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Abstract: Forward osmosis (FO) has become an evolving membrane separation technology to recover
water due to its strong retention capacity, sustainable membrane fouling, etc. Although a good deal
of research has been extensively investigated in the past decades, major challenges still remain as
follows: (1) the novel FO membrane material properties, which significantly influence the fouling
of the FO membranes, the intolerance reverse solute flux (RSF), the high concentration polarization
(CP), and the low permeate flux; (2) novel draw solution preparation and utilization; (3) salinity
build-up in the FO system; (4) the successful implementation of the FO process. This work critically
reviews the last five years’ literature in development of the novel FO membrane material, structure in
modification, and preparation, including comparison and analysis on the traditional and novel draw
solutes coupled with their effects on FO performance; application in wastewater treatment, especially
hybrid system and integrated FO system; fouling mechanism; and cleaning strategy as discussed
in the literature. The current barriers of the research results in each hotspot and the areas that can
be improved are also analyzed in detail. The research hotspots in the research and development of
the novel membrane materials in various countries and regions have been compared in recent years,
and the work of variation in pop research hotspots in the past 10 years has been analyzed and the
ideas that fill the blank gaps also have been proposed.
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1. Introduction

With the growth of population and economy, the water crisis posed by the increasing demand
for water resources and aggravating water pollution has become one of the most serious problems
in the 21st century. In the last decade, a growing number of research and technological efforts
were conducted for wastewater treatment and reuse. Especially, the pressure-driven membrane
technologies such as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse
osmosis (RO) received extensive attention and application in wastewater treatment and seawater
desalination. However, the aforementioned technologies are mainly faced with three major challenges:
high energy consumption due to high pressure, strict pretreatment process, and severe membrane
fouling [1]. Therefore, increasing awareness of potential cost savings from energy consumption
reduction has prompted significant research efforts to develop novel materials and technologies for
wastewater treatment.

In recent years, forward osmosis (FO), as an osmotic pressure-driven membrane process,
demonstrated great application prospects to solve the global challenges of water and energy [2].
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FO is a membrane-based separation process driven by the osmotic pressure difference between the
two sides of the membrane. The water molecules spontaneously diffuse from the lower osmotic
pressure side to the higher side through the semi-permeable membrane without external pressure.
The low osmotic pressure side is referred to as the ‘feed solution’ (FS), which is gradually concentrated.
The high osmotic pressure side is referred to as the draw solution (DS), which is continuously diluted
with the infiltrated water. Finally, clean water is obtained by separating the solute. The process requires
no additional pressure, as opposed to the RO process.

Compared with other membrane technologies, FO has prominence advantages such as high
energy-efficiency, low fouling propensity, high salt rejection, and low brine discharge. First of all, as a
spontaneous infiltration process that does not require additional driven pressure, FO has the potential
for low energy consumption [3]. With the appropriate DS and recycling method, this point will become
the most attractive advantage of FO. However, Shaffer et al. [4] proposed that FO hybrid systems are
energy-efficient only when applied to the desalination of high-salinity feed waters using thermolytic
DS. Secondly, the pore size of FO membrane is only about 0.3–0.5 nm which can guarantee a high
rejection rate of solute and application of desalination [5], heavy metal removal [6], micro-pollutant
(cytostatic drugs, endocrine disruptors, personal care chemicals, etc.) removal [7]. Furthermore,
pretreatment is not required for the treatment of complex wastewater. Another significant advantage
of FO is the low pollution propensity. The membrane fouling is dominated by reversible fouling which
can be restored by simple hydraulic cleaning [8]. This is a significant advantage when FO is applied to
treat brine with high concentration. When seawater is used as a DS, diluted seawater can be directly
discharged into the sea without being concentrated and recycled. After being concentrated, the FS can
be further used to generate energy through anaerobic digestion [9]. Another form of osmosis process,
pressure retarded osmosis (PRO), can convert the osmotic pressure differences between seawater and
freshwater into electrical energy [10].

Despite the inherent advantages and broad application prospects, large-scale commercialization
of the FO process has not been adequately possible due to some obstacles such as regeneration and
separation of draw solutes, concentration polarization (CP) on the feed side, reverse solute diffusion
(RSD), and membrane fouling [11]. Osmosis pressure, which is provided by DS, is the driving force
for mass transport. The type and concentration of DS are important factors affecting the performance
of FO process [12,13]. Besides, to separate the draw solutes, energy-intensive methods—such as
NF, RO, and membrane distillation (MD)—are often integrated with FO. The investment and energy
consumption of the integrated system has become a new problem [3]. Furthermore, CP and RSD are
two significant factors impeding FO performance [14]. The water permeation of the membranes will be
adversely affected due to the reduced osmotic pressure gradient across the active layer resulting from an
increase osmotic pressure on the membrane active layer surface [15,16]. Also due to the concentration
gradient, reverse diffusion of draw solute to the FS seems to be unavoidable [17]. The RSD can not
only reduce the concentration gradient and water flux but also increase CP and membrane fouling.
Additionally, to reduce membrane fouling, researchers have made a lot of efforts in terms of membrane
materials [18], membrane structures, and process combinations [19].

In the paper, the following contents are reviewed: (i) the latest improvement and the defaults
in modification and preparation of FO membrane, the possible suggestions in the FO membrane
preparation perfection; (ii) summary of the traditional draw solute specialties, classifications of the
novel draw solutes discussed in the literatures; (iii) application of FO in wastewater treatment, especially
salinity build-up in the FO system, the success implement of the FO process; (iv) recent developments
on membrane fouling and cleaning strategy.

2. Forward Osmosis Membrane

The membrane plays a substantial role in FO performance. In the early studies, FO researchers
mainly used commercially available RO or NF membranes to study the FO process. However,
RO membranes have a thick hydrophobic support layer resulting in severe CP and poor FO
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performance [20]. Until the 1990s, Hydration Technology Innovation (HTI) started developing
the FO membrane and developed a widely used commercial triacetate cellulose (CTA) membrane with
an asymmetric structure. The active layer is made of triacetate cellulose embedded with a polyester
mesh-type support layer. However, the salt rejection of the CTA membrane is not high and the pH
tolerance range is narrow [21]. In 2010, the first commercial thin-film composite (TFC) membranes were
developed by Oasys Water Inc. Compared with CTA membranes, TFC membranes have higher initial
water flux, higher perm-selectivity, a wider range of pH, and better chemical stability [22]. However,
TFC membranes were also reported to have a higher fouling propensity than CTA membranes due to
high initial water flux, high surface roughness, and strong hydrogen bonding capacity [23–25].

The characteristics of the FO membrane are crucial in the performance of the FO process. High
water flux and solutes rejection are essential for the most ideal FO membrane. The following
characteristics are necessary for ideal TFC-FO membrane which is as shown in Figure 1: (1) The
active layer should be dense and ultra-thin to have a high rejection rate for solute; (2) The support
layer should be thin enough and high mechanical strength; (3) The membrane should have a high
hydrophilicity to increase the water flux, anti-fouling property and CP alleviation; (4) The membrane
should have a wide pH and temperature tolerance and oxidation resistance range.
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In recent years, significant advancements have been made by researchers on novel membrane
materials to increase water flux and solute rejection, reduce internal concentration polarization (ICP)
and RSD, and enhance the tolerance to water quality.

2.1. Membrane Structure and Materials

The ideal TFC-FO membrane should have a high-performance dense active layer and no porous
support layer [21]. In order to provide satisfying mechanical strength since the support layer is essential,
the most existing TFC membranes are prepared into a thicker form with a thick porous support layer.
However, such asymmetric structure always causes severe ICP within the thick support layer, leading
to an obvious loss of osmosis pressure and water flux [26]. As shown in references, differ from external
concentration polarization (ECP), ICP within the support layer cannot be eliminated by enhancing
the cross-flow velocity and turbulence along the membrane surface [27]. Hence, ICP has also been a
rigorous obstacle to the process of FO. To resolve this dilemma, lots of research efforts have been made.

Researchers have made a lot of improvements and attempts around the active layer and support
layer materials in recent five years. Research on the support layer is more focused as it is the place
where ICP happed. Nanomaterials (such as nanofibers and nanocellulose) have proven to be effective
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materials of support layer which can improve membrane structure, reduce ICP and enhance water
flux [28]. Choi et al. [29] blended functionalized carbon nanotube (fCNT) into polyethersulfone (PES)
support layer to enhance hydrophilicity and increased the water flux by 72% compared to that of the
TFC membrane. Pan [30] developed a PA/PAN-eTFC membrane supported by hydrophilic electrospun
PAN nanofiber with a scaffold-like structure. The hydrophilicity, flexibility, and mechanical strength
were all remarkably improved.

To get higher membrane permeability, other materials are also applied to membrane fabrication
nearly. The high water permeability and single selectivity of aquaporin (AQP) promoted researchers to
develop AQP biofilms from different approaches. It is decorated in the active layer forming biomimetic
membranes which has also been widely studied [31].

It is reported that the permeation flux of the biomimetic membrane containing AQP reached up to
6010 L/(h·m2

·MPa) [32]. According to different membrane structures, AQP biomimetic membranes
are mainly divided into two categories: biomimetic membranes supporting double membranes
structure as AQP carriers and biomimetic membrane packaging AQP vesicles. The two types have
the characteristics of AQP carriers with better activity and stronger mechanical strength and stability,
respectively. However, the complex conditions of FS such as temperature, pH and the presence of
chemicals may affect the performance of the aquaporin-based biomimetic membrane.

In Zhao’s study [33], the addition of bovine serum albumin (BSA) in the PA active layer improved
the dissolution-diffusion process of the traditional PA layer by providing the swellable sites as water
channels in aqueous solutions and enhanced the rejection effect on heavy metal ions.

A hydrogel FO membrane is explored for treating wastewaters of high concentration organic
pollutants. This FO membrane has an ultrathin hydrogel selective layer, which is highly hydrophilic
(water contact angle as low as 18◦) and smooth (surface roughness < 5 nm) [34].

Except for organic matters, inorganic materials are also applied to essential FO membranes.
You S et al. [26,35] developed a new kind of thin-film inorganic membrane made of microporous
silica xerogels immobilized onto a stainless steel mesh (SSM) substrate, reaching an average rejection
efficiency of 94% for heavy metals. Water-stable metal-organic framework UiO-66 was explored to
fabricate high-performance mixed-matrix membranes which exhibited a 50% increased water flux
over the commercial membrane [36]. Nanocellulose was decorated silver and platinum nanoparticles
as additive materials to fabricate the support layer of thin film composite (TFC) membranes for
water purification applications [37]. Three times higher water flux than the commercial membrane
was obtained.

A double-skinned membrane structure was designed with a porous support sandwiched between
two rejection skins [38]. One active skin face to the DS to prevent RSD and another to the FS to
prevent the membrane fouling. An anti-fouling double-skinned FO membrane composed with a
fully porous sublayer sandwiched between a highly dense polyamide (PA) layer and a fairly loose
dense bottom zwitterionic layer made up of a zwitterionic polyelectrolyte brush was used for highly
contaminated emulsified oil–water treatment [39]. Much lower fouling propensity and higher water
flux (13.7 ± 0.3 L/m2, 2 M NaCl) were observed compared with the single-skinned membrane.

Bao [40,41] strengthened the rejection of ammonia nitrogen in the wastewater by the surface
grafting of PEI. Studies had shown that the ammonia nitrogen rejection of the TFC membrane was
mainly determined by the primary amino group density of the surface of the grafted membrane,
Bao further enhanced the hydrophilicity and ammonia nitrogen selectivity of the forward osmotic
membrane by surface grafting of PAMAM dendrimer. The terminal primary amino group on the outer
side of the PAMAM molecule could effectively encapsulate the tertiary amine group into the molecule.
The surface with FG-G2 primary amino group had the highest selectivity for ammonia nitrogen, and it
had the best anti-membrane pollution performance in concentrated domestic sewage.

Changing the composition of the membrane material by adding substances could enhance certain
characteristics of the forward osmosis membrane. Some enhanced the hydrophilicity by adding a
hydrophilic substance, to increase the membrane permeability. Some enhanced the contaminant



Water 2020, 12, 107 5 of 27

rejection rate by exploiting a special material as a support layer, and some grafted. These Methods
make the forward osmosis membranes have special functions and have outstanding performance in
special application fields, such as intercepting heavy metals, ionic radii, and ammonium ions with
similar water molecule radius.

2.2. Modifications on FO Membranes

In order to improve membrane properties, membrane modification is proven to be feasible and
effective. Generally, two kinds of modification can be chosen, physical modification and chemical
modification [42].

In the physical modification, membrane composition and structure are changed by adding
hydrophilic materials into either raw material or membrane surfaces without any chemical reaction [43].
Physical modification methods include blending, surface coating, and in-situ interfacial polymerization.

Many researchers have studied physical modification. For instance, Emadzadeh et al. [44]
synthesized thin film nanocomposite membranes by adding modified nanoporous titanate (mNTs)
nanoparticle into polyamide selective layer by in-situ interfacial polymerization. The flux decline of
NM1 (the mNTs concentration of 0.01 wt %) caused by the multi-component (organic and inorganic)
foulant was recorded at 13% that was significantly lower than that of control membrane (53%). In Salehi’s
study [45], zeolite nanoparticles were blended into polyethersulfone (PES) support layer and the water
flux of the resulting membrane was 43% higher than the control TFC membrane (1.93 L/m2 h bar)
with salt rejection recorded at 94.7%. Many other nanomaterials have also been used in blending
methods to modify FO membranes, such as graphene oxide (GO), carbon nanotube [46], titanium
dioxide [47], and silica [35]. These studies confirmed that physical modification can effectively improve
hydrophilicity and porosity of membrane which leads to higher water flux without reducing rejection.

Although the aforementioned studies show that physical modification is conductive to improve
FO membrane performance, the improvement is very limited and added materials are likely to leak
out after the long-term operation. In addition, the RSD may get worse due to the improved porosity.

Comparatively, the chemical modification that is more effective in improving membrane
performance than physical modification receives more attention.

In Liu’s study [48], a progressive substrate membrane surface modification via polydopamine
(PDA) deposition was conducted to improve surface hydrophilicity and anti-fouling property. After
hydraulic cleaning, it demonstrated more than 93.0% of water flux recovery in the AL-DS orientation
after cleaning as well as significantly surpassing the performance over unmodified double-skinned
TFC-Psf-0 (81.7%) and single-skinned TFC-Psf-S (61.7%) under the same testing condition.

Shen et al. [49] modified the nascent TFC membranes by grafting a self-catalyzed tripodal
amine-tris (2-aminoethyl) amine (TAEA) which was conductive to react with acyl chloride groups and
accelerate the amidation reaction between 1, 3, 5-trimesoyl chloride (TMC) and TAEA.

Besides, Xu et al. [42] reviewed the advantages and disadvantages of the chemical modification
methods, typical FO applications of chemically modified FO membranes and challenges in the current
chemical modification approaches.

In the preparation of TFC film, the current literature mainly focused on the modification of
the surface properties of the active layer and its possible contamination mechanism, however,
the mechanism of the influence of the support layer on the surface properties of the active layer was
less studied.

Singh et al. [50] did some research on the effect of pore size in the support layer on the water
permeability flux and salt removal efficiency of the TFC membrane. Kim [51] analyzed the effect of the
hydrophobicity of the support layer on the selectivity of the TFC membrane. Ghosh [52] studied the
relationship between the support layer and the surface topography of the active layer.

Vrijen Hoek et al. [53] found that the “ridge-valley” convex structure on the surface of the
polyamide active layer of TFC, which increased the roughness of the surface of the film and promoted
the formation of membrane fouling. The rough surface structure increased the surface area of the
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membrane, and the contaminants were more likely to adhere. At the same time, the convex structure
was suitable to shield the shearing force of the water, so that the contaminants were not easily removed
by cleaning, and the probability of irreversible pollution was increased.

Ramon et al. [54] analyzed the possible influence mechanism of the support layer on the active
layer pollution characteristics through computer simulation, but lacked experimental data to further
analyze and verify the model.

All of the above studies demonstrated that the surface properties of the support layer of the
positive osmosis membrane have a significant effect on the mass transfer and surface morphology of
the active layer.

In the last six years, the number of research on the development of the FO membrane materials
and the modification of the FO membranes has increased year by year as shown in Figure 2. Among
them, the number of research papers in PRC. Australia was the highest during the year 2014 to 2018,
it was worth noting that the number of Iran studies had gradually increased over the past six years,
from 0 to 14 articles, even the number of research papers exceeded Australia in 2019, which became the
second. In contrast, the number of studies in Singapore had decreased from max 8 to 2.
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Although lots of research on the preparation and modification of FO membrane materials have
been carried out and making breakthroughs in a particular property or specialty, there are still
critical drawbacks in the progress of membrane materials. Among the following characteristics:
high membrane flux; high rejection rate for contaminants in broad category; under the variation
of draw solute, the RSF is lower; the influence of CP is lower; the chemical structure of support
layer is stable and the mechanical strength is satisfied; the pH tolerance of membrane is broad;
the application temperature is wide and the influence of membrane efficiency affected by temperature
is negligible; the preparation materials are widely available, and the preparation process is simple and
the reproducibility is high; the properties of high film formation uniformity and so on. The above novel
membrane materials only have one or several characteristics, while other property levels are generally
or very low so that various application fields of the FO membrane are limited and the industrialization
by mass production is scarce. Therefore, based on the above problems, the development of FO
membrane materials still requires further research and new thoughts.

Currently, the development and commercialization of the FO membranes is mainly occurring in
the USA and Denmark. Especially, the Hydro Technology Innovations (HTI) Company in the USA
started the earliest. Its membranes Sheet samples were most frequently experimented by researchers
worldwide as the FO membrane materials in their studies. The HTI began to apply the FO technology in
NASA, the USA Department of Defense, branches of the USA military, and in aid of relief organizations
around the world in 2002. The draw solute of the application was sugar, and the DS can be directly



Water 2020, 12, 107 7 of 27

utilization by humans for drinking [55]. At the same time, HTI applied in the hydraulic fracturing
industry, which can recover 80% of the drilling wastewater for reuse [56]. In the Water Management
and Reuse Centre of the University of South Australia, a pilot study was conducted based on TFC-FO
of HTI and the DS was recovered by RO [14]. The company Oasys Water in the USA developed
a polyamide TFC membrane in 2008 and pushed it into commercial and engineering applications.
In 2013, an integrated FO system was launched by the Oasys with heat recoverable (NH4)2CO3 and
NH4HCO3 as the draw solutes. Meanwhile, the company used brine as a draw solute for highly saline
water desalination in Permian Basin and Marcellus Shale Project.

In 2017 Oasys Water and Beijing Woteer have partnered to treat and recover the large quantity of
wastewater produced by the Zhongtian Hechuang Energy Corporation, currently the world’s largest
coal-to-olefin project. In order to achieve zero liquid discharge as mandated by regional authorities [57].
Oasys Water’s award-winning ClearFlo Membrane Brine Concentrator (MBCTM) and Beijing Woteer’s
completed pretreatment system work together to process 5760 m3/d of wastewater.

In 2010, the installations of the FO-RO system were completed in Oman and Gibraltar, and a
200 m3/d desalination plant was established in Al Naghdah [55].

In 2015, Aquaporin in Denmark developed the AQP aquaporin membrane and launched a new
hollow fiber FO membrane in 2017. Trevi System Inc. in California was established five pilot-scale in
the US and the Middle East since 2010 to demonstrate the FO system based on the CA membranes [58].
The systems were taken soluble polymers as the DS, and two-stage NF to recovery the DS [1].

Although there are many references on the preparation of the FO membranes in the literature,
currently there are still only a few global FO membrane suppliers, and the products of most companies
are still in the research and development stage, as shown in Table 1. Therefore, the commercialization
and engineering application of the FO membranes still need further development for a long way.

Table 1. List of commercial membrane products.

Company Country Material and Type Configuration Status

Aquaporin A/S (AQP) Denmark Biomimetic aquaporin Hollow fiber and
flat sheet Commercial

Hydration Technology
Innovations (HTI) USA Cellulose tri-acetate TFC Flat sheet Small scale

application

Oasys Water USA TFC Flat sheet Engineering
application

Fluid Technology
Solutions Inc. USA Cellulose tri-acetate Flat sheet Development

Nitto Denko Japan Composite membrane Hollow fiber and
flat sheet Commercial

Woongjin Chemical Co.
Ltd. Korea Composite membrane Hollow fiber and

flat sheet Commercial

Samsung Co. Ltd. Korea Composite membrane Flat sheet Development

3. Draw Solutes of FO

Since the osmotic pressure is the only driving force of the FO process, the choice of the draw
solute is one of the decisive factors that influence the performance of the process. Suitable DS should
have the following characteristics: providing high osmotic pressure, easy accessibility, stable property
and simple, energy-saving recovery methods.

At present, there are many kinds of DS applied in the process of FO, which is generally classified
into inorganic salts, organic polymers, magnetic nanoparticles, hydrogels, and ionic liquids.

3.1. Inorganic Salts

Among inorganic salts, sodium chloride is regarded as the most widely used draw solute because
of its high solubility, high osmotic pressure, low price, wide source, and negligible toxicity [59].
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However, sodium chloride at the same ionic molar concentration has a lower osmotic pressure than
potassium chloride. Second, the low molecular weight of sodium chloride is prone to RO and the
RSF is high, resulting in loss of draw solute in the solution, reduction of osmotic pressure difference,
FS pollution, and others passive effects on the FO process. Third, the sodium chloride solute recovery
methods mainly include distillation, RO, electrodialysis, etc., and the recovery methods consume high
amounts of energy.

Because of the defects of sodium chloride as previously mentioned, which the recovery methods
are energy-consuming, people have successfully developed other draw solutes to overcome the barrier.
Due to its poor thermal stability, it can be decomposed mostly into carbon dioxide and ammonia at
60 ◦C under atmospheric pressure, hence it is easy to acquire fresh water with it as liquid solute. Based
on the above characteristics, it is also widely used in the fields of seawater desalination research and
industrial wastewater treatment.

P. Zhao [60] studied the performance comparison of anion and cation in the FO process of eight
commonly utilized inorganic draw solutes, NaCl, NaNO3, KCl, KNO3, NH4Cl, NH4NO3, CaCl2,
and Ca(NO3)2, respectively.

Jiang et al. [61] used a 4 mol/L (M) ammonium bicarbonate solution as DS to recover freshwater
from the oil sand wastewater. The recovery rate was 85%, and the rejection rate of ion contaminants
reached 80–100%. Oasys Corporation of the United States uses ammonium bicarbonate solution as FO
DS in the development of shale gas in the Permian Basin of the United States to treat petrochemical
wastewater, achieving zero emission of wastewater, and the quality of effluent can meet drinking
water standards.

However, studies have shown that the ammonium ion in ammonium bicarbonate has a small
difference in hydration radius and water molecules, resulting in the interception performance of
the draw solute is undesirable, the RSF is relative intolerable and contaminates the FS, which limits
its applications.

3.2. Organics and Polymers

The organic polymer was also applied as a draw solute in FO processes research. R. E. Kravath and
J. A. Davis [62] proposed glucose and fructose as draw solutes in 1975. The diluted DS can be directly
drank, eliminating the recovery process of the draw solute, reducing energy consumption, and was
widely applied in water recycling usage of the aerospace field. Phuntshon et al. [63] used fertilizer as a
draw solute to treat brackish water. The diluted DS can directly irrigate farmland, eliminating the
need for recovery.

Ge [64] employed 1.0 M oxalic acid complex with the formula of Na-3[Cr(C2O4)(3)] (Na-Cr-OA) as
a draw solute, and recovered fresh water from raw water of high As(III) concentration with 1000 ppm
at 60 ◦C, the relatively high water flux of 28 L/(m2

·h)(LMH) in FO mode and 74 LMH in pressure delay
infiltration (PRO) mode are achieved. Recovery rates of 21.6% (FO mode) and 48.3% (PRO mode) were
also completed within 2 h.

P. Zhao [60] employed a molecular weight of 3,000,000 polyacrylamide as a draw solution to
study the FO performance in different modes, and further applied in dye wastewater treatment. It is
concluded that polyacrylamide can be used as a draw solution for the FO process as it had very high
molecular weight, long molecular chain length, the RSF was very low and almost zero. Polyacrylamide
also had well stability. However, the water solubility of polyacrylamide was poor because of the
molecular structure, especially high molecular weight polyacrylamide, which is gelatinous in aqueous
solution. With other equivalent conditions, the ionic polyacrylamide has a higher osmotic pressure than
the nonionic aqueous solution. However, due to the molecular structure and polarity of polyacrylamide,
the osmotic pressure of the aqueous solution is much lower than that of the inorganic salt aqueous
solution, so the membrane flux is much lower than that with the inorganic salt aqueous solution is
used in FO process.
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3.3. Magnetic Nanoparticles

As the traditional draw solutes cannot meet all requirements—such as low price, wide source,
low concentration, and high osmotic pressure, recycle process easily and energy saving—researchers
have set off a new wave of drivers, a large number of new draw solutes have been investigated and
developed, such as magnetic nanoparticle, hydrogel, ionic liquid, etc.

Mishra [65] utilized polyethylene glycol and polyacrylic acid in contact with metal precursors to
prepare hydrophilic magnetic nanoparticles, which were prepared by polyol and thermal decomposition
process and with higher osmotic pressure and better water dispersion. Chi [66] exploited oleic acid to
modify Fe3O4 magnetic nanoparticles (MNPs) as a draw solute and applied to FO, the recovery rate of
MNPs was up to 85%.

The magnetic nanoparticle (MNPs) RSF is prominent perfect, close to zero. It used in the area
where the RSF requirements are critical strict, such as protein and drug enrichment applications.
Compared with NaCl, MNPs have the poorer water flux and are potential failure to agglomeration.
Although magnetic nanoparticles have these advantages as aforementioned, the preparation process of
MNPs was relatively complicated and the raw material costly, on the other hand, the stability of some
specific MNPs is generally weak and easy to decompose, which cause contamination of the recovered
freshwater and the loss of draw solutes.

3.4. Hydrogels and Ionic Liquids

The hydrogel polymer contains a large number of hydrophilic groups, which helps it to acquire a
good ability to extract fresh water, and the ionic group carried by the hydrogel polymer can provide
a high osmotic pressure. Moreover, the hydrogel polymer can be separated from water with the
alteration of external conditions, e.g., temperature, light, and pressure. Due to the unique structural
characteristics and overall performance, porous hydrogels have become an interesting focus in the
research development of draw solutes in recent years. At present, the main preparation methods can
be classified into freeze-drying porogen, phase separation, template, and interpenetrating polymer
network, etc. Consequently, it becomes a research central issue of new types of DS.

Li [67] prepared sodium polyacrylate (PSA), sodium polyacrylate and sodium N-isopropyl acrylate
copolymer (PSA-PINPAM), polyacrylamide (PAM) and N-isopropyl acrylamide (PNIPAM), and finally
revealed that PSA-PINPAM has the highest water flux and recovery efficiency.

Cai [68] prepared the PSA-PNIPAM and PVA-PINPAM of the semi-interpenetrating network
structure as FO draw solutes. Cai also demonstrated that PVA-PINPAM has higher water flux,
the separation of water and extractant can be achieved by heating, the recovery efficiency is higher at
the same temperature than that of the PSA-PNIPAM.

In recent years, variable polarity solution, zwitterionic material, surfactant solution, etc. have also
been proposed and studied. The characteristics and properties of the draw solute are mentioned and
explained in literature. The types and methods of recovery and the advantages and disadvantages of
various driving agents are also listed in Table 2.
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Table 2. Overview of development and recovery approaches to draw solutes used in FO technology.

Year Researchers Draw Solutes Methods of
Recovery Drawbacks Ref.

2014 Lutchmiah Zwitterionic NF High Energy
Consumption * [69]

2015 Zhang Polyvinyl alcohol(PVA),
Polymeric electro sensitive gel Electric field Energy intensive [70]

2015 Boo Trimethylamine-carbon
dioxide

Heating low
temperature Energy intensive [71]

2015 Zhao Pin Hydrolyzed polyacrylamide Utilization directly Very large viscosity Poor
water flux [72]

2016 Mishra MNPs Magnetic field
recovery

Preparation complicated,
raw material costly [65]

2017 Chi Modify Fe3O4
Magnetic field

recovery
Preparation complicated,

raw material costly [66]

2017 Huang Poly (4-styrenesulfonic
acid-co-maleic acid) sodium NF High energy

consumption [73]

2017 Kim Fertilizer NF High energy
consumption [74]

2017 Li Fertilizer Not studies Not pure water, small
reuse area [12]

2017 Yang Polyacrylic acids sodium
(PAA) with different MWs

Protonated and
Deprotonated by

pH adjustment, MF
Complicated procedures [75]

2017 Yu Sodium alginate grapheme
oxide (SA-GO)

Low-strength
mechanical

compression
Poor water flux [8]

2018 Chen [N-(CH3)4]3[Cr(C2O4)3]
(NMe4-Cr-OA) MD High energy

consumption [76]

2018 Jeongseon Ammonium iodide, salts Heating and
cooling High RSF, toxic, volatile [77]

2019 Wang EDTA-Na-2, MF Toxic [78]

2019 Muhammad

Ammonium sulphate,
potassium hydrogen

phosphate and
Mono-ammonium phosphate

/ High RSF [79]

2019 Kim NaCl(1,2,3 M), glucose NF
Utilization directly

Energy intensive Not
pure water, small reuse

area
[80]

2019 Gimun Monoethanolamine (MEA) MD High energy
consumption [81]

2019 Mattia MgCl2 and Na2SO4 NF High energy
consumption [82]

2019 Zeng Jian
Multi-layer

temperature-responsive
hydrogel

Temperature
change Complicated preparation [83]

2019 R. Lambrechts Fertilizer Utilization directly Not pure water, small
reuse area [84]

* 110–150 KWHM [85].

4. Application in Wastewater Treatment

Although a wide range of applications of FO has been reported, including seawater/brackish water
desalination, wastewater treatment and reuse, food processing and power generation, wastewater
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treatment and reuse attracts more attention [86]. This review mainly discusses the recent advantages
of wastewater treatment.

Recently, research on FO application on wastewater treatment can be divided into two clusters,
(i) FO and FO-based hybrid system and (ii) integrated FO system. In FO and FO-based hybrid systems,
the function of the FO membrane is freshwater recovery and pollutant rejection from FS. Although
another subsequent process is the need for recycling the freshwater from the diluted DS, the FO
is studied independently in the hybrid process. In the integrated FO system, the FO membrane is
usually used to replace the conventional membrane in the bioreactor, such as the FO membrane in
MBR. The role of the membrane is to concentrate the wastewater and enhance the performance of the
modified system.

Therefore, FO has shown broad application prospects in wastewater treatment and reuse, seawater
desalination, resource recovery, and food and medicine manufacturing as shown in Table 3.

Table 3. List of the application of FO in different fields.

Field FS DS Process Performance L/(m2
·h) Ref.

Wastewater
treatment and

reuse

Tannery
wastewater

Tannery
wastewater

0.8 M (mol/L),
NaCl solution FO + NF 52–55 [87]

High-salinity
oil-bearing
wastewater

Oil-bearing
wastewater 3 M NaCl FO 29 [88]

Oil sands tailings
water OSPW

basal
depressurization

water
FO Wastewater volume

decreased > 40%, 3 [89]

Molasses distillery
wastewater

Distillery
wastewater 3 M MgCl2·6H2O / 2.8, Water recovery 70% [50]

Resource
Recovery

P and N recovery
from urine Fresh urine Mg-based

fertilizer DS FO Recovered about 40% of
the P and 50% of the N [90]

Precious metal
recovery

Pd ion waste
solution

Electroless (E’less)
nickel (Ni) waste

solution
FO Concentrated Pd by 17.2

times [91]

Energy recovery Synthetic
wastewater

2 M magnesium
acetate AnOMEBR 0.537 kJ per day positive

energy [19]

Seawater
desalination /

Power plant
wastewater seawater FO + RO 8 ± 1 [46]

Food and
medicine

manufacturing

/
Sucrose and

pectin NaCl, 6 M Ultrasonic +
FO

Mitigated the external
concentration

polarization on feed side,
Enhanced the average

rate of water flux

[92]

/
Sugarcane

juice Sea bittern FO
4-fold concentration of

sucrose was achieved, <
3% sucrose loss.

[93]

/ protein
Superabsorbent
polymer(SAP)

hydrogels
FO

Hydrogels with 8.6 wt %
of epichlorohydrin

crosslinker, Showed
maximum swelling ratios

[94]

4.1. FO and FO-Based Hybrid System

Due to the advantages of FO such as low hydraulic pressure and low energy consumption,
this economically feasible and technically sound technology has been widely investigated in the
application of seawater desalination. Under the osmosis pressure provided by the appropriate
DS, water can be forced through the membrane from seawater to DS. With regeneration methods,
desalinated water can be produced. Similarly, the benefits of FO also work for the treatment of
wastewater with a high concentration of pollutants. The water is drawn from the wastewater leading
to the reduction of wastewater volume. Meanwhile, the pollutants are effectively rejected by the
FO membrane.
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To effectively reduce the volume of wastewater, increasing numbers of studies are focused
on improving FO efficiency. The solute and concentration of DS, pollutant composition of FS and
membrane properties are all factors affecting the FO process efficiency [95]. The driving osmosis
pressure provided by DS is decided by the solute and concentration. The pollutant composition of
FS mainly affects the membrane fouling propensity and the reduction of water flux. The membrane
property is one of the most important factors that influence the FO performance. NaCl is the most
frequently used DS solute which can provide high osmotic pressure. The performance reached
23.4 L/(m2

·h) (LMH) when 1 M NaCl was used as DS to treat simulated radioactive wastewater at
AL-DS [95]. The high flux may contribute to the FS which is 0.5–20 mg/L CoCl2 solution, not the real
wastewater. To treat spent electroless nickel plating baths and recover nickel, a high-performance CTA
FO membrane with a thickness of 50.0 ± 0.5 µm was investigated [96]. Water flux reached 13 LMH and
NiSO4·6H2O crystals occurred in the FS using 5 M NaCl as DS. FO provided a new method to treat
harmful plating solution or wastewater. Also, the FO process showed significant performance in oil
exploitation wastewater treatment which has high viscosity and high salinity [88]. 99% salt and 96% oil
were rejected by the TFC membrane in the optimized operating conditions (cross-flow velocity 15 cm/s,
3 M NaCl solution as the DS and temperature was 25 ◦C). FO technology was proved to be feasible for
the oilfield produced wastewater from polymer flooding with the oil concentration ranging from 100
to 700 mg/L. Furthermore, simultaneous water reuse from wastewater and the production of nutrient
solution for hydroponic applications were achieved through the FDFO process [97]. Ammonium
sulfates showed a high water recovery rate, up to 76% after 4 days of operation. Other applications
of the FO process on wastewater treatment were tested to concentrate sugarcane molasses distillery
wastewater [50] and digester centrate [98].

The solute of DS can be recovered through other post-treatment processes. In Ashley’s review,
the post-treatment technologies were divided into three kinds: pressure driven RO or NF, thermally
driven MD and electrically driven ED [99]. FO + NF hybrid system was studied for the treatment of
tannery wastewater where the high flux (52 LMH) and rejection (98.5% of COD, 97.2% of chlorides
and 98.2% ofsulfate) were achieved [87]. The diluted DS was dewatered through NF with a NaCl
rejection of 98.5%. In the FO + RO hybrid process for coal-fired power plant wastewater treatment
and reuse, seawater after UF was used as DS [46]. The average water flux of the pilot FO process
was 10.6 ± 0.1 LMH during the summer which was 30% greater than that during winter. Notably,
the total energy consumption of the FO + RO hybrid system was 15% less than that of a typical
seawater desalination RO process. To treat high salinity hazardous waste landfill leachate, a vapor
pressure driving FO-MD process were investigated [100]. The FO rejection rates of TOC, TN and
NH4

+-N were 92.04%, 94.07%, and 97.99%. Meantime, high rejection rates of heavy metal ions could
be obtained by the MD process. The combination of the advantages of these two processes guaranteed
the high quality effluent of the FO-MD hybrid system. Similar performance could also be seen in the
application of dairy wastewater and grain possessing wastewater treatment [101,102]. As an alternative
membrane technology, electrodialysis (ED) is a membrane-based separation process in which ions
across ion-selective membranes under an electric field [103]. Since ED can only remove ionized species,
it is typically used to desalinate high-salinity seawater or wastewater. Zou and He [104] demonstrated
the feasibility of the FDFO-ED hybrid system for wastewater reuse and mitigation of salinity buildup
on the feed side. 96.6 ± 3.0% reverse-fluxed DAP in FO was successfully recovered under 3.0 V 1-h
daily operation. The overview of FO and FO based hybrid system pilot application was showed in
Table 4.

It was shown that most of the projects still used brine or sodium chloride as the DS, which may
be due to the higher osmotic pressure of the DS at the same quality and available easily and widely.
The permeate flux was also comparably ranging from 4.65 LMH-17LMH. In Project 9, applying a
pressure of 1.6 bar on the feed water side could reach a maximum flux of 52 LMH. Many types of
wastewater treated in the FO projects were listed, including domestic sewage, industrial wastewater,
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landfill leachate, and so on. The status demonstrated that the FO process can be applied in a wide
range of situations and achieve promising results.

Table 4. Overview of FO and FO based hybrid system pilot application.

NO. Process DS Membrane FS Performance Ref.

1 FO 3 M MgCl2·6H2O TFC membrane
from Aquaporin

Sugarcane
molasses distillery

wastewater
7.6 LMH [50]

2 FO fertilizer chemicals
TFC membrane
from Toray Inst.

Inc.

Municipal
wastewater 13.2–21.1 LMH [97]

3 FO 5 M NaCl CTA membrane
Spent electroless

nickel plating
baths

13 LMH [96]

4 FO 1 M NaCl TFC membrane
from HTI

Simulated
radioactive
wastewater

23.4 ± 2.5 LMH [95]

5 FO 3 M NaCl TFC membrane HSOB wastewater 29 LMH, 99% salt and
96% oil rejection rate [88]

6 FO BDW CTA membrane
from HTI OSPW 40% of OSPW volume

reduced [89]

7 FO 10% NaCl TFC membrane
from HTI

Coal gasification
wastewater 17 LMH [105]

8 FO seawater TFC membrane
from Porifera Digester centrate 5 LMH [98]

9 FO + NF 0.8 M NaCl
TFC membrane

from
sepromembranes

Tannery
wastewater

52 LMH at 1.6 bar
pressure, rejection

(98.5% of COD, 97.2% of
chlorides and 98.2% of

sulphate)

[87]

10 FO-RO Seawater after UF

an active PA layer
with an

embedded,
polyester mesh

support(PFO-100
from Hayward)

Coal-fired power
plant wastewater

Average water flux 10.6
± 0.1 LMH [46]

11 FO + MD 4.82 M NaCl TFC membrane
from HTI Landfill leachate 4.65 LMH [100]

12 FO + MD NaCl CTA membrane
from HTI Dairy wastewater 9.79 LMH [101]

13 FO + MD 20% TDS hypersaline
brine

Aquaporin flat
sheet membrane
from Sterlitech

Grain possessing
wastewater 15 LMH [102]

14 FDFO +
ED 1 M DAP CTA membrane

from HTI

Treated
wastewater
(secondary

effluent)

151.3 mL water
recovery on the first day [104]

4.2. Integrated FO System

The integrated FO system is constituted of FO membrane and membrane-based biological
wastewater treatment technology. The integrated FO system include osmotic microbial fuel cell
(OsMFC) and osmotic membrane bioreactor (OMBR). Recent literature have elucidated the integration of
osmosis in MFC and MBR for simultaneous recovery of osmotic water, the concentration of wastewater,
and the improvement of effluent quality through the application of the FO membrane [106,107].
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4.2.1. OsMFC

MFC is one of the most economical alternative solutions for clean energy production by digesting
biodegradable organics present in wastewater [108]. A proton exchange membrane is placed between
anode and cathode. The produced protons in the anode chamber are forced to migrate to the cathode
surface under the proton motive force throughout the membrane [109]. Despite the high potential to
recover clean energy, further development of MFC is hurdled by the low potential to produce high
quality effluent and low electricity production [110]. Therefore, given the distinct advantages of high
rejection, low fouling propensity, and low energy consumption, FO is integrated with MFC to achieve
benefits on wastewater treatment, freshwater extraction and clean energy recovery, and the proton
exchange membrane is replaced by the FO membrane here.

4.2.2. OMBR

Membrane bioreactor (MBR), which has been used for over 50 years, is an integration of membrane
process for solid liquid separation and conventional activated sludge wastewater treatment. Flat or
hollow fiber MF and UF are commonly used membranes in MBR.

Besha et al. [111] reviewed the advantages of MBR compared with conventional activated sludge
process including high effluent quality, decreased reactor volume, elevated solid retention time (SRT)
and high MLSS, low sludge yield, and easier operation.

However, there are still some restrictions associated with this widely used technology including
membrane fouling, high energy consumption and low removal efficiency of poorly biodegradable
micropollutants like diclofenac, atrazine, and carbamazepine [112–115]. For high quality effluent,
a novel MBR—named osmosis membrane bioreactor (OMBR)—has been developed and widely
studied to promote wastewater treatment and reuse. In OMBR, FO membrane module is displaced
in the wastewater. Combined with biological treatment, water from the mixed liquor is forced to
transfer through the semipermeable membrane to the draw side under the osmotic pressure gradient.
The pollutants, activated sludge and solids are all rejected by the membrane. The superior performance
of OMBR over conventional MBR has been demonstrated in previous research [116,117].

However, OMBR still has some deficiencies, such as salinity accumulation and FO membrane
fouling. The salinity accumulation is mainly caused by the high retention efficiency of the FO membrane
to the FS and the RSF. The salinity accumulation of the OMBR system will reduce the water flux
of the FO membrane, aggravates the membrane fouling, and affects the organism activities of the
activated sludge. Therefore, reducing salinity accumulation is critical for the OMBR system. In order
to alleviate the salinity issue, one of the most common methods is to discharge the high salinity liquid,
it means that to reduce the sludge residence time (SRT). Therefore, a short SRT helps to alleviate the
accumulation of salinity. The SRT will correspondingly reduce the sludge concentration (MLSS) and
affect the system operation. Therefore, the contradiction between ease of salinity accumulation and
acquisition of proper concentration of biomass remains a bottleneck obstacle.

Zhu Wenjun [107] utilized an integrated UF or MF membrane system in the OMBR system to
remove the soluble inorganic salts in the reactor. This process has a longer SRT than the traditional
OMBR system, so a higher sludge concentration can be obtained. Recent integrated FO systems
mentioned in references were listed in Table 5.
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Table 5. List of recent integrated FO system mentioned in references.

NO. Process Purpose DS Membrane FS Performance Ref.

1 OsMFC Improve bioenergy
and water recovery

Seawater,
35 ± 2 g/L

NaCl

CTA membrane
from HTI

Domestic
wastewater

Maximum power density of
28.90 W /m3 NCC and 363 ±

8% of COD removal
[110]

2 OsMFC Ammonium
removal

35 g/L
NaCl

TFC membrane
from HTI

Synthetic
wastewater

55.2 ± 6.5% higher
ammonium removal [106]

3 MFC + FO
Enhance

Bio-electricity and
water recovery

0.5 M
NaCl

PES membrane
from Aquaporin

Synthetic
wastewater

Maximum power density of
4.38 W/m3 and 97% organic

matters removal
[118]

4 OMBR / 1 M MgCl2
CTA membrane

from HTI

Synthetic
dyeing

wastewater
99.4 ± 0.1% COD removal [9]

5 MF-OMBR Remove silver
nanoparticles 1 M NaCl TFC membrane

from HTI
Simulated
wastewater

More than 95% Ag NPs
removal, 98% TOC removal,

6.5 LMH (s),
[119]

6 MF-OMBR Increase sludge
concentrations

0.5 M
NaCl

TFC membrane
from HTI

Synthetic
wastewater

Low salinity, high MLSS
concentration, 9.67 LMH [107]

7 FO + AB

Concentrated the
organics in
domestic

wastewater to
10-fold

2.2 M
MgCl2

TFC membrane
from HTI

Domestic
wastewater

Enhanced VFA production by
7% for secondary sludge and

by 35% for A-sludge
[120]

8 UF + FO +
MD

Treated oily water
and utilization its
high salinity and

temperature

Sanitary
sewage

Ceramic membrane
+ HTI FO

membrane + MD
Oily water

96.4% oil recovered by UF
and FO-MD utilization

membrane flux decline rate
of 17.2% and 19.5%.

[121]

4.3. Process Economics

During the operation of the FO process, the filtration process does not require external pressure,
but the operating cost of the process cannot be ignored, especially the cost of the energy consumption
of the DS recovery and regeneration.

Jasmina [122] employed three DS with equivalent permeate fluxes, 0.6 M NaCl, blue dye mixture,
and green dye mixture to process the textile wastewater. NaCl-DS was recovered and regenerated by
traditional RO. The diluted DS blue dye mixture and green dye mixture can be utilized as the raw
materials in other stages of the dyeing process. The research was conducted the varieties analysis cost
of the system based on 90 m3/d wastewater under three scenarios, including the cost of the FO and the
RO membrane materials, which was purchased through amortizations calculations as an interest rate
of 5.3% and the service life of the membrane was calculated as five years, the electricity cost of the FO
and RO pump, and the DS replenishment cost. The total cost was calculated as 0.37 €/m3, 0.46 €/m3,
and 0.35 €/m3. The results showed that although the cost of NaCl-RO scenario was the least, the system
using dye mixture as DS produced 50% less sewage discharged to the municipal sewage treatment
plant than NaCl-DS. This part of the effluent can be used in the dye solution preparation process
or utilized as washing water for flushing toilets and machines. Additionally, tap water is 0.47 €/m3

currently, and with the aggravation of shortage of water resources, the price will very likely continue
to increase in the future. From the perspective of the comprehensive utilization of resources and
economic analysis, the FO system with blue dye mixture as DS was the most economic and proposed
as the conclusion from the study.

Federico [90,123] exploited a FO process to recover phosphorus, nitrogen, and other substances
from human urine with Mg(NO3)2·6H2O as DS. The urine was concentrated and reclaimed as N
(2.24 AUD/kg) with the recovery rate of 50%, meanwhile the concentrated PO4

3- and the RSD Mg2+

could be recovered as struvite. As a result, the recovery rate was up to 93% of P by adding Mg2+, which
is 2.4 AUD/kg with the price. The operating cost and capital cost were analyzed, and the benchmark
revenue products were fixed as urea and struvite, including the theoretical cost savings of reducing
the load for downstream sewage treatment plants. In addition, economic analysis included the cycle
return research based on the investment of different FO flux.
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In the calculation of capital cost, it was assumed that the processing capacity was as 10 m3/d of
urine, the equipment utilization rate was 0.95, the annual interest rate was 6%, and the efficiency of
the pump was 85%. The operating cost of electricity was 0.29 KWHM USD under the assumption.
The largest component of the operating cost was the replacement of the FO membrane material,
which reached $1000/element. The researchers studied the return benefits based on three scenarios of
different FO membrane flux (4.2 LMH, 6.5 LMH, and 8 LMH) with 1 year of the plant construction time.
The higher the flux, the shorter the economic income return period and the greater the return rate.
However, the flux was 4.2 LMH, exclusive of the N and P saving recovery, the investment return was
scarcely achieved. On the other hand, with consideration of the returns of N and P saving recovery,
the return revenue could increase exponentially over time. Hence the return period is the shortest and
the return revenue was the highest with the FO flux of 8 LMH.

Sergi [124] used the FO-RO-AnMBR process to desalinate seawater compared to the traditional
seawater RO process in three scenarios: (A) open-loop system; (B) open-loop system, RO recovery at
45%; (C) closed-loop system, RO was established by the osmotic pressure of the synthetic draw solution.
These scenarios were analyzed under three FO recovery rates (50%, 80%, 90%), and the economic
benefits were considered. The flux with the solution-diffusion model was calculated. The pump
efficiency was calculated as 85%, the FO consumption was 0.3875 KWHM−3. The study found that
chemical cleaning accounted for the highest cost. With the recovery rates of 50%, 80%, and 90% (the FO
flux was 7.86 LMH, 5.9 LMH, 3.98 LMH) the total costs were 45%, 41%, 41%, respectively. Meanwhile,
the higher the recovery rate, the lower the energy consumption cost. The 90% recovery rate accounted
for 14% of the energy consumption cost, which is much lower than the 50% recovery rate of 19% and
80% recovery rate of 17%. The lowest total cost was 0.81 €/m3 at 50% FO recovery rate, and 1.01 and
1.27 €/ m3 at 80% and 90% recovery rates, respectively.

The following proposals could be acquired from the research previously mentioned:
A. In terms of capital cost, the FO-RO system is usually higher than the traditional seawater

RO process. This is mainly due to the higher input cost and replacement cost of the FO membrane
material. However, in the subsequent operation energy consumption, the FO-RO system will show
huge advantages, which could reduce the operating costs greatly [125,126]. For example, In C mode,
at 50% recovery rate, the cost consumption was reduced by 30–40% compared to the traditional RO
mode [127,128] if the feed solution was concentrated to produce economically beneficial products or
diluted DS could be directly utilized as the raw materials in other production processes, it greatly
reduced the operating costs and even obtain higher economic benefits as mentioned in Sergi’s study.

B. The flux of the FO membrane is still a significant limiting factor of the FO process. As referred
in Federico’s research, a small increase in the FO flux would greatly shorten the period of return on
investment (without considering the saving N, P conditions, 2.5 years of 6.5 LMH, 5.5 years of 8 LMH).
Sergi’s research also found that by increasing flux to 10 LMH, the FO-RO-AnMBR process would cut
down the operating energy consumption, which greatly reduced the operating cost. In the long-term
operation, the total cost could greatly be reduced, and it will represent powerful advantages compared
with the traditional seawater desalination RO process.

5. Fouling Mechanism and Cleaning Strategy

A better understanding of the FO fouling mechanisms and fouling cleaning strategies will be
beneficial for further application of FO.

The main driving force of FO due to its membrane permeation process is osmotic pressure,
different from UF, NF, RO, and other membrane filtration processes which require higher external
pressure as driving force, membrane fouling is relatively light and easy to clean.

However, membrane fouling remains a major drawback that cannot be ignored in FO systems.
Various substances that pass through the membrane accumulate on the membrane surface and
inside the membrane pores by physical adsorption bridging, positive and negative charge attraction,
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and adhesion. These substances include inorganic contaminant, organic substances, microorganisms,
and their excretions in the FS and the DS.

Observation of the characteristics of pollution is a critical issue, which is of great significance for
the pretreatment process of the FO treatment and the mitigation of pollution. It is still complicated to
clarify the forming and evolution mechanism of membrane fouling. Although anti-contamination FO
membrane materials are continuously improving, and the FO system operating conditions, cleaning
component unit systems, and cleaning strategies are continually being optimized, membrane fouling
is still unavoidable.

Membrane fouling can be classified as physical, chemical, and microbial contamination. Generally,
the chemical properties of the FO membrane are characterized by surface chargeability, hydrophilicity,
zeta potential, contact angle, etc. The physical morphology of the FO membrane fouling is characterized
by scanning electron microscopy (SEM) and atomic force microscopy (AFM), three-dimensional
fluorescence chromatography, and confocal laser scanning microscope (CLSM).

Moreover, the ultrasonic time domain reflectometry can be used to reflect the real-time dynamic
change of the membrane fouling filter layer growth through the sensitive change of the ultrasonic
signal, which also provides a guiding direction for the membrane cleaning operation process.
Bio-contamination over nuclear magnetic resonance in membrane fouling can visualize the distribution
of biofilms [129].

In the recent study of FO membrane pollution, Yan Sun [130] compared the dynamics of microbial
populations and quantities in direct FO and OMBR system with the treatment of domestic sewage.
It was observed that within 30 days of direct FO system, organic, inorganic, and biological pollution
are more severe, so the water permeate flux declined drastically. However, as the operating time
increased, the direct FO system fouling cake layer tended to be stable. Meanwhile, about 8 days
running, the concentration of inorganic and bacteria quantities in the OMBR system was relatively
stable. The cumulative concentration of organic matter was also lower than that of the direct FO
system. This resulted in that OMBR water permeate flux was significantly higher than in the direct FO
system. Yan Sun also revealed that after long-term operating, the FO system and OMBR had similar
contaminant removal efficiencies; nevertheless, there were higher concentrations of polysaccharides,
proteins, inorganic ions, and a large number of bacteria accumulated on the membrane surface of the
FO system while this phenomenon was not obvious in the OMBR system. In the FO system, the fouling
cake layer was much thicker than that in the OMBR system, however, the water permeate flux recovery
of the FO system is much larger than that of the OMBR after hydraulic cleaning.

Tiffany [131] investigated a novel ultra-thin, FO hollow fiber membrane module to treat
unconventional oil and gas fields in Texas. Compared the membranes fouling tendency in both
FO and PRO modes at varied membrane cross flow velocities. The results demonstrated that the
membrane foulant cake layer deposited faster in PRO mode than that in FO mode. In both modes,
higher operating cross flow velocity was more likely to form membrane fouling cake layer. Finally,
it was recommended that treating oilfield produced water employed FO process need to increase
pretreatment step before the treatment unit. The pretreatment step aimed to remove the organic
components and large particulate matter to increase the service life of the FO membrane module, delay
the formation cycle of the fouling cake layer, and prolong the cleaning cycle [131].

Zhao Pin [132] studied the membrane fouling mechanism of proteins and fatty acids in the
process of FO. The TFC membrane developed by Samsung of South Korea was used in the study.
The membrane was constituted of a thin polyester nonwoven fabric, a polysulfone support layer, and a
polyamide active layer. Bovine serum albumin (BSA) and octanoic acid (OA) synthetic wastewater
were selected as typical pollutants of protein and fatty acid in municipal sewage secondary effluent.
Results showed that the presence of Ca2+ promoted the formation of BSA-Ca2+ complex, which
aggravated the membrane fouling. With the ion concentration increased, the electrostatic repulsion was
weakened, and the contamination of BSA was aggravated. The acidity and alkalinity of the solution
also affected the degree of contamination of BSA through electrostatic interaction. At the isoelectric
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point of BSA, pH = 4.7, pollution was the most serious. PRO mode membrane fouling was more
severe than the FO mode. Under the alkaline condition, OA had the effect of surfactant, the water
permeate flux of pollutant OA was relatively high, the degree of membrane fouling was mitigated,
and the hydrophilicity of the membrane was enhanced. However, at pH = 3.56, the OA molecule
tended to adhere to the surface of the membrane and form a gel layer which membrane aggravated the
membrane fouling.

Fezeh [133] observed an interesting water flux pattern during FO with seawater as the DS and
synthetic wastewater as the FS. The water flux was declined as the sinusoidal pattern. The water flux
was spontaneously increased and decreased at regular time intervals. The phenomenon may be due to
the buildup of the loose fouling layer peered off from the surface of the membrane with the cross flow
shear rate. And a simple physical or hydraulic cleaning was able to restore the initial flux by up to
90%. In the studies, it is indicated that increasing the cross-flow velocity at a specific time was able to
significantly recover the water flux.

Recent studies on the FO process system fouling and cleaning strategies were shown in Table 6.

Table 6. Listed the main foulant in membrane fouling of the FO process system and the cleaning
strategies in recently references.

Author Year FS Foulant Cleaning Strategy Ref.

Yan Xiao Zhao 2016 AgNPs 1–10 mg/L,
BSA 200 mg/L

Silver nanoparticles and
combination with

organism(BSA)
No mentioned [134]

Yan Sun 2016 Municipal
wastewater

Microbes, polysaccharides,
proteins, Ca2+, Mg2+, Fe2+

Hydraulic and
chemical cleaning [135]

Zhao Pin 2016
Simulated

wastewater with BSA
and OA

BSA-Ca2+, OA, No mentioned [132]

Youngbeom 2017
Second effluent of

sewage with
Activated sludge

Microbes Physical cleaning
Air scouring [8]

Fezeh Lotfi 2017 Synthetic water Polysaccharides, proteins A higher cross-flow
velocity shear [133]

Sung-Ju 2018 Real secondary
wastewater effluent

Hydrophilic aromatic
proteins(MWs = Da),
soluble microbial by

products

Physical cleaning
with DI water [136]

Tiffany 2019
Produced water from

oil and gas
development

Organic constituents, large
particles Hydraulic cleaning [137]

Therefore, the driving force of the FO membrane relies on the osmotic pressure, a natural force.
Therefore, the formed fouling cake layers generally have a weak binding force with the membrane,
and most of the water permeate flux can be recovered a large proportion by simple physical and
high-speed hydraulic washing. Specifically, the FS is oily wastewater, at present, there is little
research on the preparation and modification of FO membranes for hydrophilic and also oleophobic.
Furthermore, the commercial and prosperities stable products are scarce. FO with oily FS and produced
water in oilfield through high-speed hydraulic flushing is only able to restore a low share of water
permeate flux. Hence, chemical cleaning is considerably required. The advanced strategy of chemical
cleaning remains to be further researched and developed.

In addition, the properties of the FO membrane—e.g., the structural properties of the FO membrane,
the hydrophilicity of the material, the electronegativity, the physicochemical properties of the surface
group, etc.—the physicochemical properties of the FS and the DS, the value of RSF, and during
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osmosis process, ICP, external CP (ECP), and operating time may also affect the formation period of
the membrane fouling cake layer, the severity of membrane fouling.

The FO process was frequently applied to treat domestic sewage, seawater desalination, dyeing
wastewater, dairy wastewater, concentrated beverages, and so on. The membrane fouling generally
was recovered by conventional hydraulic cleaning or even a higher cross-flow velocity shear. Chemical
cleaning was employed under the higher recovery rate of flux occasionally, but the wastewater with
complex components—such as landfill leachate, coal chemical wastewater, and oilfield produced
wastewater [138], etc.—and the component polarity varied considerably, membrane fouling was
formed more quickly and severely. After a period of water flushing, most membranes needed a
chemical cleaning, which greatly damaged the mechanical strength and shorten the lifetime of the
FO membrane, since the price of the FO membrane was relatively expensive compared to the RO
membrane at present, the project operating cost increased substantially as a result.

6. Conclusions

The FO membrane has shown promising prospects in both drinking water purification and
wastewater treatment technology, especially its excellent high rejection rate performance and relatively
low membrane fouling characteristics. Hence it is likely to become a very important membrane
technology in the future.

In the last 10 years, a large number of research papers on the focus above mentioned of the FO
has been published [139,140], and the number of papers in various issues has increased year by year,
especially in the issues of the draw solution and the membrane material which is shown in Figure 3.
The draw solution issues have grown from less than 10 articles in 2010 to a peak of more than 60 in 2016.
The number decreased slightly from 2016 to 2019; and the number of articles about membrane materials
increased from less than 10 in 2010 to over 50 in 2019, particularly from 2014 to 2015 grew rapidly,
with the number multiplied from 20 to 40, which was nearly doubled. With regard to membrane
fouling, the total number of papers has grown sluggishly, from less than 10 to 30. Besides, in the papers
on membrane fouling, there are few articles on the analysis of membrane fouling.
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There are still several key technical issues that need to be addressed. The ideal membrane material,
suitable draw solute and its recovery approach, the mechanism of special wastewater membrane
fouling, and the cleaning strategies are still existing urgent barriers and they are still the researchers’
focus in the future, improving the FO process in the following aspects: (a) high water flux, low RSF,
high mechanical strength, low ICP film material modification and preparation; (b) special modification
and preparation of properties or functional membrane materials; (c) development of new composite
DS; (d) the membrane fouling principle and fouling cake layer formation mechanism; (e) the principle
and solving methods of the accumulation of pollutants and salinity in the DS; (f) membrane fouling
mitigation and membrane cleaning methods and strategies. A lot of in-depth experiments and research
are still needed in these areas.

Specifically, among the properties of the FO membrane material, it is the particular focus as
follows, the preparation of the FO membranes with excellent performance properties, the perfect
draw solutes preparation or choice. It is strongly recommended that the research on strengthening
other performance properties of membrane materials with superior performance in specific properties
systematically and comprehensively. More attention needs to be paid to preparation uniformity,
and the preparation of the draw solutes applied to the appropriate field.

In addition, the review highlights some of the new technologies mentioned that can be used
to solve some of the above problems. However, the engineering of the forward osmosis process
application is relatively scarce as most of the FO research is still in the laboratory scale, and progress in
practical applications still requires further proof of the pilot. Finally, in order to provide theoretical
support for the preparation and cleaning strategy of membrane materials, more in-depth and basic
research on membrane fouling mechanism is needed, which still has a large gap in the current research
results. These concepts mentioned in this review will provide a better understanding for further
promoting the utilization of FO technology and its new applications for freshwater resources recovery
and wastewater treatment development.
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Abbreviations

FO forward osmosis
RSF reverse solute flux
CP concentration polarization
ICP internal concentration polarization
ECP external concentration polarization
MF microfiltration
UF ultrafiltration
NF nanofiltration
RO reverse osmosis
FS feed solution
DS draw solution
PRO pressure retarded osmosis
RSD reverse solute diffusion
MD membrane distillation
TFC thin-film composite
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CTA cellulose tri-acetate
AQP aquaporin
BSA bovine serum albumin
LMH L/(m2

·h)
KWHM kWh·m−3
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