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Preface

Osmotically driven membrane processes (ODMPs) including forward osmosis (FO) and
pressure-retarded osmosis (PRO) have attracted increasing attention in fields such as water
treatment, desalination, power generation, and life science. In contrast to pressure-driven
membrane processes, e.g., reverse osmosis, which typically employs applied high pressure
as driving force, ODMPs take advantages of naturally generated osmotic pressure as the
sole source of driving force. In light of this, ODMPs possess many advantages over pres‐
sure-driven membrane processes. The advantages include low energy consumption, ease of
equipment maintenance, low capital investment, high salt rejection, and high water flux.

A decade ago, there was an excellent review paper on FO written by Cath et al. published in
Journal of Membrane Science. Since then, numerous studies on ODMPs have been emerging
and evolving. In the past decade, over 300 academic papers on ODMPs have been published
in a variety of fields. The number of such publication is still rapidly growing. This book in‐
tends to provide readers a comprehensive overview about ODMPs, from fundamentals, his‐
tory, and challenges to current state-of-the-art applications, technology commercialization
status, and so on. Chapter 1 overviews ODMPs as a whole. In this chapter, various aspects
of ODMP technologies are briefly discussed. Chapters 2 and 3 explore manufacturing meth‐
ods and application fields of FO membranes. Chapter 4 discusses the effects of internal and
external concentration polarizations on the performance of FO. Chapter 5 focuses on the
temperature effects on the performance of FO. Chapter 6 introduces pressure dependency of
the membrane structure parameter and implications in PRO. Chapter 7 discusses nonideal
solution behavior in FO. Chapters 8 and 9 elucidate fouling mechanisms in ODMPs and in‐
troduce different membrane cleaning technologies. Chapters 10 and 11 present applications
of FO in wastewater treatment and seawater desalination. Chapter 12 summarizes mem‐
brane gas absorption theory and applications.

ODMPs’ approach, fabrications, recent development and applications in wastewater treat‐
ment, power generation, seawater desalination, and gas absorption are presented in this
book. We can clearly predict the rapid development of ODMPs with high performance in
the next few years due to the enormous demands of complex wastewater treatment such as
shale gas and oil-produced water and high saline water. Dr. Du would like to acknowledge
the support from the USA, for his research through the NSF CREST Center for Energy and
Environmental Sustainability (Award No. #1036593).

Dr. Hongbo Du
Prairie View A&M University, USA

Dr. Audie Thompson
Prairie View A&M University, USA

Dr. Xinying Wang
University of Illinois, USA
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1. Forward osmosis fundamentals

Global climate patterns and urban growth are two of the many factors that have affected the
world’s water resources. During the twentieth century, the population of the world tripled,
and it is predicted to increase by another 15–20% in the next 50 years [1, 2]. The demand for
fresh potable water correlates with the increase in the world’s population, thus access to safe
and sufficient drinking water is now an international aim. Sadly, over 1 billion people across
the world currently have limited to no access to drinking water [3]. In particular, the demand
for water drastically outweighs the availability of water in some Middle Eastern countries and
even within the United States, in states such as California that has recently experienced
droughts [4]. Further, urbanization throughout the world has also impacted groundwater
resources [5], and this controversy has led to surging interest in the efficiency and practicality
of ocean water desalination [6].

Desalination is the process of obtaining drinking water by removing salt ions, minerals, and
other undesired contaminants from seawater [7], and currently, there is an increasing interest
in using FO in desalination. In arid regions of the world, such as the Mediterranean and the
Middle East, desalination research has made great strides over the past 30 years [8]. In fact,
there are approximately 14,000 desalination plants in 150 countries with a production of
millions of gallons per day [8]. In countries, such as Saudi Arabia and the United Arab
Emirates, 70% of water supplies are dependent on desalination. Hence, energy production is
concurrently linked to the production of freshwater, as desalination of seawater requires more
energy than transportation of water from a lake or river [9]. It is also important to note that
nuclear plants and other energy sources (coal or oil) require 20–50 K gallons of water per
megawatt-hour of electricity produced [10]. Furthermore, gasoline vehicles, plug-in vehicles,
ethanol-running vehicles and hydrogen-fuel cell vehicles all consume gallons of water to
operate. Thus, the demand for water is intrinsically tied to energy and sustainable practices
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and processes must be used. Discovering energetically efficient methods to produce and reuse
water is pertinent in providing strategies to combat the energy consumption demands. Addi-
tionally, industrial plants consume a drastic amount of water for their industrial processes, and
70% of fresh water is utilized in agricultural processes [11]. Therefore, water shortages will
hinder many areas of human daily activity and existence.

Most water-related technologies are based on advanced materials, advanced manufacturing
technologies, biotechnology, and integrated filtration systems. Therefore, research and devel-
opment of new materials with tailored properties and nanomaterials are necessary to meet the
water demands and provide connections between eco-efficiency, performance, processing,
recyclability, costs, and water reuse. Although the development of membrane technology for
producing clean water in wastewater treatment and desalination is vital, there are challenges
that must be further addressed in all water filtration processes [12, 13]. Water-selective mem-
branes have gained vast interest for their advantages like high energy efficiency, reasonable
cost, and environmental sustainability. The ideal water-selective membranes are fabricated to
have high water permeability, selectivity, as well as stability [14]. However, major constraints
include operational fouling, waste residue disposal, cost, and acceptance by utility organiza-
tions and the public.

The current and most widely used water purification is reverse osmosis (RO)—a membrane-
based separation process that removes salts, microbial constituents, both organic and inor-
ganic compounds from water and has been used extensively in a variety of fields including
desalination of seawater, ultrapure water production, and wastewater treatment [15, 16]. RO
goes against the laws of nature and uses pressure to force a solvent through the membrane,
which retains the solute on one side and allows the pure solvent to pass to the other side. Since
its discovery, RO has become a very useful process when it comes to removing salt ions from a
solution.

There has been an increased focus on membrane technology research because of the high
efficiency and low-cost solutions for water purification. Currently, forward osmosis (FO)
systems are seen as favorable alternatives to RO systems, as they have been also utilized in
electricity generation, food processing [11], industrial wastewater, and add produced water
treatment [17–19]. In nature, when two solutions are separated by a semipermeable membrane,
the solvent molecules will tend to move through the membrane into the region of higher solute
concentration until equilibrium is reached. FO separates two solutions with different concentra-
tions using the natural osmotic pressure difference. The osmotic gradient is the driving force
instead of externally applied pressure.

Even though RO systems have dominated the water purification arena for decades, FO sys-
tems offer an advantage of rejecting a wide range of contaminants. FO systems experience less
fouling than RO systems; therefore, a membrane with anti-fouling properties could be efficient
and beneficial. Within the RO process, the saline water, which has a high salt concentration, is
forced through a membrane to a region of low solute concentrate by applying pressure in
excess of osmotic pressure [20, 21], where the osmotic pressure is the minimum pressure
needed to prevent the water molecules from moving back to the feed side from the permeate
side. This occurs when the hydrostatic pressure differential resulting from the concentration
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changes on both sides of the semipermeable membrane is equal to the osmotic pressure of the
solute [21]. The semipermeable membrane allows the passage of water but not salt ions. The
feed water must pass through a very narrow passage as a result of the way the membrane is
packaged. This causes for an initial treatment phase, where fine particulates or suspended
solids must be removed to prevent fouling. In contrast, the FO system will have higher
productivity and be considered an energy saving device since no external pressure is required.
However, a major and unresolved challenge in FO remains an efficient draw solution that
could result in high flux and reconstituted using a low-energy separation process which will
be discussed later.

Two key factors in FO utilization are selecting the membrane and appropriate draw solute
(DS). The DS should be non-toxic, generate high osmotic pressure, and be easily regenerated
[22]. Continuous reconcentration is required to sustain the FO driving force to purify water.
NaCl, MgCl2, CaCl2, and MgSO4 are commonly used DSs; however, they are energy intensive
and consequently costly [22, 23]. Alternatively, the DS can be treated wastewater effluent brine
or seawater; the diluted DS will lower the energy demand [22]. Other limitations are the
diffusion of the DS into the feed solution, low water flux compared to RO, membrane fouling,
and concentration polarization. Therefore, many researchers are investigating alternative DSs.

1.1. Wastewater and water recycling

Wastewater sources include municipal and industrial plants and consume a drastic amount of
water for their industrial processes. Some plants also produce oily wastewater end products.
The industries that account for oil in water emulsions are petroleum, pharmaceutical, polymer,
leather, polish, cosmetic, food, polymer, textile, agriculture, prints, and paper [24]. Helen Wake
reports that oil refineries in European and Middle Eastern countries alone produce over 2
billion tons of wastewater [25]. This strikes as a major ecological problem, due to the discharge
of oily wastewater into the ecosystem [25]. Furthermore, a principal fraction of oil/water emul-
sions’ treatment technologies is often ineffective and expensive [24].

Produced water (PW) is generated during oil and gas production and is the biggest waste
stream in the energy industries [26, 27]. Therefore, PW is contaminated with oils and salts of
organic and inorganic compounds [27]. Releasing PW onto nature has an environmental
impact and is a noteworthy issue of ecological concern. Ordinarily, PW is treated through
various physical, chemical, and biological strategies. In offshore stages, as a result of space
imperatives, minimal physical and substance frameworks are utilized. Unfortunately, current
advances cannot dislodge these minute suspended oil particles. In addition, natural pretreat-
ment of wastewater can be financially expensive. As high salt fixation and varieties of influent
qualities have an impact on PW, it is suitable to fuse a physical treatment (e.g., film) to refine
the material. Hence, future research endeavors are concentrating on the streamlining of flow
innovations, utilization of consolidated methodology, organic treatment of delivered water,
and review of reuse and release limits.

Agricultural wastewater, which comes from all animal farms and food processing, requires
unique treatment before disposal or reuse [28]. Untreated agricultural wastewater results in
pollution of groundwater, rivers, and lakes, thereby disrupting ecosystems and resulting in a
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concentration until equilibrium is reached. FO separates two solutions with different concentra-
tions using the natural osmotic pressure difference. The osmotic gradient is the driving force
instead of externally applied pressure.

Even though RO systems have dominated the water purification arena for decades, FO sys-
tems offer an advantage of rejecting a wide range of contaminants. FO systems experience less
fouling than RO systems; therefore, a membrane with anti-fouling properties could be efficient
and beneficial. Within the RO process, the saline water, which has a high salt concentration, is
forced through a membrane to a region of low solute concentrate by applying pressure in
excess of osmotic pressure [20, 21], where the osmotic pressure is the minimum pressure
needed to prevent the water molecules from moving back to the feed side from the permeate
side. This occurs when the hydrostatic pressure differential resulting from the concentration
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changes on both sides of the semipermeable membrane is equal to the osmotic pressure of the
solute [21]. The semipermeable membrane allows the passage of water but not salt ions. The
feed water must pass through a very narrow passage as a result of the way the membrane is
packaged. This causes for an initial treatment phase, where fine particulates or suspended
solids must be removed to prevent fouling. In contrast, the FO system will have higher
productivity and be considered an energy saving device since no external pressure is required.
However, a major and unresolved challenge in FO remains an efficient draw solution that
could result in high flux and reconstituted using a low-energy separation process which will
be discussed later.

Two key factors in FO utilization are selecting the membrane and appropriate draw solute
(DS). The DS should be non-toxic, generate high osmotic pressure, and be easily regenerated
[22]. Continuous reconcentration is required to sustain the FO driving force to purify water.
NaCl, MgCl2, CaCl2, and MgSO4 are commonly used DSs; however, they are energy intensive
and consequently costly [22, 23]. Alternatively, the DS can be treated wastewater effluent brine
or seawater; the diluted DS will lower the energy demand [22]. Other limitations are the
diffusion of the DS into the feed solution, low water flux compared to RO, membrane fouling,
and concentration polarization. Therefore, many researchers are investigating alternative DSs.

1.1. Wastewater and water recycling

Wastewater sources include municipal and industrial plants and consume a drastic amount of
water for their industrial processes. Some plants also produce oily wastewater end products.
The industries that account for oil in water emulsions are petroleum, pharmaceutical, polymer,
leather, polish, cosmetic, food, polymer, textile, agriculture, prints, and paper [24]. Helen Wake
reports that oil refineries in European and Middle Eastern countries alone produce over 2
billion tons of wastewater [25]. This strikes as a major ecological problem, due to the discharge
of oily wastewater into the ecosystem [25]. Furthermore, a principal fraction of oil/water emul-
sions’ treatment technologies is often ineffective and expensive [24].

Produced water (PW) is generated during oil and gas production and is the biggest waste
stream in the energy industries [26, 27]. Therefore, PW is contaminated with oils and salts of
organic and inorganic compounds [27]. Releasing PW onto nature has an environmental
impact and is a noteworthy issue of ecological concern. Ordinarily, PW is treated through
various physical, chemical, and biological strategies. In offshore stages, as a result of space
imperatives, minimal physical and substance frameworks are utilized. Unfortunately, current
advances cannot dislodge these minute suspended oil particles. In addition, natural pretreat-
ment of wastewater can be financially expensive. As high salt fixation and varieties of influent
qualities have an impact on PW, it is suitable to fuse a physical treatment (e.g., film) to refine
the material. Hence, future research endeavors are concentrating on the streamlining of flow
innovations, utilization of consolidated methodology, organic treatment of delivered water,
and review of reuse and release limits.

Agricultural wastewater, which comes from all animal farms and food processing, requires
unique treatment before disposal or reuse [28]. Untreated agricultural wastewater results in
pollution of groundwater, rivers, and lakes, thereby disrupting ecosystems and resulting in a
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chain of negative effects. However, with proper treatment and filtration, this wastewater can
become a valuable resource. Primary treatment involves separating solids from the liquids and
producing “sludge.” The secondary treatment removes contaminants and dissolved solids
from the effluent. Ultraviolet light, specialized enzymes, and microbes are often used for
further treatment [29, 30]. After which, the “safe” water is returned to a waterway (ocean or
river) or reused in agriculture [31]. Thus, treated wastewater can be reused in a sustainable
fashion.

Where efficient irrigation methods and collection of run-off are in place, there is little waste-
water [tailwater] to be treated for reuse. However, when bountiful tailwater is available, it
often contains large amounts of salt and nutrients which makes it non-permissible for irriga-
tion [31]. Innovative effluent treatment permits water reuse for irrigation and animal needs,
making the “sludge” and subsequent effluent suddenly valuable. Additionally, collecting and
reusing tailwater can benefit a farm through fertilization, and it can protect the environment
by avoiding salt and nutrient discharge. Thus, utilizing tailwater and food processing waste-
water could be profitable for farmers and positive for our environment.

1.2. Membrane fouling

Most membrane technologies experience reduction in performance as a result of various types
of fouling. Therefore, designing and investigating membranes to combat fouling is imperative
in creating proficient systems. Membrane fouling is the accumulation of unwanted matter such
as colloids, salts, and microorganisms during the water purification process. Foulants accumu-
lating on the surface reduces the water flow either temporarily or possibly permanently.
Unfortunately, this is a common problem, and these foulants deteriorate and increase the
ineffectiveness of the system.

During mass transport, various aspects lead to adsorption of particles within and onto the
membrane surface, causing membrane fouling [22]. Contaminated feed water results in com-
pounds and unwanted material adhering to the membrane, resulting in fouling, which is a
major problem for most membrane-based systems and often results in a decline in flux [23].
Therefore, minimizing fouling is the key to optimal membrane operation and keeping costs
down. Depending upon the polymer utilized for membrane fabrication, additional character-
istics can be optimized to prevent fouling. Regardless of the membrane system, biofouling is a
long-term problem [32]. All types of fouling (biofouling, organic, colloidal, and scaling) can be
damaging [32]. It has been noted that FO is less likely to foul and less complicated than
pressure-driven membrane processes like RO [23, 32]. This is because applied hydraulic pres-
sure causes compact foulant layers, which diminish the effectiveness of cleaning the mem-
branes.

Biofouling is considered to be the most difficult and detrimental to water filtration processes
and decreases the durability of membranes. Therefore, membranes that are resistant to the
accumulation of microorganisms are a necessity for water purification. Ultimately, biofouling
causes higher than necessary energy consumption, deterioration of system performance, and
water production. Due to the aforementioned issues, it is technologically essential to find
efficient methods to minimize membrane biofouling. Studies have shown that FO membranes
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are more effective in preventing foulant permeation into the draw solute and reducing fouling
in the downstream RO membrane [23].

Organic foulants are dominant and precursors to biofouling when using membrane bioreactor
(MBR) for wastewater treatment [22, 33]. Therefore, biofouling can be prevented by controlling
the organic matter. Hydrophobic and hydrophilic polysaccharides and transphilic organic
macromolecules are all found in the feed water and may lead to organic fouling. Of these
examples, polysaccharides are three times more likely than other humic acid contaminants to
cause fouling [33].

1.3. Membrane selection

Material selection for membrane fabrication is significant in developing a system with optimal
flux, as flux decline is directly connected to membrane fouling. Regardless of the polymeric
material, asymmetric membranes are preferred during liquid separation due to their thin top
layer on top of a porous support layer. FO asymmetric membranes consist of a dense active
layer and a loosely bound support layer. The dense top layer is selective and the large pores in
the support layer reduce hydraulic resistance [34]. Thin-film composite (TFC) and polysulfone
are currently the most widely used materials for membrane fabrication due to their stability
and high-pressure tolerance. However, Poly [vinyl alcohol] (PVA) hydrogels have been shown
to be a suitable membrane used for water treatment, and PVA is an excellent surface modifier.
Their hydrophilicity, water permeability, and anti-fouling potential make them ideal candi-
dates in the further development of composite membranes [35, 36]. Research continues to
investigate ways to optimize PVA hydrogel membranes based on their degree of polymeriza-
tion and incorporation of nanoparticles [37]. Furthermore, studies have proven that ideal
membranes should have high water permeability, selectivity, and stability [14].

1.4. Concentration polarization

As many are investigating FO for wastewater treatment and desalination, one of the major
weaknesses of FO is internal concentration polarization (ICP). The configuration of the mem-
brane contributes to the aforementioned fouling possibility and other complications such as
ICP which minimized flux efficiency [33]. Traditionally, the support layer faces the feed in
normal mode and faces the active layer in the reverse mode. The inability of the salt to pass
easily through the active layer results in a concentration increase within the support layer.
Amid the process, fouling such as scaling contributes to concentrative ICP [22, 33]. In the
normal mode, the support layer diminishes water transport hydraulic resistance, and the
solute freely enters, leading to minimum ICP [38]. Just as fouling leads to lower water flux,
ICP within asymmetric thin-film composite (TFC) FO membranes does the same. Contrarily, in
reverse mode, the active layer faces the feed solution contributing to ICP. The concentration is
increased in the support as the active layer prevents the passage of salt. Thus, ICP greatly
reduces the driving force for transport. However, a thin low porosity support minimizes ICP
[33] and surface modifications, such as coating with another polymer, has been one of the most
effective methods [21]. Studies have been conducted to improve membrane design for new-
generation FO membranes and mitigate the ICP effect. Researchers have explored membrane
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reusing tailwater can benefit a farm through fertilization, and it can protect the environment
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of fouling. Therefore, designing and investigating membranes to combat fouling is imperative
in creating proficient systems. Membrane fouling is the accumulation of unwanted matter such
as colloids, salts, and microorganisms during the water purification process. Foulants accumu-
lating on the surface reduces the water flow either temporarily or possibly permanently.
Unfortunately, this is a common problem, and these foulants deteriorate and increase the
ineffectiveness of the system.

During mass transport, various aspects lead to adsorption of particles within and onto the
membrane surface, causing membrane fouling [22]. Contaminated feed water results in com-
pounds and unwanted material adhering to the membrane, resulting in fouling, which is a
major problem for most membrane-based systems and often results in a decline in flux [23].
Therefore, minimizing fouling is the key to optimal membrane operation and keeping costs
down. Depending upon the polymer utilized for membrane fabrication, additional character-
istics can be optimized to prevent fouling. Regardless of the membrane system, biofouling is a
long-term problem [32]. All types of fouling (biofouling, organic, colloidal, and scaling) can be
damaging [32]. It has been noted that FO is less likely to foul and less complicated than
pressure-driven membrane processes like RO [23, 32]. This is because applied hydraulic pres-
sure causes compact foulant layers, which diminish the effectiveness of cleaning the mem-
branes.

Biofouling is considered to be the most difficult and detrimental to water filtration processes
and decreases the durability of membranes. Therefore, membranes that are resistant to the
accumulation of microorganisms are a necessity for water purification. Ultimately, biofouling
causes higher than necessary energy consumption, deterioration of system performance, and
water production. Due to the aforementioned issues, it is technologically essential to find
efficient methods to minimize membrane biofouling. Studies have shown that FO membranes
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are more effective in preventing foulant permeation into the draw solute and reducing fouling
in the downstream RO membrane [23].

Organic foulants are dominant and precursors to biofouling when using membrane bioreactor
(MBR) for wastewater treatment [22, 33]. Therefore, biofouling can be prevented by controlling
the organic matter. Hydrophobic and hydrophilic polysaccharides and transphilic organic
macromolecules are all found in the feed water and may lead to organic fouling. Of these
examples, polysaccharides are three times more likely than other humic acid contaminants to
cause fouling [33].

1.3. Membrane selection

Material selection for membrane fabrication is significant in developing a system with optimal
flux, as flux decline is directly connected to membrane fouling. Regardless of the polymeric
material, asymmetric membranes are preferred during liquid separation due to their thin top
layer on top of a porous support layer. FO asymmetric membranes consist of a dense active
layer and a loosely bound support layer. The dense top layer is selective and the large pores in
the support layer reduce hydraulic resistance [34]. Thin-film composite (TFC) and polysulfone
are currently the most widely used materials for membrane fabrication due to their stability
and high-pressure tolerance. However, Poly [vinyl alcohol] (PVA) hydrogels have been shown
to be a suitable membrane used for water treatment, and PVA is an excellent surface modifier.
Their hydrophilicity, water permeability, and anti-fouling potential make them ideal candi-
dates in the further development of composite membranes [35, 36]. Research continues to
investigate ways to optimize PVA hydrogel membranes based on their degree of polymeriza-
tion and incorporation of nanoparticles [37]. Furthermore, studies have proven that ideal
membranes should have high water permeability, selectivity, and stability [14].

1.4. Concentration polarization

As many are investigating FO for wastewater treatment and desalination, one of the major
weaknesses of FO is internal concentration polarization (ICP). The configuration of the mem-
brane contributes to the aforementioned fouling possibility and other complications such as
ICP which minimized flux efficiency [33]. Traditionally, the support layer faces the feed in
normal mode and faces the active layer in the reverse mode. The inability of the salt to pass
easily through the active layer results in a concentration increase within the support layer.
Amid the process, fouling such as scaling contributes to concentrative ICP [22, 33]. In the
normal mode, the support layer diminishes water transport hydraulic resistance, and the
solute freely enters, leading to minimum ICP [38]. Just as fouling leads to lower water flux,
ICP within asymmetric thin-film composite (TFC) FO membranes does the same. Contrarily, in
reverse mode, the active layer faces the feed solution contributing to ICP. The concentration is
increased in the support as the active layer prevents the passage of salt. Thus, ICP greatly
reduces the driving force for transport. However, a thin low porosity support minimizes ICP
[33] and surface modifications, such as coating with another polymer, has been one of the most
effective methods [21]. Studies have been conducted to improve membrane design for new-
generation FO membranes and mitigate the ICP effect. Researchers have explored membrane
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structures to prevent salt leakage and minimize ICP in FO [39]. Altering phase inversion
fabrication protocol by examining different casting substrate, consequently, results in an open
structure with increased porosity in the middle support layer. During desalination, the FO
system showed decreased salt leakage with mitigated ICP [21]. The ICP and ECP (external
concentration polarization) structural value of the double dense-layer membrane is much
smaller than those reported in the literature [21]. Moreover, lower CP values were seen after
an intermediate solvent/water immersion was performed before complete immersion in water
[39]. Additionally, Tang et al. [33] investigated ICP and fouling during humic acid filtration.
They reported that despite initial ICP, the active facing orientation resulted in stable flux in
contrast to flux diminution when facing foulant humic acid feed water.

2. Pressure retarded osmosis

Most water purification processes are known to consume energy. However, using the salinity
differences between two bodies of water, pressure retarded osmosis (PRO) generates power.
PRO is based on membrane technology similar to FO but results in sustainable osmotic power
energy. During PRO, additional back pressure is applied to the draw solute, creating chemical
potential between seawater and fresh water. As a result, electricity is produced from the
conversion of flux into mechanical energy [22], and the net flux is similar to FO in the direction
of the DS [40]. Unfortunately, membrane fouling consequently reduces the permeate flux and
osmotic power generation, thus increasing overall cost similar to other membrane technolo-
gies. Research has been conducted on different quality feed waters to identify the main
foulants on the surface in the PRO processes, and silica has been shown to cause severe scaling
[41]. Again, structural parameters, material choice, pH of FS and/or DS played a critical role in
mitigating IC of silica scaling [41]. Furthermore, organic and inorganic salt water was used to
investigate cleaning methods to resolve fouling issues [32]. Using salt water as the DS, iron,
aluminum, calcium, sodium, and silica were the inorganic foulants discovered [32]. Also,
humic substances, polysaccharides, and proteins were the organic foulants identified [32].
Sequential acidic and basic cleaners were proven to be successful with a flux recovery above
95% [32]. PRO processes and consequently osmotic power generation can be enhanced by
decreasing membrane fouling via chemical cleaning [32].

3. Summary

In summary, many researchers have compared FO, PRO, and RO as shown in Figure 1 [22].
The most noted comparisons are the necessary pressure difference, fouling tendencies, and
application. All three systems have advantages but require necessary improvements for expan-
sion of utilization in various applications. Although fouling is a challenge for membrane
technologies, research has demonstrated various ways to diminish its effects on flux [22, 32,
41]. With the increasing water demands, FO is certainly a viable option to meet the water and
energy challenges of a growing global population as PRO has the potential to be widely used
for sustainable energy. With polymer chemistry and membrane innovations, FO will advance
for continuous use in producing safe water for irrigation, pharmaceuticals, and human
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Abstract

Forward osmosis (FO) is a technical term describing the natural phenomenon of osmosis: 
the transport of water molecules across a semi-permeable membrane. The osmotic pres-
sure difference is the driving force of water transport, as opposed to pressure-driven 
membrane processes. A concentrated draw solution (DS) with osmotic pressure draws 
water molecules from the feed solution (FS) through a semi-permeable membrane to 
the DS. The diluted DS is then reconcentrated to recycle the draw solutes as well as to 
produce purified water. As a major disadvantage, nature of FO membranes (asymmetri-
cal structure) causes international concentration polarization (ICP) which promotes the 
decrease in water flux. Therefore, the number of studies related to improving both active 
and support layers of FO membranes is increasing in the applications. The purpose of 
the chapter is to bring an overview on the FO membrane manufacturing, characterizing 
and application area at laboratory or full scales. This chapter is published in two parts. 
In the first part, which appears here, the overview of membrane technologies and the 
definition of forward osmosis process are stated. The manufacturing methods of sup-
port and active layers forming FO membranes are described with common and/or new 
modification procedures.

Keywords: forward osmosis, water flux, reverse salt flux, active layer, support layer,  
thin film composite, structural parameter, porosity, internal concentration polarization

1. Introduction

Membrane separation processes have been widely applied for many years in environmental, 
industrial applications, and domestic use such as water/wastewater treatment, desalination, 
specific industrial purposes and energy recovery. Among the concentration-driven processes, FO  
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distribution, and reproduction in any medium, provided the original work is properly cited.
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has recently attained many attractions due to its advantages such as less energy requirement, 
lower fouling tendency or easier fouling removal and higher water recovery. However, all 
drawbacks of FO process such as; (i) membrane fouling originated from ICP, (ii) lower flux, 
and (iii) reverse salt diffusion (RSD) limit the performance of the FO applications in environ-
mental studies. Moreover, “necessity of concentrate management” and “meeting of discharge 
standards with high amounts of product water” oblige the developing new processes, mem-
brane materials or modifications and finding new DS. In recent studies, developing new FO 
membranes by optimization of thickness, porosity, tortuosity of active/support layer of FO 
membrane to increase water flux and decrease ICP are mainly focused.

FO is a technical term describing the natural phenomenon of osmosis: the transport of water 
molecules across a semi-permeable membrane. The osmotic pressure difference is the driving 
force of water transport, as opposed to pressure-driven membrane processes A concentrated 
DS with osmotic pressure draws water molecules from the FS through a semi-permeable mem-
brane to the DS. The diluted DS is then reconcentrated to recycle the draw solutes as well as to 
produce purified water. As the driving force is only the osmotic pressure difference between 
two solutions which means that there is no need to apply an external energy, this results in 
low fouling propensity of membrane and minimization of irreversible cake forming which are 
the main problems controverted by membrane applications -especially- in biological treatment 
systems (e.g. FO-MBR). However, nature of FO membranes (asymmetrical structure) causes 
ICP which promotes the decrease in water flux. Therefore, the number of studies related to 
improving both active and support layers of FO membranes is increasing in the applications.

In this first part of chapter, advantages of FO over conventional membrane processes and 
main drawbacks originated from the nature of FO membranes are thoroughly stated by con-
sidering both review and research articles in the available literature. The book chapter con-
sists of three main titles firstly including introduction section, the second of which states a 
literature survey on early definitions of diaphragm, membrane and selectivity phenomenon 
by considering about last two centuries. Basic principles of FO phenomenon is also expressed 
in this part. However, the special aspects of FO process are discussed in the third part in view 
of FO membrane properties. The water flow is mainly determined by the support layer, while 
the selectivity is by the active layer of FO membrane. Therefore, both support and active layer 
designing are overemphasized by addressing new materials, manufacturing methods and 
modification steps to overcome the main challenges of FO processes such as low water flux 
and concentration polarization phenomena causing the membrane fouling.

2. General aspects of membrane processes

2.1. Membrane technology

Systematic studies of the membrane phenomenon can be traced to the eighteenth century phi-
losopher scientists. For example, Abb’e Nolet prepared an ‘osmosis’ word in 1748 to describe 
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water permeability through a diaphragm. Through the nineteenth century and beginning of 
the twentieth century, membranes were not used for industrial or commercial purposes, but 
they were used as laboratory tools to develop physical/chemical theories. For example, the 
measurement of solution osmotic pressure by membranes by Traube and Pfeffer was used 
by van’t Hoff in 1887 to improve the limit law, which describes the behavior of ideal diluted 
solutions; this work led directly to the van’t Hoff equation. At the same time, Maxwell and 
others used a perfectly selective semipermeable membrane concept in the development of the 
kinetic theory of gases [1].

Early membrane researchers have experimented with all sorts of diaphragms available for 
themselves, such as pigs, cattle or fish and sausage covers made of animal guts. Later, 
nitrocellulose membranes were preferred because they could be reproducibly produced. 
In 1907, Bechhold developed a technique for preparing nitrocellulose membranes of a 
graded pore size determined by the bubble test [2]. Other early workers, the technique of 
Bechhold and were introduced into the market of microporous nitrocellulose membranes 
at the beginning of the 1930s [3–5]. In the following 20 years, this early microfiltration 
(MF) membrane technology has expanded to other polymers, especially cellulose acetate. 
Membranes found their first important practice in drinking water testing at the end of the 
Second World War. Drinking water sources serving large communities in Germany and 
elsewhere in Europe were destroyed and filters were urgently needed to test water safety. 
The research effort to develop these filters, backed by the US Army, was later exploited by 
Millipore Corporation, the first and largest producer of US MF membranes. By 1960, ele-
ments of modern membrane science were developed, but membranes were used only in 
a few laboratories and small, specialized industrial applications. An effective membrane 
industry was not available and the total annual sales of the membranes for all industrial 
applications probably did not exceed US $ 20 million in 2003. There were four problems 
that prevented membranes from being widely used as a separation process: they were too 
unreliable, too slow, too unselective and too expensive. Solutions for each of these prob-
lems have been developed over the past 30 years and membrane separation systems have 
become more common [1].

The first discovery of the conversion of membrane separation into an industrial process from 
a laboratory appeared with defect-free, high-flux anisotropic reverse osmosis (RO) mem-
branes produced by the Loeb-Sourirajan process at the beginning of the 1960s [6]. These 
membranes consisted of an ultra-thin, selective surface on a much thicker but more per-
meable microporous support providing mechanical strength. The flux of the first Loeb-
Sourirajan RO membrane was 10 times higher than that of any available membrane, and 
this performance made the RO potentially a practical method for desalinating water. Loeb 
and Sourirajan’s work and large-scale research and development by the US Department of 
Interior Office of Saline Water (OSW) have been a pioneer in the commercialization of RO 
and this has been a major factor in the development of MF and ultrafiltration (UF) mem-
branes. In addition, the development of electrodialysis was supported by OSW funding. 
With the development of these industrial applications of membranes, the development of 
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-especially- artificial kidneys, has been provided for medical separation procedures. Kolff 
et al. [7] demonstrated the first successful artificial kidney in Holland in 1945. It took about 
20 years for technology to be applied to large-scale works, but these developments were com-
pleted in the early 1960s. Since then, the use of membranes in artificial organs has become an 
important life-saving procedure [1].

Currently, more than 800,000 people are protected with artificial kidneys and about 1 million 
of people who have undergone open heart surgery every year through a possible proce-
dure by developing a membrane blood oxygenator. The sales of these devices easily exceed 
the total industrial membrane separation market. Another important medical application of 
membranes is for controlled drug delivery systems. An important figure in this area was 
Alex Zaffaroni, who founded Alza, a company dedicated to developing these products in 
1966. Membrane techniques developed by Alza and his competitors are widely used in the 
pharmaceutical industry to improve efficacy and safety of drug delivery. Significant stages 
were recorded in the membrane technology of 1960–1980 period. Using the original Loeb-
Sourirajan technique, other membrane production methods including interface polym-
erization and multilayer composite casting and coating were developed to produce high 
performance membranes. Membranes produced using these methods and containing thin 
layers of 0.1 μm or less are now produced by many companies. Along with the membrane 
type, membrane modules have been developed by working on the packing volume and the 
number of studies for increasing the membrane stability has increased. In the 1980s, large-
scale installations involving MF, UF, RO and electrodialysis began to become widespread all 
over the world [1].

2.2. Conventional membrane processes

RO is primarily used to remove salts from brackish water or seawater while it can reject 
synthetic organic compounds. One of the latest developed membrane process, nanofiltra-
tion (NF), is used to soften fresh water and clear disinfection by-products (DBP) precursors. 
Electrodialysis is used to demineralize brackish and sea water and to soften fresh water. UF 
and MF are used to remove turbidity, pathogens and particles in fresh water. In the broadest 
sense, a membrane, a common element of all of these processes, can be defined as any barrier 
to the flow of suspended, colloidal or dissolved species in any solvent. Applicable size ranges 
for membrane processes are shown in Figure 1. Generally, the cost of membrane processing 
increases when the size of the solute is reduced. The ionic range in Figure 1 includes pota-
ble water solubles such as sodium, chloride, total hardness, maximum dissolved solids, and 
smaller DBP precursors. Macromolecular range includes large and small colloids, bacteria, 
viruses, and colors. The fine particle range includes particles that produce larger turbidity, 
most suspended solids, cysts, and larger bacteria. Membrane processes normally used in the 
ionic range can remove macromolecules and fine particles, but are not as cost effective as 
larger pore membranes due to some operational problems [9]. The comparison of the mem-
brane properties with each other is given in Table 1.

RO is the tightest membrane process in liquid/liquid separation. In principle, water is the 
only substance passing through the membrane; essentially all dissolved and suspended mate-
rial is rejected. The RO membranes with much larger pores are sometimes confused with 
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NF  membranes. True NF rejects ions with more than one negative charge, such as only sul-
fate or phosphate, while passing single charged ions. NF also rejects uncharged, dissolved 
materials and positively charged ions according to the molecular size and shape. Finally, the 
sodium chloride (NaCl) rejection varies from 0 to 50%, depending on NF and the rejected feed 
concentration. In contrast, “loose RO” is an RO membrane with reduced salt rejection. Such 
membranes are highly effective for a range of applications where moderate desalination is 
acceptable and, therefore, the operating pressure and power consumption are significantly 
reduced. Therefore, the costs are reduced in cases where complete desalination is not required.

UF is a process in which all low molecular weights compounds (LMWC) are freely permeable, 
while the high molecular weights compounds (HMWC), such as proteins, and suspended 
solids are rejected. Therefore, none of the mono- and di-saccharides, salts, amino acids, organ-
ics, inorganic acids or sodium hydroxide are rejected. Microfiltration (MF) is ideally a process 
where only suspended solids are rejected, and even proteins pass free through the membrane.

A wide range of products using membranes, but water desalination uses more than 80% of all 
membranes having ever been sold. The remaining 20% is used for -mostly- milk processing, 
while the rest is sold for use with many different liquids. Some liquids are waste products 
and some of which are very expensive pharmaceutical products. Table 2 lists some typical 
applications and as seen in the table the permeate as well as the concentrate can be the desired 
product [10].

Figure 1. Membrane pore size compared with molecules, bacteria and virus [8].
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2.3. Forward osmosis process

van’t Hoff’s semipermeable membrane, which he assumed to promote the dilution of aqueous 
solution theory, is a permeable barrier to water (solvent), which is completely impermeable 
to dissolved solutes. For this reason, removal of the solvents results in a model barrier for all 
membrane filtration processes where the solutions are retained (concentrated). Like all joining 
properties, osmotic effects are limited to liquid solutions. Since we know nature is a watery 
system, the following solvent is water. When pure water and a random aqueous solution come 
in contact with the environment through a semi-permeable membrane, pure water is “drawn” 
into the solution, as if to dilute it: Osmosis. As is well known, osmosis is extremely important 
for the functioning of life when understood as a transport phenomenon at the molecular level. 
Live cell walls are osmotic barriers with improved selectivity towards inorganic and organic 
solutes (“biological membranes”). The direction of osmotic water transport, irrespective of the 
nature of the solution, indicates that the solution has a lower free energy (potential) than pure 
water. Specifically, the effectiveness of the solvent must be reduced by the effect of the solute, 
since the model barrier is assumed to communicate only through solvent [11].

Forward osmosis, an evolving separation/desalination process, has received increased inter-
est in both academic research and industrial development in the past decade [12]. In FO, a 
semi-permeable membrane is placed between two solutions of different concentrations: a con-
centrated DS and a more dilute FS. Using the osmotic pressure differential to provide water 
permeation through the membrane, FO may respond to some of the deficiencies of hydraulic 
pressure driven membrane processes such as RO [13].
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Table 1. Comparing membrane processes [10].
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Permeate Concentrate

RO Dyeing effluent Clean water BOD, salt, chemicals, waste products

Water Low salinity water Salty water

Whey Low BOD permeate Whey concentrate

Antibiotics Salty waste product Desalted, concentrated antibiotics

NF Dyeing effluent Clean,salty water BOD/COD, color

water softened water waste product

Whey Salty waste water Desalted whey concentrate

Antibiotics Clarified fermentation broth Waste product

Bio-gas waste Clarified liquid for discharge Microbes to be recycled

Carrageenan Waste product Concentrated carrageenan

Enzymes Waste product High value product

Milk Lactose solution Protein concentrate for cheese production

UF Oil emulsion Oil free water (<10 ppm) Highly concentrated oil emulsion

Washing effluent Clarified water Dirty water (waste product)

Water Clarified water Waste product

Whey Lactose solution Whey protein concentrate

Xantan Waste product Concentrated xantan

Table 2. Type of membrane process for several products (the shaded area representing the main product) [10].

Figure 2. Illustration of comparison between FO and RO processes [16].
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The transport of water molecules from a semipermeable membrane to the concentrate/saline 
solution on the other side of the membrane is referred to a technical term as forward osmosis. 
Contrary to conventional pressure-driven membrane processes, no pressure is applied to the 
side of water or concentrated solution. The difference in osmotic pressure between the aque-
ous medium on both sides of the membrane serves as the driving force to transport the water. 
[14]. Concentrated solution (DS), which pulls water molecules, is diluted during the process. 
The diluted DS is then re-concentrated in order to separate the water from the DS with a suit-
able further process. Where appropriate, the re-concentrated solution can be used again as DS. 
[15]. The FO process is shown in Figure 2. The main advantages of FO are it is not operated  

Figure 3. Annual number of publications on FO since 2006 until fourth quarter of 2017 (retrieved from science direct 
database search) (updated and adapted from Eyvaz et al. [16]).

Figure 4. The number of publication about FO studies different research topics since 2006 until fourth quarter of 2017 
(retrieved from science direct database search) (updated and adapted from Eyvaz et al. [16]).
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under any hydraulic pressure, that a wide range of pollutants can be rejected at a high level 
and have lower irreversible pollution than pressure-based membrane processes [17].

As a method for water desalination, FO has been investigated for about four decades [18] and 
many researchers have found that (i) the selection or development of (new) membrane mate-
rials [19, 20], (ii) determining the suitable DS [21] The understanding of the mechanism of 
pollution [22], (iv) the characterization of concentration polarization (CP) [23]. In these pure 
academic publications, the FO survey and the increasing tendency of various special topics 
have been shown in Figures 3 and 4 for the last 10 years. As seen in Figure 3, the number of 
researchers has been steadily increasing, and recent research has focused heavily on mem-
brane properties and development [16].

3. Manufacturing of forward osmosis membranes

Currently used membranes are mostly asymmetric porous membranes [24, 25]. In asymmetric 
porous membranes, the structure and transport properties change across the membrane thick-
ness. An asymmetric membrane normally consists of a dense layer of 0.1–1 μm thick and sup-
ported by a highly porous, 100–200 μm thick support layer [24]. The dense layer provides most 
of the selectivity for the membrane. The separation properties are determined by the chemical 
structure, the size of the pores (0.4–1 nm) and the thickness of the skin layer. It is believed that 
the porous substrate provides mechanical support for the thin and fragile selective layer and has 
little effect on the separation performance of the membrane. However, recently the effects of the 
chemical properties of the support layer (eg, hydrophilicity/hydrophobicity) and pore structure 
(e.g., pore size and porosity) on composite membrane transport have been reevaluated [26–28].

In thin film composite (TFC) membranes, the porous support layer is generally an integrally 
skinned membrane formed by a non-solvent induced phase separation (NIPS) process. The 
skin layer is typically formed by either interfacial polymerization (IP) or dip coating followed 
by crosslinking [24]. The most common thin film chemistry for RO membranes is based on 
a completely aromatic polyamide (PA) formed by the IP of meta-phenylenediamine (MDP) 
and trimesoyl chloride (TMC). In contrast, the popular PA NF membranes are formed by IP 
of piperazine and TMC [29]. It is assumed that the dense selective layer formed by the IP is 
heterogeneous (20–200 nm) throughout the thickness and is highly cross-linked. The surface 
properties of a PA film are different from those of the PA dense layer because the polymer 
density is not uniformly distributed [30]. The PA dense layer is extremely negatively charged 
because acyl chloride groups are not completely converted to amide during the formation 
process; however, recent direct titration experiments have demonstrated the presence of both 
positive and negative fixed charges in the dense layer of composite PA NF membranes [31]. 
According to [28], Freger and Srebnik suggested that the fixed charge is not uniform and that 
the film is actually a “sandwich” with two oppositely charged layers [32].

The dense coating layer has been treated as a non-porous film in the past. More advanced 
identification techniques such as atomic force microscopy, scanning electron microscopy, 
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy, electron spin 
resonance, nuclear magnetic resonance (NMR), small angle X-ray scattering, and molecular 

Forward Osmosis Membranes – A Review: Part I
http://dx.doi.org/10.5772/intechopen.72287

19



The transport of water molecules from a semipermeable membrane to the concentrate/saline 
solution on the other side of the membrane is referred to a technical term as forward osmosis. 
Contrary to conventional pressure-driven membrane processes, no pressure is applied to the 
side of water or concentrated solution. The difference in osmotic pressure between the aque-
ous medium on both sides of the membrane serves as the driving force to transport the water. 
[14]. Concentrated solution (DS), which pulls water molecules, is diluted during the process. 
The diluted DS is then re-concentrated in order to separate the water from the DS with a suit-
able further process. Where appropriate, the re-concentrated solution can be used again as DS. 
[15]. The FO process is shown in Figure 2. The main advantages of FO are it is not operated  

Figure 3. Annual number of publications on FO since 2006 until fourth quarter of 2017 (retrieved from science direct 
database search) (updated and adapted from Eyvaz et al. [16]).

Figure 4. The number of publication about FO studies different research topics since 2006 until fourth quarter of 2017 
(retrieved from science direct database search) (updated and adapted from Eyvaz et al. [16]).

Osmotically Driven Membrane Processes - Approach, Development and Current Status18
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dynamics simulations have been used to state the structure of the dense layer. In the literature 
[28], a highly cross-linked PA skin layer structure with sub-nanoscale pores (0.2–1 nm) and 
low porosity has been reported [33, 34].

Wang et al. [28] stated that mixed matrix membranes contain both organic and inorganic phases. 
The first mixed matrix membranes were produced to enhance the performance of the gas separa-
tion membranes by providing interconnected flow paths of materials with a high diffusion rate 
[35]. In aqueous separations, mixed matrix membranes are typically formed of a polymer matrix 
in which inorganic particles are dispersed. Classically, micron-scale inorganic fillers (eg, zeolites 
and silicalite) have been added to polymer membranes to create preferential flow paths for rapid 
transport of certain molecules [36]. When nanomaterials (eg, metal and zeolites nanoparticles) 
are used as the inorganic filler, these membranes are called nanocomposite membranes [37].

Inorganic particles may be present throughout the thickness of a symmetric or integrally-
skinned membrane or exclusively in the coating film of a composite membrane. Theoretically, 
mixed matrices add an additional degree of freedom to membrane production because the 
advantages of a particular filler material can be imbued into a bulk membrane material [35]. 
Mixed matrices have been used to enhance the mechanical and chemical stability of organic 
membranes and to add specific functionality to the interface of polymer membranes, such as 
desired degradation, reduced fouling or increased selectivity [38, 39]. Organic and inorganic 
hybrid membranes are very interested in using it as a new generation of membrane materials 
for water treatment. According to Wang et al. [28], scientists have begun to use nanoparticles 
TiO2 [40], carbon nanotubes [41], zeolites [42], clay [43], nonporous amorphous silica [44] and 
such as, to increase the water flux.

In another study [45] a new nanocomposite FO membrane is designed to perform oil/water 
separation and desalination at the same time. This nanocomposite FO membrane consists of 
an oil-repelling and salt-rejecting hydrogel selective layer on the top surface of graphene oxide 
(GO) nanosheets grafted into a polymeric support layer (Figure 5). This selective layer demon-
strates strong underwater oleophobicity, which leads to superior anti-fouling properties under 
various oil/water emulsions and ICP can be decreased by and can be significantly reduced by 
GO in view of membrane structural parameter (S) decrease by about 20%. Compared to the 
commercial FO membrane, this new FO membrane has a markedly low membrane fouling ten-
dency, having higher removal rates for oils and salts (>99.9% in oil and >99.7% in multivalent 
ions) for treatment of simulated shale gas wastewater (Figure 6). These combined advantages 
will endorse this new FO membrane in the treatment of highly saline and oily wastewater.

Xu et al. [46] reported that the availability of suitable FO membranes is crucial for the develop-
ment of FO technology. Problems such as high RSD, high concentration polarization (CP) and 
poor mechanical strength are frequently encountered in FO processes. Meanwhile, although 
FO tends to exhibit a lower membrane fouling than pressure driven membrane processes, 
fouling is still the most serious problem that adversely affects FO performance. To overcome 
these problems, many new FO membranes have been fabricated or ready-made membranes 
have been modified by means of surface chemistry in recent years [47].

Chung et al. [48] stated that a few comprehensive reviews on FO membrane development are 
available in the literature [12, 18, 49]. Basically, most FO membranes are fabricated with con-
ventional phase inversion [49] and TFC by IP processes [50]. Each layer of FO membranes have 
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been investigated, but reverse solute diffusions (RSD) tend to be high [51]. Employing hydro-
philic materials as substrates in FO membranes is crucial to increase water flux [52]. Recently, 
TFC-FO-membranes synthesized on nanofiber [53, 54] and multi-bore [20] surfaces with good 
mechanical properties have also been reported. Future R & D should focus on innovative mem-
branes with low fouling and ICP. Until recently, double-skinned FO membranes with dense 
RO skin and a loose RO skin, have been promised reduced membrane fouling and ICP [55].

Xu et al. [46] declared that the FO membrane serves as a selective barrier to control the 
water transport and solute retention to maintain the separation efficiency. The initial 
attempt to use the RO membrane in the FO process faced with some operational limita-
tions; such as low flux, due to the thick sponge-like substrate and compact support of the 
RO membrane hindering mass transfer and causing severe ICP within the support layer 
[28–30]. Hydration Technologies, Inc. (HTI) developed the first commercial FO membranes 
[56], one of which has a characteristic structure embedding a thin polyester mesh sup-
port in cellulose triacetate (CTA) (Figure 7). These membranes provide significantly better 
separation performance than commercially available RO membranes. In addition to the 
commercial CTA FO membranes, HTI has then introduced the TFC FO membrane to the 
market; The flux of the spiral element was twice that of existing CTA membranes. This is 
thought to be a new criterion in future studies on FO membranes [58]. However, FO mem-
branes with superior water permeability and salt rejection are still subjects to be developed 
for commercialization of FO technology. SEM images of the other some commercial FO 
membranes are presented in Figure 8.

According to the research in literature, it is shown that the adjustment of the sub-layers is of 
great potential in tailoring PA-TFC membranes. In addition, the flexibility of PA-TFC membrane  

Figure 5. Illustration of the synthetic process and work mechanisms of hydrogel/GO FO membrane [45].
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been investigated, but reverse solute diffusions (RSD) tend to be high [51]. Employing hydro-
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membranes are presented in Figure 8.
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great potential in tailoring PA-TFC membranes. In addition, the flexibility of PA-TFC membrane  

Figure 5. Illustration of the synthetic process and work mechanisms of hydrogel/GO FO membrane [45].
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Figure 7. Cross-sectional SEM images of hydration technologies CA (the bar in each SEM image is 100 μm) (adapted 
from McCutcheon and Elimelech [57]).

Figure 6. The study of simultaneously deoiling and desalting shale gas wastewaters [45].
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structures has a positive effect on the improvement of the sub-layers, since each of the surface 
active and support layers can be individually constituted for a particular purpose (Figure 9) [59].

3.1. Support layer properties and manufacturing techniques

Li et al. [60] have recently reviewed recent researches on polymer and polymer composite 
membranes for RO and FO processes comprehensively. In one of these studies, a TFC FO 
flat membrane has a thin selective layer on top of a flat porous polymeric support that is pro-
duced by phase inversion with/without a thin nonwoven layer [50]. More recently, nanofiber 
mats with high porosity have been proposed as a support layer to reduce the ICP to a mini-
mum [53, 54, 61]. Bucky-papers made from CNTs are also being tested as support layer candi-
dates due to their flexibility, strength and high porosity, it is also recommended to investigate 
other low cost and high porosity materials such as metal oxide nanotubes [62]. Parallel to the 
studies with TFC flat plate modules, the number of research related to hollow fiber configura-
tion is also increasing due to its advantages such as high packing density and enhanced flow 

Figure 8. Cross-sectional SEM images for the (a) Osmonics CE, (b) Filmtec SW30 XLE and (c) Filmtec SW30 XLE, (d) 
Osmonics CE membrane with the fabric layer removed (the bar in each SEM image is 100 μm) (adapted from McCutcheon 
and Elimelech [58]).
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pattern and self-supporting structure [20, 63]. Under the same drive force effect, higher fluxes 
were obtained with hollow fiber membranes than with flat sheet membranes [64].

Similar to the characteristics of the support layers required to produce high performance PA 
TFC RO membranes, it is desirable that the support layers of the TFC FO membranes have 
high hydrophilicity, stability and mechanical strength, [65]. In addition, resistance to chemi-
cals, temperature and oxidation, as well as low fouling tendencies, increase the potential use of 
FO membranes in harsh industrial environmental conditions. [66]. However, the thin support 
layer, high porosity, and low tortuosity will help reduce ICP [67]. For this reason, some of the 
research related to FO membranes have focused on support layer fabrication and modification. 
In these studies, fabrication parameters such as optimization of polymer concentration, solvent 
composition and functional additives have been considered in the synthesis of the support 
layer [68]. For example, a simultaneous casting of two polymer solutions with a co-casting tech-
nique, a synthesized support layer has played an important role in reducing ICP, improving 
water flux and reducing reverse salt flux [69]. Furthermore, even the selection of non-woven 
fabrics underneath the polymeric support layer significantly affects the adhesion of the support 
layer polymer to this non-woven sheet. For example, selecting a fabric with high tortuosity, 
large thickness, and low porosity leads to an undesirable decrease in the water flux of the FO 
membrane. Moreover, the addition of foreign components to the substrate casting solution can 
help improve the substrate properties. For example, when lignin content is incorporated into 
the polysulfone (PSf) substrate, the bulk porosity enhanced, shorter diffusion pathway is pro-
vided and TFC membrane performance is improved [70]. By using diethylene glycol as a pore 
forming agent in the PSf/sulfonated poly (ether ketone)/N-methylpyrrolidone (NMP) casting 
solution, greater porosity and wider pore size distribution were obtained which reduced the 
resistance of the support layer to the solution and the reverse salt flux was also relatively con-
trolled [65]. Addition of PEG to the preparation of the CAP substrate increased the connectivity  

Figure 9. Flexibility in tailoring PA-TFC membranes by adjusting the surface active and support layers individually [59].
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of the pores and prevented macrovoids, as well as positively interacted with the cast glass 
blade. The resulting support is suitable for high performance TFC FO membrane fabrication 
since it has a high porosity bottom and a tight top surface [52]. The result is that the TFC mem-
brane with macrovoids (or finger-like structure) support facilitates mass transport and reduces 
ICP in FO [67]. However, these porous structures may become mechanically weak points in 
the membrane structure and may, in practice, worsen membrane separation under continuous 
water flow or backwash conditions [71]. The highly porous support can also increase the dif-
ficulty in forming an excellent active selective layer with the necessary mass transport proper-
ties [67]. However, the sponge-like structure of small pores surrounded by dense walls may 
be convenient to form an integral thin active layer and may exhibit better mechanical stability 
on the finger-like property; however, it increases resistance to mass transfer [64]. Experimental 
studies suggest that the ideal support with a sponge-like film on a finger-like substrate is very 
important in the fabrication of high-performance TFC FO membranes [50].

Recently, nanofiber support layers with scaffold-like and interconnected porous structures have 
been seen as promising alternatives to overcoming the disadvantages of sponge-like structures. 
The nanofiber supported PA TFC membranes exhibited much lower S (~80 μm) than a com-
mercial HTI FO membrane (S = 620 μm) and thus with a low molarity (0.5 M NaCl) DS and 
a DI water as the FS, it has been observed that the water flux has increased by five times [72].

An FO membrane with tubular nanofiber support was manufactured for the first time in the 
study of Arslan et al. [53]. In the first stage of the manufacturing, the support layer (polyacry-
lonitrile (PAN) nanofiber) was coated on the hollow braided rope (backing layer) by electro-
spinning method. In the second step, the active layer called the TFC layer was coated on the 
formed nanofiber by the IP process. Schematic illustration of FO membrane manufacturing 
is shown in Figure 10 and SEM images are presented in Figure 11. The TFC layer is the main 
selective barrier that prevents the transfer of the salt to the diluted side and allows the water 
molecules to diffusion into the DS side.

According to aforementioned review [60], Han et al. [65] pointed out that the hydrophilic-
ity and support layer thickness are critical parameters in controlling of water transport. It is 
reported that the TFC membrane with support layer which is completely sponge-like and has 
a hydrophilic upper surface, provides a higher water flux than a TFC membrane with sup-
port layer which is completely hydrophobic and has finger-like structure. In order to prepare 
or modify the support layer, hydrophilic materials such as sulfonated polysulfone (sPSf), 
sulfonated copolymer made of polyethersulfone (PES) and polyphenylsulfone (PESU-co-
sPPSU), sulfonated poly(ether ketone), poly- dopamine (PDA) or poly(vinyl alcohol) (PVA) 
have been explored [73–75]. Emadzadeh et al. improved the mass transfer and reduced ICP 
by applying TFC on the PSF support layer containing TiO2, thus increasing the water flow of 
the FO membrane [76].

Liang et al. [77] for the first time in the production of TFC-FO membranes, it has been pro-
posed to use vertical porous substrates as a support layer. The addition of acetone in aque-
ous phase promotes IP on vertical porous substrates. Positron annihilation lifetime analyses 
indicated that new FO membranes in the study have thicker and dense selective layers than 
conventional FO membranes with asymmetric substrates. These new FO membranes have a 
low structural parameter, indicating a greatly reduced ICP effect.
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The selective layer exhibits an unprecedented water flux up to 93.6 L/m2.h (LMH) (Figure 12)  
when driven by a 2 M NaCl as DS. This performance is evidenced by the FO membranes 
reported in the literature and commercially available. The authors suggested according to 
the results that substrates with vertically oriented porous structure are ideal supports for 

Figure 11. SEM images of (a) nanofibers in support layer at magnification of 10,000×, (b) gel-like formation of the 
polyamide layer on nanofibers at magnification of 50,000×, (c) cross-section of tubular nanofiber supported FO membrane 
at magnification of 10,000× (adapted from Arslan et al. [53]).

Figure 10. Demonstration of tubular nanofiber FO membrane manufacturing steps: (a) Steps of TFC process, 1— immersion 
of the tubular nanofiber membrane into the MPD solution, 2—air drying, 3—immersion of the tubular nanofiber membrane 
into the TMC solution, 4—heat treatment, 5— tubular nanofiber FO membrane. (b) Reaction mechanisms of the polyamide 
formation from MPD and TMC. (c) Schematic representation of cross-section of tubular nanofiber FO membrane [54].
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developing FO membranes with lower ICP and ultra-high water flux. Proposed lower ICP in 
vertically oriented porous layer compared with a tortuous sponge-like structure in FO mem-
branes by means of salt concentration profile are illustrated in Figure 13 [77].

In a more recent study, Kwon et al. [78] produced a highly permeable and mechanically resistant 
TFC-FO membrane with a new support layer which has been already commercialized porous 
polyethylene (PE) membrane as the lithium ion battery separator. The very open and intercon-
nected pore structure of the PE support, when combined with the thickness (~8 μm), is useful 
for alleviating the ICP, thus increasing the FO water flux. The use of a suitable plasma treatment 
and a surfactant in the PE support resulted in a stable formation of a PA permselective layer on 
the support by IP process. The prepared PE supported TFC (PE-TFC) membrane exhibited high 
water flux and low reverse salt flux performance due to its significantly low structural param-
eter. The performance values obtained in this study are also compared with other flux values in 
the literature (Table 3). The PE-TFC membrane has superior mechanical properties compared 

Figure 12. (a) Water flux and (b) reverse salt flux of the FO membranes in a process mode of the selective layer facing the 
FS (VOPS: vertically oriented porous substrates) [77].

Figure 13. The salt concentration profiles of (a) VOPS-TFC and (b) PI-TFC FO membranes. πD and πF denote the osmotic 
pressure of draw solution and FS, respectively. Δπideal indicates the osmotic pressure difference between the bulk feed 
and the bulk draw solution. Δπeff means the effective osmotic pressure driving force due to the presence of ICP effect [77].
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to the much thicker commercial FO membrane due to the exceptionally high mechanical integ-
rity of the PE support. The proposed strategy offers a new material platform for FO membranes 
with strong commercial potential and excellent performance and durability.

In another recent study on the support layer, Zhang et al. [90] manufactured hollow fiber FO 
membranes with improved thermal stability using IP process on the lumen side of the co-poly 
(phthalazinone biphenyl ether sulfone) (PPBES) substrate. The increase in water flow in the 
PPBES substrate also increased the flow in the FO membrane. IP preparation parameters such as 
solvent, monomer concentrations, reaction time and curing conditions have been shown to seri-
ously affect the development of composite FO membrane properties. The water flux of composite 
FO membranes increased from 24.0 to 66.5 LMH without a significant change in salt flux/water 
flux (Js/Jw) ratio when the draw solution temperature was raised from 23 to 85°C (Figure 14).

3.2. Active layer properties and manufacturing techniques

Li et al. [60] in their comprehensive review stated some recent applications on manufacturing 
or modifying active layer of FO membranes. Accordingly, the preparation of PA TF FO mem-
branes is also similar to the preparation of TFC RO membranes. It is necessary to optimize 
the parameters such as the reaction time and the air drying duration and compositions of the 
monomers. Klaysom et al. [91] noted that both the surfactant additive and the drying of excess 
amine solution prior to the reaction are two critical parameters in PAN support preparation to 
control membrane properties. The addition of SDS increases polymerization and helps to form 

Membranes S (μm) Jw (LMH) Js/Jw (g/L)

(FO/PRO)

Refs.

PE-TFC 161 41.9/45.1 0.50/0.49 [78]

PES hollow fiber-TFC 219 26.5/37.6 0.17/0.14 [64]

PAN flat sheet-TFC 350 28.8/36.3 0.10/0.13 [79]

Cellulose ester flat sheet-TFC 32 56.9/89.5 0.14/0.12 [52]

PESU-co-sPPSU flat sheet-TFC 324 20.0/25.0 0.12/0.13 [80]

PTA-co-POD flat sheet-TFC 236 37.5/78.4 0.15/0.15 [81]

PSf/SPPO (50 wt% SPEK) flat sheet-TFC 381 16.0/32.0 0.28/0.19 [82]

PSU/SPEK (50 wt% SPEK) flat sheet-TFC 107 23.0/34.0 0.18/0.20 [65]

PES/SPES (50 wt% SPES) flat sheet-TFC 245 25.2/33.7 0.28/0.26 [83]

Polydopamine-coated PAI flat sheet-TFC 456 14.0/48.0 0.44/0.17 [84]

PSf-silica NPs flat sheet-TFC 216 31.0/60.5 0.24/0.26 [85]

PSf-zeolite flat sheet-TFC 340 33.0/65 0.55/0.47 [86]

PSf-LDH flat sheet-TFC 148 18.1/34.6 0.45/0.36 [87]

PES nanofiber-TFC 106 46.0/50.0 — [72]

Nylon 6,6 nanofiber-TFC — 21.0/27.0 0.24/0.44 [88]

PVDF nanofiber-TFC 193 22.0/31.0 0.17/0.43 [89]

Table 3. Comparison of the FO performance of RO-grade membranes (FS: DI water, DS: 1.0 M NaCl) [78].
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a uniform and highly cross-linked PA film. Thus, the rate of salt uptake in this study increased 
from 57% to over 95%, and the decrease in permeability did not occur. On the other hand, 
the removal of the excess amine solution before interacting with TMC resulted in the forma-
tion of a less rough membrane with improved salt rejection [91]. Due to the ionic interaction 
between cetyltrimethylammonium chloride (CTAC) and m-phenylenediamine (MPD) in the 
aqueous solution, CTAC may alter the reaction of the monomers of the presence and polymer 
molecular aggregation. Increasing the CTAC content improves the formation of the linear PA 
structure and microcrystalline structure of the active layer, but consequently the water flux of 
the PA TFC hollow fiber membrane with PES support layer is reduced, despite the high reverse 
salt selectivity [92]. Thermal annealing after SDS/glycerol treatment on TFC FO membranes 
facilitates the removal of residual unreacted monomers from the surface of the active layer, 
increasing the free volume size/fractional free volume ratio and reducing the total membrane 
thickness; so that the water flux can be improved without losing the rejection performance of 
the membrane [52]. Another major problem encountered in FO processes is membrane foul-
ing, although it is less severe and reversible compared to RO processes. The structures of the 
support layers also significantly affect the active layer properties and hence the fouling charac-
teristics of the TFC FO membranes. Surfaces with high roughness and large leaf-like structures 
are more prone to foulant accumulation and exhibit a dramatic decline in flux through these 
membranes, making it more difficult to improve the flux by physical cleaning of the membrane 
[93]. When the TFC FO membrane surface is modified, for example by covalent attachment of 
PEG, the tendency of surface contamination is significantly reduced due to surface barriers 
that adsorb pollutants [74]. On the other hand, attachment of the functionalized silica on TFC 
membrane via covalent amide bonds between amine groups of functionalized nanoparticles 
and the carboxyl groups of the TFC surface improve the fouling resistance and reduce the BSA 
or alginate adhesion. This is explained by the presence of the tightly bound hydration layer 
and the reduction of the charged carboxyl groups on the TFC membrane surface [94].

A more recent research in the literature has produced nanoporous thin-film inorganic (TFI) FO 
membranes with a tetraethylorthosilicate-driven sol-gel process (Figure 15(a)). The produced 
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Forward Osmosis Membranes – A Review: Part I
http://dx.doi.org/10.5772/intechopen.72287

29



to the much thicker commercial FO membrane due to the exceptionally high mechanical integ-
rity of the PE support. The proposed strategy offers a new material platform for FO membranes 
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Membranes S (μm) Jw (LMH) Js/Jw (g/L)

(FO/PRO)

Refs.
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PVDF nanofiber-TFC 193 22.0/31.0 0.17/0.43 [89]

Table 3. Comparison of the FO performance of RO-grade membranes (FS: DI water, DS: 1.0 M NaCl) [78].
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membrane was used for the removal of four typical ionic divalent heavy metals. In laboratory 
scale FO process, 69 LMH flux was obtained by using four heavy metal containing FS at pH 4.5 
and 2 M NaCl as DS (Figure 15(b)). An average of 94% metal removal from the 200 mg/L FS 
solution was obtained. Since the hydrated ion diameters of the metals are smaller than the 
membrane pore size, the charge-interaction should be responsible for heavy metal rejection. 
Based on the classical Debye-Hückel theory and the Gouy-Chapman model, You et al. [95] 
have shown the importance of double-layer overlap in the membrane pore induced by electro-
static interaction between heavy metal ions and silica-made pore walls. Thus, the selectivity of 
the TFI membrane depends primarily on the function of the membrane pore size, the surface 
potential of the membrane pore wall, and Debye length (Figure 16). This study not only con-
firms the feasibility of the TFI membrane in the treatment of acidic heavy metal wastewater 
without pH adjustment, but it also suggests a simple theoretical scheme for better understand-
ing and design of the charged membrane for FO applications.

Figure 15. (a) Schematic diagram of TFI membrane formation (SSM: Stainless steel mesh, TEOS: Tetraethylorthosilicate), 
(b) FO water flux obtained under AL-FS and AL-DS mode at initial heavy metal concentration of 200 mg/L and 
pH 4.5 ± 0.5 for TFI membrane (adapted from You et al. [95]).

Figure 16. Schematic illustration of proposed mechanisms for rejection of heavy metal ions in FO process based on 
charge exclusion effect within the pores of TFI membrane [95].
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Salehi et al. [96] in their work, fabricated a new and highly efficient FO membrane by using 
electrostatic interaction on a porous support layer employing layer-by-layer (LbL) assembly 
of positive chitosan (CS) and negative GO nanosheets. The support layer was prepared by 
mixing the hydrophilic sulfonated polyethersulfone (sPES) and PES using the wet phase 
inversion process (Figure 17).

Various characterization techniques have been used to confirm that the LbL membrane has 
been successfully fabricated. The number of layers formed in the SPES-PES support layer 
was easily adjusted by repeating the CS and GO deposition cycles. A TFC membrane with 
the same SPES-PES support layer and PA active layer was also prepared to compare mem-
brane performances. Water permeability and salt rejection of the fabricated membranes were 
obtained with two types of DS (including Na2SO4 and sucrose) for two different membrane 
orientations. The results showed that the membrane coated by a CS/GO double layer had a 
flow rate of 2–4 orders of magnitude as much as the TFC. By increasing the number of CS/
GO double layers, the selectivity of the LbL membrane was improved. The newly fabricated 
LbL membrane showed better fouling resistance than the TFC in the FS containing 200 ppm 
sodium alginate as the foulant model (Figure 18).

Xu et al. [60] reported that generally, the flux obtained in the active layer facing draw solution 
(AL-DS) (PRO) configuration is higher than in the active layer facing feed solution (AL-FS) (FO) 
mode, but more fouling may occur in the PRO mode if the FS containing scalants/foulants is eas-
ily transported to the porous support layer. Two active layered hollow fiber membranes, one at 
the top of the high porosity support layer and one at the bottom, have been proposed by Wang’s 
group [97] so that scaling or fouling can be controlled without reducing water flux in the AL-DS 
mode. The hollow fiber membranes with RO and NF-like scales fabricated on a PAI support were 
subjected to high water flux and reverse salt flux values (41.3 and 5.2 LMH) using 2 M NaCl DS 
and DI as FS in AL-DS mode after IP reaction and polyethyleneimine (PEI) modification. In addi-
tion, the presence of the NF-like layer on the support layer can greatly increase the resistance to 
scaling in the AL-DS mode. A double-skinned hollow fiber membrane with CaHPO4 scaling with 
a 2-hour backwash recovers 96% of the water flux while a hollow fiber membrane with a single 
RO selective layer has a recovery of 78% [97]. Recent studies have used polyelectrolyte LbL to 
form an NF-like skin in the support layer studies conducted without chemical modification, while 
PA-RO-like layers have also been formed. Since the resulting NF-like skin does not directly contact  

Figure 17. Schematic illustration of CS/GO LbL assembly procedure [96].
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the FS and support layer, it prevents the transport of pollutants such as humic acid, dextran and 
lysozyme and thus the pore clogging. As a result, for a double-skinned hollow fiber membrane, 
the decrease in water flux was less than 30% during 4 hours operation, whereas for RO layer hol-
low fiber membranes, this reduction was 30–40% when 200 ppm foulant was used [98].

4. Conclusions

The active layer of an ideal FO membrane must be very thin and dense to achieve high salt 
retention. In order for the membrane to be able to be operated for a long time and the internal 
concentration polarization to be low, the support layer should be thin, hydrophilic, porous 
and exhibit mechanical strength as possible. The hydrophilicity must be high so that high flux 
and low fouling can be achieved. According to the current studies, utilizing novel nanomate-
rials, substrates and layer-by-layer assumptions in manufacturing of FO membrane undoubt-
edly enhance the water flux, rejection of the pollutants and minimize the membrane fouling 
but using synthetic wastewater -generally- containing one model foulant or DI water as feed 
solution makes it difficult to predict how FO membranes will act in real wastewaters or harsh 
environmental conditions. Therefore working with complex foulants and real wastewaters to 
better understanding of membrane behaviors, using modeling tools for fouling prediction and 
new cleaning strategies are essential to mitigate intrinsic challenges of the FO membranes.

In on-going researches, the developed new support layers appears continue to increase water 
flux slightly, however, lower water flux remains as a main challenge of the process when 
compared the conventional membrane systems. It is also a fact that the diffusion provided by 
draw solution in the process is not effective alone to increase product water volume, there-
fore, some promotive factors such as rehabilitated hydrodynamic behaviors or simultaneous 
filtration could be provided together with diffusion phenomena in further researches.

Figure 18. Fouling behavior and flux recovery of the TFC and 10-LbL membranes [96].
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Abstract

Forward osmosis (FO) is a technical term describing the natural phenomenon of osmosis: 
the transport of water molecules across a semipermeable membrane by osmotic pressure 
from a feed solution (FS) to a draw solution (DS). The diluted DS is then reconcentrated 
to recycle the draw solutes as well as to produce purified water. As the driving force is 
only the osmotic pressure difference between two solutions, meaning that there is no 
need to apply an external energy, this results in low fouling propensity of membrane and 
minimization of irreversible cake forming, which are the main problems controverted by 
membrane applications, especially in biological treatment systems (e.g., FO membrane 
bioreactor (FO-MBR)). The purpose of the book chapter is to bring an overview on the 
FO membrane manufacturing, characterizing and application area at laboratory or full 
scales. This book chapter is published in two parts. In the second part, which appears 
here, characterization of mass transport in FO membranes, fouling mechanisms and fou-
lants on FO membranes in naturally asymmetric structure and application areas of FO 
membranes in the literature are mentioned. Cutting-edge technologies on FO studies are 
comprehensively reviewed and following major and minor titles are stated truly on the 
new technologies.

Keywords: forward osmosis, characterization, structural parameter, membrane fouling, 
concentration polarization, water/wastewater treatment, desalination, hybrid processes, 
membrane bioreactor

1. Introduction

FO membranes are preferred over the last few years due to the high rejection of a wide range 
of contaminants and the lack of hydraulic pressure, resulting in less irreversible fouling on 
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bioreactor (FO-MBR)). The purpose of the book chapter is to bring an overview on the 
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scales. This book chapter is published in two parts. In the second part, which appears 
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the membrane surface compared to pressure-driven membranes. However, due to the asym-
metric structure of the FO membrane, concentration polarization (CP) becomes more impor-
tant, which motivates many researchers to focus on the selection and/or development of new 
membrane materials for both active and support layers to decrease CP.

In this second part of the chapter, characterization of FO membranes, such as determining rejec-
tion capabilities of membrane layers by analytical approaches and experimental procedures, is 
thoroughly stated by considering both review and research articles in the available literature. 
In the following section, fouling phenomena in FO membranes are referred by considering 
membrane orientation, and before Conclusion, application areas of FO process are presented. 
Since the permeate (diluting DS) of the FO membrane is not actually a product water, this 
filtrate (diluted DS) needs to be treated again. For this reason, the FO process needs an addi-
tional process to recover the water from the diluted draw solution. In this context, hybrid FO 
processes are also included in this section. Finally, the general summary of the research is 
evaluated and the future prospects for FO membranes and applications are introduced.

2. Characterization of FO membranes

Although the model development on characterization for FO membranes is described in 
some literature [1], more general information from some is given here. The membrane in 
separation process using osmotic pressure as driving force must be capable of rejecting both 
the FS and the DS. When there is no solute retention in membrane, the FS and DS are easily 
diffused from the membrane, and osmosis does not occur. All existing membranes that can 
be used for this purpose are asymmetric. Many of the problems in the FO process resulted 
from this asymmetric structure. As with all membrane processes, mass transfer boundary lay-
ers form near the selective interface. On the FO membrane, these boundary layers occur on 
both sides of the selective layer interface. However, in an asymmetric membrane, one of these 
interfaces is embedded in the support layer. Therefore, the support layer significantly reduces 
the mixing and prevents the mass transfer [2]. The support layers in the TFC RO membranes 
are relatively thick on the FO membranes and have 25–45% porosity [3]. Solutes must be 
transported by support layer to reach to the selective layer on which diffusion or rejection is 
performed. If the mass transfer in these layers is weak, the situation called ICP occurs. Similar 
to conventional CP, ICP reduces the osmotic driving force. In an FO membrane where there 
is an asymmetric support layer in which no mixing occurs, the osmotic driving forces can be 
severely reduced, resulting in no water flux from the membrane [4]. The severity of ICP is 
greatly influenced by the support layer. This structure is often referred to a metric known as 
the structural parameter, S

  S =   t𝜏𝜏 __ ε    (1)

where t is the thickness, τ is the tortuosity, and ε is the porosity of the support layer. In the FO 
process, membranes with lower S values are preferred to reduce ICP severity. To this end, a 
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number of studies have been conducted on the production and modification of new FO mem-
branes with low S values since 1990. Tiraferri et al. [5] conducted studies on the effects of sol-
vent quality, dope polymer concentration, backing layer wetting, and casting blade gate on 
support layer production on one of the first TFC membranes designed for the FO membrane. 
The pore morphology of the support layer was characterized with the aid of cross-sectional 
SEM images and reported that the optimum FO membrane must be formed from a mixed 
structured backing layer and that the upper part of the thin sponge-like layer should be 
placed on high porosity macrovoids. Shi [6] investigated UF-type phase inversion cast sup-
ports for hollow fiber FO membranes and reported that substrates with 300 kDa (molecular 
weight cut-off (MWCO)) should be preferred to obtain a “good” semipermeable skin.

It has also been claimed that, considering the suitability of the substrate for IP, taking into 
account the MWCO parameter is more appropriate than the mean pore size. It is estimated 
that membrane thickness is more important than porosity and tortuosity in recent stud-
ies with nanofiber membranes [7]. Moreover, the support layer pore diameter, which is 
thought to be very effective only in the formation of the selective layer, has also been shown 
to influence ICP [8]. The influence of the support layer structure on transport is typically 
expressed using the structural parameter concept. To calculate S, the membrane thickness 
(can be measured by SEM and relatively easily), porosity, and tortuosity should be mea-
sured independently. However, it is quite difficult to measure these last two, especially tor-
tuosity, accurately and reliably. The reason for this is that the characterization of the pore 
structure of soft materials is an area where work is still developing and there is no stan-
dardization for the comprehensive and accurate characterization of 3D structures. Hence, 
researchers on FO use and develop numerical models more commonly than calculating S 
parameters with Eq. (1).

Experimental measurements are used when the S parameter is calculated, and therefore, the 
experimental conditions as a factor are emerging from the structural properties of the mem-
brane. This means that changes in experimental conditions will directly affect the estimated S 
value. Therefore, no significant comparison can be made between these support layers unless 
the same experimental conditions are used to test different membranes. In a study by Cath 
et al., this limitation of the semiempirical method is clearly emphasized [9]. In this study, 
researchers from 7 different laboratory groups tested 2 different membranes from the same 
production line under the same experimental conditions but on different systems. One was an 
HTI-CTA membrane commercially available from HTI, and the other was a TFC membrane 
from Oasys Water. Significant deviations could be observed between the effective S values 
obtained by different groups as shown in Figure 1. Therefore, researchers report that the 
experimental conditions are the main factors in the calculation of the effective S parameter in 
semiempirical calculation method [1].

More recently, a simple characterization method based on a combination of a single FO test 
and a statistical approach has been developed to avoid pressure RO testing, which can damage 
the FO membrane or misread membrane properties in the characterization of FO membranes 
[10]. In this single test, the membrane is operated in AL-FS mode to measure water and reverse 
salt flux using deionized water (DI) as feed and NaCl as the DS. The statistical approach uses 
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In this second part of the chapter, characterization of FO membranes, such as determining rejec-
tion capabilities of membrane layers by analytical approaches and experimental procedures, is 
thoroughly stated by considering both review and research articles in the available literature. 
In the following section, fouling phenomena in FO membranes are referred by considering 
membrane orientation, and before Conclusion, application areas of FO process are presented. 
Since the permeate (diluting DS) of the FO membrane is not actually a product water, this 
filtrate (diluted DS) needs to be treated again. For this reason, the FO process needs an addi-
tional process to recover the water from the diluted draw solution. In this context, hybrid FO 
processes are also included in this section. Finally, the general summary of the research is 
evaluated and the future prospects for FO membranes and applications are introduced.

2. Characterization of FO membranes

Although the model development on characterization for FO membranes is described in 
some literature [1], more general information from some is given here. The membrane in 
separation process using osmotic pressure as driving force must be capable of rejecting both 
the FS and the DS. When there is no solute retention in membrane, the FS and DS are easily 
diffused from the membrane, and osmosis does not occur. All existing membranes that can 
be used for this purpose are asymmetric. Many of the problems in the FO process resulted 
from this asymmetric structure. As with all membrane processes, mass transfer boundary lay-
ers form near the selective interface. On the FO membrane, these boundary layers occur on 
both sides of the selective layer interface. However, in an asymmetric membrane, one of these 
interfaces is embedded in the support layer. Therefore, the support layer significantly reduces 
the mixing and prevents the mass transfer [2]. The support layers in the TFC RO membranes 
are relatively thick on the FO membranes and have 25–45% porosity [3]. Solutes must be 
transported by support layer to reach to the selective layer on which diffusion or rejection is 
performed. If the mass transfer in these layers is weak, the situation called ICP occurs. Similar 
to conventional CP, ICP reduces the osmotic driving force. In an FO membrane where there 
is an asymmetric support layer in which no mixing occurs, the osmotic driving forces can be 
severely reduced, resulting in no water flux from the membrane [4]. The severity of ICP is 
greatly influenced by the support layer. This structure is often referred to a metric known as 
the structural parameter, S

  S =   t𝜏𝜏 __ ε    (1)

where t is the thickness, τ is the tortuosity, and ε is the porosity of the support layer. In the FO 
process, membranes with lower S values are preferred to reduce ICP severity. To this end, a 
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number of studies have been conducted on the production and modification of new FO mem-
branes with low S values since 1990. Tiraferri et al. [5] conducted studies on the effects of sol-
vent quality, dope polymer concentration, backing layer wetting, and casting blade gate on 
support layer production on one of the first TFC membranes designed for the FO membrane. 
The pore morphology of the support layer was characterized with the aid of cross-sectional 
SEM images and reported that the optimum FO membrane must be formed from a mixed 
structured backing layer and that the upper part of the thin sponge-like layer should be 
placed on high porosity macrovoids. Shi [6] investigated UF-type phase inversion cast sup-
ports for hollow fiber FO membranes and reported that substrates with 300 kDa (molecular 
weight cut-off (MWCO)) should be preferred to obtain a “good” semipermeable skin.

It has also been claimed that, considering the suitability of the substrate for IP, taking into 
account the MWCO parameter is more appropriate than the mean pore size. It is estimated 
that membrane thickness is more important than porosity and tortuosity in recent stud-
ies with nanofiber membranes [7]. Moreover, the support layer pore diameter, which is 
thought to be very effective only in the formation of the selective layer, has also been shown 
to influence ICP [8]. The influence of the support layer structure on transport is typically 
expressed using the structural parameter concept. To calculate S, the membrane thickness 
(can be measured by SEM and relatively easily), porosity, and tortuosity should be mea-
sured independently. However, it is quite difficult to measure these last two, especially tor-
tuosity, accurately and reliably. The reason for this is that the characterization of the pore 
structure of soft materials is an area where work is still developing and there is no stan-
dardization for the comprehensive and accurate characterization of 3D structures. Hence, 
researchers on FO use and develop numerical models more commonly than calculating S 
parameters with Eq. (1).

Experimental measurements are used when the S parameter is calculated, and therefore, the 
experimental conditions as a factor are emerging from the structural properties of the mem-
brane. This means that changes in experimental conditions will directly affect the estimated S 
value. Therefore, no significant comparison can be made between these support layers unless 
the same experimental conditions are used to test different membranes. In a study by Cath 
et al., this limitation of the semiempirical method is clearly emphasized [9]. In this study, 
researchers from 7 different laboratory groups tested 2 different membranes from the same 
production line under the same experimental conditions but on different systems. One was an 
HTI-CTA membrane commercially available from HTI, and the other was a TFC membrane 
from Oasys Water. Significant deviations could be observed between the effective S values 
obtained by different groups as shown in Figure 1. Therefore, researchers report that the 
experimental conditions are the main factors in the calculation of the effective S parameter in 
semiempirical calculation method [1].

More recently, a simple characterization method based on a combination of a single FO test 
and a statistical approach has been developed to avoid pressure RO testing, which can damage 
the FO membrane or misread membrane properties in the characterization of FO membranes 
[10]. In this single test, the membrane is operated in AL-FS mode to measure water and reverse 
salt flux using deionized water (DI) as feed and NaCl as the DS. The statistical approach uses 
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both ICP and external concentration polarization (ECP) models to predict Jw and Js on the 
tested membrane and finds the most appropriate water and salt permeability (A and B) and 
salt diffusion resistance in the support layer. Verifications using various experimental results 
in this study and other literature have shown that this new FO membrane characterization 
method sets parameters (A, B, and KICP) more reliably than the conventional characterization 
method based on the pressure-RO experiment to estimate the experimental Jw and Js. The 
consideration of ECP helps to determine more accurate FO membrane parameters (especially 
KICP), but it is difficult to accurately model the ECP for the FO membrane channel tested.

The evaluation of porosity and tortuosity has been carried out with traditional characteriza-
tion techniques such as SEM and porosimetry as well as newer tools such as x-ray computed 
tomography (XCT). While none of these techniques comply with all of the difficulties listed 
above, some are more suitable than others according to the type of the membrane material 
being tested. Imaging approaches provide good visuals for evaluating the qualities of porous 
membranes. However, expensive and time-consuming techniques are required to obtain this 
information from images. It also requires usage expertise. But all of these, as well as reso-
lution and field-of-view (FOV) limitations, are disadvantages that reduce the quantitative 
value of these images.

Membrane pore structure analysis can also be done without relying on the images. There 
are a number of analytical techniques that can examine the pore structure by means of prob-
ing. While these approaches do not reintroduce visual presentation of membranes, they can 
provide critical characterization information about FO membrane, including porosity and 
tortuosity, by using basic models.

Compared with imaging techniques, analytical techniques allow for greater comparisons between 
different FO membrane structures by easily analyzing a larger sample volume. However, the 

Figure 1. Structural parameters of TFC and asymmetric FO membranes [9].
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assumptions used to derive the models calculating the porosity and tortuosity must be carefully 
considered before adapting to the sample being analyzed. Similarly, when analyzing data from 
them, the biases of different analytical techniques should be considered [1]. Direct measurement 
techniques of intrinsic structural parameters are presented together in Figure 2.

Designers of membranes for osmotic processes need to be able to better calculate the mass 
transfer resistance of the membrane to overcome the difficulties in nature of osmotic systems. 
Unless major structural parameters such as porosity and tortuosity are known, wrong areas 
of designs may be focused on. In order to overcome these difficulties, the above-mentioned 
methods for membrane characterization need to be further developed [1].

3. Fouling in FO membranes

Today, the greatest challenges of FO technology can be summarized into three main classes: 
the difficulty of developing a correct and an effective FO membrane, the lack of recyclable 
and economical DS, and the limited availability of information on membrane fouling [11]. 
Although fouling of FO membranes is more reversible than RO membranes, removal of con-
taminants may become more difficult when the feed stream in the FO membrane contacts the 
support layer [12, 13].

Figure 2. Direct measurement techniques of intrinsic structural parameters (adapted from [1]).

Forward Osmosis Membranes – A Review: Part II
http://dx.doi.org/ 10.5772/intechopen.74659

45



both ICP and external concentration polarization (ECP) models to predict Jw and Js on the 
tested membrane and finds the most appropriate water and salt permeability (A and B) and 
salt diffusion resistance in the support layer. Verifications using various experimental results 
in this study and other literature have shown that this new FO membrane characterization 
method sets parameters (A, B, and KICP) more reliably than the conventional characterization 
method based on the pressure-RO experiment to estimate the experimental Jw and Js. The 
consideration of ECP helps to determine more accurate FO membrane parameters (especially 
KICP), but it is difficult to accurately model the ECP for the FO membrane channel tested.

The evaluation of porosity and tortuosity has been carried out with traditional characteriza-
tion techniques such as SEM and porosimetry as well as newer tools such as x-ray computed 
tomography (XCT). While none of these techniques comply with all of the difficulties listed 
above, some are more suitable than others according to the type of the membrane material 
being tested. Imaging approaches provide good visuals for evaluating the qualities of porous 
membranes. However, expensive and time-consuming techniques are required to obtain this 
information from images. It also requires usage expertise. But all of these, as well as reso-
lution and field-of-view (FOV) limitations, are disadvantages that reduce the quantitative 
value of these images.

Membrane pore structure analysis can also be done without relying on the images. There 
are a number of analytical techniques that can examine the pore structure by means of prob-
ing. While these approaches do not reintroduce visual presentation of membranes, they can 
provide critical characterization information about FO membrane, including porosity and 
tortuosity, by using basic models.

Compared with imaging techniques, analytical techniques allow for greater comparisons between 
different FO membrane structures by easily analyzing a larger sample volume. However, the 

Figure 1. Structural parameters of TFC and asymmetric FO membranes [9].

Osmotically Driven Membrane Processes - Approach, Development and Current Status44

assumptions used to derive the models calculating the porosity and tortuosity must be carefully 
considered before adapting to the sample being analyzed. Similarly, when analyzing data from 
them, the biases of different analytical techniques should be considered [1]. Direct measurement 
techniques of intrinsic structural parameters are presented together in Figure 2.

Designers of membranes for osmotic processes need to be able to better calculate the mass 
transfer resistance of the membrane to overcome the difficulties in nature of osmotic systems. 
Unless major structural parameters such as porosity and tortuosity are known, wrong areas 
of designs may be focused on. In order to overcome these difficulties, the above-mentioned 
methods for membrane characterization need to be further developed [1].

3. Fouling in FO membranes

Today, the greatest challenges of FO technology can be summarized into three main classes: 
the difficulty of developing a correct and an effective FO membrane, the lack of recyclable 
and economical DS, and the limited availability of information on membrane fouling [11]. 
Although fouling of FO membranes is more reversible than RO membranes, removal of con-
taminants may become more difficult when the feed stream in the FO membrane contacts the 
support layer [12, 13].

Figure 2. Direct measurement techniques of intrinsic structural parameters (adapted from [1]).

Forward Osmosis Membranes – A Review: Part II
http://dx.doi.org/ 10.5772/intechopen.74659

45



She et al. [14] investigated the membrane fouling in osmotically driven membrane processes 
and concluded that fouling in pressure-driven membranes can occur at different locations 
of the membrane [15, 16]. As shown in Figure 3(a), the foulants in the FS are transported 
to the active layer surface of the membrane in the AL-FS mode, resulting in a cake layer 
similar to fouling of the RO membranes. This type of pollution is called external pollution. 
Fouling occurring in the FO membrane in AL-DS mode is more complicated. Figure 3(b) 
shows possible fouling scenarios in AL-DS orientation. If the contaminant has a relatively 
small size and is able to enter the porous support layer by convection of the FS, it will either 
be adsorbed through the walls of the pores of the support layer or eventually be retained by 
the active layer and accumulate on the back surface of the active layer. Subsequently, the fou-
lants entering the porous support layer will adhere to the contaminants that are adsorbed on 
the walls of the support layer pores or to the accumulated contaminants on the back surface 
of the active layer, thus leading to “pore clogging.” This form of pollution is called internal 
fouling (scenario (1) in Figure 3(b)). In severe fouling conditions, contaminants will continue 
to accumulate on the outer surface of the porous support layer, as well as internal pore clog-
ging. This type of membrane fouling is referred to as combined internal and external fouling 
(scheme (2) in Figure 3(b)). If the foulants have relatively large sizes and cannot enter the 
porous support layer, they may only accumulate on the outer surface of the porous support 
layer. In this case, only external fouling occurs (scenario (3) in Figure 3(b)). If contaminants 
are present in the feedwater in different sizes, both external fouling and internal fouling may 
occur (scenarios (4) and (5) in Figure 3(b)).

According to She et al. [15], compared to internal fouling, it is easier to remove the external 
fouling from the membrane surface by optimizing the hydrodynamic conditions of the feed 
stream (such as by increasing the cross-flow rate, applying pulsed flow [17] and employing 
air scouring [18]). For this reason, most researchers suggest AL-FS orientation in the FO pro-
cess to prevent undesired internal fouling, even though the ICP in AL-FS is more severe than 
in AL-DS mode [13, 19]. However, external fouling is more reversible in FO membranes, as 
there is no such matter as compaction of pollution due to hydraulic pressure in the RO mem-
brane [20]. On the other hand, the internal fouling within the porous support layer functions 
as an unmixed layer. Internal pollution is less reversible than external pollution, as it is more 
difficult to control the optimization of hydrodynamic conditions [21]. Internal fouling usually 
occurs in PRO membranes operating in AL-DS mode [22]. Although the osmotic backwash 
method has been developed to clean contaminants in the support layer [21], the development 

Figure 3. Fouling types in FO membranes (a) FO mode, (b) PRO mode (adapted from [14]).
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of more effective strategies for internal pollution control will still be an important research 
topic in the future.

Classification and interaction of foulants in osmotic pressure-driven membrane processes 
[22] can be grouped into four main classes: (i) colloidal fouling by accumulation of col-
loidal particles on the membrane, (ii) organic fouling by deposition and adsorption of the 
macromolecular organic compounds on the membrane surface, (iii) inorganic scaling by 
precipitation or crystallization of inorganic compounds that are poorly soluble on the mem-
brane surface, and (iv) biofouling by adhesion and accumulation of the microorganisms to 
the membrane surface and eventually biofilm development. The specific pollutants in the 
different groups are closely related to the characteristics of the feedwater. Contaminants 
specifically present in raw and treated wastewaters are particles, colloids, and organic mac-
romolecules such as polysaccharides, humic substances, and proteins [23]. In addition, 
these substances are also commonly found in natural waters such as rivers, seawater, and 
ground waters [13]. Zhou et al. [23] used gas chromatography-mass spectrometry (GC–MS) 
to identify soluble microbial products (SMPs) containing a large portion of polysaccharides, 
proteins and humic substances in raw and wastewater. Recently, organic carbon detection-
organic nitrogen detection (LC-OCD-OND) has become increasingly popular for the iden-
tification of these pollutants [24]. Organic contaminants deposited on the membrane can be 
identified by Fourier transform infrared (FTIR) spectroscopy, solid-state 13C-nuclear mag-
netic resonance (NMR) spectroscopy, and high performance size exclusion chromatogra-
phy (HP-SEC) [25]. Total organic carbon (TOC) measurement and UV analysis were also 
performed to determine the density of organic foulant deposition on the membrane [26]. 
Transparent exopolymer particles (TEPs) are another important organic pollutant typically 
found in natural waters. TEP in the feedwater is determined by two methods: microscopic 
counting and colorimetric detection [27].

Silica is a major inorganic foulant and is usually present in dissolved form or as colloidal par-
ticles in sea water, brackish water, and wastewater [24]. In addition, other inorganic contami-
nants are dissolved salts such as calcium carbonate, calcium sulfate, and calcium phosphate 
[28]. These inorganic contaminants deposited on the membrane surface can be extensively 
characterized by scanning electron microscopy-energy dispersive X-ray diffraction (SEM-
EDX) [28] and X-ray diffraction (XRD) [29]. Microorganisms are mainly found in activated 
sludge in membrane bioreactors (MBR) as biofoulants [28]. These microorganisms can also be 
found in natural waters and cause biofouling in seawater and brackish water desalination [24]. 
Microbial populations within the biofilm can be characterized by analysis of DNA extracted 
from living cells using microbiological methods such as polymerase chain reaction denaturing 
gradient gel electrophoresis (PCR-DGGE) and fluorescent in situ hybridization (FISH) [23].

She et al. [15] indicated that membranes in osmotic pressure-driven membrane processes 
are contaminated by natural or industrial waters and wastewaters, and membrane fouling 
involves the combination of the four fouling categories above [24]. The understanding of 
mixed pollution mechanisms is difficult because of the various and numerous pollutants. 
Many studies to understand these fouling mechanisms are generally based on the consider-
ation of a single foulant and the use of a synthetic FS [13, 19]. Meanwhile, the number of stud-
ies on fouling of FO membranes is also increasing. In particular, osmotic MBR studies have the 
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She et al. [14] investigated the membrane fouling in osmotically driven membrane processes 
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of more effective strategies for internal pollution control will still be an important research 
topic in the future.

Classification and interaction of foulants in osmotic pressure-driven membrane processes 
[22] can be grouped into four main classes: (i) colloidal fouling by accumulation of col-
loidal particles on the membrane, (ii) organic fouling by deposition and adsorption of the 
macromolecular organic compounds on the membrane surface, (iii) inorganic scaling by 
precipitation or crystallization of inorganic compounds that are poorly soluble on the mem-
brane surface, and (iv) biofouling by adhesion and accumulation of the microorganisms to 
the membrane surface and eventually biofilm development. The specific pollutants in the 
different groups are closely related to the characteristics of the feedwater. Contaminants 
specifically present in raw and treated wastewaters are particles, colloids, and organic mac-
romolecules such as polysaccharides, humic substances, and proteins [23]. In addition, 
these substances are also commonly found in natural waters such as rivers, seawater, and 
ground waters [13]. Zhou et al. [23] used gas chromatography-mass spectrometry (GC–MS) 
to identify soluble microbial products (SMPs) containing a large portion of polysaccharides, 
proteins and humic substances in raw and wastewater. Recently, organic carbon detection-
organic nitrogen detection (LC-OCD-OND) has become increasingly popular for the iden-
tification of these pollutants [24]. Organic contaminants deposited on the membrane can be 
identified by Fourier transform infrared (FTIR) spectroscopy, solid-state 13C-nuclear mag-
netic resonance (NMR) spectroscopy, and high performance size exclusion chromatogra-
phy (HP-SEC) [25]. Total organic carbon (TOC) measurement and UV analysis were also 
performed to determine the density of organic foulant deposition on the membrane [26]. 
Transparent exopolymer particles (TEPs) are another important organic pollutant typically 
found in natural waters. TEP in the feedwater is determined by two methods: microscopic 
counting and colorimetric detection [27].

Silica is a major inorganic foulant and is usually present in dissolved form or as colloidal par-
ticles in sea water, brackish water, and wastewater [24]. In addition, other inorganic contami-
nants are dissolved salts such as calcium carbonate, calcium sulfate, and calcium phosphate 
[28]. These inorganic contaminants deposited on the membrane surface can be extensively 
characterized by scanning electron microscopy-energy dispersive X-ray diffraction (SEM-
EDX) [28] and X-ray diffraction (XRD) [29]. Microorganisms are mainly found in activated 
sludge in membrane bioreactors (MBR) as biofoulants [28]. These microorganisms can also be 
found in natural waters and cause biofouling in seawater and brackish water desalination [24]. 
Microbial populations within the biofilm can be characterized by analysis of DNA extracted 
from living cells using microbiological methods such as polymerase chain reaction denaturing 
gradient gel electrophoresis (PCR-DGGE) and fluorescent in situ hybridization (FISH) [23].

She et al. [15] indicated that membranes in osmotic pressure-driven membrane processes 
are contaminated by natural or industrial waters and wastewaters, and membrane fouling 
involves the combination of the four fouling categories above [24]. The understanding of 
mixed pollution mechanisms is difficult because of the various and numerous pollutants. 
Many studies to understand these fouling mechanisms are generally based on the consider-
ation of a single foulant and the use of a synthetic FS [13, 19]. Meanwhile, the number of stud-
ies on fouling of FO membranes is also increasing. In particular, osmotic MBR studies have the 
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potential to conduct research with more complex wastewaters [28, 30]. Working with a single 
model of foulant is more advantageous in terms of easier control of the selected foulant and 
understanding of the foulant-foulant or foulant-membrane interactions. The physicochemical 
properties are also important factors affecting the stability of contaminants in the FS, as well 
as information on the tendency to contaminate the membrane [31]. With the understanding of 
the fouling mechanisms in a single foulant system, future studies may focus on the study of 
the fouling mechanisms for mixed foulant systems, which may lead to a better understanding 
of the membrane fouling mechanisms.

Colloidal and organic fouling with highly complex mechanisms in FO membranes is affected 
by a number of physical and chemical factors, and in general, these factors can be divided into 
five groups: (i) operating conditions such as initial water flow, cross-flow rate, spacer features, 
ventilation, and temperature; (ii) feedwater characteristics such as foulant type, concentra-
tion, pH, temperature, ionic strength, and ionic composition; (iii) DS properties such as solute 
type and concentration; (iv) Membrane properties such as structural and surface characteris-
tics; (iv) membrane orientation as AL-FS and AL-DS [31].

The composition of the FS is one of the most important factors affecting membrane fouling. 
The effect of the feedwater composition on FO membrane fouling is similar to that of pressure-
based membrane processes, and recently some investigations have been conducted on this 
topic [13, 32]. Generally, the degree and rate of fouling are strongly dependent on the proper-
ties and concentration of pollutants in the feedwater. In addition, since the FS chemistry sig-
nificantly affects the physico-chemical properties of the contaminant [22, 33], it will also play 
a role in foulant-foulant and foulant-membrane interactions and determine the membrane’s 
fouling behavior.

The composition and concentration of the DS, the main source of osmotic pressure in the FO 
process, not only affects water and salt flux but also plays a role on the membrane fouling. 
In general, as the DS concentration increases, the initial water flux increases and exacerbates 
membrane fouling. Studies in the literature have reported membrane fouling increases with 
increasing DS concentration [13, 19, 34]. The high hydraulic drag force caused by the high 
flux also leads to the accumulation of foulant on the surface of the membrane. In this context, 
the change in DS concentration leads mainly to changes in hydrodynamic conditions. For this 
reason, pollution behavior due to DS concentration can be well explained by the flux-depen-
dent fouling mechanism in which hydrodynamic conditions play a dominant role.

Membrane material and properties may also affect membrane fouling behavior. Membranes 
used in osmotic processes are generally originated from a nonporous active layer formed on 
a porous support layer [35–37]. The intrinsic separation properties of the active layer and the 
structural properties of the support layer govern the transport of water and solutes, which 
may affect membrane fouling behavior. Membranes with superior separation properties and 
structural properties (i.e., more water permeability, high selectivity, and membranes with 
smaller structural parameters) can provide higher water flux. However, the increased hydro-
dynamic drag force due to increased water flow will also increase the membrane fouling 
potential. On the other hand, membranes with low separation and selectivity properties may 
increase the risk of membrane fouling as there may be more solute transfer between DS and 
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FS. When designing or selecting membranes for FO applications in the future, the separation 
and structural properties of the membranes should be considered not only in terms of water 
flow performance but also in terms of the fouling behavior [15].

Membrane fouling and CP behave differently in different orientations of membrane (AL-FS 
or AL-DS) in osmotic pressure-driven membranes (Figure 4). Therefore, fouling and CP are 
defined as cake-enhanced external concentration polarization (CE-ECP) in the AL-FS mode 
[38], while in the AL-DS mode, it is defined as pore clogging-enhanced internal concentration 
polarization (PCE-ICP) [19]. It is reported that the main factor that dominates water flux in 
osmotic pressure-driven membranes is ICP and PCE-ICP presumably plays a leading role in the 
flux declining. Furthermore, while CE-ECP is very effective in AL-FS mode membrane fouling, 
a strong ICP effect can moderate flux decline rate. On the other hand, PCE-ICP can cause much 
more severe flux declines. However, systematic studies are still needed to explore the effects of 
CE-ECP and PCE-ICP on membrane clogging in osmotic pressure-driven membranes.

As shown in Figure 5, membrane fouling, CP (both ICP and ECP), and RSD are closely 
interrelated and can be modeled using the osmotic-resistance filtration model. Factors and 
mechanisms affecting FO membrane fouling such as hydrodynamic conditions, feedwater com-
position, membrane properties, and cake-enhanced concentration polarization (CE-CP) are also 
applicable for NF/RO processes. Osmotic pressure is the indispensable parameter for osmoti-
cally driven membrane processes. The composition and concentration of this solution may also 
affect other factors by means of membrane fouling. This is the point where osmotically driven  

Figure 4. Schematic illustration of concentration profile across the membrane due to fouling-enhanced concentration 
polarization (a) fouling-enhanced ECP in AL-FS orientation. (b) Fouling-enhanced ICP in AL-DS orientation (adapted 
from [14]).
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potential to conduct research with more complex wastewaters [28, 30]. Working with a single 
model of foulant is more advantageous in terms of easier control of the selected foulant and 
understanding of the foulant-foulant or foulant-membrane interactions. The physicochemical 
properties are also important factors affecting the stability of contaminants in the FS, as well 
as information on the tendency to contaminate the membrane [31]. With the understanding of 
the fouling mechanisms in a single foulant system, future studies may focus on the study of 
the fouling mechanisms for mixed foulant systems, which may lead to a better understanding 
of the membrane fouling mechanisms.

Colloidal and organic fouling with highly complex mechanisms in FO membranes is affected 
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FS. When designing or selecting membranes for FO applications in the future, the separation 
and structural properties of the membranes should be considered not only in terms of water 
flow performance but also in terms of the fouling behavior [15].

Membrane fouling and CP behave differently in different orientations of membrane (AL-FS 
or AL-DS) in osmotic pressure-driven membranes (Figure 4). Therefore, fouling and CP are 
defined as cake-enhanced external concentration polarization (CE-ECP) in the AL-FS mode 
[38], while in the AL-DS mode, it is defined as pore clogging-enhanced internal concentration 
polarization (PCE-ICP) [19]. It is reported that the main factor that dominates water flux in 
osmotic pressure-driven membranes is ICP and PCE-ICP presumably plays a leading role in the 
flux declining. Furthermore, while CE-ECP is very effective in AL-FS mode membrane fouling, 
a strong ICP effect can moderate flux decline rate. On the other hand, PCE-ICP can cause much 
more severe flux declines. However, systematic studies are still needed to explore the effects of 
CE-ECP and PCE-ICP on membrane clogging in osmotic pressure-driven membranes.

As shown in Figure 5, membrane fouling, CP (both ICP and ECP), and RSD are closely 
interrelated and can be modeled using the osmotic-resistance filtration model. Factors and 
mechanisms affecting FO membrane fouling such as hydrodynamic conditions, feedwater com-
position, membrane properties, and cake-enhanced concentration polarization (CE-CP) are also 
applicable for NF/RO processes. Osmotic pressure is the indispensable parameter for osmoti-
cally driven membrane processes. The composition and concentration of this solution may also 
affect other factors by means of membrane fouling. This is the point where osmotically driven  

Figure 4. Schematic illustration of concentration profile across the membrane due to fouling-enhanced concentration 
polarization (a) fouling-enhanced ECP in AL-FS orientation. (b) Fouling-enhanced ICP in AL-DS orientation (adapted 
from [14]).
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membranes are separated mainly from hydraulic pressure-driven membranes in terms of the 
fouling mechanism. Membrane orientation (AL-FS/AL-DS or FO/PRO) is another factor affect-
ing membrane fouling, and FO mode is more preferred as it is less prone to fouling and pro-
vides a more stable water flux. However, PRO mode can also be preferred for strong membrane 
stability under high pressure and fewer ICPs. However, this mode has a tendency for internal 
fouling, which is less reversible. Both the size exclusion mechanism and CE-CP can affect mem-
brane fouling, which can increase or decrease the rejection of contaminants. Modification of the 
membrane may be a strategy to reduce the fouling of the membrane and to increase reversibility 
of membrane fouling, which facilitates membrane cleaning [14].

4. Application areas of forward osmosis membranes

FO can be applied for the treatment of various kind of wastewaters including strong indus-
trial effluents, i.e., from textile processes, oil and gas well fracturing waste streams, landfill 
leachates, nutrient-rich liquids, activated sludge, municipal wastewater, and even nuclear-
origin wastewaters have been mentioned [39]. The applications of FO process can be classi-
fied as in Figure 6. The FO membrane rejects particles, pathogens, and emerging substances 
with an average porosity of 0.25–0.37 nm [40]. FO is also able to reject high levels of salt 
that cannot be achieved by normal treatment systems, and the total dissolved solids (TDS) 
from complex water can effectively be removed [41]. FO is no required for pretreatment 
of feedwaters (wastewaters) with complex contents. Conversely, RO and NF processes are 
more susceptible to fouling. Pretreatment is required to increase membrane lifetime and 
reduce costs [42]. FO can also be used for dewatering applications [43], useful for an effi-
cient anaerobic digestion of wastewater, and is simpler and more environmentally friendly 
than classical dewatering processes [11]. High saline currents can be processed by the FO, 
not by the RO [44].

Figure 5. The intrinsic interrelationship among membrane fouling: CP (concentration polarization) and RSD (reverse salt 
diffusion) (adapted from [14]).
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4.1. Water/wastewater treatment

According to FO literature in the last 10 years, about 7% of the studies have used complex 
water. However, the number of studies on wastewater is also increasing. The advantages 
of FO observed in these studies encourage they prefer FO instead of current technologies in 
future studies [45].

In municipal wastewater treatment processes, integrated FO-membrane distillation (MD) 
system is applied for sewer mining. In a continuous operating period, a stable water flux 
has been achieved at a recovery rate of up to 80% [46]. FO rejects most organic pollutants 
at a moderate level, whereas MD rejects almost the entire residue. Recovery of clean water 
from secondary wastewater was performed by FO electro dialysis (FOeED)-integrated sys-
tem powered by photovoltaic energy source. This process removed total organic carbon from 
wastewater and produced fresh water [47]. Utilizing natural energies (osmotic pressure and 
solar energy), this hybrid system is a convenient process for potable water supply in isolated 
areas, remote areas, and islands.

MBR, which contains both activated sludge process and membrane filtration, has become 
one of the most widely applied technologies in wastewater treatment. The integration of 
the biological system with the FO membrane (FO-MBR or OMBR) can reduce energy con-
sumption in conventional MBR. In recent years, studies on FO-MBR have been increasing 
[48–50]. This process not only reduces the cost of MBRs used by UF or MF but also pro-
vides fouling control through air cleaning in conventional MBR; at the same time, a more 
stable flux is obtained. Thus, with the help of the FO membrane in the MBR, more efficient 
removal efficiency is obtained with less fouling tendency without the need for hydraulic 
pressure [45].

FO was tested for dewatering of the nutrient-rich anaerobic digester concentration [51] in 
which organic compounds are rejected by FO membrane, and an RO membrane can be used 
to recover fresh water from a clean and diluted DS. The FO membrane was also used for acti-
vated sludge dewatering [52]. The EDTA sodium salt has been tested as DS for dewatering 
of activated sludge with high nutrient content. The nutrients in the sludge were successfully 
removed by means of FO membrane. The macromolecular DS can be posttreated with an NF 
process for the recovery of freshwater. Alternatively, the concentration of the RO membrane 

Figure 6. Forward osmosis applications (adapted from [45]).
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was used as DS in Zhu’s investigation and an effective sludge thickening was obtained. Thus, 
RO concentration is also osmotically diluted and safe disposal is possible while the volume of 
sludge is reduced by that study.

Another important source of pollution for wastewater treatment plants is industrial waste-
water. In the US, a company has installed a pilot FO plant for the recycling of dye containing 
wastewater from textile and carpet mill processes [53]. In another study, the FO process was 
used to recover heavy metals from industrial wastewaters [54]. The effects of hydrodynamic 
conditions, organic pollution, temperature, and FS and DS properties on the separation effi-
ciency were investigated. It has been reported that almost all metals such as Pb, Zn, Cu, and 
Cd have been removed in the study and that the FO process has the potential to be an effective 
and economical process for the treatment of industrial wastewater.

Linares et al. [45] expressed that, today, most FO applications for industrial wastewater treatment 
are devoted to the treatment and recovery of wastewater from the oil and gas (O&G) industry. 
In these applications, capacity for the treatment of emulsifier oil waters with FO has been stated 
[55]. Fresh water was recovered from wastewater by FO membrane containing up to 200,000 ppm 
of oil and a reasonable water flux value about 12 LMH was obtained. Many studies at the labora-
tory or commercial scale have been directly applied to the real wastewater of the O&G industry. 
Combined with RO in a closed loop, FO was used for drilling wastewater treatment from the 
gas exploration process [56]. The wastewater recovery capacity of the plant is 242,000 gallons 
of water per day, reducing the need for additional fresh water. Similar studies and applications 
have been performed by different companies and research groups using different membrane 
materials, modules, DS, and process configurations [57–59]. In these studies, it was reported that 
the volume of wastewater was greatly reduced, the need for fresh water was reduced, and a well-
designed FO process could be a much more advantageous option than RO [60].

4.2. Desalination

Conventional desalination technologies include membrane-based separation processes such as 
RO, NF, and electrodialysis and thermal desalination technologies such as multieffect distilla-
tion (MED), multistage flash (MSF), and mechanical vapor compression (MVC). Pretreatment 
of feedwater has critical precaution to prevent the physical equipment of conventional pro-
cesses from being damaged by wastewater components and to facilitate their performance by 
maintaining the consistent quality of the pretreated feedwater. Today, pretreatment technolo-
gies for desalination are designed to reduce the potential for contamination of feedwater by 
removing natural organic matter and suspended solids. However, pretreatment technologies 
are typically not designed to remove dissolved solids [61]. Inorganic scaling in membrane and 
thermal desalination processes caused by low solubility dissolved salts in food water limits 
operating conditions and system performance. In MED and MSF, scaling reduces heat trans-
fer efficiency and system recovery rates and limits operating temperatures [62–65].

Shaffer et al. [65] notified that to prevent the harmful effects of the scaling, the FO pretreat-
ment can act to remove dissolved organic material and dissolved inorganic scalants in addi-
tion to suspended solids from the FS. When the FO process is used for pretreatment, the 
traditional desalination process used for recovery of the DS is only affected by NaCl solution 
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or an ammonia-carbon dioxide solution with negligible fouling and scaling potential of these 
engineered DS. The reversibility of the FO fouling shows that it can maintain the flow and 
performance of the FO membranes when they come in contact with raw feedwater with high 
fouling potential, under proper hydrodynamic conditions. A schematic view of the FO pro-
cess applied for pretreatment prior to a classical membrane or thermal desalination process 
is presented in Figure 7.

The use of the FO process as pretreatment can improve the performance of conventional 
desalination processes by removing the small amounts of scalants present in the feedwater. 
The combined desalination processes can be operated at higher pressures or temperatures 
without the risk of scaling, resulting in higher system recovery. Testing the process model-
ing of an FO-RO system [66] and testing both bench-scale FO-RO [67] and FO-NF [68] sys-
tems proved the feasibility of pretreatment of the FO process. Furthermore, when FO is used 
instead of processes such as ion exchange and NF in the pretreatment, there is also the advan-
tage that not only specific cations or anions but also all ions in the feedwater can be removed, 
in addition to the low membrane fouling tendency [45].

Linares et al. [45] notified that the direct use of FO for desalination is similar to the use of RO 
and NF processes conventionally used to obtain fresh water from sea water directly. This pro-
cess uses seawater as FS, while nonvolatile NaCl or volatile ammonia-carbon dioxide is used 
as the DS [69]. However, in this process, an additional operation is required to recover the DS 

Figure 7. Schematic of FO pretreatment for a conventional membrane desalination process [65].
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was used as DS in Zhu’s investigation and an effective sludge thickening was obtained. Thus, 
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designed FO process could be a much more advantageous option than RO [60].

4.2. Desalination

Conventional desalination technologies include membrane-based separation processes such as 
RO, NF, and electrodialysis and thermal desalination technologies such as multieffect distilla-
tion (MED), multistage flash (MSF), and mechanical vapor compression (MVC). Pretreatment 
of feedwater has critical precaution to prevent the physical equipment of conventional pro-
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gies for desalination are designed to reduce the potential for contamination of feedwater by 
removing natural organic matter and suspended solids. However, pretreatment technologies 
are typically not designed to remove dissolved solids [61]. Inorganic scaling in membrane and 
thermal desalination processes caused by low solubility dissolved salts in food water limits 
operating conditions and system performance. In MED and MSF, scaling reduces heat trans-
fer efficiency and system recovery rates and limits operating temperatures [62–65].

Shaffer et al. [65] notified that to prevent the harmful effects of the scaling, the FO pretreat-
ment can act to remove dissolved organic material and dissolved inorganic scalants in addi-
tion to suspended solids from the FS. When the FO process is used for pretreatment, the 
traditional desalination process used for recovery of the DS is only affected by NaCl solution 
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from the diluted DS solution to obtain fresh water [70]. One of the most common desalination 
studies is the use of ammonia-carbon dioxide solution as a DS and recovering fresh water 
with a thermal process and regenerating the osmotic agent [2, 71]. In another study, it was 
reported that the total equivalent work requirement of this process was less than the con-
ventional desalination process, such as RO, and achieved energy savings of up to 85% when 
expressed in terms of energy [72]. Researchers have investigated the CP in the direct desalina-
tion FO process in which ammonium bicarbonate is used as a DS and have concluded that 
recovery of fresh water from saline water by FO is a fairly feasible method [73]. There are also 
different and new DS solution searches to perform an easier and more sustainable DS regen-
eration in direct FO desalination studies. Generally, an ideal DS should be easy to recover and 
reusable with high osmotic pressure and high resolution, not toxic, easily available, and inex-
pensive [70]. In a study where hydrophilic nanoparticles were used as FS for DS and synthetic 
seawater, about 93% of salt recovery was obtained with flux and UF at around 6 LMH [74]. In 
a study where divalent salts such as Na2S04 were used as DS and brackish water as FS, 98% 
of the DS was rejected using NF, while 8–10 LMH flux was obtained [68]. Most DSs investi-
gated for direct FO desalination were not commercially viable due to their high cost, limited 
maximum water flux they could produce, or low recovery of DS efficiencies. The world’s only 
commercial FO facility for direct sea water treatment, was established in Al Najdah, Oman. 
This plant is still in operation and has reduced chemical consumption and provides longer 
membrane life and lower carbon footprint [75] compared to competing technologies such as 
traditional high-pressure RO membrane systems, saving significant operational and capital 
costs. These advantages have been associated with the reduction of RO membrane fouling 
due to the use of FO as a pretreatment step. In the direct FO desalination, similar to the RO 
desalination, a pretreatment process may be required. Currently, there are very few studies 
using natural seawater in direct FO desalination. For this reason, the fouling tendency of the 
FO membrane in these conditions has not been adequately investigated. However, Li et al. 
[24] reported that a foulant matrix containing natural organic matter and polymerized silica 
was formed on the membrane when natural seawater was used as feedwater.

In the indirect FO desalination, there is a degraded matrix, such as wastewater or urban storm-
water runoff, on the FS side, while DS is using high salinity solution [54, 76]. Potential DS in 
indirect FO desalination is seawater and brackish water. In addition to being free of charge 
DS, the main attraction is fresh water recovery through free osmotic energy from the FS, and 
then a partial dewatered water (diluted DS) that can be desalinated by a low-pressure RO 
[77]. Thus, the cost of the entire desalination process is also reduced. These studies show that 
FO desalination integrates fresh water treatment operations from wastewater treatment and 
seawater, providing a water-energy nexus for coastal cities and a promising process [54, 76].

These studies, in particular the use of primary wastewater as FS for FO, have introduced a 
concept of the feasibility of FO membrane, which can avoid high-cost treatment of wastewater 
by conventional treatment processes. For example, an anaerobic process that can be used to 
treat concentrated primary wastewater (concentrated FS) will provide both biogas production 
and reduced wastewater treatment costs [78]. Indirect desalination experiments have dem-
onstrated the ability of FO membranes to reject waste water nutrients, especially COD and 
phosphate and moderately nitrogen. In addition, Linares et al. [76] could adapt the system 
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to the primary clarifier tank using a submerged membrane module, in partial desalination of 
seawater. This study also showed that FO membranes could reject up to 98% of heavy metals 
in wastewater. Direct and indirect layouts of desalination systems employing FO membrane 
are shown in Figure 8.

According to a fractional organic carbon analysis carried out in the fouling layer of the FO 
membrane, it has been reported that this fouling is mainly composed of biopolymers and pro-
tein-like substances. A similar result was observed in the FO membrane in the osmotic MBR 
that was used for municipal wastewater treatment [28]. When the FO system is combined 
with a low-pressure RO system, this hybrid process has been found to function as a double 
barrier against selected microcontaminants including pharmaceutically active compounds, 
hormones, and other organic micropollutants [79]. In practice, most of the micropollutants are 
rejected by FO membrane using secondary municipal wastewater as FS and sea water as DS, 
and removal rates were 44–95% for hydrophilic neutral compounds, 48–92% for hydrophilic 
neutral contaminants, and 96–99% for hydrophilic ionic microcontaminants.

In the FO process coupled with low-pressure RO, the removal of low molecular weight 
hydrophilic neutral micropollutants was effective (>89%) and the removal of the remain-
ing compounds was over 99% [80]. A membrane cleaning protocol was investigated in the 
FO application in which municipal secondary wastewater was used as FS and sea water was 
employed as DS for removing of NOM-fouling through the active layer and removing of trans-
parent exopolymeric particles from the support layer by reporting many cleaning procedures. 
Osmotic backwashing did not seem to help the recovery of water flux. However, when air 
was scoured in concentrated wastewater for 15 minutes as a cleaning technique, 89.5% flux 
recovery was achieved. Cleaning of the active layer with Alconox and EDTA chemistry slightly 
increased pollution reversibility (93.6%). The chemical cleaning of the support layer removed 
the reversible pollution of SL up to 94.5%. The irreversible pollution rate in these experiments 
was 5.5% and it was attributed to biopolymers and trace TEP that cannot be removed from the 

Figure 8. Layout of the two FO processes for desalination (a) direct, (b) indirect (adapted from [45]).
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from the diluted DS solution to obtain fresh water [70]. One of the most common desalination 
studies is the use of ammonia-carbon dioxide solution as a DS and recovering fresh water 
with a thermal process and regenerating the osmotic agent [2, 71]. In another study, it was 
reported that the total equivalent work requirement of this process was less than the con-
ventional desalination process, such as RO, and achieved energy savings of up to 85% when 
expressed in terms of energy [72]. Researchers have investigated the CP in the direct desalina-
tion FO process in which ammonium bicarbonate is used as a DS and have concluded that 
recovery of fresh water from saline water by FO is a fairly feasible method [73]. There are also 
different and new DS solution searches to perform an easier and more sustainable DS regen-
eration in direct FO desalination studies. Generally, an ideal DS should be easy to recover and 
reusable with high osmotic pressure and high resolution, not toxic, easily available, and inex-
pensive [70]. In a study where hydrophilic nanoparticles were used as FS for DS and synthetic 
seawater, about 93% of salt recovery was obtained with flux and UF at around 6 LMH [74]. In 
a study where divalent salts such as Na2S04 were used as DS and brackish water as FS, 98% 
of the DS was rejected using NF, while 8–10 LMH flux was obtained [68]. Most DSs investi-
gated for direct FO desalination were not commercially viable due to their high cost, limited 
maximum water flux they could produce, or low recovery of DS efficiencies. The world’s only 
commercial FO facility for direct sea water treatment, was established in Al Najdah, Oman. 
This plant is still in operation and has reduced chemical consumption and provides longer 
membrane life and lower carbon footprint [75] compared to competing technologies such as 
traditional high-pressure RO membrane systems, saving significant operational and capital 
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In the indirect FO desalination, there is a degraded matrix, such as wastewater or urban storm-
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to the primary clarifier tank using a submerged membrane module, in partial desalination of 
seawater. This study also showed that FO membranes could reject up to 98% of heavy metals 
in wastewater. Direct and indirect layouts of desalination systems employing FO membrane 
are shown in Figure 8.

According to a fractional organic carbon analysis carried out in the fouling layer of the FO 
membrane, it has been reported that this fouling is mainly composed of biopolymers and pro-
tein-like substances. A similar result was observed in the FO membrane in the osmotic MBR 
that was used for municipal wastewater treatment [28]. When the FO system is combined 
with a low-pressure RO system, this hybrid process has been found to function as a double 
barrier against selected microcontaminants including pharmaceutically active compounds, 
hormones, and other organic micropollutants [79]. In practice, most of the micropollutants are 
rejected by FO membrane using secondary municipal wastewater as FS and sea water as DS, 
and removal rates were 44–95% for hydrophilic neutral compounds, 48–92% for hydrophilic 
neutral contaminants, and 96–99% for hydrophilic ionic microcontaminants.

In the FO process coupled with low-pressure RO, the removal of low molecular weight 
hydrophilic neutral micropollutants was effective (>89%) and the removal of the remain-
ing compounds was over 99% [80]. A membrane cleaning protocol was investigated in the 
FO application in which municipal secondary wastewater was used as FS and sea water was 
employed as DS for removing of NOM-fouling through the active layer and removing of trans-
parent exopolymeric particles from the support layer by reporting many cleaning procedures. 
Osmotic backwashing did not seem to help the recovery of water flux. However, when air 
was scoured in concentrated wastewater for 15 minutes as a cleaning technique, 89.5% flux 
recovery was achieved. Cleaning of the active layer with Alconox and EDTA chemistry slightly 
increased pollution reversibility (93.6%). The chemical cleaning of the support layer removed 
the reversible pollution of SL up to 94.5%. The irreversible pollution rate in these experiments 
was 5.5% and it was attributed to biopolymers and trace TEP that cannot be removed from the 

Figure 8. Layout of the two FO processes for desalination (a) direct, (b) indirect (adapted from [45]).
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membrane surface [18]. It has been reported that the source of irreversible contaminants on the 
membrane surface after chemical cleaning and at negligible level is the minimal compaction 
and of the nature of the FO membrane [45, 79].

In some FO applications, the saline water is used as a major DS rather than the FS. The sim-
plest of these applications is FO, which is used as a pretreatment for RO. In this case, seawater 
is used as a DS and freshwater is used as an FS for more favorable RO conditions by pres-
surizing and diluting sea water. Thanks to this pretreatment, the energy required for desali-
nation of the water is greatly reduced. A similar process is pretreatment of RO water using 
wastewater as FS. The benefit of using such water is that the RO feedwater is diluted to more 
favorable operating conditions; thus, concentrated feedwater is more appropriate for effective 
handling. Similarly, a new procedure using ocean water to dewater an algae/nutrient solution 
for the production of algae biofuels is being investigated [45, 81].

In a recent analysis, McGovern and Lienhard [82] compared the specific energy consumption of 
a two-pass RO system with FO for desalination of seawater. At 50% recovery, for desalination of 
seawater containing 35,000 mg/L TDS, the two-pass RO energy consumption has been 3.0 kWh/m3 
including UF (for pretreatment), first- and second- pass RO. The energy consumption for the FO pro-
cess with the dilution and regeneration process of DS consuming 0.10 and 3.48 kWh/m3, respectively, 
for the same conditions was calculated as 3.58 kWh/m3. Therefore, in order for the FO to be able to 
compete with the RO in terms of energy consumption, the regeneration process must be significantly 
more efficient than RO. However, the FO process has the advantage of having less tendency to mem-
brane fouling compared to RO due to the lack of a hydraulic driving pressure. The FO process is also 
suitable for niche applications where the salinity levels of the water to be treated are higher than the 
salinity that can be treated by RO process [83].

4.3. Novel/hybrid processes

In their review on emerging desalination technologies, Subramani and Jacangelo [83] reported 
that the combination of the two technologies (hybrid) has shown that a hybrid technology is 
more effective than single use. Different hybrid configurations are being evaluated for the 
treatment of the hard waste waters of various industrial sources. All these industrial sectors 
require drinking water for various operations and applications. Emerging desalination tech-
nologies not only purify these complex wastewaters but also provide water recovery with low 
operating and maintenance costs and reduce the cost of electricity consumption and mem-
brane cleaning chemicals.

Two hybrid configurations that can be used for the purification of various industrial waste-
waters are shown in Figure 9. An FO system in Figure 9a is combined with an RO system for 
the treatment of highly contaminated wastewaters [59, 83]. Since hydraulic pressure is not 
present in FO, the accumulation of contaminants in the membrane is lower and the pretreat-
ment need is eliminated. Again due to the lack of applied pressure, osmotic cleaning using 
a low salinity solution on the DS side will cause water transport from the DS to the FS [11]. 
This transport will remove loose deposits of foulants from the membrane surface and lead to 
more effective cleaning. The concentration of the DS is carried out using a known RO system. 
Because of the maximum feed pressure limit in RO, the hybrid configuration of FO and RO 
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can only be used for the treatment of feedwater streams with low salinity. For feedwater 
streams with a TDS > 40,000 mg/L, DS recovery can be achieved using a gaseous NH3/CO2 
mixture. In this case, additional energy requirements must be taken into account in order to 
recover the DS using heat or other thermal methods. This configuration is particularly suit-
able for the refining of reflux water in the petroleum and gas industry when reuse of the water 
is desired. Purified water can be reused as feedwater for boilers or irrigation [83].

In Figure 9b, an FO system is combined with an MD system. The MD system is used for the 
concentration of the DS [46]. Depending on the salinity of the feed water, various DSs can 
be used. Since salinity is not a limiting factor for the performance of the MD system, this 
hybrid configuration can be used to treat wastewater with high salinity. A typical applica-
tion involves flowback or processing of produced water in the oil and gas industry [84]. This 
hybrid configuration guarantees a minimum energy requirement when a waste heat source is 
available to heat the drawing solution and to reconcentrate it using MD [83].

Holloway et al. [51] suggested a hybrid FO-RO system for anaerobic digester concentration. 
The high energy consumption of the RO (~ 4 kWh/m3) has been a major limiting factor for the 
process, although water recovery has been achieved up to 75% with a high concentration of 
DS (70 g/L NaCl). In a further study [85], seawater was used as a DS solution in a two-stage FO 
process for sludge concentration to be used as fertilizer. However, high reverse salt flux and 
membrane fouling due to cake layer formation have been reported as serious problems of the 
system. Hau et al. [52] suggested a hybrid FO-NF system for a sludge dewatering application. 
The results showed that the FO performance was better in terms of water flux and reverse salt 
flux when EDTA was used as DS instead of conventional NaCl or sea water. In addition, FO 
has successfully rejected more than 90% of the nutrients released from the feed sludge. They 
also indicated that the NF recovery of EDTA sodium salts exhibiting high charged compounds 
performed well and had a high salt rejection of 93%. While the water flux was constant during 
the first hours of operation, the FO membrane was then rapidly reduced due to the increased 
buildup of the sludge cake layer in the concentrated feed and diluted DS.

Oasys Water Inc. has operated a pilot scale thermal-based hybrid FO system for water with 
high salinity (>70,000 ppm TDS), which is a product of shale gas industry [41, 60]. The results 

Figure 9. Two hybrid FO applications for wastewater treatment (a) FO-RO, (b) FO-MD [83].
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membrane surface [18]. It has been reported that the source of irreversible contaminants on the 
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nation of the water is greatly reduced. A similar process is pretreatment of RO water using 
wastewater as FS. The benefit of using such water is that the RO feedwater is diluted to more 
favorable operating conditions; thus, concentrated feedwater is more appropriate for effective 
handling. Similarly, a new procedure using ocean water to dewater an algae/nutrient solution 
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brane fouling compared to RO due to the lack of a hydraulic driving pressure. The FO process is also 
suitable for niche applications where the salinity levels of the water to be treated are higher than the 
salinity that can be treated by RO process [83].

4.3. Novel/hybrid processes

In their review on emerging desalination technologies, Subramani and Jacangelo [83] reported 
that the combination of the two technologies (hybrid) has shown that a hybrid technology is 
more effective than single use. Different hybrid configurations are being evaluated for the 
treatment of the hard waste waters of various industrial sources. All these industrial sectors 
require drinking water for various operations and applications. Emerging desalination tech-
nologies not only purify these complex wastewaters but also provide water recovery with low 
operating and maintenance costs and reduce the cost of electricity consumption and mem-
brane cleaning chemicals.

Two hybrid configurations that can be used for the purification of various industrial waste-
waters are shown in Figure 9. An FO system in Figure 9a is combined with an RO system for 
the treatment of highly contaminated wastewaters [59, 83]. Since hydraulic pressure is not 
present in FO, the accumulation of contaminants in the membrane is lower and the pretreat-
ment need is eliminated. Again due to the lack of applied pressure, osmotic cleaning using 
a low salinity solution on the DS side will cause water transport from the DS to the FS [11]. 
This transport will remove loose deposits of foulants from the membrane surface and lead to 
more effective cleaning. The concentration of the DS is carried out using a known RO system. 
Because of the maximum feed pressure limit in RO, the hybrid configuration of FO and RO 
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mixture. In this case, additional energy requirements must be taken into account in order to 
recover the DS using heat or other thermal methods. This configuration is particularly suit-
able for the refining of reflux water in the petroleum and gas industry when reuse of the water 
is desired. Purified water can be reused as feedwater for boilers or irrigation [83].

In Figure 9b, an FO system is combined with an MD system. The MD system is used for the 
concentration of the DS [46]. Depending on the salinity of the feed water, various DSs can 
be used. Since salinity is not a limiting factor for the performance of the MD system, this 
hybrid configuration can be used to treat wastewater with high salinity. A typical applica-
tion involves flowback or processing of produced water in the oil and gas industry [84]. This 
hybrid configuration guarantees a minimum energy requirement when a waste heat source is 
available to heat the drawing solution and to reconcentrate it using MD [83].

Holloway et al. [51] suggested a hybrid FO-RO system for anaerobic digester concentration. 
The high energy consumption of the RO (~ 4 kWh/m3) has been a major limiting factor for the 
process, although water recovery has been achieved up to 75% with a high concentration of 
DS (70 g/L NaCl). In a further study [85], seawater was used as a DS solution in a two-stage FO 
process for sludge concentration to be used as fertilizer. However, high reverse salt flux and 
membrane fouling due to cake layer formation have been reported as serious problems of the 
system. Hau et al. [52] suggested a hybrid FO-NF system for a sludge dewatering application. 
The results showed that the FO performance was better in terms of water flux and reverse salt 
flux when EDTA was used as DS instead of conventional NaCl or sea water. In addition, FO 
has successfully rejected more than 90% of the nutrients released from the feed sludge. They 
also indicated that the NF recovery of EDTA sodium salts exhibiting high charged compounds 
performed well and had a high salt rejection of 93%. While the water flux was constant during 
the first hours of operation, the FO membrane was then rapidly reduced due to the increased 
buildup of the sludge cake layer in the concentrated feed and diluted DS.

Oasys Water Inc. has operated a pilot scale thermal-based hybrid FO system for water with 
high salinity (>70,000 ppm TDS), which is a product of shale gas industry [41, 60]. The results 
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show that this hybrid system can exhibit feedwater recovery performance (60%) similar to 
evaporative saline concentration technologies and that the final product water meets sur-
face water discharge criteria in terms of TDS, chlorides, barium, and strontium. However, 
although the RO required less specific energy when desalinating waters with lower salinity, it 
was found that this study was not sufficient to purify the challenging feedwater. The hybrid 
FO distillation system can be integrated to provide a zero-liquid discharge (ZLD) facility 
designed as a membrane brine concentrator (MBC). The MBC system is ideal for the oil and 
gas industry and provides up to 85% water recovery while discharging brine with salt con-
centration up to 25%. A summary of the benefits of current hybrid FO systems and direction 
of future research are schematized in Figure 10 [86].

5. Conclusions

FO process has a big potential to be an alternative solution for water/wastewater treatment 
and desalination purposes over conventional membrane processes. To benefit from this poten-
tial at maximum, ICP and low flux challenges should be completely solved or minimized by 
changing operational parameters. Changing membrane orientation (to increase water flux), 
utilizing various DSs (to increase osmotic pressure), and changing sludge retention time (i.e., 
to hinder salt accumulation in FO-MBR) are some of the basic procedures used since former 
FO studies.

Figure 10. Summary of the benefits of current hybrid FO systems and direction for future research (adapted from [86]).
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The use of hybrid systems such as FO-RO and FO-MD even with seawater desalination and 
optimization energy consumption could be more feasible and better alternative than the per-
formance exhibited by the FO process alone for wastewater recovery. However, the indis-
pensable factor affecting the process performance is FO membrane. According to the current 
studies, utilizing novel nanomaterials, substrates, and layer-by-layer assumptions in manu-
facturing of FO membrane undoubtedly enhance the water flux and rejection of the pollutants 
and minimize the membrane fouling but using synthetic wastewater-generally, containing 
one model foulant or DI water as feed solution makes it difficult to predict how FO mem-
branes will act in real wastewaters or harsh environmental conditions. Therefore, working 
with complex foulants and real wastewaters to better understand membrane behaviors and 
using modeling tools for fouling prediction and new cleaning strategies are essential to miti-
gate intrinsic challenges of the FO membranes.

In ongoing researches, the developed new support layers appear to continue increasing water 
flux slightly; however, lower water flux remains as a main challenge of the process when 
compared to the conventional membrane systems. It is also a fact that the diffusion provided 
by draw solution in the process is not effective alone to increase product water volume; there-
fore, some promotive factors such as rehabilitated hydrodynamic behaviors or simultaneous 
filtration could be provided together with diffusion phenomena in further researches.

Acknowledgements

This work was supported by the Scientific and Technological Research Council of Turkey 
(TUBITAK), grant number: CAYDAG-113Y340.

Author details

Murat Eyvaz1*, Serkan Arslan1, Derya İmer2, Ebubekir Yüksel1 and İsmail Koyuncu2

*Address all correspondence to: meyvaz@gtu.edu.tr

1 Environmental Engineering Department, Gebze Technical University, Gebze-Kocaeli, 
Turkey

2 Environmental Engineering Department, İstanbul Technical University, Maslak-İstanbul, 
Turkey

References

[1] Manickam SS, McCutcheon JR. Understanding mass transfer through asymmetric mem-
branes during forward osmosis: A historical perspective and critical review on measur-
ing structural parameter with semi-empirical models and characterization approaches. 
Desalination. 2017;421:110-126. DOI: 10.1016/j.desal.2016.12.016

Forward Osmosis Membranes – A Review: Part II
http://dx.doi.org/ 10.5772/intechopen.74659

59



show that this hybrid system can exhibit feedwater recovery performance (60%) similar to 
evaporative saline concentration technologies and that the final product water meets sur-
face water discharge criteria in terms of TDS, chlorides, barium, and strontium. However, 
although the RO required less specific energy when desalinating waters with lower salinity, it 
was found that this study was not sufficient to purify the challenging feedwater. The hybrid 
FO distillation system can be integrated to provide a zero-liquid discharge (ZLD) facility 
designed as a membrane brine concentrator (MBC). The MBC system is ideal for the oil and 
gas industry and provides up to 85% water recovery while discharging brine with salt con-
centration up to 25%. A summary of the benefits of current hybrid FO systems and direction 
of future research are schematized in Figure 10 [86].

5. Conclusions

FO process has a big potential to be an alternative solution for water/wastewater treatment 
and desalination purposes over conventional membrane processes. To benefit from this poten-
tial at maximum, ICP and low flux challenges should be completely solved or minimized by 
changing operational parameters. Changing membrane orientation (to increase water flux), 
utilizing various DSs (to increase osmotic pressure), and changing sludge retention time (i.e., 
to hinder salt accumulation in FO-MBR) are some of the basic procedures used since former 
FO studies.

Figure 10. Summary of the benefits of current hybrid FO systems and direction for future research (adapted from [86]).

Osmotically Driven Membrane Processes - Approach, Development and Current Status58

The use of hybrid systems such as FO-RO and FO-MD even with seawater desalination and 
optimization energy consumption could be more feasible and better alternative than the per-
formance exhibited by the FO process alone for wastewater recovery. However, the indis-
pensable factor affecting the process performance is FO membrane. According to the current 
studies, utilizing novel nanomaterials, substrates, and layer-by-layer assumptions in manu-
facturing of FO membrane undoubtedly enhance the water flux and rejection of the pollutants 
and minimize the membrane fouling but using synthetic wastewater-generally, containing 
one model foulant or DI water as feed solution makes it difficult to predict how FO mem-
branes will act in real wastewaters or harsh environmental conditions. Therefore, working 
with complex foulants and real wastewaters to better understand membrane behaviors and 
using modeling tools for fouling prediction and new cleaning strategies are essential to miti-
gate intrinsic challenges of the FO membranes.

In ongoing researches, the developed new support layers appear to continue increasing water 
flux slightly; however, lower water flux remains as a main challenge of the process when 
compared to the conventional membrane systems. It is also a fact that the diffusion provided 
by draw solution in the process is not effective alone to increase product water volume; there-
fore, some promotive factors such as rehabilitated hydrodynamic behaviors or simultaneous 
filtration could be provided together with diffusion phenomena in further researches.

Acknowledgements

This work was supported by the Scientific and Technological Research Council of Turkey 
(TUBITAK), grant number: CAYDAG-113Y340.

Author details

Murat Eyvaz1*, Serkan Arslan1, Derya İmer2, Ebubekir Yüksel1 and İsmail Koyuncu2

*Address all correspondence to: meyvaz@gtu.edu.tr

1 Environmental Engineering Department, Gebze Technical University, Gebze-Kocaeli, 
Turkey

2 Environmental Engineering Department, İstanbul Technical University, Maslak-İstanbul, 
Turkey

References

[1] Manickam SS, McCutcheon JR. Understanding mass transfer through asymmetric mem-
branes during forward osmosis: A historical perspective and critical review on measur-
ing structural parameter with semi-empirical models and characterization approaches. 
Desalination. 2017;421:110-126. DOI: 10.1016/j.desal.2016.12.016

Forward Osmosis Membranes – A Review: Part II
http://dx.doi.org/ 10.5772/intechopen.74659

59



[2] Cath TY, Childress AE, Elimelech M. Forward osmosis: Principles, applications, and  
recent developments. Journal of Membrane Science. 2006;281:70-87. DOI: 10.1016/j.memsci. 
2006.05.048

[3] Manickam S, McCutcheon JR. Characterization of polymeric nonwovens using poro-
simetry, porometry and X-ray computed tomography. Journal of Membrane Science. 
2012;407:108-115. DOI: 10.1016/j.memsci.2012.03.022

[4] McCutcheon JR, McGinnis RL, Elimelech M. A novel ammonia-carbon dioxide forward  
(direct) osmosis desalination process. Desalination. 2005;174(1):1-11. DOI: 10.1016/j.desal. 
2004.11.002

[5] Tiraferri A, Yip NY, Phillip WA, Schiffman JD, Elimelech M. Relating performance of 
thin-film composite forward osmosis membranes to support layer formation and struc-
ture. Journal of Membrane Science. 2011;367:340-352. DOI: 10.1016/j.memsci.2010.11.014

[6] Shi L, Chou SR, Wang R, Fang WX, Tang CY, Fane AG. Effect of substrate structure 
on the performance of thin-film composite forward osmosis hollow fiber membranes. 
Journal of Membrane Science. 2011;382(1):116-123. DOI: 10.1016/j.memsci.2011.07.045

[7] Bui NN. Engineered osmosis for sustainable water and energy: Novel nanofiber sup-
ported thin-film composite membrane design & updated flux model proposal [thesis]. 
Storrs: University of Connecticut; 2013

[8] Huang L, McCutcheon JR. Impact of support layer pore size on performance of thin film 
composite membranes for forward osmosis. Journal of Membrane Science. 2015;483:25-
33. DOI: 10.1016/j.memsci.2015.01.025

[9] Cath TY, Elimelech M, McCutcheon JR, McGinnis RL, Achilli A, Anastasio D, Brady AR, 
Childress AE, Farr IV, Hancock NT. Standard methodology for evaluating membrane 
performance in osmotically driven membrane processes. Desalination 2012;312:31-38. 
DOI: 10.1016/j.desal.2012.07.005

[10] Lee J, Choi JY, Choi JS, Chu KH, Yoon Y, Kim S. A statistics-based forward osmosismem-
brane characterization method without pressurized reverse osmosis experiment. 
Desalination. 2017;403:36-45. DOI: 10.1016/j.desal.2016.04.023

[11] Chung TS, Zhang S, Wang KY, Su J, Ling MM. Forward osmosis processes: Yesterday, 
today and tomorrow. Desalination. 2012;287:78-81. DOI: 10.1016/j.desal.2010.12.019

[12] Chung TS, Li X, Ong RC, Ge QC, Wang HL, Han G. Emerging forward osmosis (FO) tech-
nologies and challenges ahead for clean water and clean energy applications. Current 
Opinion in Chemical Engineering. 2012;1:246-257. DOI: 10.1016/j.coche.2012.07.004

[13] Mi B, Elimelech M. Chemical and physical aspects of organic fouling of forward osmo-
sis membranes. Journal of Membrane Science. 2008;320:292-302. DOI: 10.1016/j.memsci. 
2008.04.036

[14] She Q, Wang R, Fane AG, Tang CY. Membrane fouling in osmotically driven membrane 
processes: A review. Journal of Membrane Science. 2016;499:201-233. DOI: 10.1016/j.
memsci.2015.10.040

Osmotically Driven Membrane Processes - Approach, Development and Current Status60

[15] Zhang M, Hou D, She Q, Tang CY. Gypsum scaling in pressure retarded osmosis: Experi-
ments, mechanisms and implications. Water Research. 2014;48:387-395. DOI: 10.1016/j.
watres.2013.09.051

[16] Yip NY, Elimelech M. Influence of natural organic matter fouling and osmotic back-
wash on pressure retarded osmosis energy production from natural salinity gradients. 
Environmental Science and Technology. 2013;47:12607-12616. DOI: 10.1021/es403207m

[17] Boo C, Elimelech M, Hong S. Fouling control in a forward osmosis process integrat-
ing seawater desalination and wastewater reclamation. Journal of Membrane Science. 
2013;444:148-156. DOI: 10.1016/j.memsci.2013.05.004

[18] Valladares-Linares R, Li Z, Yangali-Quintanilla V, Li Q, Amy G. Cleaning protocol for 
a FO membrane fouled in wastewater reuse. Desalination and Water Treatment. 2013; 
51:4821-4824. DOI: 10.1080/19443994.2013.795345

[19] Tang CY, She Q, Lay WCL, Wang R, Fane AG. Coupled effects of internal concentra-
tion polarization and fouling on flux behavior of forward osmosis membranes during 
humic acid filtration. Journal of Membrane Science. 2010;354:123-133. DOI: 10.1016/j.
memsci.2010.02.059

[20] Mi B, Elimelech M. Organic fouling of forward osmosis membranes: Fouling reversibility 
and cleaning without chemical reagents. Journal of Membrane Science. 2010;348:337-345

[21] Arkhangelsky E, Wicaksana F, Chou S, Al-Rabiah AA, Al-Zahrani SM, Wang R. Effects 
of scaling and cleaning on the performance of forward osmosis hollow fiber membranes. 
Journal of Membrane Science. 2012;415-416:101-108. DOI: 10.1016/j.memsci.2012.04.041

[22] Fritzmann C, Löwenberg J, Wintgens T, Melin T. State-of-the-art of reverse osmosis 
desalination. Desalination. 2007;216:1-76. DOI: 10.1016/j.desal.2006.12.009

[23] Zhou W, Wu B, She Q, Chi L, Zhang Z. Investigation of soluble microbial products in 
a full-scale UASB reactor running at low organic loading rate. Bioresource Technology. 
2009;100:3471-3476. DOI: 10.1016/j.biortech.2009.03.006

[24] Li ZY, Yangali-Quintanilla V, Valladares-Linares R, Li Q, Zhan T, Amy G. Flux patterns 
and membrane fouling propensity during desalination of seawater by forward osmosis. 
Water Research. 2012;46:195-204. DOI: 10.1016/j.watres.2011.10.051

[25] Meng F, Chae SR, Drews A, Kraume M, Shin HS, Yang F. Recent advances in membrane 
bioreactors (MBRs): Membrane fouling and membrane material. Water Research. 2009; 
43:1489-1512. DOI: 10.1016/j.watres.2008.12.044

[26] Wang YN, Tang CY. Fouling of nanofiltration, reverse osmosis, and ultrafiltration mem-
branes by protein mixtures: The role of inter-foulant-species interaction. Environmental 
Science and Technology. 2011;45:6373-6379. DOI: 10.1021/es2013177

[27] Berman T, Mizrahi R, Dosoretz CG. Transparent exopolymer particles (TEP): A critical 
factor in aquatic biofilm initiation and fouling on filtration membranes. Desalination. 
2011;276:184-190. DOI: 10.1016/j.desal.2011.03.046

Forward Osmosis Membranes – A Review: Part II
http://dx.doi.org/ 10.5772/intechopen.74659

61



[2] Cath TY, Childress AE, Elimelech M. Forward osmosis: Principles, applications, and  
recent developments. Journal of Membrane Science. 2006;281:70-87. DOI: 10.1016/j.memsci. 
2006.05.048

[3] Manickam S, McCutcheon JR. Characterization of polymeric nonwovens using poro-
simetry, porometry and X-ray computed tomography. Journal of Membrane Science. 
2012;407:108-115. DOI: 10.1016/j.memsci.2012.03.022

[4] McCutcheon JR, McGinnis RL, Elimelech M. A novel ammonia-carbon dioxide forward  
(direct) osmosis desalination process. Desalination. 2005;174(1):1-11. DOI: 10.1016/j.desal. 
2004.11.002

[5] Tiraferri A, Yip NY, Phillip WA, Schiffman JD, Elimelech M. Relating performance of 
thin-film composite forward osmosis membranes to support layer formation and struc-
ture. Journal of Membrane Science. 2011;367:340-352. DOI: 10.1016/j.memsci.2010.11.014

[6] Shi L, Chou SR, Wang R, Fang WX, Tang CY, Fane AG. Effect of substrate structure 
on the performance of thin-film composite forward osmosis hollow fiber membranes. 
Journal of Membrane Science. 2011;382(1):116-123. DOI: 10.1016/j.memsci.2011.07.045

[7] Bui NN. Engineered osmosis for sustainable water and energy: Novel nanofiber sup-
ported thin-film composite membrane design & updated flux model proposal [thesis]. 
Storrs: University of Connecticut; 2013

[8] Huang L, McCutcheon JR. Impact of support layer pore size on performance of thin film 
composite membranes for forward osmosis. Journal of Membrane Science. 2015;483:25-
33. DOI: 10.1016/j.memsci.2015.01.025

[9] Cath TY, Elimelech M, McCutcheon JR, McGinnis RL, Achilli A, Anastasio D, Brady AR, 
Childress AE, Farr IV, Hancock NT. Standard methodology for evaluating membrane 
performance in osmotically driven membrane processes. Desalination 2012;312:31-38. 
DOI: 10.1016/j.desal.2012.07.005

[10] Lee J, Choi JY, Choi JS, Chu KH, Yoon Y, Kim S. A statistics-based forward osmosismem-
brane characterization method without pressurized reverse osmosis experiment. 
Desalination. 2017;403:36-45. DOI: 10.1016/j.desal.2016.04.023

[11] Chung TS, Zhang S, Wang KY, Su J, Ling MM. Forward osmosis processes: Yesterday, 
today and tomorrow. Desalination. 2012;287:78-81. DOI: 10.1016/j.desal.2010.12.019

[12] Chung TS, Li X, Ong RC, Ge QC, Wang HL, Han G. Emerging forward osmosis (FO) tech-
nologies and challenges ahead for clean water and clean energy applications. Current 
Opinion in Chemical Engineering. 2012;1:246-257. DOI: 10.1016/j.coche.2012.07.004

[13] Mi B, Elimelech M. Chemical and physical aspects of organic fouling of forward osmo-
sis membranes. Journal of Membrane Science. 2008;320:292-302. DOI: 10.1016/j.memsci. 
2008.04.036

[14] She Q, Wang R, Fane AG, Tang CY. Membrane fouling in osmotically driven membrane 
processes: A review. Journal of Membrane Science. 2016;499:201-233. DOI: 10.1016/j.
memsci.2015.10.040

Osmotically Driven Membrane Processes - Approach, Development and Current Status60

[15] Zhang M, Hou D, She Q, Tang CY. Gypsum scaling in pressure retarded osmosis: Experi-
ments, mechanisms and implications. Water Research. 2014;48:387-395. DOI: 10.1016/j.
watres.2013.09.051

[16] Yip NY, Elimelech M. Influence of natural organic matter fouling and osmotic back-
wash on pressure retarded osmosis energy production from natural salinity gradients. 
Environmental Science and Technology. 2013;47:12607-12616. DOI: 10.1021/es403207m

[17] Boo C, Elimelech M, Hong S. Fouling control in a forward osmosis process integrat-
ing seawater desalination and wastewater reclamation. Journal of Membrane Science. 
2013;444:148-156. DOI: 10.1016/j.memsci.2013.05.004

[18] Valladares-Linares R, Li Z, Yangali-Quintanilla V, Li Q, Amy G. Cleaning protocol for 
a FO membrane fouled in wastewater reuse. Desalination and Water Treatment. 2013; 
51:4821-4824. DOI: 10.1080/19443994.2013.795345

[19] Tang CY, She Q, Lay WCL, Wang R, Fane AG. Coupled effects of internal concentra-
tion polarization and fouling on flux behavior of forward osmosis membranes during 
humic acid filtration. Journal of Membrane Science. 2010;354:123-133. DOI: 10.1016/j.
memsci.2010.02.059

[20] Mi B, Elimelech M. Organic fouling of forward osmosis membranes: Fouling reversibility 
and cleaning without chemical reagents. Journal of Membrane Science. 2010;348:337-345

[21] Arkhangelsky E, Wicaksana F, Chou S, Al-Rabiah AA, Al-Zahrani SM, Wang R. Effects 
of scaling and cleaning on the performance of forward osmosis hollow fiber membranes. 
Journal of Membrane Science. 2012;415-416:101-108. DOI: 10.1016/j.memsci.2012.04.041

[22] Fritzmann C, Löwenberg J, Wintgens T, Melin T. State-of-the-art of reverse osmosis 
desalination. Desalination. 2007;216:1-76. DOI: 10.1016/j.desal.2006.12.009

[23] Zhou W, Wu B, She Q, Chi L, Zhang Z. Investigation of soluble microbial products in 
a full-scale UASB reactor running at low organic loading rate. Bioresource Technology. 
2009;100:3471-3476. DOI: 10.1016/j.biortech.2009.03.006

[24] Li ZY, Yangali-Quintanilla V, Valladares-Linares R, Li Q, Zhan T, Amy G. Flux patterns 
and membrane fouling propensity during desalination of seawater by forward osmosis. 
Water Research. 2012;46:195-204. DOI: 10.1016/j.watres.2011.10.051

[25] Meng F, Chae SR, Drews A, Kraume M, Shin HS, Yang F. Recent advances in membrane 
bioreactors (MBRs): Membrane fouling and membrane material. Water Research. 2009; 
43:1489-1512. DOI: 10.1016/j.watres.2008.12.044

[26] Wang YN, Tang CY. Fouling of nanofiltration, reverse osmosis, and ultrafiltration mem-
branes by protein mixtures: The role of inter-foulant-species interaction. Environmental 
Science and Technology. 2011;45:6373-6379. DOI: 10.1021/es2013177

[27] Berman T, Mizrahi R, Dosoretz CG. Transparent exopolymer particles (TEP): A critical 
factor in aquatic biofilm initiation and fouling on filtration membranes. Desalination. 
2011;276:184-190. DOI: 10.1016/j.desal.2011.03.046

Forward Osmosis Membranes – A Review: Part II
http://dx.doi.org/ 10.5772/intechopen.74659

61



[28] Zhang J, Loong WLC, Chou S, Tang C, Wang R, Fane AG. Membrane biofouling and scal-
ing in forward osmosis membrane bioreactor. Journal of Membrane Science. 2012;403-
404:8-14. DOI: 10.1016/j.memsci.2012.01.032

[29] Kang NW, Lee S, Kim D, Hong S, Kweon JH. Analyses of calcium carbonate scale depo-
sition on four RO membranes under a seawater desalination condition. Water Science 
and Technology. 2011;64:1573-1580. DOI: 10.2166/wst.20U.671

[30] Zhang H, Ma Y, Jiang T, Zhang G, Yang F. Influence of activated sludge properties on 
flux behavior in osmosis membrane bioreactor (OMBR). Journal of Membrane Science. 
2012;390-391:270-276. DOI: 10.1016/j.memsci.2011.11.048

[31] Tang CY, Chong TH, Fane AG. Colloidal interactions and fouling of NF and RO mem-
branes: A review. Advances in Colloid and Interface Science. 2011;164:126-143. DOI: 
10.1016/j.cis.2010.10.007

[32] Kim Y, Elimelech M, Shon HK, Hong S. Combined organic and colloidal fouling in for-
ward osmosis: Fouling reversibility and the role of applied pressure. Journal of Mem-
brane Science. 2014;460:206-212. DOI: 10.1016/j.memsci.2014.02.038

[33] Palecek SP, Zydney AL. Intermolecular electrostatic interactions and their effect on flux 
and protein deposition during protein filtration. Biotechnology Progress. 1994;10:207-
213. DOI: 10.1021/bp00026a010

[34] Zou S, Wang YN, Wicaksana F, Aung T, Wong PCY, Fane AG, Tang CY. Direct micro-
scopic observation of forward osmosis membrane fouling by microalgae: Critical flux 
and the role of operational conditions. Journal of Membrane Science. 2013;436:174-185. 
DOI: 10.1016/j.memsci.2013.02.030

[35] Song X, Liu Z, Sun DD. Nano gives the answer: Breaking the bottleneck of internal con-
centration polarization with a nanofiber composite forward osmosis membrane for a 
high water production rate. Advanced Materials. 2011;23:3256-3260. DOI: 10.1002/adma. 
201100510

[36] Chou S, Wang R, Shi L, She Q, Tang C, Fane AG. Thin-film composite hollow fiber mem-
branes for pressure retarded osmosis (PRO) process with high power density. Journal of 
Membrane Science. 2012;389:25-33. DOI: 10.1016/j.memsci.2011.10.002

[37] Han G, Chung TS. Robust and high performance pressure retarded osmosis hollow 
fiber membranes for osmotic power generation. AICHE Journal. 2014;60:1107-1119. DOI: 
10.1002/aic.14342

[38] Boo C, Lee S, Elimelech M, Meng Z, Hong S. Colloidal fouling in forward osmosis: 
Role of reverse salt diffusion. Journal of Membrane Science. 2012;390-391:277-284. DOI: 
10.1016/j.memsci.2011.12.001

[39] Lutchmiah K, Verliefde ARD, Roest K, Rietveld LC, Cornelissen ER. Forward osmosis 
for application in wastewater treatment: A review. Water Research. 2014;58:179-197. 
DOI: 10.1016/j.watres.2014.03.045

Osmotically Driven Membrane Processes - Approach, Development and Current Status62

[40] Fang Y, Bian L, Bi Q, Li Q, Wang X. Evaluation of the pore size distribution of a for-
ward osmosis membrane in three different ways. Journal of Membrane Science. 2014; 
454(0):390-397. DOI: 10.1016/j.memsci.2013.12.046

[41] Coday BD, Xu P, Beaudry EG, Herron J, Lampi K, Hancock NT, Cath TY. The sweet 
spot of forward osmosis: Treatment of produced water, drilling wastewater, and other 
complex and difficult liquid streams. Desalination. 2014;333(1):23-35. DOI: 10.1016/j.
desal.2013.11.014

[42] Kim ES, Liu Y, El-Din MG. The effects of pretreatment on nanofiltration and reverse osmo-
sis membrane filtration for desalination of oil sands process-affected water. Separation 
and Purification Technology. 2011;81(3):418-428. DOI: 10.1016/j.seppur.2011.08.016

[43] Zhu H, Zhang L, Wen X, Huang X. Feasibility of applying forward osmosis to the 
simultaneous thickening, digestion, and direct dewatering of waste activated sludge. 
Bioresource Technology. 2012;113(0):207-213. DOI: 10.1016/j.biortech.2011.12.064

[44] Hydranautics. Element Spec Sheets. Hydranautics a Nitto Group Company. 2014. 
Available from: http://membranes.com/index.php?pagename=spec_sheets [Accessed: 
August 11, 2017]

[45] Linares RV, Li Z, Sarp S, Bucs S, Amy G, Vrouwenvelder JS. Forward osmosis niches 
in seawater desalination and wastewater reuse. Water Research. 2014;66:122-139. DOI: 
10.1016/j.watres.2014.08.021

[46] Xie M, Nghiem LD, Price WE, Elimelech M. A forward osmosis membrane distilla-
tion hybrid process for direct sewer mining: System performance and limitations. 
Environmental Science and Technology. 2013;47(23):13486-13493. DOI: 10.1021/es404056e

[47] Zhang Y, Pinoy L, Meesschaert B, Van der Bruggen B. A natural driven membrane pro-
cess for brackish and wastewater treatment: Photovoltaic powered ED and FO hybrid 
system. Environmental Science and Technology. 2013;47(18):10548-10555. DOI: 10.1021/
es402534m

[48] Li ZY, Valladares-Linares R, Yangali-Quintanilla V, Amy G. A sequential batch reac-
tor forward osmosis system for water reuse. In: Proceedings of American Membrane 
Technology Association Membrane Technology Conference and Exhibition. Phoenix: 
AWWA/AMTA Publishing; February 27–March 1, 2012

[49] Qiu G, Zhang S, Raghavan DSSS, Das S, Ting YP. The potential of hybrid forward 
osmosis membrane bioreactor (FOMBR) processes in achieving high throughput treat-
ment of municipal wastewater with enhanced phosphorus recovery. Water Research. 
2016;105:370-382. DOI: 10.1016/j.watres.2016.09.017

[50] Zhang S, Liu P, Chen Y, Jin J, Hu L, Jian X. Preparation of thermally stable compos-
ite forward osmosis hollow fiber membranes based on copoly(phthalazinone biphenyl 
ether sulfone) substrates. Chemical Engineering Science. 2017;166:91-100. DOI: 10.1016/j.
ces.2017.03.026

Forward Osmosis Membranes – A Review: Part II
http://dx.doi.org/ 10.5772/intechopen.74659

63



[28] Zhang J, Loong WLC, Chou S, Tang C, Wang R, Fane AG. Membrane biofouling and scal-
ing in forward osmosis membrane bioreactor. Journal of Membrane Science. 2012;403-
404:8-14. DOI: 10.1016/j.memsci.2012.01.032

[29] Kang NW, Lee S, Kim D, Hong S, Kweon JH. Analyses of calcium carbonate scale depo-
sition on four RO membranes under a seawater desalination condition. Water Science 
and Technology. 2011;64:1573-1580. DOI: 10.2166/wst.20U.671

[30] Zhang H, Ma Y, Jiang T, Zhang G, Yang F. Influence of activated sludge properties on 
flux behavior in osmosis membrane bioreactor (OMBR). Journal of Membrane Science. 
2012;390-391:270-276. DOI: 10.1016/j.memsci.2011.11.048

[31] Tang CY, Chong TH, Fane AG. Colloidal interactions and fouling of NF and RO mem-
branes: A review. Advances in Colloid and Interface Science. 2011;164:126-143. DOI: 
10.1016/j.cis.2010.10.007

[32] Kim Y, Elimelech M, Shon HK, Hong S. Combined organic and colloidal fouling in for-
ward osmosis: Fouling reversibility and the role of applied pressure. Journal of Mem-
brane Science. 2014;460:206-212. DOI: 10.1016/j.memsci.2014.02.038

[33] Palecek SP, Zydney AL. Intermolecular electrostatic interactions and their effect on flux 
and protein deposition during protein filtration. Biotechnology Progress. 1994;10:207-
213. DOI: 10.1021/bp00026a010

[34] Zou S, Wang YN, Wicaksana F, Aung T, Wong PCY, Fane AG, Tang CY. Direct micro-
scopic observation of forward osmosis membrane fouling by microalgae: Critical flux 
and the role of operational conditions. Journal of Membrane Science. 2013;436:174-185. 
DOI: 10.1016/j.memsci.2013.02.030

[35] Song X, Liu Z, Sun DD. Nano gives the answer: Breaking the bottleneck of internal con-
centration polarization with a nanofiber composite forward osmosis membrane for a 
high water production rate. Advanced Materials. 2011;23:3256-3260. DOI: 10.1002/adma. 
201100510

[36] Chou S, Wang R, Shi L, She Q, Tang C, Fane AG. Thin-film composite hollow fiber mem-
branes for pressure retarded osmosis (PRO) process with high power density. Journal of 
Membrane Science. 2012;389:25-33. DOI: 10.1016/j.memsci.2011.10.002

[37] Han G, Chung TS. Robust and high performance pressure retarded osmosis hollow 
fiber membranes for osmotic power generation. AICHE Journal. 2014;60:1107-1119. DOI: 
10.1002/aic.14342

[38] Boo C, Lee S, Elimelech M, Meng Z, Hong S. Colloidal fouling in forward osmosis: 
Role of reverse salt diffusion. Journal of Membrane Science. 2012;390-391:277-284. DOI: 
10.1016/j.memsci.2011.12.001

[39] Lutchmiah K, Verliefde ARD, Roest K, Rietveld LC, Cornelissen ER. Forward osmosis 
for application in wastewater treatment: A review. Water Research. 2014;58:179-197. 
DOI: 10.1016/j.watres.2014.03.045

Osmotically Driven Membrane Processes - Approach, Development and Current Status62

[40] Fang Y, Bian L, Bi Q, Li Q, Wang X. Evaluation of the pore size distribution of a for-
ward osmosis membrane in three different ways. Journal of Membrane Science. 2014; 
454(0):390-397. DOI: 10.1016/j.memsci.2013.12.046

[41] Coday BD, Xu P, Beaudry EG, Herron J, Lampi K, Hancock NT, Cath TY. The sweet 
spot of forward osmosis: Treatment of produced water, drilling wastewater, and other 
complex and difficult liquid streams. Desalination. 2014;333(1):23-35. DOI: 10.1016/j.
desal.2013.11.014

[42] Kim ES, Liu Y, El-Din MG. The effects of pretreatment on nanofiltration and reverse osmo-
sis membrane filtration for desalination of oil sands process-affected water. Separation 
and Purification Technology. 2011;81(3):418-428. DOI: 10.1016/j.seppur.2011.08.016

[43] Zhu H, Zhang L, Wen X, Huang X. Feasibility of applying forward osmosis to the 
simultaneous thickening, digestion, and direct dewatering of waste activated sludge. 
Bioresource Technology. 2012;113(0):207-213. DOI: 10.1016/j.biortech.2011.12.064

[44] Hydranautics. Element Spec Sheets. Hydranautics a Nitto Group Company. 2014. 
Available from: http://membranes.com/index.php?pagename=spec_sheets [Accessed: 
August 11, 2017]

[45] Linares RV, Li Z, Sarp S, Bucs S, Amy G, Vrouwenvelder JS. Forward osmosis niches 
in seawater desalination and wastewater reuse. Water Research. 2014;66:122-139. DOI: 
10.1016/j.watres.2014.08.021

[46] Xie M, Nghiem LD, Price WE, Elimelech M. A forward osmosis membrane distilla-
tion hybrid process for direct sewer mining: System performance and limitations. 
Environmental Science and Technology. 2013;47(23):13486-13493. DOI: 10.1021/es404056e

[47] Zhang Y, Pinoy L, Meesschaert B, Van der Bruggen B. A natural driven membrane pro-
cess for brackish and wastewater treatment: Photovoltaic powered ED and FO hybrid 
system. Environmental Science and Technology. 2013;47(18):10548-10555. DOI: 10.1021/
es402534m

[48] Li ZY, Valladares-Linares R, Yangali-Quintanilla V, Amy G. A sequential batch reac-
tor forward osmosis system for water reuse. In: Proceedings of American Membrane 
Technology Association Membrane Technology Conference and Exhibition. Phoenix: 
AWWA/AMTA Publishing; February 27–March 1, 2012

[49] Qiu G, Zhang S, Raghavan DSSS, Das S, Ting YP. The potential of hybrid forward 
osmosis membrane bioreactor (FOMBR) processes in achieving high throughput treat-
ment of municipal wastewater with enhanced phosphorus recovery. Water Research. 
2016;105:370-382. DOI: 10.1016/j.watres.2016.09.017

[50] Zhang S, Liu P, Chen Y, Jin J, Hu L, Jian X. Preparation of thermally stable compos-
ite forward osmosis hollow fiber membranes based on copoly(phthalazinone biphenyl 
ether sulfone) substrates. Chemical Engineering Science. 2017;166:91-100. DOI: 10.1016/j.
ces.2017.03.026

Forward Osmosis Membranes – A Review: Part II
http://dx.doi.org/ 10.5772/intechopen.74659

63



[51] Holloway RW, Childress AE, Dennett KE, Cath TY. Forward osmosis for concentration 
of anaerobic digester centrate. Water Research. 2007;41(17):4005-4014. DOI: 10.1016/j.
watres.2007.05.054

[52] Hau NT, Chen SS, Nguyen NC, Huang KZ, Ngo HH, Guo W. Exploration of EDTA  
sodium salt as novel draw solution in forward osmosis process for dewatering of 
high nutrient sludge. Journal of Membrane Science. 2014;455:305-311. DOI: 10.1016/j.
memsci.2013.12.068

[53] Catalyx. Forward osmosis for recycling dye wastewater. Filtration and Separation. 
2009;46(3):14. DOI: 10.1016/S0015-1882(09)70120-X

[54] Li Z, Valladares Linares R, Abu-Ghdaib M, Zhan T, Yangali- Quintanilla V, Amy G. 
Osmotically driven membrane process for the management of urban runoff in coastal 
regions. Water Research. 2004;48:200-209. DOI: 10.1016/j.watres.2013.09.028

[55] Duong PHH, Chung TS. Application of thin film composite membranes with forward 
osmosis technology for the separation of emulsified oil-water. Journal of Membrane 
Science. 2014;452:117-126. DOI: 10.1016/j.memsci.2013.10.030

[56] HTI. Oil Wastewater Treatment & Gas Wastewater Treatment: Lead Story [Internet]. 2011. 
Available from: http://www.htiwater.com/divisions/oil-gas/lead_story.html [Accessed:  
Sep 11, 2017]

[57] Nelson CE, Ghosh AK. Oil & Natural Gas Technology-Membrane Technology for 
Produced Water in Lea County. Lea County Government and New Mexico Institute 
of Mining and Technology [Internet]. 2011. Available from: https://www.netl.doe.gov/
File%20Library/Research/Oil-Gas/nt0005227-final-report.pdf [Accessed: Sep 15, 2017]

[58] Abousnina RM. Oily wastewater treatment: Removal of dissolved organic components 
by forward osmosis [thesis]. University of Wollongong; 2012

[59] Hickenbottom KL, Hancock NT, Hutchings NR, Appleton EW, Beaudry EG, Xu P, Cath 
TY. Forward osmosis treatment of drilling mud and fracturing wastewater from oil and 
gas operations. Desalination. 2013;312:60-66. DOI: 10.1016/j.desal.2012.05.037

[60] McGinnis RL, Hancock NT, Nowosielski-Slepowron MS, McGurgan GD. Pilot demon-
stration of the NH3/CO2 forward osmosis desalination process on high salinity brines. 
Desalination. 2013;312:67-74. DOI: 10.1016/j.desal.2012.11.032

[61] Greenlee LF, Lawler DF, Freeman BD, Marrot B, Moulin P. Reverse osmosis desalination: 
Water sources, technology, and today's challenges. Water Research. 2009;43:2317-2348.  
DOI: 10.1016/j.watres.2009.03.010

[62] El-Dessouky HT, Ettouney HM. Fundamentals of Salt Water Desalination. 1st ed. 
Amsterdam: Elsevier Science Ltd; 2002. p. 690. DOI: 10.1016/B978-0-444-50810-2.50018-X

[63] Van der Bruggen B, Vandecasteele C. Distillation vs. membrane filtration: Overview 
of process evolutions in seawater desalination. Desalination. 2002;143:207-218. DOI: 
10.1016/S0011-9164(02)00259-X

Osmotically Driven Membrane Processes - Approach, Development and Current Status64

[64] Kim HI, Kim SS. Plasma treatment of polypropylene and polysulfone supports for thin 
film composite reverse osmosis membrane. Journal of Membrane Science. 2006;286:193-
201. DOI: 10.1016/j.memsci.2006.09.037

[65] Shaffer DL, Werber JR, Jaramillo H, Lin S, Elimelech M. Forward osmosis: Where are we 
now? Desalination. 2015;356:271-284. DOI: 10.1016/j.desal.2014.10.031

[66] Zaviska F, Zou L. Using modelling approach to validate a bench scale forward osmo-
sis pre-treatment process for desalination. Desalination. 2014;350:1-13. DOI: 10.1016/j.
desal.2014.07.005

[67] Bamaga OA, Yokochi A, Beaudry EG. Application of forward osmosis in pretreatment 
of seawater for small reverse osmosis desalination units. Desalination and Water Treat-
ment. 2009;5:183-191. DOI: 10.5004/dwt.2009.574

[68] Zhao S, Zou L, Mulcahy D. Brackishwater desalination by a hybrid forward osmosis–
nanofiltration system using divalent draw solute. Desalination. 2012;284:175-181. DOI: 
10.1016/j.desal.2011.08.053

[69] Chekli L, Phuntsho S, Shon HK, Vigneswaran S, Kandasamy J, Chanan A. A review of draw 
solutes in forward osmosis process and their use in modern applications. Desalination 
and Water Treatment. 2012;43(1-3):167-184. DOI: 10.1080/19443994.2012.672168

[70] Li D, Zhang X, Simon GP, Wang H. Forward osmosis desalination using polymer hydro-
gels as a draw agent: Influence of draw agent, feed solution and membrane on process 
performance. Water Research. 2013;47(1):209-215. DOI: 10.1016/j.watres.2012.09.049

[71] Gray GT, McCutcheon JR, Elimelech M. Internal concentration polarization in forward 
osmosis: Role of membrane orientation. Desalination. 2006;197(1-3):1-8. DOI: 10.1016/j.
desal.2006.02.003

[72] McGinnis RL, Elimelech M. Energy requirements of ammonia-carbon dioxide for-
ward osmosis desalination. Desalination. 2007;207(1-3):370-382. DOI: 10.1016/j.desal. 
2006.08.012

[73] Chanukya BS, Patil S, Rastogi NK. Influence of concentration polarization on flux behav-
ior in forward osmosis during desalination using ammonium bicarbonate. Desalination. 
2013;312:39-44. DOI: 10.1016/j.desal.2012.05.018

[74] Ling MM, Chung TS. Desalination process using super hydrophilic nanoparticles via 
forward osmosis integrated with ultrafiltration regeneration. Desalination. 2011;278(1-3): 
194-202. DOI: 10.1016/j.desal.2011.05.019

[75] Modern Water. Membrane Processes Forward Osmosis: Desalination [Internet]. 2013. 
Available from: https://www.modernwater.com/pdf/MW_Factsheet_Membrane_
HIGHRES.pdf [Accessed: Sep 14, 2017]

[76] Valladares Linares R, Li Z, Abu-Ghdaib M, Wei CH, Amy G, Vrouwenvelder JS. Water 
harvesting from municipal wastewater via osmotic gradient: An evaluation of process 
performance. Journal of Membrane Science. 2013;447:50-56. DOI: 10.1016/j.memsci. 
2013.07.018

Forward Osmosis Membranes – A Review: Part II
http://dx.doi.org/ 10.5772/intechopen.74659

65



[51] Holloway RW, Childress AE, Dennett KE, Cath TY. Forward osmosis for concentration 
of anaerobic digester centrate. Water Research. 2007;41(17):4005-4014. DOI: 10.1016/j.
watres.2007.05.054

[52] Hau NT, Chen SS, Nguyen NC, Huang KZ, Ngo HH, Guo W. Exploration of EDTA  
sodium salt as novel draw solution in forward osmosis process for dewatering of 
high nutrient sludge. Journal of Membrane Science. 2014;455:305-311. DOI: 10.1016/j.
memsci.2013.12.068

[53] Catalyx. Forward osmosis for recycling dye wastewater. Filtration and Separation. 
2009;46(3):14. DOI: 10.1016/S0015-1882(09)70120-X

[54] Li Z, Valladares Linares R, Abu-Ghdaib M, Zhan T, Yangali- Quintanilla V, Amy G. 
Osmotically driven membrane process for the management of urban runoff in coastal 
regions. Water Research. 2004;48:200-209. DOI: 10.1016/j.watres.2013.09.028

[55] Duong PHH, Chung TS. Application of thin film composite membranes with forward 
osmosis technology for the separation of emulsified oil-water. Journal of Membrane 
Science. 2014;452:117-126. DOI: 10.1016/j.memsci.2013.10.030

[56] HTI. Oil Wastewater Treatment & Gas Wastewater Treatment: Lead Story [Internet]. 2011. 
Available from: http://www.htiwater.com/divisions/oil-gas/lead_story.html [Accessed:  
Sep 11, 2017]

[57] Nelson CE, Ghosh AK. Oil & Natural Gas Technology-Membrane Technology for 
Produced Water in Lea County. Lea County Government and New Mexico Institute 
of Mining and Technology [Internet]. 2011. Available from: https://www.netl.doe.gov/
File%20Library/Research/Oil-Gas/nt0005227-final-report.pdf [Accessed: Sep 15, 2017]

[58] Abousnina RM. Oily wastewater treatment: Removal of dissolved organic components 
by forward osmosis [thesis]. University of Wollongong; 2012

[59] Hickenbottom KL, Hancock NT, Hutchings NR, Appleton EW, Beaudry EG, Xu P, Cath 
TY. Forward osmosis treatment of drilling mud and fracturing wastewater from oil and 
gas operations. Desalination. 2013;312:60-66. DOI: 10.1016/j.desal.2012.05.037

[60] McGinnis RL, Hancock NT, Nowosielski-Slepowron MS, McGurgan GD. Pilot demon-
stration of the NH3/CO2 forward osmosis desalination process on high salinity brines. 
Desalination. 2013;312:67-74. DOI: 10.1016/j.desal.2012.11.032

[61] Greenlee LF, Lawler DF, Freeman BD, Marrot B, Moulin P. Reverse osmosis desalination: 
Water sources, technology, and today's challenges. Water Research. 2009;43:2317-2348.  
DOI: 10.1016/j.watres.2009.03.010

[62] El-Dessouky HT, Ettouney HM. Fundamentals of Salt Water Desalination. 1st ed. 
Amsterdam: Elsevier Science Ltd; 2002. p. 690. DOI: 10.1016/B978-0-444-50810-2.50018-X

[63] Van der Bruggen B, Vandecasteele C. Distillation vs. membrane filtration: Overview 
of process evolutions in seawater desalination. Desalination. 2002;143:207-218. DOI: 
10.1016/S0011-9164(02)00259-X

Osmotically Driven Membrane Processes - Approach, Development and Current Status64

[64] Kim HI, Kim SS. Plasma treatment of polypropylene and polysulfone supports for thin 
film composite reverse osmosis membrane. Journal of Membrane Science. 2006;286:193-
201. DOI: 10.1016/j.memsci.2006.09.037

[65] Shaffer DL, Werber JR, Jaramillo H, Lin S, Elimelech M. Forward osmosis: Where are we 
now? Desalination. 2015;356:271-284. DOI: 10.1016/j.desal.2014.10.031

[66] Zaviska F, Zou L. Using modelling approach to validate a bench scale forward osmo-
sis pre-treatment process for desalination. Desalination. 2014;350:1-13. DOI: 10.1016/j.
desal.2014.07.005

[67] Bamaga OA, Yokochi A, Beaudry EG. Application of forward osmosis in pretreatment 
of seawater for small reverse osmosis desalination units. Desalination and Water Treat-
ment. 2009;5:183-191. DOI: 10.5004/dwt.2009.574

[68] Zhao S, Zou L, Mulcahy D. Brackishwater desalination by a hybrid forward osmosis–
nanofiltration system using divalent draw solute. Desalination. 2012;284:175-181. DOI: 
10.1016/j.desal.2011.08.053

[69] Chekli L, Phuntsho S, Shon HK, Vigneswaran S, Kandasamy J, Chanan A. A review of draw 
solutes in forward osmosis process and their use in modern applications. Desalination 
and Water Treatment. 2012;43(1-3):167-184. DOI: 10.1080/19443994.2012.672168

[70] Li D, Zhang X, Simon GP, Wang H. Forward osmosis desalination using polymer hydro-
gels as a draw agent: Influence of draw agent, feed solution and membrane on process 
performance. Water Research. 2013;47(1):209-215. DOI: 10.1016/j.watres.2012.09.049

[71] Gray GT, McCutcheon JR, Elimelech M. Internal concentration polarization in forward 
osmosis: Role of membrane orientation. Desalination. 2006;197(1-3):1-8. DOI: 10.1016/j.
desal.2006.02.003

[72] McGinnis RL, Elimelech M. Energy requirements of ammonia-carbon dioxide for-
ward osmosis desalination. Desalination. 2007;207(1-3):370-382. DOI: 10.1016/j.desal. 
2006.08.012

[73] Chanukya BS, Patil S, Rastogi NK. Influence of concentration polarization on flux behav-
ior in forward osmosis during desalination using ammonium bicarbonate. Desalination. 
2013;312:39-44. DOI: 10.1016/j.desal.2012.05.018

[74] Ling MM, Chung TS. Desalination process using super hydrophilic nanoparticles via 
forward osmosis integrated with ultrafiltration regeneration. Desalination. 2011;278(1-3): 
194-202. DOI: 10.1016/j.desal.2011.05.019

[75] Modern Water. Membrane Processes Forward Osmosis: Desalination [Internet]. 2013. 
Available from: https://www.modernwater.com/pdf/MW_Factsheet_Membrane_
HIGHRES.pdf [Accessed: Sep 14, 2017]

[76] Valladares Linares R, Li Z, Abu-Ghdaib M, Wei CH, Amy G, Vrouwenvelder JS. Water 
harvesting from municipal wastewater via osmotic gradient: An evaluation of process 
performance. Journal of Membrane Science. 2013;447:50-56. DOI: 10.1016/j.memsci. 
2013.07.018

Forward Osmosis Membranes – A Review: Part II
http://dx.doi.org/ 10.5772/intechopen.74659

65



[77] Cath TY, Hancock NT, Lundin CD, Hoppe-Jones C, Drewes JE. A multi-barrier osmotic 
dilution process for simultaneous desalination and purification of impaired water. 
Journal of Membrane Science. 2010;362(1-2):417-426. DOI: 10.1016/j.memsci.2010.06.056

[78] McCarty PL, Bae J, Kim J. Domestic wastewater treatment as a net energy producer – 
Can this be achieved? Environmental Science and Technology. 2011;45(17):7100-7106. 
DOI: 10.1021/es2014264

[79] Cath TY, Drewes JE, Lundin CD. A novel hybrid forward osmosis process for drinking 
water augmentation using impaired water and Saline water sources. In: Proceedings of 
the 24th Annual WateReuse Symposium. Seattle: Water Research Foundation; Sep 13-16, 
2009. Available from: http://inside.mines.edu/~tcath/research/projects/Cath_WRS_2009_
AwwaRF4150.pdf [Accessed: October 23, 2017]

[80] Valladares Linares R, Yangali-Quintanilla V, Li Z, Amy G. Rejection of micropollutants 
by clean and fouled forward osmosis membrane. Water Research. 2011;45(20):6737-6744. 
DOI: 10.1016/j.watres.2011.10.037

[81] Hoover LA, Phillip WA, Tiraferri A, Yip NY, Elimelech M. Forward with osmosis: Emer-
ging applications for greater sustainability. Environmental Science and Technology. 
2011;45(23):9824-9830. DOI: 10.1021/es202576h

[82] McGovern RK, Lienhard V. On the potential of forward osmosis to energetically outper-
form reverse osmosis desalination. Journal of Membrane Science. 2014;469:245-250. DOI: 
10.1016/j.memsci.2014.05.061

[83] Subramani A, Jacangelo JG. Emerging desalination technologies for water treatment: A 
critical review. Water Research. 2015;75:164-187. DOI: 10.1016/j.watres.2015.02.032

[84] Department of Energy (USDOE). Advanced, Energy-efficient Hybrid Membrane Sys-
tem for Industrial Water Reuse [Internet]. Available from: https://energy.gov/sites/
prod/files/2016/12/f34/0877-Hybrid%20Membrane%20System-090716_compliant.pdf, 
[Accessed: Sep 10, 2017]

[85] Nguyen NC, Chen SS, Yang HY, Hau NT. Application of forward osmosis on dewater-
ing of high nutrient sludge. Bioresource Technology. 2013;132:224-229. DOI: 10.1016/j.
biortech.2013.01.028

[86] Tsai JH, Macedonio F, Drioli E, Giorno L, Chou CY, Hu FC, Li CL, Chuang CJ, Tung KL. 
Membrane-based zero liquid discharge: Myth or reality? Journal of the Taiwan Institute 
of Chemical Engineers. 2017;80:192-202. DOI: 10.1016/j.jtice.2017.06.050

Osmotically Driven Membrane Processes - Approach, Development and Current Status66

Chapter 4

Effect of Internal and External Concentration
Polarizations on the Performance of Forward Osmosis
Process

Amrit Bhinder, Simin Shabani and
Mohtada Sadrzadeh

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.71343

Provisional chapter

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited. 

DOI: 10.5772/intechopen.71343

Effect of Internal and External Concentration 
Polarizations on the Performance of Forward Osmosis 
Process

Amrit Bhinder, Simin Shabani and Mohtada Sadrzadeh

Additional information is available at the end of the chapter

Abstract

Forward osmosis (FO) as an osmotically driven membrane process is severely affected 
by the concentration polarization phenomenon on both sides of the membrane as well as 
inside the support layer. Though the effect of internal concentration polarization (ICP) in 
the porous support on the draw solution side is far more pronounced than that of the exter-
nal concentration polarization (ECP), still the importance of ECP cannot be neglected. The 
ECP becomes particularly important when the feed flow rate is enhanced to increase the 
permeation flux by increasing the agitation and turbulence on the membrane surface. To 
capture the effect of ECP a suitable value of mass transfer coefficient must be determined. 
In this chapter, an FO mass transport model that accounts for the presence of both ICP and 
ECP phenomena is first presented on the basis of solution-diffusion model coupled with 
diffusion-convection. Then, three methods for the estimation of mass transfer coefficient 
based on empirical Sherwood (Sh) number correlations, pressure-driven reverse osmosis 
(RO), and osmosis-driven pressure retarded osmosis (PRO) are proposed. Finally, a meth-
odology for the prediction of water flux through FO membranes using the theoretical 
model and calculated/measured parameters (hydraulic permeability, salt resistivity of the 
support layer, and mass transfer coefficient) is presented.

Keywords: forward osmosis, concentration polarization, mass transfer coefficient, 
reverse osmosis, pressure retarded osmosis

1. Introduction

With the increasing application of membrane-based separation processes in desalination and 
wastewater treatment, vast efforts have been devoted to making them more energy efficient. 
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In the hunt of more economical and efficient method, forward osmosis (FO) has been devel-
oped as an alternative to the conventional pressure-driven separation processes like reverse 
osmosis (RO) and nanofiltration (NF) [1–3]. FO is an osmotically driven membrane separation 
process, where water molecules are transferred from a dilute feed solution to a more concen-
trated draw solution through a semi-permeable membrane which selectively rejects a broad 
range of dissolved contaminants in the wastewater [3]. The driving force for water transport 
is the chemical potential difference between the draw and feed solutions, thus eliminating the 
use of hydraulic pressure and consequently enhances energy efficiency [4–6].

Besides being energy efficient, FO process is less prone to fouling as compared to pressure-
driven NF and RO processes. However, FO suffers from an enhanced concentration polariza-
tion effect inside the support layer known as internal concentration polarization (ICP), where 
the solvent (commonly water) permeates through the support and dilutes the draw concen-
tration at the inner side of the active layer. The ICP reduces the real driving force for mass 
transfer, thereby reducing the performance of the FO process, significantly [7, 8]. In addition 
to ICP, FO suffers from an external concentration polarization (ECP). In fact, in a typical pres-
sure driven process, ECP occurs on one side of the membrane (feed side), whereas in the FO, 
this phenomenon happens on both sides (feed and draw). The polarization that occurs on the 
feed side is concentrative and is different in nature from the dilutive polarization on the draw 
side due to incoming permeate flux. The first polarization is called concentrative ECP and the 
second one that takes places in the draw side is termed as dilutive ECP. The ICP is not affected 
by the hydrodynamics of the flow and is more severe than the ECP which makes the theoreti-
cal study of transport phenomena in an FO process very challenging.

Early attempts to model the mass transfer through an FO membrane was conducted by Lee 
et al. [9]. They considered the ICP inside the porous support and developed a model to predict 
the performance of a pressure retarded osmosis (PRO) process. In the PRO process, which 
is used for energy generation from an osmotic pressure difference, the membranes are ori-
ented in the exact opposite configuration of FO with the active layer facing the draw solution. 
Later, Loeb et al. [10] followed the same approach and developed a model for the FO process. 
McCutcheon et al. [11] coupled the boundary layer film theory to capture the effect of ECP on 
the active layer as well as the ICP in the porous support for both FO and PRO processes. Suh 
and Lee [12] fine-tuned this model by considering the dilutive ECP phenomenon on the draw 
side which was neglected by previous researchers. They suggested that the effect of diluted 
draw solution on the ECP must be taken into account, particularly for low cross-flow veloci-
ties and high water flux. Even though the above models provide a comprehensive framework 
of relationships for the ICP and ECP on both sides of FO membranes and can predict the flux 
satisfactorily at a particular flow rate, they are not sufficiently sensitive to a change in the feed 
flow rate.

The change in water flux with a change in the flow rate is captured by the mass transfer coef-
ficient (k) on either side of the membrane. The mass transfer coefficient is commonly calcu-
lated using Sherwood (Sh) number relations which are empirical correlations as a function of 
Reynolds Schmidt numbers [13]. The Sh number relationships available in the literature were 
either adapted from the analogy between heat and mass transfer or were derived for flow in 
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non-porous smooth [13–15]. These relations were later modified for the ultrafiltration (UF) 
experiments [13, 14]. UF is a pressure-driven process with a different flow hydrodynamics 
from FO process which is driven by the osmotic pressure gradient. Also, the topology of a 
typical UF membrane is rougher (on a microscopic scale) and porous than an FO membrane 
that might affect the Sh number which is a linear function of a frictional factor. Hence, the 
correlations of Sh number derived from UF experiments may not be valid for the FO process.

Although extensive research has been carried out on the derivation of empirical and semi-
empirical Sh number correlations for pressure driven membrane processes (at various operat-
ing conditions and spacer geometries) [14, 16, 17], no such efforts have been made to better 
understand the boundary layer phenomena in an FO process. It is worth mentioning that, 
based on the film theory the severity of the ECP depends upon the value of mass transfer coef-
ficient. Since the concentration profile in the boundary layer is exponential in nature, a small 
error in the value of mass transfer coefficient may magnify error to a large extent. Hence, to 
develop a robust model for the FO process, there is crucial need to find an appropriate cor-
relation of mass transfer coefficient for each specific membrane process with certain hydrody-
namic properties of channel and membrane characteristics.

In this chapter an attempt has been made to provide (i) the theoretical background of internal 
and external concentration polarization phenomena, and (ii) different methods that can be 
used for the estimation of mass transfer coefficient in the FO process. Since the support layer 
of a thin film composite FO membrane is made from a porous material (e.g., polysulfone, PSf), 
having a similar structure and porosity as that of a UF membrane, the literature Sh number 
correlations might be valid on this side of the membrane. But for the selective layer of the 
membrane, which is smooth and non-porous, these relationships are not necessarily usable. 
Hence, more practical methods to get an estimate of the value of mass transfer coefficient on 
the active side of the membrane in an FO process by (i) RO and (ii) PRO experiments are pro-
posed. These mass transfer coefficients can then be used in the theoretical model to predict the 
water flux with a change in the feed flow velocity.

2. Theory

2.1. Water flux in FO

Water flux in a pressure-driven membrane separation process is directly proportional to the 
applied pressure (Δp) and the osmotic pressure difference between the two solutions (Δπ) 
[11].

   J  w   = A (Δp − σΔπ)   (1)

where A is the pure water permeability, and σ is the reflection coefficient which describes the 
fraction of the solutes reflected or rejected by the membrane. For ideal membranes with no 
solute transport, its value is unity. In an FO process, no pressure is applied (Δp = 0) and the 
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water flux through the membrane is just due to the difference in the osmotic pressures of the 
draw and feed solutions, given by:

   J  w   = A ( π  D,b   −  π  F,b  )   (2)

where πD, b and πF, b are the osmotic pressures of the draw and feed solutions, respectively.

2.2. Concentration polarization

In an FO operation, the actual flux is far less than the theoretical flux obtained from Eq. (2) 
which shows a decline in driving force. On the feed side, where the solvent permeates through 
the membrane, the solutes are retained by the membrane increasing their concentration on 
the membrane surface that is referred to as concentrative ECP. The permeate entering the 
draw side dilutes the draw solution at the membrane surface that is known as diluted ECP. 
Figure 1(a) and (b) depict concentrative and dilutive ECP, as well as ICP, occurring in FO and 
PRO processes. Both these phenomena contribute to a decrease in the net osmotic driving 
force across the membrane and hence lowering the flux.

Figure 1. Direction of water flux and the concentration profile developed across the membrane in (a) FO mode and 
(b) PRO mode.
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The ECP can be mitigated by inducing turbulence which enhances the mixing and conse-
quently levels the concentration difference between the bulk and adjacent solution to the 
membrane surface. However, the concentration polarization in FO is not just limited to 
ECP. The structure of FO membranes is typically asymmetric, i.e. a thin active layer which 
governs the molecular transport rate is coated on a porous support that provides mechanical 
strength. In the FO mode (when active layer and support are facing the feed and draw solu-
tions, respectively), a more severe concentration polarization takes places inside the porous 
support layer of the membrane, known as ICP. The enhanced dilution of the draw solution 
inside the porous support contributes to a massive decline in the osmotic pressure difference, 
thereby decreasing the flux more severely.

2.2.1. Internal concentration polarization

At steady state, the salt leakage (Js) from the active layer (if the membrane is not perfect) 
originates from the convective flow of solute (Jwc) away from the active layer and diffusive 
flow of solute D"dc/dx toward the active layer due to concentration gradient inside the porous 
support [18]:

   J  s   =  J  w   c −  D   "    dc ___ dx    (3)

where c is the concentration of solute at any point inside support layer, D" is the salt diffusion 
coefficient in the porous support and is given by:

   D   "  =   D𝜀𝜀 ___ τ    (4)

where D is the diffusivity of solute in water, and ε and τ are the porosity and tortuosity of 
the support, respectively. Appropriate boundary conditions (as shown in Figure 2) are rep-
resented as:

c = cD, i at x = 0

c = cD, m at x = t

Applying these boundary conditions a relation for the concentration of solution inside the 
porous support near the active layer (cD, i) is derived as follows:

   c  D,i   =   
 c  D,m   +  J  s   /  J  w  

 ________ exp  ( J  w   K)    −   
 J  s   __  J  w      (5)

where cD, m is the concentration of solution on the support layer adjacent to the bulk solution. 
Here K = τt/(Dε) is defined as the solute resistivity inside the porous support.

Considering a perfect membrane with 100% salt rejection, the value of Js can be neglected, and 
Eq. (5) simplifies to:

   c  D,i   =   
 c  D,m  
 ________ exp  ( J  w   K)     (6)
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The salt concentration ratio is approximately proportional to the osmotic pressure ratio of the 
solution, which gives:

   π  D,i   =   
 π  D,m  
 ________ exp  ( J  w   K)     (7)

The actual flux is generated by the concentration difference across the active layer of the mem-
brane and is given by [1, 11]:

   J  w   = A ( π  D,i   −  π  F,m  )   (8)

Figure 2. Concentration profiles (considering dilutive ECP) and the concentration boundary thickness developed on 
both sides of the membrane during an FO osmosis process.
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Substituting Eq. (7) in Eq. (8), the following equation is obtained for the actual flux through 
the membrane:

   J  w   = A [ π  D,m   exp  (−  J  w   K)  −  π  F,m  ]   (9)

2.2.2. External concentration polarization

The concentrative ECP occurring on the feed side of the membrane can be captured by using 
the same differential equation and applying appropriate boundary conditions between the 
membrane surface and bulk solution on the feed side [1, 7]:

c = cF, b at x = 0

c = cF, m at x = δF

where cF, m and cF, b are the concentrations of solute on the membrane surface and in the bulk 
feed solution, respectively. δF is the thickness of concentration boundary layer on the active 
layer of the membrane. Solving the differential equation and applying the above boundary 
conditions the following relation is derived for the electrolyte concentration on the membrane 
surface:

   c  F,m   =  ( c  F,b   +   
 J  s   __  J  w    )  exp  (  

 J  w    δ  F   ____ D  )  −   
 J  s   __  J  w      (10)

Again for a high solute rejecting membrane Js ≈ 0, hence

   c  F,m   =  c  F,b   exp  (  
 J  w    δ  F   ____ D  )   (11)

D/δF in this equation is mass transfer coefficient on the feed side of the membrane (kF). By 
replacing the concentrations in Eq. (11) with the corresponding osmotic pressures and substi-
tuting this equation into Eq. (9), the following equation for flux is obtained:

   J  w   = A [ π  D,m   exp  (−  J  w   K)  −  π  F,b   exp  (  
 J  w  

 __  k  F  
  ) ]   (12)

The effect of ICP in the support layer and ECP on the feed side are accounted in Eq. (12). By 
considering the effect of dilutive ECP on the draw side, a concentration boundary layer forms 
on the support layer of the membrane and πD, m will not be equal to πD, b. Using appropriate 
boundary conditions:

c = cD, m at x = 0

c = cD, b at x = δD

The following equation is derived for the concentration of solution on the support layer (cD, m).

   c  D,m   =  ( c  D,b   +   
 J  s   __  J  w    )  exp  (−   

 J  w    δ  D  
 ____ D  )  −   

 J  s   __  J  w      (13)
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 __  k  F  
  ) ]   (12)

The effect of ICP in the support layer and ECP on the feed side are accounted in Eq. (12). By 
considering the effect of dilutive ECP on the draw side, a concentration boundary layer forms 
on the support layer of the membrane and πD, m will not be equal to πD, b. Using appropriate 
boundary conditions:

c = cD, m at x = 0

c = cD, b at x = δD

The following equation is derived for the concentration of solution on the support layer (cD, m).

   c  D,m   =  ( c  D,b   +   
 J  s   __  J  w    )  exp  (−   

 J  w    δ  D  
 ____ D  )  −   

 J  s   __  J  w      (13)
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where cD, b is the bulk draw solution concentration and δD is the thickness of concentration 
boundary layer on the porous support. Applying similar assumption of Js ≈ 0 and inserting the 
mass transfer coefficient on the draw side of the membrane as kD = D/δD we get:

   c  D,m   =  c  D,b   exp  (−   
 J  w  

 __  k  D    )   (14)

Finally, the modified flux equation by incorporating the ICP in the support layer and ECP on 
both sides of the membrane is acquired as follows:

   J  w   = A [ π  D,b   exp  (−  J  w   K)  exp  (−   
 J  w  

 __  k  D    )  −  π  F,b   exp  (  
 J  w  

 __  k  F  
  ) ]   (15)

A summary of the main mass transfer equations, boundary conditions, and concentration 
relations is presented in Table 1.

A similar analogy can be applied when the process is operated in the PRO mode. In this 
mode, the feed and draw solutions face the support and active layers, respectively. Hence, the 
ECP occurs on the draw side and is dilutive in nature, i.e. the draw solution becomes diluted 
near the membrane surface by the incoming permeate that leads to a decrease in osmotic 
driving force. The dilutive ECP phenomenon provides the following relation for the ratio of 
draw solution concentration on the membrane surface (cD, m) and in the bulk solution (cD, b) [7]:

    
 c  D,m  

 ____  c  D,b     = exp  (−   
 J  w  

 __ k  )   (16)

where k is the mass transfer coefficient on the draw side of the membrane.

On the feed side of the membrane, the ICP occurs that increases the concentration of salt 
inside the porous support and makes it concentrative in nature, thus decreasing the driving 
force. The modulus for concentrative ICP is given by the following relation:

    
 c  F,i   ___  c  F,b     = exp  ( J  w   K)   (17)

Assumption Mass transfer 
equation

Boundary condition Concentration relations

ICP in the support 
layer

  J  s   =  J  w   c −  D   "    dc ___ dx   
  { 

x = t, c =  c  D,m  
   x = 0, c =  c  D,i  
      c  D,i   =   

 c  D,m   +  J  s   /  J  w  
 ________ exp  ( J  w   K)    −   

 J  s   __  J  w     

ECP on the draw side   J  s   =  J  w   c −  D   "    dc ___ dx     { 
x = 0, c =  c  D,m  

   x =  δ  D  , c =  c  D,b  
     c  D,m   =  ( c  D,b   +   

 J  s   __  J  w    )  exp  (−   
 J  w    δ  D  

 ____ D  )  −   
 J  s   __  J  w     

ECP on the feed side   J  s   =  J  w   c −  D   "    dc ___ dx     { 
x = 0, c =  c  F,b     x =  δ  F  , c =  c  F,m     

  c  F,m   =  ( c  F,b   +   
 J  s   __  J  w    )  exp  (  

 J  w    δ  F   ____ D  )  −   
 J  s   __  J  w     

Table 1. A summary of governing equations and conditions considering both ECP and ICP [12].
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where cF, i and cF, b are the concentrations of the feed solution inside the porous support close 
to the active layer and in the bulk solution, respectively. By incorporating the dilutive ECP 
and concentrative ICP phenomena in the PRO process, an analytical model, analogous to FO, 
is obtained as follows:

   J  w   = A [ π  D,b   exp  (−   
 J  w  

 __ k  )  −  π  F,b   exp  ( J  w   K) ]   (18)

3. Standard experiments to use the data analysis model

Draw solutions with various concentrations of a particular salt in deionized water are first 
prepared. Then, the properties of both feed and draw solutions like viscosity, density, diffu-
sion coefficient, and osmotic pressure are measured or taken from literature [19]. The Osmotic 
pressure of unknown feed and draw solutions can be found experimentally by using auto-
matic osmometers. This instrument estimates the osmotic pressure by measuring the depres-
sion in the freezing point of the solution. The osmotic pressure of at least three solutions 
is measured, and a linear relationship is obtained between the osmotic pressure and the 
concentration.

The FO experiments are conducted by a cross-flow filtration setup. The schematic diagram 
of a typical setup is shown in Figure 3. The membrane cell has channels on both sides of the 
membrane for the flow of feed and draw solutions. The length, width, and depth of the chan-
nels should be measured precisely for the calculation of mass transfer coefficient. The effective 
filtration area of the membrane is measured to calculate the water flux. Feed and permeate 
spacers are typically used on both draw and feed channels in the cell to provide mechanical 

Figure 3. Schematic of a bench scale cross-flow FO setup.
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where cD, b is the bulk draw solution concentration and δD is the thickness of concentration 
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 J  w  

 __  k  D    )   (14)
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 J  w  

 __  k  F  
  ) ]   (15)
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 c  D,m  
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 J  w  

 __ k  )   (16)

where k is the mass transfer coefficient on the draw side of the membrane.
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support to the membrane. The feed and draw solution flow rates and the temperature of the 
experiment are maintained at certain values and are used for the calculation of mass transfer 
coefficients and osmotic pressure, respectively. The water flux through the membrane can 
be calculated by recording the change in the weight of the draw solution with time using a 
weighing scale. During the experiment, the conductivity and temperature of both feed and 
draw solutions must be monitored.

The same setup but opposite configuration is utilized for the PRO experiments. For both FO 
and PRO experiments, membranes are needed to be kept in the DI water for about 24 hours 
before experiments. After mounting the membranes in the module, the flow rates of the feed 
and the draw solutions are adjusted to desired values. The system is allowed to stabilize, 
and then the change in weight of the draw solution is recorded over time. Due to the change 
of draw solution concentration, a certain amount of concentrated draw solution needs to be 
gradually added to the solution. The conductivity of the draw solution is monitored online, 
and the addition of concentrated solution stopped when the conductivity of the draw solution 
reaches to the desired concentration of the solution. A similar procedure needs to be followed 
to increase the concentration the feed solution.

The pure water permeability of the membrane should be acquired using an RO setup with DI 
water as feed solution. The water flux is measured at different transmembrane pressures, and 
the slope is obtained as pure water permeability (A).

4. Estimation of mass transfer coefficient

The value of mass transfer coefficient depends on the hydrodynamics of the flow, applied 
driving force, water flux through the membrane, characteristics of the membrane (roughness 
and porosity) and the type of solute [14]. In this section, we provide three different method-
ologies to find the mass transfer coefficient: (i) empirical equations based on Sh number, (ii) 
pressure-driven method using RO, and (ii) osmotic pressure-driven method using PRO.

4.1. Empirical equations based on Sh number

Mass transfer coefficient is a parameter which describes the ratio between the actual mass 
(molar) flows of species into or out of a flowing fluid and the driving force that creates that 
flux. Mass transfer coefficient depends on module configuration, solute diffusion coefficient, 
viscosity, density, and velocity of feed solution [20]. It is related to the Sh number which shows 
the ratio of the convective mass transfer to diffusive rate and can be defined as follows [21]:

  k =   Sh . D _____  d  h  
   = a  Re   b   Sc   c    (  

 d  h   __ L  )    
d

   (19)

where a, b, c, and d are constants, D is the diffusion coefficient of solute in draw or feed solu-
tion, L is the length of the tube or channel, dh is the hydraulic diameter of channel calculated 
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by (2wh/(w + h)) in which w and h are the width and the height of the channel. Re and Sc in 
Eq. (19) are Reynolds and Schmidt numbers, respectively.

  Re =   
 d  h   . v ____ ν    (20)

  Sc =   ν __ D   =   
μ
 ___ 𝜌𝜌D    (21)

In these equations, ν is the kinematic viscosity, μ is the dynamic viscosity, v is the flow veloc-
ity, and ρ is the flow density [20]. The mass transfer coefficient correlations are classified 
based on the channel flow geometry and various flow regimes in Table 2.

Eqs. (22)(a) and (b) are widely used to calculate the mass transfer coefficient in both feed 
and draw side of FO membrane. However, the implementation of these empirical equations 
in forward osmosis process has brought some controversial debates. These equations were 
derived based on ultrafiltration (UF) process which suffers more severely from concentration 
polarization phenomenon as compared to FO process. Hence, they are not necessarily valid 
for the evaluation of dilutive and concentrative ECP in FO [20]. Moreover, UF membranes 
differ from FO ones structurally as the former is porous while the latter is mainly dense com-
posite membranes. Besides, the Sh number is correlated to the frictional factor which might 
be different for FO and UF processes [14, 19].

It is worth mentioning that Eq. (22)a is only valid where the length of the entry region is equal 
to 0.029dhRe while in most lab-scale FO cells the length of the channel is shorter than the entry 

Flow geometry Laminar regime (Re < 2000)-(a) Turbulent regime (Re > 2000)-(b) Equation

Rectangular channels w/o 
spacers

 Sh = 1.85   (ReSc   
 d  h   __ L  )    

0.33

  Sh   =   0.04Re0.75Sc0.33 (22)

Rectangular channels w/
spacers

Sh   =   0.46(ReSc)0.36 Sh   =   0.0096Re0.5Sc0.6 (23)

Tube  Sh = 1.62   (ReSc   
 d  h   __ L  )    

0.33

  Sh   =   0.023Re0.83Sc0.33 (24)

Radial cross flow system  Sh = 1.05   (ReSc   h __  R  c  
  )    

0.38
   Sh = 0.275   ( Re   1.75  Sc   2h ___ L  )    

0.33
  (25)*

Stirred cell Sh   =   0.23Re0.567Sc0.33  Sh = 0.03  Re   0.66   Sc   0.33   Pe  
test

  0.16  (26)**

*Rc is the radius of the flow channel and h is the half channel height.
**Petest is the test Peclet number which is equal to (Jwh/D).

Table 2. Mass transfer coefficient for different flow regimes and geometry [22].
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support to the membrane. The feed and draw solution flow rates and the temperature of the 
experiment are maintained at certain values and are used for the calculation of mass transfer 
coefficients and osmotic pressure, respectively. The water flux through the membrane can 
be calculated by recording the change in the weight of the draw solution with time using a 
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reaches to the desired concentration of the solution. A similar procedure needs to be followed 
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  k =   Sh . D _____  d  h  
   = a  Re   b   Sc   c    (  

 d  h   __ L  )    
d

   (19)

where a, b, c, and d are constants, D is the diffusion coefficient of solute in draw or feed solu-
tion, L is the length of the tube or channel, dh is the hydraulic diameter of channel calculated 
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by (2wh/(w + h)) in which w and h are the width and the height of the channel. Re and Sc in 
Eq. (19) are Reynolds and Schmidt numbers, respectively.
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polarization phenomenon as compared to FO process. Hence, they are not necessarily valid 
for the evaluation of dilutive and concentrative ECP in FO [20]. Moreover, UF membranes 
differ from FO ones structurally as the former is porous while the latter is mainly dense com-
posite membranes. Besides, the Sh number is correlated to the frictional factor which might 
be different for FO and UF processes [14, 19].

It is worth mentioning that Eq. (22)a is only valid where the length of the entry region is equal 
to 0.029dhRe while in most lab-scale FO cells the length of the channel is shorter than the entry 
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length. Therefore, this equation does not seem to be suitable for investigating the transport 
phenomena in the lab-scale. Regarding Eq. (22)b, it was derived based on the pressure drop 
during turbulent flow in RO and UF experiments, whereas in FO process, the pressure drop 
is insignificant due to the absence of hydraulic pressure [13, 19]. Hence, a significant amount 
of research is underway to modify the common Sh number equations in the literature. For 
example, Tan and Ng [19] proposed an exact solution to evaluate the local mass transfer coef-
ficient for the hydrodynamic boundary layer in FO process. The local Sh number was derived 
from the Navier-Stokes equations for the fluid flow parallel to a flat and non-porous surface 
as follows:

Laminar boundary layer

  Sh = 0.332  Re  y  1/2   Sc   1/3  Re ≤ 2 ×  10   5   (27)

Turbulent boundary layer

  Sh = 0.0292  Re  y  0.8   Sc   0.33  Re > 2 ×  10   5   (28)

Hence, mean mass transfer coefficient, kc, can be obtained as follows:

   k  c   =   
  ∫ 
0
  
L

   kdy
 _____ 

  ∫ 
0
  
L
   dy

   =   
0.664D  Re  t  1/2   Sc   1/3  + 0.0365D  Sc   1/3  [ Re  L  4/5  −  Re  t  4/5 ] 

    ________________________________  L    (29)

where, Ret and ReL are the transition Reynolds number and Reynolds number at L, respec-
tively, and L is the length of the channel. Experimental investigation showed that the mass 
transfer coefficient developed from boundary layer concept (kc) provided more accurate 
results as compared to that obtained from UF experiments in Eq. (22).

4.2. Evaluating mass transfer coefficient by RO experiment

The film theory is generally applied to capture the effect of the ECP on a membrane surface. 
Using this theory, the concentration profile near the membrane surface is obtained as a func-
tion of permeation flux and mass transfer coefficient:

   J  w   = k ln  (  
 c  m  

 __  c  b    )   (30)

where cm and cb are the concentration at the membrane surface and in bulk, respectively. By 
estimating the concentration at the membrane surface the value of mass transfer coefficient is 
calculated using Eq. (30). The concentration at the membrane surface can be calculated from 
the osmotic pressure difference across the membrane. By measuring the water flux and salt 
rejection in an RO experiment and coupling these with the pure water flux, an estimate of the 
osmotic pressure difference across the membrane can be made, and consequently, the mass 
transfer coefficient is calculated by the following equation:

  k =   1 __  J  w     ln  (  𝛥𝛥𝛥𝛥 _______ 2  R  g    Tc  b    R  j  
  )   (31)
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where Rj is the salt rejection by the membrane, Rg is the universal gas constant, and T is abso-
lute temperature. The detailed procedure to derive Eq. (31) is described elsewhere [23].

4.3. Evaluating mass transfer coefficient in the PRO mode

Using DI water as the feed solution in the PRO mode, the water flux through the membrane 
can be calculated by a reduced form of Eq. (18) as follows:

   J  w   = A [ π  D,b   exp  (−   
 J  w  

 __ k  ) ]   (32)

The mass transfer coefficient can be calculated by rearranging this equation.

5. Flux prediction

The current models developed are mainly focused on finding an accurate value of solute 
resistivity (K), and very less attention has been paid to find a proper value of mass transfer 
coefficient for FO [7, 11, 12]. There are no direct techniques to determine the value of the struc-
tural parameters of a membrane, primarily porosity and tortuosity, so its value is typically 
evaluated by fitting the experimental data to the transport model [24]. In this technique, the 
value of K directly depends upon the mass transfer coefficient. Hence, there is a crucial need 
for finding an accurate value of mass transfer coefficient.

Investigating the current models developed for FO, it was also observed that they are insensi-
tive to a change in the feed flow rate, while our earlier investigations demonstrated that the 
flux changes moderately with the flow rate [25]. In the previous sections, it was shown that 
the mass transfer coefficients could be obtained by three methods. Hence, it is suggested that 
the researchers critically compare the results obtained from the three sets of mass transfer 
coefficient and utilize the one that increases the sensitivity of the flux results to the feed flow 
rate.

To start with the modeling of the FO, the hydraulic permeability (A) and salt resistivity of 
the support layer (K) needs to be determined. The hydraulic permeability of the membrane 
is determined by the RO setup as discussed earlier. Salt resistivity coefficient depends upon 
the structural parameters of the membrane, such as porosity, tortuosity, and thickness and 
on the diffusion coefficient of salt (D). Since the structural parameter is an intrinsic property 
of the membrane, it is assumed to be constant for a particular membrane [7, 11]. The salt dif-
fusion coefficient is also constant at a specific temperature and is not changing significantly 
in a narrow range of molarities [26, 27]. Hence, the value of K at a particular temperature is 
constant and can be evaluated by rearranging Eq. (15). As an example, Table 3 presents the 
experimental FO data that is used to determine the value of K for a thin film composite FO 
membrane. In this experimental research, DI water and NaCl are used as feed and draw solu-
tions, respectively. The detailed properties of the membrane are presented elsewhere [28]. 
All experiments were conducted at 23°C and the values of mass transfer coefficients obtained 
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length. Therefore, this equation does not seem to be suitable for investigating the transport 
phenomena in the lab-scale. Regarding Eq. (22)b, it was derived based on the pressure drop 
during turbulent flow in RO and UF experiments, whereas in FO process, the pressure drop 
is insignificant due to the absence of hydraulic pressure [13, 19]. Hence, a significant amount 
of research is underway to modify the common Sh number equations in the literature. For 
example, Tan and Ng [19] proposed an exact solution to evaluate the local mass transfer coef-
ficient for the hydrodynamic boundary layer in FO process. The local Sh number was derived 
from the Navier-Stokes equations for the fluid flow parallel to a flat and non-porous surface 
as follows:
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where, Ret and ReL are the transition Reynolds number and Reynolds number at L, respec-
tively, and L is the length of the channel. Experimental investigation showed that the mass 
transfer coefficient developed from boundary layer concept (kc) provided more accurate 
results as compared to that obtained from UF experiments in Eq. (22).

4.2. Evaluating mass transfer coefficient by RO experiment

The film theory is generally applied to capture the effect of the ECP on a membrane surface. 
Using this theory, the concentration profile near the membrane surface is obtained as a func-
tion of permeation flux and mass transfer coefficient:

   J  w   = k ln  (  
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where cm and cb are the concentration at the membrane surface and in bulk, respectively. By 
estimating the concentration at the membrane surface the value of mass transfer coefficient is 
calculated using Eq. (30). The concentration at the membrane surface can be calculated from 
the osmotic pressure difference across the membrane. By measuring the water flux and salt 
rejection in an RO experiment and coupling these with the pure water flux, an estimate of the 
osmotic pressure difference across the membrane can be made, and consequently, the mass 
transfer coefficient is calculated by the following equation:
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where Rj is the salt rejection by the membrane, Rg is the universal gas constant, and T is abso-
lute temperature. The detailed procedure to derive Eq. (31) is described elsewhere [23].

4.3. Evaluating mass transfer coefficient in the PRO mode

Using DI water as the feed solution in the PRO mode, the water flux through the membrane 
can be calculated by a reduced form of Eq. (18) as follows:

   J  w   = A [ π  D,b   exp  (−   
 J  w  

 __ k  ) ]   (32)

The mass transfer coefficient can be calculated by rearranging this equation.

5. Flux prediction

The current models developed are mainly focused on finding an accurate value of solute 
resistivity (K), and very less attention has been paid to find a proper value of mass transfer 
coefficient for FO [7, 11, 12]. There are no direct techniques to determine the value of the struc-
tural parameters of a membrane, primarily porosity and tortuosity, so its value is typically 
evaluated by fitting the experimental data to the transport model [24]. In this technique, the 
value of K directly depends upon the mass transfer coefficient. Hence, there is a crucial need 
for finding an accurate value of mass transfer coefficient.

Investigating the current models developed for FO, it was also observed that they are insensi-
tive to a change in the feed flow rate, while our earlier investigations demonstrated that the 
flux changes moderately with the flow rate [25]. In the previous sections, it was shown that 
the mass transfer coefficients could be obtained by three methods. Hence, it is suggested that 
the researchers critically compare the results obtained from the three sets of mass transfer 
coefficient and utilize the one that increases the sensitivity of the flux results to the feed flow 
rate.

To start with the modeling of the FO, the hydraulic permeability (A) and salt resistivity of 
the support layer (K) needs to be determined. The hydraulic permeability of the membrane 
is determined by the RO setup as discussed earlier. Salt resistivity coefficient depends upon 
the structural parameters of the membrane, such as porosity, tortuosity, and thickness and 
on the diffusion coefficient of salt (D). Since the structural parameter is an intrinsic property 
of the membrane, it is assumed to be constant for a particular membrane [7, 11]. The salt dif-
fusion coefficient is also constant at a specific temperature and is not changing significantly 
in a narrow range of molarities [26, 27]. Hence, the value of K at a particular temperature is 
constant and can be evaluated by rearranging Eq. (15). As an example, Table 3 presents the 
experimental FO data that is used to determine the value of K for a thin film composite FO 
membrane. In this experimental research, DI water and NaCl are used as feed and draw solu-
tions, respectively. The detailed properties of the membrane are presented elsewhere [28]. 
All experiments were conducted at 23°C and the values of mass transfer coefficients obtained 
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Figure 4. Typical comparison of experimental FO data and predicted fluxes by the model as a function of osmotic 
driving forces.

from RO test were used for the calculation of K. As expected, the K values were almost con-
stant for different feed concentrations. Hence, the average K value of 6.9 can be reasonably 
used for prediction of water flux.

Obtaining hydraulic permeability (A), salt resistivity of the support layer (K), and mass trans-
fer coefficients of both feed and permeate side (kD and kF) the model water flux is calculated 
by Eq. (15). A typical representation of matching between theoretical and experimental results 
is to plot the model predicted values of water flux along with the experimental values as a 
function of the driving force (osmotic pressure of the draw solution), as shown in Figure 4.

Draw concentration 
(M)

Osmotic pressure 
(draw side) (bar)

Feed concentration 
(M)

Osmotic pressure 
(feed side) (bar)

Flux 
(LMH)

K (s/m) × 105

1.5 75.4 0.05 2.05 10.2 6.99

1.5 75.4 0.1 4.13 9.0 6.70

1.5 75.4 0.25 10.57 6.4 6.8

1.5 75.4 0.5 21.7 4.2 6.73

1.5 75.4 1.0 47.9 1.5 7.14

Average — — — — 6.9

Table 3. FO experiments for calculation of K. Tests were conducted at 23°C.
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It is well known that increasing the feed flow rate increases the water flux through the mem-
brane by enhancing the mixing near the membrane surface, thereby reducing the effect of 
ECP (concentrative ECP in the case of FO). The change in the flow rate is reflected through 
the change in the mass transfer coefficient. Hence it is recommended to test the sensitivity of 
the FO developed model to the variation of feed flow rate. As a case study, the experimental 
results and the model predictions obtained using two mass transfer coefficients, one from 
Eq. (22) and the other one from RO tests, are presented in Table 4. As can be observed, mass 
transfer coefficients yield results that match well with experimental data. However, using 
the values of k obtained from Eq. (22), the fluxes were found to be insensitive to flow rates, 
whereas k values evaluated by RO experiment resulted in more reasonable predictions at 
higher feed flow rate as well.

6. Conclusion

In this chapter, the governing equations of transport through an FO membrane were pre-
sented based on the mass balance in the concentration boundary layers on both sides of 
the membrane (ECP) and inside the support layer (ICP). Although ICP is reported in the 
literature to play a significant role in the reduction of the effective osmotic driving force, 
the impact of ECP is usually underestimated. The ECP primarily depends upon the value 
of mass transfer coefficient (k), and the exponential nature of concentration profile in the 
boundary layer makes ECP very sensitive to the value of k. Hence, another theme of this 
chapter was to provide appropriate methods for the estimation of mass transfer coefficient. 
Previous studies were all based on using the Sh number correlation developed from the UF 
experiments to predict the flux in the FO process. The main shortcoming of these studies 
was the insensitivity of the model predictions to a change in the feed flow rate. Hence other 
experimental methods based on RO and PRO were proposed to provide a better estimation 
of mass transfer coefficient. In summary, the results obtained in this study suggest that both 

Draw 
concentration

Feed 
concentration

Experimental flux 
(LMH)

Theoretical flux (LMH) 
(k from RO experiment)

Theoretical flux (LMH)* 
(k from Sh number in 
Eq. (22))

Feed 
flow 1 
LPM

Feed 
Flow 3 
LPM

Feed 
flow 1 
LPM

Feed 
flow 3 
LPM

Feed 
flow 1 
LPM

Feed 
flow 3 
LPM

0.25 M 0.05 M 3.9 4.5 3.8 4.2 4.1 4.1

0.5 M 0.05 M 5.6 7.7 5.8 6.4 6.1 6.1

1 M 0.05 M 8.7 10.1 8.2 9.0 8.5 8.5

1.5 M 0.05 M 9.9 11.6 9.6 10.6 9.9 9.9

*The value of K for this case was found using Eq. (15).

Table 4. The sensitivity of the model to predict change in flux with the change in the values of k with the experimental 
results.
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is to plot the model predicted values of water flux along with the experimental values as a 
function of the driving force (osmotic pressure of the draw solution), as shown in Figure 4.

Draw concentration 
(M)

Osmotic pressure 
(draw side) (bar)

Feed concentration 
(M)

Osmotic pressure 
(feed side) (bar)

Flux 
(LMH)

K (s/m) × 105

1.5 75.4 0.05 2.05 10.2 6.99

1.5 75.4 0.1 4.13 9.0 6.70

1.5 75.4 0.25 10.57 6.4 6.8

1.5 75.4 0.5 21.7 4.2 6.73

1.5 75.4 1.0 47.9 1.5 7.14

Average — — — — 6.9

Table 3. FO experiments for calculation of K. Tests were conducted at 23°C.

Osmotically Driven Membrane Processes - Approach, Development and Current Status80

It is well known that increasing the feed flow rate increases the water flux through the mem-
brane by enhancing the mixing near the membrane surface, thereby reducing the effect of 
ECP (concentrative ECP in the case of FO). The change in the flow rate is reflected through 
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the FO developed model to the variation of feed flow rate. As a case study, the experimental 
results and the model predictions obtained using two mass transfer coefficients, one from 
Eq. (22) and the other one from RO tests, are presented in Table 4. As can be observed, mass 
transfer coefficients yield results that match well with experimental data. However, using 
the values of k obtained from Eq. (22), the fluxes were found to be insensitive to flow rates, 
whereas k values evaluated by RO experiment resulted in more reasonable predictions at 
higher feed flow rate as well.
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In this chapter, the governing equations of transport through an FO membrane were pre-
sented based on the mass balance in the concentration boundary layers on both sides of 
the membrane (ECP) and inside the support layer (ICP). Although ICP is reported in the 
literature to play a significant role in the reduction of the effective osmotic driving force, 
the impact of ECP is usually underestimated. The ECP primarily depends upon the value 
of mass transfer coefficient (k), and the exponential nature of concentration profile in the 
boundary layer makes ECP very sensitive to the value of k. Hence, another theme of this 
chapter was to provide appropriate methods for the estimation of mass transfer coefficient. 
Previous studies were all based on using the Sh number correlation developed from the UF 
experiments to predict the flux in the FO process. The main shortcoming of these studies 
was the insensitivity of the model predictions to a change in the feed flow rate. Hence other 
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ECP and ICP play a key role in the performance of FO membrane and thus the mass transfer 
coefficient (k) which mainly affects the ECP is as important as solute resistivity (K) which is 
reflected in the ICP effect.
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Nomencl ature

A pure water permeability (Lm−2 h−1 bar−1)

B solute permeability (Lm−2 h−1)

c concentration of solute (mol L−1)

dh hydraulic diameter (m)

D diffusion coefficient (m2 s−1)

n van’t Hoff factor

J flux (Lm−2 h−1)

k mass transfer coefficient (ms−1)

K solute resistivity (m)

L length of channel (m)

p hydraulic pressure (bar)

Rg universal gas constant (Jmol−1 K−1)

Rj salt rejection

Re Reynolds number

ReL Reynolds number at the end of membrane channel

Ret transition Reynolds number

Sc Schmidt number

Sh Sherwood number

T absolute temperature (K)
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Greek symbols

δ thickness of ECP boundary layer (m)

ε porosity of membrane support

μ dynamic viscosity (Pa.s)

ν kinematic viscosity (m2 s−1)

ρ density of water (kg m−3)

τ tortuosity of membrane support

π osmotic pressure (bar)

σ reflection coefficient

v velocity (ms−1)

Subscripts

b bulk solution

D draw solution

F feed solution

i interface between support layer and active layer of membrane

m membrane surface

s solute

v pure water

w water

Author details

Amrit Bhinder, Simin Shabani and Mohtada Sadrzadeh*

*Address all correspondence to: sadrzade@ualberta.ca

Department of Mechanical Engineering, Donadeo Innovation Center for Engineering, 
Advanced Water Research Lab (AWRL), University of Alberta, Edmonton, AB, Canada

References

[1] Klaysom C, Cath TY, Depuydt T, Vankelecom IFJ. Forward and pressure retarded osmo-
sis: Potential solutions for global challenges in energy and water supply. Chemical 
Society Reviews. 2013;42:6959-6989. DOI: 10.1039/c3cs60051c

Effect of Internal and External Concentration Polarizations on the Performance of Forward…
http://dx.doi.org/10.5772/intechopen.71343

83



ECP and ICP play a key role in the performance of FO membrane and thus the mass transfer 
coefficient (k) which mainly affects the ECP is as important as solute resistivity (K) which is 
reflected in the ICP effect.
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Abstract

Forward osmosis, or simply, osmosis, refers to a process by which a solvent moves
across a semipermeable membrane due to the difference in the solute concentration
established across the membrane. Because of its spontaneous nature, forward osmosis
has received immense attention during the last few decades, particularly for its diverse
applications, which include municipal wastewater treatment, seawater desalination,
membrane bioreactor, potable water purification, food processing, drug delivery, energy
generation, and so forth. Of many parameters that determine the performance of the
forward osmosis process, the most fundamental factor that impacts performance is
temperature. Considering the importance of the temperature on the forward osmosis
process, there have been only a limited number of studies about the effect of tempera-
ture on the osmosis-driven process. In this chapter, we discuss the temperature effect
on the forward osmosis process from two main aspects. First, we provide an extensive
and in-depth survey on the currently available studies related to the anisothermal
osmosis phenomena. Second, we then discuss a state-of-the-art theoretical framework
that describes the anisothermal forward osmosis process that may shed light on achiev-
ing an enhanced performance via temperature control.

Keywords: forward osmosis, temperature, thermal effect, concentration polarization,
water flux, solute flux, membrane scaling

1. Introduction

Osmosis, one of the most fundamental transport processes responsible for homeostasis in living
organisms, has a rich history of applications—ranging from food preservation to water treatment
and drug delivery. Osmosis occurs when a solute concentration difference is established across a
semipermeable membrane. Due to the chemical potential imbalance, the water molecules will
spontaneously migrate across the membrane toward the higher solute concentration side.
Such a process has been regarded as one of the most central mechanisms that dictates the
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membrane-based water treatment technologies. The most widely utilized process, in our opin-
ion, is reverse osmosis (RO) for solute removal, which requires an external hydraulic pressure to
overcome the osmotic pressure difference across the membrane. In contrast to RO, the process
that exploits the spontaneous transport of solvent molecules driven by the osmotic phenomenon
is referred to as forward osmosis (FO) or direct osmosis (DO), which is, in principle, the same as
the original osmosis.

FO was first conceptualized by Batchelder as a means for water treatment since the 1960s [1].
Since then, there has been a growing interest in applying FO to wastewater treatment technol-
ogies either as a stand-alone or in combination with other technologies such as membrane
distillation, thermal distillation, or reverses osmosis [2]. Particularly, FO has been utilized in
space stations for wastewater reclamation due to its excellent long-term stability and low
energy consumption [3, 4]. Not limited to wastewater treatment, FO has also been explored
extensively for many useful applications such as seawater desalination [5–7], portable hydra-
tion bags [8], food processing [9–11], pharmaceutical systems [12–14], and energy conversion
[15, 16].

Unlike RO, FO is purely an osmosis-driven process, which is thermodynamically spontaneous.
The osmotic pressure difference Δπ, which is a driving force for the FO process, may be
expressed using van’t Hoff’s law as

Δπ ¼ RTΔC (1)

for weakly interacting molecules, where ΔC is the solute concentration difference, R is the gas
constant, and T is the temperature. From the equation, it can be noted that the temperature is
one of the most critical factors determining the rate of osmosis. In addition, temperature
further changes viscosity, diffusivity, and density, which are important parameters in momen-
tum and energy transfer phenomena. Despite the importance of temperature on FO process
and despite the fact that there exist a number of papers that address the temperature effect, the
reported data are widely scattered and does not show an agreeable consensus. In this chapter,
we aim to provide a holistic understanding of the temperature effect on an osmotic phenom-
enon. Our intention is not to give an exhaustive review of the FO process in detail but to focus
on the temperature effect and hopefully to provide insight for better control over the osmotic
phenomenon. Readers who wish to learn about the FO process more in detail may refer to the
following review papers [2, 8, 17].

2. Operating principle

2.1. Mechanism

In the FO process, the solvent (water) transport is driven solely by osmotic pressure difference
without the need of any external hydrostatic pressure, allowing for lower energy consumption
compared to RO. To extract water from the feed solution, the osmotic pressure at the opposite
side of the membrane must be higher, which requires a highly concentrated solution; this
concentrated solution is typically referred to as the draw solution. Draw solutes need to be

Osmotically Driven Membrane Processes - Approach, Development and Current Status88

inert and easily removable. A semipermeable membrane separates the feed solution and the
concentrated draw solution where the chemical potential difference allows the water to flow
through the membrane while leaving behind the solutes in the feed stream. Regions of high
and low solute concentrations refer to those of low and high solvent chemical potentials,
respectively. As the semipermeable membrane restricts the solute transport and maintains
chemical potential differences of both solute and solvent, water migrates from its high solvent
chemical-potential region (i.e., of low solute concentration) to low solvent chemical-potential
region (i.e., of high solute concentration). Such a water transport leads to dilution of the draw
solution where the diluted draw solution can be further recycled such that the initial solute
concentration is recovered. Particularly for desalination applications, the solutes in the draw
solution (osmotic agent or draw solutes) are chosen to be inert, nontoxic, and easily removed to
obtain the desalinated water with ease. One example includes NH4CO2, which can be easily
removed by decomposing at a moderately elevated temperature (e60�

C) followed by low-
temperature distillation [18, 19]. Extra energy is, however, necessary to re-dissolve NH4CO2 into
the draw solution for a continuous FO operation.

2.2. Concentration polarization

The water flux across the membrane results in concentration of the feed solution and dilution
of the draw solution since the membrane mainly allows passage of water molecules. This
phenomenon, referred to as concentration polarization (CP), has an adverse impact on the
efficacy of the FO process since such an effect reduces the effective osmotic pressure difference
across the membrane, thus hindering water transport.

CP is highly influenced by the morphology of the membranes. The membranes used in the FO
process consist of a thin, dense layer that rejects the solutes (active layer) followed by a coarse,
thick porous layer (support layer or porous substrate) to reinforce the mechanical stability
against fluid pressure and shear. This configuration makes the membrane asymmetric in which
the orientation of the membrane with respect to the direction of the water flux (i.e., from low to
high osmotic pressure) leads to significantly different transport dynamics [20].

Typically in the FO process, the active layer is placed against the feed stream in order to
minimize fouling since the support layer is more susceptible to colloidal fouling due to the
large pores. This configuration is called FO mode, as shown in Figure 1(a). However, the
downside of placing it in this way is that there is a significant dilutive internal concentration
polarization (ICP) in the thick porous substrate. This is because the support layer is in
contact with the concentrated draw solution hindering the solute diffusion, which signifi-
cantly reduces the water flux (Figure 1(a)).

In contrast, when the active layer is placed against the draw stream, one can expect a higher
water flux since this configuration can avoid the dilutive ICP at the expense of accelerated
membrane fouling. This configuration is called the pressure-retarded osmosis (PRO) mode, as
shown in Figure 1(b), typically realized in standard PRO systems. To avoid any confusion, we
will refer to the membrane configuration in which the active layer is placed against the feed
solution as the FO mode, whereas the opposite case is the PRO mode during FO processes.
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further changes viscosity, diffusivity, and density, which are important parameters in momen-
tum and energy transfer phenomena. Despite the importance of temperature on FO process
and despite the fact that there exist a number of papers that address the temperature effect, the
reported data are widely scattered and does not show an agreeable consensus. In this chapter,
we aim to provide a holistic understanding of the temperature effect on an osmotic phenom-
enon. Our intention is not to give an exhaustive review of the FO process in detail but to focus
on the temperature effect and hopefully to provide insight for better control over the osmotic
phenomenon. Readers who wish to learn about the FO process more in detail may refer to the
following review papers [2, 8, 17].

2. Operating principle

2.1. Mechanism

In the FO process, the solvent (water) transport is driven solely by osmotic pressure difference
without the need of any external hydrostatic pressure, allowing for lower energy consumption
compared to RO. To extract water from the feed solution, the osmotic pressure at the opposite
side of the membrane must be higher, which requires a highly concentrated solution; this
concentrated solution is typically referred to as the draw solution. Draw solutes need to be
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inert and easily removable. A semipermeable membrane separates the feed solution and the
concentrated draw solution where the chemical potential difference allows the water to flow
through the membrane while leaving behind the solutes in the feed stream. Regions of high
and low solute concentrations refer to those of low and high solvent chemical potentials,
respectively. As the semipermeable membrane restricts the solute transport and maintains
chemical potential differences of both solute and solvent, water migrates from its high solvent
chemical-potential region (i.e., of low solute concentration) to low solvent chemical-potential
region (i.e., of high solute concentration). Such a water transport leads to dilution of the draw
solution where the diluted draw solution can be further recycled such that the initial solute
concentration is recovered. Particularly for desalination applications, the solutes in the draw
solution (osmotic agent or draw solutes) are chosen to be inert, nontoxic, and easily removed to
obtain the desalinated water with ease. One example includes NH4CO2, which can be easily
removed by decomposing at a moderately elevated temperature (e60�

C) followed by low-
temperature distillation [18, 19]. Extra energy is, however, necessary to re-dissolve NH4CO2 into
the draw solution for a continuous FO operation.

2.2. Concentration polarization

The water flux across the membrane results in concentration of the feed solution and dilution
of the draw solution since the membrane mainly allows passage of water molecules. This
phenomenon, referred to as concentration polarization (CP), has an adverse impact on the
efficacy of the FO process since such an effect reduces the effective osmotic pressure difference
across the membrane, thus hindering water transport.

CP is highly influenced by the morphology of the membranes. The membranes used in the FO
process consist of a thin, dense layer that rejects the solutes (active layer) followed by a coarse,
thick porous layer (support layer or porous substrate) to reinforce the mechanical stability
against fluid pressure and shear. This configuration makes the membrane asymmetric in which
the orientation of the membrane with respect to the direction of the water flux (i.e., from low to
high osmotic pressure) leads to significantly different transport dynamics [20].

Typically in the FO process, the active layer is placed against the feed stream in order to
minimize fouling since the support layer is more susceptible to colloidal fouling due to the
large pores. This configuration is called FO mode, as shown in Figure 1(a). However, the
downside of placing it in this way is that there is a significant dilutive internal concentration
polarization (ICP) in the thick porous substrate. This is because the support layer is in
contact with the concentrated draw solution hindering the solute diffusion, which signifi-
cantly reduces the water flux (Figure 1(a)).

In contrast, when the active layer is placed against the draw stream, one can expect a higher
water flux since this configuration can avoid the dilutive ICP at the expense of accelerated
membrane fouling. This configuration is called the pressure-retarded osmosis (PRO) mode, as
shown in Figure 1(b), typically realized in standard PRO systems. To avoid any confusion, we
will refer to the membrane configuration in which the active layer is placed against the feed
solution as the FO mode, whereas the opposite case is the PRO mode during FO processes.
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3. System temperature effect on FO

The first quantitative experiments on temperature-dependent osmosis go back almost a cen-
tury ago [21]. Traxler demonstrated the osmosis of pyridine by using a thin rubber sheet as a
semipermeable membrane within a uniform system temperature, ranging from 5 to 85�C
(Figure 2(a)). He showed that as the temperature is increased, the transport of pyridine across
the membrane is also increased (Figure 2(b)). In this chapter, such a uniform temperature will
be refered to as ‘system temperature’ indicating the absence of local or transmembrane tem-
perature gradient.

From the van’t Hoff equation, the osmotic pressure is directly proportional to the system
temperature, which is an indispensable factor for the FO process. However, temperature not
only influences the osmotic pressure but also impacts many other key properties that are
important to the transport process such as viscosity, diffusivity, solubility, density, and so forth.
Such a change in the properties not only influences the water flux but also alters the solute
rejection/diffusion and membrane fouling. In this section, we provide a summary of how the
system temperature influences the water transport, solute rejection, and membrane fouling.
We note that the experimental studies that will be covered in the following sections employ a
circulating crossflow type setup (in contrast to a dead-end type as seen in Traxler’s experi-
ments in Figure 2).

3.1. Water flux

The most direct consequence of raising the system temperature is the increased water flux
across the membrane due to lowered water viscosity and increased water diffusivity, which
effectively increases the water permeability across the membrane. Since the transport of water
through the active layer of the membrane follows the solution-diffusion mechanism [22], it is
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Figure 1. Influence of CP on the osmotic pressure distribution in the FO process. The membrane is configured in (a) FO
mode and (b) PRO mode.
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commonly believed (and also observed) that the diffusivity D exhibits an Arrhenius relation,
that is, D � exp �s=Tð Þ, where s is an empirical constant related to the activation energy [23,
24]. However, we also note a counterexample where Petrotos et al. failed to show such a
behavior [25].

On the basis of our survey, the available literature related to the temperature-dependent FO
reported increased water flux with temperature. Table 1 provides a summary of experimental
conditions and resulting water flux from the available literature [23–31]. Here, we define a new
quantity to indicate how much solvent flux increases with respect to the system temperature,
as indicated in the last column of Table 1:

jM ¼ Jw,M � Jw,0
TM � T0

, (2)

where Jw,M and Jw,0 are the water fluxes at a given maximum system temperature TM and at
base temperature T0, respectively. The survey shows that raising the temperature does increase
the water flux, but the extent of such an increase varies across the literature, especially
depending on the membrane orientation. This observation implies that the CP phenomena
are uniquely influenced by the temperature, leading to variations in the water flux.

Figure 2. The first quantitative experiments reported on the effect of temperature on the osmosis phenomenon. (a) A
schematic of the experimental setup that allows temperature control via a thermostat. (b) Transport of pyridine across a
rubber membrane under various temperature conditions. Reprinted with permission from Ref. [21]. © 1928 American
Chemical Society.
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that is, D � exp �s=Tð Þ, where s is an empirical constant related to the activation energy [23,
24]. However, we also note a counterexample where Petrotos et al. failed to show such a
behavior [25].

On the basis of our survey, the available literature related to the temperature-dependent FO
reported increased water flux with temperature. Table 1 provides a summary of experimental
conditions and resulting water flux from the available literature [23–31]. Here, we define a new
quantity to indicate how much solvent flux increases with respect to the system temperature,
as indicated in the last column of Table 1:

jM ¼ Jw,M � Jw,0
TM � T0

, (2)

where Jw,M and Jw,0 are the water fluxes at a given maximum system temperature TM and at
base temperature T0, respectively. The survey shows that raising the temperature does increase
the water flux, but the extent of such an increase varies across the literature, especially
depending on the membrane orientation. This observation implies that the CP phenomena
are uniquely influenced by the temperature, leading to variations in the water flux.

Figure 2. The first quantitative experiments reported on the effect of temperature on the osmosis phenomenon. (a) A
schematic of the experimental setup that allows temperature control via a thermostat. (b) Transport of pyridine across a
rubber membrane under various temperature conditions. Reprinted with permission from Ref. [21]. © 1928 American
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McCutcheon and Elimelech were the first to study the influence of temperature on the CP
phenomena [29]. Raising the temperature increases the water flux because of the decreased water
viscosity in solutions (and/or solubility) and increased water solubility and diffusivity within the
membrane. At the same time, however, the higher flux also increases both the ICP and ECP,
which essentially limit the water flux as a feedback hindrance. Therefore, such a self-limiting
behavior driven by two counteracting effects leads to the fact that the temperature has a “mod-
est” effect on the water flux at high water flux conditions [29]. This self-hindering effect of the
solvent flux is unavoidable in most membrane separation processes. It is similar to the fact that,
in RO, applying high pressure initiates increasing permeate flux, which will eventually bring
more solutes from the bulk phase to the membrane surface, enhancing the CP. Therefore, addi-
tional gain of the RO permeate flux is not as much as anticipated when the pressure is increased.

The change in the temperature influences the CP phenomena in different ways depending on
the orientation of the membrane. This is because the formation of the ICP, which is the most
critical factor that limits the driving force, is dependent on the membrane configurations. In
the PRO mode, the concentrative ICP is developed in the feed side (see Figure 1(b)). By
reducing the ICP using deionized water as the feed, the water flux was shown to be highly
dependent on the temperature, confirming the impact of ICP on the FO process [29].

In the presence of solutes in the feed side so that the ICP is present, however, the water flux
was shown to be almost insensitive to the temperature, at least in the operating temperature
range (20–40�C). This behavior is attributed to the coupled interaction between ICP and ECP.

Reference Feed solution
(concentration)

Draw solution
(concentration)

Membrane1 Mode2 Temperature
(�C)

Jw,0

(LMH)
jM

3

(LMH/�C)

[25] Tomato juice (0.13 M) NaCl (3.9 M) PA 26–58 1.5 0.030

[26] NaCl (0–86 mM) KCl (0.5–3 M) CT FO 25–45 19 0.43

[27] Deionized water NaCl (0.5 M) CT 20–40 5.5 0.14

PA 17 0.49

[23] Sucrose (0–1.65 M) NaCl (2–4 M) CT 20–30 24 0.91

Sucrose (0–0.7 M) NaCl (4 M) PA 2.5 0.15

[28] NaCl (0.1 M) NaCl (1 M) CT PRO 20–40 11 0.89

FO 9.4 0.59

[29] NaCl (0–1 M) NaCl (1.5 M) CT PRO 20–40 43 1.4

FO 18 0.63

[24] NaCl (60 mM) Na2SO4 (1.5 M) CT 25–45 15 0.35

[30] NaCl (0.2–0.5 M) NH4HCO3 (3 M) CE PRO 30–50 5.4 0.10

[31] Deionized water NaCl (1.2 M) CT FO 20–30 14 0.61

1PA: polyamide; CT: cellulose triacetate; CE: cellulose ester
2FO mode: active layer placed against feed solution; PRO mode: active layer placed against draw solution
3jM = Jw,M � Jw,0 / TM � T0; Jw,M: water flux at maximum temperature TM; Jw,0: water flux at base temperature T0

Table 1. A summary of influence of temperature on the water flux.
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Although the increased solute diffusion at higher temperature mitigates the concentrative ICP
in the support layer so that the water flux can be increased, such an increased water flux carries
more solutes from the feed bulk phase to the vicinity of the support layer surface and enhances
the dilutive ECP, thereby reducing the osmotic driving force. Therefore, the two opposing
effects on the water transport effectively limit the enhancement of the water flux such that the
temperature has a marginal effect on the overall water flux. If both water and solute diffusiv-
ities increase in a similar behavior, the net diffusive transport must be more or less the same.

In the FO mode, however, the water flux was shown to be significantly influenced by the
temperature. Overall, the water flux was observed to be lower than the PRO mode due to the
presence of the dilutive ICP. This was proven mathematically using the method of proof by
contradiction [32]. Such a low water flux effectively suppresses the extent of concentrative ECP
in the feed side. Also, the influence of concentrative ECP on the water flux is less important
than the dilutive ECP in the draw solution side because the initial solute concentration in the
bulk phase is much lower at the feed solution than the draw solution. This implies that the ECP
has a minor effect on the driving force in the FO mode. Therefore, when the membrane is
placed in the FO mode, the water flux is significantly influenced by the temperature since the
ICP is the only major factor that determines the driving force.

One assumption McCutcheon and Elimelech had made while analyzing their data were the
insignificant solute diffusion across the membrane [29], which otherwise leads to further ICP.
Obviously, commercially available membranes are known to permit diffusion of the solutes,
which can impact the formation of the CP effect. Since the solute diffusion is also sensitive to
the temperature, the transmembrane solute flux should also lead to a change in the water flux.
We discuss the effect of temperature on the solute diffusion and rejection in the following section.

3.2. Diffusion and rejection of solutes

It is of general consensus that the transmembrane solute diffusion increases with temperature.
A number of groups have recently investigated experimentally the temperature effect on the
transmembrane solute diffusion and the solute rejection [26–28].

Xie et al. recognized that the effective size of the solute molecules was the most important
parameter for the transmembrane solute diffusion [27], which was predicted theoretically using
the integral equation theory [33]. Hydration of charged organic solutes results in an increase in
the effective solute size, which directly influences the solute diffusion and rejection rate, as it was
well understood that the rejection of the charged organic solutes would be much higher than the
neutral organic solutes. In this regard, neutral solutes were more likely to diffuse across the pores
than the charged solutes in both the cellulose triacetate membranes and polyamide membranes.
This implies that increasing the temperature leads to higher solute diffusion due to the increased
solute diffusivity. Moreover, increasing the temperature leads to faster dissolution of the solutes
into the membrane such that even hydrophobic neutral solutes absorb into the membrane at an
order of magnitude higher rate at elevated temperatures.

Notably, the ratio between the water flux Jw and the solute flux Js was shown to be more or less
constant regardless of the system temperature [27]. Such a constant ratio implies that the
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Although the increased solute diffusion at higher temperature mitigates the concentrative ICP
in the support layer so that the water flux can be increased, such an increased water flux carries
more solutes from the feed bulk phase to the vicinity of the support layer surface and enhances
the dilutive ECP, thereby reducing the osmotic driving force. Therefore, the two opposing
effects on the water transport effectively limit the enhancement of the water flux such that the
temperature has a marginal effect on the overall water flux. If both water and solute diffusiv-
ities increase in a similar behavior, the net diffusive transport must be more or less the same.
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presence of the dilutive ICP. This was proven mathematically using the method of proof by
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insignificant solute diffusion across the membrane [29], which otherwise leads to further ICP.
Obviously, commercially available membranes are known to permit diffusion of the solutes,
which can impact the formation of the CP effect. Since the solute diffusion is also sensitive to
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It is of general consensus that the transmembrane solute diffusion increases with temperature.
A number of groups have recently investigated experimentally the temperature effect on the
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order of magnitude higher rate at elevated temperatures.
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structural properties may not change, at least in the operating temperature range (20–40�C). In
fact, although it is documented in the literature that the RO membrane properties such as pore
sizes may change when the temperature is above 40

�
C [34], it was reported in various FO

studies that the membrane structural properties do not change significantly below 45
�
C [26,

27]. However, it is more reasonable to say that the structural properties of FO membranes
change with temperature in a way that the ratio between solvent and solute fluxes remain
almost constant. In a solution-diffusion model, permeabilities of solvent and solutes, A and B,
respectively, are believed to increase with membrane temperature. The permeate concentration
is controlled by only their ratio, A=B. If A and B increase with T while A=B remains less
sensitive to T, then the solute diffusion can be seen phenomenologically insensitive to temper-
ature. This is because although higher T increases both the solute and solvent fluxes, it is only
the ratio that influences the concentration of solutes passing through the membrane. This topic
is discussed theoretically in detail in Section 5.

Meanwhile, You et al. showed that the transmembrane solute diffusion was also shown to be
dependent on the membrane orientation regardless of the temperature in which the PROmode
was shown to exhibit higher solute flux across the membrane than the FO mode, which is
similar to the behavior of the water flux [28].

3.3. Membrane scaling

Membrane scaling occurs when the solute concentration is high enough to initiate precipita-
tion. This is directly related to solute rejection and the CP phenomena, implying that mem-
brane scaling should also be temperature-dependent.

Zhao and Zou studied how the temperature influences the membrane scaling over time, which
is important in long-term operations [24]. Due to the fast water flux at elevated temperature,

Figure 3. Temperature-dependent membrane fouling and associated water flux decline. (a–d) Scanning electron micro-
scope images of the (a) virgin and (b–d) fouled membranes at various temperatures; (b) 25

�
C; (c) 35

�
C; (d) 45

�
C; and (e)

water flux ratio over time at each temperatures. Reprinted with permission from Ref. [24]. © 2011 Elsevier.

Osmotically Driven Membrane Processes - Approach, Development and Current Status94

increase in the final concentration of the feed solution (i.e., concentration after 28 hours of
running) was accelerated by more than 100% when the temperature was raised from 25 to
45�C, which led to faster membrane scaling. Concentrative polarization is also enhanced when
the water flux is increased, which results in an accelerated membrane scaling. This was
confirmed by directly visualizing the fouled membrane by using a scanning electron micro-
scope (Figure 3(a)–(d)) and also by measuring the decrease in flow rate over time (Figure 3(e)),
showing faster decline of water flux over time at elevated temperatures due to the scaling. In
addition to higher solute concentration near the membrane surface driven by the temperature-
enhanced solvent flux, the changes in solubility limits for inorganic species may contribute to
the accelerated fouling behavior.

4. Transmembrane temperature gradient in FO

One step further, we can also consider a case where the temperature is unevenly distributed
across the membrane. In such a case, the temperature gradient may allow independent
control of transport on either side of the membrane. In practice, temperature gradients can
occur frequently; temperature of the feed solution can increase due to the heat released from
the hydraulic pumping or when the solution is pretreated. Likewise, the temperature of the
draw solution may change due to the post-treatment process for recovery and recycling of
draw solutes such as thermal and membrane distillation. Since heating only on one side of
the solution requires lower energy than heating up the entire system, imposing a tempera-
ture gradient across the membrane may offer an energy-efficient control over the osmotic
phenomena.

In the presence of a temperature gradient, van’t Hoff’s law (of Eq. (1)) cannot be used directly
to calculate the osmotic pressure difference since it relies on the assumption of the constant
system temperature. A full theory accounting for the temperature gradient in osmosis may
result in highly nonlinear effects on the FO performance. Furthermore, the temperature gradi-
ent may provide an additional complexity to the coupled mass and heat transfer phenomena
within the membrane. In this section, we provide a summary of how the temperature differ-
ence between the feed and the draw solution influences the FO performance, including the
water transport and solute diffusion/rejection.

4.1. Water flux

Although the temperature dependence on the water flux shows an agreeable consensus as
shown in Table 1, the anisotropic temperature effect is shown to differ largely across various
studies. When the temperature on either side of the solutions is increased, the water flux
becomes higher than that at the base temperature, but lower than when the temperatures of
both sides of the solutions are increased. It is, however, left unclear which side of the solution
has more influence on the FO process when heated as this does not have an agreeable consen-
sus. Table 2 provides a summary of the effect of temperature difference on the FO process
under various experimental parameters. For simplicity, we define
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similar to the behavior of the water flux [28].

3.3. Membrane scaling

Membrane scaling occurs when the solute concentration is high enough to initiate precipita-
tion. This is directly related to solute rejection and the CP phenomena, implying that mem-
brane scaling should also be temperature-dependent.

Zhao and Zou studied how the temperature influences the membrane scaling over time, which
is important in long-term operations [24]. Due to the fast water flux at elevated temperature,

Figure 3. Temperature-dependent membrane fouling and associated water flux decline. (a–d) Scanning electron micro-
scope images of the (a) virgin and (b–d) fouled membranes at various temperatures; (b) 25

�
C; (c) 35

�
C; (d) 45

�
C; and (e)

water flux ratio over time at each temperatures. Reprinted with permission from Ref. [24]. © 2011 Elsevier.
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increase in the final concentration of the feed solution (i.e., concentration after 28 hours of
running) was accelerated by more than 100% when the temperature was raised from 25 to
45�C, which led to faster membrane scaling. Concentrative polarization is also enhanced when
the water flux is increased, which results in an accelerated membrane scaling. This was
confirmed by directly visualizing the fouled membrane by using a scanning electron micro-
scope (Figure 3(a)–(d)) and also by measuring the decrease in flow rate over time (Figure 3(e)),
showing faster decline of water flux over time at elevated temperatures due to the scaling. In
addition to higher solute concentration near the membrane surface driven by the temperature-
enhanced solvent flux, the changes in solubility limits for inorganic species may contribute to
the accelerated fouling behavior.

4. Transmembrane temperature gradient in FO

One step further, we can also consider a case where the temperature is unevenly distributed
across the membrane. In such a case, the temperature gradient may allow independent
control of transport on either side of the membrane. In practice, temperature gradients can
occur frequently; temperature of the feed solution can increase due to the heat released from
the hydraulic pumping or when the solution is pretreated. Likewise, the temperature of the
draw solution may change due to the post-treatment process for recovery and recycling of
draw solutes such as thermal and membrane distillation. Since heating only on one side of
the solution requires lower energy than heating up the entire system, imposing a tempera-
ture gradient across the membrane may offer an energy-efficient control over the osmotic
phenomena.

In the presence of a temperature gradient, van’t Hoff’s law (of Eq. (1)) cannot be used directly
to calculate the osmotic pressure difference since it relies on the assumption of the constant
system temperature. A full theory accounting for the temperature gradient in osmosis may
result in highly nonlinear effects on the FO performance. Furthermore, the temperature gradi-
ent may provide an additional complexity to the coupled mass and heat transfer phenomena
within the membrane. In this section, we provide a summary of how the temperature differ-
ence between the feed and the draw solution influences the FO performance, including the
water transport and solute diffusion/rejection.

4.1. Water flux

Although the temperature dependence on the water flux shows an agreeable consensus as
shown in Table 1, the anisotropic temperature effect is shown to differ largely across various
studies. When the temperature on either side of the solutions is increased, the water flux
becomes higher than that at the base temperature, but lower than when the temperatures of
both sides of the solutions are increased. It is, however, left unclear which side of the solution
has more influence on the FO process when heated as this does not have an agreeable consen-
sus. Table 2 provides a summary of the effect of temperature difference on the FO process
under various experimental parameters. For simplicity, we define
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jF ¼ Jw,MF � Jw,0
TMF � T0

(3)

and

jD ¼ Jw,MD � Jw,0
TMD � T0

(4)

as included on the right-hand side of Table 2. Eqs. (3) and (4) refer to the water flux increase
per temperature change when the feed side or the draw side is heated only, respectively.
Phuntsho et al. calculated using a commercial software (OLI Stream Analyzer) where the
osmotic pressure difference across the membrane can be higher when the draw side is heated
in contrast to heating the feed side [26]. However, the temperature difference not only changes
the osmotic pressure difference but also gives spatial nonlinearity to other important transport
properties such as the solution viscosity as well as solvent/solute diffusivity in bulk phases and
their solubilities in the membrane phase, which may impact the CP phenomena in various
ways depending on the membrane orientation.

In general, regardless of either the feed or draw, raising the temperature on either side leads to
increase in both the water flux and the solute flux. Xie et al. stated that raising the feed solution
temperature leads to enhanced diffusivity of the water molecules, whereas raising the draw
solution temperature leads to decreased draw solution viscosity and increased draw solute
diffusivity, both of which lead to increased water flux and reverse solute flux [27]. However,
the degree to which the water flux and solute flux are increased varies across the literature [10,
26–28, 31, 35, 36] (see Table 2).

Reference Feed solution Draw
solution

Membrane Mode Temperature
(�C)

Jw,0

(LMH)
jF

1

(LMH/�C)
jD

2

(LMH/�C)

[10] Pineapple juice
(0.37 M)

Sucrose (40
wt%)+NaCl
(12 wt%)

CT 25–45 1.2 0.045

[26] NaCl (0–86 mM) KCl (0.5–3 M) CT FO 25–45 19 0.048 0.12

[27] Deionized water NaCl (0.5 M) CT 20–40 5.5 0.045 0.065

PA 17 0.125 0.175

[35] NaCl (0–0.5 M) NH4HCO3

(1–4 M)
CT PRO 25–45 2.5 0.028

FO 1.9 0.018

[28] NaCl (0.1 M) NaCl (1 M) CT PRO 20–40 11 0.54 0.19

FO 9.4 0.41 0.18

[36] Anthocyanin (24 μM) NaCl (6 M) CT PRO 25–40 4.9 0.013

FO 13 0.53

[31] Deionized water NaCl (1.2 M) CT FO 20–30 14 0.22 0.54

1jF = Jw,MF � Jw,0 / TMF � T0; Feed side heated. Jw,MF: water flux at the maximum feed temperature TMF.
2jD = Jw,MD � Jw,0 / TMD � T0; Draw side heated. Jw,MD: water flux at the maximum draw temperature TMD.

Table 2. A summary of influence of temperature difference on the water flux.
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Phuntsho et al. showed that increasing the draw solution temperature resulted in more water
flux compared to increasing the temperature of the feed solution [26]. Their membrane was
oriented in the PRO mode where the active layer was facing the draw solution. They argued
that increasing the draw temperature led to reduced solution viscosity and increased draw
solute diffusivity. This change resulted in the reduction of dilutive ICP on the draw side,
thereby increasing the water flux. Again, such a behavior is attributed to the fact that the
dilutive ICP plays a more significant role than the concentrative ECP in determining the water
flux [26]. Such a preferential water flux increase due to the increased draw temperature was
also observed by Xie et al. [27] and Cath et al. [31].

You et al. showed, however, that regardless of the membrane orientation, the water flux
increased more when the feed solution temperature is increased rather than the draw solution
[28], which is in a disagreement with the observations made by Phuntsho et al. [26], Xie et al.
[27], and Cath et al. [31]. You et al. argued that the water diffusion kinetics is more important
than the thermodynamic driving force (i.e., osmotic pressure difference) of the solution in
determining the water flux, thus the feed temperature governs the water flux rather than the
draw solution temperature [28].

Interestingly, in Nayak and Rastogi’s study [36], the water flux in the FO mode was shown to
be higher than the water flux in the PROmode particularly when the molecular size of the feed
solute is large enough such that the external concentration polarization cannot be ignored.
They also showed that this is indeed true for concentrating anthocyanin, which is a large sugar
molecule. In their work, the water flux in the FO mode was measured to be 260% higher than
that in the PRO mode.

4.2. Solute diffusion/rejection

As mentioned in the preceding section, Xie et al. showed that the neutral solutes are more
likely to diffuse through the membrane than the charged ones due to their smaller hydrody-
namic size [27]. In this sense, transmembrane temperature differences barely influenced the
solute rejection rate for the charged solutes, whereas the neutral solutes were significantly
influenced by the temperature difference. It was shown that raising the draw temperature
(from 20 to 40�C) led to more neutral solute rejection, even more compared to the isothermal
condition at base temperature (20�C) [27]. The reason being is that raising the draw tempera-
ture leads to increased water flux, which contributes to the increased solute rejection. At the
same time, keeping the feed temperature low reduces the deposition of the solutes on to the
membrane, thus preventing the neutral feed solutes from dissolving into the membrane and
diffusing across the membrane [27].

5. Theoretical perspectives

To the best of our knowledge, effects of temperature and its gradient on the osmosis phen-
omena and FO processes have been investigated only phenomenologically without fundamen-
tal understanding. The theoretical research is currently in a burgeoning state in explaining the
transmembrane temperature gradient effect on the FO performance. In this section, we first
briefly review the conventional FO theories [37, 38] based on the solution-diffusion model and
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jF ¼ Jw,MF � Jw,0
TMF � T0

(3)

and

jD ¼ Jw,MD � Jw,0
TMD � T0

(4)

as included on the right-hand side of Table 2. Eqs. (3) and (4) refer to the water flux increase
per temperature change when the feed side or the draw side is heated only, respectively.
Phuntsho et al. calculated using a commercial software (OLI Stream Analyzer) where the
osmotic pressure difference across the membrane can be higher when the draw side is heated
in contrast to heating the feed side [26]. However, the temperature difference not only changes
the osmotic pressure difference but also gives spatial nonlinearity to other important transport
properties such as the solution viscosity as well as solvent/solute diffusivity in bulk phases and
their solubilities in the membrane phase, which may impact the CP phenomena in various
ways depending on the membrane orientation.

In general, regardless of either the feed or draw, raising the temperature on either side leads to
increase in both the water flux and the solute flux. Xie et al. stated that raising the feed solution
temperature leads to enhanced diffusivity of the water molecules, whereas raising the draw
solution temperature leads to decreased draw solution viscosity and increased draw solute
diffusivity, both of which lead to increased water flux and reverse solute flux [27]. However,
the degree to which the water flux and solute flux are increased varies across the literature [10,
26–28, 31, 35, 36] (see Table 2).

Reference Feed solution Draw
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2
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[10] Pineapple juice
(0.37 M)
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wt%)+NaCl
(12 wt%)

CT 25–45 1.2 0.045

[26] NaCl (0–86 mM) KCl (0.5–3 M) CT FO 25–45 19 0.048 0.12

[27] Deionized water NaCl (0.5 M) CT 20–40 5.5 0.045 0.065

PA 17 0.125 0.175

[35] NaCl (0–0.5 M) NH4HCO3

(1–4 M)
CT PRO 25–45 2.5 0.028

FO 1.9 0.018

[28] NaCl (0.1 M) NaCl (1 M) CT PRO 20–40 11 0.54 0.19

FO 9.4 0.41 0.18

[36] Anthocyanin (24 μM) NaCl (6 M) CT PRO 25–40 4.9 0.013

FO 13 0.53

[31] Deionized water NaCl (1.2 M) CT FO 20–30 14 0.22 0.54

1jF = Jw,MF � Jw,0 / TMF � T0; Feed side heated. Jw,MF: water flux at the maximum feed temperature TMF.
2jD = Jw,MD � Jw,0 / TMD � T0; Draw side heated. Jw,MD: water flux at the maximum draw temperature TMD.

Table 2. A summary of influence of temperature difference on the water flux.
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Phuntsho et al. showed that increasing the draw solution temperature resulted in more water
flux compared to increasing the temperature of the feed solution [26]. Their membrane was
oriented in the PRO mode where the active layer was facing the draw solution. They argued
that increasing the draw temperature led to reduced solution viscosity and increased draw
solute diffusivity. This change resulted in the reduction of dilutive ICP on the draw side,
thereby increasing the water flux. Again, such a behavior is attributed to the fact that the
dilutive ICP plays a more significant role than the concentrative ECP in determining the water
flux [26]. Such a preferential water flux increase due to the increased draw temperature was
also observed by Xie et al. [27] and Cath et al. [31].

You et al. showed, however, that regardless of the membrane orientation, the water flux
increased more when the feed solution temperature is increased rather than the draw solution
[28], which is in a disagreement with the observations made by Phuntsho et al. [26], Xie et al.
[27], and Cath et al. [31]. You et al. argued that the water diffusion kinetics is more important
than the thermodynamic driving force (i.e., osmotic pressure difference) of the solution in
determining the water flux, thus the feed temperature governs the water flux rather than the
draw solution temperature [28].

Interestingly, in Nayak and Rastogi’s study [36], the water flux in the FO mode was shown to
be higher than the water flux in the PROmode particularly when the molecular size of the feed
solute is large enough such that the external concentration polarization cannot be ignored.
They also showed that this is indeed true for concentrating anthocyanin, which is a large sugar
molecule. In their work, the water flux in the FO mode was measured to be 260% higher than
that in the PRO mode.

4.2. Solute diffusion/rejection

As mentioned in the preceding section, Xie et al. showed that the neutral solutes are more
likely to diffuse through the membrane than the charged ones due to their smaller hydrody-
namic size [27]. In this sense, transmembrane temperature differences barely influenced the
solute rejection rate for the charged solutes, whereas the neutral solutes were significantly
influenced by the temperature difference. It was shown that raising the draw temperature
(from 20 to 40�C) led to more neutral solute rejection, even more compared to the isothermal
condition at base temperature (20�C) [27]. The reason being is that raising the draw tempera-
ture leads to increased water flux, which contributes to the increased solute rejection. At the
same time, keeping the feed temperature low reduces the deposition of the solutes on to the
membrane, thus preventing the neutral feed solutes from dissolving into the membrane and
diffusing across the membrane [27].

5. Theoretical perspectives

To the best of our knowledge, effects of temperature and its gradient on the osmosis phen-
omena and FO processes have been investigated only phenomenologically without fundamen-
tal understanding. The theoretical research is currently in a burgeoning state in explaining the
transmembrane temperature gradient effect on the FO performance. In this section, we first
briefly review the conventional FO theories [37, 38] based on the solution-diffusion model and
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van’t Hoff’s law. Then, we revisit statistical mechanics to identify the baseline of the osmosis-
diffusion theories, where the isothermal condition was first applied. We then develop a new,
general theoretical framework on which FO processes can be better understood under the
influence of the system temperature, temperature gradient, and chemical potentials.

5.1. Revisit to the solution-diffusion model

The solution-diffusion model is widely used to describe the FO process, which was origi-
nally developed by Lonsdale et al. to explain the RO phenomena using isothermal-isobaric
ensemble [39]. In the model, the chemical potential of water is represented as a function of
temperature, pressure, and solute concentration, i.e. μw ¼ μw T;P;Cð Þ, and its transmembrane
gradient is

Δμw ¼
ð

∂μw

∂C

� �

T,P
dCþ

ð
∂μw

∂P

� �

T,C
dP, (5)

where the integration is over the membrane region. From the basic thermodynamic relation-
ship,

ð
∂μw

∂P

� �

T,C
¼ Vw (6)

is used where Vw is the molar volume of water. In the isothermal-isobaric equilibrium
Δμw ¼ 0
� �

, the applied pressure ΔP is balanced with the transmembrane difference of the
osmotic pressure, i.e. ΔP ¼ Δπ. This condition gives

0 ¼
ð

∂μw

∂C

� �

T,P
dCþ VwΔπ (7)

and hence we derive Δμw ¼ Vw Δp� Δπð Þ. It is assumed that the water transport within the
membrane is phenomenologically Fickian, having the transmembrane chemical potential dif-
ference of water as a net driving force. The water flux is given as

Jw ¼ DwCw

RT
dμw

dx
≃

DwCw

RT
Δμw

δm
, (8)

which becomes

Jw ¼ A Δp� Δπð Þ, (9)

where A ¼ DwCw=RTδmð Þ is the solvent permeability that can be obtained experimentally. The
solute flux is similarly given as

Js ¼ �Ds
dC0

dx
≃Ds

ΔC0

δm
¼ Ds

ΔC0

ΔC

� �
ΔC
δm

¼ DsKm

δm
ΔC ¼ BΔC, (10)
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where ΔC0 and ΔC are the concentration differences across the interior and exterior of the

membrane, respectively, and Km ¼ ΔC
0
=ΔC is the partition coefficient, which is assumed to be

constant, and B ¼ DsK=δmð Þ is the solute permeability.

Figure 4(a) shows a schematic representing the PRO and FOmodes altogether. Concentrations in
the PRO and FOmodes are denoted as C and n, respectively. In the PROmode, C1 and C5 are the
draw and feed concentrations, and C2, C3, and C4 are concentrations at interfaces between the
draw solution and the active layer, the active layer and the porous substrate, and the porous
substrate and the feed solution, respectively. In the FO mode, n1 and n5 are the draw and feed
concentrations, respectively, and similarly, n2, n3, and n5 have the meanings corresponding to
those in the PRO mode. To systematically compare the performances of the PRO and FOmodes,
we set n1 ¼ C1 and n5 ¼ C5, which are the draw (Cd) and feed (Cf ) concentrations, respectively.

Solvent and solute fluxes in the PRO mode are denoted as JPROw and JPROs , and those of the FO

mode are JFOw and JFOs , respectively. In each mode, solvent and solute fluxes are oriented in
opposite directions, influencing each other’s driving forces. The active layer and porous sub-
strate have thicknesses of δm and δs, respectively, as located in regions of �δm < x < 0 and
0 < x < δs, respectively. Solute molecules migrate with molecular diffusivity D0 in the porous
substrate that is characterized using its thickness δs, porosity ε, and tortuosity τ.

In the PRO mode, the solvent flux (in magnitude) is

Jw ¼ A π2 � π3ð Þ (11)

where π2 and π3 are osmotic pressures at concentration C2 and C3, respectively. In a steady
state, the water flux Jw is constant in both the active and porous regions. The solute flux in the
active layer is:

Js ¼ B C2 � C3ð Þ for � δm < x < 0 (12)
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Figure 4. A schematic representation of (a) concentration polarization across a skinned membrane during FO process in
the PRO and FO modes, represented using the solid and dashed lines, respectively and (b) arbitrary temperature profile
increasing from the active layer to the porous substrate.
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van’t Hoff’s law. Then, we revisit statistical mechanics to identify the baseline of the osmosis-
diffusion theories, where the isothermal condition was first applied. We then develop a new,
general theoretical framework on which FO processes can be better understood under the
influence of the system temperature, temperature gradient, and chemical potentials.

5.1. Revisit to the solution-diffusion model

The solution-diffusion model is widely used to describe the FO process, which was origi-
nally developed by Lonsdale et al. to explain the RO phenomena using isothermal-isobaric
ensemble [39]. In the model, the chemical potential of water is represented as a function of
temperature, pressure, and solute concentration, i.e. μw ¼ μw T;P;Cð Þ, and its transmembrane
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is used where Vw is the molar volume of water. In the isothermal-isobaric equilibrium
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, the applied pressure ΔP is balanced with the transmembrane difference of the
osmotic pressure, i.e. ΔP ¼ Δπ. This condition gives

0 ¼
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and hence we derive Δμw ¼ Vw Δp� Δπð Þ. It is assumed that the water transport within the
membrane is phenomenologically Fickian, having the transmembrane chemical potential dif-
ference of water as a net driving force. The water flux is given as

Jw ¼ DwCw
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Δμw
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, (8)

which becomes

Jw ¼ A Δp� Δπð Þ, (9)

where A ¼ DwCw=RTδmð Þ is the solvent permeability that can be obtained experimentally. The
solute flux is similarly given as
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where ΔC0 and ΔC are the concentration differences across the interior and exterior of the

membrane, respectively, and Km ¼ ΔC
0
=ΔC is the partition coefficient, which is assumed to be

constant, and B ¼ DsK=δmð Þ is the solute permeability.

Figure 4(a) shows a schematic representing the PRO and FOmodes altogether. Concentrations in
the PRO and FOmodes are denoted as C and n, respectively. In the PROmode, C1 and C5 are the
draw and feed concentrations, and C2, C3, and C4 are concentrations at interfaces between the
draw solution and the active layer, the active layer and the porous substrate, and the porous
substrate and the feed solution, respectively. In the FO mode, n1 and n5 are the draw and feed
concentrations, respectively, and similarly, n2, n3, and n5 have the meanings corresponding to
those in the PRO mode. To systematically compare the performances of the PRO and FOmodes,
we set n1 ¼ C1 and n5 ¼ C5, which are the draw (Cd) and feed (Cf ) concentrations, respectively.

Solvent and solute fluxes in the PRO mode are denoted as JPROw and JPROs , and those of the FO

mode are JFOw and JFOs , respectively. In each mode, solvent and solute fluxes are oriented in
opposite directions, influencing each other’s driving forces. The active layer and porous sub-
strate have thicknesses of δm and δs, respectively, as located in regions of �δm < x < 0 and
0 < x < δs, respectively. Solute molecules migrate with molecular diffusivity D0 in the porous
substrate that is characterized using its thickness δs, porosity ε, and tortuosity τ.

In the PRO mode, the solvent flux (in magnitude) is

Jw ¼ A π2 � π3ð Þ (11)

where π2 and π3 are osmotic pressures at concentration C2 and C3, respectively. In a steady
state, the water flux Jw is constant in both the active and porous regions. The solute flux in the
active layer is:

Js ¼ B C2 � C3ð Þ for � δm < x < 0 (12)
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Figure 4. A schematic representation of (a) concentration polarization across a skinned membrane during FO process in
the PRO and FO modes, represented using the solid and dashed lines, respectively and (b) arbitrary temperature profile
increasing from the active layer to the porous substrate.
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and that in the porous substrate:

Js ¼ � e

τ
D
dC
dx

� JwC for 0 < x < δs: (13)

In a steady state, Js of Eqs. (12) and (13) are equal to each other. Flux equations for the FOmode
can be easily obtained by replacing subscript 2 by 4 in Eqs. (11) and (12) and replacing C by n
in Eqs. (12), (13). Fluxes of the PRO and FO modes are calculated as

JPROw ≃
1
K
ln

Bþ Aπd � JPROw

Bþ Aπf

� �
(14)

and

JFOw ≃
1
K
ln

Bþ Aπd

Bþ Aπf þ JFOw

" #
, (15)

respectively, where πd and πf are the osmotic pressure of the draw and feed concentrations,
respectively, and

K ¼ δsτ
D0e

¼ S
D0

(16)

is interpreted as the characteristic mass transfer resistance, proposed by Lee et al. [37]. Follow-
ing the convention of standard mass transfer theory, K�1 can be interpreted as the mass
transfer coefficient of FO processes. In Eq. (16), S ¼ δsτ=eð Þ, defined as the structural parameter
having units in length, represents the actual path length of molecules passing through the
tortuous porous substrate, which is by definition longer than the thickness δs. For mathemat-
ical simplicity, one can write the flux equation for both modes:

Jw ¼ 1
K
ln

Bþ Aπd � φJw
Bþ Aπf þ 1� φð ÞJw

� �
(17)

where

φ ¼ 1 for PRO mode
0 for FO mode

�
(18)

is an integer to toggle between the two modes. Any theoretical development can be initiated
from Eq. (17) to consider universally both the FO and PRO modes, and then a proper value of
φ can be chosen.

5.1.1. Underlying assumptions and approximations

In the theory, there are several key assumptions during derivations of Eqs. (14) and (15). These
assumptions are summarized in the following for the PRO mode for simplicity, but conceptu-
ally are identical to those in the FO mode.
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1. Mass transfer phenomena are described using the solution-diffusion model in which the
solvent and solute transport are proportional to the transmembrane differences in the osmotic
pressures and solute concentrations, respectively [39]. If one sees these combined phenomena
as diffusion, the solvent transport can be treated as semibarometric diffusion. In other words,
under the influence of pressure, the solute transport can be treated as Fickian diffusion, driven
by the concentration gradient. In a universal view, the net driving forces of the solvent and
solutes are their chemical potential differences.

2. In the flux equations, πd and πf are, respectively, overestimated and underestimated because
their ture values are those at the draw-membrane and feed-membrane interfaces, i.e. π2 and π4,
which are difficult to obtain. This approximation does not cause obvious errors if the flow veloci-
ties of the draw and feed solutions are fast enough to suppress formation of any significant
external concentration polarizations. A necessary condition, which is less discussed in theories, is
the high diffusivity or low molecular weight of solutes.

3. The osmotic pressure is presumed to be linear with the solute concentration C. In the PRO
mode, one can indicate

π2 � π3 ¼ π2 � π3

π2 � π4

� �
π2 � π4ð Þ ¼ 1� C3=C2

1� C4=C2

� �
π2 � π4ð Þ (19)

using π2 � πk ¼ π2 1� Ck=C2ð Þ for k ¼ 3, 4. Eq. (19) can be erroneous if the draw concentration
is extraordinarily high or pair-wise interactions between solutes are very strong so that the
weak solution approach fails. A study on nonlinearity of π with respect to C can be found
elsewhere [37, 38].

4. Rigorously saying, mass transport phenomena are assumed to be in a steady state and equilib-
rium thermodynamics are used to explain the filtration phenomena. Although the FO phenome-
non occurs in an open system, transient behavior is barely described in the literature.

5. In the porous substrate, the bulk porosity is assumed to be uniform,which implies isotropic pore
spaces. Moreover, the interfacial porosity between the active and porous layers is assumed to be
equal to the bulk porosity. An in-depth discussion on the interfacial porosity can be found else-
where [40]. In the same vein, the tortuosity is a characteristic geometric constant of the substrate,
which is hard to measure independently. More importantly, tortuosity is included in the definition
of the structural parameter S, which is used to fit the experimental data to the flux equations.

6. The solute diffusivity D0 is assumed to be constant, that is, independent of the solute
concentration such that the concentration profile is further implied to be linear within the
porous substrate.

7. Finally, temperatures of the draw and the feed streams are assumed equal although hydraulic
and thermal conditions of these two streams can be independently controlled. As a consequence,
heat transfer across the membrane is barely discussed in the literature.

In practice, solvent and solute permeability A and B are measured experimentally in the RO
mode using feed solution of zero and finite concentrations, respectively. The applied pressure
is selected as a normal pressure to operate the RO, and the solute concentrations are usually in
the range of that of a typical brackish water. Variations in A and B with Cd and Cf are
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and that in the porous substrate:

Js ¼ � e

τ
D
dC
dx

� JwC for 0 < x < δs: (13)
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1
K
ln

Bþ Aπd � JPROw

Bþ Aπf

� �
(14)
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JFOw ≃
1
K
ln

Bþ Aπd

Bþ Aπf þ JFOw

" #
, (15)
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K ¼ δsτ
D0e

¼ S
D0

(16)

is interpreted as the characteristic mass transfer resistance, proposed by Lee et al. [37]. Follow-
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K
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� �
(17)

where

φ ¼ 1 for PRO mode
0 for FO mode

�
(18)

is an integer to toggle between the two modes. Any theoretical development can be initiated
from Eq. (17) to consider universally both the FO and PRO modes, and then a proper value of
φ can be chosen.
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� �
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presumed to be negligible, similar to those of RO cases. In Eq. (17), Jw is directly related to the
interfacial concentration, i.e. C3 and n3 in the PRO and FO modes, respectively, and therefore it
can be predicted only if K is known. Mathematically, one FO flux equation has two unknowns,
which are Jw and K. In most cases, the permeate flux Jw is measured experimentally and then
used to back-calculate K. This experiment-based prediction often results in an imbalance of
mass transfer [41, 42]. A recent study assumes that the interfacial porosity between the active
and porous layers is different from the bulk porosity of the porous substrate, which success-
fully resolves the origin of the imbalance between theoretical and measured K values [40].

This chapter aims to explain how the temperature across the FOmembrane, which consists of the
active and porous layers, may affect the performance of the mass transfer at the level of statistical
physics. The transmembrane temperature gradient prevents from using the abovementioned
assumptions and approximations, which are widely used in the FO analysis. First, the SD model
is purely based on isothermal-isobaric equilibrium in a closed system. Second, the external
concentration polarizations in the draw and feed sides cannot be neglected at the same level
because the temperature gradient causes a viscosity difference across the membrane. Third, the
weighting factor connecting π2 � π3 and π2 � π4 cannot be represented only by concentrations
but instead should include temperatures at the interfaces. Fourth, even if one can achieve a
perfect solute rejection, i.e. B ¼ 0, steady heat transfer across the membrane should be included
since porous membrane is not a perfect thermal insulator. Fifth, the temperature gradient may
change the (effective) properties of the active and porous layers such as A, B, e, and τ in principle
and the molecular diffusivity D0 ! D Tð Þ. Sixth, Fick’s law should include additional thermal
diffusion or temperature effects for determining the collective diffusion. Seventh, of great neces-
sity is a novel, quantitative equation to calculate the osmotic pressure under the gradients of
concentration as well as temperature, which generalizes van’t Hoff’s equation (1).

5.2. Heat transfer

Figure 4(b) shows an arbitrary temperature profile across the FO membrane, increasing from
the active layer side to the porous layer side. In bulk phases of the active and porous sides,
temperatures are maintained at T1 and T4, respectively. For simplicity, we set T1 < T4. Stream
temperature on the active side increases to T2, and within the membrane, temperature elevates
from T2 to T3. Since the active layer is often made thin, a linear variation of temperature can be
readily assumed. From the active-porous interface to the porous layer surface to the solution,
the temperature increases from T3 to T4. A similar external temperature polarization occurs in
the PL-side bulk phase, generating the temperature change from T4 to T5. The overall temper-
ature profile is conceptually akin to the concentration profile in the FO mode. Having the same
bulk temperatures, i.e. T1 and T5, the flow direction can noticeably change values from T2 to
T4. For logical consistency, a steady state is assumed while investigating the heat transfer
across the FO membrane in this chapter. Thus, heat fluxes of the four regions are

qBA ¼ hBA T2 � T1ð Þ (20)

qAL ¼ hAL T3 � T2ð Þ (21)

qPL ¼ hPL T4 � T3ð Þ (22)
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qBP ¼ hBP T5 � T4ð Þ, (23)

where subscripts BA and BP indicate bulk phases in the active and porous layer sides, respec-
tively, and AL and PL mean the active layer and porous layer, respectively. The net tempera-
ture difference across the membrane is T4 � T2, which is to be approximated as T5 � T1. In the
steady state, the heat flux q should be equal in each region, that is, q ¼ qBA ¼ qAL ¼ qPL ¼ qBP.
Dividing each equation of (20)–(23) by the heat transfer coefficient h0s, one derives

q ¼ heq T5 � T1ð Þ (24)

1
heq

¼ 1
hBA

þ 1
hAL

þ 1
hPL

þ 1
hBP

: (25)

Note that Eq. (24) assumes that the heat transfer is solely based on thermal conduction without
thermal convection, that is, transfer rate of heat by solvent flux. In the FO process with the
transmembrane thermal gradient, Eqs. (21) and (22) should be revised as

qAL ¼ hAL T3 � T2ð Þ �HwJw (26)

qPL ¼ hPL T4 � T3ð Þ �HwJw, (27)

where Hw and Jw are the enthalpy and flux of the solvent, respectively, and the sign is plus
when the concentration and temperature profiles both increase and decrease together, other-
wise it is negative. For example, for the temperature profile shown in Figure 4, the FO
concentration profile has the same trend to that of the temperature, and therefore signs in
Eqs. (26) and (27) are positive. In this case, Eq. (25) needs to be modified to

1
heq

¼ 1
hBA

þ 1
h0AL

þ 1
h0PL

þ 1
hBP

, (28)

where

h0AL ¼ hAL � HwJw
T3 � T2

(29)

h0LL ¼ hPL � HwJw
T4 � T3

(30)

This heat balance analysis is very similar to that of membrane distillation [43, 44], but the FO
process does not have any solvent phase transition so that the latent heat is not considered.

5.3. Mass transfer mechanisms

5.3.1. Anisothermal osmotic pressure

In statistical mechanics, Gibbs energy is the master function of the isothermal-isobaric ensem-
ble. Consider a box in which two regions are separated by a semipermeable membrane. In
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sity is a novel, quantitative equation to calculate the osmotic pressure under the gradients of
concentration as well as temperature, which generalizes van’t Hoff’s equation (1).
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temperatures are maintained at T1 and T4, respectively. For simplicity, we set T1 < T4. Stream
temperature on the active side increases to T2, and within the membrane, temperature elevates
from T2 to T3. Since the active layer is often made thin, a linear variation of temperature can be
readily assumed. From the active-porous interface to the porous layer surface to the solution,
the temperature increases from T3 to T4. A similar external temperature polarization occurs in
the PL-side bulk phase, generating the temperature change from T4 to T5. The overall temper-
ature profile is conceptually akin to the concentration profile in the FO mode. Having the same
bulk temperatures, i.e. T1 and T5, the flow direction can noticeably change values from T2 to
T4. For logical consistency, a steady state is assumed while investigating the heat transfer
across the FO membrane in this chapter. Thus, heat fluxes of the four regions are

qBA ¼ hBA T2 � T1ð Þ (20)
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where subscripts BA and BP indicate bulk phases in the active and porous layer sides, respec-
tively, and AL and PL mean the active layer and porous layer, respectively. The net tempera-
ture difference across the membrane is T4 � T2, which is to be approximated as T5 � T1. In the
steady state, the heat flux q should be equal in each region, that is, q ¼ qBA ¼ qAL ¼ qPL ¼ qBP.
Dividing each equation of (20)–(23) by the heat transfer coefficient h0s, one derives
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1
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Note that Eq. (24) assumes that the heat transfer is solely based on thermal conduction without
thermal convection, that is, transfer rate of heat by solvent flux. In the FO process with the
transmembrane thermal gradient, Eqs. (21) and (22) should be revised as
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where Hw and Jw are the enthalpy and flux of the solvent, respectively, and the sign is plus
when the concentration and temperature profiles both increase and decrease together, other-
wise it is negative. For example, for the temperature profile shown in Figure 4, the FO
concentration profile has the same trend to that of the temperature, and therefore signs in
Eqs. (26) and (27) are positive. In this case, Eq. (25) needs to be modified to
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where

h0AL ¼ hAL � HwJw
T3 � T2

(29)

h0LL ¼ hPL � HwJw
T4 � T3

(30)

This heat balance analysis is very similar to that of membrane distillation [43, 44], but the FO
process does not have any solvent phase transition so that the latent heat is not considered.

5.3. Mass transfer mechanisms

5.3.1. Anisothermal osmotic pressure
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equilibrium, the maximum entropy condition requires that the chemical potential divided by
the temperature should be constant, i.e.

Δ
μ T;P;Nð Þ

T

� �
¼ 0, (31)

which converts to the constant chemical potential for the isothermal environment, i.e. Δμ ¼ 0
for constant T. Note that in the conventional solution-diffusion model, the chemical potential
of water μw in the external phase is assumed as a function of solute concentration C and
pressure P. From Eq. (31), van’t Hoff’s osmotic pressure difference is derived as

Δπ ¼ RTΔC, (32)

which can perhaps be extended intuitively to Δπ ¼ RΔ CTð Þ in the temperature gradient. Here
we assume that the membrane properties do not change significantly with solute concentration
C and local temperature T. In the presence of a concentration gradient only, van’t Hoff’s
equation indicates that water (solvent) molecules tend to move from a lower solute concentra-
tion region to a higher solute concentration region. This is due to the water chemical potential
being higher in the lower C region. Now we replace the concentration gradient by the temper-
ature gradient. Diffusion of water molecules is purely based on their kinetic energy as propor-
tional to T and the temperature gradient across the membrane, as shown in Figure 4(a). For
simplicity, we consider only the active layer of which A and B values are assumed to be
insensitive to temperature. Therefore, similar to the direct contact membrane distillation, two
solutions of high and low temperatures are in contact with the membrane surfaces. Since
solutes are absent, the water motion is purely diffusive under the chemical potential gradient
induced by the temperature gradient. Water molecules in the high temperature region move
faster than those in the low temperature region. Therefore, water transfer must follow the
direction of the temperature gradient. If one side of the membrane has a solution of both high
temperature and concentration, then the net osmotic pressure must be less than that of the
concentration gradient only, that is,

Δπ ¼ aΔC� bΔT (33)

where a must be equal to RT and b is a positive constant. To the best of our knowledge,
a Tð Þ ¼ RT has not been rigorously proven, and b cð Þ is so far unknown. The theoretical devel-
opment of the anisothermal osmotic pressure, π ¼ π C;Tð Þ, as a natural extension from van’t
Hoff’s equation is of urgent importance to the current literature in water transport theories,
which are to be utilized not only in desalination and fresh water production but also in a broad
applications of separation and filtration.

5.3.2. Anisothermal diffusion

Fick’s law is a phenomenological equation based on experimental observations. The equation
states that the diffusive flux J is proportional to the concentration gradient

J
!¼ �D ∇

!
C: (34)
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In the dilute limit, the diffusivity is independent of concentration C, i.e. D 6¼ D Cð Þ, and if the
solute molecules are Brownian, D is proportional to temperature T: D∝T. If and only if the
molecular motion is dragged by the viscous force, which is directly related to their relative
velocity to the solvent (often stationary), then the drag force can be written as

eFdrag ¼ �β v! , (35)

where v! is the molecular velocity relative to that of the solvent medium, and β is the drag

coefficient independent of v!. The Brownian diffusivity is proven to be D ¼ kBT=β, where kB is
Boltzmann’s constant. Stokes proved that β ¼ 3πηwdp where ηw is the solvent viscosity and dp
is the particle (molecule) diameter.

In the presence of the spatial variation of T, Eq. (34) is generalized as [45]

J
!¼ D

T
∇
!

CTð Þ: (36)

Thus, substitution of the Stokes-Einstein diffusivity into Eq. (36) gives

J
!¼ kB

β
∇
!

CTð Þ ¼ 1
β
∇
!

πð Þ, (37)

which is valid if the solvent viscosity ηw is a weak function of T such as water. For a homoge-
neous system, the diffusive flux may in general be

J
!¼ �α ∇

!
μ� β ∇

!
T, (38)

where one can write the chemical potential gradient as

∇
!
μ ¼ ∂μ

∂C

� �

P,T
∇
!
Cþ ∂μ

∂T

� �

C,P
∇
!
T þ ∂μ

∂P

� �

C,T
∇
!
P: (39)

Substitution of Eq. (39) into (38) gives

J
!¼ �D ∇

!
Cþ kT ∇

!
lnT þ kP ∇

!
lnP

� �
, (40)

which defines the thermal diffusion coefficient kTD, where kT is the thermal diffusion ratio,
which is a dimensionless quantity. The coefficient kPD is the barodiffusion coefficient. In the
dilute limit, kT vanishes as it is proportional to C. The barodiffusion is often negligible as the
diffusion is characterized in a stationary fluid that will have finite velocity if the hydraulic
pressure is applied.

5.3.3. Solute diffusivity matters

In the conventional isothermal theory of FO, one can write a conceptual relationship between
the water flux and the transmembrane osmotic pressure difference as [33]
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which defines the thermal diffusion coefficient kTD, where kT is the thermal diffusion ratio,
which is a dimensionless quantity. The coefficient kPD is the barodiffusion coefficient. In the
dilute limit, kT vanishes as it is proportional to C. The barodiffusion is often negligible as the
diffusion is characterized in a stationary fluid that will have finite velocity if the hydraulic
pressure is applied.

5.3.3. Solute diffusivity matters
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Jw ∝DlnΔπ, (41)

which clearly indicates that Jw increases with bothD and Δπ, but Δπ increases much slower than
D due to the logarithmic dependence. To double the flux Jw, there are two mathematical choices:

D ! 2D (linear) and Δπ ! Δπð Þ2 (geometric in a specific unit, or ΔC ! ΔCð Þ2). The first way of
increasing the solute diffusivity is related to finding or developing novel draw solutes, while the
second option is practically challenging as it makes the draw recovery more energy consuming.
Especially when selecting the draw solutes, their diffusivity is the most critical parameter in FO
processes, as solutes of high diffusivity significantly decrease the ECP and ICP.

If we write intuitively the anisothermal osmotic pressure as

Δπ ¼ RTmΔC� bΔT (42)

across the membrane with ΔT ¼ T1 � T2 and Tm ¼ 1
2 T1 þ T2ð Þ, it would be interesting to know

the particular transmembrane temperature difference that can nullify the net osmotic pressure
gradient:

ΔT ¼ b�1RTΔC: (43)

As both T1 and T2 increase while keeping ΔT constant, Δπ increases. Moreover, increased Tm

may noticeably enhance the solvent as well as solute diffusion. This thought process strongly
supports the experimental literature in FO research, equivocally showing that the solvent flux is
proportional to the system temperature. Note that Eq. (41) includes the permeability coefficients
of solvent (A) and solute (B). As we discussed in the previous section, we know

∂A
∂T

and
∂B
∂T

≳0 (44)

so that both the solvent and solute fluxes increase with the mean temperature Tm of the
membrane where ΔT is maintained constant.

On the basis of our investigation, temperature effects on the osmotic phenomena are not as
simple as expected from the linear van’t Hoff equation, but highly correlated through the
temperature-dependent material constants of solvent η;Að Þ, solutes D;Bð Þ, and their strong
linkage to the osmotic pressure: π ! π C;Tð Þ.

6. Concluding remarks

This chapter provides a comprehensive review on the effect of temperature on the FO process.
Although the motivation for studying the temperature effect comes from the fact that osmosis is a
thermodynamically spontaneous process, changing the system temperature either locally or glob-
ally can offer more effective ways of engineering the FO process with lower energy consumption.
However, as evidenced by the scattered data across the literature and a lack of theoretical
descriptions, more robust and systematic studies are warranted for deeper understanding of the
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phenomena. For example, most of the temperature-dependent FO studies relate the changes in
the water and the solute flux to the change in the physical properties of the bulk solution only,
neglecting any changes in the membrane properties such as water permeability A, solute perme-
ability B, and mass transfer resistance K. Furthermore, a holistic theory accounting for the effect of
transmembrane temperature gradient on the FO process is still missing, hence to be constructed in
the near future.
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Abstract

Pressure retarded osmosis (PRO) can be used to exploit the mixing energy e.g. between 
river water and sea water. A PRO membrane must be highly permeable for water, 
whereas salt ions should be retained. Furthermore, the structure parameter of the mem-
brane support and backing structure must be low. This paper summarises an assessment 
of the pressure dependency of the structure parameter for flat sheet membranes, and a 
transport model for PRO and procedures for determination of the pressure dependency 
of the structure parameter are presented. The results from laboratory experiments show 
that that the structure parameter increases significantly with increasing trans-membrane 
pressure. The increase in the structure parameter was observed to depend on both char-
acteristics of the membrane and the fresh water spacer. Using a finely textured tricot 
spacer reduced the pressure dependency on the structure parameter, compared to a 
coarser spacer. Applying a non-woven backing material between the membrane and the 
fresh water spacer also reduced the impact of pressure. The results show that membranes 
suitable for river water/sea water PRO must have a sufficiently low structure parameter 
and additionally resist severe deformation at relevant operating pressures.

Keywords: osmotic power, pressure retarded osmosis, structure parameter, pressure 
dependence

1. Introduction

Pressure retarded osmosis (PRO) is one feasible technology that can be used to exploit the 
mixing energy from salt gradients which is commonly referred to as salinity gradient power or 
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Abstract

Pressure retarded osmosis (PRO) can be used to exploit the mixing energy e.g. between 
river water and sea water. A PRO membrane must be highly permeable for water, 
whereas salt ions should be retained. Furthermore, the structure parameter of the mem-
brane support and backing structure must be low. This paper summarises an assessment 
of the pressure dependency of the structure parameter for flat sheet membranes, and a 
transport model for PRO and procedures for determination of the pressure dependency 
of the structure parameter are presented. The results from laboratory experiments show 
that that the structure parameter increases significantly with increasing trans-membrane 
pressure. The increase in the structure parameter was observed to depend on both char-
acteristics of the membrane and the fresh water spacer. Using a finely textured tricot 
spacer reduced the pressure dependency on the structure parameter, compared to a 
coarser spacer. Applying a non-woven backing material between the membrane and the 
fresh water spacer also reduced the impact of pressure. The results show that membranes 
suitable for river water/sea water PRO must have a sufficiently low structure parameter 
and additionally resist severe deformation at relevant operating pressures.

Keywords: osmotic power, pressure retarded osmosis, structure parameter, pressure 
dependence

1. Introduction

Pressure retarded osmosis (PRO) is one feasible technology that can be used to exploit the 
mixing energy from salt gradients which is commonly referred to as salinity gradient power or 

© 2018 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



osmotic power [1, 2]. In PRO the transport of water through the membrane is caused by the dif-
ference in osmotic pressure across the membrane skin, and the net volume increase on the high 
saline side due to mass transport against a pressure gradient can be utilised to run a turbine. 
It should be mentioned that indirect alternatives to exploit the osmotic power, such as osmotic 
energy recovery in desalination of sea water, have gained increasing attention recently [3–5].

The mass transport of salt and water in PRO can be characterised by three parameters, the 
water permeability, A, the salt permeability, B, and the structure parameter, S [1, 6]. The 
parameters must be optimised in order to maximise produced power, implying that the water 
permeability should be high, and both the salt permeability and the structure parameter 
should be low. Membrane development has been a prioritised research area for more than 
a decade, and significant improvements in PRO membrane performance have been achieved 
over the last years [6–11]. Membrane and element configuration has also been a focus area, 
and both flat sheet and hollow fibre configurations should be further investigated [12–14].

Resent research has showed that various transport models [14–17] fail to accurately model PRO 
performance as a function of pressure increase. Kim and Elimelech [18] have related the devia-
tion between observed and modelled performance to adverse effects between the membrane 
support and the feed channel spacer. Both membrane deformation and obstruction of water per-
meation were proposed mechanisms to explain the reduced membrane performance at increas-
ing pressures. In case of membrane obstruction, i.e. the spacer blocks part of the active membrane 
area This effect was referred to as the spacer shadow effect. Kim and Elimelech showed that the 
water permeability remained almost independent of the trans-membrane pressure when a dia-
mond shaped feed spacer was applied. On the other hand, the salt permeability increased sig-
nificantly when the trans-membrane pressure exceeded a certain value (in the range 9–12 bar).

She et al. [19] have also studied the impact of spacer characteristics on PRO performance. They 
showed that mechanical deformation of the PRO membrane did occur during PRO operation. 
Subsequently, they determined water and salt permeabilities obtained after deformation as a 
function of trans-membrane pressure in RO experiments, using the same types of feed spac-
ers. Finally, the structure parameter was determined from calculations using the observed 
water fluxes from the PRO experiments. The variations in the estimated membrane param-
eters, as well as the mechanical deformation, were found to depend on spacer characteristics.

The interaction between the membrane and the feed spacer is found to reduce the PRO per-
formance of flat sheet membranes. Hollow fibres are self-supporting structures, meaning that 
the use of spacers is avoided. Any pressure dependency of the PRO performance of hollow 
fibre membranes must therefore be related to other mechanisms than interactions between 
membrane and spacer. Chou et al. [7] observed a discrepancy between modelled and measured 
performances for fibres with the skin applied on the bore side. They determined the structure 
parameter at several pressure steps, and observed that this parameter decreased with increas-
ing pressure. It was suggested that this was due to expansion of the polymer network resulting 
in reduced tortuosity of the membrane support when the inside of the fibres was pressurised.

The objective of this paper is to present a hypothesis for the interaction between the mem-
brane and spacer which partly builds on the hypothesis of Kim and Elimelech [18]. Based on 
characterisation experiments we have demonstrated good correlation between measured and 
modelled membrane performances by applying a pressure dependent structure parameter. 
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Further, the implications of membrane and spacer interactions in PRO will be discussed and 
related to the need for optimisation of the characteristic parameters of PRO membranes.

2. Theory

2.1. PRO modelling

A simplified flow diagram indicating main components in a PRO process such as pre-treat-
ment stage, membrane modules, and pressure exchanger, is given in Figure 1. In PRO, water 
will be transported against a pressure gradient due to the difference in osmotic pressure 
between the draw solution and the feed solution. The net volume increase on the high saline 
side, which are operated at elevated pressure, can e.g. be converted to power in a turbine. The 
produced power, P, equals the volume flux, JV, through the membrane, multiplied with the 
hydraulic pressure difference over the membrane, Δp,

  P =  J  v   ∆ p   (1)

Since the volume of salt transported through the membrane is negligible compared to the 
volume of water, the volume flux can be replaced by the water flux, Jw..

Different model frameworks describing the transport of salt and water through osmotic mem-
branes have been developed by several authors [15, 20–24]. This paper is based on the stag-
nant boundary layer model presented by Thorsen and Holt [15], and the basic equations are 
given below.

Figure 2 shows the cross section of an osmotic membrane in a cross-flow cell, indicating the 
concentration profile of salt at a given position in the cell, from the fresh water side, through 
the membrane and to the sea water side.

The transport of water and salt (Js) through the membrane skin is described by two flux equa-
tions, where the positive flux directions are indicated by the arrows in Figure 2

Figure 1. Simplified flow diagram of a PRO power plant.
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   J  w   = A (∆ π  skin   − ∆ p)   (2)

and

   J  s   = B ∆ s  skin   = B ( c  sm   −  c  p  )   (3)

A and B are the water and salt permeability of the skin, respectively. The osmotic pressure 
across the skin, Δπskin, is related to the concentration difference (csm − cp) of salt over the skin by

  ∆ π  skin   = iRT ( c  sm   −  c  p  )  = iRT ∆ c  skin    (4)

where i is the van’t Hoff coefficient that equals 2.0 for ideal solutions of NaCl. A value of 1.9, 
which are based on published data for osmotic pressures in NaCl solutions, have been used in 
the present calculations [25]. R is the universal gas constant and T is the absolute temperature.

The coupled transport of salt in the support membrane and the boundary layers can be 
expressed by the mass balance

  −  J  s   =   
ϕ

 __ τ   D   dc ___ dx   −  J  w  c  (5)

where the porosity, ϕ, and the tortuosity, τ, in the boundary layers on the membrane surfaces 
equals unity. D is the diffusion coefficient of salt (NaCl). Inserting the water flux in Eq. (2) and 
the salt flux in Eq. (3) into the mass balance in Eq.(5) and evaluating the transport of water 

Figure 2. Concentration profile over the membrane and boundary layers.
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and salt in the different transport zones results in five equations containing five unknown 
parameters, Js, Jw, cfm, cp and csm. After some rearrangement, the following expression for the 
concentration difference across the skin, Δcs can be found:

  ∆ c  skin   =   
 c  s   −  c  f    e    {  

 (S+ d  s  + d  f  )  J  w  
 _________ D  }  
  _______________  

 e    (  
 d  s   J  w  

 ____ D  )   +   B __  J  w     ( e    {  
 (S+ d  s  + d  f  ) 

 ________ D  }   − 1) 
    (6)

The equation relates the concentration difference of salt over the membrane skin to the bulk 
concentrations of salt, and furthermore to the characteristic membrane parameters, as well as 
the boundary layer thickness on each side, ds and df, respectively. The structure parameter, S, 
of the membrane support is defined as

  S =   τ __ φ   ∆ x  mem    (7)

where Δxmem is the thickness of the support membrane that for practical purpose will equal the 
measured membrane thickness. The salt flux can be found by multiplying Eq. (6) by B.

The water flux can be found by combining Eqs. (2), (4) and (6) giving

   J  w   = A 
⎛
 ⎜ 

⎝
iRT   
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 (S+ d  s  + d  f  ) 
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   − ∆p

⎞
 ⎟ 

⎠
   (8)

which is valid when the salt water faces the skin side of the membrane, i.e. PRO mode.

2.2. Pressure dependency of the structure parameter

The left sketch in Figure 3 illustrates the cross section of a PRO membrane at zero trans-mem-
brane pressure. The support membrane rests on the top of the filaments of the feed spacer. 
The contact area between the membrane and the spacer will in such case be low, and the pres-
ence of the spacer material has little or no impact on the mass transfer. An eventual impact 
will be included in the structure parameter determined by modelling of isobaric experiments.

When pressure is applied on the skin side in a PRO experiment the pressure will exert a force on 
the membrane, such that feed spacer will be squeezed into the support membrane. This situation 
is illustrated in Figure 3 (right sketch). As a result, the membrane may be deformed, and the con-
tact area between the membrane and the feed spacer might increase. Furthermore, the properties 
of the support structure, such as porosity and interconnections between pores, might be affected. 
The net effect of these phenomena can be modelled as an increased structure parameter.

A simple equation has been developed in order to illustrate the pressure dependency on the 
structure parameter and the implicit effect on the water flux:

  S =  S  0     
1 ___________  1 −  (F∆p / ∆ p  ref  )     (9)

where S0 is the structure parameter at zero trans-membrane pressure, Δp. Arbitrarily values for 
the constant F were selected, and constant Δpref was set to 10.6 bar. As shown in Figure 4, the 
increase in the structure parameter is modest at low trans-membrane pressures, but increases 
rapidly at higher pressures. The water flux will be reduced when the structure parameter 
increases. The effect is more pronounced for higher F values.
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3. Experimental

3.1. Apparatus

All results presented in this work were obtained from measurements performed with two small 
cross-flow units as illustrated in Figure 5. Two membrane cells with different effective mem-
brane area of 6.1 and 9.5 cm2, respectively, were applied. The channel width was 1.1 cm and the 
depth of the draw channel was 0.07 cm for both cells. The depths of the feed channels for the two 
different cells were 0.1 and 0.05 cm, respectively. The draw channels were filled with a 0.07 cm 
thick diamond spacer, whereas different types of spacers were used in the feed channels.

Both feed and draw solution were pumped through the cross-flow cell using dual-piston 
pumps with displacement volumes of approximately 10 ml/stroke. The fluids were fed into 
the pumps from reservoirs placed on balances, and subsequently recycled back to the reser-
voirs. The cross-flow cells and up-stream tubing were immersed in temperature controlled 
water baths to maintain the temperature at 20°C during the experiments. The pressures, p, the 

Figure 3. PRO membrane and spacer material at isobaric conditions (left) and pressurised conditions (right). The pores 
(illustrated by white circles) in the support membrane and possible reinforcement are interconnected giving continuous 
transport paths.

Figure 4. Structure parameters modelled as function of trans membrane pressure according to Eq. (9).
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temperature in the water bath, T, and the readings of the balances, mi, were monitored and 
logged at regular intervals, t. An inline conductivity cell enabling the determination of the salt 
concentration in the fresh water, c, was not used in the present experiments.

3.2. Membranes and feed water spacers

The membranes used in this study include one CTA membrane and two TFC membranes 
(TFC1 and TFC2) from Hydration Technology Inc. and one TFC membrane (TFC3) from Nitto 
Denko. It should be noted that TFC1 and TFC2 are the first and second generation of the same 
membrane.

A relatively coarse tricot spacer with 0.5 mm thickness has been used as feed water spacer in 
our standard test protocols. In addition, some experiments were performed with a finer tricot 
spacer with 0.25 mm thickness. Photos of both types of spacers are shown in Figure 4.

3.3. Test protocol

The salt water solutions were made by dissolving NaCl (p.a.) in degassed (vacuum) and puri-
fied water. Degassed and purified water was also used as feed solution in the PRO experi-
ments, and for all pre-treatment and rinsing steps.

If prescribed by the manufacturer, the membranes were pre-treated by immersion in a fluid 
of composition specified by the membrane manufacturer (often 50 vol. % methanol) for a 
prescribed time (typically 30 to 300 seconds). Subsequently, the samples were immersed in 
purified water for minimum 60 minutes prior to assembly in one of the membrane cells. The 
membranes that were not pre-conditioned were immersed in purified water prior to assembly 
in one of the membrane cells, in some cases combined with vacuum degassing of the sample.

Figure 5. Simplified flow diagram for the two cross flow apparatuses used in the study.
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A relatively coarse tricot spacer with 0.5 mm thickness has been used as feed water spacer in 
our standard test protocols. In addition, some experiments were performed with a finer tricot 
spacer with 0.25 mm thickness. Photos of both types of spacers are shown in Figure 4.

3.3. Test protocol

The salt water solutions were made by dissolving NaCl (p.a.) in degassed (vacuum) and puri-
fied water. Degassed and purified water was also used as feed solution in the PRO experi-
ments, and for all pre-treatment and rinsing steps.

If prescribed by the manufacturer, the membranes were pre-treated by immersion in a fluid 
of composition specified by the membrane manufacturer (often 50 vol. % methanol) for a 
prescribed time (typically 30 to 300 seconds). Subsequently, the samples were immersed in 
purified water for minimum 60 minutes prior to assembly in one of the membrane cells. The 
membranes that were not pre-conditioned were immersed in purified water prior to assembly 
in one of the membrane cells, in some cases combined with vacuum degassing of the sample.

Figure 5. Simplified flow diagram for the two cross flow apparatuses used in the study.
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After assembly, a hydraulic water permeability test was performed. The water flux was mea-
sured for minimum four pressure steps, ranging from 1 to 10 bar. Each pressure step lasted for 
minimum 1 hour. Subsequently, two independent osmotic flow experiments were performed 
at isobaric conditions. The first experiment was performed in FO mode, i.e. draw solution 
against the membrane support, followed by a second experiment in PRO mode, i.e. draw 
solution against the membrane skin. The cross-flow cell and tubing was flushed with purified 
water between each experiment.

3.4. Experimental conditions

For the osmotic experiments, the flow velocities (based on open channel) were 1.08 and 
0.76 cm/s for the draw channel and the feed channel, respectively, unless stated otherwise. 
These flow velocities are in the same order as expected flow velocities in a full-scale mem-
brane module for sea water/fresh water PRO. For the hydraulic water permeability experi-
ments, purified water was supplied to both sides of the membrane.

During the osmotic experiments both sides of the membrane were conditioned at ambient pres-
sure by bypassing the back-pressure valve shown in Figure 5. During the hydraulic water per-
meability experiments, and some of the PRO experiments, the back-pressure valve was used 
to regulate the applied pressure on the draw side. However, most PRO experiments were per-
formed using a closed draw solution loop instead of the back-pressure valve. The closed draw 
solution loop was continuously pressurised by the volume increase in the draw solution loop.

4. Data analyses and modelling

4.1. Flux and permeability calculations

The water flux was determined based on mass changes in the feed reservoirs. The reported 
water fluxes were estimated based on the initial phase in each experiment, i.e. during the first 1 
to 2 hours, before dilution of the draw solution and salt accumulation in the feed solution influ-
enced the mass transport. Hydraulic water permeabilities were calculated from the hydraulic 
permeability experiments. The salt fluxes were determined by potentiometric analyses of Cl− 
ions in a sample collected in the feed reservoir at the end of each experiment. The measured 
average salt fluxes were corrected to initial conditions using the ratio between initial and aver-
age salt concentration differences across the membrane.

4.2. Determination of A, B and S from isobaric osmotic flow experiments

A, B and S were determined for each membrane by modelling of two isobaric osmotic flow experi-
ments (Δp = 0). The two experiments, one performed in FO mode and one in PRO mode, produced 
one water flux and one salt flux each that were used as input to the transport model described in 
Section 2. Further, A, B and S was determined as the combination of parameters resulting in the 
minimum sum of squared relative deviations between measured and modelled fluxes. Of the four 
fluxes that were obtained from the two osmotic flow experiments, three of them are independent, 
which corresponds to the minimum degrees of freedom required for the parameter estimation. 
All experiments were modelled by using a boundary layer thickness of 40 μm [26].
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4.3. Modelling of PRO experiments

In order to assess the specific power production as function of applied pressure each experi-
ment was divided into pressure steps. The water and salt fluxes, and the salt concentrations 
on both sides of the membrane, were calculated by mass balances for each pressure step, using 
the membrane parameters determined for the applied membrane, according to Section 4.2.

4.4. Determination of pressure dependency of the structure parameter

In order to assess the pressure dependency of the structure parameter, S was allowed to increase 
with pressure. Thus, the modelling procedure described in Section 4.2 was repeated for each 
pressure step. However, with the distinction that A and B were kept constant and equal to the 
values determined at isobaric conditions, whereas only the structure parameter was fitted to 
minimise the sum of squared relative deviations between measured and modelled fluxes.

5. Results and discussion

5.1. Modelling of PRO experiments with constant S

Figure 7 shows the water flux and specific power as function of trans-membrane pressure for 
two CTA membranes with imbedded reinforcement. The membranes originated from two 
different production batches. Symbols correspond to experimental data, whereas lines corre-
spond to modelled values which are based on the characteristic membrane parameters deter-
mined from the osmotic flow experiments.

It can be observed from Figure 7 that the measured water fluxes, and thus the specific power, 
were not very high, which is typical for asymmetric membranes. Furthermore, a significant 
deviation between measured and modelled performance was observed at increasing trans-
membrane pressure.

5.2. Modelling of PRO experiments with pressure dependent S

Figure 8 shows the same experiments as presented in Figure 7 with the distinction that the 
modelled values were obtained by using a pressure dependent structure parameter. The pres-
sure dependent structure parameter obtained for the two CTA membranes is plotted as func-
tion of trans-membrane pressure in Figure 9.

It can be observed that the structure parameter increases significantly with increasing pres-
sure for both membrane samples. Further, the observed variation in the structure parameter 
with trans-membrane pressure resembles the proposed behaviour given by Eq. (10).

Figure 10 shows the water flux and specific power as function of trans-membrane pressure 
for two parallel runs with a TFC membrane with imbedded reinforcement, denoted as TFC1. 
The modelled values were obtained by using a pressure dependent structure parameter. Note 
that the difference in salt concentration across the membrane skin at maximum specific power 
was 26.4 and 28.2 g/l for Experiment 1 and Experiment 2, respectively, which explains the 
observed difference in performance for the two experiments.
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After assembly, a hydraulic water permeability test was performed. The water flux was mea-
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ions in a sample collected in the feed reservoir at the end of each experiment. The measured 
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age salt concentration differences across the membrane.

4.2. Determination of A, B and S from isobaric osmotic flow experiments

A, B and S were determined for each membrane by modelling of two isobaric osmotic flow experi-
ments (Δp = 0). The two experiments, one performed in FO mode and one in PRO mode, produced 
one water flux and one salt flux each that were used as input to the transport model described in 
Section 2. Further, A, B and S was determined as the combination of parameters resulting in the 
minimum sum of squared relative deviations between measured and modelled fluxes. Of the four 
fluxes that were obtained from the two osmotic flow experiments, three of them are independent, 
which corresponds to the minimum degrees of freedom required for the parameter estimation. 
All experiments were modelled by using a boundary layer thickness of 40 μm [26].
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In order to assess the specific power production as function of applied pressure each experi-
ment was divided into pressure steps. The water and salt fluxes, and the salt concentrations 
on both sides of the membrane, were calculated by mass balances for each pressure step, using 
the membrane parameters determined for the applied membrane, according to Section 4.2.
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with pressure. Thus, the modelling procedure described in Section 4.2 was repeated for each 
pressure step. However, with the distinction that A and B were kept constant and equal to the 
values determined at isobaric conditions, whereas only the structure parameter was fitted to 
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It can be observed from Figure 7 that the measured water fluxes, and thus the specific power, 
were not very high, which is typical for asymmetric membranes. Furthermore, a significant 
deviation between measured and modelled performance was observed at increasing trans-
membrane pressure.

5.2. Modelling of PRO experiments with pressure dependent S

Figure 8 shows the same experiments as presented in Figure 7 with the distinction that the 
modelled values were obtained by using a pressure dependent structure parameter. The pres-
sure dependent structure parameter obtained for the two CTA membranes is plotted as func-
tion of trans-membrane pressure in Figure 9.

It can be observed that the structure parameter increases significantly with increasing pres-
sure for both membrane samples. Further, the observed variation in the structure parameter 
with trans-membrane pressure resembles the proposed behaviour given by Eq. (10).

Figure 10 shows the water flux and specific power as function of trans-membrane pressure 
for two parallel runs with a TFC membrane with imbedded reinforcement, denoted as TFC1. 
The modelled values were obtained by using a pressure dependent structure parameter. Note 
that the difference in salt concentration across the membrane skin at maximum specific power 
was 26.4 and 28.2 g/l for Experiment 1 and Experiment 2, respectively, which explains the 
observed difference in performance for the two experiments.
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Figure 11 shows the pressure dependency of the structure parameter for the two experiments 
performed with TFC1. Generally, it was observed that the structure parameter of the TFC1 
membrane was less affected by pressure than the CTA membrane. E.g. at 10 bar the S value of 
the TFC1 membrane was doubled compared to isobaric conditions, whereas the increase in S 
value at 10 bar for the CTA membrane was in the range of 400%.

5.3. Impact of flow velocity on the pressure dependency of S

Table 1 summarises a series of PRO experiments, each performed with different cross-
flow velocities and using the membrane denoted TFC2. Experiments 5 and 9 were both 
performed at standard conditions. The maximum specific power, Pmax, and the difference 
in salt concentration across the membrane at maximum specific power, Δc at Pmax, are given 
in the table, as well as the pressure found by extrapolation of the water flux vs. the trans-
membrane pressure curve to zero water flux, posm. The latter is commonly referred to as the 
practical osmotic pressure.

Figure 7. Water flux and specific power as function of trans-membrane pressure for CTA membranes. Modelled values 
were obtained by applying constant structure parameter determined at isobaric conditions.

Figure 6. Top view of the tricot spacers used in the feed channel. Left: coarse spacer of 0.5 mm thickness. Right: Fine 
spacer of 0.25 mm thickness. Photos are shown at the same scale.
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All experiments were modelled according to the procedure described in Section 4.4, and the 
respective pressure dependent structure parameters are shown in Figure 12.

From the reported specific power data in Table 1 it was observed that the TFC2 membrane 
(second generation) performed significantly better than the TFC1 membrane (first genera-
tion). Further, the results from Experiment 5 and Experiment 9 performed at identical condi-
tions are very similar and indicate good reproducibility.

Comparing the pressure dependency of the structure parameter for the two different TFC 
membranes in Figure 12 and Figure 11, it was observed that the structure parameter of the 
TFC2 membrane was less influenced by increasing trans-membrane pressure. Further, the 

Figure 8. Water flux and specific power as functions of trans-membrane pressure for CTA membranes. Modelled values 
were obtained by applying a pressure dependent structure parameter.

Figure 9. Modelled structure parameter as function of trans-membrane pressure for CTA membranes.
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increase in structure parameter with increasing trans-membrane pressure was observed to 
have relatively identical slopes for all experiments performed with the TFC2 membrane. 
Additionally, the structure parameter was observed to decrease at increasing flow velocities.

udraw ufeed Pmax Δc at Pmax posm

Exp. (cm/s) (cm/s) (W/m2) (g/L) (bar)

5 1.08 0.76 3.4 27.2 18.5

6 1.62 1.14 3.8 27.4 18.8

7 2.16 1.52 4.0 27.2 19.5

8 3.25 2.27 4.2 27.4 19.5

9 1.08 0.76 3.4 27.4 18.5

Table 1. Summary of PRO experiments performed with the TFC2 membrane and variable cross-flow velocities.

Figure 10. Water flux and specific power as functions of trans-membrane pressure for the TFC1 membrane. Modelled 
values were obtained by applying a pressure dependent structure parameter.

Figure 11. Structure parameters as functions of trans-membrane pressure for the TFC1 membrane.
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Figure 13 illustrates the membrane and the feed channel in a cross-flow cell. Since the support 
membrane is a porous structure some water might be anticipated to flow in the longitudinal 
direction inside the support membrane as illustrated by the red arrows. The flow velocity 
inside the support membrane and the penetration depth for the longitudinal flow inside the 
support will depend on the cross-flow rate, as well as both the flow resistance in the spacer 
material and in the support membrane, respectively.

For low cross-flow rates and for feed spacers with low pressure drop, the pressure gradient 
in the feed channel will be small, and little or no water will flow in the longitudinal direction 
inside the support membrane. At higher cross-flow rates, the pressure gradient in the mem-
brane support will increase, and a significant flow of water inside the support membrane may 
occur. This will reduce the magnitude of the structure parameter since the effective diffusion 
length will be reduced when the support structure become more saturated.

Even if high cross-flow velocities may improve mass transfer through the membrane by the 
effects discussed above, such measure will require increased pumping energy and addition-
ally result in lower utilisation of the feed solution. It should be noted that large pressure 
losses are unacceptable in sea water/fresh water PRO, and sufficiently low pressure losses are 
important factors to be considered during development and design of membrane modules for 
application in PRO plants.

5.4. Impact of spacer selection on the pressure dependency of S

Table 2 summarises results from PRO experiments performed with the TFC3 membrane that 
was produced without fabric reinforcement.

Two different feed spacers having different thickness and structure were tested. Both spac-
ers were of the tricot type. The feed spacer of 0.25 mm thickness had a much finer structure 
with smaller distance between the filaments (cf. Figure 6). Note that experiments 12–15 were 
performed with the same membrane sample, and between each experiment the membrane cell 
was opened in order to enable replacement of the feed spacer. Further, a Hirose Histar 15-TH48 
(HH 15-TH48) non-woven fabric was placed between the membrane and the feed spacer in 

Figure 12. Pressure dependent structure parameters as functions of trans-membrane pressure for the TFC2 membrane.
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order to assess if improved support to the membrane did influence membrane compaction, and 
the resulting increase in the structure parameter. Experiments 10 and 11 were performed with 
different membrane samples. The pressure dependent structure parameter was calculated for 
each experiment according to the procedure described in Section 4.4 and is shown in Figure 14.

The modelled structure parameter in the experiments performed with the 0.5 mm thick spacer 
was observed to increase more rapidly with increasing pressure compared to the experiments 
performed with the less coarse spacer of 0.25 mm thickness. Comparing the two experiments 
performed with the 0.5 mm spacer it was observed that the introduction of the extra non-woven 
fabric reduced the observed pressure dependency of the structure parameter. This indicates 
that improving the support for the membrane does influence the compaction of the membrane 
structure and the resulting increase in the structure parameter at elevated pressures.

The positive impact on the pressure dependency of the structure parameter by including the 
extra non-woven fabric was also observed for the experiments performed with the 0.25 mm 
feed spacer. The structure parameter of the fabric was estimated to 0.13 mm by performing 
independent salt diffusion experiments. The additional transport resistance exerted by the 
non-woven fabric can be recognised in the modelled structure parameter as the reinforcement 
layer ideally should add 0.13 mm to the isobaric structure parameter. This increment was not 
observed in Experiment 12; however, the deviation is within the expected uncertainty found 
in the pressure dependent structure parameters.

In Experiment 15, the feed spacer was inverted such that the “flat” side was facing the mem-
brane, resulting in a slightly higher structure parameter compared to the experiments per-
formed with normal orientation of the spacer.

Pmax Δc at Pmax posm Feed water

Exp. (W/m2) (g/L) (bar) spacer Extra fabric Comment

10 3.5 28.1 14.7 0.50 mm None

11 4.5 27.4 18.0 2·0.25 mm None

12 4.6 27.1 19.0 2·0.25 mm HH 15-TH48

13 4.9 28.1 21.5 2·0.25 mm HH 15-TH48

14 4.3 28.3 20.0 0.50 mm HH 15-TH48

15 4.6 28.1 21.7 2·0.25 mm HH 15-TH48 Spacer inv.

Table 2. Summary of PRO experiments with the TFC3 membrane.

Figure 13. Flow conditions in the fresh water channel and support membrane.
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These results show that the extent of support for the membrane is crucial for the PRO perfor-
mance. It was observed that the coarser spacer resulted in both a faster and a larger increase in the 
structure parameter at increasing pressure, compared to the more fine-structured spacer provid-
ing more support to the membrane. Similar behaviour has been observed in multiple experiments 
performed with different types of PRO membranes, and agrees well with recent literature [27]. 
The effect of introducing the extra reinforcement was observed to be larger for the coarser spacer.

5.5. Proposed measures to improve PRO performance at elevated pressures

In order to promote a high specific power in sea water/fresh water PRO, the structure param-
eter must be low, preferably less than 0.5 mm. The isobaric structure parameters measured for 
many existing membranes are well below this value. However, when pressurised, an exces-
sive increase in the structure parameter have been observed for many potentially good PRO 
membranes. An improved strength of the support membrane which is more resistant to com-
pression will therefore be required.

The results in Figure 14 suggest that one approach to reduce the pressure dependency of the 
structure parameter might be to apply fine textured feed spacers. However, this will result in 
increased pressure drop in the feed channel, which might drastically reduce the net produced 
power in a PRO plant. Even the relatively coarse 0.5 mm feed spacer used in the present work 
will result in an unacceptable pressure loss. Thus, it should be investigated if it is possible 
to cast the support membrane directly on a feed spacer, possibly a fine textured tricot type. 
Supposing that this is viable, two membrane sheets may be separated by e.g. a simple dia-
mond type spacer ensuring reasonable low frictional losses.

5.6. Uncertainty in experiments and modelling

The calculation of pressure dependent structure parameters in this paper were based on 
the assumption that the water and salt permeability were independent of the applied pres-
sure, which may appear to be somewhat contradictory to part of the literature [18, 19]. 
Nevertheless, our assumption is based on several arguments. (1) In the presented work, the 

Figure 14. Structure parameter as function of trans-membrane pressure for the TFC3 membrane.
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order to assess if improved support to the membrane did influence membrane compaction, and 
the resulting increase in the structure parameter. Experiments 10 and 11 were performed with 
different membrane samples. The pressure dependent structure parameter was calculated for 
each experiment according to the procedure described in Section 4.4 and is shown in Figure 14.

The modelled structure parameter in the experiments performed with the 0.5 mm thick spacer 
was observed to increase more rapidly with increasing pressure compared to the experiments 
performed with the less coarse spacer of 0.25 mm thickness. Comparing the two experiments 
performed with the 0.5 mm spacer it was observed that the introduction of the extra non-woven 
fabric reduced the observed pressure dependency of the structure parameter. This indicates 
that improving the support for the membrane does influence the compaction of the membrane 
structure and the resulting increase in the structure parameter at elevated pressures.

The positive impact on the pressure dependency of the structure parameter by including the 
extra non-woven fabric was also observed for the experiments performed with the 0.25 mm 
feed spacer. The structure parameter of the fabric was estimated to 0.13 mm by performing 
independent salt diffusion experiments. The additional transport resistance exerted by the 
non-woven fabric can be recognised in the modelled structure parameter as the reinforcement 
layer ideally should add 0.13 mm to the isobaric structure parameter. This increment was not 
observed in Experiment 12; however, the deviation is within the expected uncertainty found 
in the pressure dependent structure parameters.

In Experiment 15, the feed spacer was inverted such that the “flat” side was facing the mem-
brane, resulting in a slightly higher structure parameter compared to the experiments per-
formed with normal orientation of the spacer.
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13 4.9 28.1 21.5 2·0.25 mm HH 15-TH48

14 4.3 28.3 20.0 0.50 mm HH 15-TH48
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Table 2. Summary of PRO experiments with the TFC3 membrane.

Figure 13. Flow conditions in the fresh water channel and support membrane.
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structure parameter at increasing pressure, compared to the more fine-structured spacer provid-
ing more support to the membrane. Similar behaviour has been observed in multiple experiments 
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The effect of introducing the extra reinforcement was observed to be larger for the coarser spacer.
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sive increase in the structure parameter have been observed for many potentially good PRO 
membranes. An improved strength of the support membrane which is more resistant to com-
pression will therefore be required.

The results in Figure 14 suggest that one approach to reduce the pressure dependency of the 
structure parameter might be to apply fine textured feed spacers. However, this will result in 
increased pressure drop in the feed channel, which might drastically reduce the net produced 
power in a PRO plant. Even the relatively coarse 0.5 mm feed spacer used in the present work 
will result in an unacceptable pressure loss. Thus, it should be investigated if it is possible 
to cast the support membrane directly on a feed spacer, possibly a fine textured tricot type. 
Supposing that this is viable, two membrane sheets may be separated by e.g. a simple dia-
mond type spacer ensuring reasonable low frictional losses.

5.6. Uncertainty in experiments and modelling

The calculation of pressure dependent structure parameters in this paper were based on 
the assumption that the water and salt permeability were independent of the applied pres-
sure, which may appear to be somewhat contradictory to part of the literature [18, 19]. 
Nevertheless, our assumption is based on several arguments. (1) In the presented work, the 

Figure 14. Structure parameter as function of trans-membrane pressure for the TFC3 membrane.
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PRO experiments were performed with a tricot type feed spacer that has been found to result 
in the lowest variation in the modelled membrane parameters due to variations in trans-
membrane pressures [19], and (2) initial water permeability tests using pressures up to 10 bar 
were performed prior to all PRO experiments. Thus, any membrane deformation that could 
be expected to influence the skin properties of the membrane as a result of pressurisation 
should have occurred during the water permeability tests. And (3) the obtained water perme-
ability that were calculated at several pressure steps for each membrane were found to be 
independent of trans-membrane pressure.

At the end of each PRO experiment the amount of salt on the feed side was determined and 
compared with the amount of salt calculated by using the transport model. If an excess of salt 
was determined this was attributed to a hydraulic leakage, and subsequently a leakage volume 
was calculated by assuming zero salt rejection for the leakage. A leakage permeability, Aleak, was 
calculated based on the leakage volume, duration of the experiment, and average pressure dur-
ing the experiment. The leakage permeabilities determined for the various experiments are given 
in Table 3. The total leakage volume was distributed for each pressure step based on the duration 
and average pressure of the step. The salt concentrations on each side of the membrane were 
subsequently recalculated resulting in new water and salt fluxes, and finally an updated value of 
excess salt was determined. The calculations converged quickly, and the excess salt was normally 
low, indicating no (negative leakage volume and thus negative ratio) or only minor leakages.

6. Conclusions

The pressure dependency of the structure parameter in PRO has been investigated for flat 
sheet membranes, and a transport model including procedures for determination of the pres-
sure dependency of the structure parameter have been presented.

The results from laboratory experiments show that the structure parameter increases sig-
nificantly with increasing trans-membrane pressure. This was the case both for the CTA 
membrane and the three TFC membranes that were tested, however, the impact of pressure 
on the structure parameter was found to be larger for the CTA membrane. Furthermore, 

Aleak/A Aleak/A Aleak/A

Exp. (%) Exp. (%) Exp. (%)

1 4.9 6 0.1 11 −3.1

2 4.2 7 −0.5 12 0.1

3 5.7 8 −0.6 13 −0.3

4 2.8 9 −1.0 14 0.1

5 0.2 10 −2.5 15 −0.1

Table 3. Hydraulic leakage relative to water permeability.

Osmotically Driven Membrane Processes - Approach, Development and Current Status126

the increase in the structure parameter was observed to depend on the type of feed spacer. 
Using a finely textured spacer of the tricot type reduced the impact of pressure on the struc-
ture parameter in comparison to a coarser spacer material. Applying a non-woven backing 
material between the membrane and the fresh water spacer was also observed to reduce the 
impact of pressure on the structure parameter. These results show that developing mem-
branes with sufficiently low structure parameter for pressures relevant for PRO will rely on 
the membrane’s ability to resist deformation during compression. The type of feed spacer is 
another factor which is crucial to avoid deformation and the resulting increase in the struc-
ture parameter at elevated pressures.

The results also showed that increased flow velocities in the feed channel and the draw channel, 
respectively, will improve the mass transfer of water through the membrane. This might be 
partly ascribed to reduced concentration polarisation on the membrane surfaces. It is also sug-
gested that high pressure gradients in the feed channel may result in convective flow in parts 
of the support membrane, improving the mass transfer conditions further. However, large fric-
tional losses in the flow channels, will drastically reduce the net produced power in a sea water/
fresh water PRO plant, and must be avoided. This will limit the choice of feed spacers that can 
be used for PRO.

Nomenclatures

A water permeability (m/s/Pa)

Aleak hydraulic leakage permeability (m/s/Pa)

B salt permeability (m/s)

cf bulk concentration at the fresh water side (g/l)

cfm surface concentration at the fresh water side (g/l)

cp concentration at the interface between the skin and the porous support (g/l)

cs bulk concentration at the salt water side (g/l)

csm surface concentration at the salt water side (g/l)

Δcskin concentration difference across the membrane skin (= csm − cp) (g/l)

D diffusion coefficient (m2/s)

ds salt water film thickness (m)

df freshwater film thickness (m)

F constant in Eq. (10)

i corrected van’t Hoff coefficient (−)
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ture parameter in comparison to a coarser spacer material. Applying a non-woven backing 
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impact of pressure on the structure parameter. These results show that developing mem-
branes with sufficiently low structure parameter for pressures relevant for PRO will rely on 
the membrane’s ability to resist deformation during compression. The type of feed spacer is 
another factor which is crucial to avoid deformation and the resulting increase in the struc-
ture parameter at elevated pressures.

The results also showed that increased flow velocities in the feed channel and the draw channel, 
respectively, will improve the mass transfer of water through the membrane. This might be 
partly ascribed to reduced concentration polarisation on the membrane surfaces. It is also sug-
gested that high pressure gradients in the feed channel may result in convective flow in parts 
of the support membrane, improving the mass transfer conditions further. However, large fric-
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JV volume flux (m/s)

Jw water flux (m/s)

Js salt flux (mol/m2/s)

P specific power (W/m2)

Pmax maximum specific power (W/m2)

posm practical osmotic pressure (bar)

Δp trans-membrane pressure (bar)

Δpmax maximum trans-membrane pressure (bar)

Δpref reference pressure in Eq. (10) (bar)

Qwater,in volumetric flow of water entering a module (−)

Qwater,out volumetric flow of water exiting a module (−)

R universal gas constant (J/K/mol)

S structure parameter (m)

S0 isobaric structure parameter (m)

T absolute temperature (K)

udraw empty channel velocity at draw side (cm/s)

ufeed empty channel velocity at feed side (cm/s)

x direction perpendicular to the membrane surface (m)

Δxmem membrane thickness (m)

Greek letters

τ tortuosity (−)

ϕ porosity (−)

Δπskin osmotic pressure difference across the membrane skin (bar)
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Abstract

Despite the tremendous progress made toward the realization of wider application for
forward osmosis (FO) technologies, lack of suitable draw solutes that provide high
water flux, low reverse solute flux, and facile recovery has hindered commercial devel-
opment. An extensive variety of osmotic agents have been investigated during the past
decade, and while simple inorganic salts remain the most widely used, organic-coated
magnetic nanoparticles (MNPs) offer exploitable properties that hold great promise. In
addition to size-mitigated reverse flux and low-cost recovery via magnetic separation,
devitalized MNPs provide enhanced osmotic performance when compared to that of
the ungrafted coating material at similar concentration levels, a consequence of greater
nonideal solution behavior. This nonideality has been assessed using a simple, semiem-
pirical model and is largely attributable to the increased solvent-accessible surface area
and enhanced hydration. When attached to MNPs, polymers appear to behave osmoti-
cally as much smaller molecules, providing higher osmotic pressures and improved FO
performance.

Keywords: forward osmosis, nonideality, draw solute, magnetic nanoparticles,
counterion binding

1. Introduction

Forward osmosis (FO) exploits the natural osmotic pressure gradient between two fluids
separated by a semi-permeable membrane to induce the net transport of solvent from a
solution of lower osmotic pressure to that of higher osmotic pressure. The FO process appears
to provide a low-energy, low-cost alternative to more conventional membrane-based separa-
tion methods and offers a myriad of potential applications in industries as diverse as desalina-
tion, oil and gas, and food processing [1, 2]. Despite advances made in FO during the past
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Abstract

Despite the tremendous progress made toward the realization of wider application for
forward osmosis (FO) technologies, lack of suitable draw solutes that provide high
water flux, low reverse solute flux, and facile recovery has hindered commercial devel-
opment. An extensive variety of osmotic agents have been investigated during the past
decade, and while simple inorganic salts remain the most widely used, organic-coated
magnetic nanoparticles (MNPs) offer exploitable properties that hold great promise. In
addition to size-mitigated reverse flux and low-cost recovery via magnetic separation,
devitalized MNPs provide enhanced osmotic performance when compared to that of
the ungrafted coating material at similar concentration levels, a consequence of greater
nonideal solution behavior. This nonideality has been assessed using a simple, semiem-
pirical model and is largely attributable to the increased solvent-accessible surface area
and enhanced hydration. When attached to MNPs, polymers appear to behave osmoti-
cally as much smaller molecules, providing higher osmotic pressures and improved FO
performance.

Keywords: forward osmosis, nonideality, draw solute, magnetic nanoparticles,
counterion binding

1. Introduction

Forward osmosis (FO) exploits the natural osmotic pressure gradient between two fluids
separated by a semi-permeable membrane to induce the net transport of solvent from a
solution of lower osmotic pressure to that of higher osmotic pressure. The FO process appears
to provide a low-energy, low-cost alternative to more conventional membrane-based separa-
tion methods and offers a myriad of potential applications in industries as diverse as desalina-
tion, oil and gas, and food processing [1, 2]. Despite advances made in FO during the past
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decade, several challenges must still be overcome before more widespread relevance of the
technology can be realized [3]. Recently, Shaffer et al. [4] provided a thermodynamic argument
showing that FO-reverse osmosis (RO) desalination schemes cannot provide energy savings
when compared to standalone RO. Although FO technology has been applied to a variety of
water treatment strategies, draw solute inadequacies restrict its wider application [5, 6]. Miti-
gation of these inadequacies requires identification of draw solutions that achieve high osmotic
pressure while minimizing reverse solute flux and also providing ease of recovery; the need for
osmotic agents that allow for facile, inexpensive recovery remains paramount [7].

During the past decade, researchers have primarily focused their efforts in two areas, FO
membrane production and draw solute identification. While considerable progress has been
made toward the development of inexpensive and more robust membranes [8, 9], few com-
mercially viable osmotic agents have been identified [10]. Desirable properties of the ideal
osmotic agent are that it be nontoxic, inexpensive, stable, and highly water-soluble. In addi-
tion, the agent should have limited reverse draw solute flux, reduce internal concentration
polarization (ICP), and be easily recoverable. Some osmotic agents and recovery schemes
investigated to date include using inorganic salts with recovery by RO [11]; using poly(sodium
acrylate) with recovery by ultrafiltration (UF) [12]; using thermoresponsive chitosan deriva-
tives with recovery by aggregation at elevated temperature [13]; using ammonia-carbon diox-
ide with recovery by thermal separation [14]; using poly(N-isopropylacrylamide-co-acrylic
acid) with recovery by heating and centrifugation [15]; using surfactants with recovery by UF
[16]; and, using polyelectrolyte-based hydrogels with recovery by elevated temperature and
pressure [17]. A critical review of what the authors term non-responsive and responsive draw
solutes was recently provided by Cai and Hu [7].

Because they meet several of the aforementioned criteria, low reverse draw flux and easy
recovery in particular, functionalized magnetic nanoparticles (MNPs) have garnered much
attention as potential osmotic agents [18]. These MNPs typically incorporate a superpara-
magnetic core of Fe3O4, with a magnetization value of 75.0 emu g�1 [19], onto which organic
content is coated. Among the grafting agents that have been affixed to MNPs and investigated
in FO processes are 2-pyrrolidine, triethylene glycol, and poly(acrylic acid) [20]; dextran [21];
poly(ethylene glycol) diacid [22]; poly(sodium acrylate) [23–25]; poly(sodium styrene-4-sulfo-
nate) and poly(N–isopropylacrylamide) [26]; citrate [27]; hyperbranched polyglycerol [28];
and, citric acid and oxalic acid [19]. A primary advantage of using MNPs is their ease of
recyclability through magnetic separation, although particle aggregation has been shown to
diminish FO water flux values after multiple regeneration cycles [10]. Another benefit of
derivatized MNPs is that they have been shown to provide higher osmotic pressures when
compared to solutions of the organic grafting agents alone [20], an enhancement attributable to
increased solution nonideality.

A solution behaves ideally when: (1) solute/solute, solvent/solvent, and solvent/solute interac-
tions are identical and (2) all solute and solvent molecules occupy the same volume. Real
solutions deviate from ideality due to an energetic nonequivalence in one or more of these
interactions and/or volume occupancies are not identical. In aqueous solution, water molecules
exhibit particularly strong hydrogen bonding with various organic functional groups, carbox-
ylate moieties in particular [29]. Factors such as hydration, ion-pairing, and dimerization can
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be significant contributors to thermodynamic nonideality [30] and can dramatically impact the
osmotic performance of FO draw solutions.

A variety of models have been developed to explain the interesting osmotic behavior of concen-
trated solutions of proteins and other biological molecules [31–34]. The nonideal solution behav-
ior of large biological molecules can lead to extreme changes in osmotic pressure. As an example,
at a fixed protein concentration, the osmotic pressures of bovine serum albumin (BSA) solutions
display greater than fivefold changes in the range 3 < pH < 8 [32]. Such nonideality is generally
attributable to variations in solvent-accessible surface area and polymeric segmental motion [35].
Models that adequately describe nonideal behavior in BSA and other polymer solutions provide
a basis for explaining the unique osmotic properties of MNPs used in FO.

2. Osmotic theory

In order to function effectively as a draw agent in FO, the osmotic pressure of the draw
solution must far exceed that of the feed solution. In terms of desalination, the draw must have
an osmotic pressure significantly in excess of 7.7 atm in the case of a brackish feed, and in
excess of 27 atm in the case of a seawater feed [4]. Because of their abilities to achieve high
osmotic pressures while maintaining low solution viscosities, simple inorganic salts remain the
most widely used draw agents. In addition, small ions tend to have greater diffusivity values
thus moderating the effect of concentrative ICP. The strong affinity of small inorganic ions for
water is revealed in their highly exothermic enthalpies of hydration [36]. This strong affiliation
serves to significantly lower the chemical potential of water in draw solutions. Strong solvent/
solute interactions provide high solution osmotic pressures while paradoxically making the
regeneration of draw solute more difficult. Resolving this paradox has spurn interest in the
development of easily removable draw agents that allow for regeneration through exploitation
of solute size, thermal sensitivity, or magnetic properties. Of course, to be effective in FO
processes these solutes must still provide appreciable osmotic pressure. Interestingly, struc-
tural features of various macromolecular species and molecular aggregates that allow for easy
removal from aqueous solution can also serve to enhance osmotic pressure through nonideal
solvent/solute interactions.

2.1. Osmotic pressure and FO water flux

The effects of osmotic pressure, solution viscosity, and molecular/ionic diffusivity on water
flux (Jw) are shown in Eq. (1),

Jw ¼ Dε
tτ

ln
Bþ AπD,m � Jw

Bþ AπF,b
(1)

where D is the diffusion coefficient of the solute (which decreases with solution viscosity); ε, t,
and τ are the porosity, thickness, and tortuosity of the membrane support layer, respectively; B
is the salt permeability coefficient of the membrane active layer; A is the pure water perme-
ability coefficient; πD,m is the osmotic pressure of the draw solution at the membrane surface;
and, πF,b is the osmotic pressure of the feed solution in the bulk [37]. Water flux increases with
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increasing osmotic pressure difference (πD,m � πF,b), however the relationship is nonlinear
because of ICP. As Eq. (1) demonstrates, draw solution osmotic pressure is the principal
driving force in FO processes.

2.2. Thermodynamic basis of osmotic pressure

Consider an FO process using a polymer solution as the osmotic agent. If a polymer solution is
separated from pure water by a semipermeable membrane the movement of water through the
barrier is explained in terms of the chemical potential of the water, μw, under isothermal
conditions, as given in Eq. (2),

μw P;Xð Þ ¼ μo
w P;Xoð Þ þ RTln αwð Þ (2)

where P is pressure, X is solution composition, R is the gas constant, T is temperature, αw is the
activity of water in the solution, and the superscript “o” denotes standard conditions. For the
derivation that follows αw will be replaced with the mole fraction of water in solution, Xw. In
Figure 1, water spontaneously moves from the left side to the right side because μw, left > μw,right.

Alternatively, it is possible to prevent net water flow by increasing the external pressure on the
polymer solution such that μw, left ¼ μw,right. The amount by which the external pressure is

increased to prevent net flow is termed the osmotic pressure, π, of the draw solution.

As Eq. (2) implies, it is reasonable to differentiate μw in terms of P and Xs (the mole fraction of
solute) to obtain Eq. (3).

Figure 1. Osmotic behavior of an aqueous polymer solution.
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dμw ¼ ∂μw

∂P

� �

T,Xs

dPþ ∂μw

∂Xs

� �

T,P
dXs (3)

The definitions of Gibbs free energy and chemical potential are given by Eqs. (4) and (5),
respectively,

G ¼ H � TS (4)

μw ¼ ∂G
∂nw

� �

T,P,ns
(5)

where H is enthalpy, S is entropy, nw is moles of water, and ns is moles of solute. Application of
fundamental thermodynamics to a two-component solution of water and polymer solute, s,
provides Eq. (6), in which V is the volume of solution.

dG ¼ �SdT þ VdPþ ∂G
∂nw

� �

T,P,ns
dnw þ ∂G

∂ns

� �

T,P,nw
dns (6)

Eq. (6) reveals that under conditions of constant temperature and solution composition, the
derivative of Gibbs free energy with respect to pressure is given by Eq. (7).

∂G
∂P

� �

T,X
¼ V (7)

By differentiating Eq. (5) with respect to pressure, while holding other variables constant,
Eq. (8) is obtained.

∂μw

∂P

� �

T,X
¼ ∂2G

∂P∂nw
(8)

Similarly, by differentiating Eq. (7) with respect to amount of water Eq. (9) is obtained, in
which Vmw is the partial molar volume of water.

∂2G
∂nw∂P

¼ ∂V
∂nw

� �
¼ Vmw (9)

Because of the symmetry of second derivatives, meaning the order of differentiation is incon-
sequential, the partial molar volume of water is also given by Eq. (10).

Vmw ¼ ∂μw

∂P

� �

T,X
(10)

Next, differentiation of an analogous form of Eq. (2) with respect to Xw provides Eq. (11).
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∂μw

∂Xw

� �

T,P
¼ RT

Xw
(11)

Because Xw ¼ 1� Xs and therefore dXw
dXs

¼ �1, Eq. (12) can be obtained.

∂μw

∂Xs

� �

T,P
¼ ∂μw

∂Xw

� �

T,P

dXw

dXs
¼ � RT

1� Xs
(12)

If there is no net flow of water in an apparatus like that depicted in Figure 1, dμw ¼ 0
providing Eq. (13).

∂μw

∂P

� �

T,Xs

dP ¼ � ∂μw

∂Xs

� �

T,P
dXs (13)

Substituting Eqs. (10) and (12) into Eq. (13) and then integrating provides Eq. (14).

ðPoþπ

Po

VmwdP ¼ RT
ðXs

0

dXs

1� Xs
(14)

Assuming the solution is incompressible (meaning that partial molar volume is independent of
pressure) allows for simple integration providing Eq. (15).

π ¼ � RT
Vmw

ln 1� Xsð Þ ¼ � RT
Vmw

ln Xwð Þ (15)

For dilute solutions (Xs ≪ 1 and ns ≪ nw) the approximations in Eqs. (16) and (17) are justified,

ln 1� Xsð Þ ≈ � Xs (16)

Xs ¼ ns
ns þ nw

≈
ns
nw

(17)

which upon substitution into Eq. (15) provides the familiar van’t Hoff equation, Eq. (18).

πV ¼ nsRT (18)

Deviations of solution osmotic pressure data from Eq. (18) are generally attributable to
nonideal solvent-solute and solute-solute interactions. One way of expressing the extent to
which a solution deviates from ideality is through the osmotic coefficient, ϕ, which is defined
on an amount fraction basis in Eq. (19).

ϕ ¼ μo
w � μw

RTlnXw
(19)

The osmotic coefficient is analogous to the activity coefficient and can be defined in terms of
other concentration units. It is often used in conjunction with i, which accounts for dissociation/
ion-pairing, to provide Eq. (20), where Cs is the molar concentration of associated solute.
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π ¼ iφCsRT (20)

Alternatively, and in particularly for polymer solutions, solution osmotic pressure is often
expressed as a power series expansion in Cs as in Eq. (21),

π ¼ RT
Cs

Mr
þ A2C2

s þ A3C3
s þ…

� �
(21)

whereMr is molar mass and A2 and A3 are the second and third virial coefficients, respectively.
These coefficients are temperature dependent, empirically determined constants for a given
solvent system. In terms of the activity of water, αw, osmotic pressure is perhaps best expressed
as shown in Eq. (22).

π ¼ � RT
Vmw

ln αwð Þ (22)

An empirical, semi-empirical, or theoretical methodology can then be used to relate αw in
Eq. (22) to Xw in Eq. (15). Given the significance of Eqs. (15) and (22), it is important to discuss
the factors that effectively reduce the mole fraction of free water through hydration of solute
species. The hydration number of a solute, h, influences Xw as shown in Eq. (23).

Xw ¼ nw � hns
nw � hns þ ins

(23)

In terms of solute molality (Csm), a concentration unit often reported in FO studies, the
hydration number of a solute, h, can be incorporated as shown in Eq. (24),

Csm ¼ ns
Mw � hns � 0:018015ð Þ (24)

whereMw is the total mass of water in the solution in kg. Solutes with greater h values produce
solutions with higher osmotic pressures at a given concentration and are potentially better
draw agents in FO processes, though viscosity considerations are also very important.

2.3. Osmotic pressure of aqueous solutions of inorganic salts

Wilson and Stewart [38] have provided a good discussion of how solution osmotic pressure is
affected by the hydration of simple ionic compounds. The short range interactions between
electron pairs in water molecules and cations lead to h values that can range from, for example,
1.8 for NHþ

4 to 13 for Mg2þ [39]. To illustrate the influence of hydration, consider the compar-
ison of aqueous solutions of NaCl and KCl as osmotic agents. Achilli et al. [11] determined the
concentrations of NaCl and KCl required to achieve a solution osmotic pressure of 44 atm and
also the corresponding Jw values for these solutions. Table 1 provides the results of using
Eqs. (15) and (23), with literature values [40] for h and i, to calculate osmotic pressures. The
sodium ion’s smaller size and corresponding higher charge density impart a larger h value,
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Alternatively, and in particularly for polymer solutions, solution osmotic pressure is often
expressed as a power series expansion in Cs as in Eq. (21),

π ¼ RT
Cs

Mr
þ A2C2

s þ A3C3
s þ…

� �
(21)

whereMr is molar mass and A2 and A3 are the second and third virial coefficients, respectively.
These coefficients are temperature dependent, empirically determined constants for a given
solvent system. In terms of the activity of water, αw, osmotic pressure is perhaps best expressed
as shown in Eq. (22).

π ¼ � RT
Vmw

ln αwð Þ (22)

An empirical, semi-empirical, or theoretical methodology can then be used to relate αw in
Eq. (22) to Xw in Eq. (15). Given the significance of Eqs. (15) and (22), it is important to discuss
the factors that effectively reduce the mole fraction of free water through hydration of solute
species. The hydration number of a solute, h, influences Xw as shown in Eq. (23).

Xw ¼ nw � hns
nw � hns þ ins

(23)

In terms of solute molality (Csm), a concentration unit often reported in FO studies, the
hydration number of a solute, h, can be incorporated as shown in Eq. (24),

Csm ¼ ns
Mw � hns � 0:018015ð Þ (24)

whereMw is the total mass of water in the solution in kg. Solutes with greater h values produce
solutions with higher osmotic pressures at a given concentration and are potentially better
draw agents in FO processes, though viscosity considerations are also very important.

2.3. Osmotic pressure of aqueous solutions of inorganic salts

Wilson and Stewart [38] have provided a good discussion of how solution osmotic pressure is
affected by the hydration of simple ionic compounds. The short range interactions between
electron pairs in water molecules and cations lead to h values that can range from, for example,
1.8 for NHþ

4 to 13 for Mg2þ [39]. To illustrate the influence of hydration, consider the compar-
ison of aqueous solutions of NaCl and KCl as osmotic agents. Achilli et al. [11] determined the
concentrations of NaCl and KCl required to achieve a solution osmotic pressure of 44 atm and
also the corresponding Jw values for these solutions. Table 1 provides the results of using
Eqs. (15) and (23), with literature values [40] for h and i, to calculate osmotic pressures. The
sodium ion’s smaller size and corresponding higher charge density impart a larger h value,
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allowing NaCl solutions to achieve a given osmotic pressure at a lower concentration than KCl
solutions.

In terms of osmotic pressure and corresponding FO performance there are diminishing returns
on using ever-higher concentrations of ionic compounds, especially when increased solution
viscosity is also considered. While hydration numbers tend to increase with increasing cation
charge density, they decrease with increasing concentration, owing in part to increased ion-
pairing, effectively reducing i. The hydration of molecular aggregates or macromolecular
species and its corresponding effect on solution osmotic pressure has also been extensively
studied, especially for systems consisting of poly(ethylene glycol) (PEG), DNA, chondroitin
sulfate, and BSA [31–35, 41, 42]. These studies provide valuable insights into FO processes
using molecular aggregates or macromolecular species as draw agents, especially those incor-
porating MNPs.

2.4. Osmotic properties of aqueous solutions of large organic molecules

In their studies of BSA, Kanal et al. [32] observed that osmotic pressure decreases as solution
pH increases from 3 to approximately 4.6 and then increases with pH. Increases in osmotic
pressure on either side of the minimum are attributed to increased electrostatic repulsive
interactions. At pH values below the isoelectric point (pIBSA = 5.4), the protein adopts a net
positive charge along its surface. At pH values above pIBSA, it is net negative. Electrostatic
repulsion leads to a less compact protein conformation, greater segmental motion, more
effective hydration, and higher osmotic pressures. Near the isoelectric point, the net-neutral
protein strands adopt a more compact configuration, are less hydrated, and even tend to
aggregate due to reduced intermolecular repulsion. The osmotic nonideality of BSA solutions
is generally attributable to two sources: (1) large solvent/solute interactions that effectively
increase polymer hydration (h) and (2) segmental motion of small portions of the polymer
chains that effectively increase the number of particles in solution (i). Similar sources of
nonideal behavior were also used to describe the osmotic properties of aqueous solutions of
PEG [31, 43, 44].

The hydration of PEG of molecular weight 2000 Da (PEG2000), both unattached and attached to
distearoyl phosphoethanolamine liposomes ((DSEP)-PEG2000), was investigated by Tirosh et al.
[43]. Using differential scanning calorimetry, PEG2000 was found to bind 136 � 4 water mole-
cules, while (DSEP)-PEG2000 binds 210 � 6 water molecules. In terms of hydration number per
monomeric unit (approximately 46 units in 2000 Da PEG), these binding values correspond to
hydration numbers of 3.0 and 4.6 for PEG2000 and (DSEP)-PEG2000, respectively. The increase in
water molecule binding is attributed to conformational changes, a coil configuration in PEG2000

and a brush configuration in (DSEP)-PEG2000. When grafted to the liposome surface, the close

Compound Molarity h i Xw π (atm) Jw (m/s)

NaCl 0.869 3.9 1.84 0.968 44 3.38 � 10�6

KCl 0.943 1.7 1.85 0.968 44 3.74 � 10�6

Table 1. Osmotic properties of aqueous solutions of NaCl and KCl [11, 40].
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proximity of the polymeric strands causes them to repel each other and to adopt a more
extended, easily hydrated, form. Such behavior has been exploited in the development of draw
agents that incorporate superparamagnetic magnetite (Fe3O4) onto which polymers were grafted
[19–28].

3. MNPs as FO draw agents

A summary of some recent applications of derivatized MNPs as draw agents in FO processes is
provided in Table 2, which includes approximate concentrations of the repeating (monomeric)
units used as capping agents on the MNPs. Other researchers have demonstrated that the
osmotic properties of aqueous polymer solutions are perhaps best interpreted in terms of mono-
mer concentration [31, 45].

Coating agent Size (nm) [Monomer] (M) Jw (LMH) π (atm) Ref.

2-Pyrrolidine
TREG
PAA1800

28
24
21

0.15
0.20
1.0

4.6
5.8
7.6

17
23
36

[20]

Dextran 10 11 8.9 N/A [21]

PEG250-(COOH)2
PEG600-(COOH)2
PEG4000-(COOH)2

11.7
13.5
17.5

0.37
0.88
5.9

N/A
9.1
N/A

73
66
55

[22]

PAA1800 5 1.5 11.2 70 [46]

PAA1800

PNaAA1800

PCaAA1800

20
20
20

N/A
N/A
N/A

N/A
2.1
1.8

18
32
27

[23]

PNaSS-PNIPAM 5
9

2.3
2.5

14.9
9.9

55.0
40.8

[26]

Citrate 3–8 0.015 16 N/A [27]

HPG 20.9 2.1 6.7 15 [28]

PNaAA2100 9 0.0083 5.3 11.4 [24]

Citric acid
Oxalic acid

40
35

0.52
0.84

12.7
10.3

64
47

[19]

PNaAA 160 12.4 N/A 19.5 [25]

Si-COOH
Si-PEG530

12.7
13.6

0.046
0.43

1.7
2.0

6.3
7.6

[47]

Abbreviations: TREG: triethylene glycol; PAA: poly(acrylic acid); PEG-(COOH)2: poly(ethylene glycol) diacid; PNaAA:
poly(sodium acrylate); PCaAA: poly(calcium acrylate); PNaSS-PNIPAM: poly(sodium styrene-4-sulfonate) and poly(N-
isopropylacrylamide) [15% PNaSS, 85% PNIPAM]; HPG: hyperbranched polyglycerol; Si-COOH: N-(trinethoxysi-
lylpropyl)ethylenediamine triacetic acid; Si-PEG: 2-[methoxy- (polyethyleneoxy)propyl]trimethoxysilane. Superscripts
represent the average molecular weights of polymeric stands.

Table 2. Summary of MNP-based draw agents used in FO processes.
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allowing NaCl solutions to achieve a given osmotic pressure at a lower concentration than KCl
solutions.

In terms of osmotic pressure and corresponding FO performance there are diminishing returns
on using ever-higher concentrations of ionic compounds, especially when increased solution
viscosity is also considered. While hydration numbers tend to increase with increasing cation
charge density, they decrease with increasing concentration, owing in part to increased ion-
pairing, effectively reducing i. The hydration of molecular aggregates or macromolecular
species and its corresponding effect on solution osmotic pressure has also been extensively
studied, especially for systems consisting of poly(ethylene glycol) (PEG), DNA, chondroitin
sulfate, and BSA [31–35, 41, 42]. These studies provide valuable insights into FO processes
using molecular aggregates or macromolecular species as draw agents, especially those incor-
porating MNPs.

2.4. Osmotic properties of aqueous solutions of large organic molecules

In their studies of BSA, Kanal et al. [32] observed that osmotic pressure decreases as solution
pH increases from 3 to approximately 4.6 and then increases with pH. Increases in osmotic
pressure on either side of the minimum are attributed to increased electrostatic repulsive
interactions. At pH values below the isoelectric point (pIBSA = 5.4), the protein adopts a net
positive charge along its surface. At pH values above pIBSA, it is net negative. Electrostatic
repulsion leads to a less compact protein conformation, greater segmental motion, more
effective hydration, and higher osmotic pressures. Near the isoelectric point, the net-neutral
protein strands adopt a more compact configuration, are less hydrated, and even tend to
aggregate due to reduced intermolecular repulsion. The osmotic nonideality of BSA solutions
is generally attributable to two sources: (1) large solvent/solute interactions that effectively
increase polymer hydration (h) and (2) segmental motion of small portions of the polymer
chains that effectively increase the number of particles in solution (i). Similar sources of
nonideal behavior were also used to describe the osmotic properties of aqueous solutions of
PEG [31, 43, 44].

The hydration of PEG of molecular weight 2000 Da (PEG2000), both unattached and attached to
distearoyl phosphoethanolamine liposomes ((DSEP)-PEG2000), was investigated by Tirosh et al.
[43]. Using differential scanning calorimetry, PEG2000 was found to bind 136 � 4 water mole-
cules, while (DSEP)-PEG2000 binds 210 � 6 water molecules. In terms of hydration number per
monomeric unit (approximately 46 units in 2000 Da PEG), these binding values correspond to
hydration numbers of 3.0 and 4.6 for PEG2000 and (DSEP)-PEG2000, respectively. The increase in
water molecule binding is attributed to conformational changes, a coil configuration in PEG2000

and a brush configuration in (DSEP)-PEG2000. When grafted to the liposome surface, the close

Compound Molarity h i Xw π (atm) Jw (m/s)

NaCl 0.869 3.9 1.84 0.968 44 3.38 � 10�6

KCl 0.943 1.7 1.85 0.968 44 3.74 � 10�6

Table 1. Osmotic properties of aqueous solutions of NaCl and KCl [11, 40].
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proximity of the polymeric strands causes them to repel each other and to adopt a more
extended, easily hydrated, form. Such behavior has been exploited in the development of draw
agents that incorporate superparamagnetic magnetite (Fe3O4) onto which polymers were grafted
[19–28].

3. MNPs as FO draw agents

A summary of some recent applications of derivatized MNPs as draw agents in FO processes is
provided in Table 2, which includes approximate concentrations of the repeating (monomeric)
units used as capping agents on the MNPs. Other researchers have demonstrated that the
osmotic properties of aqueous polymer solutions are perhaps best interpreted in terms of mono-
mer concentration [31, 45].

Coating agent Size (nm) [Monomer] (M) Jw (LMH) π (atm) Ref.

2-Pyrrolidine
TREG
PAA1800

28
24
21

0.15
0.20
1.0

4.6
5.8
7.6

17
23
36

[20]

Dextran 10 11 8.9 N/A [21]

PEG250-(COOH)2
PEG600-(COOH)2
PEG4000-(COOH)2

11.7
13.5
17.5

0.37
0.88
5.9

N/A
9.1
N/A

73
66
55

[22]

PAA1800 5 1.5 11.2 70 [46]

PAA1800

PNaAA1800

PCaAA1800

20
20
20

N/A
N/A
N/A

N/A
2.1
1.8

18
32
27

[23]

PNaSS-PNIPAM 5
9

2.3
2.5

14.9
9.9

55.0
40.8

[26]

Citrate 3–8 0.015 16 N/A [27]

HPG 20.9 2.1 6.7 15 [28]

PNaAA2100 9 0.0083 5.3 11.4 [24]

Citric acid
Oxalic acid

40
35

0.52
0.84

12.7
10.3

64
47

[19]

PNaAA 160 12.4 N/A 19.5 [25]

Si-COOH
Si-PEG530

12.7
13.6

0.046
0.43

1.7
2.0

6.3
7.6

[47]

Abbreviations: TREG: triethylene glycol; PAA: poly(acrylic acid); PEG-(COOH)2: poly(ethylene glycol) diacid; PNaAA:
poly(sodium acrylate); PCaAA: poly(calcium acrylate); PNaSS-PNIPAM: poly(sodium styrene-4-sulfonate) and poly(N-
isopropylacrylamide) [15% PNaSS, 85% PNIPAM]; HPG: hyperbranched polyglycerol; Si-COOH: N-(trinethoxysi-
lylpropyl)ethylenediamine triacetic acid; Si-PEG: 2-[methoxy- (polyethyleneoxy)propyl]trimethoxysilane. Superscripts
represent the average molecular weights of polymeric stands.

Table 2. Summary of MNP-based draw agents used in FO processes.
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3.1. Osmotic behavior of draw agents alone vs. grafted onto MNPs

Some investigators have studied the FO properties of osmotic agents that are both alone in
aqueous solution and grafted onto MNPs [20, 24]. Ling et al. [20] compared 2-pyrrolidine,
TREG, and PAA as draw solutes. When grafted onto MNPs, 2-pyrrolidine exhibited a near
sixfold increase in osmolality when compared to the ungrafted solute. TREG and PAA
exhibited approximately threefold and thirtyfold increases in osmolalities, respectively, at
similar concentrations when grafted onto MNPs. Dey and Izake [24] found that 3.5 wt.%
PNaAA provided a FO-water flux value of 1.72 LMH while only 0.078 wt.% PNaAA grafted
onto MNPs provided a flux value of 5.32 LMH. These results indicate that anchoring polymers
onto nanoparticles serves to significantly improve their osmotic performance.

The tremendous enhancement to osmotic pressure and water flux values associated with poly-
meric solutes anchored to MNPs can be attributed to improved hydration of the polymeric
strands. The dense packing of polymer chains around MNPs leads to a more extended, brush-
like, conformation due to excluded volume interactions [48, 49]. In addition, Ling et al. [20]
ascribe a reduced interaction between PAA-MNPs and the FO-membrane surface as also con-
tributing to the improved performance; carboxyl groups interacting with ester moieties on the
membrane surface are not interacting with water and thereby reducing its chemical potential.

3.2. A semiempirical model

While h values can serve as a good assessment of changes in solution ideality, simply using
Eqs. (15) and (23) to calculate h requires highly precise measurements of amount and osmotic
pressure. Such measurements are likely not practical for osmotic systems incorporating mac-
romolecular species or derivatized MNPs in FO. Fortunately, Fullerton et al. [50] proposed
using Eq. (25) to model the osmotic behavior of proteins,

Mw

Ms
¼ S� 1

π
þ I (25)

where Mw is the mass of water, Ms is the mass of solute, and the two fitting parameters, S and
I, are assessments of nonideality. The slope is given by Eq. (26),

S ¼ RTr
Ae

(26)

where r is the density of water at temperature, T, and Ae is the effective osmotic molecular
weight. Parameter I is a measure of solvent/solute interactions and is interpreted as varying
directly with solvent-accessible surface area. The model and fitting parameters have been
shown to adequately explain the solution properties of macromolecular solutes like BSA [32,
35] and PEG [31]. A free-solvent model proposed by Yousef et al. [51] that uses mole fraction as
a measure of composition may also prove useful in analyzing nonidealities and has been
shown effective particularly at high solute concentrations.

Figure 2 depicts the application of Eq. (25) to data for TREG [20, 31, 52] both alone in solution
and grafted to MNPs. The ungrafted TREG molecules display little deviation from ideality,
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with a relatively small I value (0.37) and an effective osmotic molecular weight (153 g mol�1)
that is very close to the true molecular weight (150 g mol�1). Though available data is some-
what limited, when grafted, nonideality appears to increase significantly. The value for I (19.3)
is quite large when compared to values typically obtained for BSA (~4–12) [35] and for PEG
(~1–4) [31], likely resulting from an increase in the amount of water in hydration shells around
MNPs when compared to ungrafted TREG. The value for Ae (56.1 g mol�1) is significantly
lower than the value for the anchored trimer (149 g mol�1), indicating that the grafted mole-
cule behaves in solution as much smaller molecules.

The application of Eq. (25) to data for which 2-[methoxy-(polyethyleneoxy)6–9propyl]
trimethoxysilane (MW: 459–591 g mol�1) was used as the grafting agent [47] is provided in
Figure 3. When compared to TREG data, the greater number of monomers per polymeric
strand results in a smaller I value (5.8) and a larger Ae value (101 g mol�1). Although there
are differences in particle size and attachment group, these data seem to demonstrate that
polymer molar mass affects osmotic performance. Ge et al. [22] found that MNPs coated
with PEG250-(COOH)2 provided the best FO performance when compared to similar
grafting agents of larger molar mass, observing lower osmotic pressures per monomer
concentration as polymer length increased. This difference is perhaps attributable to limited
interactions between shorter grafted polymeric strands when compared to longer. Because
of the close proximity of individual strands when attached to MNPs, longer strands may be
more likely to become intertwined with neighboring strands, thus reducing the surface area
available for hydration. Interestingly, the opposite trend has been observed for ungrafted
PEGs in the range 200 Da to 10,000 Da, with I values generally increasing with molecular
weight before leveling off [31]. Ge et al. [22] also found that MNP-dispersibility increases
with polymer length. Optimizing FO performance requires balancing the competing effects
of polymer size on dispersibility, osmotic pressure, and viscosity.

Figure 2. Nonideality analyses for TREG, using data from [20, 31, 52].
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like, conformation due to excluded volume interactions [48, 49]. In addition, Ling et al. [20]
ascribe a reduced interaction between PAA-MNPs and the FO-membrane surface as also con-
tributing to the improved performance; carboxyl groups interacting with ester moieties on the
membrane surface are not interacting with water and thereby reducing its chemical potential.
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Eqs. (15) and (23) to calculate h requires highly precise measurements of amount and osmotic
pressure. Such measurements are likely not practical for osmotic systems incorporating mac-
romolecular species or derivatized MNPs in FO. Fortunately, Fullerton et al. [50] proposed
using Eq. (25) to model the osmotic behavior of proteins,
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where Mw is the mass of water, Ms is the mass of solute, and the two fitting parameters, S and
I, are assessments of nonideality. The slope is given by Eq. (26),
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where r is the density of water at temperature, T, and Ae is the effective osmotic molecular
weight. Parameter I is a measure of solvent/solute interactions and is interpreted as varying
directly with solvent-accessible surface area. The model and fitting parameters have been
shown to adequately explain the solution properties of macromolecular solutes like BSA [32,
35] and PEG [31]. A free-solvent model proposed by Yousef et al. [51] that uses mole fraction as
a measure of composition may also prove useful in analyzing nonidealities and has been
shown effective particularly at high solute concentrations.

Figure 2 depicts the application of Eq. (25) to data for TREG [20, 31, 52] both alone in solution
and grafted to MNPs. The ungrafted TREG molecules display little deviation from ideality,
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(~1–4) [31], likely resulting from an increase in the amount of water in hydration shells around
MNPs when compared to ungrafted TREG. The value for Ae (56.1 g mol�1) is significantly
lower than the value for the anchored trimer (149 g mol�1), indicating that the grafted mole-
cule behaves in solution as much smaller molecules.

The application of Eq. (25) to data for which 2-[methoxy-(polyethyleneoxy)6–9propyl]
trimethoxysilane (MW: 459–591 g mol�1) was used as the grafting agent [47] is provided in
Figure 3. When compared to TREG data, the greater number of monomers per polymeric
strand results in a smaller I value (5.8) and a larger Ae value (101 g mol�1). Although there
are differences in particle size and attachment group, these data seem to demonstrate that
polymer molar mass affects osmotic performance. Ge et al. [22] found that MNPs coated
with PEG250-(COOH)2 provided the best FO performance when compared to similar
grafting agents of larger molar mass, observing lower osmotic pressures per monomer
concentration as polymer length increased. This difference is perhaps attributable to limited
interactions between shorter grafted polymeric strands when compared to longer. Because
of the close proximity of individual strands when attached to MNPs, longer strands may be
more likely to become intertwined with neighboring strands, thus reducing the surface area
available for hydration. Interestingly, the opposite trend has been observed for ungrafted
PEGs in the range 200 Da to 10,000 Da, with I values generally increasing with molecular
weight before leveling off [31]. Ge et al. [22] also found that MNP-dispersibility increases
with polymer length. Optimizing FO performance requires balancing the competing effects
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In Figure 4, data for MNPs coated with PAA [20] and HPG [28] are depicted. These results again
demonstrate the significant nonideal solution behavior of derivatized MNPs. The large Ae and
small I values associated with HPG seem to indicate that the sprawling network of ether linkages
may hinder hydration on a per gram of grafting agent basis. By comparison, the long, filamen-
tous PAA1800 strands provide an Ae value of 111 g mol�1, which is intermediate between the

Figure 3. Nonideality analyses for TREG and Si-PEG530, using data from [20, 31, 47, 52].

Figure 4. Nonideality analyses for HPG and PAA1800, using data from [20, 28].
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repeating monomer (72 g mol�1) and the full polymer molecular weight (1800 g mol�1). Several
researchers [23–25] have also explored PNaAA as anMNP coating agent. Polyelectrolytes exploit
greater i values to reduce Xw, however, the extent of ion-pairing between monomer units and
counterions greatly influences solution osmotic pressure (Table 3).

3.3. Counterion binding

Another significant contributing factor to the osmotic potential of draw solutions incorporating
polyelectrolytes is counterion binding. Oosawa was among the first to introduce the concept of
counterion condensation around a polyion [53]. His model considers a fraction of counterions
that is bound to the polyelectrolyte and the remainder is unbound in the bulk aqueous phase.
Oosawa’s expression, provided in Eq.(27), relates the degree of polyelectrolyte dissociation, β;
the apparent volume fraction in which counterions are located, ϕ; the absolute value of charge on
the counterion, z; and, the intensity of the potential at the polymer surface, Q.

ln
1� β
β

� �
¼ ln

ϕ
1� ϕ

� �
þ βzQln

1
ϕ

� �
(27)

Using this model, bound counterions would not contribute to osmotic pressure while unbound
ions would. Polymeric structural features that influence the magnitude of Q would therefore
significantly impact the osmotic properties of solutions containing that polymer, either alone
or grafted onto MNPs. Gwak et al. [54] demonstrated that poly(sodium aspartate) (PNaAsp)
provided better osmotic performance than PNaAA, a result attributed to greater polyelectro-
lyte dissociation (larger β) in the case of PNaAsp. The larger spacing between charged moieties
on PNaAsp strands results in a lower surface potential and therefore a higher degree of
unbound counterions. Tian et al. [55] investigated the use of ungrafted PNaSS as a draw solute
in FO, observing that conductivity and osmotic pressure increase with increasing PNaSS
molecular weight, particularly at higher molecular weights. These results indicate that β and
Q vary with polymer molecular weight.

3.4. Particle size

Data also indicate that MNP particle size influences their osmotic performance because smaller
particles have a larger surface area per volume, thus allowing for more effective grafting-agent
coverage and increased nonideality. Ling et al. [20] demonstrated the inverse relationship

Osmotic agent I Ae Ref.

TREG–alone 0.37 153 [20, 31, 52]

TREG–MNP 19.3 56.1 [20]

Si-PEG530–MNP 5.8 101 [47]

PAA1800–MNP 4.2 111 [46]

HPG–MNP 2.2 433 [28]

Table 3. Summary of I and Ae values.
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repeating monomer (72 g mol�1) and the full polymer molecular weight (1800 g mol�1). Several
researchers [23–25] have also explored PNaAA as anMNP coating agent. Polyelectrolytes exploit
greater i values to reduce Xw, however, the extent of ion-pairing between monomer units and
counterions greatly influences solution osmotic pressure (Table 3).

3.3. Counterion binding

Another significant contributing factor to the osmotic potential of draw solutions incorporating
polyelectrolytes is counterion binding. Oosawa was among the first to introduce the concept of
counterion condensation around a polyion [53]. His model considers a fraction of counterions
that is bound to the polyelectrolyte and the remainder is unbound in the bulk aqueous phase.
Oosawa’s expression, provided in Eq.(27), relates the degree of polyelectrolyte dissociation, β;
the apparent volume fraction in which counterions are located, ϕ; the absolute value of charge on
the counterion, z; and, the intensity of the potential at the polymer surface, Q.
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Using this model, bound counterions would not contribute to osmotic pressure while unbound
ions would. Polymeric structural features that influence the magnitude of Q would therefore
significantly impact the osmotic properties of solutions containing that polymer, either alone
or grafted onto MNPs. Gwak et al. [54] demonstrated that poly(sodium aspartate) (PNaAsp)
provided better osmotic performance than PNaAA, a result attributed to greater polyelectro-
lyte dissociation (larger β) in the case of PNaAsp. The larger spacing between charged moieties
on PNaAsp strands results in a lower surface potential and therefore a higher degree of
unbound counterions. Tian et al. [55] investigated the use of ungrafted PNaSS as a draw solute
in FO, observing that conductivity and osmotic pressure increase with increasing PNaSS
molecular weight, particularly at higher molecular weights. These results indicate that β and
Q vary with polymer molecular weight.

3.4. Particle size

Data also indicate that MNP particle size influences their osmotic performance because smaller
particles have a larger surface area per volume, thus allowing for more effective grafting-agent
coverage and increased nonideality. Ling et al. [20] demonstrated the inverse relationship

Osmotic agent I Ae Ref.

TREG–alone 0.37 153 [20, 31, 52]

TREG–MNP 19.3 56.1 [20]

Si-PEG530–MNP 5.8 101 [47]

PAA1800–MNP 4.2 111 [46]

HPG–MNP 2.2 433 [28]

Table 3. Summary of I and Ae values.
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between nanoparticle size and osmolality using PAA-MNPs. However, Kim et al. [56] found
that particles smaller than 11 nm were difficult to separate from solution even with the
application of a strong magnetic field, while the removal of particles larger than about 20 nm
from the magnetic separator column was problematic. Additionally, the larger the mass per-
centage of coating material on a Fe3O4 core, the lower the saturated magnetization value on a
per gram of particle basis. More coating material likely imparts greater osmotic pressure, but it
reduces the efficacy of separation. Another significant challenge associated with MNP draw
agents is particle aggregation following magnetic separation.

Ge et al. [22] observed a flux decline to approximately 80% of its original value after 9 recycles;
this flux decline was accompanied by a particle size increase to 141% of the original value. That
study used MNPs with an initial diameter <20 nm. Mino et al. [25] used much larger particles,
with diameters of approximately 160 nm, and observed no aggregation even after 10 recycles,
though the larger particles achieved only modest osmotic pressures. Park et al. [47] demon-
strated that Si-PEG530-MNPs (diameterinitial = 13.6 nm) showed no significant aggregation or
FO performance decline after 8 recycles, while Si-COOH-MNPs displayed considerable aggre-
gation after only 5 recycles. Aggregation of the Si-COOH-MNPs was attributed to strong
hydrogen bonding between carboxylate groups on adjacent particles when brought into close
proximity during magnetic separation and subsequent drying. The oxalic acid- and citric acid-
coated MNPs studied by Ge et al. [19] showed no significant particle agglomeration during
regeneration, likely the result of strong electrostatic repulsion between particles. Zhao et al.
[26] also observed only a slight decline in water flux (<10%) following recycles of their nega-
tively charged PNaSS-PNIPAM-coated particles. In addition, Na et al. [27] demonstrated that
small MNPs (3–8 nm) penetrate pores within the FO-membrane support layer (10–40 nm) and
become lodged leading to a decline in flux values with time.

4. Summary

While it is now generally accepted that FO processes do not offer an overall energy cost
savings when compared to RO for seawater desalination, the prospects of niche applications
for FO where RO is unsuitable are numerous. A major challenge for the wider use of FO
technology is the development of draw agents that provide high water flux, low reverse solute
flux, and facile recovery. Organic-coated superparamagnetic nanoparticles provide properties
that address these requirements. The FO performance of MNPs is a function of coating mate-
rial, particle size, and concentration; with mitigation of particle aggregation during recovery
being an essential consideration. The osmotic performance of organic compounds improves
significantly when grafted onto MNPs, likely resulting from increased solvent-accessible sur-
face area and enhanced hydration. Application of a simple semiempirical model provides
assessments of the nonideality associated with MNPs through calculation of a solvent/solute
interaction parameter (I) and the effective osmotic molecular weight (Ae). When attached to
MNPs, polymers behave osmotically as much smaller molecules. MNPs derivatized with
filamentous, charged molecules (i.e. PNaAA) seem to provide the best results, both in terms
of water flux and recoverability. Other significant contributing factors to the overall efficacy of
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MNP-based draw solutions are particle size and the extent of counterion binding, with parti-
cles in the range 10–20 nm, coated with polyelectrolytes demonstrating high degrees of disso-
ciation, proving most favorable. While the search for the ideal draw solute will certainly
continue, organic-coated MNPs, because of their enhanced nonideal behavior, offer an encour-
aging avenue of possibility and opportunity.
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Abstract

Continuously escalating global water demand places a substantial burden on the available
water and energy resources. Forward osmosis (FO) is an evolving membrane desalination
technology that has recently raised interest as a promising low-energy process. FO is a
unique method since it utilizes natural osmosis as the driving force, and hence, it ensures
that the energy consumption is significantly reduced, in comparison to other pressure-
driven membrane processes that are constrained by their excessive energy consumption
and unsustainable cost. Therefore, the growing interest in FO from various disciplines and
industrial sectors calls for a better understanding of the FO process and further advances
in the FO technology management. This chapter aims to provide an in-depth assessment
of the water transport phenomenon in FO membranes by focusing on the influence of
internal concentration polarization, membrane structure/material, and membrane orien-
tation on the permeate flux. This chapter offers critical insight that can lead to the potential
development of new FOmembranes with reduced internal concentration polarization and
higher water permeability. In addition, key strategies for FO membrane development,
some of its challenges, and the perspectives for future investigations of FO membrane
fouling and effective FO fouling control methods are explored in this chapter.

Keywords: forward osmosis, fouling, concentration polarization, mass transfer,
water filtration

1. Introduction

As the fossil fuels are depleted and the world population continues to rapidly increase, energy
and water became two of the most vital global resources. Energy emergencies and the lack of
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water have severely affected communities worldwide [1–3]. Reports indicate that more than
1.2 billion people do not have access to safe and clean drinking water sources, while 2.6 billion
do not have adequate levels of sanitation [1, 4, 5]. In fact, the overall annual financial loss in
Africa caused by the lack of access to basic sanitation and clean water is valued at $28 billion,
or 5% of Africa’s gross domestic product [5]. While oceans are covering the majority of the
planet’s surface, only 0.8% of the world’s water can be defined as potable [6]. Moreover, the
recent world energy outlook report [2] indicates that the world’s marketed energy use is
predicted to rise by 49% from 2007 to 2035. Data such as this reflects a dangerous trend,
especially since currently 1.5 billion people, or more than 1/5 of the world’s population, still
do not have access to reliable electricity.

Interdisciplinary research groups need to remain aware of the explicit connection that exists
between energy and water. The process of making freshwater accessible is a highly energy-
demanding process, while the production of the required power frequently necessitates sub-
stantial amounts of water [7, 8]. A relatively new technology, forward osmosis (FO), shows a
lot of potential in energy production and water supply, especially for applications in controlled-
release–type drug medication, medical product enrichment, and food processing. Over the last
decade, FO has incited substantial interest in the areas of seawater/brackish desalination [9–11],
food processing [12–15], power generation [16–19], and wastewater treatment [20–22]. In terms
of its methodology, FO is an osmotically driven membrane process that relies on the osmotic
pressure gradient and that moves water across a semipermeable-type membrane from the feed
solution side, with the low osmotic pressure, to the draw solution side, featuring high osmotic
pressure. Because of its lower hydraulic pressure demands, FO provides multiple benefits, such
as lower fouling tendency, easier fouling removal [20, 22, 23], smaller energy input [24], and
greater water recovery [25, 26], if compared to pressure-driven processes such as ultrafiltration
(UF), nanofiltration (NF), and reverse osmosis (RO).

2. Advantages of forward osmosis

There are numerous potential benefits offered by FO, especially because of the lower hydraulic
pressure values necessary for this osmotically driven–type process. FO’s benefits are reflected
by its various water treatment applications. First, FO can help obtain smaller energy consump-
tion potentials and as a consequence lower the overall costs and contribute to the production of
technically and economically innovative solutes and their respective regeneration methodolo-
gies [3, 18, 24]. Arguably, this is one of the key advantages of FO, considering the ongoing
global energy crisis. Research studies have shown that membrane fouling in FO is compara-
tively small [20], somewhat more reversible [23, 27], and may be lowered using hydrodynam-
ics optimization [28]. Furthermore, a number of contaminants may be successfully filtered out
with the aid of the FO process [29, 30]. FO can likewise feature greater water recovery and
improved water flux because of the higher osmotic pressure gradient occurring across the
membrane. Greater water recovery can help reduce the desalination brine volume, especially
as it is a substantial environmental concern when it comes to desalination plants and inland
desalination facilities [9]. Moreover, in the industries like pharmaceutical and food processing,
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FO offers the benefits of preserving the physical properties of the feed, such as color, aroma,
nutrition, and taste, without diminishing the overall quality, as it is not heated or pressurized
[14, 31, 32]. When it comes to medical uses, FO can help with the release of drugs featuring low
oral bioavailability, or poor solubility, in a controlled way and implementing osmotic pumps
[33, 34].

3. Modeling of water transport in forward osmosis

The general equation for water flux in forward osmosis (FO), reverse osmosis (RO), or
pressure-retarded osmosis (PRO) is [16]:

Jw ¼ A σΔπ� ΔPð Þ (1)

where Jw is the water flux, A is the membrane’s water permeability constant, σ is the reflection
coefficient, Δπ is the osmotic pressure difference across the membrane, and ΔP is the applied
hydraulic pressure variance. In Eq. (1), the term (σ Δπ � ΔP) signifies the effective driving
force necessary for the water molecules’ transport across the membrane. In the FO desalination
process, there is no hydraulic pressure applied and the change in osmotic pressures is the sole
driving force; Eq. (1) can be expressed as:

Jw ¼ AσΔπBulk ¼ Aσ ΔπDraw � ΔπFeedð Þ (2)

where ΔπFeed stands for the feed solution’s bulk osmotic pressure, and ΔπDraw is the draw
solution’s bulk osmotic pressure. Eq. (2) is restricted by the assumption that the membrane
does not permit draw solute permeation [35, 36]. Furthermore, Eq. (2) is applicable for dense
symmetric membranes, in which the driving force for water molecules is the difference
between the osmotic pressures of the bulk feed and draw solutions, as reflected in Figure 1.

If it can be assumed that the difference between the bulk osmotic pressure of the feed and the
draw solution is the driving force responsible for water permeation through membranes in FO,
then Lee et al. [37] proposed the following model for low water flux cases:

Jw ¼ 1
K
ln

πDraw

πFeed

� �
(3)

where K stands for the resistance to diffusion of solute within the porous support layer of the
FO membrane, and πDraw and πFeed are the respective bulk osmotic pressures of the draw and
the feed solution. K can be estimated using Eq. (4) [16]:

K ¼ tτ
εD

¼ S
D

(4)

where t is the membrane’s thickness, τ is tortuosity, ε is membrane porosity, S is membrane’s
structural parameter, and D is the solute’s diffusion coefficient.
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4. Challenges in forward osmosis

FO applications are still facing some critical challenges even though the osmotically driven
membrane processes have been extensively researched in relation to a range of applications
and environments. FO’s primary issues are connected to aspects such as membrane fouling,
reverse solute diffusion, further membrane development, concentration polarization, and the
improvement of the draw solute design.

4.1. Concentration polarization mechanism in forward osmosis

When it comes to the osmotically driven and pressure-driven membrane processes, the concen-
tration polarization is an inevitable and frequent phenomenon [11, 38–42]. As illustrated in
Figure 2, in the osmotically driven membrane processes, the concentration polarization is pro-
duced by the overall concentration variance occurring between the draw solution and the feed
solution through the asymmetric FO membrane. The internal concentration polarization (ICP)
and external concentration polarization (ECP) can happen during the FO processes. In general,
ICP happens within the membrane’s porous support layer, and ECP happens at the surface of
the membrane’s dense active layer. The sections below further describe both ECP and ICP.

Figure 1. Ideal osmotic pressure driving force in the case of symmetric membranes.
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4.1.1. External concentration polarization: modeling and mechanism

ECP in FO occurs at the surface of the membrane’s active layer, similar to the other pressure-
driven membrane processes. Their distinction is due to the fact that only concentrative ECP
can occur in a pressure-driven membrane process, and both dilutive ECP and concentrative
ECP can happen in an osmotically driven membrane process, conditional on the membrane’s
orientation with regard to the feed and the draw solutions. The dilutive ECP happens when
the membrane’s support layer is facing the feed solution, while the concentrative ECP occurs in
instances where the membrane’s support layer is facing the draw solution. ECP lowers the
overall driving force due to the higher osmotic pressure at the membrane’s active layer
interface located on the membrane’s feed side, or the lowered osmotic pressure at the mem-
brane’s active layer surface located on the draw solution side. The unfavorable effects of ECP
on the permeate flux can be alleviated by optimizing the water flux and raising the flow’s
velocity or turbulence [11]. With the application of the boundary-layer film theory
McCutcheon and Elimelech have successfully modeled ECP in FO [38, 43]. The generalized
equation for concentration polarization modulus in pressure-driven membrane processes may
be expressed in Eq. (5), as follows.

Cm

Cb
¼ exp

Jw
k

� �
(5)

where Jw is the water flux, k is the mass transfer coefficient value, and Cm and Cb are the
concentrations of the feed solution at the membrane’s surface and in the bulk, respectively.
The mass transfer coefficient (k) is related to the Sherwood number (Sh) by:

Figure 2. Internal concentration polarization (ICP) and external concentration polarization (ECP) through an asymmetric
FO membrane [16].
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k ¼ ShD
Dh

(6)

where D is the solute diffusion coefficient value, and Dh is the hydraulic characteristic length.
When the feed solution concentration is relatively low in FO, the concentrations in Eq. (5) can
be substituted by the osmotic pressures. As a result, the concentrative ECP modulus can be
expressed as follows:

πm�feed

πb�feed
¼ exp

Jw
kfeed

� �
(7)

where kfeed is the mass transfer coefficient on the feed side, πm�feed and πb�feed are the osmotic
pressures of the feed solution at the membrane’s surface and in the bulk, respectively. Simi-
larly, the dilutive ECP modulus in FO can be expressed as:

πm�draw

πb�draw
¼ exp � Jw

kdraw

� �
(8)

where kdraw is the mass transfer coefficient on the draw side, and πm�draw and πb�draw are the
osmotic pressures of the draw solution at the membrane’s surface and in the bulk, respectively.
Eqs. (1) and (2) reflect the water transport in RO, FO, and pressure-retarded osmosis (PRO), as
indicated in Eqs. (1) and (2), as shown in Section 3. Both πdraw and πfeed should be the effective
osmotic pressures at the membrane’s surfaces, specifically.

Jw ¼ A πm�draw � πm�feed
� �

(9)

By substituting Eqs. (7) and (8) into Eq. (9), Eq. (10) can be obtained as below:

Jw ¼ A πb�draw exp � Jw
kdraw

� �
� πb�feed exp

Jw
kfeed

� �� �
(10)

Although the dilutive ECP and concentrative ECP have been examined in Eq. (10) [43], there
are multiple key points that have to be noted in Eq. (10). First of all, the mass transfer
coefficient values on the feed and draw solution sides are not the same because of the varying
hydraulic conditions between the draw solution side and the feed side. Next, this model relies
on multiple assumptions, including that the solute permeability’s coefficient is zero (i.e., the
reflection coefficient σ = 1 [44]) and that the draw and feed solution concentration values
are reasonably low, since only in this case can it be accepted that the concentration is equal to
the corresponding osmotic pressure values. Finally, it must be noted that this model is ade-
quate only in instances with a dense symmetric film, instead of an asymmetric-type mem-
brane. As a result, the uses for this model can be somewhat limited. It is necessary to examine
the dynamic where an asymmetric FO membrane is applied in a manner that would replicate
its real-world practical uses and where the ICP effects become more significant.

4.1.2. Internal concentration polarization: modeling and mechanism

ICP is a critical aspect of the osmotically driven membrane-type processes. Research indicates
that the water flux decline in FO is primarily produced by ICP [38, 44–46]. The early research
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projects that looked at FO suggested that ICP might lower the water flux by more than 80%
[45, 47]. As indicated in Figure 3, there are two types of ICP, concentrative ICP and dilutive
ICP, occurring within the membrane’s support layer, and they depend on the membrane’s
orientation [48]. Once the draw solution is situated against the membrane’s support layer,
dilutive ICP can successfully happen within the membrane’s support layer since the water
permeates across the membrane, from the feed solution to the draw solution. In a different
membrane orientation where the feed solution is opposite the membrane support layer, con-
centrative ICP happens when the solute properly accumulates within the membrane’s support
layer located on the feed side. The ICP process is happening in the support layer and, as a
result, it cannot be weakened through a change in the hydrodynamic conditions, including
higher turbulence or flow rate.

The effects of ICP on FO water flux have been modeled using an adaptation of the classical
solution-diffusion theory [38, 43]. The dilutive ICP dominates the water flux (Jw) when the
draw solution is placed against the membrane support layer (i.e., FO mode) and can be
expressed [49] as follows:

Jw ¼ 1
K
ln

Aπdraw þ B
Aπfeed þ Bþ Jw

(11)

where B is the membrane’s solute permeability coefficient, and K is the solute resistivity value,
a measure of solute transport in the membrane’s support layer. K is used to quantify the
solute’s capacity to diffuse into or out of the membrane’s support layer, and it can reflect the
degree of ICP available in the support layer. Lower K values indicate less ICP and cause greater
pure water flux (Jw). K is defined earlier in Eq. (4). It should be noted that the structural
parameter S, in Eq. (4), is an essential membrane quality since it governs ICP in the mem-
brane’s support by establishing membrane’s tortuosity, porosity, and thickness values. As a
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� �
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result, when it comes to the newly developed membranes, it is crucial to describe the mem-
brane’s structural parameter S. The value of S can be calculated based on Eqs. (4) and (11) and
by fitting FO test results [50, 51]. On the other hand, in a specific membrane orientation, both
ICP and ECP happen concurrently rather than occurring separately. Researchers McCutcheon
and Elimelech have designed models that consider the characteristics and influences of both
ECP and ICP. For the FO mode, the analytical model capturing the effects of both concentra-
tive ECP and dilutive ICP on permeate flux may be conveyed [38, 43] by:

Jw ¼ A πdraw exp �JwKð Þ � πfeed exp
Jw
k

� �� �
(12)

As seen in Eq. (4), it appears that ICP in the membrane’s support layer is formed based on the
membrane properties, such as membrane’s tortuosity, porosity, and thickness, as well as the
diffusion solute properties, like the diffusion coefficient of the solute. A research project by
Zhao and Zou has connected ICP to additional properties of the solution, like viscosity and
diffusion solute size, by considering the idea of constrictivity [48]. The equation that corre-
sponds to this dynamic is embodied in the following:

K ¼ tτ
δεeff D

(13)

In this case, a new parameter δ is expressed as the constrictivity factor, and εeff is the effective
transport through porosity, as it can be lower than the overall membrane porosity if certain
small pores are not available to the larger solute. In particular, the constrictivity parameter
relies on the ratio of the pore diameter to the solute molecule diameter:

λ ¼ molecule diameter
pore diameter

< 1 (14)

Tang et al. researched the cumulative effect of fouling and ICP on FO flux behavior. [50]. Tang
et al. noted two critical phenomena during the experimental runs. The first phenomenon was
that the water flux was comparatively stable and its decrease was minor during the FO mode,
whereas during the PRO mode, the flux decrease was substantial and especially prominent
when membrane fouling happened. The second phenomenon had to do with the fact that the
effects of ICP on FO flux were more distinct at greater draw solution concentration values [48].
A number of new modeling techniques have been used to research the concentration polariza-
tion (CP) phenomenon, such as the computational fluid dynamics (CFD) [52], numerical
simulation [53], and the finite element method (FEM) [54, 55]. A project spearheaded by Li
et al. used FEM to interrogate the relationship between the membrane’s porous structure and
ICP [54]. The mathematical models that came out of this project can serve as a valuable toolkit
for improving FO performance and optimizing the membrane’s support construction [54].

4.2. Membrane fouling mechanism in forward osmosis

Like concentration polarization, membrane fouling is an unavoidable as well as essential
phenomenon influencing all types of membrane processes [28, 56–63]. As a consequence,
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smaller membrane fouling potential ensures that there is less cleaning, longer membrane life,
and more water produced, which effectually decreases capital and operational costs. On the
other hand, the membrane-type fouling happening in osmotically driven membrane processes
is distinct from the types of fouling present in pressure-driven membrane processes, as a result
of the low hydraulic pressure being used in the former case. Initially, Cath et al. researched
membrane fouling in FO in relation to systems used in long-term space missions [64, 65]. Cath
et al. suggested that FO could have the capacity to reduce membrane fouling, since there was
no flux decrease due to fouling detected during the experimental runs [65]. During the last few
years, FO has been applied in osmotic membrane bioreactors (OMBR) primarily for wastewa-
ter treatment because of its lower energy consumption and lower fouling needs [20, 22], both
of which are two challenges for membrane bioreactors [59, 66]. In a research project by In
addition, the OMBR system was used to treat activated sludge. The results report that neither
irreversible nor reversible fouling was seen whenever the membrane’s active layer was posi-
tioned in a way facing the activated sludge [22]. An experiment conducted by Achilli et al.
relied on a submerged OMBR so as to treat domestic wastewater over the prolonged period of
up to 28 days, indicating that the decrease of water flux was primarily due to membrane
fouling [20]. On the other hand, the flux of the initial values could be recovered by roughly
90% through the process of osmotic backwashing. This experimental result suggests that
membrane fouling in OMBR may in fact be reversible. Similarly, the data reflect that mem-
brane fouling does exist in FO and is apparent during long-term operational runs. Mi and
Elimelech interrogated the inorganic and organic fouling in FO [23, 27, 62]. Mi and Elimelech
determined that, first of all, the intermolecular adhesion and organic fouling were connected
and that foulant-foulant interactions had an important role in organic cleaning and fouling.
Second, Mi and Elimelech found out that FO fouling was controlled by the coupled effects of
chemical, for example, calcium binding, and hydrodynamic, for instance permeation drag and
shear force, interactions. They likewise noted that membrane materials had a key role in
organic fouling and cleaning, which was later verified with the help of atomic force microscope
(AFM) measurements. Mi and Elimelech also found that both inorganic and organic types of
fouling in FO were nearly fully reversible using water rinsing. This could be attributed to the
less compact fouling layer created by the applied low hydraulic pressure, which suggests that
chemical cleaning could be prevented. Moreover, researchers comparing membrane fouling in
FO and RO suggested that it could be diverse from one case to another with respect to water
cleaning efficiency and reversibility [23, 27, 28]. Although it was irreversible in RO, Lee et al.
observed that membrane fouling in FO was almost entirely reversible [28]. Alternatively, Lee
et al. linked the FO fouling to the accelerated cake-enhanced osmotic pressure (CEOP) created
by the reverse solute (salt) diffusion process in the draw solution. Figure 4 outlines the
mechanics of this process [31]. Once the draw solution faces the membrane’s support layer,
using the reverse diffusion, the draw solute collects on the active layer’s surface located on the
feed side, lowering the net osmotic driving force and improving the concentration polarization
layer. The draw solute featuring a less hydrated radius value (e.g., NaCl) is more easily capable
of initiating CEOP, when compared to the ones with a greater hydrated radius values, like
dextrose. In an experiment by Lay et al., it was noted that the reverse diffusion of the draw
solute could worsen the CEOP effect as well as intensify FO fouling [67]. Alternatively, new
research suggests that FO fouling could be substantially lowered if the cross flow velocity is
increased [28].
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is distinct from the types of fouling present in pressure-driven membrane processes, as a result
of the low hydraulic pressure being used in the former case. Initially, Cath et al. researched
membrane fouling in FO in relation to systems used in long-term space missions [64, 65]. Cath
et al. suggested that FO could have the capacity to reduce membrane fouling, since there was
no flux decrease due to fouling detected during the experimental runs [65]. During the last few
years, FO has been applied in osmotic membrane bioreactors (OMBR) primarily for wastewa-
ter treatment because of its lower energy consumption and lower fouling needs [20, 22], both
of which are two challenges for membrane bioreactors [59, 66]. In a research project by In
addition, the OMBR system was used to treat activated sludge. The results report that neither
irreversible nor reversible fouling was seen whenever the membrane’s active layer was posi-
tioned in a way facing the activated sludge [22]. An experiment conducted by Achilli et al.
relied on a submerged OMBR so as to treat domestic wastewater over the prolonged period of
up to 28 days, indicating that the decrease of water flux was primarily due to membrane
fouling [20]. On the other hand, the flux of the initial values could be recovered by roughly
90% through the process of osmotic backwashing. This experimental result suggests that
membrane fouling in OMBR may in fact be reversible. Similarly, the data reflect that mem-
brane fouling does exist in FO and is apparent during long-term operational runs. Mi and
Elimelech interrogated the inorganic and organic fouling in FO [23, 27, 62]. Mi and Elimelech
determined that, first of all, the intermolecular adhesion and organic fouling were connected
and that foulant-foulant interactions had an important role in organic cleaning and fouling.
Second, Mi and Elimelech found out that FO fouling was controlled by the coupled effects of
chemical, for example, calcium binding, and hydrodynamic, for instance permeation drag and
shear force, interactions. They likewise noted that membrane materials had a key role in
organic fouling and cleaning, which was later verified with the help of atomic force microscope
(AFM) measurements. Mi and Elimelech also found that both inorganic and organic types of
fouling in FO were nearly fully reversible using water rinsing. This could be attributed to the
less compact fouling layer created by the applied low hydraulic pressure, which suggests that
chemical cleaning could be prevented. Moreover, researchers comparing membrane fouling in
FO and RO suggested that it could be diverse from one case to another with respect to water
cleaning efficiency and reversibility [23, 27, 28]. Although it was irreversible in RO, Lee et al.
observed that membrane fouling in FO was almost entirely reversible [28]. Alternatively, Lee
et al. linked the FO fouling to the accelerated cake-enhanced osmotic pressure (CEOP) created
by the reverse solute (salt) diffusion process in the draw solution. Figure 4 outlines the
mechanics of this process [31]. Once the draw solution faces the membrane’s support layer,
using the reverse diffusion, the draw solute collects on the active layer’s surface located on the
feed side, lowering the net osmotic driving force and improving the concentration polarization
layer. The draw solute featuring a less hydrated radius value (e.g., NaCl) is more easily capable
of initiating CEOP, when compared to the ones with a greater hydrated radius values, like
dextrose. In an experiment by Lay et al., it was noted that the reverse diffusion of the draw
solute could worsen the CEOP effect as well as intensify FO fouling [67]. Alternatively, new
research suggests that FO fouling could be substantially lowered if the cross flow velocity is
increased [28].
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In a recent experimental attempt, Tang’s group used direct microscopic observation to study
FO fouling and its mechanisms. They determined that the critical flux concept could also be
relevant to osmotically drive the types of processes [63]. Direct microscopic observation has
been implemented to research the production of fouling in pressure-driven membrane pro-
cesses and currently remains one of the primary membrane fouling characterization method-
ologies [68–71]. Admittedly, direct microscopic observation is relevant only for the cases with
large foulants in colloidal or biofouling fouling, such as microbes or particles. Thus, direct
microscopic observation can likewise be implemented in the research of membrane fouling if
visible fouling layers or large foulants are present in FO.

Usually defined as the level of permeate flux where membrane fouling becomes noticeable,
critical flux has been widely used in pressure-driven membrane processes [72–75]. Critical flux
can also be applied to osmotically driven membrane processes. A recent study by Zhao et al.
confirms its presence in FO [76]. It is necessary to note that the critical flux identified by Zhao
et al.’s FO research study, as well as by Tang and coworkers, was detected when the membrane’s
surface was partially covered with visible foulant [63, 76]. As a consequence, the critical flux in
FO could have an implicit connection to the visible fouling layer. This particular connection must
be investigated in greater depth. Research suggests that greater working temperatures can have
various negative influences on FO cleaning and scaling in brackish water desalination processes,
potentially because of the change of HCO3

� into CO3
2� at high temperature values [26]. The

report indicates that, caused by the polymerization of dissolved silica, the silica scaling of FO
membranes was the primary inorganic type of fouling in real-case seawater desalination exam-
ples [77]. The silica polymerizationmight likewise quicken the organic fouling, which is removed
much easier using water rinsing if compared to the silica scaling [77].

Alternatively, membrane fouling could improve the FO membrane’s solute rejection potential.
It was also detected that organic foulants located on the membrane’s surface, or its active layer,

Figure 4. The effects of draw solute reverse diffusion on cake-enhanced osmotic pressure (CEOP) in FO for two different
draw solutions: (a) NaCl and (b) dextrose [31].
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could improve the negative charge property and surface hydrophilicity, and this in turn can raise
the hydrophilic compound absorption capacity [78]. Changes like these can increase the critical
rejection potential for many new contaminants, including trace organic compounds, as well as
hydrophobic neutral compounds and hydrophilic ionic compounds [78]. Once the FO tests were
run continuously for prolonged periods of time at the pilot scale, the rejection performance
values improved even further as more substantial fouling happened [79]. In a project by Jin
et al., it was determined that organic fouling can likewise have substantial consequences for the
elimination of inorganic contaminants, like arsenic and boron [80]. In particular, their influences
relied on the membrane’s orientation. For instance, in the FO mode, where the membrane’s
support layer is facing the draw solution, the organic fouling on the membrane’s active layer
can improve the sieving influence and essentially increase the arsenic rejection in the feed.
Alternatively, in the PRO mode, where the membrane’s support layer is facing the feed, the
organic fouling in the membrane’s support structure can lower the boron rejection [80]. Mem-
brane fouling and concentration polarization remain critical phenomena in FO processes since
they have the capacity to heighten the additional membrane resistance and lower membrane
permeability potential. Researchers must continue to further examine their functions and mech-
anisms if they want to improve the FO process and its performance capacity. Successful applica-
tion of FO in real settings will remain problematic until a more comprehensive analysis becomes
available.

4.3. Reverse solute diffusion

In membrane processes that are osmotically driven, the solute’s reverse diffusion, from the
draw solution and through the membrane toward the feed solution, is likewise almost cer-
tainly due to the concentration variances. Cath et al. (2009) state that the draw solute reverse
diffusion has to be carefully studied as it could endanger the success of the process [11, 81].
Some research studies have linked draw solute reverse diffusion with the membrane fouling
phenomenon. Lay et al. and Lee et al. have shown that the draw solute reverse diffusion can,
on the one hand, improve the CEOP influence and, on the other hand, intensify FO fouling [28,
67]. Thus, multivalent ion solutions featuring smaller diffusion coefficient values are better for
certain uses in which higher rejection potentials are required [11]. Alternatively, in other cases,
multivalent ions, like Ca2+ and Mg2+, could impede the foulants in the feed solution following
reverse diffusion, a dynamic that can worsen the overall membrane fouling [82]. Furthermore,
multivalent ions could likewise incite a more substantial ICP due to their smaller diffusion
coefficients and bigger ion sizes [48]. Defined as the ratio of the reverse solute flux to the
forward water flux, specific reverse solute flux has been added as another potential measure
of membrane’s selectivity [81, 82]. Specific reverse solute flux parameter offers a third dynamic
for the proper FO performance evaluation, together with the salt rejection and the permeate
flux parameters. A greater specific reverse solute flux suggests reduced membrane selectivity
potential, as well as an inferior FO efficiency value. Although the specific reverse solute flux
depends on the membrane’s active layer selectivity, it is independent of the structure of the
membrane support layer and the draw solution concentration values [51]. This key outcome
grants another standard for the production of a new type of FO membrane, that is, greater
selectivity of the membrane’s active layer. Moreover, engaging a multivalent ion solution as
the draw solution could reduce membrane fouling [28, 67] and lower the reverse solute
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values improved even further as more substantial fouling happened [79]. In a project by Jin
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available.
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diffusion [81], but in this case, there is also a potential to have a higher ICP [48] and a greater
risk of fouling [82]. To sum up, reverse solute diffusion remains one of the main challenges in
osmotically driven membrane processes and as a result must be reduced during the produc-
tion and design of draw solutes and FO membranes.

4.4. Membrane development

Based on the available membrane fabrication methodologies, newly produced and designed
membranes can be organized into three categories: the thin film composite (TFC) membranes,
the chemically modified membranes, and the phase inversion-formed cellulosic membranes.
Reverse solute diffusion, membrane fouling, and ICP are three of the crucial concerns that exist
with respect to the osmotically driven membrane processes, since they effectually direct the FO
performance. As a result, when considering innovative FO membrane development, it is essen-
tial to characterize its salt rejection, antifouling, and anti-ICP characteristics. When compared
with other types of processes, FO could be viewed as more competitive when treating challeng-
ing waters with higher fouling potential or solid content, since ICP and fouling are frequently
much more serious. When it comes to FO, the water flux is affected by the water permeability,
while the reverse solute flux is shaped by the membrane solute permeability. In this instance,
there is a type of trade-off between salt rejection and water permeability [83]. Higher water
permeability values are desirable, as well as lower salt rejection potential. In most cases, FO
membrane featuring higher water permeability potential likewise offers higher salt flux, and the
reverse relationship holds true as well. As a consequence, defined as the ratio of the reverse
solute flux to the forward water flux, specific reverse solute flux can be a superior parameter to
evaluate when considering the FO performance [81]. In fact, it might be better to assess the FO
performance with the aid of the osmotic water flux and specific reverse solute flux when
membrane fouling and ICP are present. Thus, the characterization and design of new FO
membrane in the forthcoming future must reflect on the antifouling and the anti-ICP properties,
as well as salt rejection (solute permeability), structural parameters, and water permeability.

4.4.1. Phase inversion-formed cellulosic membranes

Asymmetric cellulosic osmotically driven membranes developed through phase inversion
have been created specifically for osmotic drug delivery before they were used for water
treatment purposes [33, 84, 85]. Most of these membranes were created using conventional
phase inversion and with the help of cellulose acetate as the dip-coating polymer. A research
breakthrough in Loeb and Sourirajan’s method occurred when they prepared RO membranes
through phase inversion based on cellulose acetate polymer. Cellulose acetate offers a variety
of desirable properties, such as a comparatively high hydrophilicity favoring lower fouling
propensity and greater water flux, wide availability, improved mechanical strength, as well as
enhanced resistance to degradation by chlorine and other types of oxidants [86, 87]. This
particular form of cellulosic membrane is implemented in energy generation, such as osmotic
power, and through a PRO process [88]. Recently, Chung’s research group has produced a
number of cellulose ester-based membranes specifically for FO applications and containing flat
sheet modules and hollow fiber [89–91]. In this case, the methods for creating these cellulose
derivative membranes are relatively similar, in the form of phase inversion that is followed by
hot water annealing at 60–95�C. Chung’s research group determined that the resulting
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membrane could have two selective skin layers that are capable of lowering ICP in the mem-
brane support layer [87, 90]. A more recent study modeled this type of double-skinned FO
membrane [92]. Chung’s research group likewise noted that the relationship between the casting
substrate and the polymer had an important role during phase inversion for the development of
the membrane’s structure [87, 91]. Furthermore, Sairam et al. implemented this phase inversion
approach in order to create flat sheet FO membranes using cellulose acetate [93]. Specifically,
they applied maleic acid, zinc chloride, and lactic acid as pore-forming agents, while casting the
membrane onto nylon fabric at a range of annealing temperature values. Sairam et al. noted that
the membrane developed with zinc chloride as the pore-forming agent allowed for a reasonably
effective FO performance. On the other hand, the disadvantages of cellulose acetate have to be
examined before it is used in FO membranes. While cellulose acetate membranes are more
resistant to chloride degradation and more hydrophilic, if compared to the TFC polyamide RO
membranes, they have lower resistance potential to biological attachments and hydrolysis [86,
94, 95]. To reduce the hydrolysis of cellulose acetate membranes, it is crucial to modify the pH of
the feed and draw solutions within the ranges of 4–6 and to sustain the working temperature
that does not rise above 35�C [86, 94].

4.4.2. Thin film composite membranes

It has been noted that there is a key trade-off dynamic occurring between salt rejection andwater
permeability potential. For instance, the raising of the trimesoyl chloride (TMC) concentration or
the reduction of the m-phenylenediamine (MPD) concentration caused greater membrane per-
meability potential but lower salt rejection values [83]. Research likewise indicates that greater
hydrophilicity of the support layer may prefer water diffusion across the FO membrane [96, 97].
Wang et al. prepared polyethersulfone (PES)/sulfonated polysulfone (PSF)-alloyed–type mem-
branes as the substrates of interfacial polymerization and produced high-performance FO mem-
branes. On the other hand, Yu et al. developed a nonporous polyethersulfone (PES) FO-type
membrane with the aid of phase inversion, however, without using interfacial polymerization
[98]. In this case, the polyester nonwoven fabrics were implemented for backing support. This
membrane creation approach was comparable to the one used by Elimelech’s group, with the
exception of the additional interfacial polymerization phase. According to the report, the mem-
brane produced by this method featured an active layer formed on top of the support layer, high
water flux value, and low reverse solute flux potential [98].

Song et al. reported the creation of a nanofiber TFC FO-type membrane using electrospinning,
which was followed by interfacial polymerization (ES-IP) [99]. Song et al. noted that the
nanocomposite FO membrane allowed for an improved FO performance mostly because of
high porosity and low tortuosity that significantly decreased the structural parameters of the
membrane. If compared to the TFC FO membrane made using phase inversion followed by
interfacial polymerization (PI-IP), the electrospinning-formed nanofiber support layer offers a
porous structure resembling a scaffold with interlocked pores between individual nanofibers
[99]. Due to this structure, the water flux value of the ES-IP–formed FO membrane was found
to be three times as high as the water flux potential of the PI-IP–formed membrane. In this
instance, the performance of the FO membrane was enhanced with respect to osmotic water
flux, while salt rejection was obtained as well as confirmed by Bui et al. research group [100].
The majority of the approaches used for preparing TFC FO membranes and asymmetric
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high porosity and low tortuosity that significantly decreased the structural parameters of the
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cellulose acetate FO membranes are indistinguishable from the original traditional RO mem-
brane methods, like phase inversion followed by interfacial polymerization, or phase inversion
and annealing.

When it comes to a TFC FO membrane, the membrane support layer made using phase inver-
sion governs the ICP, water flux in FO, and the membrane’s active layer controls reverse solute
flux potential and salt rejection values. A high salt rejection can be obtained when the TFC
membranes are developed with the help of interfacial polymerization. In fact, FO’s performance
is shaped by the membrane’s support layer. Next-generation FO membrane production must
pay attention to the membrane’s support layer and its role. All in all, an effective FO membrane
has to provide a design that appears sufficiently porous and offers improved hydrophilic sup-
port combined with lower tortuosity capable of decreasing ICP, as well as a selective active layer
that can lower reverse solute diffusion and augment salt rejection potential.

4.4.3. Chemically modified membranes

Over the course of the last several years, chemical modification methodologies have been
implemented during the development of innovative FO membranes. Arena et al. research
group (2011) applied polydopamine (PDA) as a new bioinspired hydrophilic polymer for the
modification of the support layers in commercial TFC RO membranes catering to engineered
osmosis applications [101]. This modified membrane showed improved water flux and lower
ICP during the conducted FO tests. Furthermore, Setiawan et al. created a hollow-type fiber
FO membrane featuring a positively charged NF-like selective layer using a polyelectrolyte
posttreatment of a polyamide-imide (PAI) microporous substrate with polyethylenimine (PEI)
[102]. Setiawan et al. indicated that the final FO membrane produced could be applied in
heavy metal removal processes due to its unique positively charged characteristic. This
research group likewise designed a flat sheet–type membrane offering a positively charged
NF-like selective layer on top of a woven fabric–embedded substrate and implementing a
similar methodology. The reported results suggest that the overall thickness of the substrate
was reduced to 55 μmwhen the PAI microporous substrate was successfully embedded within
a woven fabric. Moreover, Tang and coworkers relied on a creative layer-by-layer assembly
approach in order to produce FO membranes with desirable properties [103, 104]. In Tang’s
research studies, polyacrylonitrile (PAN) substrate was prepared with the aid of phase inver-
sion and then posttreated by sodium hydroxide so as to improve surface negative charge
density and hydrophilicity potential. Poly(sodium 4-styrene-sulfonate) (PSS) and poly(allyl-
amine hydrochloride) (PAH) were implemented as the polyanion and polycation, respectively.
Arguably, the majority of the present approaches to the FO membrane preparation are
established methods that have been applied during the last few decades for the creation of
pressure-driven–type membranes, such as RO and NF. The production and design of innova-
tive high-performance FO membranes are still in their early stages. As a result, the process of
relying on the older methodologies for RO or NF membrane preparation is a sensible and
practical direction. Forthcoming research may expand the recently developed techniques for
the production of high-performance FO membranes, including layer-by-layer assembly [103,
105–112], UV-photographing [113–116], and polyelectrolyte dip-coating [117, 118]. In addition,
membranes featuring polyelectrolyte multilayers, charged properties, or double selective
layers can provide exciting avenues for specific real-life FO applications.
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4.5. Draw solute/solution developments

Despite preexisting setbacks, key innovative approaches for draw solute selection have been
suggested [119, 120]. Specifically, there are three conditions for successful selection of a suitable
draw solution in FO applications. To begin, the draw solution must offer a reasonably high
osmotic pressure values [11]. Next, the diluted draw solution needs to be economically and
effortlessly reconcentrated and recovered [11, 121]. Finally, the draw solute has to showcase
lowered ICP during the FO processes. A research study by Zhao and Zou indicates that ICP in
FO is seriously influenced by draw solution viscosity, draw solution’s ion/molecule size of the
solute, and solute diffusion coefficient values [48]. Increased diffusion coefficients, coupled
with lowered ion/molecule sizes and smaller solution viscosities, will minimize ICP and allow
for resulting in improved permeate fluxes [48]. Moreover, additional parameters like low
reverse solute permeability [11], zero toxicity, low cost, absence of membrane damage, inert-
ness and stability at or near natural pH, and good biofouling-resistance should be considered
when the draw solute/solution is selected.

During the last few decades, numerous draw solutes/solutions have been examined during
osmotically driven–type processes. The primary benefit of implementing volatile gases as draw
solutes in FO is that the final thermolytic draw solution may be separated or recovered with the
help of heating/or distillation. In a separate project, sugars were likewise tested as draw solutes
since there is no necessity to separate the diluted nutrient solutions further, and the diluted
solutions may be reconcentrated in decreased pressures with loose RO membranes. After the
2000s, Elimelech and coworkers suggested a new draw solution for the purposes of FO desali-
nation, that is, a water-soluble mixture of NH3 and CO2 including ammonium bicarbonate
(NH4HCO3) [9, 10, 24]. The proposed draw solution can offer improved water fluxes as a result
of the higher driving forces created by the greater solubilities of the solutes. These types of draw
solutes may be effortlessly recovered or recycled using moderate heating (�60�C) [9]. As a result,
this innovative draw solution could find a potential application in large-scale desalination, even
though the removal the ammonia (NH3) smell from the produced water could be a concern.
Furthermore, various other chemicals have been assessed for the role of the draw solutes [119].

For instance, synthetic materials, like organic compounds [121] and magnetic and/or hydro-
philic nanoparticles [122–124], have been proposed for the application as the draw solutes. In
the case of the laboratory-designed magnetic nanoparticles, data suggest that the particle size
and surface hydrophilicity of the particles had critical roles for the FO separation performance
[123]. It was also noted that particle agglomeration happened during draw solute recycling
process using magnetic separators [124]. Such an accumulation of magnetic nanoparticles may
be reduced with the aid of ultrasonication. When using this method, the particles’ magnetic
characteristics and the recovery efficacy were threatened by ultrasonication as well. In order to
transcend the issue of accumulation during draw solute recycling, the thermal-responsive
properties were integrated into the magnetic nanoparticles using the one-step thermal decom-
position [125]. UF could likewise be used to recover diluted draw solutes featuring big particle
or molecule sizes. Wang’s research group has produced a stimuli-responsive polymer hydro-
gel as another draw solute for FO desalination [126]. Polymer hydrogels such as these have the
capacity to pull water from the saline feed during swelling and after that release the water
while deflating, the latter being caused by heating and hydraulic pressure. So as to enhance the
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capacity of swelling ratios and drawing water, a type of light-absorbing carbon particles was
introduced into the polymer hydrogels, and as a consequence an improved performance was
obtained [127]. A new draw solute separation system simulating the “destabilization” phe-
nomenon was suggested for the process of generating drinking water [128]. In this particular
system, Al2(SO4)3 was chosen as the draw solute, while the diluted Al2(SO4)3 solution pH was
attuned using CaO, finally resulting in the creation of a white gel-like mixture made out of
positively charged Al(OH)3 and CaSO4. In the following step, negatively charged superpar-
amagnetic nanoparticles were added so as to enable the sedimentation. To accelerate the
sedimentation process and enhance separation efficiency, an external magnetic field was intro-
duced. Such an innovative draw solution separation technique can make FO a more econom-
ical and eco-sustainable process for efficient drinking water production [128].

The selection criteria for the draw solutes and solutions need to be addressed for the process to
be effective and sustainable. An effective draw solute option for FO must offer easy and
economical recovery, lower tendency to cause ICP, zero toxicity, reasonable costs, higher
solubility, and greater osmotic pressure. The diffusion coefficient, viscosity of the draw solu-
tion, and the solute particle size need to be examined as they are directly connected to ICP [48]
effectually dominating the water flux in FO [38, 46].

4.6. Forward osmosis fouling control

In this chapter, the focus was on discussing and reviewing the primary five issues that exist in
FO. Certainly, these challenges do not exist in isolation but are rather interconnected. To sum
up some of these issues, the membrane’s support layer needs to be as porous as possible for the
lower ICP, and the membrane’s active layer needs to be more selective for a lower reverse
solute diffusion potential. The smaller reverse solute diffusion can then decrease the mem-
brane fouling. When it comes to the draw solute, small ion or molecule sizes could minimize
ICP [48]; however, they can likewise increase membrane fouling and reverse solute diffusion.
All of these correlations and criteria make the creation of advantageous draw solutes much
more problematic. In most cases, higher reverse solute diffusion may lead to substantial
membrane fouling, and this correlation holds the other way as well [28, 67]. In addition, ICP
and membrane fouling could lead to multiple adverse properties for water flux in FO [50].
Furthermore, reverse solute diffusion, membrane fouling, and ICP are at their core determined
by draw solute properties and membrane qualifications.

5. Conclusion

The membrane processes based on osmosis are new technological directions that have exhibited
a lot of promise for a range of applications, and especially water purification, food processing,
desalination, wastewater treatment, power generation, and pharmaceutical product dehydra-
tion. While FO is not likely to fully replace RO as the primary desalination technology in the
foreseeable future, it remains an appealing alternative as an effective desalination approach
offering many benefits over pressure-driven–type membrane processes. In order to transfer FO
from the laboratory stages of research into hands-on industrial applications, a set of advances in
terms of FO membrane and draw solute development needs to happen. In fact, the membranes
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need to offer critical properties of minimizing ICP, higher mechanical strength, stability, impro-
ved water permeability, and better selectivity. To sum up, this chapter examined five essential
challenges for FO in the form of membrane fouling, reverse solute diffusion, further membrane
development, concentration polarization, and enhanced draw solute design. The innovative
draw solutes must be capable of producing higher osmotic pressure, remain easily and econom-
ically regenerated/or recycled, and provide minimal ICP. Draw solutes must also offer compat-
ibility with the FO membranes and zero toxicity. A successful draw solute has a vital role in the
popularization and efficacy of FO applications. The next level of draw solute development will
allow for a much wider use of FO in a range of industrial-scale applications and fields.

Nomenclature

A water permeability constant of the membrane

B solute permeability coefficient of the membrane

Cm concentrations of the feed solution at the membrane surface

Cb concentrations of the feed solution at the bulk

D diffusion coefficient of the solute

Dh hydraulic diameter

Jw water flux

k mass transfer coefficient

kfeed mass transfer coefficient on the feed side

kdraw mass transfer coefficient on the draw side

t thickness of the membrane

τ tortuosity

σ reflection coefficient

ε membrane porosity

S membrane structural parameter

Sh Sherwood number

ΔP applied hydraulic pressure difference

Δπ osmotic pressure difference across the membrane

ΔπFeed bulk osmotic pressure of the feed solution

πm�draw osmotic pressures of the draw solution at the membrane surface

πb�draw osmotic pressures of the draw solution in the bulk

ΔπDraw bulk osmotic pressure of the draw solution
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capacity of swelling ratios and drawing water, a type of light-absorbing carbon particles was
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system, Al2(SO4)3 was chosen as the draw solute, while the diluted Al2(SO4)3 solution pH was
attuned using CaO, finally resulting in the creation of a white gel-like mixture made out of
positively charged Al(OH)3 and CaSO4. In the following step, negatively charged superpar-
amagnetic nanoparticles were added so as to enable the sedimentation. To accelerate the
sedimentation process and enhance separation efficiency, an external magnetic field was intro-
duced. Such an innovative draw solution separation technique can make FO a more econom-
ical and eco-sustainable process for efficient drinking water production [128].

The selection criteria for the draw solutes and solutions need to be addressed for the process to
be effective and sustainable. An effective draw solute option for FO must offer easy and
economical recovery, lower tendency to cause ICP, zero toxicity, reasonable costs, higher
solubility, and greater osmotic pressure. The diffusion coefficient, viscosity of the draw solu-
tion, and the solute particle size need to be examined as they are directly connected to ICP [48]
effectually dominating the water flux in FO [38, 46].

4.6. Forward osmosis fouling control

In this chapter, the focus was on discussing and reviewing the primary five issues that exist in
FO. Certainly, these challenges do not exist in isolation but are rather interconnected. To sum
up some of these issues, the membrane’s support layer needs to be as porous as possible for the
lower ICP, and the membrane’s active layer needs to be more selective for a lower reverse
solute diffusion potential. The smaller reverse solute diffusion can then decrease the mem-
brane fouling. When it comes to the draw solute, small ion or molecule sizes could minimize
ICP [48]; however, they can likewise increase membrane fouling and reverse solute diffusion.
All of these correlations and criteria make the creation of advantageous draw solutes much
more problematic. In most cases, higher reverse solute diffusion may lead to substantial
membrane fouling, and this correlation holds the other way as well [28, 67]. In addition, ICP
and membrane fouling could lead to multiple adverse properties for water flux in FO [50].
Furthermore, reverse solute diffusion, membrane fouling, and ICP are at their core determined
by draw solute properties and membrane qualifications.

5. Conclusion

The membrane processes based on osmosis are new technological directions that have exhibited
a lot of promise for a range of applications, and especially water purification, food processing,
desalination, wastewater treatment, power generation, and pharmaceutical product dehydra-
tion. While FO is not likely to fully replace RO as the primary desalination technology in the
foreseeable future, it remains an appealing alternative as an effective desalination approach
offering many benefits over pressure-driven–type membrane processes. In order to transfer FO
from the laboratory stages of research into hands-on industrial applications, a set of advances in
terms of FO membrane and draw solute development needs to happen. In fact, the membranes
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need to offer critical properties of minimizing ICP, higher mechanical strength, stability, impro-
ved water permeability, and better selectivity. To sum up, this chapter examined five essential
challenges for FO in the form of membrane fouling, reverse solute diffusion, further membrane
development, concentration polarization, and enhanced draw solute design. The innovative
draw solutes must be capable of producing higher osmotic pressure, remain easily and econom-
ically regenerated/or recycled, and provide minimal ICP. Draw solutes must also offer compat-
ibility with the FO membranes and zero toxicity. A successful draw solute has a vital role in the
popularization and efficacy of FO applications. The next level of draw solute development will
allow for a much wider use of FO in a range of industrial-scale applications and fields.

Nomenclature

A water permeability constant of the membrane

B solute permeability coefficient of the membrane

Cm concentrations of the feed solution at the membrane surface

Cb concentrations of the feed solution at the bulk

D diffusion coefficient of the solute

Dh hydraulic diameter

Jw water flux

k mass transfer coefficient

kfeed mass transfer coefficient on the feed side

kdraw mass transfer coefficient on the draw side

t thickness of the membrane

τ tortuosity

σ reflection coefficient

ε membrane porosity

S membrane structural parameter

Sh Sherwood number

ΔP applied hydraulic pressure difference

Δπ osmotic pressure difference across the membrane

ΔπFeed bulk osmotic pressure of the feed solution

πm�draw osmotic pressures of the draw solution at the membrane surface

πb�draw osmotic pressures of the draw solution in the bulk

ΔπDraw bulk osmotic pressure of the draw solution
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Abbreviations

AFM atomic force microscope

CEOP cake-enhanced osmotic pressure

CFD computational fluid dynamics

ECP external concentration polarization

ES-IP electrospinning followed by interfacial polymerization

FEM finite element method

FO forward osmosis

ICP internal concentration polarization

MPD m-phenylenediamine

NF nanofiltration

OMBR osmotic membrane bioreactor

PAH poly(allylamine hydrochloride)

PAI polyamide-imide

PAN polyacrylonitrile

PDA polydopamine

PEI polyethylenimine

PES polyethersulfone

PRO pressure-retarded osmosis

PSF polysulfone

PSS poly(sodium 4-styrene-sulfonate)

RO reverse osmosis

TFC thin film composite

TMC trimesoyl chloride
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Abstract

Fouling is a phenomenon that occurs in all membrane processes. It is a complex prob-
lem, which limits the full operation of this technology. Fouling in pressure-driven 
membranes (PDMs) has been studied extensively, and the occurrence is well under-
stood in that methods of mitigation have been proposed; however, limitations still occur 
for their full implementation. The use of osmotically driven membranes (ODMs) for 
water treatment is an emerging technology, which has shown some advantages such as 
low hydraulic pressure operation, high solute rejection and high recovery over PDMs. 
However, like in PDMs, fouling still presents a challenge. This chapter is aimed at evalu-
ating the impact of fouling on the ODM performance, exploring the factors and mecha-
nisms governing the fouling behaviour, developing approaches for mitigating fouling, 
elucidating the effect of membrane fouling and providing mitigation strategies as well 
as the causes of fouling in ODMs.

Keywords: membrane fouling, fouling mitigation, forward osmosis, pressure retarded 
osmosis, pretreatment

1. Introduction

The use of osmotically driven membranes (ODMs), such as forward osmosis (FO), pressure 
retarded osmosis (PRO), direct osmotic concentration (DOC) and osmotic dilution (ODN), 
for water treatment is an emerging technology that has shown some advantages such as 
low hydraulic pressure operation and hence low energy consumption, high solute rejection 
and high recovery over pressure-driven membranes (PDMs) [1–5]. The ODMs are seen to 
gradually outperform the conventional PDMs. For instance, Mi and Elimelech [6], in their 
review, noted that forward osmosis is said to consume only about 20% of the electrical energy 
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required by other processes such as desalination. These processes could use low quality heat 
like the waste heat from power plants as their energy inputs. The advantage associated with it 
has been the higher recovery, and because of this, less discharge of brine to the environment 
is noticeable [6].

Until recently, the focus of most studies has been on PDMs; however, a shift in research is 
being noticed and more research is emerging regarding the application of ODMs. However, 
the studies on ODMs published has been intensified mainly on issues such as choice of draw 
solutions, membrane properties and other factors relating to the application of ODMs. Fouling 
mechanisms in these membranes has, on the contrary, received less attention. On the other 
hand, fouling in PDMs has been studied extensively and methods of mitigation and control 
are being adopted for their implementation [6].

Fouling is a phenomenon that occurs in all membrane processes. It is a complex problem that 
limits the full operation of this technology. Fouling can be caused by the accumulation of sus-
pended particles or colloids, organic molecules and also soluble inorganic compounds, micro-
organisms, or a combinations of all these on the membrane [7]. Different substances have 
been identified to cause fouling in membranes and as such, this can result in different fouling 
mechanisms in the membranes. For example, fouling could occur as a result of the deposition 
of foulants onto the surface of the membrane thus forming a cake layer. This phenomenon is 
commonly referred to as external fouling. It could occur within the pores of the membrane. 
In this instance, the foulant sizes could be relatively smaller than the pores of the membranes, 
hence penetrates the pores of the membrane thereby leading to pore blocking. This type of 
fouling is called internal fouling [7].

Fouling occurs in all membrane operations, however, the tendency and its behaviour varies 
due to the mode of operation, the nature of the membranes and the nature of the foulants. Mi 
and Elimelech [8] studied the chemical and physical aspects of organic fouling of FO mem-
branes using alginate, bovine serum albumin (BSA), and Aldrich humic acid (AHA) as the 
exemplary organic foulants. In that study, the effect of chemical and physical interactions 
such as intermolecular adhesion forces, calcium binding and the membranes initial permeate 
flux were investigated. Similarly, the membrane orientation on organic fouling of FO mem-
branes was investigated. They observed that there was a relationship between organic fouling 
and intermolecular adhesion, thus indicating that foulant-foulant interaction is an important 
aspect that can determine the rate and level of fouling, therefore emphasising that the main 
factors that control membrane fouling differ from foulant to foulant [8].

Studies on the fouling in ODMs have revealed that fouling propensity within the ODMs is 
lower as compared to PDMs [2, 3, 9, 10]. The lower fouling propensity is said to be so in the 
case, whereby the active layer of the membrane is arranged to face the feed solution contain-
ing the foulant. In addition, the low flux conditions and lack of applied pressure in the FO 
process have been highlighted as some of the reasons for this occurrence. However, internal 
concentration polarisation (ICP) could still occur within the membrane [10]. Therefore, ICP is 
one of the major drawbacks of ODMs especially in FO [3].

Factors such as draw solutions, hydrodynamics and operating conditions and feed water 
characteristics could impact fouling in different ways. The effect of these factors, if properly 
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managed, will help mitigate fouling propensity on the membrane. The configuration of the 
membranes can also affect membrane performance significantly. Tang et al. [3] studied the 
coupled effects of internal concentration polarisation and fouling on flux behaviour of FO 
membranes during humic acid filtration. They found that the membrane orientation plays an 
important role. In their observation, ICP occurred more when the active layer faced the draw 
solution (AL-facing-DS) as compared to when the membrane active layer faced the feed water 
(AL-facing-FW). This leads to a dilutive ICP in the FO support layer [3]. However, a more 
substantial flux stability is said to be achieved by the AL-facing FW as against the dilutions of 
the bulk draw solution and membrane fouling.

Thus, understanding the phenomenon of fouling in ODMs will provide more informa-
tion that could lead to the development of new FO membranes with reduced ICP and high 
water permeability. The aim of this review is to evaluate the impact of fouling on the ODMs 
performance and to explore the factors and mechanisms governing the fouling behaviour. 
Further, it aims to develop approaches for mitigating fouling and to further elucidate the 
effect of membrane fouling and mitigation strategies. The causes of fouling in ODMs will also 
be described. The performance of FO membranes is defined by three parameters; the pure 
water permeability coefficient, solute permeability coefficient and the structural parameter. 
The solute permeability describes mass transport across the membrane active layer while the 
structural parameter governs the transport phenomena across the membrane support layer. 
The aforementioned parameters are used to describe the permeate water and solute fluxes of 
FO processes [11].

2. Fouling in membranes

The fouling phenomenon in PDMs and ODMS differs in some ways. In PDMs, factors that 
affect membrane fouling can be classified into three categories: membrane properties, oper-
ating parameters and the nature of the waste water to be treated. In ODMs, there could be 
additional factors to the aforementioned, such as the membrane orientation and the type of 
draw solutions [12–14]. The driving force for PDM systems is pressure. Hence, the relation-
ship between pressure and flux is positive. A rise in pressure causes a rise in flux; however, 
for a feed mixture there is a point where a further increase in pressure results in a minimal 
increase in flux. This is because the particles of the component being rejected by the mem-
brane accumulates on the membrane surface and obstructs the passage of the solvent through 
the membrane. If the process is allowed to continue to run, the rejected layer on the membrane 
surface grows thicker and becomes more and more resistant to solvent flow and this results 
in the flux dropping. At this point, it is said that the membrane is fouled and it is no longer 
economically justifiable to continue to run because the added energy to the system does not 
recover or even maintain flux [15, 16].

On the other hand, ODM systems use the osmotic pressure gradient, which is the chemical 
potential difference between the feed water and the concentrated draw solution as its driv-
ing force. With this application, the use of external pressure is not needed [3, 10, 17, 18]. As 
a result of this, the system is said to be more economically viable due to its significantly low 
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energy consumption [19]. This advantage has attracted the application of ODMs in seawater 
desalination, wastewater reclamation and in liquid food processing. However, like PDMs, 
a decline in flux always results, due to the severe internal concentration polarisation that 
always occurs in the porous membrane support [9, 17, 20, 21].

Fouling in membranes could occur internally or externally on the membrane. The extent of foul-
ing in membranes depends on the type of separation and the type of membrane used to carry out 
the separation. Fouling leads to an overall increase in membrane resistance for mass transport, 
and hence affects the performance of membranes by a gradual decrease in flux and a decrease in 
rejection. The effect of this is seen in the deterioration of the membrane properties and as such 
results in high costs of operation and cleaning of the membranes to restore its initial flux [22].

The orientation of ODMs could be in two ways; active layer-feed solution (AL-FS) and the 
active layer-draw (AL-DS) solution. Hence, the nature of fouling differs with orientation 
[17]. The AL-FS mode is reported to be the FO mode (normal), while the AL-DS is the (PRO) 
reversed AF [23]. AL-FS orientation is when the active layer of the membrane faces the feed 
solution; and the AL-DS is when the active layer of the membrane faces the draw solution 
[14]. The type of fouling that will occur in the membrane will depend on the orientation of the 
membrane. The AL-DS could also be referred to as external fouling because solutes from the 
feed solution accumulate on the membrane surface thus forming a cake layer with time. This 
is similar to that formed in PDMs. On the other hand, in the AL-DS orientation, complications 
arise because other fouling mechanisms, such as pore blocking, could occur in addition to the 
cake layer formation. The occurrence of this is however dependent on the type and nature of 
foulants. Smaller sized particles will find their way into the pores of the membranes, thereby 
causing the membrane pores to be become blocked and therefore, internal fouling occurs. 
However, if it contains larger particles, these foulants will remain on the surface of the mem-
brane and are thus deposited on the membrane surface hence blocking the pores leading to 
external fouling. If the feed solution contains a mixture of both sizes of foulants, both types of 
fouling could be occurring within the membrane [7, 23].

Both orientations affect the performance of the membrane in different ways. The AL-DS ori-
entation has shown to have a lower initial flux, however, a higher fouling resistance, while 
the AL-FS has a higher initial flux but is less prone to fouling. However, it can be immensely 
affected by dilutive ICP. Therefore, ODM membranes are faced either with a more severe dilu-
tive ICP in AL-FS or having much greater fouling tendencies in AL-DS, and therefore a balance 
must be reached in order to obtain optimum performance carrying out mitigating measures 
[17]. However, Chen et al. [23] reported in their study that the effect of fouling is more enhanced 
in PRO membranes. The purpose for this is the fact that PRO membranes are composed of a 
denser or thicker structure than the FO membranes to enable them to withstand the high pres-
sure loading. Therefore, the denser structure contributes to the fouling tendencies.

Mi and Elimelech [6] studied the organic fouling of forward osmosis membranes. The main 
aim of that study was to examine organic fouling and the cleaning methods that will follow in 
the FO. Two types of membranes were used; polyamide and cellulose acetate (PA and CA) with 
alginate as the model foulant. Again, they used atomic force measurement (AFM) to detect 
the role of membrane materials in determining membrane fouling and cleaning behaviour.  
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They found that the PA was prone to more fouling propensity. The PA membrane surface 
were said to contain some adhesive sites even though lower as compared to those from the 
CA. The higher fouling in the PA membranes were due to the fact that the PA membranes 
caused more adsorption, thereby leading to a more severe fouling at an early stage [6].

Furthermore, Mi and Elimelech [6], in the same study, considered the flux behaviour in RO 
and FO and found that similar flux patterns were obtained in membrane types; however, the 
flux recovery was different. A higher flux was recovered from FO than the RO. The reason for 
this occurrence was attributed to the fact that the fouling layer formed on the FO membrane 
was less compact due to a lack of hydraulic pressure application [6].

Xie et al. [24], in their study on the role of pressure in organic fouling in FO and RO, used algi-
nate as the foulant, while varying the contribution pressure in terms of osmotic and hydraulic. 
From that study, two possible mechanisms of fouling were identified which were permeation 
drag force and compression of foulants. The fouling thickness that was observed by them was 
in the decreasing order of FO < PFO < R O. They arrived at the same conclusion that hydraulic 
pressure plays a significant part in the compression of the fouling layer to a great extent [24]. 
The drag force was the only applied force in FO; however, this did not necessarily mean that 
fouling will not occur in the FO membranes.

As stated earlier, different factors are responsible for fouling in membranes. One dominant 
factor is the nature of contaminants that can be found in the wastewater, for example, col-
loidal particles or particulate matter, dissolved organics, chemical reactants, micro-organisms 
and other microbial substances [17]. Foulants are colloidal materials with different properties, 
which interact with the membrane thereby causing fouling. They can be grouped into four 
categories: organic precipitates, inorganic precipitates, biological and particulates [13, 25]. 
Hence, the type of fouling can be grouped based on the foulant type, e.g., inorganic (scaling), 
organic and biofouling [22].

2.1. Inorganic fouling

Inorganic fouling normally results from the deposition and accumulation of inorganic matter 
and other precipitates such as metal hydroxides and silica on the surface of the membrane. 
Inorganic fouling will foul the membrane both on the surface and internally. The precipitates 
are formed when the concentration of the chemical species is more than their saturation con-
centrations. This tends to happen on the membrane surface where accumulations of particles 
occur due to retention on the membranes. The result of this will be a decline in flux [17, 26].

Mi and Elimelech [27], in their study on the gypsum scaling and cleaning in FO, reported a 
decline in flux in both RO and FO modes. About 96% of the flux was recovered in the FO mode 
following a water rinse only without the use of any chemical cleaning agent. In the RO mode, 
however, the flux recovered was 10% lower than that of FO. Similarly, the same authors, Mi 
and Elimelech [26], reported in their study for silica scaling and scaling reversibility in FO, a 
decline in flux both in the FO and RO mode. However, 100% flux was recovered in the FO and 
only 80% in the RO modes. They concluded, after characterising the fouled membrane, that 
scaling on the membrane originated from the monosilicic acid deposition on the membrane 
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surface, which was followed by polymerisation (the formation of a soft amorphous silica gel 
layer that hardened with time by a continuous dehydration). Again, on the use of the AFM 
force measurement, it was revealed that the membrane surface roughness played a crucial 
part by increasing the adhesion force between the membrane and the silica gel layer, thereby 
considerably reducing the cleaning efficiency of the membrane [26].

The combination of alginate, which is the main component of polysaccharides with calcium 
ions in water, could lead to a more pronounced decline in flux due to the formation of a cake 
layer or gel layer. Chun et al. [28] reported that inorganic scaling, which was caused by cal-
cium and phosphate and the interactions with other organic constituents in the feed solutions 
used, were the main cause of the reduction in flux of the membrane [28]. The cleaning of the 
inorganic scaling was, however, poor after using both physical and chemical methods. On 
further characterisation of the membrane, it was confirmed that gypsum and organic compo-
nents that were present in the feed solution might have formed a gel layer (calcium bridging), 
thereby enhancing the fouling layer rigidity [17, 28]. Silica scaling is said to be difficult to be 
removed physically, while other types of the NOM foulants can be easily removed.

2.2. Organic fouling

The adsorption of organic matter such as humic substances, protein, and grease onto the mem-
brane surfaces is referred to as organic fouling. These organic substances can be hydrophobic, 
hydrophilic or transphilic in nature. The mechanisms of organic fouling are complicated due 
to the wide variety of organic foulants existing in natural waters. These organic matters, com-
monly known as natural organic matter (NOM), are prevalent in most natural water sources 
such as run-offs, rivers, seawater and ground water [17].

NOM which are terrestrially derived are known as autochthonous NOM. There are also the 
microbially derived and wastewater NOM. Each of these organic fractions foul membranes differ-
ently because of different hydrophobicity, molecular weight size and charge density. However, 
microbially derived NOM are found to be the worst foulants. Fouling from these fractions is 
found to be most problematic and severe [29]. A study by Bessiere et al. [30] on the effect of NOM 
on fouling shows that hydrophilic components of NOM are responsible for the rapid but revers-
ible fouling on the membrane. Figure 2 elaborates concentration polarisation that could occur 
in FO membranes. The hydrophobic components were found to be responsible for the slow but 
irreversible fouling on the membrane. The hydrophilic components were small compared to the 
hydrophobic components. Both of these components are adsorbed on the membrane material.

The size of NOM plays a great role on the fouling of the membrane. Because NOM adsorbs onto 
the membrane, small NOM enter the pore of the membrane and get adsorbed on the wall of the 
pore channel resulting in pore narrowing. Larger NOM components get trapped at the entrance 
of the membrane pores and block the entrance to the pore channel resulting in cake layer for-
mation as filtration progresses [31]. Fan et al. [32] found that the fouling order of hydrophobic 
membranes by NOM material is as follows; hydrophilic neutrals > hydrophobic acids > trans-
philic acids. Again, Chun et al. [17], in their study, noted that hydrophilic, H-bond acceptor, 
non-H-bond-donor and neutrally charged membranes are said to be resistant to organic foul-
ing; however, hydrophobic and rougher membranes are more prone to fouling by NOM [17].
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For ODM systems, a strong correlation has been established between organic fouling and 
intermolecular adhesion forces. For example, Mi and Elimelech [8] studied the chemical and 
physical aspects of organic fouling of FO membranes and found a strong correlation between 
organic fouling and intermolecular adhesion forces, which indicated that foulant-foulant 
interaction played an important role in determining the extent of the fouling [8]. They used 
the AFM. Adhesion force measurement was used to elucidate the impact of membrane mate-
rial fouling. They found that the small adhesive sites on the membrane played a significant 
role in organic fouling formation [8]. They concluded that permeation drag, hydrodynamic 
shear force and calcium binding were the main contributing factors that govern organic foul-
ing development [8, 17].

Colloidal matter in a suspension can be charged and depending on the charge of both the 
membrane and the particle, adhesion or repulsion will occur. The charge of the particles can be 
altered by adjusting the pH of the suspension. pH adjustment changes the electrostatic inter-
action between the membrane and particle from attractive to repulsive or from repulsive to 
attractive [33]. The effect of the ionic strength of colloidal particles on fouling was also studied 
by Singh and Song [34]. The study found that increasing the ionic strength of colloidal matter 
and its concentration in the feed solution increases the fouling potential of the water linearly.

2.3. Biofouling

Biofouling in simple terms can be defined as biological fouling. It is a net resultant of microbial 
attachment to the membranes and the consequent growth and discharge of biopolymers that 
are connected with this microbial activity. The foulants in biofouling include proteins, organ-
ics, organic acids, polysaccharide fats, etc. [14]. Biofoulants in this section will be divided into 
humic materials and micro-organisms (bacteria) [35]. The attached communities of bacteria in 
aquatic systems are encased in a glycocalyx matrix that is polysaccharide in nature. This matrix 
material mediates adhesion. The biofilm is made up of single cells and micro colonies that are 
enclosed in a hydrated, predominantly anionic exopolymer matrix. The attachment of bacteria 
to surfaces is irreversible and it results from a secretion by the bacteria itself which is a matrix 
of extracellular polymeric substances in which the bacteria cells are embedded upon [36].

This adhesion of microbial cells to the membrane surface is the beginning of membrane bio-
fouling. Subsequent to attachment of microbial, a biofilm layer is formed, which has a com-
position that is vast in diversity of different micro-organisms which could be bacteria, algae, 
protozoa, fungi, etc. [36]. Basically, three steps are involved in the formation of the biofilm; 
adsorption of the organic species and other suspended species on the wet membrane, trans-
portation of microbial cells to the formed film and finally, the microbial cells then attach them-
selves on the membrane surface. The growth and metabolism as well as the biofilm of the 
attached organisms are then developed [37].

Extracellular polymeric substances (EPS) are high molecular weight secretions of micro-
organisms that are made up of organic substances such as polysaccharide, protein, nucleic 
acids and lipids. EPS offer a binding base for biofilm to the membrane surface. They contrib-
ute to the mechanical stability of the biofilm and to the organisation of the biofilm community. 
Once the biofouling has been established, other organic and inorganic materials contribute to 
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monly known as natural organic matter (NOM), are prevalent in most natural water sources 
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NOM which are terrestrially derived are known as autochthonous NOM. There are also the 
microbially derived and wastewater NOM. Each of these organic fractions foul membranes differ-
ently because of different hydrophobicity, molecular weight size and charge density. However, 
microbially derived NOM are found to be the worst foulants. Fouling from these fractions is 
found to be most problematic and severe [29]. A study by Bessiere et al. [30] on the effect of NOM 
on fouling shows that hydrophilic components of NOM are responsible for the rapid but revers-
ible fouling on the membrane. Figure 2 elaborates concentration polarisation that could occur 
in FO membranes. The hydrophobic components were found to be responsible for the slow but 
irreversible fouling on the membrane. The hydrophilic components were small compared to the 
hydrophobic components. Both of these components are adsorbed on the membrane material.

The size of NOM plays a great role on the fouling of the membrane. Because NOM adsorbs onto 
the membrane, small NOM enter the pore of the membrane and get adsorbed on the wall of the 
pore channel resulting in pore narrowing. Larger NOM components get trapped at the entrance 
of the membrane pores and block the entrance to the pore channel resulting in cake layer for-
mation as filtration progresses [31]. Fan et al. [32] found that the fouling order of hydrophobic 
membranes by NOM material is as follows; hydrophilic neutrals > hydrophobic acids > trans-
philic acids. Again, Chun et al. [17], in their study, noted that hydrophilic, H-bond acceptor, 
non-H-bond-donor and neutrally charged membranes are said to be resistant to organic foul-
ing; however, hydrophobic and rougher membranes are more prone to fouling by NOM [17].
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attachment to the membranes and the consequent growth and discharge of biopolymers that 
are connected with this microbial activity. The foulants in biofouling include proteins, organ-
ics, organic acids, polysaccharide fats, etc. [14]. Biofoulants in this section will be divided into 
humic materials and micro-organisms (bacteria) [35]. The attached communities of bacteria in 
aquatic systems are encased in a glycocalyx matrix that is polysaccharide in nature. This matrix 
material mediates adhesion. The biofilm is made up of single cells and micro colonies that are 
enclosed in a hydrated, predominantly anionic exopolymer matrix. The attachment of bacteria 
to surfaces is irreversible and it results from a secretion by the bacteria itself which is a matrix 
of extracellular polymeric substances in which the bacteria cells are embedded upon [36].

This adhesion of microbial cells to the membrane surface is the beginning of membrane bio-
fouling. Subsequent to attachment of microbial, a biofilm layer is formed, which has a com-
position that is vast in diversity of different micro-organisms which could be bacteria, algae, 
protozoa, fungi, etc. [36]. Basically, three steps are involved in the formation of the biofilm; 
adsorption of the organic species and other suspended species on the wet membrane, trans-
portation of microbial cells to the formed film and finally, the microbial cells then attach them-
selves on the membrane surface. The growth and metabolism as well as the biofilm of the 
attached organisms are then developed [37].

Extracellular polymeric substances (EPS) are high molecular weight secretions of micro-
organisms that are made up of organic substances such as polysaccharide, protein, nucleic 
acids and lipids. EPS offer a binding base for biofilm to the membrane surface. They contrib-
ute to the mechanical stability of the biofilm and to the organisation of the biofilm community. 
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the building of the fouling mass [38]. EPS promotes the adhesion of microbial to surfaces by 
changing the physicochemical characteristics of the biofilm fouled membrane surface such as 
its charge, hydrophobicity and roughness. The EPS offers building blocks between the mem-
brane pore and microbial cells. High concentration of EPS contributes greater binding capac-
ity. EPS aggregates are comprised of charged groups, and they therefore have both wetting 
and cross-linking characteristics which contains both hydrophobic and hydrophilic sites on 
their structure. This enables them to be able to adhere to both hydrophilic and hydrophobic 
surfaces. The factor that makes biofouling very complex to understand and plan against is the 
fact that EPS have flexibility and rearrangement characteristics. This means EPS structure will 
rearrange themselves so that they are able to stick to any surface [37].

Biofouling is one of the most difficult fouling to control as there is a large range of biofoulants 
that could be present in a particular aqueous system at a particular time for a particular feed 
solution [17]. Other types of fouling are easily mitigated by the use of chemical and physical 
pre-treatment. Like other fouling mechanisms, it causes significant losses in flux it is reported 
that it can cause a 10–15% decline in the membrane performance of the start-up values under 
the applied operational conditions [17]. Further impacts of biofouling are observed in mem-
brane biodegradation which can lead to an increased salt passage as well as raising energy 
requirements. Consequently, a higher operating and maintenance cost and possibly shorten-
ing of membrane lifetime will be the overall impact [17].

Bogler et al. [14] reported that biofouling in FO has a lower influence on permeate water flux than 
that in PDM membranes. The same hydrodynamic conditions, feed concentration, membrane 
type and bacterial concentration were used to test for biofouling in RO and FO membranes, and 
it was found that there was a 10% decrease in flux as compared to the 30% in RO membranes 
after 24 h. However, the influence of biofilm in FO has been considered to be more complicated 
than in RO. This is due to the fact that the additional phenomenon that occurs is unique to mem-
brane systems, which are driven by osmotic force [14]. According to Bogler et al. [14], there is 
an interaction between the reverse solute and the biofilm by the draw solution especially when 
it contains divalent cations as calcium [14]. Again, the biofilm formed on the FO membrane is 
more loosed and thicker than that formed in RO membrane. This was said to enhance CP instead 
of the additional hydraulic resistance as the main reason for permeate water flux reduction [14].

3. Concentration polarisation in ODMs

The major challenge in bringing about a deep knowledge that will aid to understand mem-
brane fouling is the difficulties in the identification of the actual foulants, and distinction 
between the indicators of fouling and effect of CP. CP is the occurrence in membrane pro-
cesses, whereby the concentration of solute near the membrane surface is very different from 
that of the bulk solution [7, 39, 40]. In membrane systems, using hydraulic pressure, the liquid 
is passed through the membrane and the particles accumulates near the membrane surface 
thereby forming a thin layer. In the layer, the particles get stuck in the transverse direction 
which is close to the membrane surface such that retained particles on the stationary layer 
provides an added resistance to the permeate flow. The resistance therefore depends on the 
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total number of particles formed on the layer and on as well as the spatial distribution. The 
stationary layer containing retained particles is called concentration polarisation (CP) and is 
inherent to all cross flow filtration processes [41]. The retained solutes/particles diffuse back 
to the bulk solution. However, the rate of permeation in membrane systems is higher than the 
rate at which the rejected solutes diffuse back to the bulk solution. This results in a higher sol-
ute concentration at the membrane surface than in the bulk solution. As filtration progresses, 
the concentration of the particles on the membrane surface becomes so high that a gel layer is 
formed which acts as a secondary barrier to permeate flux [42].

The effect of the CP is noticeable during membrane operation by the reduction of permeate flux 
as well as decline in the effective driving force across the membrane, leading to further fouling 
of the membrane. This influence occurs both in PDMs and ODMs. A similar scenario is observed 
with the ODM membranes; however, because the driving force here is osmotic pressure, a dif-
ference in CP mechanism is noticed. It has been emphasised that in ODMs, CP could occur as 
internal concentration polarisation (ICP) or external concentration polarisation (ECP) of the 
membrane (see Figure 1) [7, 17, 21, 39]. Figure 1 shows that the solutes on the draw side decreases 
while those on the feed side increases, as a result a concentration gradient is formed and as such, 
a reduction in the osmotic pressure difference between the two solutions is enriched as shown in 
Figure 1B. The result of this is seen in the build-up of CP, which thus reduces flux flow.

ICP occurs within the membrane porous support layer, while ECP occurs on both sides of the 
membrane surfaces [17, 39]. The orientation of the membranes plays a vital role with regards 
to the type of CP that will occur on the membrane and it should be noted that CP is contrib-
uted by both convective and reverse solute diffusion (RSD) [21, 39]. The effect of ICP is more 
pronounced on the membranes than that of ECP. The reason is attributed to the fact that there 
is an axial flow of salt solution within the asymmetric FO membrane, which is the solute that 
enters and exits the porous support layer. To further validate and understand the nature of 
CP, both ECP and ICP have been elucidated and categorised as concentrative external concen-
tration polarisation (CECP) and diluted external concentration polarisation (DECP) for ECP 
and diluted ICP (DCIP) (Figure 2).

Figure 1. Schematic representation of (A) concentration polarisation on FO membranes (B) osmotic pressure difference 
due to effects of CP [43].
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formed which acts as a secondary barrier to permeate flux [42].
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as well as decline in the effective driving force across the membrane, leading to further fouling 
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Figure 1B. The result of this is seen in the build-up of CP, which thus reduces flux flow.
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to the type of CP that will occur on the membrane and it should be noted that CP is contrib-
uted by both convective and reverse solute diffusion (RSD) [21, 39]. The effect of ICP is more 
pronounced on the membranes than that of ECP. The reason is attributed to the fact that there 
is an axial flow of salt solution within the asymmetric FO membrane, which is the solute that 
enters and exits the porous support layer. To further validate and understand the nature of 
CP, both ECP and ICP have been elucidated and categorised as concentrative external concen-
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The logical explanation for this is the fact that the drawn solution is greatly diluted by the 
permeate water within the porous support of the membrane [39]. Therefore, CECP occurs 
when the active layer of the membrane faces the feed solution and as such, there is accumu-
lation of the solutes thereby increasing the feed concentration while DECP occurs when the 
active layer of the membrane faces the draw solution, hence dilution. The outcome of this is 
seen in the effective osmotic pressure of the feed solution increasing from the bulk solution to 
the membrane surface and that of the draw solution decreasing from the draw bulk solution 
to the to the membrane surface. This can be seen in the equation of FO which describes the 
permeate flux as seen in (Eq. (1)).

  Jw = A ∗ ∆ π =  ( π  D,m   −  π  F,m  )   (1)

where  Jw  is the permeate flux; A is the pure water permeability coefficient;   π  
F,m

    is the osmotic 
pressure of feed solution on the membrane surface;   π  

D,m
    is the osmotic pressure of draw solu-

tion on the membrane surface.

Equation (1), above which describes the flux in FO, was first modified by McCutcheon and 
Elimelech [44].

    πf, m _____ πf, b   = exp   Jw ___ K    (2)

    𝜋𝜋D, m _____ 𝜋𝜋D, b   = exp   Jw ___ K    (3)

Where  Jw  is the permeate flux and k is the mass transfer coefficient. k is related to the Sherwood 
number (Sh), solute diffusion coefficient and hydraulic diameter of the flow channel

Figure 2. Schematic representation of DECP and DICP on a porous support layer [17].
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  k = Sh ∗   D __  d  h  
    (4)

Depending on the flow regime, Sh is calculated using either Eqs. (5) and (6).

  sh = 1.85 ∗   (Re ∗ Sc ∗   d __ L  )    
0.33

   (laminar flow Re ≤ 2100)   (5)

  sh = 0.04 ∗  Re   0.75   Sc   0.33   (turbulent flow Re > 2100)   (6)

However, if the salt back diffusion across the membrane does not take place, then the perme-
ate flux [Eq. (1)] is modified by taking CECP and DECP into consideration the equation can 
be transformed to Eq. (7).

  Jw = A ∗  (πD, b ∗ exp (−   Jw ___ Kd  )  − πF, b ∗ exp (  Jw ___ Kf  ) )   (7)

Equation (7) describes ECP in FO; however, ECP effect on flux decline is not as pronounced 
as that of ICP. The impact of ICP on the membrane is more prominent on the membrane. 
Therefore, to account for ICP that occurs in the membrane, the equation is modified [1].

Apparently, due to the nature of most membranes being asymmetric and comprising of a thin 
selective layer and a thick, non-elective layer, Eq. (7) cannot be used to describe ICP porous 
support layer. This being due to the fact that the osmotic pressure of a solution can be estab-
lished only at the interface with the selective layer. Noted also is the fact that asymmetric 
structure of the membrane.

The asymmetric structure of the membrane is made such that one of the boundary layers is 
within the support layer which then results in ICP [1]. Therefore, to justify for the porous 
layer, an effective mass transfer coefficient (Keff) is defined as shown in Eq. (8) [1].
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Where Ds is the diffusivity of the solute, δ is the thickness of the boundary layer ε, τ, and t are 
the porosity, tortuosity, and thickness of the porous support layer of the membrane.

In normal mode of FO, Eq. (7) is modified to:

  Jw = A ∗  [πD, b ∗ exp (−   Jw _____ Kdeff  )  − πF, b ∗ exp (  Jw ___ Kf  ) ]   (9)

According to Chun et al. [17], the effect of ECP is suffered on all membrane processes. The 
effect of CP is experienced more on the interface because it is more in contact with the bulk 
solution. This is due to the fact that the layer interface becomes polarised. Transport of water 
and other solutes within this interface is merely on advection and molecular diffusion [17]. 
Because, it is only a minimal amount of the solute that is able to penetrate through the dense 
selective layer, back diffusion occurs with an accumulation of solute within the porous layer 
which leads to the formation of ICP effect [17]. Like PDMs, enhanced cake layer concentration 
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The logical explanation for this is the fact that the drawn solution is greatly diluted by the 
permeate water within the porous support of the membrane [39]. Therefore, CECP occurs 
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F,m

    is the osmotic 
pressure of feed solution on the membrane surface;   π  

D,m
    is the osmotic pressure of draw solu-

tion on the membrane surface.
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Where  Jw  is the permeate flux and k is the mass transfer coefficient. k is related to the Sherwood 
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Figure 2. Schematic representation of DECP and DICP on a porous support layer [17].
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  k = Sh ∗   D __  d  h  
    (4)

Depending on the flow regime, Sh is calculated using either Eqs. (5) and (6).

  sh = 1.85 ∗   (Re ∗ Sc ∗   d __ L  )    
0.33
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  sh = 0.04 ∗  Re   0.75   Sc   0.33   (turbulent flow Re > 2100)   (6)
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solution. This is due to the fact that the layer interface becomes polarised. Transport of water 
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polarisation could be formed on the membrane surface. This can happen when the flux is sig-
nificantly high and thus leads to the formation of a porous fouling layer on the membrane sur-
face such that solute diffusion inside this layer becomes seriously hindered [21, 45]. The effects 
of Enhanced CP can be expressed through a mass transfer coefficient as shown in Eq. (10) [21].

  KECP =   Dml . 𝜀𝜀la _______ 𝛿𝛿la . 𝜏𝜏la    (10)

where Dml is diffusion coefficient of the solutes inside the fouling layer;   𝜀𝜀la  is porosity and  𝛿𝛿la  
the thickness and  𝜏𝜏la  is the tortuosity of the fouling layer, respectively.

She et al. [39], in his review, outlined the main equations that described both ICP and ECP in 
ODMs. He noted that the actual solute concentration at the support-active layer interface and 
that on the active layer surface were not the same with that of the bulk solution.

Xie et al. [24] modified the film models to predict flux behaviour in FO considering its exter-
nal and internal concentration polarisation. They tested the membranes in two modes; the 
normal and the reverse. In the normal mode, the dense selective layer faced the DS while 
the porous layer faced the feed solution; while in the reverse mode, the dense selective layer 
faced the feed solution while the porous layer faced the draw solution [24]. This is illustrated 
in Figure 3. From their study, they expected the FO to have a greater flux, considering the fact 
that the influence of ICP in the FS was lesser than in the DS. According to them, the FO process 
should be preferably operated in the normal mode, this is also the mode implemented which 
is obtainable commercially as FO membrane for FO processes [24].

4. Membrane materials

One factor that is now increasingly being considered in membrane materials is the material’s 
susceptibility to fouling. Some of the properties of the membrane that affect fouling are charge, 
roughness and pore size. Membrane material and its properties play an important role in the 

Figure 3. Schematic representation of (a) and (b) shows the different membrane orientation. (a) The normal mode and 
(b) reverse mode adapted from [24].
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type of fouling that will occur in ODMs [8]. Knowledge of the nature of the membrane helps 
in the identification and understanding the fouling mechanism occurring in the membrane.

The development of membranes that can be used for FO has remained a challenge till date. 
ODMs can be made either by modifying an existing NF or RO membranes or by the develop-
ment of new membranes with specific design for FO applications [22]. The latter is said to be 
simple, effective to some extent and cost efficient. Membranes used in RO or NF are made up 
of a non-porous active layer and a porous support layer and are made from thin-film poly-
merisation on a polysulfone layer supported by nonwoven fabrics However, they suffer from 
ICP and thus reduces the effective driving force [7, 22, 46].

The phase inversion and membrane process formation is one way to modify the membranes 
to improve its properties. These membranes are fabricated with a thin and porous support 
layer that can reduce ICP effect, while at the same time maintaining a thin and dense selec-
tive layer for adequate water flux and salt rejection [46]. Loeb and Sourirajan [47] were the 
first to use the phase inversion method to fabricate asymmetric polymeric membranes viz. 
cellulose triacetate (CTA). Ever since, cellulose acetate (CA) has become a popular material 
for different separation applications [46]. Relatively high hydrophilicity that favours flux and 
low fouling propensity has been associated with the use of CA. In addition, CA has shown 
high mechanical strength and availability. The other commonly available membrane type is 
the polyamide (PA). This is also referred to as the thin film composite (TFC) membrane. This 
membrane has an asymmetric structure with a dense thin film as well a thick porous support 
layer. This membrane is said to offer a higher flux and salt rejection and can be operated over 
a wide range of temperature. Early attempts in using the RO membrane as FO, however, 
failed due to CP that occurred in the membranes hence reducing flux. Wang et al. [48] further 
defined asymmetric membranes as consisting of a 0.1–1 μm thick dense layer supported by 
a highly porous, 100–200 μm thick support layer. The dense layer provides the selectivity of 
membrane. Hence, the separation properties chemical nature, thickness of the skin layer and 
pore sizes that are normally between 0.4 and 1 nm [48].

To attain optimum performance of ODM membranes, their selection and fabrication should 
be based on the following characteristics:

1. The membrane should be dense, ultrathin, have uniform active surface layers, high solute 
rejection and high permeate flux rate.

2. It should have a thin, porous supporting layer as well as be strong enough to provide me-
chanical strength to the membrane. The thin layer should help curb ICP and hence increase 
the membrane flux.

3. Finally, the membrane material should have high hydrophilicity tendency to enhance wa-
ter flux and reduced membrane fouling [49].

The hydrophobicity of the membrane material plays a major role in membrane fouling. 
Hydrophobic interaction can be described as “like attracts like.” The similar chemical struc-
tures owned by both the membranes and the solutes tend to have a natural tendency to be 
attracted to each other. Hydrophobic attraction is a result of the van der Waals forces, which 
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type of fouling that will occur in ODMs [8]. Knowledge of the nature of the membrane helps 
in the identification and understanding the fouling mechanism occurring in the membrane.

The development of membranes that can be used for FO has remained a challenge till date. 
ODMs can be made either by modifying an existing NF or RO membranes or by the develop-
ment of new membranes with specific design for FO applications [22]. The latter is said to be 
simple, effective to some extent and cost efficient. Membranes used in RO or NF are made up 
of a non-porous active layer and a porous support layer and are made from thin-film poly-
merisation on a polysulfone layer supported by nonwoven fabrics However, they suffer from 
ICP and thus reduces the effective driving force [7, 22, 46].

The phase inversion and membrane process formation is one way to modify the membranes 
to improve its properties. These membranes are fabricated with a thin and porous support 
layer that can reduce ICP effect, while at the same time maintaining a thin and dense selec-
tive layer for adequate water flux and salt rejection [46]. Loeb and Sourirajan [47] were the 
first to use the phase inversion method to fabricate asymmetric polymeric membranes viz. 
cellulose triacetate (CTA). Ever since, cellulose acetate (CA) has become a popular material 
for different separation applications [46]. Relatively high hydrophilicity that favours flux and 
low fouling propensity has been associated with the use of CA. In addition, CA has shown 
high mechanical strength and availability. The other commonly available membrane type is 
the polyamide (PA). This is also referred to as the thin film composite (TFC) membrane. This 
membrane has an asymmetric structure with a dense thin film as well a thick porous support 
layer. This membrane is said to offer a higher flux and salt rejection and can be operated over 
a wide range of temperature. Early attempts in using the RO membrane as FO, however, 
failed due to CP that occurred in the membranes hence reducing flux. Wang et al. [48] further 
defined asymmetric membranes as consisting of a 0.1–1 μm thick dense layer supported by 
a highly porous, 100–200 μm thick support layer. The dense layer provides the selectivity of 
membrane. Hence, the separation properties chemical nature, thickness of the skin layer and 
pore sizes that are normally between 0.4 and 1 nm [48].

To attain optimum performance of ODM membranes, their selection and fabrication should 
be based on the following characteristics:

1. The membrane should be dense, ultrathin, have uniform active surface layers, high solute 
rejection and high permeate flux rate.

2. It should have a thin, porous supporting layer as well as be strong enough to provide me-
chanical strength to the membrane. The thin layer should help curb ICP and hence increase 
the membrane flux.

3. Finally, the membrane material should have high hydrophilicity tendency to enhance wa-
ter flux and reduced membrane fouling [49].

The hydrophobicity of the membrane material plays a major role in membrane fouling. 
Hydrophobic interaction can be described as “like attracts like.” The similar chemical struc-
tures owned by both the membranes and the solutes tend to have a natural tendency to be 
attracted to each other. Hydrophobic attraction is a result of the van der Waals forces, which 
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occur between molecules [50]. Hydrophobic adhesion is a crucial mechanism for fouling which 
dominated by NOM due to the fact that high molecular weight NOM offers a higher potential 
for hydrophobic adhesion because of their charge density. Other factors that affect the strength 
of the adhesion to membrane surfaces are membrane surface roughness and membrane pore 
size [51]. A study by Bendinger et al. [52] showed that most foulants that are hydrophobic and 
slightly hydrophilic adhere better on hydrophobic surfaces than on hydrophilic surfaces. Only 
highly hydrophilic foulants attach stronger on hydrophilic material. Extremely hydrophobic 
materials do not adhere too well on the hydrophobic and hydrophilic material.

Hydrophilic membranes have higher fouling resistance than hydrophobic membranes. This 
means that hydrophobic membranes can be impregnated with water-soluble materials such 
as poly-vinyl pyrrolidone or poly-vinyl methyl ether. However, this is mostly at the polymer 
formulation stage [53]. The FO membrane surface roughness does not vary significantly from 
those of a typical RO and nanofiltration membrane (NF) [6]. The rough and large pore size 
membranes are shown to be more prone to fouling than the smooth, small pore membranes. 
This is because the bigger pores are more accessible to foulants. The nature and the extent of 
the fouling are determined by the specific physical and chemical characteristics of the each 
component as well as the membrane [6].

In RO membranes, it is expected that the porous support layer material should be thick 
enough to be able to withstand the high pressures involved, but for FO membranes, which 
uses osmotic pressures, the thickness of the support layer could be reduced since mechanical 
strength is not an issue here. Therefore, modifications can be made to reduce the thickness 
and adjust the structure of the support layer to mitigate the CP phenomenon [19]. The modi-
fication of membranes is potentially one of the suitable ways to mitigate and prevent fouling. 
Therefore, attempts have been made to modify the singly skinned asymmetric FO membranes 
into a double-skinned membrane structure. This is made such that it contains a porous sup-
port, which can be sandwiched between the two rejection skins [10, 46]. The single skinned 
asymmetric FO membranes face a dilemma of either experiencing more severe dilutive ICP in 
AL-FS or having much higher fouling propensity in AL-DS [10].

Also, some FO membranes are modified from RO/NF membranes. Hence, they are com-
posed of asymmetric structures which are characterised by a dense active layer on top of a 
porous support layer. This main separation and structural properties of the active support 
layer governs both the water and solute transportation. This further enhances the membrane 
fouling behaviour.

Membranes made up of superior separation properties and structural properties such as the 
higher water permeability, selectivity and smaller structural parameter could provide much 
higher water flux [49]. However, an increase in the membrane fouling could be observed due 
to the enhanced hydrodynamic drag force. Therefore, a balance between mechanical strength 
and porosity of the membrane is needed. The mechanical strength of the membranes should 
be reduced so as to increase the porosity and tortuosity [22]. McCutcheon and Elimelech [49], 
in their study, removed the backing fabric support layer (thickness of 80–120 μm) of com-
mercial RO membranes (overall thickness of 200 μm) and the FO water flux of the modified 
membranes was improved by a factor of 5.
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Pore wettability of the membrane is tied to its ease to wet easily with water. Therefore, for 
FO membranes, it is important that the pore wettability is improved because the presence of 
un-wetted pore regions may block the water flux and significantly intensify ICP [22]. The use 
of a highly hydrophilic polymer, like polydopamine (PDA), to coat the membranes has been 
demonstrated to be an effective technique in the improvement of the wettability. It has been 
reported that the wettability can be increased ten folds after coating with FDA [22, 54, 55].

5. Fouling mitigation

Membrane fouling mitigation deals mainly with the management or minimization of the 
effect of membrane fouling since fouling itself cannot be completely avoided in membrane 
filtration [56]. Membrane fouling can be controlled and managed at different stages. These 
include feed pre-treatment to reduce the fouling tendencies, and improve on its antifoul-
ing properties. Others such as membrane cleaning and optimisation of operating conditions 
could further be of benefit also [50].

5.1. Hydrodynamic/operating conditions

Hydrodynamic condition controls the rate of particle deposition on the membrane. According 
to She et al. [7], most of the conclusions drawn regarding fouling mechanisms in PDMs can 
also be drawn on ODMs. The operating conditions and properties of the membrane play an 
important role in the mass transport of the ODMs. Cath et al. [1], in their study, supported the 
fact that the effect of operating conditions is more noticeable in ODMs than in PDMs. They 
reiterated that newly developed ODMs are tested under varying temperatures, draw solution 
compositions and as well the concentrations, flow rates and pressure [1, 48]. Hence, optimum 
operating conditions should be established to serve as a basis of comparison. Like in PDMs, 
severe fouling could occur at a higher water flux and lower cross flow velocity. Cross flow 
velocity has been the most common and widely used method to control fouling at the mem-
brane surface; however, it cannot certainly prevent internal fouling. High cross flow velocity 
influences membrane fouling through CP and mass transfer near the membrane surface [7, 50].

High cross-flow velocity creates mixing on the membrane surface thereby improving the 
mass transfer coefficient, but the increase in mass transfer coefficient is different for differ-
ent feed solutions [57]. At the membrane surface for any filtration system, rejected particles 
accumulate in a boundary layer. According to Fick’s law, particles in the boundary layer col-
lide with each other more frequently thereby improving particle diffusion from the boundary 
layer to the bulk solution. This diffusion can be improved by what is called shear-induced 
diffusion. This is achieved by causing movement of the liquid close to the boundary layer. 
When the movement of the liquid is increased, the particle collision becomes vigorous and 
the particle diffusivity is increased. Shear-induced diffusion of particles is highest at the mem-
brane surface or at the boundary layer because of the high particle density in that region [57]. 
The membrane orientation should also be considered, because AL-FS is preferred due to low 
fouling propensity, however, the ICP is more prone in this orientation.
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Hydrodynamic conditions in PDMs mostly refers to initial permeate flux, transmembrane 
pressure and turbulence at the membrane surface. Initial flux is the flux at the beginning of 
filtration and is usually high because at this stage the membrane is clean. Due to high initial 
flux, particles in a suspension are dragged towards the membrane surface faster than they are 
diffused/dispersed back into the bulk solution. Therefore, more particles are deposited on the 
membrane during high initial flux [58].

The study by Hwang et al. [59] showed that high initial flux, results in a large number of 
particles being simultaneously transported towards the membrane surface. The simultaneous 
arrival of these particles on the membrane surface was found to be the factor that benefits flux 
because entry to the membrane pore is hindered and particles only deposit on the membrane 
surface rather than the membrane internals. The opposite was found for a low initial flux. The 
finding of Hwang et al. [59] was also confirmed by Wang and Tarabara [60].

For most PDM systems, the effect of aeration as a means to mitigate fouling has been exten-
sively studied especially for membrane bioreactors [61]. The introduction of aeration to cross 
flow velocity helps to reduce fouling on the membrane surface. This concept has not been 
widely researched on ODMs. Therefore, there is the need to investigate the effect of aeration 
on fouling in ODMs.

5.2. Temperature

Temperature of the solution is one of the parameters that can be altered to reduce the effects 
of fouling. However, this parameter is not often used for fouling control particularly in water 
treatment [62]. For FO processes, factors such as osmotic pressure, fluid viscosity, mass trans-
fer and mineral solubility depends on temperature, hence it needs to be maintained so that 
the membrane performance is not altered [62]. Zhao and Zou [62] elaborated that at a higher 
temperature there is a higher initial permeate flux, higher water recovery and higher concen-
tration factors, and since temperature effect can significantly impact on the membrane, it is 
important that this parameter is optimised.

Salahi et al. [63] found that when the temperature of the feed water (oily wastewater) used 
in their study was increased by 20°C, there was an increase in flux of about 60%. This was 
attributed to an increase in the diffusion rate as the temperature was raised. The flux increase 
was attributed to the combined effects as listed by She et al. [7] to be (1) a decrease in solution 
viscosity which can reduce the membrane resistance and as such can cause an increase in the 
water permeability, (2) an increment in the solute diffusivity which also can increase the mass 
transfer around the boundary layer and thus leading to a reduction in CP most importantly, 
ICP and (3) finally an increment in the osmotic pressure thereby increasing the effective driv-
ing force. The effect of temperature on ODM fouling was outlined to be through the influence 
of hydrodynamic conditions such as mass transfer of foulants and initial flux thermodynamic 
conditions such as osmotic pressure of the solution, solubility and stability of the foulant and 
finally the interaction of the foulants and the membrane [7].

Kim et al. [64], in the study of the fouling types and mechanisms in a FO membrane processes, 
under raised temperature, found that flux due to organic fouling was more pronounced when 
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the draw solution was increased. This increase was attributed to the increased permeation 
drag at increased initial flux level. However, on increasing the feed solution, less fouling was 
observed because of the organic back diffusion from membrane surface and the increase in the 
organic solubility [64]. The same authors, Kim et al. [64], in their study observed that membrane 
fouling became more enhanced when the initial flux was increased to a certain critical flux as 
temperature for both the feed and DS was increased. This was because organic convection by 
permeation drag dominated the fouling mechanism. At critical flux, only localised deposition 
on the membrane occurs, because the rate at which particles deposit on the membrane surface 
is almost equal to the rate at which they are diffused back into the solution [65]. However, if 
the process is operated above the critical flux, enhanced fouling is observed on the membrane.

5.3. Feed pretreatment

The feed water to be treated, in most cases, are made up of various components which might 
include divalent ions, humic substance, alginate, silica and a host of others. These particles 
could accumulate on the porous membrane structure thereby causing severe decline in 
membrane permeate flux [23]. The extent to which the feed water is pre-treated depends 
on the quality of the water; hence, this factor is also dependent on the sources of the water. 
Pretreatment of feed can be divided into two: physical and chemical. Physical pretreatment 
involves the use of mechanical filtration such screening, cartridge filters, sand filters or mem-
brane filtration while chemical pretreatment involves the addition of scale inhibitors, coagu-
lants, disinfectants and polyelectrolytes [26].

Extensive studies regarding feed pretreatment in PDMs especially for NF and RO mem-
branes have been investigated extensively, basically for removal of particulate matter [27]. 
Ultrafiltration (UF) and microfiltration (MF) membranes are used as feed pretreatment to 
most NF and RO processes due to their porosity. At other times even NF membranes can be 
used as pretreatment method. The permeates from these membranes have been presented 
to have low turbidity and silt density index thus increasing recovery in the RO process. For 
instance, Mi and Elimelech [27] compared three pretreatment technologies; powdered acti-
vated carbon (PAC), addition of coagulants such ferric chloride and pretreatment using UF 
before RO desalination.

The use of NF as pre-treatment to ODM systems however has not been comprehensively stud-
ied and remains a crucial aspect for further investigations. Chen et al. [23] studied the first 
systematic investigation on the use of a loose NF to pretreat feed wastewater in practical PRO 
practice. They found that the low pressure NF was able to mitigate the fouling potential from 
multivalent ions and organic matters. Thus, they found the NF method of pretreatment as 
cost effective. However, the low-pressure NF was able to mitigate the fouling potential from 
multivalent ions and organic matters, but silica scaling was still predominant, hence, they 
recommended further investigation. This comparison was made based on a previous study of 
theirs. That study made use of retentate from a RO unit of a municipal water recycling plant 
as the main feed stream for an osmotic power generation. Two pre-treatment methods were 
used: anti-scaling and pH adjustment. The pH adjustment was accompanied by water flush-
ing and 100% by air bubbling thereby resulting in an increased flux [43].
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Hydrodynamic conditions in PDMs mostly refers to initial permeate flux, transmembrane 
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sively studied especially for membrane bioreactors [61]. The introduction of aeration to cross 
flow velocity helps to reduce fouling on the membrane surface. This concept has not been 
widely researched on ODMs. Therefore, there is the need to investigate the effect of aeration 
on fouling in ODMs.
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Temperature of the solution is one of the parameters that can be altered to reduce the effects 
of fouling. However, this parameter is not often used for fouling control particularly in water 
treatment [62]. For FO processes, factors such as osmotic pressure, fluid viscosity, mass trans-
fer and mineral solubility depends on temperature, hence it needs to be maintained so that 
the membrane performance is not altered [62]. Zhao and Zou [62] elaborated that at a higher 
temperature there is a higher initial permeate flux, higher water recovery and higher concen-
tration factors, and since temperature effect can significantly impact on the membrane, it is 
important that this parameter is optimised.

Salahi et al. [63] found that when the temperature of the feed water (oily wastewater) used 
in their study was increased by 20°C, there was an increase in flux of about 60%. This was 
attributed to an increase in the diffusion rate as the temperature was raised. The flux increase 
was attributed to the combined effects as listed by She et al. [7] to be (1) a decrease in solution 
viscosity which can reduce the membrane resistance and as such can cause an increase in the 
water permeability, (2) an increment in the solute diffusivity which also can increase the mass 
transfer around the boundary layer and thus leading to a reduction in CP most importantly, 
ICP and (3) finally an increment in the osmotic pressure thereby increasing the effective driv-
ing force. The effect of temperature on ODM fouling was outlined to be through the influence 
of hydrodynamic conditions such as mass transfer of foulants and initial flux thermodynamic 
conditions such as osmotic pressure of the solution, solubility and stability of the foulant and 
finally the interaction of the foulants and the membrane [7].

Kim et al. [64], in the study of the fouling types and mechanisms in a FO membrane processes, 
under raised temperature, found that flux due to organic fouling was more pronounced when 
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the draw solution was increased. This increase was attributed to the increased permeation 
drag at increased initial flux level. However, on increasing the feed solution, less fouling was 
observed because of the organic back diffusion from membrane surface and the increase in the 
organic solubility [64]. The same authors, Kim et al. [64], in their study observed that membrane 
fouling became more enhanced when the initial flux was increased to a certain critical flux as 
temperature for both the feed and DS was increased. This was because organic convection by 
permeation drag dominated the fouling mechanism. At critical flux, only localised deposition 
on the membrane occurs, because the rate at which particles deposit on the membrane surface 
is almost equal to the rate at which they are diffused back into the solution [65]. However, if 
the process is operated above the critical flux, enhanced fouling is observed on the membrane.

5.3. Feed pretreatment

The feed water to be treated, in most cases, are made up of various components which might 
include divalent ions, humic substance, alginate, silica and a host of others. These particles 
could accumulate on the porous membrane structure thereby causing severe decline in 
membrane permeate flux [23]. The extent to which the feed water is pre-treated depends 
on the quality of the water; hence, this factor is also dependent on the sources of the water. 
Pretreatment of feed can be divided into two: physical and chemical. Physical pretreatment 
involves the use of mechanical filtration such screening, cartridge filters, sand filters or mem-
brane filtration while chemical pretreatment involves the addition of scale inhibitors, coagu-
lants, disinfectants and polyelectrolytes [26].

Extensive studies regarding feed pretreatment in PDMs especially for NF and RO mem-
branes have been investigated extensively, basically for removal of particulate matter [27]. 
Ultrafiltration (UF) and microfiltration (MF) membranes are used as feed pretreatment to 
most NF and RO processes due to their porosity. At other times even NF membranes can be 
used as pretreatment method. The permeates from these membranes have been presented 
to have low turbidity and silt density index thus increasing recovery in the RO process. For 
instance, Mi and Elimelech [27] compared three pretreatment technologies; powdered acti-
vated carbon (PAC), addition of coagulants such ferric chloride and pretreatment using UF 
before RO desalination.

The use of NF as pre-treatment to ODM systems however has not been comprehensively stud-
ied and remains a crucial aspect for further investigations. Chen et al. [23] studied the first 
systematic investigation on the use of a loose NF to pretreat feed wastewater in practical PRO 
practice. They found that the low pressure NF was able to mitigate the fouling potential from 
multivalent ions and organic matters. Thus, they found the NF method of pretreatment as 
cost effective. However, the low-pressure NF was able to mitigate the fouling potential from 
multivalent ions and organic matters, but silica scaling was still predominant, hence, they 
recommended further investigation. This comparison was made based on a previous study of 
theirs. That study made use of retentate from a RO unit of a municipal water recycling plant 
as the main feed stream for an osmotic power generation. Two pre-treatment methods were 
used: anti-scaling and pH adjustment. The pH adjustment was accompanied by water flush-
ing and 100% by air bubbling thereby resulting in an increased flux [43].
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Chemical pre-treatment, on the other hand, involves the addition of chemicals to the feed 
water. The addition of chemicals for pH adjustment, prevention of scaling and fouling is also 
used for the pre-treatment of feed to RO processes. This however, in most cases still requires 
a physical method to be used alongside. For example, a membrane filtration process could 
be used to pre-treat the feed water and thereafter the chemicals could be added. The advan-
tage presented in following this path is the reduction in chemical consumption. Chlorination, 
however, should be added to the feed water independent of the pre-treatment method that 
is being employed. This is to prevent biofouling of the membrane [26]. Nonetheless, after the 
chlorination, a dechlorination of the feed has to be considered since most of the membranes 
are susceptible to chlorine attacks.

The addition of coagulants and flocculants causes the dissolve matter to adsorb on the hydrox-
ides and also to cause the agglomeration of colloidal matter. The use of the coagulants aids in 
reducing the fouling potential on the membrane and also provides a better quality feed water 
to the RO [26]. The addition of antiscaling agents is considered as one of the pre-treatment 
methods as well. The precipitation of salts on the membrane surface is referred to as scaling 
and it is caused by super saturation. It reduces membranes productivity and as well the recov-
ering of water. Different scale inhibitors can be used as antiscalant. These inhibitors control 
the scaling caused by sulphates, carbonates and calcium fluoride [26].

5.4. Selection of draw solutes

One of the key factors in ODMs is the selection of the right draw solution (DS). The knowledge 
on the various types of DS used is needful to understand the crucial issues that are related 
with FO such as CP and mass transport [11]. The following factors should be considered in the 
selection of DS in ODMs; the solution should produce a substantial amount of osmotic pres-
sure, it should not be expensive ant toxic to the environment and easily regenerated [5, 11, 17, 
66]. The commonly used DS is NaCl, because of its high water solubility and it is relatively 
easy to reconcentrate using desalination processes [17, 66]. Other low molecular weight salts 
used as DS in recent times include; MgCl2, CaCl2, KCl, Mg2SO4. Others such as sucrose, glu-
cose, 2-methylimidazole-based compounds have also been used. Further still, magnetic par-
ticles, thermolytic inorganic salts for example ammonia-carbon dioxide and hydrogels have 
all been tried as DS. It is expected that these solutions should provide a high osmotic pressure 
and at the same time be easily regenerated and recovered [17].

Cai and Hu [5] reviewed draw solutes used in FO, where they categorise DS into two, namely 
responsive and non-responsive. The non-responsive solutes were defined as those which when 
a stimuli such as temperature, pH and others were added to them, no significant change was 
observed in their water affinity. While on the contrary, the responsive DS were those that, 
upon exposure to a stimulus, underwent a significant change in their water affinity and thereby 
accompanied by phase transitions between two states with different water affinities [5].

There is a general perspective regarding the increase in the concentration of the draw solu-
tion. Increasing the DS concentration leads to an increase in initial water flux and as such an 
increase in membrane fouling. The occurrence has been attributed to the effect of increase in 
hydraulic drag force which is a result of the higher flux that promotes foulant deposition on 
the membrane [3, 8, 11]. The effect of increasing the DS concentration also influences the RSD 
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by elevating it from the FS to the DS thereby increasing fouling also [67]. She et al. [68] reiter-
ated in their study how RSD influences the deposition of solutes on the membrane surface. 
The result of this is a change in the feed water chemistry and thus may cause more severe foul-
ing. In that study, they observed that greater alginate fouling occurred on the FO membrane 
when the DS contained higher concentration of divalent ions of Ca2+ and Mg2+. They attributed 
that the RSD enhanced organic fouling relates to the nature of the DS and to the rate of its 
diffusion into the feed solution and its ability to interact with the foulant [68]. Therefore, the 
type and nature of the DS can affect the membrane fouling and the water chemistry too. It was 
observed that divalent ions in DS, as mentioned above, could influence an additional fouling 
which is more than the DS even without the specific ions at the same initial water flux level. 
This occurs as a result of the strong attraction between the ions (foulants) in the solution and 
the specific ions after they reversely diffuse from DS into FS.

She et al. [39] studied the relationship between reverse and forward solute diffusion to mem-
brane fouling in ODMs. The types of DS used were; NaCl, MgCl2, CaCl2 and Ca(NO3)2 to 
reiterate the connection that exists between RSD and forward solute diffusion (FSD). They 
found that the extent of fouling for the chosen DS was in the order of Ca(NO3)2 > CaCl2 > MgC
l2 > NaCl. They concluded that NaCl DS had the highest RSD, this was followed by Ca(NO3)2 
DS, then CaCl2 and finally the least was MgCl2 DS. According to them, the order of the RSD 
was consistent with the order of their solute permeability. Therefore, the RSD of divalent ions 
impacted more on the feed solution thus leading to an alginate membrane fouling. Fouling 
propensity was in the order Ca(NO3)2 > CaCl2 >> MgCl2 > NaCl. Even though a greater amount 
of NaCl was reversing, the effect of fouling was limited using the NaCl, reason been that the 
Na+ did not interact with the alginate. This was related to the cation and anion of the DS and 
rate of its reverse diffusion.

6. Membrane cleaning

Membrane cleaning is an integral and an important part of membrane processes [16]. Cleaning 
could be done either hydraulically or chemically. Membrane cleaning becomes necessary 
when avoiding irreversible fouling of the membrane. The longer the membrane is allowed to 
operate in its fouled state, the harder it becomes to remove the foulants from the membrane. 
It, therefore, becomes necessary to use chemicals or greater force to recover a highly fouled 
membrane.

Physical and chemical methods of cleaning can be employed for fouled membranes. Physical 
method is also referred to as the hydraulic method. It employs the use of mechanical forces 
to displace and remove the fouling agents from the membrane surface [69]. These methods 
of cleaning are typically used in the cleaning in place (CIP) situations. Series of studies have 
been carried out for the cleaning of ODM membranes using physical methods such as mem-
brane surface flushing and membrane backwashing [7, 16]. The surface washing (forward 
washing) is achieved when the cross flow velocity is increased on the membrane surface to 
remove the deposited foulants [13]. Backwashing involves pumping permeate water at a high 
cross-flow velocity in the opposite direction from which the feed comes in. It is a reversed 
filtration process in which the permeate of backwashing solution is flushed through the  
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Chemical pre-treatment, on the other hand, involves the addition of chemicals to the feed 
water. The addition of chemicals for pH adjustment, prevention of scaling and fouling is also 
used for the pre-treatment of feed to RO processes. This however, in most cases still requires 
a physical method to be used alongside. For example, a membrane filtration process could 
be used to pre-treat the feed water and thereafter the chemicals could be added. The advan-
tage presented in following this path is the reduction in chemical consumption. Chlorination, 
however, should be added to the feed water independent of the pre-treatment method that 
is being employed. This is to prevent biofouling of the membrane [26]. Nonetheless, after the 
chlorination, a dechlorination of the feed has to be considered since most of the membranes 
are susceptible to chlorine attacks.

The addition of coagulants and flocculants causes the dissolve matter to adsorb on the hydrox-
ides and also to cause the agglomeration of colloidal matter. The use of the coagulants aids in 
reducing the fouling potential on the membrane and also provides a better quality feed water 
to the RO [26]. The addition of antiscaling agents is considered as one of the pre-treatment 
methods as well. The precipitation of salts on the membrane surface is referred to as scaling 
and it is caused by super saturation. It reduces membranes productivity and as well the recov-
ering of water. Different scale inhibitors can be used as antiscalant. These inhibitors control 
the scaling caused by sulphates, carbonates and calcium fluoride [26].

5.4. Selection of draw solutes

One of the key factors in ODMs is the selection of the right draw solution (DS). The knowledge 
on the various types of DS used is needful to understand the crucial issues that are related 
with FO such as CP and mass transport [11]. The following factors should be considered in the 
selection of DS in ODMs; the solution should produce a substantial amount of osmotic pres-
sure, it should not be expensive ant toxic to the environment and easily regenerated [5, 11, 17, 
66]. The commonly used DS is NaCl, because of its high water solubility and it is relatively 
easy to reconcentrate using desalination processes [17, 66]. Other low molecular weight salts 
used as DS in recent times include; MgCl2, CaCl2, KCl, Mg2SO4. Others such as sucrose, glu-
cose, 2-methylimidazole-based compounds have also been used. Further still, magnetic par-
ticles, thermolytic inorganic salts for example ammonia-carbon dioxide and hydrogels have 
all been tried as DS. It is expected that these solutions should provide a high osmotic pressure 
and at the same time be easily regenerated and recovered [17].

Cai and Hu [5] reviewed draw solutes used in FO, where they categorise DS into two, namely 
responsive and non-responsive. The non-responsive solutes were defined as those which when 
a stimuli such as temperature, pH and others were added to them, no significant change was 
observed in their water affinity. While on the contrary, the responsive DS were those that, 
upon exposure to a stimulus, underwent a significant change in their water affinity and thereby 
accompanied by phase transitions between two states with different water affinities [5].

There is a general perspective regarding the increase in the concentration of the draw solu-
tion. Increasing the DS concentration leads to an increase in initial water flux and as such an 
increase in membrane fouling. The occurrence has been attributed to the effect of increase in 
hydraulic drag force which is a result of the higher flux that promotes foulant deposition on 
the membrane [3, 8, 11]. The effect of increasing the DS concentration also influences the RSD 
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by elevating it from the FS to the DS thereby increasing fouling also [67]. She et al. [68] reiter-
ated in their study how RSD influences the deposition of solutes on the membrane surface. 
The result of this is a change in the feed water chemistry and thus may cause more severe foul-
ing. In that study, they observed that greater alginate fouling occurred on the FO membrane 
when the DS contained higher concentration of divalent ions of Ca2+ and Mg2+. They attributed 
that the RSD enhanced organic fouling relates to the nature of the DS and to the rate of its 
diffusion into the feed solution and its ability to interact with the foulant [68]. Therefore, the 
type and nature of the DS can affect the membrane fouling and the water chemistry too. It was 
observed that divalent ions in DS, as mentioned above, could influence an additional fouling 
which is more than the DS even without the specific ions at the same initial water flux level. 
This occurs as a result of the strong attraction between the ions (foulants) in the solution and 
the specific ions after they reversely diffuse from DS into FS.

She et al. [39] studied the relationship between reverse and forward solute diffusion to mem-
brane fouling in ODMs. The types of DS used were; NaCl, MgCl2, CaCl2 and Ca(NO3)2 to 
reiterate the connection that exists between RSD and forward solute diffusion (FSD). They 
found that the extent of fouling for the chosen DS was in the order of Ca(NO3)2 > CaCl2 > MgC
l2 > NaCl. They concluded that NaCl DS had the highest RSD, this was followed by Ca(NO3)2 
DS, then CaCl2 and finally the least was MgCl2 DS. According to them, the order of the RSD 
was consistent with the order of their solute permeability. Therefore, the RSD of divalent ions 
impacted more on the feed solution thus leading to an alginate membrane fouling. Fouling 
propensity was in the order Ca(NO3)2 > CaCl2 >> MgCl2 > NaCl. Even though a greater amount 
of NaCl was reversing, the effect of fouling was limited using the NaCl, reason been that the 
Na+ did not interact with the alginate. This was related to the cation and anion of the DS and 
rate of its reverse diffusion.

6. Membrane cleaning

Membrane cleaning is an integral and an important part of membrane processes [16]. Cleaning 
could be done either hydraulically or chemically. Membrane cleaning becomes necessary 
when avoiding irreversible fouling of the membrane. The longer the membrane is allowed to 
operate in its fouled state, the harder it becomes to remove the foulants from the membrane. 
It, therefore, becomes necessary to use chemicals or greater force to recover a highly fouled 
membrane.

Physical and chemical methods of cleaning can be employed for fouled membranes. Physical 
method is also referred to as the hydraulic method. It employs the use of mechanical forces 
to displace and remove the fouling agents from the membrane surface [69]. These methods 
of cleaning are typically used in the cleaning in place (CIP) situations. Series of studies have 
been carried out for the cleaning of ODM membranes using physical methods such as mem-
brane surface flushing and membrane backwashing [7, 16]. The surface washing (forward 
washing) is achieved when the cross flow velocity is increased on the membrane surface to 
remove the deposited foulants [13]. Backwashing involves pumping permeate water at a high 
cross-flow velocity in the opposite direction from which the feed comes in. It is a reversed 
filtration process in which the permeate of backwashing solution is flushed through the  
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membrane back to the concentrate side. These methods have both shown to be effective 
against the membrane fouling under different of conditions.

Mi and Elimelech [6] determined the efficiency of surface flushing to investigate the revers-
ibility of FO and RO membranes fouled with organic foulants. Their findings indicate that 
fouling in FO was more easily reversible than in RO. The reason was due to the hydraulic 
compaction imposed on the RO membrane which was absent in the FO membranes. It is rec-
ommended that for higher recovery of flux, backwashing should be combined with surface 
flushing. Both surface flushing and backwashing are limited to the fact that only the surface 
foulants are removed. The internal foulants within the membrane remains after the whole 
procedure; however, backwashing is moderately successful in removing internal clogging 
material from the membrane internals.

For FO and PRO membranes, osmotic backwashing has been developed for these processes. 
The process employs the use of high salinity water to replace the feed solution while a lower 
salinity water is used to replace the draw solution. Just like in PDMs, the water permeation 
direction is in the reverse form, thereby creating a negative water flux. The action of this results 
in the breaking of the foulants away from the membrane [7]. Even though success of osmotic 
backwashing has been reported by many researchers on recovering of flux, a few others have 
contrary views where efficiency of osmotic backwashing for water flux recovery was low [7].

When a fouled membrane can no longer be completely removed by physical cleaning, the 
membrane is irreversibly fouled and therefore, chemical cleaning is required. Caution is how-
ever to be employed when cleaning the membranes chemically because the membranes can 
also be damaged by the chemicals used for membrane cleaning [26, 70]. The choice of chemi-
cals for membrane cleaning must be able to completely dissolve the foulants on the mem-
brane but not damage the membrane itself [69].

Chemical cleaning is a reaction between the chemicals and the foulants on the membrane 
surface. The process involves mass transfer of the chemicals to the fouling layer and the prod-
ucts of the reaction are dispensed back to the bulk liquid phase. Effectiveness of the chemical 
cleaning is improved by hydrodynamic conditions that promote contact between the cleaning 
chemicals and the fouling layer on the membrane surface [50].

The recovery of flux through cleaning has been enumerated to be more in FO than RO mem-
branes. The reason is due to the fact that most fouling in FO is more reversible than that in 
PDMs [28]. This has extensively been studied by Mi and Elimelech [6], Mi and Elimelech [27] 
where they carried out chemical and physical cleaning on alginate, bovine serum albumin 
(BSA) and Aldrich humic acid (AHA) as model organic foulants. They reported a fouling 
reversibility in the FO and attributed that to the less compacted organic fouling layer formed 
due to the absence of hydraulic pressure. Another study on the efficiency of physical cleaning 
in inorganic scaling experiments was also carried out by Zhao and Zou [62] under different 
temperatures of 25, 35 and 45°C. Membranes were cleaned by the use of water at a cross flow 
velocity of 33.3 cm/s for 20 min, thus no chemicals were used. Their findings revealed that 
the higher temperature resulted in higher initial permeate fluxes, higher water recoveries 
and higher concentration factors. However, more compressed solutes were deposited on the 
membrane surface and thus the membrane cleaning efficiency was affected [62].
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Air scouring induces shear force at the membrane surface as the air bubbles rise travelling 
adjacent to the membrane surface. The mechanisms responsible for the shear force in the 
membrane surface are fall film effect and wake effect. These are a net result of the quick rise of 
air bubbles and the feed solution. Air scouring generates localised cross-flow conditions along 
the membrane surface thereby reducing the deposition of particles and the development of a 
cake layer on the membrane surface [61].

7. Conclusion

Fouling in ODM membranes was the main objective of this book chapter. Despite the recognition 
that ODMs have received in applications in various industries, the use of this this technology is 
still limited by fouling, thus hindering its overall performance. The information on the fouling 
mechanisms is still limited and thus needs to be examined critically. This book chapter provides 
vital information on the impact of fouling on ODMs performance and it explored the factors and 
mechanisms governing fouling in ODMs. Further still, the effects of membrane fouling were 
expounded and approaches on the mitigation and cleaning of the membranes were outlined.
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membrane back to the concentrate side. These methods have both shown to be effective 
against the membrane fouling under different of conditions.

Mi and Elimelech [6] determined the efficiency of surface flushing to investigate the revers-
ibility of FO and RO membranes fouled with organic foulants. Their findings indicate that 
fouling in FO was more easily reversible than in RO. The reason was due to the hydraulic 
compaction imposed on the RO membrane which was absent in the FO membranes. It is rec-
ommended that for higher recovery of flux, backwashing should be combined with surface 
flushing. Both surface flushing and backwashing are limited to the fact that only the surface 
foulants are removed. The internal foulants within the membrane remains after the whole 
procedure; however, backwashing is moderately successful in removing internal clogging 
material from the membrane internals.

For FO and PRO membranes, osmotic backwashing has been developed for these processes. 
The process employs the use of high salinity water to replace the feed solution while a lower 
salinity water is used to replace the draw solution. Just like in PDMs, the water permeation 
direction is in the reverse form, thereby creating a negative water flux. The action of this results 
in the breaking of the foulants away from the membrane [7]. Even though success of osmotic 
backwashing has been reported by many researchers on recovering of flux, a few others have 
contrary views where efficiency of osmotic backwashing for water flux recovery was low [7].

When a fouled membrane can no longer be completely removed by physical cleaning, the 
membrane is irreversibly fouled and therefore, chemical cleaning is required. Caution is how-
ever to be employed when cleaning the membranes chemically because the membranes can 
also be damaged by the chemicals used for membrane cleaning [26, 70]. The choice of chemi-
cals for membrane cleaning must be able to completely dissolve the foulants on the mem-
brane but not damage the membrane itself [69].

Chemical cleaning is a reaction between the chemicals and the foulants on the membrane 
surface. The process involves mass transfer of the chemicals to the fouling layer and the prod-
ucts of the reaction are dispensed back to the bulk liquid phase. Effectiveness of the chemical 
cleaning is improved by hydrodynamic conditions that promote contact between the cleaning 
chemicals and the fouling layer on the membrane surface [50].

The recovery of flux through cleaning has been enumerated to be more in FO than RO mem-
branes. The reason is due to the fact that most fouling in FO is more reversible than that in 
PDMs [28]. This has extensively been studied by Mi and Elimelech [6], Mi and Elimelech [27] 
where they carried out chemical and physical cleaning on alginate, bovine serum albumin 
(BSA) and Aldrich humic acid (AHA) as model organic foulants. They reported a fouling 
reversibility in the FO and attributed that to the less compacted organic fouling layer formed 
due to the absence of hydraulic pressure. Another study on the efficiency of physical cleaning 
in inorganic scaling experiments was also carried out by Zhao and Zou [62] under different 
temperatures of 25, 35 and 45°C. Membranes were cleaned by the use of water at a cross flow 
velocity of 33.3 cm/s for 20 min, thus no chemicals were used. Their findings revealed that 
the higher temperature resulted in higher initial permeate fluxes, higher water recoveries 
and higher concentration factors. However, more compressed solutes were deposited on the 
membrane surface and thus the membrane cleaning efficiency was affected [62].
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Air scouring induces shear force at the membrane surface as the air bubbles rise travelling 
adjacent to the membrane surface. The mechanisms responsible for the shear force in the 
membrane surface are fall film effect and wake effect. These are a net result of the quick rise of 
air bubbles and the feed solution. Air scouring generates localised cross-flow conditions along 
the membrane surface thereby reducing the deposition of particles and the development of a 
cake layer on the membrane surface [61].

7. Conclusion

Fouling in ODM membranes was the main objective of this book chapter. Despite the recognition 
that ODMs have received in applications in various industries, the use of this this technology is 
still limited by fouling, thus hindering its overall performance. The information on the fouling 
mechanisms is still limited and thus needs to be examined critically. This book chapter provides 
vital information on the impact of fouling on ODMs performance and it explored the factors and 
mechanisms governing fouling in ODMs. Further still, the effects of membrane fouling were 
expounded and approaches on the mitigation and cleaning of the membranes were outlined.
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Abstract

This chapter presents the exploration of the combined process of wastewater recla-
mation and seawater dilution using forward osmosis (FO). Wastewater and seawater 
are the two most abundant water sources that are free of the hydrological cycle and 
could serve as an alternative potable water source. Forward osmosis was chosen as the 
an ideal pre-treatment step to dilute seawater prior to desalination at relatively lower 
energy demand and low fouling propensity. Membrane fouling behavior was studied 
and investigated using different feed compositions bearing fractions of effluent organic 
matter (EfOM). The negative surface charge of all organic foulants was reduced by the 
adsorption of calcium ions. Filtration of feed streams containing single, simple organic 
foulants revealed that alginate (polysaccharides) and bovine serum albumin (BSA) 
resulted in significant loss in process performance as a result of permeate flux reduction. 
The complex mixture of alginate, BSA and humic acid caused severe loss in membrane 
performance due to dominant favorable synergistic interactions between foulants and 
between foulants and membrane surface. The forward osmosis process presents a viable 
alternative for a simple and effective seawater dilution step using wastewater as the feed 
solution. Process performance can be improved by selecting a foulant resistant mem-
brane with matching flux.

Keywords: desalination, fouling, forward osmosis, membrane, seawater, wastewater

1. Introduction

Water forms part of the fundamentals of human existence, however; growth in human popu-
lation and current extreme climatic conditions have resulted in many parts of the world (par-
ticularly arid areas) faced with minimal or no access to water supply. Statistics and research 
have predicted that over the next decade the impact of water crisis will increase fourfold. 
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It has been shown that developing countries are the most affected and about 80–90% of all 
diseases and 30% of all deaths result from exposure to poor quality drinking water [1, 2]. The 
lack of good quality water has adverse impacts on essential factors of human survival such 
as food and energy supply. Adequate supply of good quality water and affordable energy 
sources are vital to sustaining good public health and growing economic rate. Thus, there 
is a growing awareness among governments and corporations that the future prosperity 
of societies is intimately tied to the availability of fresh and safe drinking water [3, 4]. The 
possibility of wastewater reuse instead of disposing it has received increasing attention over 
the past decades as a viable solution towards minimizing the effect of water scarcity. Past 
studies have provided a baseline information that wastewater, brackish water, and seawater 
have great potential to augment shortage water supply, however; the energy expenditure 
and equipment required for purification of such water streams has limited their potential 
in many parts of the world [2, 5]. The reuse of wastewater for other applications rather than 
drinking purpose is already established and examples include the irrigation of golf courses 
or industrial cooling [6].

Thus water reuse and desalination technologies have been identified as promising strategies 
to provide safe drinking water to water-stressed communities [2]. Desalination and wastewa-
ter reclamation using pressure-driven membrane processes such as nanofiltration (NF) and 
reverse osmosis (RO) processes have been elaborately applied to produce potable water from 
brackish and seawater as well as treated wastewater effluent [7]. Pressure-driven membrane 
processes such as RO and NF rely on the use external hydraulic pressure to overcome the 
osmotic pressure of the feed solution and produce purified permeate water [8]. The applied 
pressure is the driving force for mass transport through the membrane. The over-arching 
advantage of RO is that it produces high quality permeate water that in most cases ready for 
use. However, there are several inherent drawbacks such as its heavy reliance on hydraulic 
pressure, large concentrate volumes, and high membrane fouling propensity have greatly 
restricted its sustainable development in recent times, especially in developing countries, due 
to the soaring oil and electricity prices [9].

Normally wastewater is composed of a wide range of pollutants and substances which could 
negatively affect human and aquatic life. The nature of the compounds found in reclaimed 
water may be of concern in drinking water, but not in water intended for landscape irriga-
tion and other peripheral uses. Among the constituents of wastewater is effluent organic mat-
ter (EfOM) which comprises of a range of low- to high-molecular-weight organic compounds 
such as polysaccharides, proteins, humic and fulvic acids, organic acids and lipids [1, 10]. And 
it has been repeatedly reported that among the different EfOM components; humic acids, poly-
saccharides and proteins were responsible for extensive membrane fouling [11]. The chemi-
cal complexity and heterogeneous nature of wastewater present a challenge to developing a 
proper understanding on the key role of the interactions between the different kinds of organic 
compounds in permeate flux decline as well as fouling layer formation. And numerous find-
ings have attributed the observed difficulty in treating wastewater to the synergistic effects 
between co-existing organic species [1, 12].

Osmotically Driven Membrane Processes - Approach, Development and Current Status208

Thus, major efforts have been made to design water treatment technologies that are envi-
ronmentally friendly, energy-saving and have greater permeate water recoveries with 
high produced water quality [13]. Innovative membrane separation processes such as 
forward osmosis (FO) have shown great potential for application in seawater dilution, 
wastewater treatment and reclamation [14]. Several advantages make the forward osmosis 
process a more attractive alternative compared to other techniques and they include low 
energy utilization, lower membrane fouling propensity, simplicity as well as the good 
rejection of a wide variety of foulants compared to pressure-driven membrane processes 
[13, 15]. The forward osmosis can also be fitted as an additional step to pressure-driven 
processes resulting in hybrid processes with potentially improved water recovery and 
energy  savings [16, 17].

Thus, this work seeks to develop insight into the performance of a forward osmosis process 
as a pre-treatment step for seawater dilution. Significant focus was directed to developing 
a proper mechanistic understanding of forward osmosis membrane fouling behavior dur-
ing seawater dilution and wastewater reclamation; where the fouling processes are more 
complex compared to simple feed and draw solutions. Combined wastewater reclama-
tion and seawater dilution have the potential of fouling both sides of the membrane and 
thus hugely impacting the process performance. This is due to altered foulant-membrane 
and foulant-foulant interactions as well as more severe internal concentration polarization 
effects.

1.1. Forward osmosis membrane processes for water treatment

The main driving force in a forward osmosis membrane separation process is the chemi-
cal potential difference between the two solutions across a semi-permeable membrane; that 
is: pure water diffuses from an impaired source (feed solution) through a semi-permeable 
membrane to a solution of higher solute concentration (draw solution) induced by osmotic 
pressure difference. Forward osmosis has inherent potential advantages that highlight it as 
a promising alternative to pressure-driven membrane separation technologies [16]. These 
advantages include low energy consumption due to minimal or non-use of external hydrau-
lic pressure. As a result of utilizing low external hydraulic pressure, the subsequent fouling 
cake layer is much less compressed and can be easily detached by simple physical cleaning 
methods. Thus, many of the possible forward osmosis applications can be performed with 
low-quality feed water, including domestic and industrial wastewater/wastewater effluent. 
Osmotic driven processes can also be integrated to pressure-driven membrane counter-parts 
such as reverse osmosis to form FO-RO hybrids aimed at improving process performance 
and lowering energy utilization. However, energy expenditure can only be reduced when 
forward osmosis is situated before reverse osmosis, as a pre-treatment step to reduce reverse 
osmosis fouling and scaling; subsequently minimizing the intensity of hydraulic pressure 
applied to treat water. Thus, in pure thermodynamic terms energy saving is not possible 
in a closed-loop FO-RO unit. Forward osmosis also has a high rejection of a wider range 
of inorganic and organic contaminants. In addition, the claimed lower membrane fouling 
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propensity when compared to pressure-driven membrane processes is yet to be proven at 
high fluxes in real practice. Its process further presents the ability to recover and reuse the 
osmotic agent [17].

Forward osmosis has found application in a variety of fields such as the production of nutri-
ent-rich drinks that are used as part of life-saving equipment in life boats. The process has 
also been applied in food processing, in emergencies such as natural disasters as an osmotic 
concentration of liquid foods [18–26]. As previously stated, it is a robust membrane separa-
tion technique that boasts of good rejection of a broad range of pollutants and foulants and 
dissolved ions. It is therefore for these reasons that it’s being researched and improved for 
water treatment applications such as seawater desalination [27–29], wastewater reclamation 
[30–33], industrial wastewater treatment [34], brine concentration [35], osmotic membrane 
bioreactors [36] and the use of the salinity gradient for power generation or osmotic dilution 
prior to reverse osmosis seawater desalination (using impaired water as feed and seawater as 
draw solution) [37].

Some of the recent performed research studies in water treatment include comparing the 
impacts of membrane surfaces (such as the asymmetric polyamide thin-film composite and 
cellulose triacetate) and system operating conditions on the performance of forward osmo-
sis membranes for membrane desalination of produced water using a standard method and 
system operating conditions similar to those applied in the operation of industrial-scale spi-
ral wound reverse osmosis membranes conducted by Coday et al. [1, 38]. They found that 
rejection of inorganic solutes was greater than 94% and dissolved organic carbon was higher 
than 93%. However, the rejection of total nitrogen (TN) was poor, recording a moderate 63%. 
Duong and co-workers, [39] evaluated the performance of the forward osmosis process in 
treating stable oil–water emulsions. Their study demonstrated that FO was successful in the 
treatment of a wide range of oil–water emulsions from low to very high concentrations of 
up to 200,000 ppm. Water was separated from oily feeds containing 500 ppm or 200,000 ppm 
emulsified oil at a relatively high flux of 16.5 ± 1.2 Lm−2 h−1 or 11.8 ± 1.6 Lm−2 h−1, respectively, 
using a thin film composite membrane at a draw solution concentration of 1 M NaCl. The 
membrane managed to achieve an oil rejection of 99.88% and producing permeate water with 
negligible oil concentrations.

The forward osmosis process was used for the dilution of concentrated fertilizer solution 
which was then applied for fertigation purposes [35, 40]. Furthermore, the idea of combin-
ing wastewater treatment and desalination using FO-RO hybrid system was also proposed 
and investigated [41–43]. Hancock et al. [44] piloted a forward osmosis process scale during 
simultaneous seawater desalination and wastewater reclamation and subsequently evaluat-
ing its performance. A commercial spiral wound forward osmosis membrane element was 
tested continuously for 1300 h of processing 900,000 L of wastewater effluent and producing 
10,000 L of treated water through a hybrid FO-RO process. Water flux was maintained at a 
relatively constant rate of 5.7 ± 0.2 Lm−2 h−1 with membrane bioreactor permeate feed and 
seawater draw solution. Test of sample fluorescence showed that the forward osmosis mem-
brane and the hybrid process provided a strong rejection of protein-like species associated 
with wastewater effluent. There was also 99.9% removal of orthophosphate and  dissolved 
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organic carbon and more than 96% rejection of nitrate. However, as briefly stated, most for-
ward osmosis applications are still restricted to small-scale laboratory experiments. More 
elaborate studies and conceptual proofs are required to turn its promising performance into a 
fully-fledged water treatment process.

1.2. Challenges and progress in water reuse and desalination technologies

The process of water desalination requires high electrical power input to achieve high water 
recoveries, which implies high capital and overall operational costs. It is believed that the 
cost of saline water desalination including infrastructure, maintenance and energy are very 
exceeded those needed for other common alternatives such as treating surface water and or 
ground water. The heavy energy demand of this process remains the hindrance to its exten-
sive application. The theoretical value of about 0.86 kWh of energy is required to desalinate 
1 m3 of salt water (34,500 ppm) which is equal to 3 kJ kg−1. However, in reality this value is 
normally inflated 5 to 26 times depending on the type of process used. Thus, clearly; it is 
necessary to make attempts to reduce the energy demand of process as much as possible [45].

The other aspects of saline water desalination include environmental impacts that need con-
sideration. Thus, the disposal of saline concentrate into the water bodies also represents a 
huge environmental issue when using RO desalination technology. Recent years have seen 
stricter regulation being established in to protect receiving water bodies, aquatic life, and 
public drinking water sources by reducing total dissolved solids in brine that could be dis-
charged into waterways. So it can be concluded that the combined treatment of wastewater 
and seawater could lead to double (heavy) membrane fouling, but; eliminating the use of 
pressured membrane process where the cake layer can be easily compacted eases the fouling 
irreversibility [46, 47]. This provides more motivation to explore forward osmosis processes 
that inherently have low membrane fouling propensity due to the absence of applied hydrau-
lic pressure.

1.3. Determining factors of the forward osmosis membrane process

Permeate flux rate is commonly used as one of the primary performance indicators for mem-
brane-based processes and is influenced by several factors that can be generally categorized 
as membrane properties, reverse salt diffusion and concentration polarization, feed water 
quality (and fouling) and operating conditions [48].

1.3.1. Membrane properties

The efficiency of an FO processes is directly linked to its membrane which in –turn is defined 
by its intrinsic separation properties stemming from the material used in its synthesis or prep-
aration. The most used membrane performance parameters include the pure water permea-
bility (A), solute rejection (R), solute permeability coefficient (B) and structural parameter (S). 
The membrane water permeability (A) is defined as the transport/passage of water through 
the membrane per unit driving force. The ability of a membrane to partially or completely 
retain solutes while allowing free passage of water molecules is referred as solute rejection (R),  
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propensity when compared to pressure-driven membrane processes is yet to be proven at 
high fluxes in real practice. Its process further presents the ability to recover and reuse the 
osmotic agent [17].

Forward osmosis has found application in a variety of fields such as the production of nutri-
ent-rich drinks that are used as part of life-saving equipment in life boats. The process has 
also been applied in food processing, in emergencies such as natural disasters as an osmotic 
concentration of liquid foods [18–26]. As previously stated, it is a robust membrane separa-
tion technique that boasts of good rejection of a broad range of pollutants and foulants and 
dissolved ions. It is therefore for these reasons that it’s being researched and improved for 
water treatment applications such as seawater desalination [27–29], wastewater reclamation 
[30–33], industrial wastewater treatment [34], brine concentration [35], osmotic membrane 
bioreactors [36] and the use of the salinity gradient for power generation or osmotic dilution 
prior to reverse osmosis seawater desalination (using impaired water as feed and seawater as 
draw solution) [37].

Some of the recent performed research studies in water treatment include comparing the 
impacts of membrane surfaces (such as the asymmetric polyamide thin-film composite and 
cellulose triacetate) and system operating conditions on the performance of forward osmo-
sis membranes for membrane desalination of produced water using a standard method and 
system operating conditions similar to those applied in the operation of industrial-scale spi-
ral wound reverse osmosis membranes conducted by Coday et al. [1, 38]. They found that 
rejection of inorganic solutes was greater than 94% and dissolved organic carbon was higher 
than 93%. However, the rejection of total nitrogen (TN) was poor, recording a moderate 63%. 
Duong and co-workers, [39] evaluated the performance of the forward osmosis process in 
treating stable oil–water emulsions. Their study demonstrated that FO was successful in the 
treatment of a wide range of oil–water emulsions from low to very high concentrations of 
up to 200,000 ppm. Water was separated from oily feeds containing 500 ppm or 200,000 ppm 
emulsified oil at a relatively high flux of 16.5 ± 1.2 Lm−2 h−1 or 11.8 ± 1.6 Lm−2 h−1, respectively, 
using a thin film composite membrane at a draw solution concentration of 1 M NaCl. The 
membrane managed to achieve an oil rejection of 99.88% and producing permeate water with 
negligible oil concentrations.

The forward osmosis process was used for the dilution of concentrated fertilizer solution 
which was then applied for fertigation purposes [35, 40]. Furthermore, the idea of combin-
ing wastewater treatment and desalination using FO-RO hybrid system was also proposed 
and investigated [41–43]. Hancock et al. [44] piloted a forward osmosis process scale during 
simultaneous seawater desalination and wastewater reclamation and subsequently evaluat-
ing its performance. A commercial spiral wound forward osmosis membrane element was 
tested continuously for 1300 h of processing 900,000 L of wastewater effluent and producing 
10,000 L of treated water through a hybrid FO-RO process. Water flux was maintained at a 
relatively constant rate of 5.7 ± 0.2 Lm−2 h−1 with membrane bioreactor permeate feed and 
seawater draw solution. Test of sample fluorescence showed that the forward osmosis mem-
brane and the hybrid process provided a strong rejection of protein-like species associated 
with wastewater effluent. There was also 99.9% removal of orthophosphate and  dissolved 
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organic carbon and more than 96% rejection of nitrate. However, as briefly stated, most for-
ward osmosis applications are still restricted to small-scale laboratory experiments. More 
elaborate studies and conceptual proofs are required to turn its promising performance into a 
fully-fledged water treatment process.

1.2. Challenges and progress in water reuse and desalination technologies

The process of water desalination requires high electrical power input to achieve high water 
recoveries, which implies high capital and overall operational costs. It is believed that the 
cost of saline water desalination including infrastructure, maintenance and energy are very 
exceeded those needed for other common alternatives such as treating surface water and or 
ground water. The heavy energy demand of this process remains the hindrance to its exten-
sive application. The theoretical value of about 0.86 kWh of energy is required to desalinate 
1 m3 of salt water (34,500 ppm) which is equal to 3 kJ kg−1. However, in reality this value is 
normally inflated 5 to 26 times depending on the type of process used. Thus, clearly; it is 
necessary to make attempts to reduce the energy demand of process as much as possible [45].

The other aspects of saline water desalination include environmental impacts that need con-
sideration. Thus, the disposal of saline concentrate into the water bodies also represents a 
huge environmental issue when using RO desalination technology. Recent years have seen 
stricter regulation being established in to protect receiving water bodies, aquatic life, and 
public drinking water sources by reducing total dissolved solids in brine that could be dis-
charged into waterways. So it can be concluded that the combined treatment of wastewater 
and seawater could lead to double (heavy) membrane fouling, but; eliminating the use of 
pressured membrane process where the cake layer can be easily compacted eases the fouling 
irreversibility [46, 47]. This provides more motivation to explore forward osmosis processes 
that inherently have low membrane fouling propensity due to the absence of applied hydrau-
lic pressure.

1.3. Determining factors of the forward osmosis membrane process

Permeate flux rate is commonly used as one of the primary performance indicators for mem-
brane-based processes and is influenced by several factors that can be generally categorized 
as membrane properties, reverse salt diffusion and concentration polarization, feed water 
quality (and fouling) and operating conditions [48].

1.3.1. Membrane properties

The efficiency of an FO processes is directly linked to its membrane which in –turn is defined 
by its intrinsic separation properties stemming from the material used in its synthesis or prep-
aration. The most used membrane performance parameters include the pure water permea-
bility (A), solute rejection (R), solute permeability coefficient (B) and structural parameter (S). 
The membrane water permeability (A) is defined as the transport/passage of water through 
the membrane per unit driving force. The ability of a membrane to partially or completely 
retain solutes while allowing free passage of water molecules is referred as solute rejection (R),  
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whilst the solute permeability coefficient (B) is described as the transport of a particular solute 
through the membrane per unit driving force at given water flux. The structural parameter (S) 
is a factor that defines the influence of membrane support thickness, porosity and tortuosity 
on mass transfer in the support layer [49, 50]. Membranes commonly used for osmotically 
driven filtration processes are characterized by an asymmetric structure defined by a dense 
thin top selective layer usually followed by a porous sub-layer. Ideally, a membrane needs to 
be freely permeable to the solvent (water) and completely retain the solute. Therefore, water 
permeability describes the extent to which water is able to percolate through the membrane’s 
structure (Eq. 1), which is usually determined using hydraulic pressure.

  A =   
 J  w  
 ___ ∆ P   =   

 V  perm  
 _______  A  m   ∆ t ∆ P    (1)

Where Am represents the membrane’s effective surface area (m2), Vperm is the volume of the 
permeated water (L), ∆t is the time elapsed during the permeation (h) and ∆P is the pressure 
difference across the membrane (bar).

The water transport across an osmotic membrane is generally described according to:

   J  w   = A (∆ P − ∆ π)   (2)

Where A is the membrane water permeability (L h−1 bar−1), ∆P is the pressure difference across 
the membrane (bar), ∆π is the osmotic pressure differential across the membrane (bar). The 
osmotic pressure of a solution can be calculated from the Morse equation. This equation is 
derived from the van’t Hoff work (Eq. 3) on osmotic pressure and only applies to solutions 
with dilute concentrations (i.e. < 0.5 M). This equation indicates that osmotic pressure is lin-
early proportional to the solute concentration, (i.e. the higher the solute concentration, the 
higher the osmotic pressure of the solution).

  π = imRT = i (  n __ v  ) RT   (3)

Where: i is the van’t Hoff factor, (defines the number of ions produced during dissociation of a 
solute in an aqueous solution), m is the molarity of the solute which is equal to the ratio of the 
number of solute moles (mol) to the volume of the solution (L), R is the universal gas constant 
(8.3145 J K−1 mol−1), T is the absolute temperature (K).

However, this equation does not hold for solutions with higher concentrations (usually 
>0.5 M). When computing the osmotic pressure of concentrated draw solutions other factors 
such as solution viscosity come into play [51]. In addition to water permeability property, a 
membrane has to have selectivity for solutes and is expressed by a rejection coefficient (R):

  R =   
 C  f   −  C  p   _____  C  f  

   = 1 −   
 C  p   ___  C  p  

    (4)

Where the solute concentrations on the feed and permeate, are represented by Cf and Cp 
respectively. Water permeability (A) and solute rejection (R) are membrane characteristics 
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which are mainly linked to the active layer, that is; the active layer should permit water mol-
ecules to diffuse across while retaining solutes and other unwanted substances.

1.3.2. Draw solution

A draw solution is described as the solution of higher solute concentration and osmotic poten-
tial, relative to the feed solution, such that net pure water is induced through the membrane 
from the less concentrated impaired water to the draw solution to dilute it [52–55]. Different 
varieties of draw solutions have been evaluated for forward osmosis processes with the aim 
to achieve a low energy separation method for clean water production. And currently reverse 
osmosis is the best option for post-treatment of FO treated water, it can be used to separate 
the draw solution to produce clean potable water. However, there are still concerns about its 
reliance on hydraulic pressure which translates to high energy demand. Thus, FO draw solute 
regeneration can be made less energy intensive through the use of low grade energy sources 
but there can be some gains in energy depending on the type of energy used. In a closed loop 
FO-RO hybrid set-up, the energy utilization will always be higher than that of just reverse 
osmosis. But, when fouling in reverse osmosis is reduced then the practical energy consump-
tion of FO-RO hybrid might be lower than just reverse osmosis.

Several fundamental criteria are considered when selecting draw solutions and are as follows: 
(i) the solute must have a high osmotic efficiency which results from high solubility in water 
and relatively low molecular weight; (ii) the osmotic agent must also be easily and economi-
cally separated from the diluted draw solution to yield potable water without being used up 
in the process; and (iii) the osmotic agents should ideally be inert, stable, neutral or near neu-
tral pH, and nontoxic. Furthermore, the draw solutions should not be toxic to the membrane’s 
physical structural integrity [52, 54]. Therefore, this makes finding the appropriate draw solu-
tion a systematic task. The solutes used to generate osmotic pressure for osmotic processes 
can be put into four major categories: inorganic solutes, thermolytic/volatile solutes, organic 
solutes, and polymer-based macro-solutes [56–59].

Inorganic salts are by far the most used draw solutes in FO and PRO research and this is down 
to abundant availability, affordability, and the ability to generate high osmotic pressures that 
induce high membrane flux [57, 58].

Thermolytic salts, on the other hand, are considered a unique kind of draw solutes, constitut-
ing of highly soluble gases and or volatile solutes that can produce high osmotic pressures 
and can be easily recovered [59]. This presents the opportunity to evaporate and regenerate 
the draw solute via the use low temperatures from poor quality heat sources (e.g., power 
plants) [60, 61]. The NH3–CO2 mixture has received extensive attention as a potential thermo-
lytic draw solution. In the case of high draw solution concentrations can be created through 
manipulating the ratio of NH3 to CO2 [59, 62]. Application of thermal processes, heating to 
around 58°C is required to boil away the NH3 and CO2 and produce clean permeate water. 
These gases (NH3 and CO2) are then are re-combined to produce thermolytic salt and utilized 
again to generate osmotic pressure. However, the small hydration ions of NH4

+ compared to 
those of divalent cations (Ca2+ and Mg2+) lead to high reverse salt diffusion rate from the draw 

Forward Osmosis as a Pre-Treatment Step for Seawater Dilution and Wastewater Reclamation
http://dx.doi.org/10.5772/intechopen.72289

213



whilst the solute permeability coefficient (B) is described as the transport of a particular solute 
through the membrane per unit driving force at given water flux. The structural parameter (S) 
is a factor that defines the influence of membrane support thickness, porosity and tortuosity 
on mass transfer in the support layer [49, 50]. Membranes commonly used for osmotically 
driven filtration processes are characterized by an asymmetric structure defined by a dense 
thin top selective layer usually followed by a porous sub-layer. Ideally, a membrane needs to 
be freely permeable to the solvent (water) and completely retain the solute. Therefore, water 
permeability describes the extent to which water is able to percolate through the membrane’s 
structure (Eq. 1), which is usually determined using hydraulic pressure.
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Where Am represents the membrane’s effective surface area (m2), Vperm is the volume of the 
permeated water (L), ∆t is the time elapsed during the permeation (h) and ∆P is the pressure 
difference across the membrane (bar).

The water transport across an osmotic membrane is generally described according to:

   J  w   = A (∆ P − ∆ π)   (2)

Where A is the membrane water permeability (L h−1 bar−1), ∆P is the pressure difference across 
the membrane (bar), ∆π is the osmotic pressure differential across the membrane (bar). The 
osmotic pressure of a solution can be calculated from the Morse equation. This equation is 
derived from the van’t Hoff work (Eq. 3) on osmotic pressure and only applies to solutions 
with dilute concentrations (i.e. < 0.5 M). This equation indicates that osmotic pressure is lin-
early proportional to the solute concentration, (i.e. the higher the solute concentration, the 
higher the osmotic pressure of the solution).

  π = imRT = i (  n __ v  ) RT   (3)

Where: i is the van’t Hoff factor, (defines the number of ions produced during dissociation of a 
solute in an aqueous solution), m is the molarity of the solute which is equal to the ratio of the 
number of solute moles (mol) to the volume of the solution (L), R is the universal gas constant 
(8.3145 J K−1 mol−1), T is the absolute temperature (K).

However, this equation does not hold for solutions with higher concentrations (usually 
>0.5 M). When computing the osmotic pressure of concentrated draw solutions other factors 
such as solution viscosity come into play [51]. In addition to water permeability property, a 
membrane has to have selectivity for solutes and is expressed by a rejection coefficient (R):

  R =   
 C  f   −  C  p   _____  C  f  
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Where the solute concentrations on the feed and permeate, are represented by Cf and Cp 
respectively. Water permeability (A) and solute rejection (R) are membrane characteristics 
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which are mainly linked to the active layer, that is; the active layer should permit water mol-
ecules to diffuse across while retaining solutes and other unwanted substances.

1.3.2. Draw solution

A draw solution is described as the solution of higher solute concentration and osmotic poten-
tial, relative to the feed solution, such that net pure water is induced through the membrane 
from the less concentrated impaired water to the draw solution to dilute it [52–55]. Different 
varieties of draw solutions have been evaluated for forward osmosis processes with the aim 
to achieve a low energy separation method for clean water production. And currently reverse 
osmosis is the best option for post-treatment of FO treated water, it can be used to separate 
the draw solution to produce clean potable water. However, there are still concerns about its 
reliance on hydraulic pressure which translates to high energy demand. Thus, FO draw solute 
regeneration can be made less energy intensive through the use of low grade energy sources 
but there can be some gains in energy depending on the type of energy used. In a closed loop 
FO-RO hybrid set-up, the energy utilization will always be higher than that of just reverse 
osmosis. But, when fouling in reverse osmosis is reduced then the practical energy consump-
tion of FO-RO hybrid might be lower than just reverse osmosis.

Several fundamental criteria are considered when selecting draw solutions and are as follows: 
(i) the solute must have a high osmotic efficiency which results from high solubility in water 
and relatively low molecular weight; (ii) the osmotic agent must also be easily and economi-
cally separated from the diluted draw solution to yield potable water without being used up 
in the process; and (iii) the osmotic agents should ideally be inert, stable, neutral or near neu-
tral pH, and nontoxic. Furthermore, the draw solutions should not be toxic to the membrane’s 
physical structural integrity [52, 54]. Therefore, this makes finding the appropriate draw solu-
tion a systematic task. The solutes used to generate osmotic pressure for osmotic processes 
can be put into four major categories: inorganic solutes, thermolytic/volatile solutes, organic 
solutes, and polymer-based macro-solutes [56–59].

Inorganic salts are by far the most used draw solutes in FO and PRO research and this is down 
to abundant availability, affordability, and the ability to generate high osmotic pressures that 
induce high membrane flux [57, 58].

Thermolytic salts, on the other hand, are considered a unique kind of draw solutes, constitut-
ing of highly soluble gases and or volatile solutes that can produce high osmotic pressures 
and can be easily recovered [59]. This presents the opportunity to evaporate and regenerate 
the draw solute via the use low temperatures from poor quality heat sources (e.g., power 
plants) [60, 61]. The NH3–CO2 mixture has received extensive attention as a potential thermo-
lytic draw solution. In the case of high draw solution concentrations can be created through 
manipulating the ratio of NH3 to CO2 [59, 62]. Application of thermal processes, heating to 
around 58°C is required to boil away the NH3 and CO2 and produce clean permeate water. 
These gases (NH3 and CO2) are then are re-combined to produce thermolytic salt and utilized 
again to generate osmotic pressure. However, the small hydration ions of NH4

+ compared to 
those of divalent cations (Ca2+ and Mg2+) lead to high reverse salt diffusion rate from the draw 
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solution side to the feed water which greatly reduces the effective driving force. The need to 
apply a significant amount of thermal energy to boil away NH3 and CO2 stands as a major 
hindrance to the development of this draw solution.

It is for these concerns that recent studies have emphasized on polymer-based macro-sol-
utes as potential osmotic agents, which allow easier recovery using low-pressure filtration 
processes such as ultrafiltration [63, 64]. However, the efficient use of ultrafiltration in the 
separation can have counter-effects, the accumulation of osmotic agents on the membrane 
can lead to a build-up of osmotic pressure that can lower the efficiency of the separation 
process. One outstanding advantage is that the polymer’s molecular configuration and size 
can be tailored to produce draw solutions that give high osmotic pressure and desirable 
performance.

The lack of ideal draw solutes in forward osmosis is just but one drawback, the non-existent 
of cheap and simple draw solute separation strategies from the diluted draw solution to pro-
duce clean usable water is an area of paramount importance. Thus, attempts have been made 
recently towards the design of negatively charged super-paramagnetic nanoparticles that 
can be used in the recovery of an Al2(SO4)3 draw solute through coagulation [63, 65]. These 
previous research work have given an insight that future studies should combine the syn-
thesis of novel, easily separable draw solutes, with novel and effective draw solute recovery 
technologies.

1.3.3. Feed water quality and osmotic gradient

The performance of the FO process is highly linked to the feed water composition. The tar-
geted feed streams for the FO process include brackish water, seawater, treated wastewater 
effluent and industrial wastewater [20, 26, 27, 66, 67]. These are impaired water types com-
posed dissolved substances or compounds that can induce membrane fouling and cause a 
severe decline in permeate flow [23, 24, 68–71]. Therefore, the sustainability of membrane 
permeate flux during FO operation is hugely influenced by feed water composition (foulant 
type, concentration and physicochemical properties) as well as the feed solution chemistry 
(i.e. solution pH, ionic strength and cationic species concentration) [65, 69–72]. The high 
osmotic pressure of seawater can lower the effective osmotic gradient or driving force, subse-
quently lowering water recovery which subsequently implies that the direct use of seawater 
as a feed stream in pressure-driven membrane processes such as RO amounts to huge energy 
consumptions.

Permeate flux is one performance indicator for a membrane-based process and is primarily 
dependent on the applied osmotic gradient. Therefore, the use of ideal draw solution that can 
generate high osmotic pressure (∆π) is critical for advancing FO technology [73]. The osmotic 
pressure difference is a result of the solute content of both the feed and draw solutions. A 
higher draw solution concentration gives a large osmotic pressure potential which in turn 
induces high permeate rates. The relationship between draw solution concentration and per-
meate flux is not linear mostly due to reverse diffusion of the osmotic agent and concentration 
polarization which are inherent phenomena of forward osmosis [37].
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1.3.4. Operational conditions

Conducting a forward osmosis filtration tests involves the optimization of external operating 
parameters which have a huge role on the overall performance of the system. They include 
hydrodynamic parameters such as initial flux and cross-flow velocity as well as temperature. 
The aforementioned conditions strongly impact the output of an FO process, for example; 
it has been revealed that a higher cross-flow velocity minimizes the boundary layer thick-
ness and concentration polarization, thus; subsequently lowering membrane fouling rate and 
enhancing water recovery [74]. Feed water composition and operational temperature can also 
hugely impact the performance of an FO membrane process. Operating temperature is closely 
linked to mass transfer, salt solubility, membrane fouling and concentration polarization, 
regardless of being a difficult parameter to monitor in practice, temperature is one critical 
operating condition [75–77]. Zhao and Zou, [40] observed increased water fluxes and recov-
ery when higher operating temperatures were applied during filtration which they attributed 
to the decrease in permeate viscosity and an increase in osmotic pressure (and thus driving 
force), water permeability and mass transfer. Similar observations were made by Xie et al. [72] 
they found that the water permeability (A) values for different forward osmosis membranes 
increased with increasing temperature. However, in addition to increased water fluxes, the 
solute permeability coefficient (B) value was enhanced as well leading to higher reverse salt 
diffusion rates. The membrane structure factor, S was found to be unaffected by elevation in 
operating temperatures.

1.3.5. Membrane fouling

Membrane fouling is a broad term that describes the deposition and eventual accumulation 
of all kinds of substances on the membrane surface resulting from complex physical and 
chemical interactions between foulants and membrane. Fouling occurs when unwanted sub-
stances in the feed water block membrane pores or form an extra cake layer that generates 
resistance towards permeate flow through the membrane [75, 76, 78, 79]. Any membrane 
process using impaired water sources are subject to fouling. The fouling process in forward 
osmosis is said to be reversible due to the lack of pressure on the feed side, as a result foulants 
loosely bind to the membrane surface; however, the coupled occurrence of membrane foul-
ing and concentration polarization lead to a severe decline in permeate flux [71]. There are 
four reported types of fouling often encountered in osmotic membrane filtration: inorganic 
fouling (scaling), biological fouling, colloidal fouling and organic fouling. Large quantities of 
research have been dedicated to understanding the subject of membrane fouling in osmotic 
membranes [77, 78, 80]. As partially highlighted, membrane fouling is linked to membrane 
and foulant’s physicochemical properties [81]. Therefore, in summary, it can be stated that 
the eventual deposition of foulants on the membrane surface depends on the interplay of 
many factors that can be grouped into feed-water characteristics, hydrodynamic conditions 
and membrane properties. Attempts to investigate the fundamentals of membrane fouling 
have shown that the general mechanisms of fouling in osmotic membranes include adsorp-
tion, chemical interactions between solutes and membrane, gel formation and bacterial for-
mation [75, 76, 79, 82, 83].
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1.4. Challenges of the forward osmosis membrane process

Despite the various potentially attractive advantages of the FO process, it is still yards away 
from matching reverse osmosis mainly due to the number of obstacles that need to be resolved 
before its practical real-world implementation [53, 54]. Some of the efforts directed to advanc-
ing the forward osmosis technology include conducting systematic experimental research to 
solve challenging problems including identification of new draw solutes that will be capable 
of generating higher osmotic pressure, but are still easily separated from the diluted bulk 
draw solution at lower energy consumption [61, 64]; in addition to this there is the need of 
tailoring membranes that will decrease the effect of internal concentration polarization (ICP) 
which mostly occur in the porous support layer of current forward osmosis membranes and 
significantly reduces water flux because the diffusion of solutes is hindered and hydrody-
namic force cannot effectively mix solutions inside the porous support layer [84].

More strategic progress in membrane and draw solute design need to be made for practical 
up-scaling of the FO technology. However, the subject of membrane fouling has not been 
fully understood and developed, but is essential to the significant improvement and viability 
of osmotically driven membrane processes in water treatment. Investigation of FO membrane 
fouling needs to be emphasized particularly at sufficiently high fluxes that allow economic 
sustainability. Even though the fouling propensity in forward osmosis is often stated to be 
relatively mild compared to reverse osmosis [85–88], there remains a need to effectively 
minimize fouling in order to increase process performance and prolong membrane lifespan. 
Membrane fouling does not only lead to a decline in permeate water flux, but also deteriorates 
the permeate water quality and consequently inflates the operating and membrane replace-
ment costs. This is also the subject of interest in this work; therefore, the next sections will 
be expanding the discussion on the effect of membrane fouling on membrane flux loss in a 
forward osmosis processes, as well as potential alleviation remedies.

2. Combined wastewater reclamation and seawater dilution

The forward osmosis membrane process was then used to dilute seawater using simulated 
secondary treated wastewater effluent as feed solution in a laboratory scale setting. The sys-
tem performance in recovering water was evaluated. Membrane fouling and fouling behavior 
were investigated.

2.1. Materials and methods

Sodium alginic acid salt, humic acid, bovine serum albumin and octanoic acid were used to 
as model organic foulants representing common polysaccharides, part natural organic matter 
(humic substances), proteins and fatty acids respectively in wastewater. These organic mac-
romolecules have been reported to be the major components of organic fouling during mem-
brane-based filtration systems [89, 90]. Alginate had an average molecular weight of 12–80 kDa. 
Stock solutions of 2 g/L were prepared by dissolving alginate powder in  deionized (DI) water 
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by mixing vigorously for 24 hours then kept at 4°C. The stock solution was stored for a maxi-
mum of 12 h before use. The molecular weight of humic acid ranged from 12 to 80 kDa as indi-
cated by the supplier, and was prepared by dissolving 2 g/L in deionized water and vigorously 
stirred for 24 h after which, it was diluted to the desired concentration. Bovine serum albumin 
received in a powder form with a molecular weight of approximately 66 kDa. It was stored at 
4°C upon delivery and was prepared by dissolving 1 g/L in deionized water over 24 h. Octanoic 
acid was received in a liquid form and was stored at room temperature. Stock solutions were 
prepared by mixing 1 g/L with deionized water and its pH was adjusted to around 6.7 using 
0.05 M NaOH prior to addition to the feed solution. These model organic compounds were all 
supplied by Sigma-Aldrich (St Louis, MO) and were used as received. They were selected for 
this particular work because they are functionally similar to the organic foulants in wastewater 
effluent, so the observed fouling behavior and mechanisms might be comparable to real water 
effluent treatment using the FO process. However, the simulated wastewater used in this work 
does not contain particles, nor all the mentioned organic fractions, so real one on one transla-
tions could be difficult.

Three types of forward osmosis membranes were used in this work; cellulose triacetate mem-
brane, thin film composite and Porifera membrane. The first two were supplied by Hydration 
Technologies, Inc. (Albany, OR) while the Porifera membrane was supplied under a confi-
dentiality agreement. The cellulose triacetate membrane possesses an asymmetric structure 
made of a cellulose acetate skin layer supported by embedded polyester mesh. The thin film 
composite had a polyamide surface modification while the Porifera membrane was modified 
to be resilient to fouling (anti-fouling modification). Both the cellulose triacetate and Porifera 
membranes were stored in ultrapure water at 4°C prior to use. While the thin film membrane 
was stored in special packaging away from direct light and was soaked in ultrapure water for 
a minimum of 3 h before use.

The pure water permeability coefficient (A) of the forward osmosis membranes was deter-
mined in a laboratory-scale cross-flow reverse osmosis set-up. The effective membrane area 
was 49 cm2 and the cross-flow velocity was fixed at 10 cm s−1. Initially, the membrane perme-
ate flux was equilibrated with deionized water at an applied pressure, ∆P, of 8 bar (116 psi), 
until the permeate flux reached a steady value. After equilibration, the volumetric permeate 
flux was measured at applied pressures ranging from 2 to 12 bar (29 to 174 psi) in increments 
of 2 bar (29 psi). The membrane’s water permeability coefficient (A) is given by the slope of 
water flux plotted against applied pressure [65], using Eq.1.1.

The membranes’ intrinsic separation parameters determined using equations Eq. 1–4 are pre-
sented in Table 1. And it is shown that the traditional flat sheet CTA membrane had the lowest 
pure water permeability (A) and highest salt permeability coefficient (B), with corresponding 
with a rather lower salt rejection. The thin-film composite membrane (TFC) had significantly 
increased pure water permeability compared to cellulose triacetate. It also recorded the low-
est salt permeability coefficient (B) which translated to a high salt rejection (R). The novel 
Porifera membrane had the highest pure water permeability (A) and a high salt rejection 
almost similar to that of the thin film composite membrane. There was no clear correlation 
between the membrane structural factors and the other parameters. However, the superior 
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performance of thin film composite and Porifera membranes compared to the cellulose tri-
acetate membrane was demonstrated, based on their respective A, B and R values (Table 1). 
These values also confirm the improvement made in water permeability and solute rejection 
of thin film composite membranes [86, 87, 91].

The different simulated fractions of effluent organic matter were fixed into the following con-
centrations: 200 mg/L, 100 mg/L, 80 mg/L and 20 mg/L for humic acid (HA), bovine serum albu-
min (BSA), alginate (Alg), and octanoic acid (OA) respectively. The total feed ionic strength was 
fixed at 20 mM using 17 mM NaCl and 1 mM CaCl2. The fouling characteristics and potential of 
the model organic foulants were determined by conducting single foulant experiments for all 
four model foulants. Possible synergistic effects between foulants were investigated by prepar-
ing mixtures of two or more foulants that were then used to conduct fouling tests. The different 
feed solutions used to investigate thin film membrane fouling behavior are listed in Table 2.

2.2. Laboratory test unit

Laboratory filtration tests were performed using a self-assembled forward osmosis cross-flow 
set-up. It consisted of two closed loops dedicated to the feed and draw solution streams. These 
solutions were pumped past the cross-flow membrane cell and circulated using variable speed 
pumps (Cole-Palmer, USA). The cross-flow membrane cell was custom built with equally struc-
tured channels on both sides of the membrane. Each channel had the dimensions of 250, 50 and 
1 mm for length, width and depth respectively. A polypropylene diamond spacer mesh was 
added on either side of the TFC membrane to create turbulence and mimic real membrane filtra-
tion processes. The change in feed solution weight was monitored over time through a weigh-
ing balance (Ohaus, USA) connected to a computer for data logging. These changes in feed 
water weight over time were used to calculate the water flux during membrane filtration tests.

During filtration, the permeate water gradually dilutes draw solution which decreases its concen-
tration and in-turns reduces the osmotic drive force across the membrane. To prevent this effect, 
the concentration of the draw solution was maintained at a constant value using a real-time con-
ductivity based program using a Consort conductivity meter (C3310 model, Turnhout, Belgium). 
Varying amounts of dry salt were dosed into the draw solution triggered by a decline in conduc-
tivity [92]. The schematic of the laboratory scale FO cross-flow unit is illustrated in Figure 1.

A program-controlled (LabVIEW software, National Instruments, UK) 3-way valve was 
installed on the draw solution return tube just before it enters the draw solution tank (Figure 1). 

A B R S

L/m2 h bar ×10−7 m/s % μm

CTA 0.61 1.5 88.5 663

TFC 1.17 0.2 98.2 1227

POR 1.89 1.3 96.0 344

Table 1. Forward osmosis membrane intrinsic separation properties.
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The valve temporally directs (at set intervals) the draw solution into a filter funnel containing 
dry solid salt (NaCl) after being triggered by a decline in draw solution conductivity. The dis-
solved salt then dripped into the bulk draw solution to correct the dropping solution conduc-
tivity and keep the draw solute concentration constant [50, 92].

2.3. Seawater dilution testing protocols

Membrane filtration tests were performed with the high-performance polyamide modified 
thin film composite forward osmosis membrane characterized by a hydrophilic surface using 
synthetic seawater as a draw solution. Particular emphasis was made on studying the effect 
of foulant synergy on permeate flux loss during wastewater effluent treatment. Furthermore, 
the effect of different membrane surfaces on fouling behavior was investigated using two 
additional forward osmosis membranes.

Feed solution composition Ionic strength (mm) Draw solution concentration (m)

100 mg/L BSA 20 mM (20 mM NaCl) 0.52 M NaCl

80 mg/L Alg

20 mg/L OA

200 mg/L HA

BSA + Alg* 20 (17 mM NaCl +1 mM CaCl2)

Alg + HA + OA*

Alg + OA + BSA*

Alg + HA + BSA*

Alg + HA + OA*

*The concentrations of the single foulants were kept the same in their mixtures (100, 80, 20 and 200 mg/L for bovine 
serum albumin; BSA, alginate; ALG, octanoic acid; OA and humic acid; HA, respectively.

Table 2. Feed solution composition, ionic strength and draw solution concentration.

Figure 1. Schematic of the laboratory scale forward osmosis cross-flow test unit.
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In all fouling tests, sodium chloride (0.5 M) was used to induce permeation across the mem-
brane (as a draw solution). Before conducting each filtration test, a baseline experiment was 
conducted, where a feed solution containing only the salt solution was filtered for the same 
duration as the foulant-bearing feed streams. This was performed to isolate flux decline due 
to due to foulant deposition and cake layer formation from that caused by internal concentra-
tion polarization. After the baseline test the membrane was flushed with large amounts of 
deionized water to wash-off the salt on its surface. Filtration tests were then performed with 
feed solutions bearing the different single compounds (alginate, humic acid, bovine serum 
albumin and octanoic acid) or their combinations. After each fouling test; the forward osmosis 
system was flushed with deionized water at high cross-flow velocity to clean the remnants of 
the previous test from the tubing system. The feed solution volume was fixed at 10 L while the 
re-concentrated draw solution volume was 1 L.

The thin film composite membrane was used as the primary membrane for all the filtration 
tests and its performance and fouling behavior was compared to that of cellulose triacetate 
and Porifera using the feed solutions that resulted in the most severe permeate flux loss. The 
concentration of the draw solution was fixed at 0.5 M NaCl for all experimental tests and was 
adjusted accordingly for the other membranes (cellulose triacetate and Porifera) to achieve 
an initial permeate flux of 13.5 (± 0.87) Lm−2 h−1. Filtration tests were conducted for 24 h. The 
active layer-facing-feed solution (FO mode) configuration was used during tests. The cross-
flow velocity was fixed at 10 cm s−1.

2.3.1. Characterization techniques

The membrane’s electrokinetic properties were investigated via streaming potential measure-
ments which were performed using a SurPASS Electrokinetic Analyzer, (Anton Paar GmbH, 
Austria). This enabled the determination of membrane surface charge. Measurements were 
conducted using 0.01 mol/L KCl aqueous solutions as an electrolyte solution at 23°C and a pH 
of about 5.9. Surface zeta potentials were then derived from the measured streaming poten-
tials according to the Helmholtz–Smoluchowski equation (Eq. 5) [93]. The presented data are 
average values of three different samples of each membrane type.

  ζ =   ∆ V𝜂𝜂𝜂𝜂 _____ 𝛥𝛥P𝜀𝜀  ε  o  
    (5)

Where ∆V is the measured streaming potential, η is the electrolyte viscosity (Pa s), electro-
lyte’s electrical conductivity (s/m), ∆P is the applied pressure and Ԑ is the permittivity of 
water (C2N−1 m−2). The permittivity is defined as Ԑ = Ԑ0.D, where Ԑ0 is permittivity of vac-
uum = 8.85 × 10−12 (C2N−1 m−2) and D the dielectric constant of water = 78.55 at 25°C.

Membrane surface morphology as well as the structural arrangement of fouling layers was 
assessed using scanning electron microscopy (SEM); using a JEOL IT300 scanning electron 
microscope (Tokyo, Japan.). Small dried membrane pieces were cut and attached to sample 
holders using a carbon tape. The sample holder with the membrane pieces was coated with 
either gold or carbon to provide electrical conductivity and prevent charging during imag-
ing. Analysis was performed at different desired magnifications and working distances. 
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The topology and roughness of clean and used membranes were studied using an atomic 
force microscope (AFM: Alpha300, Germany). The average hydrodynamic diameter of the 
organic aggregates in the different aqueous solutions was measured using the dynamic light 
scattering (DLS) technique (Malvern nanosizer, Malvern Instruments, UK).

3. Results and discussions

3.1. Feed solution properties

Dynamic light scattering (DLS) measurements provide information on the particle size distribu-
tion of a suspension. And it was used in this study to monitor macro-aggregate formation during 
mixed foulant fouling to gain more insight into foulant-foulant interactions. The intensity of the 
scattered light is a strong function of the particle size and bigger aggregates cause more scattering 
which is translated to a larger intensity peak. The role of divalent cations (particularly Ca2+) on 
organic fouling has been well studied and widely reported using surrogate organic compounds 
[94]. Their presence has been associated with intense fouling caused by organic foulants via 
charge neutralization, complexation and forming calcium bridges [95, 96]. In this study, the con-
centration of Na+ was 17 mM and that of Ca2+ was fixed to 1 mM. Table 3 presents hydrodynamic 
diameters for single foulants and their different combinations. And according to the recorded 
values, it demonstrated that the cations had a significant influence on the physicochemical prop-
erties of the individual and combined foulants. The changes in particle sizes were conspicuous, 
there was clear aggregation of macromolecules when calcium ions were introduced. This trend 

Feed sample Zeta potential (mv) Hydrodynamic diameter (nm)

Alg* −54 ± 3 66 ± 4

HA* −48 ± 3 213 ± 10

BSA* −10 ± 1 4

Alg −14 ± 1 261 ± 8

HA −27 ± 1 199 ± 2

BSA −2 8

OA — —

Alg + BSA −20 ± 3 349 ± 15

Alg + HA + OA −19 ± 2 603 ± 19

HA + BSA + OA −13 ± 1 377 ± 11

HA + BSA + Alg −19 ± 5 —

HA + BSA + Alg + OA — —

*Measured zeta potential and hydrodynamic diameters in the absence of cations.

Table 3. Measured foulant zeta potentials and average hydrodynamic diameters in the different feed solutions.

Forward Osmosis as a Pre-Treatment Step for Seawater Dilution and Wastewater Reclamation
http://dx.doi.org/10.5772/intechopen.72289

221



In all fouling tests, sodium chloride (0.5 M) was used to induce permeation across the mem-
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deionized water to wash-off the salt on its surface. Filtration tests were then performed with 
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and Porifera using the feed solutions that resulted in the most severe permeate flux loss. The 
concentration of the draw solution was fixed at 0.5 M NaCl for all experimental tests and was 
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tials according to the Helmholtz–Smoluchowski equation (Eq. 5) [93]. The presented data are 
average values of three different samples of each membrane type.
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water (C2N−1 m−2). The permittivity is defined as Ԑ = Ԑ0.D, where Ԑ0 is permittivity of vac-
uum = 8.85 × 10−12 (C2N−1 m−2) and D the dielectric constant of water = 78.55 at 25°C.

Membrane surface morphology as well as the structural arrangement of fouling layers was 
assessed using scanning electron microscopy (SEM); using a JEOL IT300 scanning electron 
microscope (Tokyo, Japan.). Small dried membrane pieces were cut and attached to sample 
holders using a carbon tape. The sample holder with the membrane pieces was coated with 
either gold or carbon to provide electrical conductivity and prevent charging during imag-
ing. Analysis was performed at different desired magnifications and working distances. 

Osmotically Driven Membrane Processes - Approach, Development and Current Status220
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3. Results and discussions
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mixed foulant fouling to gain more insight into foulant-foulant interactions. The intensity of the 
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was further supported by the surface charge reduction of the aggregates upon exposure to elec-
trolyte solutions. The foulant-cation complexation was more prominent in humic acid and algi-
nate because of the abundant presence of carboxylic acid groups; ionization of carboxylic acids 
gives carboxylate anions that in turn complex with the positive Na+ and Ca2+ to form aggregates.

The influence of these ions on the fouling potential of each foulant was found to be different. 
Alginate fouling was consistent with the observed physicochemical (charge and particle size) 
changes; however, a noticeable deviation was observed with humic acid which resulted in 
less fouling even in the presence of calcium ions. A possible explanation for this anomalous 
observation lies on the HA-Ca2+ ratio used for the purposes of this study; there were insuffi-
cient calcium ions to complex with humic acid macromolecules. Also, Na+ competed with the 
Ca2+ for the negatively charged HA carboxylate ions.

All three primary foulants were found to exhibit a negative surface charge. Alginate and 
humic acid had the highest negative charges in solution which can be attributed mainly due to 
the abundant presence of negative carboxylate groups. Therefore, they had prominent inter-
action with the cations as evidenced by the large reduction in negative charges in the presence 
of cations. The determination of both surface charge and hydrodynamic diameter of octanoic 
acid was unsuccessful. The BSA molecules had the lowest zeta potential values (Table 3) and 
were least influenced by the cations.

The reported zeta potential and hydrodynamic sizes for mixed foulants cannot be tied down 
to a single factor but rather a combined influence of cationic species’ concentrations, molecu-
lar size and shape as well as organic–organic interactions. Therefore, the values presented 
here are averages of a range of sizes and they should be viewed with some reservation. Thus, 
the discussion is based on qualitative observations rather than on quantitative data. However, 
the changes in the measured hydrodynamic diameters are in accordance with earlier reported 
studies on the influence of Na+ and Ca2+ on organic foulants [16, 97], and it was found that the 
aggregate size followed this order: BSA < humic acid < alginate.

3.2. Membrane surface morphology

Scanning electron and atomic force microscopy analysis of the membrane’s feed side gave 
the micrographs presented in Figure 2. The membrane surface appeared to be covered by 
a thick, loose and flexible fouling layer after filtration of the mixtures of alginate and BSA 
(Figure 2(b)) and that of alginate, BSA and humic acid (Figure 2(c)). An indication of heavy 
foulant deposition during seawater dilution. The fouling layer appears loose and detached 
which is typical of FO membrane fouling due to the lack of external hydraulic pressure. AFM 
images show a relatively rough thin film composite membrane in Figure 2(d). The images in 
Figure 2(e) and (f) show completely different topologies which suggest the presence of a cake 
layer on the surface of the membrane.

3.3. Fouling characteristics of single foulants

Filtration tests using feed streams containing single, simple organic compounds yielded vary-
ing membrane performances as shown in Figure 3. The feed streams containing humic acid, 
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alginate and octanoic acid recorded the highest water recovery of above 50%. A slight decline 
in water recovery was observed when the membrane was used to filtrate the feed solution 
containing bovine serum albumin recording a 40% recovery. The addition of 1 mM CaCl2 
to the feed solutions had a significant influence on membrane performance; particularly, on 
the feed solutions containing BSA and alginate which correlated to their flux reduction. That 
is, the calcium ions improved cross-linking of ionized alginate macromolecules forming an 
organized gel layer that was easily deposited on the membrane surface, creating an extra 
resistance layer to water permeation. This observation is supported the measured alginate 
aggregate sizes in Table 3, which showed an increase in aggregate size in the presence of Ca2+. 
The same phenomenon is expected for humic acid, however, the resulting cake layer is porous 
and offered little resistance to permeate flow, so permeate flux remained the same.

Figure 2. Clean and fouled membrane surface morphology and topology: (a) SEM image of clean TFC membrane, (b) 
image of membrane fouled with Alg + BSA, (c) image of membrane fouled with Alg + BSA + HA, (d)–(f) corresponding 
AFM micrographs.

Figure 3. Recorded permeate volumes and flux declines during seawater dilution suing simple feed streams.
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was further supported by the surface charge reduction of the aggregates upon exposure to elec-
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nate because of the abundant presence of carboxylic acid groups; ionization of carboxylic acids 
gives carboxylate anions that in turn complex with the positive Na+ and Ca2+ to form aggregates.

The influence of these ions on the fouling potential of each foulant was found to be different. 
Alginate fouling was consistent with the observed physicochemical (charge and particle size) 
changes; however, a noticeable deviation was observed with humic acid which resulted in 
less fouling even in the presence of calcium ions. A possible explanation for this anomalous 
observation lies on the HA-Ca2+ ratio used for the purposes of this study; there were insuffi-
cient calcium ions to complex with humic acid macromolecules. Also, Na+ competed with the 
Ca2+ for the negatively charged HA carboxylate ions.

All three primary foulants were found to exhibit a negative surface charge. Alginate and 
humic acid had the highest negative charges in solution which can be attributed mainly due to 
the abundant presence of negative carboxylate groups. Therefore, they had prominent inter-
action with the cations as evidenced by the large reduction in negative charges in the presence 
of cations. The determination of both surface charge and hydrodynamic diameter of octanoic 
acid was unsuccessful. The BSA molecules had the lowest zeta potential values (Table 3) and 
were least influenced by the cations.

The reported zeta potential and hydrodynamic sizes for mixed foulants cannot be tied down 
to a single factor but rather a combined influence of cationic species’ concentrations, molecu-
lar size and shape as well as organic–organic interactions. Therefore, the values presented 
here are averages of a range of sizes and they should be viewed with some reservation. Thus, 
the discussion is based on qualitative observations rather than on quantitative data. However, 
the changes in the measured hydrodynamic diameters are in accordance with earlier reported 
studies on the influence of Na+ and Ca2+ on organic foulants [16, 97], and it was found that the 
aggregate size followed this order: BSA < humic acid < alginate.

3.2. Membrane surface morphology

Scanning electron and atomic force microscopy analysis of the membrane’s feed side gave 
the micrographs presented in Figure 2. The membrane surface appeared to be covered by 
a thick, loose and flexible fouling layer after filtration of the mixtures of alginate and BSA 
(Figure 2(b)) and that of alginate, BSA and humic acid (Figure 2(c)). An indication of heavy 
foulant deposition during seawater dilution. The fouling layer appears loose and detached 
which is typical of FO membrane fouling due to the lack of external hydraulic pressure. AFM 
images show a relatively rough thin film composite membrane in Figure 2(d). The images in 
Figure 2(e) and (f) show completely different topologies which suggest the presence of a cake 
layer on the surface of the membrane.

3.3. Fouling characteristics of single foulants

Filtration tests using feed streams containing single, simple organic compounds yielded vary-
ing membrane performances as shown in Figure 3. The feed streams containing humic acid, 
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alginate and octanoic acid recorded the highest water recovery of above 50%. A slight decline 
in water recovery was observed when the membrane was used to filtrate the feed solution 
containing bovine serum albumin recording a 40% recovery. The addition of 1 mM CaCl2 
to the feed solutions had a significant influence on membrane performance; particularly, on 
the feed solutions containing BSA and alginate which correlated to their flux reduction. That 
is, the calcium ions improved cross-linking of ionized alginate macromolecules forming an 
organized gel layer that was easily deposited on the membrane surface, creating an extra 
resistance layer to water permeation. This observation is supported the measured alginate 
aggregate sizes in Table 3, which showed an increase in aggregate size in the presence of Ca2+. 
The same phenomenon is expected for humic acid, however, the resulting cake layer is porous 
and offered little resistance to permeate flow, so permeate flux remained the same.

Figure 2. Clean and fouled membrane surface morphology and topology: (a) SEM image of clean TFC membrane, (b) 
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There was a further loss in permeate recovery for the BSA bearing feed solution, the presence 
of Ca2+ enhanced its affinity for the membrane surface. The macromolecular size was reduced 
to almost neutral values leading to subsequent weakened electrostatic repulsions from the 
negative membrane surface leading to its multilayer adsorption. Permeate flux reduction pat-
terns correlated to the recorded permeate water recovery rates. The feed solutions containing 
humic and octanoic acids had the lowest permeate flux reduction with and without calcium 
ions. The BSA feed exhibited the highest permeate flux loss reduction of 60% before the addi-
tion of calcium ions. Permeate flux reduction increased by 16% when Ca2+ was added to the 
alginate feed solution, rising from 30 to 46%. These results revealed that the FO process had 
an average performance for simple, single foulants bearing feed streams. And humic and 
octanoic acid had no significant influence on permeate flux unlike, polysaccharides (alginate) 
and proteins (BSA) that dominated permeate flux loss [95]. The next section investigates the 
interactions between co-foulants when they co-exist in the same feed solution in an attempt to 
underpin foulant-foulant interactions.

3.4. Influence of co-foulants on flux

The two fractions that caused the most significant permeate flux decline (alginate and BSA) 
in the previous section were combined and tested for their impact on permeate flux loss. The 
resulting fouling trend was compared to those observed during filtration of single foulants as 
depicted by Figure 4. And it can be seen that the co-existence of alginate and BSA resulted in 
more permeate flux loss. The flux decline curve is similar to that of BSA alone, characterized 
by the first stable flux region followed by a rapid flux loss rate until a semi-steady flux point 
was reached. This indicates that BSA macromolecules had a dominant effect on the forma-
tion of the combined fouling layer. According to the measured surface charge results the two 
foulants should electrostatically repel each other due to the negative surface charges; how-
ever, hydrophobic interactions among the foulants appear to be dominant in the formation of 
alginate-BSA aggregates as supported by the increase in sizes when the two foulants are pres-
ent in the same feed solution (Table 3). It is though that the BSA molecules became integrated 
into the alginate-calcium complexes [98, 99], and since there were favorable interactions that 
promoted BSA attachment onto the membrane surface; the alginate aggregates were sort of 
“functionalized” and easily deposited to form the fouling layer shown in Figure 2(b). It can 
therefore be concluded that the addition of alginate to BSA enhanced permeate flux loss (foul-
ing), which implies the dominant presence of synergistic interactions between the proteins 
and polysaccharides.

3.5. Filtration tests with complex feed solutions

The feed streams were made more complex by mixing three organic compounds in one feed 
solution. When the feed solution containing alginate, humic and octanoic acid was filtrated 
using the TFC membrane, a 51% water recovery was recorded and initial permeate flux was 
reduced by 30% after 24 h (Figure 5). This result was beyond expectations since alginate and 
humic acid in the presence Ca2+ have been reported to worsen fouling due to the formation 
of HA-Ca2+, Alg-Ca2+ and Alg-HA complexes, as the formed fouling layers act to increase 

Osmotically Driven Membrane Processes - Approach, Development and Current Status224

 resistance to permeate flow [100]. The explanation for this could be that the Ca2+ concen-
tration was ineffective in causing complete complexation of the foulants (80 mg/L Alg and 
200 mg/L HA), thus aggregate formation was in significant and the foulants remained in the 
bulk solution rather than being deposited. And it also suggests that the cake layer formation 
during foulant deposition was dominated by humic acid macromolecules which formed a 
loose porous layer such that permeate flow rate was not significantly lowered. This explana-
tion is backed by the flux reduction and water recovery in the presence of 2 mM Ca2+ which 
shows a 15% reduction in water recovery and a 74% permeate flux loss. The calcium ions 
interacted with the alginate and humic acid macromolecules to form a thick compact cake 
layer that offered resistance to permeate flow.

Figure 4. Membrane permeate flux decline pattern during co-foulant (Alg + BSA) feed stream filtration.

Figure 5. Permeate volumes and permeate flux loss during seawater dilution using complex feed streams.
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There was a further loss in permeate recovery for the BSA bearing feed solution, the presence 
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tion of the combined fouling layer. According to the measured surface charge results the two 
foulants should electrostatically repel each other due to the negative surface charges; how-
ever, hydrophobic interactions among the foulants appear to be dominant in the formation of 
alginate-BSA aggregates as supported by the increase in sizes when the two foulants are pres-
ent in the same feed solution (Table 3). It is though that the BSA molecules became integrated 
into the alginate-calcium complexes [98, 99], and since there were favorable interactions that 
promoted BSA attachment onto the membrane surface; the alginate aggregates were sort of 
“functionalized” and easily deposited to form the fouling layer shown in Figure 2(b). It can 
therefore be concluded that the addition of alginate to BSA enhanced permeate flux loss (foul-
ing), which implies the dominant presence of synergistic interactions between the proteins 
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3.5. Filtration tests with complex feed solutions

The feed streams were made more complex by mixing three organic compounds in one feed 
solution. When the feed solution containing alginate, humic and octanoic acid was filtrated 
using the TFC membrane, a 51% water recovery was recorded and initial permeate flux was 
reduced by 30% after 24 h (Figure 5). This result was beyond expectations since alginate and 
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of HA-Ca2+, Alg-Ca2+ and Alg-HA complexes, as the formed fouling layers act to increase 
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The presence of proteins (BSA) in the feed solution containing alginate and octanoic acid 
reduced water recovery (37%) and increased flux reduction by 75%. Interestingly, the mixture 
of alginate, BSA and humic acid resulted in poor process performance with a water recov-
ery of 20% and almost no permeation after 16 hours of filtration. This suggests that there 
were favorable interactions between the foulants that led to excessive deposition rate onto the 
membrane surface, resulting in a thick and resistant cake layer which enhanced reverse solute 
diffusion contributing into flux loss. The differences observed in the permeate flux reductions 
can be attributed to the various foulant-foulant and organics-membrane interactions during 
filtration, which then leads to different fouling layer properties.

These results demonstrated that the performance of the FO membrane in treating heavily 
impaired water using seawater as a draw solution. There was severe flux loss when polysac-
charides, humic substances and proteins co-existed in the same feed solution. This is the most 
likely, occurrence in secondary treated wastewater. However, the organic foulants exist in 
lower concentrations than what was used in this experiments (worst case scenario). Thus, the 
combined wastewater-seawater dilution process promises to be a simple and effective water 
recovery process that might be hindered by membrane fouling. But the resulting fouling layer 
can be easily washed-off using physical cleaning methods [101, 102].

3.6. Influence of membrane surface

The performance of the commercial thin film composite membrane was compared to that 
of the low flux cellulose triacetate membrane and two custom-made Porifera membranes 
using the most complex feed solutions. Average water recovery for the three membranes was 
above 50% (Figure 6). The Porifera membranes had superior performance at the same operat-
ing conditions and initial permeate flux, followed by the cellulose triacetate membrane. The 
observed varying performances are due to differences in surface properties and function-
alities. The rough polyamide layer of the TFC membrane was highly susceptible to protein 
deposition and foulant adhesion. Whilst, the smooth cellulose triacetate surface is resilient 

Figure 6. Performance of FO membranes used to filter complex feed streams. Porifera P represents the plain membrane 
while Porifera AF was modified to induce anti-fouling properties.
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to foulant deposition [103]. Therefore, seawater dilution using wastewater can be further 
improved by choosing a foulant resistant membrane with a matching flux.

4. Summary

The on-going water shortage has opened an opportunity for wastewater and seawater to be 
explored as alternative water sources to supplement water supply due to the diminishing 
natural fresh water sources. However, extensive treatment procedures are required to make 
these water streams suitable for either domestic, industrial or even agricultural purposes, 
thus forward osmosis membrane process was identified as an ideal candidate to lower the 
osmotic pressure of seawater prior to desalination using wastewater as a feed source. The 
fouling behavior of the membrane process was studied. And the results revealed that proteins 
and polysaccharides had a dominant role in governing permeate flux loss. The presence of 
divalent cations, especially Ca2+ exacerbated the fouling process. Filtration tests demonstrated 
that there were favorable electrostatic and hydrophobic interactions among foulants and 
membrane surface that promoted foulant deposition and cake layer formation. The forward 
osmosis process had an average performance in treating heavily impaired feed water streams 
under exaggerated conditions. This implies that an even better performance can be expected 
for real water samples where foulant content is lower. It was also found that the process per-
formance can be improved by selecting/using foulant resistant membranes.
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The presence of proteins (BSA) in the feed solution containing alginate and octanoic acid 
reduced water recovery (37%) and increased flux reduction by 75%. Interestingly, the mixture 
of alginate, BSA and humic acid resulted in poor process performance with a water recov-
ery of 20% and almost no permeation after 16 hours of filtration. This suggests that there 
were favorable interactions between the foulants that led to excessive deposition rate onto the 
membrane surface, resulting in a thick and resistant cake layer which enhanced reverse solute 
diffusion contributing into flux loss. The differences observed in the permeate flux reductions 
can be attributed to the various foulant-foulant and organics-membrane interactions during 
filtration, which then leads to different fouling layer properties.

These results demonstrated that the performance of the FO membrane in treating heavily 
impaired water using seawater as a draw solution. There was severe flux loss when polysac-
charides, humic substances and proteins co-existed in the same feed solution. This is the most 
likely, occurrence in secondary treated wastewater. However, the organic foulants exist in 
lower concentrations than what was used in this experiments (worst case scenario). Thus, the 
combined wastewater-seawater dilution process promises to be a simple and effective water 
recovery process that might be hindered by membrane fouling. But the resulting fouling layer 
can be easily washed-off using physical cleaning methods [101, 102].

3.6. Influence of membrane surface

The performance of the commercial thin film composite membrane was compared to that 
of the low flux cellulose triacetate membrane and two custom-made Porifera membranes 
using the most complex feed solutions. Average water recovery for the three membranes was 
above 50% (Figure 6). The Porifera membranes had superior performance at the same operat-
ing conditions and initial permeate flux, followed by the cellulose triacetate membrane. The 
observed varying performances are due to differences in surface properties and function-
alities. The rough polyamide layer of the TFC membrane was highly susceptible to protein 
deposition and foulant adhesion. Whilst, the smooth cellulose triacetate surface is resilient 

Figure 6. Performance of FO membranes used to filter complex feed streams. Porifera P represents the plain membrane 
while Porifera AF was modified to induce anti-fouling properties.
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to foulant deposition [103]. Therefore, seawater dilution using wastewater can be further 
improved by choosing a foulant resistant membrane with a matching flux.

4. Summary

The on-going water shortage has opened an opportunity for wastewater and seawater to be 
explored as alternative water sources to supplement water supply due to the diminishing 
natural fresh water sources. However, extensive treatment procedures are required to make 
these water streams suitable for either domestic, industrial or even agricultural purposes, 
thus forward osmosis membrane process was identified as an ideal candidate to lower the 
osmotic pressure of seawater prior to desalination using wastewater as a feed source. The 
fouling behavior of the membrane process was studied. And the results revealed that proteins 
and polysaccharides had a dominant role in governing permeate flux loss. The presence of 
divalent cations, especially Ca2+ exacerbated the fouling process. Filtration tests demonstrated 
that there were favorable electrostatic and hydrophobic interactions among foulants and 
membrane surface that promoted foulant deposition and cake layer formation. The forward 
osmosis process had an average performance in treating heavily impaired feed water streams 
under exaggerated conditions. This implies that an even better performance can be expected 
for real water samples where foulant content is lower. It was also found that the process per-
formance can be improved by selecting/using foulant resistant membranes.
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Abstract

Although reverse osmosis (RO) process is widely used for wastewater reclamation, it 
requires high amount of energy that has a major effect on the economic effectiveness 
of the process. Furthermore, RO membranes are susceptible to fouling, which further 
limits their effectiveness and increases the costs due to the need for frequent cleaning. 
Consequently, the use of osmotically driven membrane separation processes such as for-
ward osmosis (FO) has gained increasing consideration, although its uptake in waste-
water remediation is still low. This is because the FO process, unlike the RO process, 
is operated by the osmotic gradient between the feed and draw solutions; therefore, it 
requires minimal or no hydraulic pressure. Hence, it has unique advantages, such as 
possibility of low fouling, and high water recovery. Nonetheless, the long-standing prob-
lem of membrane fouling still remains a major challenge even in the performance of FO 
processes especially when treating raw wastewaters, which have various contaminants. 
Furthermore, the mechanism of fouling in FO process has been found to be different from 
an RO process, and there is need for further studies to elucidate the differences of FO and 
RO fouling. These aspects are evaluated in this review.

Keywords: forward osmosis, membrane fouling, osmotic pressure, reverse osmosis, 
wastewater

1. Introduction

For many centuries, water has been considered a renewable, unlimited resource. However, 
in recent decades, the awareness that fresh water is not unlimited has arisen. The two major 
issues around water management are, thus, water scarcity and escalating pollution. Indeed, 
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water pollution has put a potential strain on the existing water sources resulting in scarcity of 
fresh water. This has been occasioned by the rapid growth in global human population, thus 
increasing the demand; enhanced industrial and agricultural activity leading to rampant pol-
lution of water sources; as well as climate change resulting in water scarcity through droughts. 
All these issues suggest the need for a more rational use of water resources [1]. The use of 
alternative sources of water such as seawater desalination and the reuse of wastewater after 
appropriate treatment is therefore necessary. Furthermore, the protection of natural water 
resources and development of new technologies for water and wastewater treatment for reuse 
are key priorities of the twenty-first century.

Wastewater reuse offers an opportunity to reduce demand on existing water resources [2]. 
This is because wastewater represents a suitable water source that can be used after appro-
priate treatment to reduce the fresh water demand and to lower the environmental impact 
of wastewater discharge [3]. Consequently, effluent from municipal wastewater treatment 
plants (MWWTPs) is a potential source of recycled water; however, to ensure its approval by 
the target population, microbial, physical, and chemical pollutants need to be removed using 
appropriate treatment technologies [4, 5].

Conventional municipal wastewater treatment processes rely on physicochemical and bio-
logical processes. However, with increasing contamination of wastewater by organic micro-
pollutants and microbial contaminants, the current treatment technologies are often not 
successful in meeting the stringent standards. The reduction or complete removal of refrac-
tory organic contaminants from wastewater is important from the viewpoint of wastewater 
reclamation, recycling, and reuse [5]; however, conventional municipal wastewater treatment 
is inefficient especially in the removal of biorecalcitrant organic micropollutants and some 
resistant microorganisms.

There is therefore a pressing need to develop alternative wastewater remediation technolo-
gies that are capable of complete removal of organic micropollutants; have the provision of 
effective disinfection; are capable of utilization of minimum resources such as energy; are 
economically viable; and are environmentally friendly [6]. Suitable technologies should be 
able to enhance water recovery as well as extract biomass from the wastewater for reuse [7]. 
Membrane-based technologies have gained increasing prominence for wastewater remedia-
tion. Although low pressure processes such as microfiltration (MF) and ultrafiltration (UF) 
have been employed to treat secondary wastewater effluent, these technologies are not effec-
tive in removing emerging micropollutants and trace metals from wastewater, thus limiting 
the potential application of the reclaimed wastewaters. Consequently, the use of high pres-
sure processes such as nanofiltration (NF) and reverse osmosis (RO) have been explored. 
However, they too suffer limitations such as high energy demand and severe membrane 
fouling, which ultimately increases the operating costs. This has prompted the exploration 
of osmotic pressure–driven membrane processes (ODMPs) such as forward osmosis (FO) 
as a suitable alternative to overcome these concerns [8]. This chapter presents the water 
scarcity and pollution challenge, applications of membrane-based processes (RO and FO) 
for wastewater remediation, and recent developments in addressing membrane fouling in 
RO and FO processes.
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2. The RO and FO membrane processes

2.1. Principle of operation of RO and FO membranes

In the FO process, an osmotic pressure gradient across the semipermeable membrane drives 
water from a dilute feed solution (FS) to a concentrated draw solution (DS) [9]. In this way, the 
DS generates greater osmotic pressure and drives water from the feed through the membrane 
while rejecting solutes, thus separating the water from the diluted DS [10]. The RO process, 
on the other hand, employs hydraulic pressure to effect the permeation of water through a 
semipermeable membrane. The principle of operation of RO and FO processes is shown in 
Figure 1. The ideal semipermeable membrane for use in RO and FO processes should possess 
the following attributes: high water flux and salt rejection, less fouling propensity, and high 
chemical and thermal stability, among others [10]. The FO process has been shown to have 
a lower propensity to fouling and consequently, a higher reversibility of fouling than RO, 
and this is attributed to the lack of applied hydraulic pressure. Subsequently, FO can be used 
to treat low-quality feed waters such as municipal wastewater and landfill leachate, among 

Figure 1. Working principle of (a) RO and (b) FO processes.
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as a suitable alternative to overcome these concerns [8]. This chapter presents the water 
scarcity and pollution challenge, applications of membrane-based processes (RO and FO) 
for wastewater remediation, and recent developments in addressing membrane fouling in 
RO and FO processes.
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2. The RO and FO membrane processes

2.1. Principle of operation of RO and FO membranes

In the FO process, an osmotic pressure gradient across the semipermeable membrane drives 
water from a dilute feed solution (FS) to a concentrated draw solution (DS) [9]. In this way, the 
DS generates greater osmotic pressure and drives water from the feed through the membrane 
while rejecting solutes, thus separating the water from the diluted DS [10]. The RO process, 
on the other hand, employs hydraulic pressure to effect the permeation of water through a 
semipermeable membrane. The principle of operation of RO and FO processes is shown in 
Figure 1. The ideal semipermeable membrane for use in RO and FO processes should possess 
the following attributes: high water flux and salt rejection, less fouling propensity, and high 
chemical and thermal stability, among others [10]. The FO process has been shown to have 
a lower propensity to fouling and consequently, a higher reversibility of fouling than RO, 
and this is attributed to the lack of applied hydraulic pressure. Subsequently, FO can be used 
to treat low-quality feed waters such as municipal wastewater and landfill leachate, among 

Figure 1. Working principle of (a) RO and (b) FO processes.
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others [11]. Nevertheless, even in an FO-based separation process, energy is still required to 
extract clean water from the DS and to reuse the DS [12].

The general equation used to describe water flux across the RO and FO membrane (Jw) is cal-
culated using Darcy’s law [9]:

   J  w   =  A  w   ×  (σ ∆ π − ∆ P)   (1)

where Aw is the membrane pure water permeability coefficient, ∆P is the applied hydrostatic 
pressure,  ∆ π  is the differential osmotic pressure, and  σ  is the reflection coefficient indicating 
the rejection capability of a membrane (for an ideal membrane  σ  =1). Therefore, in FO,  ∆ P  is 
zero thus making the water flux to be directly proportional to the difference in osmotic pres-
sure, while for RO,  ∆ P > ∆ π . This relationship is illustrated in Figure 2.

Despite not using hydraulic pressure, the FO process can produce permeate quality that is 
close to that produced by RO and superior permeate quality than that of microfiltration (MF) 
and ultrafiltration (UF) membranes [7]. Moreover, the FO process has benefits including high 

Figure 2. Schematic representation of FO (a) and RO processes (b) and a plot of water flux versus applied pressure for 
both processes (c). Adapted from [13].
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rejection of a wide range of pollutants without using hydraulic pressure and hence the reduced 
energy expenditure and low membrane fouling tendency (more reversible fouling) [14]. For 
instance, a study by Altaee and colleagues [15] reported that the total power consumption 
by the FO process was 2–4% that of the RO-FO process, which shows that the use of FO can 
lead to significant reduction in energy expenditure. It is due to these unique advantages of 
FO membranes that they have been employed in many applications such as desalination of 
seawater, wastewater remediation, food and pharmaceutical processing, as well as renewable 
osmotic energy production [16].

However, notwithstanding these advantages of FO, it still suffers from the challenges faced 
by RO, mainly membrane fouling that results in reduced permeate quality and quantity as 
well as increased operational cost [17]. Developing an understanding of fouling behavior in 
FO is needed since it has been found that the fouling factors and mechanism of fouling in 
FO are different from those of an RO process [18]. Consequently, further research is required 
to understand the fouling behavior of FO and RO membranes to enable the development of 
tailored fouling controls [19].

2.2. Applications of RO and FO membranes in wastewater treatment

The FO and RO processes have been used to treat a variety of wastewaters such as municipal 
wastewater [14, 16, 18, 20], oily wastewater [21, 22], produced water [23], tannery wastewater 
[24], dairy wastewater [25], olive mill wastewater [26], as well as synthetic wastewater [8, 27]. 
In some of these studies, it has been reported that FO membranes could perform better than 
RO membranes. For instance, a comparative study by Cui and coworkers [28] on the removal 
of organic micropollutants (phenol, aniline, and nitrobenzene) reported that FO membranes 
achieved rejections of over 72%, which the authors observed that cannot be attained by com-
mercial or lab-synthesized RO membranes. The FO and RO membranes can also be used in 
combination with other processes to increase the performance effectiveness. For instance, the 
use of combined MBR-RO and MBR-FO systems considerably improves the performance in 
wastewater treatment. Since the MBR alone is not effective in the removal of color and salts, 
the combination with RO and FO membranes allows for effective removal of these constitu-
ents [29]. Qui and colleagues [30] recently investigated the use of a biofilm-forward osmosis 
membrane bioreactor (BF-FOMBR) and reported that the process achieved very high removal 
efficiency of organic matter and nitrogen within a hydraulic retention time of 2 h. Furthermore, 
a significant reduction in FO membrane fouling was achieved (24.7–54.5%) due to decreased 
bacterial attachment and colonization of the membranes. A summary of the recent studies and 
the performance attained is shown in Table 1.

2.3. Limitations of RO and FO membranes

The use of membrane-based processes for wastewater treatment has been driven by the need 
to enhance water recovery, reduce energy consumption, and improve sustainability in appli-
cation [31]. Consequently, membrane-based wastewater reclamation is considered a promis-
ing solution to supplement water supply and alleviate water shortage [18]. The RO process 
has received wide attention; however, it requires high hydraulic pressure, thus making it 
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others [11]. Nevertheless, even in an FO-based separation process, energy is still required to 
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The general equation used to describe water flux across the RO and FO membrane (Jw) is cal-
culated using Darcy’s law [9]:
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pressure,  ∆ π  is the differential osmotic pressure, and  σ  is the reflection coefficient indicating 
the rejection capability of a membrane (for an ideal membrane  σ  =1). Therefore, in FO,  ∆ P  is 
zero thus making the water flux to be directly proportional to the difference in osmotic pres-
sure, while for RO,  ∆ P > ∆ π . This relationship is illustrated in Figure 2.

Despite not using hydraulic pressure, the FO process can produce permeate quality that is 
close to that produced by RO and superior permeate quality than that of microfiltration (MF) 
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rejection of a wide range of pollutants without using hydraulic pressure and hence the reduced 
energy expenditure and low membrane fouling tendency (more reversible fouling) [14]. For 
instance, a study by Altaee and colleagues [15] reported that the total power consumption 
by the FO process was 2–4% that of the RO-FO process, which shows that the use of FO can 
lead to significant reduction in energy expenditure. It is due to these unique advantages of 
FO membranes that they have been employed in many applications such as desalination of 
seawater, wastewater remediation, food and pharmaceutical processing, as well as renewable 
osmotic energy production [16].

However, notwithstanding these advantages of FO, it still suffers from the challenges faced 
by RO, mainly membrane fouling that results in reduced permeate quality and quantity as 
well as increased operational cost [17]. Developing an understanding of fouling behavior in 
FO is needed since it has been found that the fouling factors and mechanism of fouling in 
FO are different from those of an RO process [18]. Consequently, further research is required 
to understand the fouling behavior of FO and RO membranes to enable the development of 
tailored fouling controls [19].

2.2. Applications of RO and FO membranes in wastewater treatment

The FO and RO processes have been used to treat a variety of wastewaters such as municipal 
wastewater [14, 16, 18, 20], oily wastewater [21, 22], produced water [23], tannery wastewater 
[24], dairy wastewater [25], olive mill wastewater [26], as well as synthetic wastewater [8, 27]. 
In some of these studies, it has been reported that FO membranes could perform better than 
RO membranes. For instance, a comparative study by Cui and coworkers [28] on the removal 
of organic micropollutants (phenol, aniline, and nitrobenzene) reported that FO membranes 
achieved rejections of over 72%, which the authors observed that cannot be attained by com-
mercial or lab-synthesized RO membranes. The FO and RO membranes can also be used in 
combination with other processes to increase the performance effectiveness. For instance, the 
use of combined MBR-RO and MBR-FO systems considerably improves the performance in 
wastewater treatment. Since the MBR alone is not effective in the removal of color and salts, 
the combination with RO and FO membranes allows for effective removal of these constitu-
ents [29]. Qui and colleagues [30] recently investigated the use of a biofilm-forward osmosis 
membrane bioreactor (BF-FOMBR) and reported that the process achieved very high removal 
efficiency of organic matter and nitrogen within a hydraulic retention time of 2 h. Furthermore, 
a significant reduction in FO membrane fouling was achieved (24.7–54.5%) due to decreased 
bacterial attachment and colonization of the membranes. A summary of the recent studies and 
the performance attained is shown in Table 1.

2.3. Limitations of RO and FO membranes

The use of membrane-based processes for wastewater treatment has been driven by the need 
to enhance water recovery, reduce energy consumption, and improve sustainability in appli-
cation [31]. Consequently, membrane-based wastewater reclamation is considered a promis-
ing solution to supplement water supply and alleviate water shortage [18]. The RO process 
has received wide attention; however, it requires high hydraulic pressure, thus making it 
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energy intensive and costly due to the resulting membrane fouling and replacement. It is due 
to these concerns that in recent times the FO process has become an attractive alternative to 
RO due to the fact that it utilizes an osmotic pressure gradient as driving force for separation 
and also has additional merits such as lower energy consumption, less susceptibility to mem-
brane fouling, and higher water recovery [32, 33]. Furthermore, FO membranes consistently 
reject a range of pollutants in municipal wastewater (chemical and biological contaminants), 
making FO an appropriate technology for wastewater remediation for reuse [20]; however, 
its application in wastewater treatment is still low [34]. Nevertheless, fouling still remains a 
formidable challenge even in FO processes limiting long-term operation, leading to flux decay 
and shortening of membrane lifespan [35].

Wastewater Membrane type Performance Reference

Activated sludge Cellulose triacetate

Polyamide thin-film composite 
membranes (FO)

96% COD rejection. [20]

Produced water Cellulose triacetate

Polyamide thin-film composite 
membranes (FO)

90% rejection of neutral hydrophobic 
compounds.

[23]

Oily wastewater Hybrid forward osmosis membrane 
distillation (FO-MD) system

Water recovery of 90%. Almost 
complete rejection of oil and NaCl.

[21]

Soybean oil/water 
emulsion

Thin-film composite (TFC) FO 
membranes

Oil rejection of 99.9%. [22]

Municipal 
wastewater

Superhydrophilic sulfonated poly-
phenylenesulfone (sPPSU) polymer 
matrix TFC membranes (FO)

85% water recovery. [16]

Municipal 
wastewater

FO membranes A 5% flux decline in the absence of 
suspended solids and a 20% flux 
decline in the presence of suspended 
solids.

[18]

Synthetic urban 
runoff

Cellulose triacetate FO membrane Rejection of trace metals (98–100%); 
phosphorus (97–100%); nitrate 
(52–94%). A 70% water recovery.

[27]

Synthetic 
wastewater

Cellulose triacetate (CTA) membranes 
(FO)

Rejection of pollutants in the 
wastewater (> 97%).

[8]

Municipal 
wastewater

Cellulose triacetate (CTA) membrane (FO) 89.2% removal efficiency of NH4
+-N. [14]

Tannery 
wastewater

ESPA-1 RO membranes >98% rejection of COD and salts. [24]

Dairy wastewater TFC HR SW 2540 spiral RO membranes 99.9% TOC rejection and 99.5% 
conductivity reduction.

[25]

Olive mill 
wastewater

XLE and BW30 RO membranes 96.3% COD rejection. [26]

Table 1. Studies on the application of RO and FO membranes in wastewater treatment.
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3. Membrane fouling

3.1. Categories of membrane fouling

Membrane fouling arises from the accumulation of pollutants on the membrane surface lead-
ing to a reduction in flux. It has far-reaching implications since it affects the permeate quality 
and increases the operating costs such as process downtime leading to production losses, 
cleaning chemicals, energy and labor requirements, and eventually membrane replacements 
[36, 37]. The magnitude of membrane fouling depends on the physicochemical properties of 
the membrane and the wastewater composition. For instance, hydrophilic, low roughness, 
and neutral charge membranes present a high resistance to fouling [20]. In terms of location 
of foulants, fouling can be divided into surface fouling and internal fouling depending on the 
location of the foulants. Surface fouling is more frequent in high pressure membranes such as 
RO due to their compact and nonporous nature. On the other hand, based on foulant types, 
fouling can also be divided into biofouling, organic fouling, inorganic scaling, and colloidal 
fouling [20, 38].

a. Biofouling

This is the adhesion of microorganisms on the membrane surface leading to the formation of 
a biofilm. It occurs through the reversible attachment of planktonic bacteria, cell growth, and 
extracellular polymeric substance (EPS) production leading to the formation of biofilms [20]. 
Therefore, the two main components of biofilms are bacteria and EPS, which are excreted by 
bacteria. Biofouling is regarded as one of the most formidable forms of membrane fouling 
since bacteria reproduce on the membrane surface, thus enhancing the biofilm that leads to 
additional fouling [39]. This is because microorganisms are present in many water systems 
and they readily adhere to membrane surfaces and multiply.

b. Organic fouling

This arises from the adsorption or deposition of organic matter such as humic substances, 
polysaccharides, proteins, lipids, nucleic acids and amino acids, organic acids, and cell compo-
nents on the membranes. It is the most common fouling experienced in wastewater treatment 
using membrane bioreactors (MBRs). The organics often become precursors of biofouling 
[40]. Effluent organic matter in wastewater arises from three sources: natural organic matters 
(NOMs), synthetic organic compounds (SOCs), and soluble microbial products (SMPs).

c. Inorganic scaling

This entails the chemical or biological deposition of inorganic substances on the membrane 
surface or within the pores, thus preventing permeation of water. It occurs when the concen-
tration of some ions (such as metal sulfates and carbonates) in the water is high enough to 
exceed the equilibrium solubility product and hence become supersaturated leading to the 
deposition of the ions [13]. In fact, if the feed water is not well pretreated due to improper 
design of coagulation or oxidation processes, it may lead to the introduction of metal hydrox-
ides into the fouling matrix, which causes significant challenges in chemical cleaning to 
enhance water flux.
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energy intensive and costly due to the resulting membrane fouling and replacement. It is due 
to these concerns that in recent times the FO process has become an attractive alternative to 
RO due to the fact that it utilizes an osmotic pressure gradient as driving force for separation 
and also has additional merits such as lower energy consumption, less susceptibility to mem-
brane fouling, and higher water recovery [32, 33]. Furthermore, FO membranes consistently 
reject a range of pollutants in municipal wastewater (chemical and biological contaminants), 
making FO an appropriate technology for wastewater remediation for reuse [20]; however, 
its application in wastewater treatment is still low [34]. Nevertheless, fouling still remains a 
formidable challenge even in FO processes limiting long-term operation, leading to flux decay 
and shortening of membrane lifespan [35].
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Polyamide thin-film composite 
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90% rejection of neutral hydrophobic 
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[23]
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Water recovery of 90%. Almost 
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[21]

Soybean oil/water 
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Municipal 
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Superhydrophilic sulfonated poly-
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matrix TFC membranes (FO)

85% water recovery. [16]

Municipal 
wastewater

FO membranes A 5% flux decline in the absence of 
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decline in the presence of suspended 
solids.

[18]

Synthetic urban 
runoff

Cellulose triacetate FO membrane Rejection of trace metals (98–100%); 
phosphorus (97–100%); nitrate 
(52–94%). A 70% water recovery.

[27]

Synthetic 
wastewater

Cellulose triacetate (CTA) membranes 
(FO)

Rejection of pollutants in the 
wastewater (> 97%).

[8]

Municipal 
wastewater

Cellulose triacetate (CTA) membrane (FO) 89.2% removal efficiency of NH4
+-N. [14]

Tannery 
wastewater

ESPA-1 RO membranes >98% rejection of COD and salts. [24]

Dairy wastewater TFC HR SW 2540 spiral RO membranes 99.9% TOC rejection and 99.5% 
conductivity reduction.

[25]

Olive mill 
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Table 1. Studies on the application of RO and FO membranes in wastewater treatment.
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3.1. Categories of membrane fouling

Membrane fouling arises from the accumulation of pollutants on the membrane surface lead-
ing to a reduction in flux. It has far-reaching implications since it affects the permeate quality 
and increases the operating costs such as process downtime leading to production losses, 
cleaning chemicals, energy and labor requirements, and eventually membrane replacements 
[36, 37]. The magnitude of membrane fouling depends on the physicochemical properties of 
the membrane and the wastewater composition. For instance, hydrophilic, low roughness, 
and neutral charge membranes present a high resistance to fouling [20]. In terms of location 
of foulants, fouling can be divided into surface fouling and internal fouling depending on the 
location of the foulants. Surface fouling is more frequent in high pressure membranes such as 
RO due to their compact and nonporous nature. On the other hand, based on foulant types, 
fouling can also be divided into biofouling, organic fouling, inorganic scaling, and colloidal 
fouling [20, 38].

a. Biofouling

This is the adhesion of microorganisms on the membrane surface leading to the formation of 
a biofilm. It occurs through the reversible attachment of planktonic bacteria, cell growth, and 
extracellular polymeric substance (EPS) production leading to the formation of biofilms [20]. 
Therefore, the two main components of biofilms are bacteria and EPS, which are excreted by 
bacteria. Biofouling is regarded as one of the most formidable forms of membrane fouling 
since bacteria reproduce on the membrane surface, thus enhancing the biofilm that leads to 
additional fouling [39]. This is because microorganisms are present in many water systems 
and they readily adhere to membrane surfaces and multiply.

b. Organic fouling

This arises from the adsorption or deposition of organic matter such as humic substances, 
polysaccharides, proteins, lipids, nucleic acids and amino acids, organic acids, and cell compo-
nents on the membranes. It is the most common fouling experienced in wastewater treatment 
using membrane bioreactors (MBRs). The organics often become precursors of biofouling 
[40]. Effluent organic matter in wastewater arises from three sources: natural organic matters 
(NOMs), synthetic organic compounds (SOCs), and soluble microbial products (SMPs).

c. Inorganic scaling

This entails the chemical or biological deposition of inorganic substances on the membrane 
surface or within the pores, thus preventing permeation of water. It occurs when the concen-
tration of some ions (such as metal sulfates and carbonates) in the water is high enough to 
exceed the equilibrium solubility product and hence become supersaturated leading to the 
deposition of the ions [13]. In fact, if the feed water is not well pretreated due to improper 
design of coagulation or oxidation processes, it may lead to the introduction of metal hydrox-
ides into the fouling matrix, which causes significant challenges in chemical cleaning to 
enhance water flux.
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d. Colloidal fouling

This refers to the deposition of fine suspended particles (colloids) on the membranes. 
Colloidal foulants can be divided into two types: inorganic foulants and organic macromole-
cules. Colloidal fouling leads to substantial flux decline resulting from the deposition of thick 
or less porous fouling layers composed of particulate matter. Consequently, this hinders back 
diffusion of salts that permeate water flux from the DS, thus increasing the salt concentration 
on the membrane surface.

A detailed analysis of the different modes of fouling in FO and RO membranes can be found 
in recent studies by Chun and colleagues [13] and by Jiang and coworkers [38], respectively. 
In addition, the following factors play a major role in fouling: the characteristics of the fouling 
matter, the chemistry of the DS and FS, the membrane properties (hydrophilicity and surface 
roughness), and hydrodynamic conditions, and they have been discussed in the literature [36].

3.2. Comparison of fouling in RO and FO membranes

Understanding the mechanisms of fouling is essential for improving membrane performance 
especially in FO membranes where very little has been done. For instance, the driving force 
for membrane separation plays a significant role in membrane fouling. It influences the foul-
ing layer structure as well as the fouling reversibility. It has been reported that although the 
extent of compaction resulting from the permeate drag force is similar in FO and RO fouling 
layers, however, higher compressibility of foulants occurs under hydraulic pressure in RO 
processes. Therefore, in RO, there are two compaction mechanisms involved: compression of 
foulants and permeate drag force, whereas in FO, only the permeate drag force is predomi-
nant. These mechanisms reinforce one another, resulting in dense, compact, and irreversible 
fouling layers in RO [11].

Furthermore, in the RO processes, the hydraulic pressure–driving force remains constant dur-
ing operation and hence the fouling effect can be readily determined. On the other hand, the 
fouling properties of FO process are different because of the changing osmotic pressure differ-
ence, accompanied by changes in concentration polarization. This makes it difficult to use the 
FO flux to accurately show the actual effect of membrane fouling [36]. Moreover, permeate 
flux and transmembrane pressure are commonly used to indicate membrane fouling in RO 
membranes, but these are not used in the FO process [36]. Additionally, in terms of transport, 
in the FO process, permeate water transports from the FS to DS; hence, the DS is diluted and 
FS concentrated steadily. Subsequently, the osmotic pressure decreases, leading to permeate 
flux decline along the membrane channel. However, in the RO processes, the concentration of 
the FS is only observed along the membrane channel [41]. Overall, studies have shown that 
the lack of hydraulic pressure in the FO system has a positive effect in that the membrane 
fouling generated is in most cases reversible and the water flux can be almost fully recovered 
using hydraulic washing, thus eliminating the use of chemical cleaning [37].

It has also been reported that membrane fouling in FO is less severe than in RO membranes. 
For instance, Yu and colleagues [42] compared the fouling propensity in RO and FO mem-
branes treating activated sludge effluent and reported that the membrane fouling based on 
flux reduction was lower in FO membranes than in RO membranes. However, despite this, 
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it is still necessary to pretreat the wastewater to prevent excessive fouling of FO membranes 
and decelerate membrane degradation [23]. A comparative study on the fouling of FO and 
RO membranes using polysaccharides (alginate, xanthan, and pullulan) depicted that algi-
nate and xanthan resulted in more pronounced fouling in RO than in FO. Similarly, the study 
reported that polysaccharides naturally produced by marine bacteria improved the permeate 
flux instead of causing fouling in FO membranes [32]. Tow and coworkers, on the other hand, 
observed similarities in fouling in FO and RO membranes in terms of swelling and wrin-
kling of the fouling matter. They suggested that this could be leveraged to develop cleaning 
protocols for both FO and RO membranes [43]. In another study, Kwan and colleagues [44] 
evaluated biofouling in FO and RO membranes under similar hydrodynamic conditions and 
observed significant differences such as the following: (i) water flux decline was significantly 
lower in FO than in RO and (ii) biofilms in FO were loosely organized and in a thick layer, 
whereas in RO, they were tightly packed (due to hydraulic pressure). Consequently, the more 
packed biofilms in RO resulted in high resistance to water flow leading to higher flux decline. 
In another study, organic fouling has been reported to be dominant in RO membranes used 
for the treatment of municipal wastewater [45]. Table 2 summarizes some of the recent stud-
ies on membrane fouling in RO and FO membranes.

Nevertheless, the fouling mechanism is complex and depends on numerous aspects such as 
water quality, process conditions, module design, and membrane properties, among others. 
It is therefore imperative to consider these factors in process design and development to miti-
gate fouling [9]. Moreover, the fouling behavior in the FO processes is unique because both 
sides of the FO membrane are involved [13], whereby there is membrane fouling and a drop 
in driving force [46]. A comprehensive evaluation of mass transport and fouling in FO and 
other ODMPs has been provided by She and colleagues [19].

3.3. Characterization of membrane foulants

Characterization of the fouling layer is important to enable the evaluation of membrane fouling 
especially the interaction of foulants with membranes and the composition of  fouling matter. 

Process Water matrix Type of fouling Reference

FO, PFO, and 
RO

Sodium alginate Organic fouling [11]

FO and RO Alginate, xanthan, and pullulan Organic fouling [32]

FO and RO Activated sludge Organic fouling [42]

FO Municipal wastewater Cake layer formation [46]

RO and FO Alginate and methylene blue dye Organic fouling [43]

RO Municipal wastewater Organic fouling and inorganic 
scaling

[45]

FO and RO Synthetic wastewater containing Pseudomonas 
aeruginosa

Biofouling [44]

Table 2. Studies on membrane fouling in RO and FO membranes.
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d. Colloidal fouling

This refers to the deposition of fine suspended particles (colloids) on the membranes. 
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matter, the chemistry of the DS and FS, the membrane properties (hydrophilicity and surface 
roughness), and hydrodynamic conditions, and they have been discussed in the literature [36].

3.2. Comparison of fouling in RO and FO membranes

Understanding the mechanisms of fouling is essential for improving membrane performance 
especially in FO membranes where very little has been done. For instance, the driving force 
for membrane separation plays a significant role in membrane fouling. It influences the foul-
ing layer structure as well as the fouling reversibility. It has been reported that although the 
extent of compaction resulting from the permeate drag force is similar in FO and RO fouling 
layers, however, higher compressibility of foulants occurs under hydraulic pressure in RO 
processes. Therefore, in RO, there are two compaction mechanisms involved: compression of 
foulants and permeate drag force, whereas in FO, only the permeate drag force is predomi-
nant. These mechanisms reinforce one another, resulting in dense, compact, and irreversible 
fouling layers in RO [11].

Furthermore, in the RO processes, the hydraulic pressure–driving force remains constant dur-
ing operation and hence the fouling effect can be readily determined. On the other hand, the 
fouling properties of FO process are different because of the changing osmotic pressure differ-
ence, accompanied by changes in concentration polarization. This makes it difficult to use the 
FO flux to accurately show the actual effect of membrane fouling [36]. Moreover, permeate 
flux and transmembrane pressure are commonly used to indicate membrane fouling in RO 
membranes, but these are not used in the FO process [36]. Additionally, in terms of transport, 
in the FO process, permeate water transports from the FS to DS; hence, the DS is diluted and 
FS concentrated steadily. Subsequently, the osmotic pressure decreases, leading to permeate 
flux decline along the membrane channel. However, in the RO processes, the concentration of 
the FS is only observed along the membrane channel [41]. Overall, studies have shown that 
the lack of hydraulic pressure in the FO system has a positive effect in that the membrane 
fouling generated is in most cases reversible and the water flux can be almost fully recovered 
using hydraulic washing, thus eliminating the use of chemical cleaning [37].

It has also been reported that membrane fouling in FO is less severe than in RO membranes. 
For instance, Yu and colleagues [42] compared the fouling propensity in RO and FO mem-
branes treating activated sludge effluent and reported that the membrane fouling based on 
flux reduction was lower in FO membranes than in RO membranes. However, despite this, 
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it is still necessary to pretreat the wastewater to prevent excessive fouling of FO membranes 
and decelerate membrane degradation [23]. A comparative study on the fouling of FO and 
RO membranes using polysaccharides (alginate, xanthan, and pullulan) depicted that algi-
nate and xanthan resulted in more pronounced fouling in RO than in FO. Similarly, the study 
reported that polysaccharides naturally produced by marine bacteria improved the permeate 
flux instead of causing fouling in FO membranes [32]. Tow and coworkers, on the other hand, 
observed similarities in fouling in FO and RO membranes in terms of swelling and wrin-
kling of the fouling matter. They suggested that this could be leveraged to develop cleaning 
protocols for both FO and RO membranes [43]. In another study, Kwan and colleagues [44] 
evaluated biofouling in FO and RO membranes under similar hydrodynamic conditions and 
observed significant differences such as the following: (i) water flux decline was significantly 
lower in FO than in RO and (ii) biofilms in FO were loosely organized and in a thick layer, 
whereas in RO, they were tightly packed (due to hydraulic pressure). Consequently, the more 
packed biofilms in RO resulted in high resistance to water flow leading to higher flux decline. 
In another study, organic fouling has been reported to be dominant in RO membranes used 
for the treatment of municipal wastewater [45]. Table 2 summarizes some of the recent stud-
ies on membrane fouling in RO and FO membranes.

Nevertheless, the fouling mechanism is complex and depends on numerous aspects such as 
water quality, process conditions, module design, and membrane properties, among others. 
It is therefore imperative to consider these factors in process design and development to miti-
gate fouling [9]. Moreover, the fouling behavior in the FO processes is unique because both 
sides of the FO membrane are involved [13], whereby there is membrane fouling and a drop 
in driving force [46]. A comprehensive evaluation of mass transport and fouling in FO and 
other ODMPs has been provided by She and colleagues [19].

3.3. Characterization of membrane foulants

Characterization of the fouling layer is important to enable the evaluation of membrane fouling 
especially the interaction of foulants with membranes and the composition of  fouling matter. 

Process Water matrix Type of fouling Reference

FO, PFO, and 
RO

Sodium alginate Organic fouling [11]

FO and RO Alginate, xanthan, and pullulan Organic fouling [32]

FO and RO Activated sludge Organic fouling [42]

FO Municipal wastewater Cake layer formation [46]

RO and FO Alginate and methylene blue dye Organic fouling [43]

RO Municipal wastewater Organic fouling and inorganic 
scaling

[45]

FO and RO Synthetic wastewater containing Pseudomonas 
aeruginosa

Biofouling [44]

Table 2. Studies on membrane fouling in RO and FO membranes.
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This provides insight into the fouling mitigation strategies that can be adopted. Furthermore, 
a classification of fouling into chemical, physical, and microbiological enables also the iden-
tification of the appropriate techniques for characterization. Physical characterization can be 
performed by visual examination using environmental scanning electron microscopy (ESEM) 
and atomic force microscopy (AFM). Chemical characterization can be done using Fourier 
transform infrared (FTIR) and excitation emission matrix (EEM) analyses to determine the 
organic composition; energy dispersive X-ray spectroscopy (EDS) to determine the elemental 
composition of the fouling layer; evaluation of zeta potential to determine the surface charge 
and membrane hydrophilicity; and liquid chromatography with organic carbon detection 
(LC-OCD) to determine the different fractions of dissolved organic carbon. On the other hand, 
microbiological characterization can be accomplished using adenosine triphosphate (ATP) 
measurements, EPS quantification, and CLSM analysis for biofilm visualization and thick-
ness estimation [8, 13, 14, 20]. More details can be found in a recent work by Li and coworkers 
[47] who reviewed the use of membrane fouling research methods to study fouling in RO 
and FO membranes. They also identified the main foulants involved in the various types of 
membrane fouling; however, they did not evaluate the mitigation strategies for membrane 
fouling. Table 3 shows some of the studies that have been conducted and the characterization 
of membrane foulants.

4. Addressing membrane fouling

Municipal wastewater contains a variety of contaminants such as organic matter, inorganic 
matter, and microorganisms that can lead to membrane fouling [14]. Since membrane fouling 
is inevitable, it is imperative to develop strategies to address this challenge. Approaches for 
tackling fouling are twofold: (i) fouling mitigation through membrane and module develop-
ment and optimization of hydrodynamic conditions and (ii) adapting cleaning approaches 
[48]. These strategies can further be broken down into the following: feed pretreatment, 
membrane monitoring and cleaning, membrane surface modification, or the use of novel 
membrane materials [38].

Process Characterization technique Water matrix Reference

RO and FO Fouling visualization apparatus Alginate gel and methylene blue dye [43]

RO and FO CLSM Sodium alginate [11]

FO SEM and LC-OCD Synthetic wastewater [33]

FO SEM, FTIR, EDS Oily wastewater [37]

FO and OMBR SEM, FTIR, EEM, EDX Municipal wastewater [14]

FO and RO AFM and contact angle Activated sludge [42]

RO FTIR, EEM Municipal wastewater [45]

Table 3. Studies on characterization techniques for RO and FO membranes.
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4.1. Feed pretreatment

It involves improving the feed water quality to minimize contaminant concentration prior 
to membrane filtration. It is aimed at ensuring reliable membrane operation and prolonging 
the membrane lifespan. Some of the most commonly used pretreatment technologies for RO 
include UF [49], coagulation/flocculation, and MF. In fact, FO can also be used as a pretreat-
ment for RO because the former does not require hydraulic pressure and hence reduces the 
overall energy required and process costs by decreasing RO membrane fouling, minimizing 
the cleaning frequencies, and also increasing the water recovery [49, 50]. Nanofiltration has 
also been employed as a pretreatment for RO membranes. This is reported to have resulted 
in an increase in water recovery and water flux and also a reduction in RO membrane scaling 
and thus contributing to lowering the operating costs [51]. In another study on the treatment 
of geothermal water, NF was used as pretreatment for RO to reduce the concentration of diva-
lent ions [52]. Combined pretreatment technologies have also been employed such as the use 
of ozonation, ceramic MF, and biological activated carbon (BAC) together as pretreatment for 
RO as reported by Zhang et al. [53]. In this combination, ozonation increased the oxidation of 
organic matter leading to its dissolution and facilitating removal by the ceramic MF and BAC 
prior to treatment by RO.

4.2. Membrane monitoring and cleaning

It entails the in situ monitoring of the membrane performance to evaluate the extent of foul-
ing so as to conduct cleaning timeously. Some of the proven effective cleaning approaches of 
FO membranes include hydraulic cleaning and osmotic backwashing [23]. Osmotic backwash 
entails the reversed flow of water from the permeate side to the feed side based on the osmotic 
pressure difference. Lotfi and coworkers [33] observed that physical cleaning of FO mem-
branes was effective leading to almost full restoration of the initial flux. In addition, treat-
ment of oily wastewater using FO membranes indicated that osmotic backwashing resulted 
in over 95% water flux recovery and performed better than chemical cleaning using oxidants 
and acids [37]. Bell and colleagues employed chemically enhanced osmotic backwashing to 
clean FO membranes. The study showed that the cleaning removed cations and anions from 
the membrane surface but only slightly improving the water flux [23]. Similarly, Yu and col-
leagues demonstrated that during treatment of activated sludge using FO membranes, the 
flux was fully recovered using osmotic backwashing rather than cleaning by changing the 
cross-flow velocity or air scouring. They concluded that osmotic backwashing is a more effi-
cient way to clean the FO membrane. A study by Wang and colleagues [54] investigated the 
chemical cleaning of FO membranes using different chemicals. They reported that disodium-
ethylene-diamine-tetra-acetate (EDTA-2Na), sodium dodecyl sulfate (SDS), NaOH, HCl, and 
citric acid were not effective in removing the foulants after severe fouling; on the other hand, 
0.5% hydrogen peroxide applied for 6 h at 25°C resulted in 95% recovery of permeability sug-
gesting that almost all the foulants were removed. Table 4 provides a summary of strategies 
employed in cleaning RO and FO membranes.

However, implementing costly cleaning protocols such as air scouring or chemical cleaning 
may be detrimental to the economic sustainability of the FO process. Therefore, it is necessary 
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This provides insight into the fouling mitigation strategies that can be adopted. Furthermore, 
a classification of fouling into chemical, physical, and microbiological enables also the iden-
tification of the appropriate techniques for characterization. Physical characterization can be 
performed by visual examination using environmental scanning electron microscopy (ESEM) 
and atomic force microscopy (AFM). Chemical characterization can be done using Fourier 
transform infrared (FTIR) and excitation emission matrix (EEM) analyses to determine the 
organic composition; energy dispersive X-ray spectroscopy (EDS) to determine the elemental 
composition of the fouling layer; evaluation of zeta potential to determine the surface charge 
and membrane hydrophilicity; and liquid chromatography with organic carbon detection 
(LC-OCD) to determine the different fractions of dissolved organic carbon. On the other hand, 
microbiological characterization can be accomplished using adenosine triphosphate (ATP) 
measurements, EPS quantification, and CLSM analysis for biofilm visualization and thick-
ness estimation [8, 13, 14, 20]. More details can be found in a recent work by Li and coworkers 
[47] who reviewed the use of membrane fouling research methods to study fouling in RO 
and FO membranes. They also identified the main foulants involved in the various types of 
membrane fouling; however, they did not evaluate the mitigation strategies for membrane 
fouling. Table 3 shows some of the studies that have been conducted and the characterization 
of membrane foulants.

4. Addressing membrane fouling

Municipal wastewater contains a variety of contaminants such as organic matter, inorganic 
matter, and microorganisms that can lead to membrane fouling [14]. Since membrane fouling 
is inevitable, it is imperative to develop strategies to address this challenge. Approaches for 
tackling fouling are twofold: (i) fouling mitigation through membrane and module develop-
ment and optimization of hydrodynamic conditions and (ii) adapting cleaning approaches 
[48]. These strategies can further be broken down into the following: feed pretreatment, 
membrane monitoring and cleaning, membrane surface modification, or the use of novel 
membrane materials [38].

Process Characterization technique Water matrix Reference

RO and FO Fouling visualization apparatus Alginate gel and methylene blue dye [43]

RO and FO CLSM Sodium alginate [11]

FO SEM and LC-OCD Synthetic wastewater [33]

FO SEM, FTIR, EDS Oily wastewater [37]

FO and OMBR SEM, FTIR, EEM, EDX Municipal wastewater [14]

FO and RO AFM and contact angle Activated sludge [42]

RO FTIR, EEM Municipal wastewater [45]

Table 3. Studies on characterization techniques for RO and FO membranes.
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4.1. Feed pretreatment

It involves improving the feed water quality to minimize contaminant concentration prior 
to membrane filtration. It is aimed at ensuring reliable membrane operation and prolonging 
the membrane lifespan. Some of the most commonly used pretreatment technologies for RO 
include UF [49], coagulation/flocculation, and MF. In fact, FO can also be used as a pretreat-
ment for RO because the former does not require hydraulic pressure and hence reduces the 
overall energy required and process costs by decreasing RO membrane fouling, minimizing 
the cleaning frequencies, and also increasing the water recovery [49, 50]. Nanofiltration has 
also been employed as a pretreatment for RO membranes. This is reported to have resulted 
in an increase in water recovery and water flux and also a reduction in RO membrane scaling 
and thus contributing to lowering the operating costs [51]. In another study on the treatment 
of geothermal water, NF was used as pretreatment for RO to reduce the concentration of diva-
lent ions [52]. Combined pretreatment technologies have also been employed such as the use 
of ozonation, ceramic MF, and biological activated carbon (BAC) together as pretreatment for 
RO as reported by Zhang et al. [53]. In this combination, ozonation increased the oxidation of 
organic matter leading to its dissolution and facilitating removal by the ceramic MF and BAC 
prior to treatment by RO.

4.2. Membrane monitoring and cleaning

It entails the in situ monitoring of the membrane performance to evaluate the extent of foul-
ing so as to conduct cleaning timeously. Some of the proven effective cleaning approaches of 
FO membranes include hydraulic cleaning and osmotic backwashing [23]. Osmotic backwash 
entails the reversed flow of water from the permeate side to the feed side based on the osmotic 
pressure difference. Lotfi and coworkers [33] observed that physical cleaning of FO mem-
branes was effective leading to almost full restoration of the initial flux. In addition, treat-
ment of oily wastewater using FO membranes indicated that osmotic backwashing resulted 
in over 95% water flux recovery and performed better than chemical cleaning using oxidants 
and acids [37]. Bell and colleagues employed chemically enhanced osmotic backwashing to 
clean FO membranes. The study showed that the cleaning removed cations and anions from 
the membrane surface but only slightly improving the water flux [23]. Similarly, Yu and col-
leagues demonstrated that during treatment of activated sludge using FO membranes, the 
flux was fully recovered using osmotic backwashing rather than cleaning by changing the 
cross-flow velocity or air scouring. They concluded that osmotic backwashing is a more effi-
cient way to clean the FO membrane. A study by Wang and colleagues [54] investigated the 
chemical cleaning of FO membranes using different chemicals. They reported that disodium-
ethylene-diamine-tetra-acetate (EDTA-2Na), sodium dodecyl sulfate (SDS), NaOH, HCl, and 
citric acid were not effective in removing the foulants after severe fouling; on the other hand, 
0.5% hydrogen peroxide applied for 6 h at 25°C resulted in 95% recovery of permeability sug-
gesting that almost all the foulants were removed. Table 4 provides a summary of strategies 
employed in cleaning RO and FO membranes.

However, implementing costly cleaning protocols such as air scouring or chemical cleaning 
may be detrimental to the economic sustainability of the FO process. Therefore, it is necessary 
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to explore proven strategies such as osmotic backwash, which has recently been demonstrated 
to successfully clean fouled FO membranes and has been extensively studied in the RO lit-
erature. This will allow for sustainable operation without use of chemicals [48]. In addition, 
real-time monitoring of the membrane process can provide useful information essential for 
efficient cleaning. To overcome the limitations of the individual cleaning methods, it is neces-
sary to explore the use of multiple methods to take advantage of synergy in the use of multiple 
cleaning strategies such as a combination of osmotic backwashing and surface backwashing 
to further improve the performance of FO membrane [42]. For instance, a study by Sun and 
colleagues [14] showed that even in cases of severe membrane fouling, the use of hydraulic 
and chemical cleaning resulted in effective recovery of water permeability.

4.3. Membrane surface modification and the use of novel materials

It is based on the fact that membrane properties such as smoothness and hydrophilicity 
greatly influence performance. For instance, smooth surface and hydrophilic membranes are 
less prone to fouling compared to those with rough and hydrophobic surfaces. In addition to 
surface modification, the development of novel membrane materials with unique characteris-
tics tailored to meet specific applications is another promising avenue. These novel materials 

Process Cleaning strategy Performance Reference

TFC-FO Water rinsing without using chemicals 97% water flux recovery. [22]

FO Hydraulic cleaning (cross-flow rate of 800 mL/
min for 15 min)

90% water flux recovery. [33]

FO Hydraulic cleaning (cross-flow velocity 
33 cm/s for 30 min)

Osmotic backwash

75–80% flux recovery using hydraulic 
cleaning and 95% flux recovery using 
osmotic backwash.

[37]

FO OMBR Hydraulic cleaning (cross-flow velocity of 
10 cm/s for 60 min)

49.37% flux recovery in FO and 10.60% 
flux recovery in OMBR.

[14]

Chemical cleaning (1% NaClO, 0.8% EDTA, 
and 0.1% sodium dodecyl sulfate (SDS) in 
sequence. Each lasted for 60 min.)

58–67% flux recovery in FO and 
2–18.5% flux recovery in OMBR.

[14]

RO and FO Hydraulic cleaning (cross-flow velocity of 
25 cm/s for 60 min)

After hydraulic cleaning, the foulant 
peels off the membranes in both RO 
and FO.

[43]

FO, PFO, 
and RO

Hydraulic cleaning (cross-flow velocity 
17 cm/s for 30 min)

Flux recovery: FO (99%); PFO (58%); 
and RO (10%).

[11]

FO and RO Physical cleaning (cross-flow velocity of 
8.5–25.5 cm/s for 1 min)

Osmotic backwashing (1 min)

75% flux recovery by physical cleaning; 
99.9% flux recovery by osmotic 
backwashing.

[42]

FO Chemical cleaning (0.5% hydrogen peroxide 
for 6 h)

More than 95% recovery of 
permeability.

[54]

Table 4. Cleaning strategies employed for RO and FO membranes.

Osmotically Driven Membrane Processes - Approach, Development and Current Status246

include carbon nanotubes, zwitterionic materials, and metal oxide nanoparticles [38]. Li and 
coworkers [10] reviewed developments in materials and strategies for enhancing properties 
and performances of RO and FO membranes. They noted that surface modification of RO and 
FO membranes has received wide attention due to it being less costly and easy to perform 
compared to developing novel polymeric materials. However, surface modification may also 
have adverse effects such as pore blockage on the membrane active layer when some modifi-
ers such as polyelectrolytes may promote concentration polarization and consequently reduce 
water flux. Asadollahi and colleagues [55] have recently also reviewed the enhancement of the 
performance of RO membranes through surface modification. They reported that the fact that 
membrane fouling has a strong dependence on membrane surface morphology and proper-
ties makes surface modification using physical and chemical methods a key tool to address 
membrane fouling. However, they also observed that surface modification has its demerits 
too such as the following: (i) it increases the membrane resistance, thus impeding permeation 
and reducing the water flux and (ii) the stability of surface modifiers during membrane clean-
ing and long-term operation has not been well studied. A study by Kochkodan and Hilal [56] 
evaluated the surface modification of polymeric membranes targeting the control of biofoul-
ing. The authors reported that generally high membrane hydrophilicity, smooth membrane 
surface, and the use of bactericidal or charged particles on the membrane surface result in a 
reduction in membrane biofouling. However, the challenge of developing membranes that 
can overcome the complexities of biofouling without having adverse effects still remains.

Therefore, understanding the mechanisms of fouling in membranes is paramount to develop 
the appropriate mitigation strategies. As an example, recently, Tow and colleagues [43] devel-
oped a fouling visualization apparatus to elucidate the mechanisms of organic fouling and 
cleaning in RO and FO processes. They identified one internal fouling mechanism that is 
unique to FO membranes based on vapor phase formation within the membrane. They further 
reported that although the use of feed spacers is advantageous in reducing the rate of fouling, 
it may also obstruct cleaning by preventing pieces of detached gel from flowing downstream.

5. Future perspectives

The performance of the FO process can be improved through its integration with other tech-
nologies to take advantage of the unique strengths of the individual processes. As an example, 
the FO-MD hybrid process has been employed for oily wastewater treatment [21]. The find-
ings indicated that water recovery of greater than 90% was attained even at high salinities and 
also almost complete rejection of oil and sodium chloride. In another study [57], the FO-MD 
process was also applied for raw sewage; water recovery of 80% was achieved, and removal 
efficiency for trace organics was 91–98%. In addition, the use of FO-ED hybrid system for 
the treatment of secondary municipal wastewater resulted in treated water that met potable 
water standards (low concentration of TOC, carbonate, and low conductivity) [58]. Another 
promising hybrid process is the combination of FO and RO (FO-RO). Based on the unique 
advantages of RO and FO processes, it is important to exploit these to solve the challenges of 
wastewater remediation and even desalination. For instance, the potential of FO to reduce the 
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to explore proven strategies such as osmotic backwash, which has recently been demonstrated 
to successfully clean fouled FO membranes and has been extensively studied in the RO lit-
erature. This will allow for sustainable operation without use of chemicals [48]. In addition, 
real-time monitoring of the membrane process can provide useful information essential for 
efficient cleaning. To overcome the limitations of the individual cleaning methods, it is neces-
sary to explore the use of multiple methods to take advantage of synergy in the use of multiple 
cleaning strategies such as a combination of osmotic backwashing and surface backwashing 
to further improve the performance of FO membrane [42]. For instance, a study by Sun and 
colleagues [14] showed that even in cases of severe membrane fouling, the use of hydraulic 
and chemical cleaning resulted in effective recovery of water permeability.

4.3. Membrane surface modification and the use of novel materials

It is based on the fact that membrane properties such as smoothness and hydrophilicity 
greatly influence performance. For instance, smooth surface and hydrophilic membranes are 
less prone to fouling compared to those with rough and hydrophobic surfaces. In addition to 
surface modification, the development of novel membrane materials with unique characteris-
tics tailored to meet specific applications is another promising avenue. These novel materials 

Process Cleaning strategy Performance Reference

TFC-FO Water rinsing without using chemicals 97% water flux recovery. [22]

FO Hydraulic cleaning (cross-flow rate of 800 mL/
min for 15 min)

90% water flux recovery. [33]

FO Hydraulic cleaning (cross-flow velocity 
33 cm/s for 30 min)

Osmotic backwash

75–80% flux recovery using hydraulic 
cleaning and 95% flux recovery using 
osmotic backwash.

[37]

FO OMBR Hydraulic cleaning (cross-flow velocity of 
10 cm/s for 60 min)

49.37% flux recovery in FO and 10.60% 
flux recovery in OMBR.

[14]

Chemical cleaning (1% NaClO, 0.8% EDTA, 
and 0.1% sodium dodecyl sulfate (SDS) in 
sequence. Each lasted for 60 min.)

58–67% flux recovery in FO and 
2–18.5% flux recovery in OMBR.

[14]

RO and FO Hydraulic cleaning (cross-flow velocity of 
25 cm/s for 60 min)

After hydraulic cleaning, the foulant 
peels off the membranes in both RO 
and FO.

[43]

FO, PFO, 
and RO

Hydraulic cleaning (cross-flow velocity 
17 cm/s for 30 min)

Flux recovery: FO (99%); PFO (58%); 
and RO (10%).

[11]

FO and RO Physical cleaning (cross-flow velocity of 
8.5–25.5 cm/s for 1 min)

Osmotic backwashing (1 min)

75% flux recovery by physical cleaning; 
99.9% flux recovery by osmotic 
backwashing.

[42]

FO Chemical cleaning (0.5% hydrogen peroxide 
for 6 h)

More than 95% recovery of 
permeability.

[54]

Table 4. Cleaning strategies employed for RO and FO membranes.
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include carbon nanotubes, zwitterionic materials, and metal oxide nanoparticles [38]. Li and 
coworkers [10] reviewed developments in materials and strategies for enhancing properties 
and performances of RO and FO membranes. They noted that surface modification of RO and 
FO membranes has received wide attention due to it being less costly and easy to perform 
compared to developing novel polymeric materials. However, surface modification may also 
have adverse effects such as pore blockage on the membrane active layer when some modifi-
ers such as polyelectrolytes may promote concentration polarization and consequently reduce 
water flux. Asadollahi and colleagues [55] have recently also reviewed the enhancement of the 
performance of RO membranes through surface modification. They reported that the fact that 
membrane fouling has a strong dependence on membrane surface morphology and proper-
ties makes surface modification using physical and chemical methods a key tool to address 
membrane fouling. However, they also observed that surface modification has its demerits 
too such as the following: (i) it increases the membrane resistance, thus impeding permeation 
and reducing the water flux and (ii) the stability of surface modifiers during membrane clean-
ing and long-term operation has not been well studied. A study by Kochkodan and Hilal [56] 
evaluated the surface modification of polymeric membranes targeting the control of biofoul-
ing. The authors reported that generally high membrane hydrophilicity, smooth membrane 
surface, and the use of bactericidal or charged particles on the membrane surface result in a 
reduction in membrane biofouling. However, the challenge of developing membranes that 
can overcome the complexities of biofouling without having adverse effects still remains.

Therefore, understanding the mechanisms of fouling in membranes is paramount to develop 
the appropriate mitigation strategies. As an example, recently, Tow and colleagues [43] devel-
oped a fouling visualization apparatus to elucidate the mechanisms of organic fouling and 
cleaning in RO and FO processes. They identified one internal fouling mechanism that is 
unique to FO membranes based on vapor phase formation within the membrane. They further 
reported that although the use of feed spacers is advantageous in reducing the rate of fouling, 
it may also obstruct cleaning by preventing pieces of detached gel from flowing downstream.

5. Future perspectives

The performance of the FO process can be improved through its integration with other tech-
nologies to take advantage of the unique strengths of the individual processes. As an example, 
the FO-MD hybrid process has been employed for oily wastewater treatment [21]. The find-
ings indicated that water recovery of greater than 90% was attained even at high salinities and 
also almost complete rejection of oil and sodium chloride. In another study [57], the FO-MD 
process was also applied for raw sewage; water recovery of 80% was achieved, and removal 
efficiency for trace organics was 91–98%. In addition, the use of FO-ED hybrid system for 
the treatment of secondary municipal wastewater resulted in treated water that met potable 
water standards (low concentration of TOC, carbonate, and low conductivity) [58]. Another 
promising hybrid process is the combination of FO and RO (FO-RO). Based on the unique 
advantages of RO and FO processes, it is important to exploit these to solve the challenges of 
wastewater remediation and even desalination. For instance, the potential of FO to reduce the 
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energy consumption of RO is very important. This can be done using an FO-RO hybrid pro-
cess in which FO is implemented as a pretreatment step before RO. Furthermore, this FO-RO 
hybrid has the additional benefit of being a double-barrier protection leading to high-quality 
treated water [48]. Linares and coworkers [59] have recently shown that hybrid FO-RO sys-
tems are economically advantageous compared to other technologies for desalination or even 
wastewater treatment and recovery systems. Another integrated technology is the coupling of 
FO and microbial osmotic fuel cell (MOFC), which was performed by Werner and coworkers 
[60]. The key benefits reported were that the system could simultaneously treat wastewater 
treatment and desalinate seawater within the same reactor [60]. Furthermore, the integra-
tion of FO and conventional MBR can result in reduced energy consumption [61]. A coupled 
forward osmosis and microbial desalination cell (FO-MDC) was employed to simultaneously 
treat wastewater and desalinate seawater and the COD removals were satisfactory as well as 
high levels of desalination were achieved [62]. Therefore, these hybrid systems can greatly 
improve FO performance and increase its feasibility for commercial application. However, 
before the integrated processes can be implemented, there is a need for detailed studies on the 
energy consumption to determine their economic viability [34]. Figure 3 shows a schematic 
representation of some of the FO-based hybrid technologies.

6. Conclusions

The review has provided insights into the use of forward osmosis either individually or in 
combination with other processes for wastewater treatment. Forward osmosis is gaining wide 
acceptability and application because of its unique advantages such as not requiring hydraulic 
pressure and less fouling propensity compared to conventional pressure-driven membrane 
processes. Inasmuch as the literature has indicated that the lack of hydraulic pressure in FO 

Figure 3. FO-based hybrid technologies (FO-MD, FO-RO, and FO-ED). Adapted from [63].
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processes alters the extent of membrane fouling; further studies are required especially on 
how this influences the cleaning strategies to be adopted. Furthermore, it is necessary to 
develop new FO membranes taking into account the effect of the membranes on fouling and 
cleaning behavior. It is also imperative to explore the synergy in the use of multiple cleaning 
strategies such as a combination of osmotic backwashing and surface backwashing to further 
improve the performance of FO membrane.
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energy consumption of RO is very important. This can be done using an FO-RO hybrid pro-
cess in which FO is implemented as a pretreatment step before RO. Furthermore, this FO-RO 
hybrid has the additional benefit of being a double-barrier protection leading to high-quality 
treated water [48]. Linares and coworkers [59] have recently shown that hybrid FO-RO sys-
tems are economically advantageous compared to other technologies for desalination or even 
wastewater treatment and recovery systems. Another integrated technology is the coupling of 
FO and microbial osmotic fuel cell (MOFC), which was performed by Werner and coworkers 
[60]. The key benefits reported were that the system could simultaneously treat wastewater 
treatment and desalinate seawater within the same reactor [60]. Furthermore, the integra-
tion of FO and conventional MBR can result in reduced energy consumption [61]. A coupled 
forward osmosis and microbial desalination cell (FO-MDC) was employed to simultaneously 
treat wastewater and desalinate seawater and the COD removals were satisfactory as well as 
high levels of desalination were achieved [62]. Therefore, these hybrid systems can greatly 
improve FO performance and increase its feasibility for commercial application. However, 
before the integrated processes can be implemented, there is a need for detailed studies on the 
energy consumption to determine their economic viability [34]. Figure 3 shows a schematic 
representation of some of the FO-based hybrid technologies.

6. Conclusions

The review has provided insights into the use of forward osmosis either individually or in 
combination with other processes for wastewater treatment. Forward osmosis is gaining wide 
acceptability and application because of its unique advantages such as not requiring hydraulic 
pressure and less fouling propensity compared to conventional pressure-driven membrane 
processes. Inasmuch as the literature has indicated that the lack of hydraulic pressure in FO 

Figure 3. FO-based hybrid technologies (FO-MD, FO-RO, and FO-ED). Adapted from [63].
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processes alters the extent of membrane fouling; further studies are required especially on 
how this influences the cleaning strategies to be adopted. Furthermore, it is necessary to 
develop new FO membranes taking into account the effect of the membranes on fouling and 
cleaning behavior. It is also imperative to explore the synergy in the use of multiple cleaning 
strategies such as a combination of osmotic backwashing and surface backwashing to further 
improve the performance of FO membrane.
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Abstract

Membrane gas absorption (MGA) is one of the most attractive technologies among the
osmotically driven membrane processes because of its configurational advantages with
respect to the conventional absorption systems that use packed bed columns for differ-
ent industrial applications. Nowadays, membrane gas absorption is used in industrial
wastewater treatment, CO2 absorption from greenhouse gases, treatment of flue-gas and
off-gas streams, which contain SO2, H2S, NH3 or HCl, upgrading and desulphurization
of biogas from anaerobic digesters and landfills and acid gas removal of natural gas and
olefin-paraffin separation in the petrochemical industry, among other applications. In
this framework, the advantages of membrane gas absorption over packed bed processes
are related to the decreasing of installation surface requirements through compact pro-
cess design and easy operation modes. These aspects will increase the applications of
these types of processes in the mid-term. Nevertheless, the main design criteria of this
technology have been poorly addressed in the literature. This chapter summarizes the
fundamental aspects of transport phenomena that drive these processes, as well as the
main conceptual aspects, to propose a correct design through an overview of the current
status of this technology and its potential applications, challenges and future trends.

Keywords: membrane gas absorption processes, gas-filled membrane absorption
processes

1. Introduction

In a membrane contactor, the separation process integrates the mass transfer with the conven-
tional phase contacting operation. Thus, membrane contactor operations can be designed with
the same phenomenological approach of conventional extraction or absorption processes [1].
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One of the most important aspects to be considered in the design of these membrane processes
is the maximization of the contact surface area available for the mass transport through an
interface, maintaining low pressure drop in the membrane modules. In this way, hollow fiber
modules represent the most common geometrical configuration in membrane contactor pro-
cesses because of their high value of contact surface area per volumetric unit, complemented
with a relatively low pressure drop.

As phase contactors, these types of modules are conformed by a bundle of porous hollow fibers,
which are arranged in a housing. Thus, one of the phases is circulated into the lumen side;
meanwhile, the other phase flows through the shell side. However, the design of a membrane
absorber cannot be based on the same hollow fiber modules used in filtration processes, which
respond to other design criteria. Figure 1 shows an outline of three different arrangements of
hollow fiber modules [1, 2].

The geometrical arrangements described in Figure 1 are not exclusive of membrane contactors,
and it is used in other membrane processes such as filtration (MF, UF and NF), forward/reverse
osmosis (FO, RO) and dialysis [2]. Figure 1a and b shows conventional arrangements designed
from filtration applications. Figure 1c shows a transversal flow configuration specially designed
for gas-liquid contactor duties [1]. This module involves a rectangular housing where the gas
flow is perpendicular to the fibers, and the absorption liquid is circulated though the lumen.

The interface will be stabilized at the entrance of the pores on the lumen or on the shell side
depending on the surface interaction between the membrane material and the contacted
phases. Hollow fibers can be made in different types of materials such as hydrophobic and
hydrophilic polymers [3, 4], ceramics [5] and metals [6]. Currently, hydrophobic membranes
are widely used in gas-liquid contacting processes because of their larger contact area than the
hydrophilic membranes [7].

2. Theory

Membrane gas absorption (and stripping) process is a gas-liquid contacting operation [8–10].
The core in the membrane gas absorption process is a microporous hollow fiber membrane.

Figure 1. Hollow fiber membrane modules with (a) parallel, (b) crisscross and (c) transversal flow membrane arrange-
ment [1, 2].
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The gas stream is fed along one side of the membrane; at the same time, absorption liquid is
flowing at the other side of the membrane [1].

In the membrane absorption process, a hydrophobic or hydrophilic hollow fiber contactor is
used to separate a feed solution containing a solute from the receiving gas phase. In the case of
the stripping process, the solute to transfer is contained in the gas phase. The hydrophobic or
hydrophilic character of the membrane determines the penetration of liquid solution or gas
phase into the membrane pores, which are filled with liquid or gas. Thus, solute transfer through
the membrane is achieved according to the following sequence of steps, which are presented in
Figure 2:

1. Solute transfer through a boundary layer of gas phase at the membrane surface;

2. Solute gas transfer through the air gap that fills the pores;

3. Phase equilibrium between the feed solution at the membrane surface and the gas phase
retained in the membrane pores for a hydrophobic membrane;

4. Mass transport of absorbed solute into the bulk receiving liquid phase.

For the stripping process, the solute will be transferred from the gas phase into the liquid
phase. Moreover, two modes of operation are possible in gas/liquid contactors, according to
the application: wetted mode and dry (or non-wetted) mode. Wetted mode occurs when the
pores are filled with liquid, for example, if the liquid phase is aqueous and a hydrophilic
membrane is used. Conversely, a hydrophobic membrane would operate in the dry mode in
this case because the pores would be filled with gas. Dry mode is usually preferred in order to
take advantage of the higher diffusivity in the gas; however, the wetted mode may be pre-
ferred if there is a fast or instantaneous liquid phase reaction; as a result, the gas phase
resistance controls [10].

Figure 2. Outline of the membrane absorption process in a hydrophobic membrane.
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This transfer of solute in the membrane absorption process can be described by means of a
model based on a resistances-in-series approach applied on the proximities of the membrane
[10, 11]. The overall solute transfer through the porous membrane can be described by the
following equation.

Ni ¼ KAΔCi
ml (1)

where Ni is the flux of solute transferred from the gas phase to the absorption phase, K is the
overall mass transfer coefficient, A is the surface area available for mass transfer and ΔCml

i is
the logarithmic mean driving force in the absorption phase expressed by:

ΔCi
ml ¼

Ci
L � Ci∗

L

� �
1 � Ci

L � Ci∗
L

� �
2

ln
Ci
L�Ci∗

Lð Þ1
Ci
L�Ci∗

Lð Þ2

� � (2)

CL
i* represents the pseudo-equilibrium concentration of solute in the absorption solution

phase, which can be estimated by the following distribution equation:

Ci∗
L ¼ CL

yi
mi

(3)

In Eq. (3), CL is the total concentration of the liquid phase and mi is the partition constant (Hi/P)
in mol of solute in the gas phase per mol of solute in the liquid phase, which represents the
liquid feed-gas equilibrium that could be described by Henry’s law for each solute transferred
[11] as follows:

Pyi ¼ Hi xi (4)

here, P is the total pressure, yi is the mol fraction of solute in the gas phase, xi is the mol fraction
of solute in the liquid phase andHi is the Henry’s constant of solute i. The overall mass transfer
coefficient can be represented as a global resistance, which involves the contribution of indi-
vidual mass transfer steps [10, 12, 13]. Thus, the overall mass transfer coefficient K can be
estimated by means of a resistances-in-series approach applied in the proximities of the mem-
brane according to the following equation:

1
K
¼ 1

kL
þ din
mikmdml

þ din
mikGdout

(5)

For the driving force based on liquid phase and the gas phase flowing by the shell side and
liquid phase by the lumen side. In the case of hydrophilic membranes, the overall mass tran-
sfer can be expressed by:

1
K
¼ dout

kLdin
þ dout
kmdml

þ 1
mikG

(6)

where kL is the local mass transfer coefficient in the boundary layer of the liquid phase, km is the
local mass transfer coefficient through the phase in the membrane pores, kG is the local mass
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transfer coefficient in the boundary layer of the gas phase, din is the internal diameter of the
fiber, dout is the external diameter of the fiber and dml is the mean logarithmic diameter of the
fiber. The resistances-in-series model is based on one-phase diffusion (i.e., liquid phase) with
the assumption the overall mass transfer resistance only occurs in the liquid phase. This
assumption is valid since the estimation of the mass transfer resistance in the absorption phase
is lower than 4%, using the Hatta method [14]. The local mass transfer coefficient at both sides
of the membrane (lumen and shell sides) can be estimated by means of a specific correlation
[12, 15], which considers the geometry and the dimensionless Reynolds (Re), Schmidt (Sc) and
Sherwood (Sh) numbers of the system. The correlation of mass transfer coefficient of each
boundary layer depends on the circulation configuration of the phase in the membrane
contactor. Table 1 shows a summary for different correlations published in the literature.

On the other hand, inside the membrane pores, the local mass transfer coefficient for the
retained phase can be described by molecular diffusion [18] according to the low estimated
value of the dimensionless Knudsen number [21], close to 0.002. Thus, the local mass transfer
coefficient in the gas pores can be estimated as follows:

km ¼ DABε
τe

(7)

Here, DAB is the diffusion coefficient of the solute A in the phase B, which fills the membrane
pores, ε is the porosity of the fibers, τ is the tortuosity of the fibers and e is the fibers thickness.
The physical properties of this system, such as diffusion coefficients, viscosity and density of
both phases must be established by using different theoretical or empirical relationships as
function of system properties (absolute pressure, temperature and composition).

Correlation Configuration Observation Reference Eq. N�

Sh ¼ α din
L ReSc

� �0:33 Lumen side The value of coefficient α can be 1.86, 1.64
(empirical) or 1.62 (theoretical).
Characteristic length is din.

[16] (7)

Sh ¼ 1:25 dh
L Re

� �0:93
Sc0:33 Shell side,

parallel flow
0 < Re < 500; 0.03 < ϕ < 0.26
Characteristic length is dh.

[16] (8)

Sh ¼ 0:022Re0:6Sc0:33 Shell side,
parallel flow

Characteristic length is dh. [17] (9)

Sh ¼ β 1� φð Þ dh
L

� �
Re0:6Sc0:33 Shell side,

parallel flow
β = 5.85 for hydrophobic membranes and 6.1 for
hydrophilic membranes.
0 < Re < 500; 0.04 < ϕ < 0.4
Characteristic length is dh

[18] (10)

Sh ¼ 17:4 1� φð Þ dh
L

� �
Re0:6Sc0:33 Shell side,

parallel flow
0 < Re < 100; 0.25 < ϕ < 0.48
Characteristic length is dh

[19, 20] (11)

Sh ¼ 0:9Re0:4Sc0:33 Shell side, cross
flow

1 < Re < 25; ϕ = 0.03
Characteristic length is dout

[16] (12)

Note: dh is the hydraulic diameter (4*[flow surface area]/[wetted perimeter]). Φ is the fiber packing fraction.

Table 1. Mass transfer correlations for local coefficients in different membrane module configurations.
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3. Comparison between MGA and conventional packed columns

Mass transfer equipment can be sized as a relation between the number of transfer units (NTU)
and the height (or length) of transfer units (HTU). The NTU value is determined by operational
parameters such as stream flow rates, solutes concentration and equilibrium constant value of
solutes, while HTU is defined by the equipment characteristics such as mass transfer area,
stream velocities and mass transfer coefficients values. Thus, the height or length of a mass
transfer equipment can be estimated as follows [13].

Z ¼ HTU �NTU (8)

In terms of comparing the conventional packed columns and hollow fiber membrane
contactors, the main difference of sizing will be HTU value, since this parameter depends on
equipment dimensions and hydrodynamic characteristics. The HTU parameter can be esti-
mated as shown in the following Eq. [22].

HTU ¼ v
Ka

(9)

where v is the velocity of the stream flow rate and a is the specific transfer area (mass transfer
area per equipment volume, m2/m3). Different studies have been conducted to compare Ka
values for conventional mass transfer equipment and membrane modules applied to different
absorption applications.

Table 2 shows that the Ka values for membrane modules can be 10 times higher than Ka
values observed in conventional packed towers. Furthermore, the gas and liquid streams are
independent in the membrane module; therefore, the gas flow can be increased without changing
the liquid flow and vice versa. These altered flows will not cause flooding, as they might in a
packed tower [8].

Application Ka value for
membrane module

Ka value for conventional
absorption packed tower

Reference

Absorption of SO2 in water from air 0.10–0.13 s�1 0.01–0.04 s�1 [22]

Absorption of CO2 in water from air 0.12–0.25 s�1 0.01–0.18 s�1 [22]

Absorption of CO2 in monoethanolamine
aqueous solution from air

1.3–4.0 kmol/(m3hkPa) 1.1–1.2 kmol/(m3hkPa) [23]

Absorption of CO2 from flue gas 4.3 s�1 0.47 s�1 [1]

Absorption of CO2 in monoethanolamine
aqueous solution from flue gas

8.93 � 10�4–7.53 �
10�3 mol/(m3sPa)

2.25 � 10�4 mol/(m3sPa) [24]

Absorption of CO2 in diethanolamine aqueous
solution from air

0.126–0.43 s�1 0.05 s�1 [25]

Table 2. Comparison of Ka values between MGA modules and conventional absorption equipment.
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4. MGA applications

There is a large body of literature on membrane absorption because this process can be applied
to the same cases of most gas absorption processes with conventional dispersive contactors
such as packed columns or spray towers. Thus, the use of membrane absorption can be
justified when the use of membrane contactor modules involves clear operational and eco-
nomic advantages over conventional dispersive contactors [1]. In some cases, this suitability is
related to the treatment of smaller volume of gases.

Among the most studied cases are the absorption of CO2 and its recovery from flue-, bio-, and
off gases, the removal of SO2, CO, H2S, NH3, HCN, HCl and VOCs from different streams, the
upgrading and desulfurization of biogas produced from anaerobic digesters and landfills, the
removal of acid gas from fuel gas mixtures and natural gas, the removal of mercury from
natural gas, flue gas and glycol overheads, the separation of olefin-paraffin in petrochemical
industry and the removal of specific compounds in indoor air [1, 4].

In the following sections, a summarized description of the main applications is presented in
order to show the broad range of cases using different absorbents.

4.1. Absorption of CO2 from flue gas

Nowadays, the reduction of greenhouse gases is probably the main challenge for scientists and
engineers facing the unprecedented increase in the concentrations of these compounds, mainly
represented by CO2. In this framework, the absorption of CO2 from flue gas becomes the most
studied application of membrane gas absorption (MGA) processes because this process seems
to be a promising alternative to the conventional dispersive absorption systems.

In this application, the selection of the membrane material represents a key parameter for the
successful implementation of the process. Currently, typical membranes for gas–liquid
contacting processes are prepared from polyethylene (PE), polypropylene (PP), polyvinylidene
fluoride (PVDF), polytetrafluorethylene (PTFE) and polysulfone (PS). Among these materials,
PTFE shows high hydrophobicity, good mechanical properties and high chemical stability [7,
26]. Different geometrical configurations of membrane contactors have been tested and
reported in the literature [7, 27]. The performance of the CO2 absorption will be more or less
affected by the flow mode depending on the contactor geometry and the operation conditions.
However, there are some issues that have to be taken into account in this application, when the
gas mixture flows inside the lumen, because membrane pores can be plugged by the impuri-
ties present in the flue gas [28]. Thus, in the majority of studies, the absorbent flows inside the
fibers and the flue gas stream flows in the shell side [7].

On the other hand, the major advancement in the CO2 absorption has been carried out in the
search of more efficient absorber solutions. Thereby, the main aspects that are to be taken into
account in the selection of the absorber involve the nature of the process (physical or chemical)
and its properties such as the regeneration capacity, viscosity, surface tension and its compat-
ibility with the membrane material. The most commonly used absorber in membrane gas
absorption of CO2 is monoethanolamine (MEA), but there is a wide variety of absorbers such
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3. Comparison between MGA and conventional packed columns
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Z ¼ HTU �NTU (8)
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HTU ¼ v
Ka

(9)

where v is the velocity of the stream flow rate and a is the specific transfer area (mass transfer
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Application Ka value for
membrane module

Ka value for conventional
absorption packed tower

Reference
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Table 2. Comparison of Ka values between MGA modules and conventional absorption equipment.
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4. MGA applications
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as amine solutions, alcohol-amine solutions as well as their blends [7], and more recently, other
compounds such as ionic liquids [29]; the finding of a suitable CO2 absorber has to match all
these aspects. For the most common single absorbents, the CO2 absorption performance order
is NaOH > tetraethylenepentamine (TEPA) > triethylenetetramine (TETA) > diethylenetriamine
(DETA) > amino acid potassium (GLY) > monoethanolamine (MEA) > diethanolamine
(DEA) > diisopropanolamine (DIPA) > 2-amino-2-methylpropanol (AMP) > triethanolamine
(TEA) > methyldiethanolamine (MDEA) > K2CO3. Meanwhile, the regeneration performance
order is TEA > MDEA > DEA > AMP > DIPA > MEA > NaOH [7].

Recent studies [29, 30] involve the use of ionic liquids as absorbers in membrane absorption
systems. Ionic liquids are salts that remain in liquid phase at temperatures lower than 100�C.
These compounds are constituted by a relatively large organic cation and a smaller inorganic or
organic anion, and they are considered a novel class of ‘designer solvents’, which show unique
properties. Among these properties, their ionic nature and negligible vapor pressure are proba-
bly the most particular characteristics. These compounds, mainly based on imidazolium, ammo-
nium, phosphonium, pyridinium, and pyrrolidinium cations, are being used as solvents,
electrolytes and reaction media in different chemical processes. Ionic liquids have been studied
for use as good gas absorbers [31], particularly of CO2 [32]. 1-Butyl-3-methyl-imidazolium
tetrafluoroborate ([bmim][BF4]) and 1-(3-aminopropyl)-3-methyl-imidazolium tetrafluoroborate
([apmim][BF4]) have been tested as absorbers of CO2 in a membrane absorption system [29]. A
much higher absorption was obtained with [apmim][BF4], but this ionic liquid was difficult to be
regenerated under vacuum. Meanwhile, the less effective [bmim][BF4] could be completely
regenerated. More recent studies [30] involve the tests of membrane absorption using an amino
acid-functionalized protic ionic liquid (monoethanolamine glycinate or [MEA][GLY]), which
could be a potential substitute for the conventional chemical absorbent. Nevertheless, further
research is necessary to find task-specific ionic liquids with lower viscosities and good absorp-
tion and regeneration capacities.

4.2. Removal of SO2

The removal of SO2 from gas streams was another pioneering application of hollow fiber
absorption systems [22]. One of the first membrane absorption experiments using hollow fiber
contactors for the simultaneous absorption of SO2 and CO2 considered the use of solutions of
Na2SO3 [33]. The removal of SO2 from flue gas has been intensively studied using different types
of absorbers such as aqueous solutions of Na2SO3, Na2CO3, NaHCO3 and NaOH [4]. Thus,
different well-known chemical reactions can be considered depending on the absorber selected:

SO2 þ 2NaOH ! Na2SO3 þH2O (10)

SO2 þNa2CO3 ! Na2SO3 þ CO2 (11)

SO2 þ 2NaHCO3 ! Na2SO3 þH2Oþ 2CO2 (12)

SO2 þNa2SO3 þH2O ! 2NaHSO3 (13)

From these four chemical reactions, Park et al. [4] report that an aqueous solution of Na2CO3

proved to be the most efficient absorber when the feed SO2 concentration was 400 ppm.
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One of these alternatives is the dual alkali process [1], which involves the production of
sodium bisulfite that can be reused on site. This process can be described by means of the
reactions 19 and 20 that explain the absorption and regeneration step, respectively:

2NaHSO3 þNa2CO3 ! 2Na2SO3 þH2Oþ CO2 (14)

Klaassen et al. [1] described pilot-scale experiments in a potato starch production plant of
AVEBE (the Netherlands) where the combustion of H2S containing biogas in a steam boiler
results in flue gas containing SO2. Thus, sulfur dioxide was recovered as bisulfite from the flue
gas and it can be reused in the starch production process according to the description given in
Figure 3.

This installation was successfully tested with as capacity of 120 m3/h obtaining a SO2 recovery of
over 95% for two production sessions of 6 months each. Problems related to the variation in the
gas flow rate, changes in the SO2 concentration or membrane fouling were not observed.

4.3. Absorption of CO

The absorption of CO from N2-CO mixtures has been reported in the literature [34] using a
hollow fiber module containing porous polypropylene fibers (Celgard X-20) and an ammoni-
acal cuprous chloride solution as receiving phase. Thus, the preferential absorption of carbon
monoxide can be driven by the following reaction:

COþ CuCl ()NH4Cl
Cu NH4Clð Þ3CO
� �þCl� (15)

This process shows a very high selectivity and the permeation rate seems to be controlled by
the mass transfer in the liquid phase at moderate liquid flow rates and by the chemical reaction

Figure 3. Scheme of the membrane gas absorption process for SO2 removal and reuse [1].
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at higher liquid flow rates. The selected polypropylene membranes seem to show a good
chemical resistance to the solutes present in the absorption solution.

4.4. Elimination of H2S

One of the major impurities of natural gas, refinery gas and coal gas is the hydrogen sulfide
(H2S) contained. Furthermore, it is an important indoor and outdoor air contaminant. This
compound is toxic and corrosive and one of the main sources of acid rain [3]. Furthermore, this
gas can be produced by sulfate-reducing bacteria under anaerobic conditions contributing to
foul odors.

The most common processes to remove H2S from gas streams are the gas absorption systems
using water or different types of aqueous solutions such as sodium hydroxide, sodium car-
bonate [3], monoethanolamine (MEA) or diethaloamine [35] and ferric solutions of ethylene-
diaminetriacetic acid (EDTA) and hydroxyethylethylenediaminetriacetic acid (HEDTA) [36]
and, more recently, ionic liquids [37].

The use of asymmetric hollow fiber membrane modules for absorption of H2S has been
studied by Li et al. [3], who tested two different hollow fiber membrane modules prepared
from polysulfone or polyethersulfone hollow fibers with an outer edge thin layer and a 10%
NaOH solution as absorbent. In this system, the presence of the membrane involves a signifi-
cant increase of mass transfer resistance and the H2S transfer could be increased if the struc-
tural membrane properties, such as porosity, are improved.

On the other hand, a further application considers the removal of H2S from air using
demineralized water (pH 7) for odor control [38]. Porous polypropylene hollow fiber modules
with different geometrical parameters were used in this application obtaining 89% of removal
for inlet concentrations of 100 ppmv when the gas stream was circulated through the lumen
and the water through the shell of the membrane contactor. Fluid dynamic and geometrical
aspects have to be considered to operate under the optimal conditions.

4.5. Removal of Hg from industrial gas streams

The removal of Hg from gas streams has also been analyzed using different types of
hollow fiber membranes in transversal and shell-tube configurations and several oxidizing
liquid solutions [39]. Mercury can be present in the atmosphere due to several industrial
activities such as incineration of industrial and domestic waste and natural gas produc-
tion, and its removal from gaseous streams can be complex because of its low concentra-
tion, which is common in the sub-ppm range. Thus, this application requires high gas/
liquid flow ratio, and the liquid stream can be suitably circulated through the lumen of
the hollow fibers.

Some oxidizing liquids tested to capture Hg from gas streams are H2O2/H2SO4, K2Cr2O7,
K2S2O8, Na2S2O8 + AgNO3 as a catalyst, KMnO4, NaClOx (saturated) and Cl2 gas [39].
This oxidative membrane absorption process needs chemically resistant hollow fibers, and

Osmotically Driven Membrane Processes - Approach, Development and Current Status264

polytetrafluoroethylene (PTFE) seems to be the suitable membrane material because it shows
stable behavior in contact with the oxidizing solutions [39].

4.6. Other applications

Other applications consider the use of a variant of the membrane absorption system called gas-
filled membrane absorption. This configuration process is explained in detail in Section 6 and
couples the stripping and absorption steps in a single membrane contactor. Thus, a compact
design can be proposed, and the gas phase is confined into the membrane pores as an effective
supported gas membrane. This system has been studied for the removal of NH3 from waste-
waters and aqueous streams [40], the extraction of SO2 during the sulfite quantification in
wines [41] and the elimination of HCN from pharmaceutical wastewaters [42], plating waters
or its recovery from cyanidation solutions in the mining industry [11, 43]. Figure 4 summarizes
the treated and receiving streams in each one of these applications as well as the circulation
configuration used in the abovementioned studies.

These three different applications of the GFMA process can involve the recovery of the specie
transferred through the membrane and captured in the absorber phase. Thus, the NH3 removal
involves the saturation of the solute (NH4)2SO4 or (NH4)Cl formed in the receiving solution to
recover it as by-products. The SO2 removal from wine involves the indirect quantification of the
sulfite content in the absorber, and the elimination of HCN from a cyanidation solution involves
the recovery of cyanide from the basic absorber to be reused in the same process.

Figure 4. Outline of the input and output streams in GFMA processes for (a) NH3 removal from wastewater [40], (b)
absorption of SO2 from wine samples [41] and (c) HCN recovery from cyanidation solutions [11].
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5. Aspects of design

The design of a membrane gas absorption process is mainly focused on the mass transfer area
required to ensure the absorption efficiency established. This area must be estimated by Eq. (1)
according to the solute transferred from the gas phase into the liquid phase (Ni), which is
defined by the mass balance (operational equation) in the process. In this context, the total area
will be defined by the operational conditions (solute concentrations) and the mass transfer
coefficient. When experimental results determine the absorption time, the total area required to
transfer a solute flow can be estimated using Eq. (1). However, there are current limitations
with respect to the modules size available, where the LiquiCel Extra Flow with center baffle
module has the largest size, capable of treating a maximum liquid flow rate of 125 m3/h,
having a total transfer area of 373 m2 [44]. In cases of large absorption times, the total area
required could increase over the unitary area specified for one module forced to include an
arrangement of hollow fiber membrane contactors modules in series and parallel configura-
tion. In this scenario, one of the first analyses of the optimum hollow fiber membrane contactor
arrangement was performed by Prasad and Sirkar [45], who estimated the number of mem-
brane modules needed to treat 2 L/s of feed flow rate of an aqueous solution containing
4-cyanothiazole, which is treated with benzene to recover 98.3% of solute. For this purpose,
the researchers proposed an arrangement using a LiquiCel hollow fiber membrane contactor
module of 61 � 5.08 cm, 11,000 fibers and 4.6 m2 of transfer area. Different arrangement of in
series-parallel configuration was assessed in order to obtain a minimum number of total
membrane modules needed to achieve the extraction efficiency of 4-cyanothiazole. Thus, the
arrangement that determined the minimum number of membrane modules was 15 modules in
series with 5 parallel configurations giving a total amount of membrane modules equal to 75.
Nevertheless, the expected total pressure drop for each parallel configuration (containing 15 in
series modules) was estimated on 3684 kPa; instead an arrangement of 5 in series modules
with 34 parallel configuration minimizes the pressure drop (144 kPa), ensuring the
4-cyanothiazole extraction, although the total membranes modules required are 136. Hence, a
conclusion of this study is that the optimum arrangement depends on a technical and eco-
nomic analysis, considering the energy consumption determined by the pressure drop and the
capital cost based on the total membrane modules defined.

Even though the arrangement analysis performed by Prasad and Sirkar [45] includes the pres-
sure drop as a main parameter for design purposes, this study did not take into account the
maximum permissible pressure by membrane module, having typical values around of 7.0 bar
(700 kPa) at ambient temperature. In this regard, the first arrangement proposed by Prasad and
Sirkar [45] involves to feed in the first membrane module of each parallel configuration at feed
pressure of around 35 bar. This value is much higher than the maximum permissible pressure
specified by commercial hollow fiber membrane contactors modules. This limitation of mem-
brane contactors modules was included in a design analysis for a hydrogen cyanide recovery
process using a gas-filled membrane absorption process (GFMA) [43]. In this study, the optimum
configuration estimated was 39 hollow fiber membrane contactors [44] in-series to treat 60 m3/h
of cyanide solution to reach 90% of cyanide extraction. According to the maximum permissible
feed pressure formembranemodule (720 kPa) and the drop pressure for eachmembranemodule
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(27.58 kPa), the maximum stages of membrane modules-in-series were 16, forcing the inclusion
of intermediate pumping stages. Therefore, the maximum permissible pressure for feed solution
limits the total stages of membrane modules in-series, increasing the auxiliary equipment for an
industrial plant design. In this scenario, the industrial modules available could limit the applica-
tion of a membrane gas absorption process, especially for high flow rate requirements.

Summing up, the industrial design for a membrane gas absorption process must include an
analysis of the optimum arrangement of in-series modules in parallel configuration, consider-
ing the pressure drop for each in-series circuit, the total membrane modules and the maximum
permissible feed pressure for each module.

6. Gas-filled membrane absorption

The gas-filled membrane absorption process has been developed to perform the absorption
and stripping stages in only one step of hollow fiber membrane contactor [28]. In this process, a
hydrophobic hollow fiber contactor is used to separate a feed solution containing a volatile
solute (stripping phase) from the receiving phase of absorption solution. The hydrophobic
character of the membrane avoids the penetration of aqueous solutions into the membrane
pores, which are filled with air. Thus, solute transfer through the membrane is achieved accor-
ding to the following sequence of steps, which are presented in Figure 5:

1. Solute transfer through a boundary layer of feed solution to be treated at the membrane
surface;

2. Phase equilibrium between the feed solution at the membrane surface and the gas phase
(air) retained in the membrane pores;

3. Solute gas transfer through the air gap that fills the pores;

4. Phase equilibrium between the gas filling the pores and the receiving absorption solution at
themembrane surface. In this step, the solute can be absorbed or can react into a new product;

5. Mass transport of absorbed solute into the bulk receiving solution.

The GFMA process has been applied to extract or recover solutes of interest, such as ammonia
from wastewater [40, 46], SO2 from wine [41, 47] and HCN from different wastewaters [11],
[42, 48, 49]. These studies have shown high recoveries of volatile solutes (>90%), producing a
concentrate product in the absorption solution. Moreover, a technical and economic study was
carried out, comparing the GFMA process to recover HCN in gold mining and the conven-
tional process, which uses stripping and absorption stage, separately, in packed towers [43].
This study estimated operational and capital cost reduction at about 10 and 20%, respectively,
for the GFMA process, due to the saving on energy consumption (pumping vs. air blow in the
towers) and footprint reduction.

Therefore, the GFMA process is an intensified membrane gas absorption process, which is
capable of performing stripping and absorption stages in a single step. It is worth mentioning
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5. Aspects of design
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Even though the arrangement analysis performed by Prasad and Sirkar [45] includes the pres-
sure drop as a main parameter for design purposes, this study did not take into account the
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(27.58 kPa), the maximum stages of membrane modules-in-series were 16, forcing the inclusion
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pores, which are filled with air. Thus, solute transfer through the membrane is achieved accor-
ding to the following sequence of steps, which are presented in Figure 5:

1. Solute transfer through a boundary layer of feed solution to be treated at the membrane
surface;

2. Phase equilibrium between the feed solution at the membrane surface and the gas phase
(air) retained in the membrane pores;

3. Solute gas transfer through the air gap that fills the pores;

4. Phase equilibrium between the gas filling the pores and the receiving absorption solution at
themembrane surface. In this step, the solute can be absorbed or can react into a new product;

5. Mass transport of absorbed solute into the bulk receiving solution.

The GFMA process has been applied to extract or recover solutes of interest, such as ammonia
from wastewater [40, 46], SO2 from wine [41, 47] and HCN from different wastewaters [11],
[42, 48, 49]. These studies have shown high recoveries of volatile solutes (>90%), producing a
concentrate product in the absorption solution. Moreover, a technical and economic study was
carried out, comparing the GFMA process to recover HCN in gold mining and the conven-
tional process, which uses stripping and absorption stage, separately, in packed towers [43].
This study estimated operational and capital cost reduction at about 10 and 20%, respectively,
for the GFMA process, due to the saving on energy consumption (pumping vs. air blow in the
towers) and footprint reduction.

Therefore, the GFMA process is an intensified membrane gas absorption process, which is
capable of performing stripping and absorption stages in a single step. It is worth mentioning
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that the design aspects of a GFMA process are similar to the membrane gas absorption process
commented upon earlier, taking into account the differences in physical properties on each
phase.

7. Challenges and future trends

In this chapter, the most common applications of gas membrane absorption processes are
described. Nowadays, these operations are applied in a wide range of fields and can be related
to relevant environmental, technical and economic challenges. Nevertheless, the processes
under study are currently using modules, which were originally designed for other purposes.
Thus, the newest tools for industrial design such as 3D printing, the use of novel materials for
membrane preparation and module fabrication, such as specific polymers or their blends, and
the use of other absorbers, such as ionic liquids, could enhance the design of further operations
according to the precepts of the process intensification; this would allow the design of safer,
cleaner and cheaper operations, which are implemented in more efficient and compact units.

On the other hand, the well-known specific surface area into the membrane modules may
enhance some procedures and processes at laboratory scale that need high reproducibility,
such as analytical techniques [41] or the preparation of specific materials [50].

There is a broad spectrum of new applications, such as biorefineries or the production of bio-
based materials that could require a major development of the membrane absorption processes
as efficient separation techniques.

Figure 5. Scheme of the gas-filled membrane absorption process, which shows two gas-liquid interfaces at the pore
entrances.
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