibly gypsum as well as

organic components.

5.1.3 Biofouling

Biofouling is described as the bacteriological adherence with growth thereby creating a biofilm,
resulting in a reduction in membrane performance above 10 to 15% of the initial values under the
practical operating conditions. This type of fouling leads to remarkable technical issues and effects
the performance of the system by raising the required operational pressure, causing a decline in
membrane efficiency, leading to membrane biodegradation resulting in an improved salt passage,

and rising energy requirements.

Several kinds of research based on the biofouling in FO processes have been proactively carried
out in the recent past, however, the knowledge on this phenomenon is inadequate relative to other
fouling types [204]. Yoon et al. [204] examined the happening of biofouling utilizing the model
bacterium Pseudomonas aeruginosa PAO1 green fluorescent protein in the forward osmosis
process against the reverse osmosis process as well as its control. The work concluded that
biofouling in the FO process is less severe than that in the RO process. In the study carried out by
Chun et al. [205], substantial deposition of biofilm was detected on the surface of the FO
membrane for the filtration of nutrients-spiked brackish surface water. FO biofouling displayed
benefits with respect to membrane cleaning as well as the filtration of increased fouling potential
feed waters, which is responsible for the fouling. The hydraulic cleaning tests confirmed that the
biofouling and organic fouling on the TFC FO membrane as a result of natural lake water with
added nutrient substrates are practically completely reversible with no utilization of chemical

agents.

5.2 Membrane cleaning strategies

With the intention of achieving steady water flux in membrane process, a suitable cleaning method
is essential. Most laboratory size FO fouling tests that usually utilize FO flat sheet membrane

coupons, the declined flux and fouling is more reversible compared to the pressure-driven
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membrane processes [205, 206]. The recovery of flux in the FO mode was noted to be greater than
that in the reverse osmosis mode in alginate fouling tests under the same cleaning conditions, even
though the water flux decline rate was comparable in both modes [201]. The reversibility in the
fouling of the FO process was probably due to less compacted fouling layer because of the
nonexistence of hydraulic pressure. Consequently, the fouling layer in the FO mode can be
eliminated by rinsing with DI water only. Therefore, the FO mode would provide a remarkable

benefit of decreasing the requirements for chemical use.

The fouling of FO membrane in the course of treating the natural water (seawater or wastewater)
which consists of different types of foulants was noted to be irreversible with facile physical
cleaning that needs various cleaning approaches or chemical cleaning [207]. Therefore, the control
of the fouling of FO membrane has become an important issue for the viable advancement of FO-
RO hybrid system mainly for various wastewater and desalination treatment processes. Principally
over this process, the two sides of the forward osmosis membrane are in persistent contact with
natural waters. As a result, launching appropriate cleaning procedures holds the key to attain
durable operation of the FO process in an actual situation and long-standing forward osmosis-
reverse osmosis hybrid process. Extra hydraulic pressure on the feed side in the FO process has
the ability for resolving the lower permeation flow and diminishes reverse salt flux [208].
Alternatively, the activity of hydraulic pressure in the FO process results in an enhancement in
membrane fouling and a reduction in cleaning efficiency. The efficiency of membrane cleaning
after physical cleaning is correlated to the fouling layer structure, i.e., a more compact and denser
fouling layer leads to low-efficiency physical cleaning, alongside the sparser and looser fouling
layer could almost be entirely removed [209]. In the course of forward osmosis-reverse osmosis
long-standing hybrid system, there exist a serious requirement for a systematic comprehension of
membrane fouling performance and for the advancement of different techniques for the mitigation
of fouling. The foulants have the ability to deposit on the surface of the membrane or be trapped
within the pores of the membrane and thereby develop a fouling cake layer having various
structures under diverse operational parameters. Correspondingly, it is important to properly
recognize the fouling behavior of the FO membrane and develop effective and economical fouling

control approaches to sustain longer-term performance.
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The osmotic backwashing technique combined with succeeding water flushing was established
and proved to be a very efficient approach for cleaning the extremely fouled membrane [210]. The
osmotic backwash also permitted for the thorough cleaning of the membrane pores. Conversely,
the fouling of the FO membrane is still regarded as one of the main disadvantages of this FO-RO
hybrid process. The work by Fezeh et al. [210] examined the impact of different operating
conditions on the recovery performance of water flux in the course of seawater dilution by
wastewater. The test results confirmed the possibility of altering the hydrodynamic operating
conditions to minimize membrane fouling and to increase the efficiency of cleaning during long-
standing operation. The aforestated study demonstrated that the membrane materials perform a
substantial role in controlling the fouling of membrane as well as cleaning behavior in the FO
process due to the fact that diverse membrane materials result in distinct particle-membrane
interaction. The cleaning technique adopted (800 mL/min cross-flow velocity for 15 min
subsequently followed by 20 min osmotic backwashing) could completely restore the membrane
flux at the majority of practical conditions with no utilization of any chemical cleaning reagents.
In addition, at increased pH of feed solution (pH:8) and under lesser cross-flow velocity (100
mL/min) the fouling in FO processes was more serious and implementation of the cleaning
approach did not support to restore the water flux to initial value. The fouling characterization by
energy-dispersive X-ray spectroscopy (EDS) and scanning electron microscope (SEM)
recommended that the hydrodynamic drag turns out to be dominant at lesser cross-flow velocities
that force the particles to shift to the surface of the membrane, which in return stimulate the fouling
of the membrane. The aforestated leads to lesser flux recovery. Additionally, at increased pH of
the feed solution, the system attained the maximal interaction between particles and membrane.
Figure 12 is the indication of the development of fouling at three different feed solution pH (3, 6.8
and 8). The visible difference in the morphology, as well as the composition of the fouling on the
surface of the membrane, was observed at distinct feed solution pH. Furthermore, it was proved
that the utilization of hydraulic pressure resulted in more serious fouling phenomena and more
compact fouling which tightly held together, thus leading to lesser cleaning efficiency. For
reducing the possibility of scaling development at the feed solution side, the composition of draw
solution must be tailored. The existence of scaling precursors must be avoided and the addition of
anti-scaling agents in the draw solution can destroy the development of scaling at the feed solution

side (Figure 13).
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Figure 12: Indication of the development of fouling at three different feed solution pH(3, 6.8

and 8). Reproduced from reference [210]
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Figure 13: Scaling control technique by tailoring the draw solution in the course of the FO

process [211].

6. Challenges and Future scope at industrial scale
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In brief, the issues faced in the successful and commercial realization of FO desalination include
reverse solute flux, membrane fouling, CP, and lack of appropriate commercially available
membranes. The scarcity of commercially accessible and favorable FO membranes is still the main
constriction restricting the progress of FO desalination processes. The reverse draw solute
diffusion and ICP are the exceptional problems for the utilization of the FO membrane. Research
need to be carried out to advance the process effectiveness by fabricating innovative membranes,
examining the sustainability and stability of the process in the long-term, and upgrading the

module design of FO in order to facilitate the FO desalination process.

The aggregation of particles is one of the critical problems faced in the course of nanocomposite
membrane manufacture, and it is mostly caused by the improved inter-particle interactions and
increased surface energy of nanomaterials. The aforestated leads to reduced dispersion of
nanofillers within the solution of monomer utilized for polyamide layer development, or in the
polymeric dope solution employed for membrane substrate. Nanoparticle accumulation reduced
the active surface area of nanoparticle and leads to the development of a flawed polyamide layer
having voids as well as the irregular distribution of nanomaterial. Numerous researchers have
discovered the nanomaterial surface functionalization such as carboxylated or amine-
functionalized CNTs for minimizing the aggregation of particles in the polymer matrix or non-
polar solvent and develop a fault-free dense active layer. In addition to nanofiller surface
functionalization, advanced nanomaterials could be developed with tailored pore structure as well

as the surface charge for facilitating uniform nanofiller distribution within the polymeric matrices.

Figure 14 summarizes the serious problems in the manufacture of nanomaterial-incorporated
polyamide TFC membranes, which needs to be discussed to attain an advanced membrane
performance and scalability. Uneven dispersion of nanomaterial in the polymer dope solution or
solvent could obstruct the reproducibility of the membrane and lead to a substantial variation in
the performance of the FO process. This is particularly important for a small FO membrane coupon
used in performance examination tests. Therefore, it is critical that the entire laboratory-scale
membrane performance tests are carried out utilizing huge membrane samples rather than a small
membrane coupon so that the test results are similar representing the entire composite membrane.

Nanomaterials larger than the polyamide layer thickness, like the carbon nanotubes could damage
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the active layer and weaken the selectivity of the membrane [212]. The nanomaterial loss in the

course of membrane manufacture and the FO process is an extra issue.
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Figure 14: Summary of the serious problems in the manufacture of nanomaterial-incorporated
polyamide TFC membranes that need to be investigated to attain more development in the

membrane performance as well as scalability. Reproduced from reference [137]

Several studies that have utilized the hydrophilic nanotubes have reported that the inclusion of
nanotubes into the PA layer or membrane substrate could increase the permeability of water
without considerably influencing the rejection of salt by contributing extra pathways for the water
molecule transportation [150]. On the other hand, the idea of the favored path for water molecules
needs additional authentication. The concept is only feasible when the nanochannels are aligned
towards the direction of water flux and not congested by the polymeric matrix. Up to now, majority
research works on liquid separation stated the performance of membrane improves with just

randomly arranged nanotubes [138]. In the study carried out by Sharma et al. [213], the team
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utilized an electric field for aligning the carbon nanotubes in the polymeric membranes for the
purpose of hydrogen separation. Therefore, it might be conceivable to utilize a magnetic or electric
field for considering the influence of homogenous nanotube alignment on the efficiency of the

membrane for the application of liquid separation.

Even though the FO process is related to an intrinsic lesser fouling potential, the performance of
the process could be considerably influenced by the decreased mass transfer caused by the
increased CP and fouling layer resistance [214]. The more hydrophilic membrane can be produced
by incorporating hydrophilic nanoparticles in the active polyamide layer but this process would
increase the roughness of membrane surface and fouling propensity. Even though the cost-
efficiency and reproducibility of the TFNC membrane are significant, it is also essential that the
long-standing efficiency of the TFNC membranes under practical conditions are properly realized
for determining the sturdiness of the membrane. Long-standing performance examinations and
detailed valuation of the stability of the nanocomposite membrane are very important, particularly
in the case of surface-modified nanocomposite membranes, for controlling the nanomaterial
leaching. This leaching of nanomaterial might degrade the durability and performance of the

membrane.

Moreover, it is critical to develop standard as well as reliable protocols in order to characterize FO
membranes for facilitating the standardization of the test results attained from various research
groups as well as enable the exchange of data and analysis. Furthermore, the active and support
layer of the FO membrane could be degraded at elevated hydraulic pressures, leading to an
undependable assessment of membrane transport along with structural parameters [215]. A
standard protocol is needed for FO operating conditions for comparing diverse membranes with
regard to FO performance. The entire existing challenges in FO desalination are indistinguishably
related to each other and should be considered while carrying out study on FO desalination. As a
matter of fact, the greatest issue for the FO desalination process commercialization comes from
the financial feasibility. The financial feasibility of a method could be precisely associated with its
scalability as well as commercialization. Thus, for making a moderately precise financial
assessment for the FO process, different factors like superior performance membrane

development, draw solute recovery, and draw solute selection must be taken into consideration. A
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financially feasible FO process must satisfy all such factors for answering normally identified

problems and disadvantages in the desalination process.

Conversely, there is no research or scientific dispute that FO desalination is hardly prone to
membrane fouling relative to the pressure-driven reverse osmosis. There is a probability of
determining energy-effective means of draw solute regeneration and durable FO membranes for
overcoming the current problems experienced by FO desalination. Furthermore, there is a
persistent requirement to examine the pilot-scale FO desalination. It can be noted that the currently
established reverse osmosis market was once experiencing the same issue of unsatisfactory levels
of water flux, till Loeb and his team successfully prepared highly efficient reverse osmosis
membranes that had been later commercialized by DuPont and Dow Chemical by means of their
research and development efforts. Similarly, effective commercialization of forward osmosis
desalination also needs industrial research and development contributions. Further to numerous
pilot scale studies done, in September 2019, Forward Water Technologies Pty Ltd. has reported an
entire scale trial of their forward osmosis technology at a wastewater treatment plant located in

Airdrie, Canada [216].
Conclusion

The introduction of nanomaterials led to the advancement of novel FO membranes with
extraordinary separation performance and anti-biofouling abilities. Carbon-based nanofillers like
carbon nanotubes, graphene, and graphene oxide were used to fabricate nanocomposite
membranes to improve membrane mechanical strength, permeation flux and resistance to fouling.
Carbon-based nanocomposite FO membranes have an improved mechanical stability and fouling
resistance with a complete water flux recovery, thereby providing more robust filtration process.
The reversibility in the fouling of the FO process may be due to the lesser compact organic fouling
layer that was developed in the FO mode. Water flux in excess of 30 L/m*h was reported in carbon-
nanomaterials FO membranes, showing high water permeability of such membranes. In general,
the incorporation of carbon nanoparticles in the fabrication of the FO membrane improved its
performance and resistance to fouling. With the increasing requirements for potable water and the
persistent need to decrease the cost of freshwater production, additional research efforts would be

able to overcome the current issues experienced by the FO membrane. More laboratory and pilot
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plant experiments are essential to test new membrane designs that have the potential of providing

freshwater at a lower cost.
Acknowledgement

This publication was supported by Qatar University grant number QUCG-CAM-19/20-4 and
NPRP grant 10-0117-170176 from the Qatar National Research Fund (A member of Qatar
Foundation). PhD candidate Sudesh Yadav would like to acknowledge scholarship support from
University of Technology Sydney under UTS President's Scholarship and International Research
Scholarship (IRP). The findings achieved herein are solely the responsibility of the authors.

52



7. References:

[1] John Schaum, Mark Cohen, Steven Perry, Richard Artz, Roland Draxler, Jeffrey B. Frithsen,
David Heist, Matthew Lorber, Linda Phillips, Screening level assessment of risks due to dioxin

emissions from burning oil from the BP Deepwater Horizon Gulf of Mexico spill, Environ. Sci.
Technol. 44 (2010) 9383-9389.

[2] Johanna Aurell, Brian K. Gullett, Aerostat Sampling of PCDD/PCDF Emissions from the
Gulf Oil Spill in Situ Burns, Environ. Sci. Technol. 44 (2010) 9431-9437.

[3] Mark A. Shannon, Paul W. Bohn, Menachem Elimelech, John G. Georgiadis, Benito J.
Marinas, Anne M. Mayes, Science and technology for water purification in the coming decades,
Nature 452 (2008) 301-310

[4] Ben Wang, Weixin Liang, Zhiguang Guo, Weimin Liu, Biomimetic Super-Lyophobic and
Super-Lyophilic Materials Applied for Oil/Water Separation: a New Strategy Beyond Nature,
Chem. Soc. Rev. 44 (2015) 336-361.

[5] Zhongxin Xue, Yingze Cao, Na Liu, Lin Feng, Lei Jiang, Special Wettable Materials for
Oil/Water Separation, J. Mater. Chem. A 2 (2014) 2445-2460.

[6] M. Mulder, Basic Principles of Membrane Technology, Kluwer Academic Publishers,
Enschede, Netherlands, 2000.

[7] Y. Yampolskii, I. Pinnau, B.D. Freeman (Eds.), Materials science of membranes for gas and
vapor separation, Wiley, Chichester, UK (2006) 251-270.

[8] R.W. Baker, Membrane Technology and Applications (3rd ed.),John Wiley &
Sons, Chichester, UK (2012).

[9] Jingxin Zhao, Wao Wang, Cuicui Ye, Yongjin Li, Jichun You, Gravity-driven ultrafast
separation of water-in-oil emulsion by hierarchically porous electrospun Poly(L-lactide) fabrics,
J. Membr. Sci. 563 (2018) 762-767.

[10] Antoine Venault, Ching-Hsueh, Chiang, Hsiang-Yu Chang, Wei-Song Hung, Yung Chang,
Graphene oxide/PVDF VIPS membranes for switchable, versatile and gravity-driven separation
of oil and water, J. Membr. Sci. 565 (2018) 131-144.

[11] Farah Ejaz Ahmed, Raed Hashaikeh, Nidal Hilal, Fouling control in reverse osmosis
membranes through modification with conductive carbon nanostructures, Desalination 470 (2019)
114118.

[12] Xi Zhang, Chang Liu, Jing Yang, Cheng-Ye Zhu, Lin Zhang, Zhi-Kang Xu, Nanofiltration
membranes with hydrophobic microfiltration substrates for robust structure stability and high
water permeation flux, J. Membr. Sci. 593 (2020) 117444.

53



[13] Xiangde Lin, Jiwoong Heo, Jinkee Hong, Cobweb-inspired DNA-based membranes for
multicomponent pollutant-oil-water emulsions separation, Chem. Eng. J. 348 (2018) 870-876.

[14] Yang Yang, Aikifa Raza, F. Banat, Kean Wang, The separation of oil in water (O/W)
emulsions using polyether sulfone & nitrocellulose microfiltration membranes, J Water Process
Eng. 25 (2018) 113-117.

[15] Antoine Venault, Chia-Yu Chang, Tai-Chun Tsai, Hsiang-Yu Chang, Denis Bouyer, Kueir-
Rarn Lee, Yung Chang, Surface zwitterionization of PVDF VIPS membranes for oil and water
separation, J. Membr. Sci. 563 (2018) 54-64.

[16] X. Zhao, Y. Su, Y. Liu, Y. Li, Z. Jiang, Free-Standing Graphene Oxide-Palygorskite
Nanohybrid Membrane for Oil/Water Separation, ACS Appl. Mater. Interfaces 8 (2016) 8247-
8256.

[17] B. Y. L. Tan, Z. Liu, P. Gao, M. H. Tai, D. D. Sun, Oil-Water Separation Using a Self-
Cleaning Underwater Superoleophobic Micro/Nanowire Hierarchical Nanostructured Membrane,
ChemistrySelect 1 (2016) 1329-1338.

[18] R. Etchepare, H. Oliveira, A. Azevedo, J. Rubio, Separation of emulsified crude oil in saline
water by dissolved air flotation with micro and nanobubbles, Sep. Purif. Technol. 186 (2017) 326-
332.

[19] Patchiya Phanthong, Prasert Reubroycharoen, Suwadee Kongparakul, Chanatip Samart,
Zhongde Wang, Xiaogang Hao, Abuliti Abudula, Guoqing Guan, Fabrication and evaluation of
nanocellulose sponge for oil/water separation, Carbohydr. Polym. 190 (2018) 184-189.

[20] X.C. Gui, J.Q. Wei, K.L. Wang, A.Y. Cao, H.W. Zhu, Y. Jia, Q.K. Shu, D.H. Wu, Carbon
nanotube sponges, Adv. Mater. 22 (2010) 617-621.

[21] M.B. Bryning, D.E. Milkie, M.F. Islam, L.A. Hough, J.M. Kikkawa, A.G. Yodh, Carbon
nanotube aerogels, Adv. Mater. 19 (2007) 661-664.

[22] Shuai Zhou, Gazi Hao, Xiang Zhou, Wei Jiang, Tianhe Wang, Ning Zhang, Liuhua Yu, One-
pot synthesis of robust superhydrophobic, functionalized graphene/polyurethane sponge for
effective continuous oil-water separation, Chem. Eng. J. 302 (2016) 155-162.

[23] Xiaotan Zhang, Dongyan Liu, Yuling Ma, Jing Nie, Guoxin Sui, Super-hydrophobic
graphene coated polyurethane (GN@PU) sponge with great oil-water separation performance,
Appl. Surf. Sci. 422 (2017) 116-124.

[24] X. Ge, W. Yang, J. Wang, D. Long, L. Ling, W. Qiao, Flexible carbon nanofiber sponges for
highly efficient and recyclable oil absorption, RSC Adv. 5 (2015) 70025-70031.

54



[25] Y. Liu, J. Ma, T. Wu, X. Wang, G. Huang, Y. Liu, H. Qiu, Y. Li, W. Wang, J. Gao, Cost-
effective reduced graphene oxide-coated polyurethane sponge as a highly efficient and reusable
oil-absorbent, ACS Appl. Mater. Interfaces 5 (2013) 10018-10026.

[26] A.Banerjee, R. Gokhale, S. Bhatnagar, J. Jog, M. Bhardwaj, B. Lefez, B. Hannoyer, S. Ogale,
MOF derived porous carbon-Fe304 nanocomposite as a high performance, recyclable
environmental superadsorbent, J. Mater. Chem. 22 (2012) 19694-19699.

[27] J. Yuan, X. Liu, O. Akbulut, J. Hu, S.L. Suib, J. Kong, F. Stellacci, Superwetting nanowire
membranes for selective absorption, Nat. Nanotechnol. 3 (2008) 332-336.

[28] Jintao Wang, Yian Zheng, Oil/water mixtures and emulsions separation of stearic acid-
functionalized sponge fabricated via a facile one-step coating method, Sep. Purif. Technol. 181
(2017) 183-191.

[29] Sheng Lei, Zhongqi Shi, Junfei Ou, Fajun Wang, Mingshan Xue, Wen Li, Guanjun Qiao,
Xinhai Guan, Jie Zhang, Durable superhydrophobic cotton fabric for oil/water separation, Colloid
Surface A. 533 (2017) 249-254.

[30] Ali Altaee, Ali Braytee, Graeme J. Millar, Osamah Naji, Energy efficiency of hollow fibre
membrane module in the forward osmosis seawater desalination process, J. Membr. Sci. 587
(2019) 117165.

[31] Wei Lun Ang, Abdul Wah Mohammad, Daniel Johnson, Nidal Hilal, Forward osmosis
research trends in desalination and wastewater treatment: A review of research trends over the past
decade, J] Water Process Eng. 31 (2019) 100886.

[32] Sourav Mondal, Robert W. Field, Jun Jie Wu, Novel approach for sizing forward osmosis
membrane systems, J. Membr. Sci. 541 (2017) 321-328.

[33] Hasan Salehi, Masoud Rastgar, Alireza Shakeri, Anti-fouling and high water permeable
forward osmosis membrane fabricated via layer by layer assembly of chitosan/graphene oxide,
Appl. Surf. Sci. 413 (2017) 99-108.

[34] Ning Ma, Jing Wei, Rihong Liao, Chuyang Y. Tang, Zeolite-polyamide thin film
nanocomposite membranes: Towards enhanced performance for forward osmosis, J. Membr. Sci.
405 (2012) 149-157.

[35] Ludovic Dume’e, Judy Lee, Kallista Sears, Blaise Tardy, Mikel Duke, Stephen Gray,
Fabrication of thin film composite poly(amide)-carbon-nanotube supported membranes for

enhanced performance in osmotically driven desalination systems, J. Membr. Sci. 427 (2013)
422-430.

[36] M. Hu, B. Mi, Enabling graphene oxide nanosheets as water separation membranes, Environ.
Sci. Technol. 47 (2013) 3715-3723.

55



[37] Jaewon Jang, Insu Park, Sang-Soo Chee, Jun-Ho Song, Yesol Kang, Chulmin Lee, Woong
Lee, Moon-Ho Ham, In S. Kim, Graphene oxide nanocomposite membrane cooperatively cross-
linked by monomer and polymer overcoming the trade-off between flux and rejection in forward
osmosis, J. Membr. Sci. 598 (2020) 117684.

[38] A. Aher, Y. Cai, M. Majumder, D. Bhattacharyya, Synthesis of graphene oxide membranes
and their behavior in water and isopropanol, Carbon 116 (2017) 145-153.

[39] Weiyi Li, Yiben Gao, Chuyang Y. Tang, Network modeling for studying the effect of support
structure on internal concentration polarization during forward osmosis: Model development and
theoretical analysis with FEM, J. Membr. Sci. 379 (2011) 307-321.

[40] N.Y. Yip, A. Tiraferri, W.A. Phillip, J.D. Schiffman, M. Elimelech, High performance thin-
film composite forward osmosis membrane, Environ. Sci. Technol. 44 (2010) 3812-3818.

[41] Wafa Suwaileh, Daniel Johnson, Saced Khodabakhshi, Nidal Hilal, Superior cross-linking
assisted layer by layer modification of forward osmosis membranes for brackish water
desalination, Desalination 463 (2019) 1-12.

[42] D. An, L. Yang, T. Wang, B. Liu, Separation Performance of Graphene Oxide Membrane in
Aqueous Solution, Ind. Eng. Chem. Res. 55 (2016) 4803—4810.

[43] F. Perreault, D.F.A. Fonseca, M. Elimelech, Environmental applications of graphene-based
nanomaterials, Chem. Soc. Rev. 44 (2015) 5861-5896.

[44] Abhijit Gogoi, K. Anki Reddy, Pranab Mondal, Multilayer Graphene Oxide Membrane in
Forward Osmosis: Molecular Insights, ACS Appl. Nano Mater. 9 (2018) 4450-4460.

[45] Wen Ma, Tiantian Chen, Santino Nanni, Liuqing Yang, Zhibin Ye, Md. Saifur Rahaman,
Zwitterion-Functionalized Graphene Oxide Incorporated Polyamide Membranes with Improved
Antifouling Properties, Langmuir 35 (2019) 1513-1525.

[46] M. Gamal Khedr, Membrane fouling problems in reverse-osmosis desalination applications,
International Desalination and Water Reuse Quarterly 10 (2000): 8-17.

[47] C.Jolivalt, S. Brenon, E. Caminade, C. Mougin, M. Pontié, Immobilization of laccase from
Trametes versicolor on a modified PVDF microfiltration membrane: characterization of the grafted
support and application in removing a phenylurea pesticide in wastewater, J. Membr. Sci. 180
(2000) 103-113.

[48] L.X. Gao, A. Rahardianto, H. Gu, P.D. Christofides, Y. Cohen, Novel design and operational
control of integrated ultrafiltration — reverse osmosis system with RO concentrate backwash,
Desalination 382 (2016) 43-52.

[49] Yuri Yampolskii, Polymeric Gas Separation Membranes, Macromolecules 45 (2012) 3298-
3311.

56



[50] Naixin Wang, Shulan Ji, Guojun Zhang, Jie Li, Lin Wang, Self-assembly of graphene oxide
and polyelectrolyte complex nanohybrid membranes for nanofiltration and pervaporation, Chem.
Eng.J. 213 (2012) 318-329.

[51] T.Y. Cath, A.E. Childress, M. Elimelech, Forward osmosis: principles, applications, and
recent developments, J. Membr. Sci. 281 (2006) 70-87.

[52] J.R. McCutcheon, M. Elimelech, Modeling water flux in forward osmosis: implications for
improved membrane design, AICHE J. 53 (2007) 1736—1744.

[53] A. Tiraferri, Y. N. Yip, P. A. Straub, S. Romero-Vargas Castrillon, M. Elimelech, A method
for the simultaneous determination of transport and structural parameters of forward osmosis
membranes, J. Membr. Sci. 444 (2013) 523-538.

[54] Na Song, Xueli Gao, Zhun Ma, Xiaojuan Wang, Yi Wei, Congjie Gao, A review of graphene-
based separation membrane: Materials, characteristics, preparation and applications, Desalination
437 (2018) 59-72.

[55] Anisha Anand, Binesh Unnikrishnan, Ju-Yi Mao, Han-Jia Lin, Chih-Ching Huang,
Graphene-based nanofiltration membranes for improving salt rejection, water flux and
antifouling—A review, Desalination 429 (2018) 119-133.

[56] Luyao Deng, Qun Wang, Xiaochan An, Zhuangzhi Li, Yunxia Hu, Towards enhanced
antifouling and flux performances of thin-film composite forward osmosis membrane via
constructing a sandwich-like carbon nanotubes-coated support, Desalination 479 (2020) 114311.

[57] C.Y. Tang, Q. She, W.C.L. Lay, R. Wang, A.G. Fane, Coupled effects of internal
concentration polarization and fouling on flux behavior of forward osmosis membranes during
humic acid filtration, J. Membr. Sci. 354 (2010) 123-133.

[58] J.R. McCutcheon, M. Elimelech, Influence of membrane support layer hydrophobicity on
water flux in osmotically driven membrane processes, J. Membr. Sci. 318 (2008) 458-466

[59] J. Su, Q. Yang, J.F. Teo, T.-S. Chung, Cellulose acetate nanofiltration hollow fiber
membranes for forward osmosis processes, J. Membr. Sci. 355 (2010) 36-44.

[60] Jin Zhou, Heng-Li He, Fei Sun, Yu Su, Hai-Yin Yu, Jia-Shan Gu, Structural parameters
reduction in polyamide forward osmosis membranes via click modification of the polysulfone
support, Colloid Surface A. 585 (2020) 124082.

[61] Qing Liu, Jingguo Li, Zhengzhong Zhou, Jianping Xie, Jim Yang Lee, Hydrophilic Mineral

Coating of Membrane Substrate for Reducing Internal Concentration Polarization (ICP) in
Forward Osmosis, Sci. Rep. 6 (2016) 19593

57



[62] Xinfei Fan, Yanming Liu, Xie Quan, A novel reduced graphene oxide/carbon nanotube
hollow fiber membrane with high forward osmosis performance, Desalination 451 (2019) 117-
124.

[63] Yu-Hsuan Chiao, Arijit Sengupta, Shu-Ting Chen, Shu-Hsien Huang, Chien-Chieh Hu, Wei-
Song Hung, Yung Chang, Xianghong Qian, S. Ranil Wickramasinghe, Kueir-Rarn Lee, Juin-Yih
Lai, Zwitterion augmented polyamide membrane for improved forward osmosis performance with
significant antifouling characteristics, Sep. Purif. Technol. 212 (2019) 316-325

[64] Clare H.Worthley, Kristina T.Constantopoulos, Milena Ginic-Markovic, Elda Markovic,
Stephen Clarke, A study into the effect of POSS nanoparticles on cellulose acetate membranes, J.
Membr. Sci. 431 (2013) 62-71.

[65] Dongzhu Wu, Yang Han, Witopo Salim, Kai K.Chen, Jianxin Li, W.S. Winston Ho,
Hydrophilic and morphological modification of nanoporous polyethersulfone substrates for
composite membranes in CO2 separation, J. Membr. Sci. 565 (2018) 439-449.

[66] Ambreen Khan, Tauqir A. Sherazi, Yaqoob Khan, Shenghai Li, Syed Ali Raza Naqvi,
Zhaoliang Cui, Fabrication and characterization of polysulfone/modified nanocarbon black
composite antifouling ultrafiltration membranes, J. Membr. Sci. 554 (2018) 71-82.

[67] Wang Liang, Yang Chenyang, Zhao Bin, Wu Xiaona, Yu Zijun, Zhao Lixiang, Zhang
Hongwei, Li Nanwen, Hydrophobic polyacrylonitrile membrane preparation and its use in
membrane contactor for CO2 absorption, J. Membr. Sci. 569 (2019) 157-165.

[68] Matthias Mertens, Cédric Van Goethem, Marloes Thijs, Guy Koeckelberghs, Crosslinked
PVDF-membranes for solvent resistant nanofiltration, J. Membr. Sci. 566 (2018) 223-230.

[69] Sudesh Yadav, Khantong Soontarapa, Jyothi M.S., Mahesh Padaki, R. Geetha Balakrishna,
Juin-Yih Lai, Supplementing multi-functional groups to polysulfone membranes using
Azadirachta indica leaves powder for effective and highly selective acid recovery, J. Hazard.
Mater. 369 (2019) 1-8.

[70] X. Xu, H. Zhang, M. Yu, Y. Wang, T. Gao, F. Yang, Conductive thin film nanocomposite
forward osmosis membrane (TFN-FO) blended with carbon nanoparticles for membrane fouling
control, Sci. Total Environ. 697 (2019) 134050.

[71] M. Asadollahi, D. Bastani, S.A. Musavi, Enhancement of surface properties and performance
of reverse osmosis membranes after surface modification: a review, Desalination 420 (2017) 330-
383.

58



[72] M.D. Firouzjaei, S.F. Seyedpour, S.A. Aktij, M. Giagnorio, N. Bazrafshan, A. Mollahosseini,
F. Samadi, S. Ahmadalipour, F.D. Firouzjaei, M.R. Esfahani, A. Tiraferri, M. Elliott, M.
Sangermano, A. Abdelrasoul, J.R. McCutcheon, M. Sadrzadeh, A.R. Esfahani, A. Rahimpour,
Recent advances in functionalized polymer membranes for biofouling control and mitigation in
forward osmosis, J. Membr. Sci. (2019) 117604.

[73] Q. Liu, G. Qiu, Z. Zhou, J. Li, G.L. Amy, J. Xie, J.Y. Lee, An Effective Design of Electrically
Conducting Thin-Film Composite (TFC) Membranes for Bio and Organic Fouling Control in
Forward Osmosis (FO), Environ. Sci. Technol. 19 (2016) 10596-10605.

[74] J. Busalmen, S. De Sanchez, Adhesion of Pseudomonas fluorescens (ATCC 17552) to
nonpolarized and polarized thin films of gold, Appl. Environ. Microbiol, 67 (2001) 3188-3194.

[75] A. Van der Borden, H. Van der Mei, H. Busscher, Electric block current induced detachment
from surgical stainless steel and decreased viability of Staphylococcus epidermidis, Biomaterials
26 (2005) 6731-6735.

[76] C. Li, X. Guo, X. Wang, S. Fan, Q. Zhou, H. Shao, W. Hu, C. Li, L. Tong, R.R. Kumar,
Membrane fouling mitigation by coupling applied electric field in membrane system:
Configuration, mechanism and performance, Electrochimica Acta 287 (2018) 124-134.

[77] Yinghui Mo, Alberto Tiraferri, Ngai Yin Yip, Atar Adout, Xia Huang, Menachem Elimelech,
Improved Antifouling Properties of Polyamide Nanofiltration Membranes by Reducing the
Density of Surface Carboxyl Groups., Environ. Sci. Technol. 2012, 46, 24, 13253-13261

[78] 1. Alsvik, M.-B. Higg, Pressure Retarded Osmosis and Forward Osmosis Membranes:
Materials and Methods, Polymers. 5 (2013) 303-327.

[79] P. Cruz-Tato, N. Rivera-Fuentes, M. Flynn, E. Nicolau, Anti-Fouling Electroconductive
Forward Osmosis Membranes: Electrochemical and Chemical Properties, ACS Applied Polymer
Materials, 1 (2019) 1061-1070.

[80] K.Y. Wang, R.C. Ong, T.-S. Chung, Double-Skinned Forward Osmosis Membranes for
Reducing Internal Concentration Polarization within the Porous Sublayer, Ind. Eng. Chem. Res.
49 (2010) 4824-4831.

[81] S. Zhang, K.Y. Wang, T.-S. Chung, Y. Jean, H. Chen, Molecular design of the cellulose
ester-based forward osmosis membranes for desalination, Chem. Eng. Sci. 66 (2011) 2008-2018.

[82] W. Fang, R. Wang, S. Chou, L. Setiawan, A.G. Fane, Composite forward osmosis hollow
fiber membranes: Integration of RO-and NF-like selective layers to enhance membrane properties
of anti-scaling and anti-internal concentration polarization, J. Membr. Sci. 394 (2012) 140-150.

[83] S.Qi, C.Q. Qiu, Y. Zhao, C.Y. Tang, Double-skinned forward osmosis membranes based on
layer-by-layer assembly—FO performance and fouling behavior, J. Membr. Sci. 405 (2012) 20-
29.

59



[84] X. Zhang, M. Xie, Z. Yang, H.-C. Wu, C. Fang, L. Bai, L.-F. Fang, T. Yoshioka, H.
Matsuyama, Antifouling Double-Skinned Forward Osmosis Membranes by Constructing
Zwitterionic Brush-Decorated MWCNT Ultrathin Films, ACS Appl. Mater. Inter. 11 (2019)
19462-19471.

[85] M. Li, V. Karanikola, X. Zhang, L. Wang, M. Elimelech, A self-standing, support-free
membrane for forward osmosis with no internal concentration polarization, Environ. Sci. Technol.
Lett. 5 (2018) 266-271.

[86] Yang Liu, Sunxiang Zheng, Ping Gu, Andrew J. Ng, Monong Wang, Yangyang Wei, Jeffrey
J. Urban, Baoxia Mi, Graphene-polyelectrolyte multilayer membranes with tunable structure and
internal charge, Carbon 160 (2020) 219-227

[87] S.J. Kwon, S.-H. Park, M.S. Park, J.S. Lee, J.-H. Lee, Highly permeable and mechanically
durable forward osmosis membranes prepared using polyethylene lithium ion battery separators,
J. Membr. Sci. 544 (2017) 213-220.

[88] S.J. Kwon, S.-H. Park, M.G. Shin, M.S. Park, K. Park, S. Hong, H. Park, Y.-I. Park, J.-H.
Lee, Fabrication of high performance and durable forward osmosis membranes using mussel-
inspired polydopamine-modified polyethylene supports, J. Membr. Sci. 584 (2019) 89-99.

[89] H.-C. Yang, J. Hou, V. Chen, Z.-K. Xu, Janus Membranes: Exploring Duality for Advanced
Separation, Angew. Chem. Int. Ed. 55 (2016) 13398-13407.

[90] S. Zhou, F. Liu, J. Wang, H. Lin, Q. Han, S. Zhao, C.Y. Tang, Janus Membrane with
Unparalleled Forward Osmosis Performance, Environ. Sci. Tech. Let. 6 (2019) 79-85.

[91] Q. Cheng, M. Li, Y. Zheng, B. Su, S. Wang, L. Jiang, Janus interface materials:
superhydrophobic air/solid interface and superoleophobic water/solid interface inspired by a lotus
leaf, Soft Matter 7 (2011) 5948-5951.

[92] H.-C. Wu, T. Yoshioka, K. Nakagawa, T. Shintani, T. Tsuru, D. Saeki, Y.-R. Chen, K.-L.
Tung, H. Matsuyama, Water transport and ion rejection investigation for application of cyclic
peptide nanotubes to forward osmosis process: A simulation study, Desalination 424 (2017) 85-
94.

[93] J.N. Itliong, A.R.C. Villagracia, J.L.V. Moreno, K.I.M. Rojas, G.P.O. Bernardo, M.Y. David,
R.B. Manrique, A.T. Ubando, A.B. Culaba, A.A.B. Padama, H.L. Ong, J.-S. Chang, W.-H. Chen,
H. Kasai, N.B. Arboleda, Investigation of reverse ionic diffusion in forward-osmosis-aided
dewatering of microalgae: A molecular dynamics study, Bioresour. Technol. 279 (2019) 181-188.

[94] D. Hofmann, L. Fritz, J. Ulbrich, C. Schepers, M. Bohning, Detailed-atomistic molecular
modeling of small molecule diffusion and solution processes in polymeric membrane materials,
Macromol. Theory Simul. 9 (2000) 293-327.

60



[95] C. Sun, M. Liu, B. Bai, Molecular simulations on graphene-based membranes, Carbon 153
(2019) 481-494.

[96] H. Enggrob, L. Yde, M. Gruber, H. Khandelia, Multi-scale Modeling of Biomimetic
Membranes, in: C. Hélix-Nielsen (Ed.) Biomimetic Membranes for Sensor and Separation

Applications. Biological and Medical Physics, Biomedical Engineering. Springer, Dordrecht 2012,
57-185.

[97] J. Heo, L.K. Boateng, J.R.V. Flora, H. Lee, N. Her, Y.-G. Park, Y. Yoon, Comparison of flux
behavior and synthetic organic compound removal by forward osmosis and reverse osmosis
membranes, J. Membr. Sci. 443 (2013) 69-82.

[98] H. Ebro, Y.M. Kim, J.H. Kim, Molecular dynamics simulations in membrane-based water
treatment processes: A systematic overview, J. Membr. Sci. 438 (2013) 112-125.

[99] D. Savio, Nanoscale phenomena in lubrication: from atomistic simulations to their integration
into continuous models, KIT Karlsruhe (2013).

[100] S. You, J. Lu, C.Y. Tang, X. Wang, Rejection of heavy metals in acidic wastewater by a
novel thin-film inorganic forward osmosis membrane, Chem. Eng. J. 320 (2017) 532-538.

[101] A. Rahimpour, S.F. Seyedpour, S. Aghapour Aktij, M. Dadashi Firouzjaei, A. Zirehpour, A.
Arabi Shamsabadi, S. Khoshhal Salestan, M. Jabbari, M. Soroush, Simultaneous Improvement of
Antimicrobial, Antifouling, and Transport Properties of Forward Osmosis Membranes with
Immobilized Highly-Compatible Polyrhodanine Nanoparticles, Environ. Sci. Technol. 52 (2018)
5246-5258.

[102] Y. Xiang, Y. Liu, B. Mi, Y. Leng, Molecular Dynamics Simulations of Polyamide
Membrane, Calcium Alginate Gel, and Their Interactions in Aqueous Solution, Langmuir 30
(2014) 9098-9106.

[103] Y. Xiang, Y. Liu, B. Mi, Y. Leng, Hydrated Polyamide Membrane and Its Interaction
with Alginate: A Molecular Dynamics Study, Langmuir, 29 (2013) 11600-11608.

[104] A.G. Kalinichev, E. Iskrenova-Tchoukova, W.-Y. Ahn, M.M. Clark, R.J. Kirkpatrick,
Effects of Ca2+ on supramolecular aggregation of natural organic matter in aqueous solutions: A
comparison of molecular modeling approaches, Geoderma 169 (2011) 27-32.

[105] W. Plazinski, W. Rudzinski, Molecular modeling of Ca2+-oligo(a-l-guluronate)
complexes: toward the understanding of the junction zone structure in calcium alginate gels, Struct.
Chem. 23 (2012) 1409-1415.

[106] J. Cannon, D. Kim, S. Maruyama, J. Shiomi, Influence of Ion Size and Charge on
Osmosis, J. Phys. Chem. B 116 (2012) 4206-4211.

61



[107] J.-G. Gai, X.-L. Gong, W.-W. Wang, X. Zhang, W.-L. Kang, An ultrafast water
transport forward osmosis membrane: porous graphene, J. Mater. Chem. A 2 (2014) 4023-4028.

[108] B. Liu, A W.-K. Law, K. Zhou, Strained single-layer C2N membrane for efficient
seawater desalination via forward osmosis: A molecular dynamics study, J. Membr. Sci. 550
(2018) 554-562.

[109] X. Zhang, J.-G. Gai, Single-layer graphyne membranes for super-excellent brine
separation in forward osmosis, RSC Adv. 5 (2015) 68109-68116.

[110] Z. Song, Z. Xu, Ultimate Osmosis Engineered by the Pore Geometry and
Functionalization of Carbon Nanostructures, Sci. Rep. 5 (2015) 10597.

[111] J.-G. Gai, X.-L. Gong, Zero internal concentration polarization FO membrane:
functionalized graphene, J. Mater. Chem. A 2 (2014) 425-429.

[112] M. Dahanayaka, B. Liu, Z. Hu, Q.-X. Pei, Z. Chen, A.W.-K. Law, K. Zhou, Graphene
membranes with nanoslits for seawater desalination via forward osmosis, Phys. Chem. Chem.
Phys. 19 (2017) 30551-30561.

[113] E. Yang, C.-M. Kim, J.-h. Song, H. Ki, M.-H. Ham, 1.S. Kim, Enhanced desalination
performance of forward osmosis membranes based on reduced graphene oxide laminates coated
with hydrophilic polydopamine, Carbon 117 (2017) 293-300.

[114] A. Gogoi, K. Anki Reddy, P. Mondal, Multilayer Graphene Oxide Membrane in
Forward Osmosis: Molecular Insights, ACS Appl. Nano Mater. 1 (2018) 4450-4460.

[115] C.H. Park, E. Tocci, E. Fontananova, M. A. Bahattab, S.A. Aljlil, E. Drioli, Mixed matrix
membranes containing functionalized multiwalled carbon nanotubes: Mesoscale simulation and
experimental approach for optimizing dispersion, J. Membr. Sci. 514 (2016) 195-209.

[116] M. Revenga, 1. Zuiiga, P. Espafiol, Boundary conditions in dissipative particle
dynamics, Computer Physics Communications 121-122 (1999) 309-311

[117] E. Moeendarbary, T. Ng, M. Zangeneh, Dissipative particle dynamics: introduction,
methodology and complex fluid applications—a review, Int. J. Appl. Mech. Eng. 1 (2009) 737-
763.

[118] Y.-D. He, Y.-H. Tang, X.-L. Wang, Dissipative particle dynamics simulation on the
membrane formation of polymer—diluent system via thermally induced phase separation, J.
Membr. Sci. 368 (2011) 78-85.

[119] P. Espafiol, P.B. Warren, Perspective: Dissipative particle dynamics, J. Chem. Phys. 146
(2017) 150901.

62



[120] Y. Araki, Y. Kobayashi, T. Kawaguchi, T. Kaneko, N. Arai, Water permeation in
polymeric membranes: Mechanism and synthetic strategy for water-inhibiting functional
polymers, J. Membr. Sci. 564 (2018) 184-192.

[121] P. Espanol, P. Warren, Statistical mechanics of dissipative particle dynamics, EPL 30
(1995) 191.

[122] P. Hoogerbrugge, J. Koelman, Simulating microscopic hydrodynamic phenomena with
dissipative particle dynamics, EPL 19 (1992) 155.

[123] P. Espanol, Hydrodynamics from dissipative particle dynamics, Phys. Rev. E 52 (1995)
1734.

[124] R.D. Groot, P.B. Warren, Dissipative particle dynamics: Bridging the gap between
atomistic and mesoscopic simulation, J. Chem. Phys. 107 (1997) 4423-4435.

[125] Tai-Shung Chung, Sui Zhang, Kai Yu Wang, Jincai Su, Ming Ming Ling, Forward
osmosis processes: yesterday, today and tomorrow, Desalination 287 (2012) 78-81.

[126] Xinglin Lu, Santiago Romero-Vargas Castrillon, Devin L. Shaffer, Jun Ma, Menachem
Elimelech, In situ surface chemical modification of thin-film composite forward osmosis
membranes for enhanced organic fouling resistance, Environ. Sci. Technol. 47 (2013) 12219-
12228.

[127] Andreia F. Faria, Caihong Liu, Ming Xie, Francois Perreault, Long D. Nghiem, Jun Ma,
Menachem Elimelech, Thin-film composite forward osmosis membranes functionalized with
graphene oxide—silver nanocomposites for biofouling control, J. Membr. Sci. 525 (2017) 146-156.

[128] Wenxuan Xu, Qiaozhen Chen, Qingchun Ge, Recent advances in forward osmosis (FO)
membrane: Chemical modifications on membranes for FO processes, Desalination 419 (2017)
101-116.

[129] Ya-dan Li, Man-Hong Huang, Dong-Hui Chen, Gang Chen, Fabrication of Carbon
Nanotube Membrane for Enhanced Performance in Forward Osmosis Process, International
Conference on Energy, Power and Environmental Engineering ICEPEE (2017)

[130] Xiangju Song, Li Wang, Lili Mao, Zhining Wang, Nanocomposite Membrane with
Different Carbon Nanotubes Location for Nanofiltration and Forward Osmosis Applications, ACS
Sustain. Chem. Eng. 4 (2016) 2990-2997.

[131] Zhuang Liu, Wei Wang, Xiaojie Ju, Rui Xie, Liangyin Chu, Graphene-based

membranes for molecular and ionic separations in aqueous environments, Chin. J. Chem. 25
(2017) 1598-1605

63



[132] Parisa Sadat Parsamehr, Marzieh Zahed, Maryam Ahmadzadeh Tofighy, Toraj
Mohammadi, Mashallah Rezakazemi, Preparation of novel cross-linked graphene oxide
membrane for desalination applications using (EDC and NHS)-activated graphene oxide and PEI,
Desalination 468 (2019) 114079.

[133] Ma Ning, Jing Wei, Rihong Liao, Chuyang Y. Tang, Zeolite-polyamide thin film
nanocomposite membranes: Towards enhanced performance for forward osmosis, J. Membr. Sci.
405 (2012) 149-157.

[134] Zirehpour, Alireza, Ahmad Rahimpour, Saeed Khoshhal, Mostafa Dadashi Firouzjaei,
Ali Asghar Ghoreyshi, The impact of MOF feasibility to improve the desalination performance
and antifouling properties of FO membranes, RSC Adv. 6 (2016) 70174-70185.

[135] Xue, Wenchao, Kaung Ko Ko Sint, Chavalit Ratanatamskul, Piyasan Praserthdam,
Kazuo Yamamoto, Binding TiO 2 nanoparticles to forward osmosis membranes via MEMO-
PMMA-Br monomer chains for enhanced filtration and antifouling performance, RSC Adv. 8
(2018) 19024-19033.

[136] M. Ghanbari, D. Emadzadeh, W.J. Lau, T. Matsuura, M. Davoody, A.F. Ismail, Super
hydrophilic TiIO2/HNT nanocomposites as a new approach for fabrication of high performance
thin film nanocomposite membranes for FO application, Desalination 371 (2015) 104-114

[137] N. Akther, S. Phuntsho, Y. Chen, N. Ghaour, H.K. Shon, Recent advances in
nanomaterial-modified polyamide thin-film composite membranes for forward osmosis processes,
J. Membr. Sci. 584 (2019) 2045

[138] X. Song, L. Wang, C.Y. Tang, Z. Wang, C. Gao, Fabrication of carbon nanotubes
incorporated double-skinned thin film nanocomposite membranes for enhanced separation
performance and antifouling capability in forward osmosis process, Desalination 369 (2015) 1-9.

64



[139] L. Shen, S. Xiong, Y. Wang, Graphene oxide incorporated thin-film composite
membranes for forward osmosis applications, Chem. Eng. Sci. 143 (2016)194-205

[140] S.S. Eslah, S. Shokrollahzadeh, O.M. Jazani, A. Samimi, Forward osmosis water
desalination: Fabrication of graphene oxide-polyamide/polysulfone thin-film nanocomposite
membrane with high water flux and low reverse salt diffusion, Separ. Sci. Technol. 53 (2018) 573—
583.

[141] M. Rastgar, A. Shakeri, A. Bozorg, H. Salehi, V. Saadattalab, Highly-efficient forward
osmosis membrane tailored by magnetically responsive graphene oxide/ Fe304 nanohybrid, Appl.
Surf. Sci. 441 (2018) 923-935.

[142] M. Rezaei-DashtArzhandi, M.H. Sarrafzadeh, P.S. Goh, Rezaei-Dasht Arzhandi, W.J.,
A'F. Ismail, M.A. Mohamed, Development of novel thin film nanocomposite forward osmosis
membranes containing halloysite/graphitic carbon nitride nanoparticles towards enhanced
desalination performance, Desalination 447 (2018)18-28.

[143] S.F. Seyedpour, A. Rahimpour, A.A. Shamsabadi, M. Soroush, Improved performance
and antifouling properties of thin-film composite polyamide membranes modified with nano-sized
bactericidal graphene quantum dots for forward osmosis, Chem. Eng. Res. Des. 139 (2018) 321—
334H.

[144] M. Hegab, A. EIMekawy, T.G. Barclay, A. Michelmore, L. Zou, C.P. Saint, M. Ginic-
Markovic, Fine-tuning the surface of forward osmosis membranes via grafting graphene oxide:
Performance patterns and biofouling propensity, ACS Appl. Mater. Interfaces 7 (2015) 18004—
18016

[145] A. Soroush, W. Ma, Y. Silvino, M.S. Rahaman, Surface modification of thin film
composite forward osmosis membrane by silver-decorated graphene-oxide nanosheets, Environ.
Sci.: Nano 2 (2015) 395405

[146] H.M. Hegab, A. ElMekawy, T.G. Barclay, A. Michelmore, L. Zou, C.P. Saint, M. Ginic-
Markovic, Effective in-situ chemical surface modification of forward osmosis membranes with
polydopamine-induced graphene oxide for biofouling mitigation, Desalination 385 (2016) 126—
137.

[147] M. Tian, Y.-N. Wang, R. Wang, Synthesis and characterization of novel high-
performance thin film nanocomposite (TFN) FO membranes with nanofibrous substrate reinforced
by functionalized carbon nanotubes, Desalination 370 (2015) 79-86

[148] S. Morales-Torres, C.M.P. Esteves, J.L. Figueiredo, A.M.T. Silva, Thin-film composite
forward osmosis membranes based on polysulfone supports blended with nanostructured carbon
materials, J. Membr. Sci. 520 (2016) 326-336.

65



[149] H.-g. Choi, M. Son, H. Choi, Integrating seawater desalination and wastewater
reclamation forward osmosis process using thin-film composite mixed matrix membrane with
functionalized carbon nanotube blended polyethersulfone support layer, Chemosphere 185 (2017)
1181-1188

[150] Jia, Yu-xiang, Hai-lan Li, Meng Wang, Lian-ying Wu, Yang-dong Hu, Carbon
nanotube: possible candidate for forward osmosis, Sep. Purif. Technol. 75 (2010) 55-60.

[151] Amini, Maryam, Mohsen Jahanshahi, Ahmad Rahimpour, Synthesis of novel thin film
nanocomposite (TFN) forward osmosis membranes using functionalized multi-walled carbon
nanotubes, J. Membr. Sci. 435 (2013) 233-241.

[152] Alberto Tiraferri, Chad D. Vecitis, Menachem Elimelech, Covalent binding of single-
walled carbon nanotubes to polyamide membranes for antimicrobial surface properties, ACS
Appl. Mater. Interfaces 3 (2011) 2869-2877.

[153] Yonghao Li, Yuntao Zhao, Enling Tian, Yiwei Ren, Preparation and characterization of
novel forward osmosis membrane incorporated with sulfonated carbon nanotubes, RSC Adv. 8
(2018) 41032-41039.

[154] N. Akther, A. Sodiq, A. Giwa, S. Daer, H.A. Arafat, S.W. Hasan, Recent advancements
in forward osmosis desalination: a review, Chem. Eng. J. 281, (2015) 502-522.

[155] Shigiang Zou, Ethan D. Smith, Shihong Lin, Stephen M. Martin, Zhen He, Mitigation
of bidirectional solute flux in forward osmosis via membrane surface coating of zwitterion
functionalized carbon nanotubes, Environ. Int. 131 (2019) 104970.

[156] Hyeon-gyu Choi, Moon Son, Heechul Choi, Integrating seawater desalination and
wastewater reclamation forward osmosis process using thin-film composite mixed matrix
membrane with functionalized carbon nanotube blended polyethersulfone support layer,
Chemosphere 185, (2017) 1181-1188.

[157] Xinzhen Zhao, Jing Li, Changkun Liu, A novel TFC-type FO membrane with inserted
sublayer of carbon nanotube networks exhibiting the improved separation performance,
Desalination 413 (2017) 176-183.

[158] Zongyao Zhou, Yunxia Hu, Chanhee Boo, Zhongyun Liu, Jingiang Li, Luyao Deng,
Xiaochan An, High-performance thin-film composite membrane with an ultrathin spray-coated
carbon nanotube interlayer, Environ. Sci. Technol. Lett. 5 (2018) 243-248.

66



[159] Xing Wu, Robert W. Field, Jun Jie Wu, Kaisong Zhang, Polyvinylpyrrolidone modified
graphene oxide as a modifier for thin film composite forward osmosis membranes, J. Membr. Sci.
540 (2017) 251-260.

[160] H. R. Chae, J. Lee, C. H. Lee, I. C. Kim, P. K. Park, Graphene oxide-embedded thin-
film composite reverse osmosis membrane with high flux, anti-biofouling, and chlorine resistance,
J. Membr. Sci. 483 (2015) 128-135

[161] T. Sirinupong, W. Youravong, D. Tirawat, W.J. Lau, G.S. Lai, A.F. Ismail, Synthesis
and characterization of thin film composite membranes made of PSF-TiO2/GO nanocomposite
substrate for forward osmosis applications, Arab. J. Chem. 11 (2018) 1144-1153

[162] Y. P. Tang, J. X. Chan, T. S. Chung, M. Weber, C. Staudt, C. Maletzko, Simultaneously
covalent and ionic bridging towards antifouling of GO-imbedded nanocomposite hollow fiber
membranes, J. Mater. Chem. A 3 (2015) 10573-10584

[163] Wei-Song Hung, Chi-Hui Tsou, Manuel De Guzman, Quan-Fu An, Ying-Ling Liu, Ya-
Ming Zhang, Chien-Chieh Hu, Kueir-Rarn Lee, Juin-Yih Lai, Cross-Linking with Diamine
Monomers To Prepare Composite Graphene Oxide-Framework Membranes with Varying d-
Spacing, Chem. Mater. 26 (2014) 2983-2990

[164] F. Zhou, H.N. Tien, W.L. Xu, J.T. Chen, Q. Liu, E. Hicks, M. Fathizadeh, S. Li, M. Yu,
Ultrathin graphene oxide-based hollow fiber membranes with brush-like CO2-philic agent for
highly efficient CO2capture, Nat. Commun. 8 (2017).

[165] R. L. G. Lecaros, G. E. J. Mendoza, W. S. Hung, Q. F. An, A. R. Caparanga, H. A. Tsai,
C.C.Hu, K. R. Lee, J. Y. Lai, Tunable interlayer spacing of composite graphene oxideframework
membrane for acetic acid dehydration, Carbon 123 (2017) 660—667.

[166] Wei-Song Hung, Yu-Hsuan Chiao, Arijit Sengupta, Ya-Wen Lin, S. Ranil
Wickramasinghe, Chien-Chieh Hu, Hui-An Tsai, Kueir-Rarn Lee, Juin-Yih Lai, Tuning the
interlayer spacing of forward osmosis membranes based on ultrathin graphene oxide to achieve
desired performance, Carbon 142 (2019) 337-345.

[167] Y. Wu, H. Zhu, L. Feng, L. Zhang, Effects of polyethylene glycol on the structure and
filtration performance of thin-film PA-Psf composite forward osmosis membranes, Sep. Sci.
Technol. 51 (2016) 862-873.

[168] Y. Yang, X. Gao, Z. Li, Q. Wang, S. Dong, X. Wang, Z. Ma, L. Wang, X. Wang, C.
Gao, Porous membranes in pressure-assisted forward osmosis: Flux behavior and potential
applications, J. Ind. Eng. Chem. 60 (2018) 160-168.

[169] M. Bera, P. Gupta, P.K. Maji, Efficacy of ultra-low loading of amine functionalized
graphene oxide into glycidol-terminated polyurethane for high-performance composite material,
React. Funct. Polym. 139 (2019) 60-74.

67



[170] Alireza Saeedi-Jurkuyeh, Ahmad Jonidi Jafari, Roshanak Rezaei Kalantary, Ali Esrafili,
A novel synthetic thin-film nanocomposite forward osmosis membrane modified by graphene
oxide and polyethylene glycol for heavy metals removal from aqueous solutions, React.
Funct. Polym. 146 (2020) 104397

[171] D. Cohen-Tanugi, J.C. Grossman, Water desalination across nanoporous graphene,
Nano Lett. 12 (2012) 3602-3608.

[172] Y. Chen, C. He, High salt permeation nanofiltration membranes based on NMG assisted
polydopamine coating for dye/salt fractionation, Desalination 413 (2017) 29-39.

[173] P. Wen, Y. Chen, X. Hu, B. Cheng, D. Liu, Y. Zhang, S. Nair, Polyamide thin film
composite nanofiltration membrane modified with acyl chlorided graphene oxide, J. Membr. Sci.
535 (2017) 208-220.

[174] C. Wang, Z. Li, J. Chen, Y. Yin, H. Wu, Structurally stable graphene oxide-based
nanofiltration membranes with bioadhesive polydopamine coating, Appl. Surf. Sci. 427 (2018)
1092-1098.

[175] H.B. Park, J. Kamcev, L.M. Robeson, M. Elimelech, B.D. Freeman, Maximizing the
right stuff: the trade-off between membrane permeability and selectivity, Science 356 (2017) 6343.

[176] H. Choi, A. A. Shah, S.-E. Nam, Y.-I. Park, H. Park, Thin-film composite membranes
comprising ultrathin hydrophilic polydopamine interlayer with graphene oxide for forward
osmosis, Desalination, 449 (2019) 41-49

[177] G. Ye, J. Lee, F. Perreault, M. Elimelech, Controlled architecture of dual-functional
block copolymer brushes on thin-film composite membranes for integrated “defending” and
“attacking” strategies against biofouling, ACS Appl. Mater. Interfaces 7 (2015) 23069-23079.

[178] M. Ben-Sasson, K.R. Zodrow, Q. Genggeng, Y. Kang, E.P. Giannelis, M. Elimelech,
Surface functionalization of thin-film composite membranes with copper nanoparticles for
antimicrobial Surface properties, Environ. Sci. Technol. 48 (2014) 384-393.

[179] Yi Wei, Yushan Zhang, Xueli Gao, Zhun Ma, Xiaojuan Wang, Congjie Gao,
Multilayered graphene oxide membranes for water treatment: A review, Carbon 139 (2018) 964-
981

[180] Cody L. Ritt, Jay R. Werber, Akshay Deshmukh, Menachem Elimelech, Monte Carlo
simulations of framework defects in layered two-dimensional nanomaterial desalination
membranes: implications for permeability and selectivity, Environ. Sci. Technol. 53 (2019) 6214-
6224.

[181] Yaolin Liu, Baoxia Mi, Effects of organic macromolecular conditioning on gypsum
scaling of forward osmosis membranes, J. Membr. Sci. 450 (2014) 153-161

68



[182] Pang, Jia, Zixi Kang, Rongming Wang, Ben Xu, Xinyu Nie, Lili Fan, Fuxin Zhang,
Xinxin Du, Shou Feng, Daofeng Sun, Exploring the sandwich antibacterial membranes based on
UiO-66/graphene oxide for forward osmosis performance, Carbon 144 (2019) 321-332.

[183] Yongzhi Zhang, Kunmei Su, Zhenhuan Li, Graphene oxide composite membranes
cross-linked with urea for enhanced desalting properties, J. Membr. Sci. 563 (2018) 718-725

[184] E. Yang, A.B. Alayande, C. Kim, J. Song, I.S. Kim, Laminar reduced graphene oxide
membrane modified with silver nanoparticle-polydopamine for water/ion separation and
biofouling resistance enhancement, Desalination 426 (2018) 21-31.

[185] M. Hu, S. Zheng, B. Mi, Organic fouling of graphene oxide membranes and its
implications for membrane fouling control in engineered osmosis, Environ. Sci. Technol. 50
(2016) 685-693

[186] H. Liu, H. Wang, X. Zhang, Facile fabrication of freestanding ultrathin reduced
graphene oxide membranes for water purification, Adv. Mater. 27 (2015) 249254.

[187] L. Jin, Z. Wang, S. Zheng, B. Mi, Polyamide-crosslinked graphene oxide membrane for
forward osmosis, J. Membr. Sci. 545 (2018) 11-18

[188] A. Shakeri, H. Salehi, M. Rastgar, Antifouling electrically conductive membrane for
forward osmosis prepared by polyaniline/graphene nanocomposite, J. Water Process. Eng. 32
(2019) 100932.

[189] A. Shakeri, H. Salehi, M. Taghvay Nakhjiri, E. Shakeri, N. Khankeshipour, F. Ghorbani,
Carboxymethylcellulose-quaternary graphene oxide nanocomposite polymer hydrogel as a
biodegradable draw agent for osmotic water treatment process, Cellulose 26 (2019) 1841.

[190] M. Rastgar, A. Bozorg, A. Shakeri, M. Sadrzadeh, Substantially improved antifouling
properties in electro-oxidative graphene laminate forward osmosis membrane, Chem. Eng. Res.
Des. 141 (2019) 413-424.

[191] Youngpil Chun, Dennis Mulcahy, Linda Zou, In S. Kim, A short review of membrane
fouling in forward osmosis processes, Membranes, 7 (2017) 30.

[192] M. Herzberg, M. Elimelech, Biofouling of reverse osmosis membranes: Role of biofilm-
enhanced osmotic pressure, J. Membr. Sci. 295 (2007) 11-20.

[193] B.G. Choi, M. Zhan, K. Shin, S. Lee, S. Hong, Pilot-scale evaluation of FO-RO osmotic
dilution process for treating wastewater from coal-fired power plant integrated with seawater
desalination, J. Membr. Sci. 540 (2017) 78-87.

69



[194] N.M. Mazlan, P. Marchetti, H. Maples, B. Gu, S. Karan, A. Bismarck, A.G.
Livingston,Organic fouling behaviour of structurally and chemically different forward osmosis
membranes — A study of cellulose triacetate and thin film composite membranes, J. Membr. Sci.
520 (2016) 247-261.

[195] G. Blandin, H. Vervoort, P. Le-Clech, A.R. Verliefde, Fouling and cleaning of high
permeability forward osmosis membranes, J. Water Process Eng. 9 (2016) 161-169.

[196] Min Zhan, Gimun Gwak, Byeong Gyu Choi, Seungkwan Hong, Indexing fouling
reversibility in forward osmosis and its implications for sustainable operation of wastewater
reclamation, J. Membr. Sci. 574 (2019) 262-269.

[197] John A. Bush, Johan Vanneste, Emily M. Gustafson, Christopher A. Waechter, David
Jassby, Craig S. Turchi, Tzahi Y. Cath, Prevention and management of silica scaling in membrane
distillation using pH adjustment, J. Membr. Sci. 554 (2018) 366-377

[198] B. Mi, M. Elimelech, Gypsum scaling and cleaning in forward osmosis: measurements
and mechanisms, Environ. Sci. Technol. 44 (2010) 2022-2028

[199] Quang Viet Ly, Yunxia Hu, Jianxin Li, Jinwoo Cho, Jin Hur, Characteristics and
influencing factors of organic fouling in forward osmosis operation for wastewater applications:
A comprehensive review, Environ. Int.129 (2019) 164-184

[200] B. Mi, M. Elimelech, Chemical and physical aspects of organic fouling of forward
osmosis membranes. J. Membr. Sci. 320 (2008) 292-302.

[201] B. Mi, M. Elimelech, Organic fouling of forward osmosis membranes: Fouling
reversibility and cleaning without chemical reagents. J. Membr. Sci. 348 (2010) 337-345

[202] B. Mi, M. Elimelech, Silica scaling and scaling reversibility in forward osmosis.
Desalination 312 (2013) 75-81.

[203] Youngpil Chun, Frangois Zaviska, Sung-Jo Kim, Dennis Mulcahy, Euntae Yang, In S.
Kim, Linda Zou, Fouling characteristics and their implications on cleaning of a FO-RO pilot
process for treating brackish surface water, Desalination 394 (2016) 91-100.

[204] Hongsik Yoon, Youngbin Baek, Jihyun Yu, Jeyong Yoon, Biofouling occurrence
process and its control in the forward osmosis, Desalination 325 (2013) 30-36.

[205] Y. Chun, F. Zaviska, E. Cornelissen, L. Zou, A case study of fouling development and
flux reversibility of treating actual lake water by forward osmosis process, Desalination 357 (2015)
55-64.

[206] Y. Chun, S.-J. Kim, G.J. Millar, D. Mulcahy, L.S. Kim, L. Zou, Forward osmosis as a
pre-treatment for treating coal seam gas associated water: Flux and fouling behaviors. Desalination
403 (2017) 144-152

70



[207] Kerusha Lutchmiah, A.R.D. Verliefde, K. Roest, L.C. Rietveld, E.R. Cornelissen,
Forward osmosis for application in wastewater treatment: A review, Water Res. 58 (2014) 179-
197.

[208] Kerusha Lutchmiah, Danny J.H. Harmsen, Bas A. Wols, Luuk C. Rietveld, Jianjun Qin,
Emile R. Cornelissen, Continuous and discontinuous pressure assisted osmosis (PAO), J. Membr.
Sci. 476 (2015) 182-193.

[209] Ming Xie, Jongho Lee, Long D. Nghiem, Menachem Elimelech, Role of pressure in
organic fouling in forward osmosis and reverse osmosis, J. Membr. Sci. 493 (2015) 748-754.

[210] Fezeh Lotfi, Bijan Samali, Dharma Hagare, Cleaning efficiency of the fouled forward
osmosis membranes under different experimental conditions, J. Environ. Chem. Eng. 6 (2018)
4555-4563.

[211] Minmin Zhang, Qianhong She, Xiaoli Yan, Chuyang Y. Tang, Effect of reverse solute
diffusion on scaling in forward osmosis: A new control strategy by tailoring draw solution
chemistry, Desalination 401 (2017) 230-237.

[212] Young Hoon Cho, Jungim Han, Sungsoo Han, Michael D. Guiver, Ho Bum Park,
Polyamide thin-film composite membranes based on carboxylated polysulfone microporous
support membranes for forward osmosis, J. Membr. Sci. 445 (2013) 220-227.

[213] Anshu Sharma, Sumit Kumar, Balram Tripathi, M. Singh, Y.K. Vijay, Aligned
CNT/Polymer nanocomposite membranes for hydrogen separation, Int. J. Hydrogen Energy 34
(2009) 3977-3982.

[214] Xin Li, Arcadio Sotto, Jiansheng Li, Bart Van der Bruggen,Progress and perspectives
for synthesis of sustainable antifouling composite membranes containing in situ generated
nanoparticles, J. Membr. Sci. 524 (2017) 502-528.

[215] Tzahi Y. Cath, Menachem Elimelech, Jeffrey R. McCutcheon, Robert L. McGinnis,
Andrea Achilli, Daniel Anastasio, Adam R. Brady, Amy E. Childress, Isaac V. Farr, Nathan T.
Hancock, Jason Lampi, Long D. Nghiem, Ming Xie, Ngai Yin Yip, Standard Methodology for
Evaluating Membrane Performance in Osmotically Driven Membrane Processes, Desalination 312
(2013) 31-38.

[216] M. Church, Forward Water demonstration plant begins operations, (2019) [Available
from: https://www.canadianbiomassmagazine.ca/forward-water-demonstration-plant-begins-
operations/.

ok K ok ok ok sk o ok ok ok ok ok 3k o ok oK ok ok ok ok oK oK oK ok ok ok ok K ok oK ok sk ko X

71



	Sudesh Yadav1, Haleema Saleem2, Ibrar Ibrar1, Osamah Naji1, Alaa A. Hawari3, Adnan Alhathal Alanezi4, Syed Javaid Zaidi2*, Ali Altaee1*, John Zhou1
	1: Centre for Green Technology, School of Civil and Environmental Engineering, University of Technology Sydney, 15 Broadway, NSW, 2007, Australia
	2: Center for Advanced Materials (CAM), Qatar University, Doha, Qatar.
	3: Department of Civil and Architectural Engineering, Qatar University, P.O. Box 2713, Doha, Qatar.
	4: Department of Chemical Engineering Technology, College of Technological Studies, The Public Authority for Applied Education and Training (PAAET), P.O. Box 117, Sabah AlSalem 44010, Kuwait
	*Corresponding author email address: ali.altaee@uts.edu.au, szaidi@qu.edu.qa,
	*Corresponding author phone number: +61 295149668, +97444037723
	Abstract
	1. Introduction
	2. Design for FO membranes:
	2.1. Prerequisites of an ideal FO membrane
	2.2. Geometrical categories of FO membranes
	2.3. Membrane materials and chemically modified polymers for FO membranes

	3. Molecular simulation and mechanisms of transport in FO membranes
	4. Different carbon-based nanomaterials used in FO membranes
	4.1 Carbon nanotubes
	4.1.1 Addition of CNT into the active skin layer of TFC membrane
	4.1.2 CNT-coated PA surfaces.
	4.1.3 Nanocomposite substrate
	4.1.3 Nanomaterial interlayer

	4.2 Graphene oxide
	4.2.1 Incorporation of GO into the active skin layer of TFC membrane
	4.2.2 Nanomaterial interlayer
	4.2.3 Surface modification using graphene oxide
	4.2.4 GO membranes - Single and multilayers

	4.3 Graphene
	4.3.1 Graphene laminated membranes
	4.3.2 Stacked graphene membranes


	5. Reversible membrane fouling in the FO process
	5.1 Different types of fouling in FO process
	5.1.1 Organic fouling
	5.1.2 Inorganic scaling
	5.1.3 Biofouling

	5.2 Membrane cleaning strategies

	6.  Challenges and Future scope at industrial scale
	7. References:
	[1]     John Schaum, Mark Cohen, Steven Perry, Richard Artz, Roland Draxler, Jeffrey B. Frithsen, David Heist, Matthew Lorber, Linda Phillips, Screening level assessment of risks due to dioxin emissions from burning oil from the BP Deepwater Horizon G...
	[2]    Johanna Aurell, Brian K. Gullett, Aerostat Sampling of PCDD/PCDF Emissions from the Gulf Oil Spill in Situ Burns, Environ. Sci. Technol. 44 (2010) 9431–9437.
	[3]     Mark A. Shannon, Paul W. Bohn, Menachem Elimelech, John G. Georgiadis, Benito J. Mariñas, Anne M. Mayes, Science and technology for water purification in the coming decades, Nature 452 (2008) 301–310
	[4]     Ben Wang, Weixin Liang, Zhiguang Guo, Weimin Liu, Biomimetic Super-Lyophobic and Super-Lyophilic Materials Applied for Oil/Water Separation: a New Strategy Beyond Nature, Chem. Soc. Rev. 44 (2015) 336-361.
	[5]     Zhongxin Xue, Yingze Cao, Na Liu, Lin Feng, Lei Jiang, Special Wettable Materials for Oil/Water Separation, J. Mater. Chem. A 2 (2014) 2445-2460.
	[6]     M. Mulder, Basic Principles of Membrane Technology, Kluwer Academic Publishers, Enschede, Netherlands, 2000.
	[7]     Y. Yampolskii, I. Pinnau, B.D. Freeman (Eds.), Materials science of membranes for gas and vapor separation, Wiley, Chichester, UK  (2006) 251-270.
	[8]     R.W. Baker, Membrane Technology and Applications (3rd ed.), John Wiley & Sons, Chichester, UK (2012).
	[9]     Jingxin Zhao, Wao Wang, Cuicui Ye, Yongjin Li, Jichun You, Gravity-driven ultrafast separation of water-in-oil emulsion by hierarchically porous electrospun Poly(L-lactide) fabrics, J. Membr. Sci. 563 (2018) 762-767.
	[10]  Antoine Venault, Ching-Hsueh, Chiang, Hsiang-Yu Chang, Wei-Song Hung, Yung Chang, Graphene oxide/PVDF VIPS membranes for switchable, versatile and gravity-driven separation of oil and water, J. Membr. Sci. 565 (2018) 131-144.
	[11]  Farah Ejaz Ahmed, Raed Hashaikeh, Nidal Hilal, Fouling control in reverse osmosis membranes through modification with conductive carbon nanostructures, Desalination 470 (2019) 114118.
	[12]  Xi Zhang, Chang Liu, Jing Yang, Cheng-Ye Zhu, Lin Zhang, Zhi-Kang Xu, Nanofiltration membranes with hydrophobic microfiltration substrates for robust structure stability and high water permeation flux, J. Membr. Sci. 593 (2020) 117444.
	[13]  Xiangde Lin, Jiwoong Heo, Jinkee Hong, Cobweb-inspired DNA-based membranes for multicomponent pollutant-oil-water emulsions separation, Chem. Eng. J. 348 (2018) 870-876.
	[14]  Yang Yang, Aikifa Raza, F. Banat, Kean Wang, The separation of oil in water (O/W) emulsions using polyether sulfone & nitrocellulose microfiltration membranes, J Water Process Eng. 25 (2018) 113-117.
	[15]  Antoine Venault, Chia-Yu Chang, Tai-Chun Tsai, Hsiang-Yu Chang, Denis Bouyer, Kueir-Rarn Lee, Yung Chang, Surface zwitterionization of PVDF VIPS membranes for oil and water separation, J. Membr. Sci. 563 (2018) 54-64.
	[16]  X. Zhao, Y. Su, Y. Liu, Y. Li, Z. Jiang, Free-Standing Graphene Oxide-Palygorskite Nanohybrid Membrane for Oil/Water Separation, ACS Appl. Mater. Interfaces 8 (2016) 8247-8256.
	[17]  B. Y. L. Tan, Z. Liu, P. Gao, M. H. Tai, D. D. Sun, Oil-Water Separation Using a Self-Cleaning Underwater Superoleophobic Micro/Nanowire Hierarchical Nanostructured Membrane,  ChemistrySelect 1 (2016) 1329–1338.
	[18]  R. Etchepare, H. Oliveira, A. Azevedo, J. Rubio, Separation of emulsified crude oil in saline water by dissolved air flotation with micro and nanobubbles, Sep. Purif. Technol. 186 (2017) 326-332.
	[19]  Patchiya Phanthong, Prasert Reubroycharoen, Suwadee Kongparakul, Chanatip Samart, Zhongde Wang, Xiaogang Hao, Abuliti Abudula, Guoqing Guan, Fabrication and evaluation of nanocellulose sponge for oil/water separation, Carbohydr. Polym. 190 (2018...
	[20]  X.C. Gui, J.Q. Wei, K.L. Wang, A.Y. Cao, H.W. Zhu, Y. Jia, Q.K. Shu, D.H. Wu, Carbon nanotube sponges, Adv. Mater. 22 (2010) 617-621.
	[21]  M.B. Bryning, D.E. Milkie, M.F. Islam, L.A. Hough, J.M. Kikkawa, A.G. Yodh, Carbon nanotube aerogels, Adv. Mater. 19 (2007) 661-664.
	[22]  Shuai Zhou, Gazi Hao, Xiang Zhou, Wei Jiang, Tianhe Wang, Ning Zhang, Liuhua Yu, One-pot synthesis of robust superhydrophobic, functionalized graphene/polyurethane sponge for effective continuous oil–water separation, Chem. Eng. J. 302 (2016) 15...
	[23]  Xiaotan Zhang, Dongyan Liu, Yuling Ma, Jing Nie, Guoxin Sui, Super-hydrophobic graphene coated polyurethane (GN@PU) sponge with great oil-water separation performance, Appl. Surf. Sci. 422 (2017) 116-124.
	[24]  X. Ge, W. Yang, J. Wang, D. Long, L. Ling, W. Qiao, Flexible carbon nanofiber sponges for highly efficient and recyclable oil absorption, RSC Adv. 5 (2015) 70025-70031.
	[25]  Y. Liu, J. Ma, T. Wu, X. Wang, G. Huang, Y. Liu, H. Qiu, Y. Li, W. Wang, J. Gao, Cost-effective reduced graphene oxide-coated polyurethane sponge as a highly efficient and reusable oil-absorbent, ACS Appl. Mater. Interfaces 5 (2013) 10018-10026.
	[26]  A. Banerjee, R. Gokhale, S. Bhatnagar, J. Jog, M. Bhardwaj, B. Lefez, B. Hannoyer, S. Ogale, MOF derived porous carbon-Fe3O4 nanocomposite as a high performance, recyclable environmental superadsorbent, J. Mater. Chem. 22 (2012) 19694-19699.
	[27]  J. Yuan, X. Liu, O. Akbulut, J. Hu, S.L. Suib, J. Kong, F. Stellacci, Superwetting nanowire membranes for selective absorption, Nat. Nanotechnol. 3 (2008) 332-336.
	[28]  Jintao Wang, Yian Zheng, Oil/water mixtures and emulsions separation of stearic acid-functionalized sponge fabricated via a facile one-step coating method, Sep. Purif. Technol. 181 (2017) 183-191.
	[29]  Sheng Lei, Zhongqi Shi, Junfei Ou, Fajun Wang, Mingshan Xue, Wen Li, Guanjun Qiao, Xinhai Guan, Jie Zhang, Durable superhydrophobic cotton fabric for oil/water separation, Colloid Surface A. 533 (2017) 249-254.
	[30]  Ali Altaee, Ali Braytee, Graeme J. Millar, Osamah Naji, Energy efficiency of hollow fibre membrane module in the forward osmosis seawater desalination process, J. Membr. Sci.  587 (2019) 117165.
	[31]  Wei Lun Ang, Abdul Wah Mohammad, Daniel Johnson, Nidal Hilal, Forward osmosis research trends in desalination and wastewater treatment: A review of research trends over the past decade, J Water Process Eng. 31 (2019) 100886.
	[32]  Sourav Mondal, Robert W. Field, Jun Jie Wu, Novel approach for sizing forward osmosis membrane systems, J. Membr. Sci.  541 (2017) 321-328.
	[33]  Hasan Salehi, Masoud Rastgar, Alireza Shakeri, Anti-fouling and high water permeable forward osmosis membrane fabricated via layer by layer assembly of chitosan/graphene oxide, Appl. Surf. Sci. 413 (2017) 99–108.
	[34]  Ning Ma, Jing Wei, Rihong Liao, Chuyang Y. Tang, Zeolite-polyamide thin film nanocomposite membranes: Towards enhanced performance for forward osmosis, J. Membr. Sci.  405 (2012) 149–157.
	[35]  Ludovic Dume´e, Judy Lee, Kallista Sears, Blaise Tardy, Mikel Duke, Stephen Gray, Fabrication of thin film composite poly(amide)-carbon-nanotube supported membranes for enhanced performance in osmotically driven desalination systems, J. Membr. S...
	[36]  M. Hu, B. Mi, Enabling graphene oxide nanosheets as water separation membranes, Environ. Sci. Technol. 47 (2013) 3715-3723.
	[37]  Jaewon Jang, Insu Park, Sang-Soo Chee, Jun-Ho Song, Yesol Kang, Chulmin Lee, Woong Lee, Moon-Ho Ham, In S. Kim, Graphene oxide nanocomposite membrane cooperatively cross-linked by monomer and polymer overcoming the trade-off between flux and rej...
	[38]  A. Aher, Y. Cai, M. Majumder, D. Bhattacharyya, Synthesis of graphene oxide membranes and their behavior in water and isopropanol, Carbon 116 (2017) 145-153.
	[39]  Weiyi Li, Yiben Gao, Chuyang Y. Tang, Network modeling for studying the effect of support structure on internal concentration polarization during forward osmosis: Model development and theoretical analysis with FEM, J. Membr. Sci. 379 (2011) 307...
	[40]  N.Y. Yip, A. Tiraferri, W.A. Phillip, J.D. Schiffman, M. Elimelech, High performance thin-film composite forward osmosis membrane, Environ. Sci. Technol. 44  (2010) 3812-3818.
	[41]  Wafa Suwaileh, Daniel Johnson, Saeed Khodabakhshi, Nidal Hilal, Superior cross-linking assisted layer by layer modification of forward osmosis membranes for brackish water desalination, Desalination 463 (2019) 1-12.
	[42]  D. An, L. Yang, T. Wang, B. Liu, Separation Performance of Graphene Oxide Membrane in Aqueous Solution, Ind. Eng. Chem. Res. 55 (2016) 4803–4810.
	[43]  F. Perreault, D.F.A. Fonseca, M. Elimelech, Environmental applications of graphene-based nanomaterials, Chem. Soc. Rev. 44 (2015) 5861–5896.
	[44]  Abhijit Gogoi, K. Anki Reddy, Pranab Mondal, Multilayer Graphene Oxide Membrane in Forward Osmosis: Molecular Insights, ACS Appl. Nano Mater. 9 (2018) 4450-4460.
	[45]  Wen Ma, Tiantian Chen, Santino Nanni, Liuqing Yang, Zhibin Ye, Md. Saifur Rahaman, Zwitterion-Functionalized Graphene Oxide Incorporated Polyamide Membranes with Improved Antifouling Properties, Langmuir 35 (2019) 1513-1525.
	[46]  M. Gamal Khedr, Membrane fouling problems in reverse-osmosis desalination applications, International Desalination and Water Reuse Quarterly 10 (2000): 8-17.
	[47]  C. Jolivalt, S. Brenon, E. Caminade, C. Mougin, M. Pontié, Immobilization of laccase from Trametes versicolor on a modified PVDF microfiltration membrane: characterization of the grafted support and application in removing a phenylurea pesticide...
	[48]  L.X. Gao, A. Rahardianto, H. Gu, P.D. Christofides, Y. Cohen, Novel design and operational control of integrated ultrafiltration — reverse osmosis system with RO concentrate backwash, Desalination 382 (2016) 43-52.
	[49]  Yuri Yampolskii, Polymeric Gas Separation Membranes, Macromolecules 45 (2012) 3298-3311.
	[50]  Naixin Wang, Shulan Ji, Guojun Zhang, Jie Li, Lin Wang, Self-assembly of graphene oxide and polyelectrolyte complex nanohybrid membranes for nanofiltration and pervaporation, Chem. Eng. J. 213 (2012) 318-329.
	[51]  T.Y. Cath, A.E. Childress, M. Elimelech, Forward osmosis: principles, applications, and recent developments, J. Membr. Sci. 281 (2006) 70–87.
	[52]  J.R. McCutcheon, M. Elimelech, Modeling water flux in forward osmosis: implications for improved membrane design, AICHE J. 53 (2007) 1736–1744.
	[53]  A. Tiraferri, Y. N. Yip, P. A. Straub, S. Romero-Vargas Castrillon, M. Elimelech,  A method for the simultaneous determination of transport and structural parameters of forward osmosis membranes, J. Membr. Sci. 444 (2013) 523–538.
	[54]  Na Song, Xueli Gao, Zhun Ma, Xiaojuan Wang, Yi Wei, Congjie Gao, A review of graphene-based separation membrane: Materials, characteristics, preparation and applications, Desalination 437 (2018) 59-72.
	[55]  Anisha Anand, Binesh Unnikrishnan, Ju-Yi Mao, Han-Jia Lin, Chih-Ching Huang, Graphene-based nanofiltration membranes for improving salt rejection, water flux and antifouling–A review, Desalination 429 (2018) 119-133.
	[56]  Luyao Deng, Qun Wang, Xiaochan An, Zhuangzhi Li, Yunxia Hu, Towards enhanced antifouling and flux performances of thin-film composite forward osmosis membrane via constructing a sandwich-like carbon nanotubes-coated support, Desalination 479 (20...
	[57]  C.Y. Tang, Q. She, W.C.L. Lay, R. Wang, A.G. Fane, Coupled effects of internal concentration polarization and fouling on flux behavior of forward osmosis membranes during humic acid filtration, J. Membr. Sci. 354 (2010) 123-133.
	[58]  J.R. McCutcheon, M. Elimelech, Influence of membrane support layer hydrophobicity on water flux in osmotically driven membrane processes, J. Membr. Sci. 318 (2008) 458-466
	[59]  J. Su, Q. Yang, J.F. Teo, T.-S. Chung, Cellulose acetate nanofiltration hollow fiber membranes for forward osmosis processes, J. Membr. Sci. 355 (2010) 36-44.
	[60]  Jin Zhou, Heng-Li He, Fei Sun, Yu Su, Hai-Yin Yu, Jia-Shan Gu, Structural parameters reduction in polyamide forward osmosis membranes via click modification of the polysulfone support, Colloid Surface A. 585 (2020) 124082.
	[61]  Qing Liu, Jingguo Li, Zhengzhong Zhou, Jianping Xie, Jim Yang Lee, Hydrophilic Mineral Coating of Membrane Substrate for Reducing Internal Concentration Polarization (ICP) in Forward Osmosis, Sci. Rep. 6  (2016) 19593
	[62]  Xinfei Fan, Yanming Liu, Xie Quan, A novel reduced graphene oxide/carbon nanotube hollow fiber membrane with high forward osmosis performance, Desalination 451 (2019) 117-124.
	[63]  Yu-Hsuan Chiao, Arijit Sengupta, Shu-Ting Chen, Shu-Hsien Huang, Chien-Chieh Hu, Wei-Song Hung, Yung Chang, Xianghong Qian, S. Ranil Wickramasinghe, Kueir-Rarn Lee, Juin-Yih Lai, Zwitterion augmented polyamide membrane for improved forward osmos...
	[64]  Clare H.Worthley, Kristina T.Constantopoulos, Milena Ginic-Markovic, Elda Markovic, Stephen Clarke, A study into the effect of POSS nanoparticles on cellulose acetate membranes, J. Membr. Sci. 431 (2013) 62-71.
	[65]  Dongzhu Wu, Yang Han, Witopo Salim, Kai K.Chen, Jianxin Li, W.S. Winston Ho, Hydrophilic and morphological modification of nanoporous polyethersulfone substrates for composite membranes in CO2 separation,  J. Membr. Sci. 565 (2018) 439-449.
	[66]  Ambreen Khan, Tauqir A. Sherazi, Yaqoob Khan, Shenghai Li, Syed Ali Raza Naqvi, Zhaoliang Cui, Fabrication and characterization of polysulfone/modified nanocarbon black composite antifouling ultrafiltration membranes, J. Membr. Sci. 554 (2018) 7...
	[67]  Wang Liang, Yang Chenyang, Zhao Bin, Wu Xiaona, Yu Zijun, Zhao Lixiang, Zhang Hongwei, Li Nanwen, Hydrophobic polyacrylonitrile membrane preparation and its use in membrane contactor for CO2 absorption, J. Membr. Sci. 569 (2019) 157-165.
	[68]  Matthias Mertens, Cédric Van Goethem, Marloes Thijs, Guy Koeckelberghs, Crosslinked PVDF-membranes for solvent resistant nanofiltration, J. Membr. Sci. 566 (2018) 223-230.
	[69]  Sudesh Yadav, Khantong Soontarapa, Jyothi M.S., Mahesh Padaki, R. Geetha Balakrishna, Juin-Yih Lai, Supplementing multi-functional groups to polysulfone membranes using Azadirachta indica leaves powder for effective and highly selective acid rec...
	[70]  X. Xu, H. Zhang, M. Yu, Y. Wang, T. Gao, F. Yang, Conductive thin film nanocomposite forward osmosis membrane (TFN-FO) blended with carbon nanoparticles for membrane fouling control, Sci. Total Environ. 697 (2019) 134050.
	[71]  M. Asadollahi, D. Bastani, S.A. Musavi, Enhancement of surface properties and performance of reverse osmosis membranes after surface modification: a review, Desalination 420 (2017) 330-383.
	[72]  M.D. Firouzjaei, S.F. Seyedpour, S.A. Aktij, M. Giagnorio, N. Bazrafshan, A. Mollahosseini, F. Samadi, S. Ahmadalipour, F.D. Firouzjaei, M.R. Esfahani, A. Tiraferri, M. Elliott, M. Sangermano, A. Abdelrasoul, J.R. McCutcheon, M. Sadrzadeh, A.R. ...
	[73]  Q. Liu, G. Qiu, Z. Zhou, J. Li, G.L. Amy, J. Xie, J.Y. Lee, An Effective Design of Electrically Conducting Thin-Film Composite (TFC) Membranes for Bio and Organic Fouling Control in Forward Osmosis (FO), Environ. Sci. Technol. 19 (2016) 10596-10...
	[74]  J. Busalmen, S. De Sanchez, Adhesion of Pseudomonas fluorescens (ATCC 17552) to nonpolarized and polarized thin films of gold, Appl. Environ. Microbiol, 67 (2001) 3188-3194.
	[75]  A. Van der Borden, H. Van der Mei, H. Busscher, Electric block current induced detachment from surgical stainless steel and decreased viability of Staphylococcus epidermidis, Biomaterials 26 (2005) 6731-6735.
	[76]  C. Li, X. Guo, X. Wang, S. Fan, Q. Zhou, H. Shao, W. Hu, C. Li, L. Tong, R.R. Kumar, Membrane fouling mitigation by coupling applied electric field in membrane system: Configuration, mechanism and performance, Electrochimica Acta 287 (2018) 124-...
	[77]  Yinghui Mo, Alberto Tiraferri, Ngai Yin Yip, Atar Adout, Xia Huang, Menachem Elimelech, Improved Antifouling Properties of Polyamide Nanofiltration Membranes by Reducing the Density of Surface Carboxyl Groups., Environ. Sci. Technol. 2012, 46, 2...
	[78]  I. Alsvik, M.-B. Hägg, Pressure Retarded Osmosis and Forward Osmosis Membranes: Materials and Methods, Polymers. 5 (2013) 303–327.
	[79]  P. Cruz-Tato, N. Rivera-Fuentes, M. Flynn, E. Nicolau, Anti-Fouling Electroconductive Forward Osmosis Membranes: Electrochemical and Chemical Properties, ACS Applied Polymer Materials, 1 (2019) 1061-1070.
	[80]  K.Y. Wang, R.C. Ong, T.-S. Chung, Double-Skinned Forward Osmosis Membranes for Reducing Internal Concentration Polarization within the Porous Sublayer, Ind. Eng. Chem. Res. 49 (2010) 4824-4831.
	[81]  S. Zhang, K.Y. Wang, T.-S. Chung, Y. Jean, H. Chen, Molecular design of the cellulose ester-based forward osmosis membranes for desalination, Chem. Eng. Sci. 66 (2011) 2008-2018.
	[82]  W. Fang, R. Wang, S. Chou, L. Setiawan, A.G. Fane, Composite forward osmosis hollow fiber membranes: Integration of RO-and NF-like selective layers to enhance membrane properties of anti-scaling and anti-internal concentration polarization, J. M...
	[83]  S. Qi, C.Q. Qiu, Y. Zhao, C.Y. Tang, Double-skinned forward osmosis membranes based on layer-by-layer assembly—FO performance and fouling behavior, J. Membr. Sci. 405 (2012) 20-29.
	[84]  X. Zhang, M. Xie, Z. Yang, H.-C. Wu, C. Fang, L. Bai, L.-F. Fang, T. Yoshioka, H. Matsuyama, Antifouling Double-Skinned Forward Osmosis Membranes by Constructing Zwitterionic Brush-Decorated MWCNT Ultrathin Films, ACS Appl. Mater. Inter. 11 (201...
	[85]  M. Li, V. Karanikola, X. Zhang, L. Wang, M. Elimelech, A self-standing, support-free membrane for forward osmosis with no internal concentration polarization, Environ. Sci. Technol. Lett. 5 (2018) 266-271.
	[86]  Yang Liu, Sunxiang Zheng, Ping Gu, Andrew J. Ng, Monong Wang, Yangyang Wei, Jeffrey J. Urban, Baoxia Mi, Graphene-polyelectrolyte multilayer membranes with tunable structure and internal charge, Carbon 160 (2020) 219-227
	[87]  S.J. Kwon, S.-H. Park, M.S. Park, J.S. Lee, J.-H. Lee, Highly permeable and mechanically durable forward osmosis membranes prepared using polyethylene lithium ion battery separators, J. Membr. Sci. 544 (2017) 213-220.
	[88]  S.J. Kwon, S.-H. Park, M.G. Shin, M.S. Park, K. Park, S. Hong, H. Park, Y.-I. Park, J.-H. Lee, Fabrication of high performance and durable forward osmosis membranes using mussel-inspired polydopamine-modified polyethylene supports, J. Membr. Sci...
	[89]  H.-C. Yang, J. Hou, V. Chen, Z.-K. Xu, Janus Membranes: Exploring Duality for Advanced Separation, Angew. Chem. Int. Ed.  55 (2016) 13398-13407.
	[90]  S. Zhou, F. Liu, J. Wang, H. Lin, Q. Han, S. Zhao, C.Y. Tang, Janus Membrane with Unparalleled Forward Osmosis Performance, Environ. Sci. Tech. Let. 6 (2019) 79-85.
	[91]  Q. Cheng, M. Li, Y. Zheng, B. Su, S. Wang, L. Jiang, Janus interface materials: superhydrophobic air/solid interface and superoleophobic water/solid interface inspired by a lotus leaf, Soft Matter 7 (2011) 5948-5951.
	[92]  H.-C. Wu, T. Yoshioka, K. Nakagawa, T. Shintani, T. Tsuru, D. Saeki, Y.-R. Chen, K.-L. Tung, H. Matsuyama, Water transport and ion rejection investigation for application of cyclic peptide nanotubes to forward osmosis process: A simulation study...
	[93]  J.N. Itliong, A.R.C. Villagracia, J.L.V. Moreno, K.I.M. Rojas, G.P.O. Bernardo, M.Y. David, R.B. Manrique, A.T. Ubando, A.B. Culaba, A.A.B. Padama, H.L. Ong, J.-S. Chang, W.-H. Chen, H. Kasai, N.B. Arboleda, Investigation of reverse ionic diffus...
	[94]  D. Hofmann, L. Fritz, J. Ulbrich, C. Schepers, M. Böhning, Detailed-atomistic molecular modeling of small molecule diffusion and solution processes in polymeric membrane materials, Macromol. Theory Simul. 9 (2000) 293-327.
	[95]  C. Sun, M. Liu, B. Bai, Molecular simulations on graphene-based membranes, Carbon 153 (2019) 481-494.
	[96]  H. Enggrob, L. Yde, M. Gruber, H. Khandelia, Multi-scale Modeling of Biomimetic Membranes, in: C. Hélix-Nielsen (Ed.) Biomimetic Membranes for Sensor and Separation Applications. Biological and Medical Physics, Biomedical Engineering. Springer, ...
	[97]  J. Heo, L.K. Boateng, J.R.V. Flora, H. Lee, N. Her, Y.-G. Park, Y. Yoon, Comparison of flux behavior and synthetic organic compound removal by forward osmosis and reverse osmosis membranes, J. Membr. Sci. 443 (2013) 69-82.
	[98]  H. Ebro, Y.M. Kim, J.H. Kim, Molecular dynamics simulations in membrane-based water treatment processes: A systematic overview, J. Membr. Sci. 438 (2013) 112-125.
	[99]  D. Savio, Nanoscale phenomena in lubrication: from atomistic simulations to their integration into continuous models, KIT Karlsruhe (2013).
	[100] S. You, J. Lu, C.Y. Tang, X. Wang, Rejection of heavy metals in acidic wastewater by a novel thin-film inorganic forward osmosis membrane, Chem. Eng. J. 320 (2017) 532-538.
	[101] A. Rahimpour, S.F. Seyedpour, S. Aghapour Aktij, M. Dadashi Firouzjaei, A. Zirehpour, A. Arabi Shamsabadi, S. Khoshhal Salestan, M. Jabbari, M. Soroush, Simultaneous Improvement of Antimicrobial, Antifouling, and Transport Properties of Forward ...
	[102] Y. Xiang, Y. Liu, B. Mi, Y. Leng, Molecular Dynamics Simulations of Polyamide Membrane, Calcium Alginate Gel, and Their Interactions in Aqueous Solution, Langmuir 30 (2014) 9098-9106.
	[103]        Y. Xiang, Y. Liu, B. Mi, Y. Leng, Hydrated Polyamide Membrane and Its Interaction with Alginate: A Molecular Dynamics Study, Langmuir, 29 (2013) 11600-11608.
	[104]        A.G. Kalinichev, E. Iskrenova-Tchoukova, W.-Y. Ahn, M.M. Clark, R.J. Kirkpatrick, Effects of Ca2+ on supramolecular aggregation of natural organic matter in aqueous solutions: A comparison of molecular modeling approaches, Geoderma 169 (2...
	[105]        W. Plazinski, W. Rudzinski, Molecular modeling of Ca2+-oligo(α-l-guluronate) complexes: toward the understanding of the junction zone structure in calcium alginate gels, Struct. Chem. 23 (2012) 1409-1415.
	[106]        J. Cannon, D. Kim, S. Maruyama, J. Shiomi, Influence of Ion Size and Charge on Osmosis, J. Phys. Chem. B 116 (2012) 4206-4211.
	[107]        J.-G. Gai, X.-L. Gong, W.-W. Wang, X. Zhang, W.-L. Kang, An ultrafast water transport forward osmosis membrane: porous graphene, J. Mater. Chem. A 2 (2014) 4023-4028.
	[108]        B. Liu, A.W.-K. Law, K. Zhou, Strained single-layer C2N membrane for efficient seawater desalination via forward osmosis: A molecular dynamics study, J. Membr. Sci. 550 (2018) 554-562.
	[109]        X. Zhang, J.-G. Gai, Single-layer graphyne membranes for super-excellent brine separation in forward osmosis, RSC Adv. 5 (2015) 68109-68116.
	[110]        Z. Song, Z. Xu, Ultimate Osmosis Engineered by the Pore Geometry and Functionalization of Carbon Nanostructures, Sci. Rep. 5 (2015) 10597.
	[111]        J.-G. Gai, X.-L. Gong, Zero internal concentration polarization FO membrane: functionalized graphene, J. Mater. Chem. A 2 (2014) 425-429.
	[112]        M. Dahanayaka, B. Liu, Z. Hu, Q.-X. Pei, Z. Chen, A.W.-K. Law, K. Zhou, Graphene membranes with nanoslits for seawater desalination via forward osmosis, Phys. Chem. Chem. Phys. 19 (2017) 30551-30561.
	[113]        E. Yang, C.-M. Kim, J.-h. Song, H. Ki, M.-H. Ham, I.S. Kim, Enhanced desalination performance of forward osmosis membranes based on reduced graphene oxide laminates coated with hydrophilic polydopamine, Carbon 117 (2017) 293-300.
	[114]        A. Gogoi, K. Anki Reddy, P. Mondal, Multilayer Graphene Oxide Membrane in Forward Osmosis: Molecular Insights, ACS Appl. Nano Mater. 1 (2018) 4450-4460.
	[115]        C.H. Park, E. Tocci, E. Fontananova, M.A. Bahattab, S.A. Aljlil, E. Drioli, Mixed matrix membranes containing functionalized multiwalled carbon nanotubes: Mesoscale simulation and experimental approach for optimizing dispersion, J. Membr....
	[116]        M. Revenga, I. Zúñiga, P. Español, Boundary conditions in dissipative particle dynamics, Computer Physics Communications 121–122 (1999) 309–311
	[117]        E. Moeendarbary, T. Ng, M. Zangeneh, Dissipative particle dynamics: introduction, methodology and complex fluid applications—a review, Int. J. Appl. Mech. Eng. 1 (2009) 737-763.
	[118]        Y.-D. He, Y.-H. Tang, X.-L. Wang, Dissipative particle dynamics simulation on the membrane formation of polymer–diluent system via thermally induced phase separation, J. Membr. Sci. 368 (2011) 78-85.
	[119]        P. Español, P.B. Warren, Perspective: Dissipative particle dynamics, J. Chem. Phys. 146 (2017) 150901.
	[120]        Y. Araki, Y. Kobayashi, T. Kawaguchi, T. Kaneko, N. Arai, Water permeation in polymeric membranes: Mechanism and synthetic strategy for water-inhibiting functional polymers, J. Membr. Sci. 564 (2018) 184-192.
	[121]        P. Espanol, P. Warren, Statistical mechanics of dissipative particle dynamics, EPL 30 (1995) 191.
	[122]        P. Hoogerbrugge, J. Koelman, Simulating microscopic hydrodynamic phenomena with dissipative particle dynamics, EPL 19 (1992) 155.
	[123]        P. Espanol, Hydrodynamics from dissipative particle dynamics, ‎Phys. Rev. E 52 (1995) 1734.
	[124]        R.D. Groot, P.B. Warren, Dissipative particle dynamics: Bridging the gap between atomistic and mesoscopic simulation, J. Chem. Phys. 107 (1997) 4423-4435.
	[125]        Tai-Shung Chung, Sui Zhang, Kai Yu Wang, Jincai Su, Ming Ming Ling, Forward osmosis processes: yesterday, today and tomorrow, Desalination 287 (2012) 78-81.
	[126]        Xinglin Lu, Santiago Romero-Vargas Castrillón, Devin L. Shaffer, Jun Ma, Menachem Elimelech, In situ surface chemical modification of thin-film composite forward osmosis membranes for enhanced organic fouling resistance, Environ. Sci. Te...
	[127]        Andreia F. Faria, Caihong Liu, Ming Xie, Francois Perreault, Long D. Nghiem, Jun Ma, Menachem Elimelech, Thin-film composite forward osmosis membranes functionalized with graphene oxide–silver nanocomposites for biofouling control, J. Mem...
	[128]        Wenxuan Xu, Qiaozhen Chen, Qingchun Ge, Recent advances in forward osmosis (FO) membrane: Chemical modifications on membranes for FO processes, Desalination 419 (2017) 101-116.
	[129]        Ya-dan Li, Man-Hong Huang, Dong-Hui Chen, Gang Chen, Fabrication of Carbon Nanotube Membrane for Enhanced Performance in Forward Osmosis Process,  International Conference on Energy, Power and Environmental Engineering ICEPEE (2017)
	[130]        Xiangju Song, Li Wang, Lili Mao, Zhining Wang, Nanocomposite Membrane with Different Carbon Nanotubes Location for Nanofiltration and Forward Osmosis Applications, ACS Sustain. Chem. Eng. 4 (2016) 2990-2997.
	[131]        Zhuang Liu, Wei Wang, Xiaojie Ju, Rui Xie, Liangyin Chu, Graphene-based membranes for molecular and ionic separations in aqueous environments, Chin. J. Chem. 25 (2017) 1598-1605
	[132]        Parisa Sadat Parsamehr, Marzieh Zahed, Maryam Ahmadzadeh Tofighy, Toraj Mohammadi, Mashallah Rezakazemi, Preparation of novel cross-linked graphene oxide membrane for desalination applications using (EDC and NHS)-activated graphene oxide ...
	[133]        Ma Ning, Jing Wei, Rihong Liao, Chuyang Y. Tang, Zeolite-polyamide thin film nanocomposite membranes: Towards enhanced performance for forward osmosis, J. Membr. Sci. 405 (2012) 149-157.
	[134]        Zirehpour, Alireza, Ahmad Rahimpour, Saeed Khoshhal, Mostafa Dadashi Firouzjaei, Ali Asghar Ghoreyshi, The impact of MOF feasibility to improve the desalination performance and antifouling properties of FO membranes, RSC Adv.  6 (2016) 70...
	[135]        Xue, Wenchao, Kaung Ko Ko Sint, Chavalit Ratanatamskul, Piyasan Praserthdam, Kazuo Yamamoto, Binding TiO 2 nanoparticles to forward osmosis membranes via MEMO–PMMA–Br monomer chains for enhanced filtration and antifouling performance, RSC...
	[136]        M. Ghanbari, D. Emadzadeh, W.J. Lau, T. Matsuura, M. Davoody, A.F. Ismail, Super hydrophilic TiO2/HNT nanocomposites as a new approach for fabrication of high performance thin film nanocomposite membranes for FO application, Desalination ...
	[137]        N. Akther, S. Phuntsho, Y. Chen, N. Ghaour, H.K. Shon, Recent advances in nanomaterial-modified polyamide thin-film composite membranes for forward osmosis processes, J. Membr. Sci. 584  (2019) 20–45
	[138]        X. Song, L. Wang, C.Y. Tang, Z. Wang, C. Gao, Fabrication of carbon nanotubes incorporated double-skinned thin film nanocomposite membranes for enhanced separation performance and antifouling capability in forward osmosis process, Desalin...
	[139]        L. Shen, S. Xiong, Y. Wang, Graphene oxide incorporated thin-film composite membranes for forward osmosis applications, Chem. Eng. Sci. 143 (2016)194–205
	[140]        S.S. Eslah, S. Shokrollahzadeh, O.M. Jazani, A. Samimi, Forward osmosis water desalination: Fabrication of graphene oxide-polyamide/polysulfone thin-film nanocomposite membrane with high water flux and low reverse salt diffusion, Separ. S...
	[141]        M. Rastgar, A. Shakeri, A. Bozorg, H. Salehi, V. Saadattalab, Highly-efficient forward osmosis membrane tailored by magnetically responsive graphene oxide/ Fe3O4 nanohybrid, Appl. Surf. Sci. 441 (2018) 923–935.
	[142]        M. Rezaei-DashtArzhandi, M.H. Sarrafzadeh, P.S. Goh, Rezaei-Dasht Arzhandi, W.J., A.F. Ismail, M.A. Mohamed, Development of novel thin film nanocomposite forward osmosis membranes containing halloysite/graphitic carbon nitride nanoparticl...
	[143]        S.F. Seyedpour, A. Rahimpour, A.A. Shamsabadi, M. Soroush, Improved performance and antifouling properties of thin-film composite polyamide membranes modified with nano-sized bactericidal graphene quantum dots for forward osmosis, Chem. E...
	[144]        M. Hegab, A. ElMekawy, T.G. Barclay, A. Michelmore, L. Zou, C.P. Saint, M. Ginic-Markovic, Fine-tuning the surface of forward osmosis membranes via grafting graphene oxide: Performance patterns and biofouling propensity, ACS Appl. Mater. ...
	[145]        A. Soroush, W. Ma, Y. Silvino, M.S. Rahaman, Surface modification of thin film composite forward osmosis membrane by silver-decorated graphene-oxide nanosheets, Environ. Sci.: Nano 2 (2015) 395–405
	[146]        H.M. Hegab, A. ElMekawy, T.G. Barclay, A. Michelmore, L. Zou, C.P. Saint, M. Ginic-Markovic, Effective in-situ chemical surface modification of forward osmosis membranes with polydopamine-induced graphene oxide for biofouling mitigation, ...
	[147]        M. Tian, Y.-N. Wang, R. Wang, Synthesis and characterization of novel high-performance thin film nanocomposite (TFN) FO membranes with nanofibrous substrate reinforced by    functionalized carbon nanotubes, Desalination 370 (2015) 79–86
	[148]        S. Morales-Torres, C.M.P. Esteves, J.L. Figueiredo, A.M.T. Silva, Thin-film composite forward osmosis membranes based on polysulfone supports blended with nanostructured carbon materials, J. Membr. Sci. 520 (2016) 326–336.
	[149]        H.-g. Choi, M. Son, H. Choi, Integrating seawater desalination and wastewater reclamation forward osmosis process using thin-film composite mixed matrix membrane with functionalized carbon nanotube blended polyethersulfone support layer, ...
	[150]        Jia, Yu-xiang, Hai-lan Li, Meng Wang, Lian-ying Wu, Yang-dong Hu, Carbon nanotube: possible candidate for forward osmosis, Sep. Purif. Technol. 75 (2010) 55-60.
	[151]        Amini, Maryam, Mohsen Jahanshahi, Ahmad Rahimpour, Synthesis of novel thin film nanocomposite (TFN) forward osmosis membranes using functionalized multi-walled carbon nanotubes, J. Membr. Sci. 435 (2013) 233-241.
	[152]        Alberto Tiraferri, Chad D. Vecitis, Menachem Elimelech, Covalent binding of single-walled carbon nanotubes to polyamide membranes for antimicrobial surface properties,  ACS Appl. Mater. Interfaces 3 (2011) 2869-2877.
	[153]        Yonghao Li, Yuntao Zhao, Enling Tian, Yiwei Ren, Preparation and characterization of novel forward osmosis membrane incorporated with sulfonated carbon nanotubes, RSC Adv. 8 (2018) 41032-41039.
	[154]        N. Akther, A. Sodiq, A. Giwa, S. Daer, H.A. Arafat, S.W. Hasan, Recent advancements in forward osmosis desalination: a review, Chem. Eng. J. 281, (2015) 502–522.
	[155]        Shiqiang Zou, Ethan D. Smith, Shihong Lin, Stephen M. Martin,  Zhen He, Mitigation of bidirectional solute flux in forward osmosis via membrane surface coating of zwitterion functionalized carbon nanotubes, Environ. Int. 131 (2019) 104970.
	[156]        Hyeon-gyu Choi, Moon Son, Heechul Choi, Integrating seawater desalination and wastewater reclamation forward osmosis process using thin-film composite mixed matrix membrane with functionalized carbon nanotube blended polyethersulfone supp...
	[157]        Xinzhen Zhao, Jing Li, Changkun Liu, A novel TFC-type FO membrane with inserted sublayer of carbon nanotube networks exhibiting the improved separation performance, Desalination 413 (2017) 176-183.
	[158]        Zongyao Zhou, Yunxia Hu, Chanhee Boo, Zhongyun Liu, Jinqiang Li, Luyao Deng, Xiaochan An, High-performance thin-film composite membrane with an ultrathin spray-coated carbon nanotube interlayer,  Environ. Sci. Technol. Lett. 5 (2018) 243...
	[159]        Xing Wu, Robert W. Field, Jun Jie Wu, Kaisong Zhang, Polyvinylpyrrolidone modified graphene oxide as a modifier for thin film composite forward osmosis membranes, J. Membr. Sci. 540 (2017) 251-260.
	[160]        H. R. Chae, J. Lee, C. H. Lee, I. C. Kim, P. K. Park, Graphene oxide-embedded thin-film composite reverse osmosis membrane with high flux, anti-biofouling, and chlorine resistance,  J. Membr. Sci. 483 (2015) 128-135
	[161]        T. Sirinupong, W. Youravong, D. Tirawat, W.J. Lau, G.S. Lai, A.F. Ismail, Synthesis and characterization of thin film composite membranes made of PSF-TiO2/GO nanocomposite substrate for forward osmosis applications, Arab. J. Chem. 11 (201...
	[162]        Y. P. Tang, J. X. Chan, T. S. Chung, M. Weber, C. Staudt, C. Maletzko, Simultaneously covalent and ionic bridging towards antifouling of GO-imbedded nanocomposite hollow fiber membranes, J. Mater. Chem. A 3 (2015) 10573-10584
	[163]        Wei-Song Hung, Chi-Hui Tsou, Manuel De Guzman, Quan-Fu An, Ying-Ling Liu, Ya-Ming Zhang, Chien-Chieh Hu, Kueir-Rarn Lee, Juin-Yih Lai, Cross-Linking with Diamine Monomers To Prepare Composite Graphene Oxide-Framework Membranes with Varyin...
	[164]        F. Zhou, H.N. Tien, W.L. Xu, J.T. Chen, Q. Liu, E. Hicks, M. Fathizadeh, S. Li, M. Yu, Ultrathin graphene oxide-based hollow fiber membranes with brush-like CO2-philic agent for highly efficient CO2capture, Nat. Commun. 8 (2017).
	[165]        R. L. G. Lecaros, G. E. J. Mendoza, W. S. Hung, Q. F. An, A. R. Caparanga, H. A. Tsai, C. C. Hu, K. R. Lee, J. Y. Lai, Tunable interlayer spacing of composite graphene oxideframework membrane for acetic acid dehydration, Carbon 123 (2017)...
	[166]        Wei-Song Hung, Yu-Hsuan Chiao, Arijit Sengupta, Ya-Wen Lin, S. Ranil Wickramasinghe, Chien-Chieh Hu, Hui-An Tsai, Kueir-Rarn Lee, Juin-Yih Lai, Tuning the interlayer spacing of forward osmosis membranes based on ultrathin graphene oxide t...
	[167]        Y. Wu, H. Zhu, L. Feng, L. Zhang, Effects of polyethylene glycol on the structure and filtration performance of thin-film PA-Psf composite forward osmosis membranes, Sep. Sci. Technol. 51 (2016) 862-873.
	[168]        Y. Yang, X. Gao, Z. Li, Q. Wang, S. Dong, X. Wang, Z. Ma, L. Wang, X. Wang, C. Gao, Porous membranes in pressure-assisted forward osmosis: Flux behavior and potential applications, J. Ind. Eng. Chem. 60 (2018) 160-168.
	[169]        M. Bera, P. Gupta, P.K. Maji, Efficacy of ultra-low loading of amine functionalized graphene oxide into glycidol-terminated polyurethane for high-performance composite material, React. Funct. Polym. 139 (2019) 60-74.
	[170]        Alireza Saeedi-Jurkuyeh, Ahmad Jonidi Jafari, Roshanak Rezaei Kalantary, Ali Esrafili, A novel synthetic thin-film nanocomposite forward osmosis membrane modified by graphene oxide and polyethylene glycol for heavy metals removal from aqu...
	[171]        D. Cohen-Tanugi, J.C. Grossman, Water desalination across nanoporous graphene, Nano Lett. 12 (2012) 3602–3608.
	[172]        Y. Chen, C. He, High salt permeation nanofiltration membranes based on NMG assisted polydopamine coating for dye/salt fractionation, Desalination 413 (2017) 29–39.
	[173]        P. Wen, Y. Chen, X. Hu, B. Cheng, D. Liu, Y. Zhang, S. Nair, Polyamide thin film composite nanofiltration membrane modified with acyl chlorided graphene oxide, J. Membr. Sci. 535 (2017) 208–220.
	[174]        C. Wang, Z. Li, J. Chen, Y. Yin, H. Wu, Structurally stable graphene oxide-based nanofiltration membranes with bioadhesive polydopamine coating, Appl. Surf. Sci. 427 (2018) 1092–1098.
	[175]        H.B. Park, J. Kamcev, L.M. Robeson, M. Elimelech, B.D. Freeman, Maximizing the right stuff: the trade-off between membrane permeability and selectivity, Science 356 (2017) 6343.
	[176]        H. Choi, A. A. Shah, S.-E. Nam, Y.-I. Park,  H. Park, Thin-film composite membranes comprising ultrathin hydrophilic polydopamine interlayer with graphene oxide for forward osmosis, Desalination, 449 (2019) 41–49
	[177]        G. Ye, J. Lee, F. Perreault, M. Elimelech, Controlled architecture of dual-functional block copolymer brushes on thin-film composite membranes for integrated “defending” and “attacking” strategies against biofouling, ACS Appl. Mater. Inte...
	[178]        M. Ben-Sasson, K.R. Zodrow, Q. Genggeng, Y. Kang, E.P. Giannelis, M. Elimelech, Surface functionalization of thin-film composite membranes with copper nanoparticles for antimicrobial Surface properties, Environ. Sci. Technol. 48 (2014) 38...
	[179]        Yi Wei, Yushan Zhang, Xueli Gao, Zhun Ma, Xiaojuan Wang, Congjie Gao, Multilayered graphene oxide membranes for water treatment: A review, Carbon 139 (2018) 964-981
	[180]        Cody L. Ritt, Jay R. Werber, Akshay Deshmukh, Menachem Elimelech, Monte Carlo simulations of framework defects in layered two-dimensional nanomaterial desalination membranes: implications for permeability and selectivity,  Environ. Sci. T...
	[181]        Yaolin Liu, Baoxia Mi, Effects of organic macromolecular conditioning on gypsum scaling of forward osmosis membranes, J. Membr. Sci. 450 (2014) 153-161
	[182]        Pang, Jia, Zixi Kang, Rongming Wang, Ben Xu, Xinyu Nie, Lili Fan, Fuxin Zhang, Xinxin Du, Shou Feng, Daofeng Sun, Exploring the sandwich antibacterial membranes based on UiO-66/graphene oxide for forward osmosis performance, Carbon 144 (2...
	[183]        Yongzhi Zhang, Kunmei Su, Zhenhuan Li, Graphene oxide composite membranes cross-linked with urea for enhanced desalting properties, J. Membr. Sci. 563 (2018) 718-725
	[184]        E. Yang, A.B. Alayande, C. Kim, J. Song, I.S. Kim, Laminar reduced graphene oxide membrane modified with silver nanoparticle-polydopamine for water/ion separation and biofouling resistance enhancement, Desalination 426 (2018) 21-31.
	[185]        M. Hu, S. Zheng, B. Mi, Organic fouling of graphene oxide membranes and its implications for membrane fouling control in engineered osmosis, Environ. Sci. Technol. 50 (2016) 685-693
	[186]        H. Liu, H. Wang, X. Zhang, Facile fabrication of freestanding ultrathin reduced graphene oxide membranes for water purification, Adv. Mater. 27 (2015) 249254.
	[187]        L. Jin, Z. Wang, S. Zheng, B. Mi, Polyamide-crosslinked graphene oxide membrane for forward osmosis, J. Membr. Sci. 545 (2018) 11-18
	[188]        A. Shakeri, H. Salehi, M. Rastgar, Antifouling electrically conductive membrane for forward osmosis prepared by polyaniline/graphene nanocomposite, J. Water Process. Eng. 32 (2019) 100932.
	[189]        A. Shakeri, H. Salehi, M. Taghvay Nakhjiri, E. Shakeri, N. Khankeshipour, F. Ghorbani, Carboxymethylcellulose-quaternary graphene oxide nanocomposite polymer hydrogel as a biodegradable draw agent for osmotic water treatment process,  Cel...
	[190]        M. Rastgar, A. Bozorg, A. Shakeri, M. Sadrzadeh, Substantially improved antifouling properties in electro-oxidative graphene laminate forward osmosis membrane, Chem. Eng. Res. Des. 141 (2019) 413-424.
	[191]        Youngpil Chun, Dennis Mulcahy, Linda Zou, In S. Kim, A short review of membrane fouling in forward osmosis processes, Membranes, 7 (2017) 30.
	[192]        M. Herzberg, M. Elimelech, Biofouling of reverse osmosis membranes: Role of biofilm-enhanced osmotic pressure, J. Membr. Sci. 295 (2007) 11–20.
	[193]        B.G. Choi, M. Zhan, K. Shin, S. Lee, S. Hong, Pilot-scale evaluation of FO-RO osmotic dilution process for treating wastewater from coal-fired power plant integrated with seawater desalination, J. Membr. Sci. 540 (2017) 78–87.
	[194]        N.M. Mazlan, P. Marchetti, H. Maples, B. Gu, S. Karan, A. Bismarck, A.G. Livingston,Organic fouling behaviour of structurally and chemically different forward osmosis membranes – A study of cellulose triacetate and thin film composite mem...
	[195]        G. Blandin, H. Vervoort, P. Le-Clech, A.R. Verliefde, Fouling and cleaning of high permeability forward osmosis membranes, J. Water Process Eng. 9 (2016) 161–169.
	[196]        Min Zhan, Gimun Gwak, Byeong Gyu Choi, Seungkwan Hong, Indexing fouling reversibility in forward osmosis and its implications for sustainable operation of wastewater reclamation, J. Membr. Sci. 574 (2019) 262-269.
	[197]        John A. Bush, Johan Vanneste, Emily M. Gustafson, Christopher A. Waechter, David Jassby, Craig S. Turchi, Tzahi Y. Cath, Prevention and management of silica scaling in membrane distillation using pH adjustment, J. Membr. Sci. 554 (2018) 3...
	[198]        B. Mi, M. Elimelech, Gypsum scaling and cleaning in forward osmosis: measurements and mechanisms, Environ. Sci. Technol. 44 (2010) 2022–2028
	[199]        Quang Viet Ly, Yunxia Hu, Jianxin Li, Jinwoo Cho, Jin Hur, Characteristics and influencing factors of organic fouling in forward osmosis operation for wastewater applications: A comprehensive review, Environ. Int.129 (2019) 164-184
	[200]        B. Mi, M. Elimelech, Chemical and physical aspects of organic fouling of forward osmosis membranes. J. Membr. Sci. 320 (2008) 292–302.
	[201]        B. Mi, M. Elimelech, Organic fouling of forward osmosis membranes: Fouling reversibility and cleaning without chemical reagents. J. Membr. Sci. 348 (2010) 337–345
	[202]        B. Mi, M. Elimelech, Silica scaling and scaling reversibility in forward osmosis. Desalination 312 (2013) 75–81.
	[203]        Youngpil Chun, François Zaviska, Sung-Jo Kim, Dennis Mulcahy, Euntae Yang, In S. Kim, Linda Zou, Fouling characteristics and their implications on cleaning of a FO-RO pilot process for treating brackish surface water, Desalination 394 (20...
	[204]        Hongsik Yoon, Youngbin Baek, Jihyun Yu, Jeyong Yoon, Biofouling occurrence process and its control in the forward osmosis, Desalination 325 (2013) 30-36.
	[205]        Y. Chun, F. Zaviska, E. Cornelissen, L. Zou, A case study of fouling development and flux reversibility of treating actual lake water by forward osmosis process, Desalination 357 (2015) 55–64.
	[206]        Y. Chun, S.-J. Kim, G.J. Millar, D. Mulcahy, I.S. Kim, L. Zou, Forward osmosis as a pre-treatment for treating coal seam gas associated water: Flux and fouling behaviors. Desalination 403 (2017) 144–152
	[207]        Kerusha Lutchmiah, A.R.D. Verliefde, K. Roest, L.C. Rietveld, E.R. Cornelissen, Forward osmosis for application in wastewater treatment: A review, Water Res. 58 (2014) 179-197.
	[208]        Kerusha Lutchmiah, Danny J.H. Harmsen, Bas A. Wols, Luuk C. Rietveld,  Jianjun Qin, Emile R. Cornelissen, Continuous and discontinuous pressure assisted osmosis (PAO), J. Membr. Sci. 476 (2015) 182-193.
	[209]        Ming Xie, Jongho Lee, Long D. Nghiem, Menachem Elimelech, Role of pressure in organic fouling in forward osmosis and reverse osmosis, J. Membr. Sci. 493 (2015) 748-754.
	[210]        Fezeh Lotfi, Bijan Samali, Dharma Hagare, Cleaning efficiency of the fouled forward osmosis membranes under different experimental conditions, J. Environ. Chem. Eng. 6 (2018) 4555-4563.
	[211]        Minmin Zhang, Qianhong She, Xiaoli Yan, Chuyang Y. Tang, Effect of reverse solute diffusion on scaling in forward osmosis: A new control strategy by tailoring draw solution chemistry, Desalination 401 (2017) 230-237.
	[212]        Young Hoon Cho, Jungim Han, Sungsoo Han, Michael D. Guiver, Ho Bum Park, Polyamide thin-film composite membranes based on carboxylated polysulfone microporous support membranes for forward osmosis, J. Membr. Sci. 445 (2013) 220-227.
	[213]        Anshu Sharma, Sumit Kumar, Balram Tripathi, M. Singh, Y.K. Vijay, Aligned CNT/Polymer nanocomposite membranes for hydrogen separation, Int. J. Hydrogen Energy 34 (2009) 3977-3982.
	[214]        Xin Li, Arcadio Sotto, Jiansheng Li, Bart Van der Bruggen,Progress and perspectives for synthesis of sustainable antifouling composite membranes containing in situ generated nanoparticles, J. Membr. Sci. 524 (2017) 502-528.
	[215]        Tzahi Y. Cath, Menachem Elimelech, Jeffrey R. McCutcheon, Robert L. McGinnis, Andrea Achilli, Daniel Anastasio, Adam R. Brady, Amy E. Childress, Isaac V. Farr, Nathan T. Hancock, Jason Lampi, Long D. Nghiem, Ming Xie, Ngai Yin Yip, Standa...
	[216]        M. Church, Forward Water demonstration plant begins operations, (2019) [Available from: https://www.canadianbiomassmagazine.ca/forward-water-demonstration-plant-begins-operations/.

