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1 Introduction

Incessant population growth has elevated substantial anxieties on the sustainability of

drinking water [1�4]. In the total global water distribution, only 2.5% is available as

freshwater. Whereas the remaining 97.5% is present as saline water. Further, by 2025 around

1.2 billion people will reside in the water-stressed countries [5]. The drinking of unhygienic

water will cause a variety of diarrheal diseases. Thus, production of drinking water with low

energy consumption is one of the challenging tasks in this recent scenario, as it affects the

nations’ growth and economy. To produce clean water, thermal or membrane-based

desalination technology can be adopted. However, the former technology is highly energy

intensive, which requires 7�14 kWh/m3 for seawater desalination whereas the membrane-

based technology requires only 2�6 kWh/m3 [6�8]. In recent days, reverse osmosis (RO)

membranes have gained remarkable attention toward the production of drinking water from

saline water [9]. The increased efficiency and easy access to the production of clean water

has made RO indispensable in membrane science and technology. Nevertheless, there are

some drawbacks such as membrane fouling and higher operating pressure (above 25 bar)

with less freshwater recovery making the RO membranes less productive [10,11].

Forward osmosis (FO) is evolving as a pretreatment process for RO membrane desalination

in terms of less energy consumption and is also used for some other applications such as

controlled drug release [12], power generation [13], and food processing [14,15]. FO opens

up the venue for the improvement of high water recovery, which will reduce the volume of

desalination brine ultimately. Moreover, the reduced fouling, high water flux, and removal

of various contaminants enhanced the FO membrane practical applicability [16,17]. A

model FO membrane would have the qualities such as high water flux and salt rejection,

chemical stability, high fouling resistance, and mechanical strength [18]. The schematic
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representation of FO desalination process is represented in Fig. 1. Fig. 2 depicts the

growing interest in FO desalination from 1965 to 2018 (by February) and also the

application of FO in a different field. The increased number of publications indicate the

potential use of FO membranes for desalination.

Fig. 1
Schematic representation of FO desalination process.

Fig. 2
The number of publications based on the key phase “desalination by forward osmosis” and the
application of FO in different fields (inset) from the Scopus database as on February 18, 2018.
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In this chapter, efforts have been taken to discuss the usage of different types of membranes

for FO desalination application and their performance enhancement by

suitable modification. In each section, the modifications or developments and challenges

have been highlighted.

2 Forward Osmosis Membranes

The correct choice of the membrane for FO still remains a major challenge for all

researchers. Before the development of RO membranes by Loeb and Sourirajan in the

1960s, several types of membrane materials such as pig’s bladder, porcelain, rubber, and

collodion (nitrocellulose) had been employed. However, since the 1960s, RO membranes

had been explored for FO applications [19]. Based on the preparation method and nature,

the FO membranes can be classified as cellulosic membranes, thin-film composite (TFC),

thin-film nanocomposite (TFN), and mixed matrix membranes.

2.1 Cellulosic Membranes

The green polymer cellulose acetate (CA) was used by Loeb and Sourirajan for the

preparation of asymmetric RO membranes [20,21]. CA derives from the acetylation of

cellulose and as membrane material has many advantages such as comparative

hydrophilicity, which is necessary to improve the water flux and reduce the fouling

tendency, widespread availability, low cost, and mechanical strength. The commercial

cellulose triacetate (CTA) FO membrane, which was developed by Hydration Technologies

Inc. (HTI) exhibited higher water flux than commercial RO membranes. Still, Elimelech

et al. (2006) reported that the water flux was around 80% less than that expected using HTI

membrane [22]. The reason for the reduced water flux was attributed to the internal and

external concentration polarization. The double-skinned CA flat sheet FO membranes with

water flux of 48.2 L/m2 h was reported by Wang et al. [23]. Nonetheless, the reverse solute

flux was high, which holds back its practical applicability. In addition, the degree of

acetylation and pH of the solution affect the CA membrane performances. For instance, the

increase in the degree of acetylation decreases the water flux with increased solute rejection

[24]. Further, at low or higher pH, it undergoes hydrolysis, which increases the pore size

and porosity [25]. Thus the optimum operation pH of this kind of membrane was 4�6 [26].

As a result, the membrane performance in salt rejection was severely affected. Therefore,

there are many reports in the literature for the improvement both of water flux and reduced

reverse solute flux of cellulosic membranes. Nguyen et al. [27] prepared CA/CTA blend FO

membranes, which exhibited higher water flux of 10.39 L/m2 h and reverse solute flux of

0.084 mol NaCl/m2 h [27]. On the other hand, the current market is predominantly

dominated by the polyamide (PA) membranes over cellulosic membranes. Many efforts

have been put forward to improve the PA membrane performances.
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2.2 Polyamide Membranes

The typical TFC FO membrane comprises of top selective PA layer and porous sublayer. The

TFC FO membranes exhibited high rejection to inorganic salt. At the same time, these

membranes were distressed from reduced water flux due to severe internal concentration

polarization (ICP) and increased reverse solute flux. The FO TFC membrane from HTI

comprises of three parts with a whole membrane thickness of around 50 µm. The middle layer

was sandwiched between the thin selective layer and loose supporting layer. The SEM cross-

sectional image is shown in Fig. 3. Although this membrane demonstrated higher rejection of

salt, the water flux was less. In another way, the TFC membranes are prepared using an amine

and acid chloride via interfacial polymerization (IP) process, which was developed by Cadotte

[29]. The first flat sheet TFC FO membranes were prepared by Elimelech’s group using m-

phenylenediamine and trimesoyl chloride on polysulfone (PSF) substrate via IP [30]. It was

indicated that the perfect choice of solvent mixture and polymer composition led to the

formation of mixed finger-like and sponge-like morphologies of the substrate. The properties

of top PA layer and substrate are proven to affect the FO performances. The reverse solute

flux and salt rejection are mainly controlled by the TFC top PA layer. Correspondingly, the

substrate layer enhances the water permeability and affects the ICP. Thus, in recent times

there is much research that has been carried out in terms of the effect of substrate and PA layer

modification to improve the TFC FO membrane performances.

2.2.1 Effect of substrate

The representative PA-TFC FO membrane substrate should have the following

characteristics, such as highly porous, thin, hydrophilicity, low tortuosity, and chemical and

mechanical stability. The most commonly used polymeric materials for preparing PA-TFC

RO substrate are PSF and polyethersulfone (PES) due to their pore size formed during the

Fig. 3
SEM cross-sectional image of HTI FO membrane [28].
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phase inversion falls in the range of ultrafiltration (UF) to nanofiltration (NF) [31].

However, in case of PA-TFC FO membranes, PSF and PES as substrate are not

tremendously used because these are thick, dense, and less hydrophilic in nature. Thus, it

could intensify the ICP and decrease the osmotic driving force. As a result, the water flux

will be less [32]. Therefore, the selection and modification of substrate becomes a vital part,

since it affects the PA-TFC FO membrane performances. Considering the importance of

PA-TFC FO membrane substrate, tailor-made PA-TFC membranes can be prepared.

Recently, electrospun nanofibrous membranes as the substrate are emerging owing to the

fact that they have excellent mechanical strength and large surface-to-volume ratio. The

usage of PSF/polyacrylonitrile (PAN) nanofibers as a substrate for preparing nanofiber-TFC

(NTFC) FO membranes was demonstrated (Fig. 4; [33]). The main advantage of using

nanofibers as substrate was due to their higher porosity, which reduced the contact angle
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Fig. 4
SEM top surface of the (A) PSF/PAN nanofibrous substrate (inset-higher magnification), (B)

NTFC membrane, (C) water flux, and (D) reverse solute flux of TFC and NTFC membrane [33].
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(59.7 degrees) as well. It was understood that the solvent ratio played an important role in

the optimization of substrate morphology. The solvents such as DMF, which has a higher

vapor pressure of 513.28 Pa at 25oC, will evaporate fast during the course of electrospinning.

Consequently, the obtained nanofibers were dry with weak adhesion between the fibers,

which led to the disintegration of fibers from the spinning drum surface. Thus, NMP (vapor

pressure 66.7 Pa at 25oC) was mixed with DMF to diminish the solvent evaporation. The

optimum solvent ratio reported in this work was 50/50 NMP/DMF, which exhibited higher

water flux of 37 L/m2 h and reduced reverse solute flux of 0.32 L/m2 h with nanofiber

average diameter of 250�500 nm. In addition, the FO membrane exhibited reduced ICP,

which was attributed to the higher porosity and reduced tortuosity of the nanofiber substrate.

The surface modification of the substrate is one of the feasible techniques to improve the

PA-TFC FO membrane performances, as the hydrophilic substrates are not commercially

available and very expensive. In the course of IP, the formation of meniscus shape between

the organic and aqueous phase is controlled by the substrate layer hydrophilicity, which

influences the PA-TFC membrane performances [34]. Further, the hydrophilic substrate is

encouraged to use for FO process. This improved substrate hydrophilicity on the surface

and inside the pores can efficiently suppress the ICP [35]. Han et al. modified the PSF

substrate using bioinspired polydopamine (PDA) for preparing PA-TFC FO membranes

(Fig. 5; [36]). The surface hydrophilicity was increased with increasing the PDA coating

Fig. 5
Fabrication of PA-TFC FO membrane using PDA coated PSF substrate [36].

204 Chapter 8



time. The lowest contact angle of 54 degrees was observed after 5 h of the coating. The

increased surface hydrophilicity was ascribed to the penetration of dopamine (DA)

molecules on the pore walls and deposits via self-polymerization. At the same time, the

pore size of the substrate was reduced with an increased contact time of PDA, which

affected the pure water permeability (PWP) of the substrate. Precisely, up to 1 h of PDA

coating, the PWP was increased and started decreasing for the substrates coated for 3 and

5 hours. Besides, the surface roughness was also decreased with increasing PDA contact

time due to the reduced pore size. The surface modified PA-TFC FO membrane revealed

the reduced reverse solute flux. However, the increased time of PDA coating did not

improve the water flux to a greater extent.

The incorporation of nanomaterials in the substrate is another approach to tailor the PA-

TFC FO membrane properties. Tian et al. incorporated silica nanoparticles into

polyetherimide nanofibrous substrate mainly to alleviate the ICP [37]. The as-prepared

TFN FO membrane revealed the water flux of 42 L/m2 h in FO mode and 72 L/m2 h in

PRO mode. The enhanced water flux was ascribed to the presence of silica nanoparticles,

as there was an enhancement in the porosity and pore size of the substrate. The added

silica nanoparticles improved the heat-press resistance of the nanofibrous substrate, which

circumvented the porosity reduction and substrate compaction during heat-press. Addition

of TiO2 nanoparticles in the PSF substrate to fabricate TFN FO membrane was reported

from the Ismail group [38]. The best-performed membrane exhibited the water flux of

18.81 L/m2 h using DI water as feed and 0.5 M NaCl as draw solution (DS) in FO mode.

In addition, the water flux of TFN membrane was reported as 8.1 L/m2 h in FO mode and

13.8 L/m2 h while using seawater as feed and 2 M NaCl as DS. The higher water flux was

attributed to the reduced S value (0.39 mm). However, with 0.9 wt% of TiO2

nanoparticles, the reverse solute flux started increasing. Layered double hydroxide

nanoparticles were used as a nanofiller in the PSF substrate to fabricate the TFN FO

membrane (Fig. 6; [39]). The TFN FO membrane demonstrated the highest water flux of

26.9 L/m2 h as compared with the pristine membrane. The nanoparticles bestowed the

higher surface hydrophilicity and porosity to the PSF substrate. Further, it mitigated the

ICP by decreasing the substrate layer tortuosity through facilitating the formation of

finger-like macrovoids. In another report, reduction of ICP using CaCO3 nanoparticles as

an additive to PSF substrate for the fabrication of TFN FO membrane [40]. As reported,

the water flux and reverse solute flux were increased with the increase of nanoparticle

concentration in PSF substrate in both FO and pressure retarded osmosis (PRO) mode.

However, the structural parameter (S) was decreased to the minimum level of 525 µm,

which is believed to decrease the ICP of TFN FO membrane. The TFN membrane, which

was composed of 10 wt.% of CaCO3 nanoparticles in substrate revealed the water flux of

25.4 L/m2 h in FO mode using DI water as feed and 2 M NaCl as DS. Li et al. [41]

addressed the ICP issue in FO by using the porous PES substrate [18]. The porous
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substrate was prepared by etching the encapsulated silica nanoparticles using hydrofluoric

acid (HF). The water flux was improved after HF etching due to the formation of the

porous and interconnected pore structure of the substrate, which favored the salt back

diffusion in the substrate, and the S value was also decreased after etching. The

schematic representation of silica-templated TFC FO membrane preparation is presented

in Fig. 7.

Fig. 6
TFN membrane with layered double hydroxide nanoparticles in the PSF substrate [39].

Fig. 7
Preparation of silica-templated TFC FO membrane [18].
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2.2.2 Effect of polyamide layer modification

The PA layer in TFC or TFN FO membrane plays an important role in the determination of

salt rejection and fouling resistance. Addition of metal�organic framework (MOF)

encompassing silver (I) and 1, 3, 5-benzene tricarboxylic acid nanocrystals in PA layer to

develop the structural properties and desalination performance of TFN FO membranes was

proposed [42]. The surface hydrophilicity of the TFN membrane increased with the increase

of nanocrystals loading. However, there was no significant change in the surface roughness,

which emphasizes the good compatibility between the added nanocrystals and PA layer.

The highest water permeability of 7.1 L/m2 h bar was observed with 0.08 wt.% MOF

loading, which was 238% higher than the TFC membrane. The increased water

permeability was owing to the influence of nanocrystals in the formation of disturbed

polymer chain packing during IP process. The flux decline during the seawater desalination

was only about 7% for the TFN FO membrane with higher flux recovery of 58%, whereas

the TFC FO membrane exhibited the flux decline of 18% and flux recovery of only 43%.

Addition of TiO2 by Emadzadeh et al. [43] increased the water flux of 26.41 L/m2 h in FO

mode using 10 mM and 0.5 M NaCl as feed and DS [43]. The increase in water flux was

ascribed to the formation of “leaf-like” and “ride and valley” structure on the addition of

the nanoparticles. Nevertheless, a higher concentration of TiO2 decreased the salt rejection

in RO mode due to the agglomeration of nanoparticles. The TFN FO membrane revealed

the reverse solute flux of 0.085 mol/m2 h in FO mode and 0.106 mol/m2 h in PRO mode. It

was also indicated that as-prepared TFN FO membrane demonstrated the increased

antifouling property against organic foulant in the course of FO process with highest water

flux recovery by a simple water wash. The enhanced surface hydrophilicity and negatively

charged membrane surface were helped in increasing the antifouling property of the TFN

membrane.

The two main factors, that is, ICP and microbial fouling in FO, were effectively alleviated

using Ag/AgCl nanocomposite coating [44]. The nanocomposite membrane exhibited the

improved water flux, which was owing to the presence of silver nanoparticles and AgCl.

The nanocomposite formed hydrogen bond with water molecules and Cl2 and the ionic

bond between the Ag1 and water molecules. As a result, the membrane contact angle was

reduced, which contributed to the increased surface hydrophilicity. As the improved

membrane hydrophilicity reduced the water transport resistance across the membrane, ICP

of the FO membrane was decreased to result in the higher water flux. Further, the specific

reverse water flux (Js/Jw) of nanocomposite membrane was less when compared with the

pristine membrane. The antibiofilm ability of nanocomposite membrane was evaluated

using Escherichia coli cells. The formation of biofilms on the membrane surface will lead

to pore blockage and even membrane digestion. The results indicated that the pristine

membrane was fully covered with E. coli cells, whereas only a few colonies of the E. coli
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cells were patterned on the membrane surface, which clearly indicated the antibiofilm

nature of the membrane (Fig. 8).

3 Desalination

Seawater desalination using FO membrane has been recommended since 1965. The typical

FO desalination process consists of osmotic dilution of DS and freshwater production from

the diluted DS. Although several patents have been granted for desalination using FO

[45�50], most of them are not feasible to implement in commercial scale. However, in

recent times, as the commercial FO membranes are available, the desalination of seawater

or brackish water using FO membranes has been invigorated. Recently, FO membrane

performance towards the desalination was improved by modifying both the DS and FO

membranes [51�54].

The FO membrane performance mainly depends on the property of the DS. The ideal DS

should have the following characteristics: Provide high osmotic pressure (higher than the

feed osmotic pressure), be inexpensive and nontoxic, provide easy recovery of the solute,

be stable, and reduce ICP. The osmotic pressure of various DS as a function of

concentration had presented by Cath et al. [19]. Therefore, appropriate selection of DS is

a crucial part of the FO process. In literature various DS such as organic solutes, hybrid

organic and inorganic nanoparticles, inorganic solutes, gas and volatile compounds

are found.

Fig. 8
Antimicrobial property of nanocomposite FO membrane [44].
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In 1965, the usage of a volatile solute such as sulfur dioxide (SO2) in FO was described

[48]. SO2 was mixed to sea or freshwater to prepare the DS with high osmotic pressure.

After the FO separation, the draw solute was removed by heating. Nonetheless, the data

regarding the recovery of solute was not provided. Subsequently, McGinnis demonstrated

the usage of SO2 in combination with KNO3 as draw solute for seawater desalination [55].

The SO2 was recycled by distillation. However, the distillation of SO2 is dangerous, as it is

corrosive, volatile, and highly reactive with both oxidizing and reducing agents.

Later, the major breakthrough was achieved by using two highly soluble gases, such as

ammonia (NH3) and carbon dioxide (CO2) as DS [5,22,56,57]. In the typical process, the

DS was prepared by dissolving an appropriate quantity of NH3 and CO2 in water, which

forms ammonium bicarbonate (NH4HCO3). The as-formed NH4HCO3 salt was a highly

soluble and small molecule, and it could generate high osmotic pressure. It was stated that

the higher average water recovery rate of 64% and low energy consumption of 0.25 kWh/

m3 were obtained by using this DS. Moreover, the recovery of these two gases was

achieved by simple heating to around 60oC, where the NH4HCO3 salt decomposes to NH3

and CO2 gases, which further separated from the water. On the other hand, the complete

removal of NH3 from the water still remains a serious concern. Thus, it may fail to fulfill

the World Health Organization standards of drinking water, typically 1.5 mg/L [58].

To mitigate the above-said problem, usage of switchable polarity solvents (SPS) was

established [59]. In the proposed strategy, the water miscibility and immiscibility of SPS

were altered with CO2. According to Eq. (1) [59], the tertiary amine such as N,N-

dimethylcyclohexylamine was immiscible in water. Conversely, in the presence of CO2, it

becomes miscible by the protonation of a tertiary amine. The 7.6 mol/kg DS exhibited the

osmotic pressure of 325 atm.

NR3
Water immiscible

1CO2 1H2O" HNR1
3

Water miscible

1HCO2
3 (1)

The maximum amount of FO studies had been carried out using inorganic solutes as DS, as

these are nontoxic, low cost, and provide high osmotic pressure and water solubility [60].

The most studied inorganic salts are NaCl, KNO3, and NH4Cl as they exhibited higher

water flux. Still, the usage of such inorganic materials led to severe reverse solute flux and

finally, they should be removed by RO after the dilution of DS, which was highly energy

intensive. To get rid of these difficulties, many types of novel DS have been proposed in

the recent literature. A hybrid FO-NF in closed loop system with Na2SO4 as DS was

suggested by Kim et al. [61] for impaired water treatment. This hybrid system revealed the

lowest operating cost, which was attributed to the lower DS loss and reasonably low cost of

Na2SO4. Moreover, as Na2SO4 can be easily removed from the water by NF, the process

was highly energy efficient. DS containing the mixture of Triton X-100 and Na3PO4 for

mitigating the reverse solute flux during FO was investigated [62]. The results indicated
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that the reverse solute flux of 0.13 g/m2 h was observed for the DS, which contains 0.5 mM

Triton X-100 and 0.55 M Na3PO4. The interaction of a tail hydrophobic group of Triton X-

100 with FO membrane was ascribed to the decreased salt leakage. Further, the solute

recovery was carried out using the two-stage UF-NF system and 98% of solute recovery

was obtained.

A series of organic phosphonate salts (OPSs) used as novel DS in FO for oil�water

separation [63]. The highest water flux of 47�54 L/m2 h was achieved with the negligible

amount of reverse solute flux in PRO mode. Amongst the OPSs, tetraethylenepentamine

heptakis(methylphosphonic) sodium salt demonstrated the higher flux at the concentration

of 0.5 mol/kg. Finally, the solute recovery was attained above 92% via NF. In another

approach, organic salts such as sodium acetate and sodium formate were screened as DS for

FO performances [64]. The DS provided improved water flux and osmotic pressure. Yet,

the water flux and osmotic pressure were improved while using NaCl as an additive to form

the ternary DS mixture. However, the reverse solute flux was increased with increasing the

concentration of NaCl.

Graphene oxide (GO) incorporated PA-TFN membrane was synthesized using PSF as

substrate [65]. It was identified that the surface hydrophilicity was increased with the

addition of GO in the PA layer, which was due to the presence of hydrophilic functional

group such �OH and �COOH on the GO nanosheet. Further, while using the DI water as

feed and 1 M NaCl as DS, the TFN membrane exhibited the water flux of 34.7 L/m2 h in

PRO mode and 14.5 L/m2 h in the FO mode with 0.1 wt.% of GO loading. The reverse

solute flux was reduced up to 39%. Thus, the present TFN membrane is more suitable for

FO applications in PRO mode. More detailed studies on the effect of FO membrane for

improving the desalination performances have been discussed in Sections 2.1 and 2.2.

4 Conclusions and Future Trends

FO membranes have exhibited their versatility in many fields of science and technology.

Especially in the field of wastewater treatment and seawater desalination, FO membranes

play a vital role as an effective alternative to the conventional methods such as NF and RO.

The effective FO membrane should have high water permeability, reduced ICP, stability,

more selectivity, and high mechanical strength. Moreover, the DS must be nontoxic and

able to bestow high osmotic pressure, energy efficient draw solute recovery, and decreased

ICP. In this chapter, we have discussed briefly the several recent advancements in the FO

membrane development and its application for desalination. Nevertheless, there is an urgent

need for the development of both DS and FO membrane to overcome the difficulties in the

moving from laboratory research to the practical applications. Overall, as the FO process is

simple and cost-effective, FO technology will persist to play a vital role in wastewater and

seawater desalination in the future.
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List of Acronyms

CA cellulose acetate

CTA cellulose triacetate

DS draw solution

DMF dimethylformamide

ECP external concentration polarization

FO forward osmosis

IP interfacial polymerization

ICP internal concentration polarization

MPD m-Phenylenediamine

MMM mixed matrix membrane

MOF metal�organic framework

NMP N-methyl-2-pyrrolidone

PA polyamide

PDA polydopamine

PEI polyetherimide

PRO pressure retarded osmosis

PES polyethersulfone

PAN polyacrylonitrile

PSF polysulfone

RO reverse osmosis

TFC thin-film composite

TFN thin-film nanocomposite

TMC trimesoyl chloride
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