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Different membrane processes have been used to address water scarcity issues. Among them, membrane distil-
lation (MD) is a promising technology due to its capacity to treat hypersaline water. Forward osmosis (FO) is
another innovative technology that has the advantage of low operational energy. A hybrid system of these two
technologies has proven to be an effective technique for the water treatment industry particularly for water

Foulin; ¢ N ; .
Wettini reclamation and resource recovery. Understanding the fundamentals of this amalgamation and the challenges
Energy that brings with it is an important topic for the scientific and research community. This work presents a detailed

review of the FO-MD systems enriched with the recent advances in this system. The opportunities and challenges
for the individual technologies and the system overall were critically addressed. Successful pilot designs for the
hybrid system were illustrated. Mathematical modeling for the water transfer in the hybrid system was also
elaborated to identify the key points and boundaries of the processes. It is apparent that the inherent low energy
conversion in MD and the need for draw solution regeneration are the prominent challenges of this system.
Another important aspect to be highlighted is that the water transfer balance between MD and FO is the key
requirement for a stable and successful operation. The use of alternative energy is possible but it is only feasible
in specific cases such as the existence of seawater and wastewater facilities in a proximity or the case of produced
water that contains geothermal heat. Implementing heat recovery in the MD stage, using functionalized particles
as a source of osmolarity in the draw solution, and developing membrane materials with unique characteristics
such as omniphobic and Janus MD membranes are effective strategies that have just recently shown to improve
the systems economics and such strategies should be explored further.

Pilot system

1. Introduction et al., 2010). One of the primary advantages of FO-MD systems is their

ability to operate at low pressures, which significantly reduces energy

Water scarcity is a pressing global problem that affects numerous
regions, threatening the availability of safe and clean water resources for
communities and industries. As traditional water treatment methods
struggle to meet the increasing demand, innovative technologies like
hybrid FO-MD systems have emerged as a potential solution to address
this challenge (Son et al., 2021a). FO-MD system combines the benefits
of FO and MD to provide efficient, and versatile water purification so-
lutions (Ibrar et al., 2019).

FO-MD system has gained immense attention recently due to their
potency to efficiently treat a wide range of water sources, including
seawater, brackish water, and wastewater (Suwaileh et al., 2019; Yen
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requirements as compared to other traditional pressure-driven mem-
brane processes. FO-MD systems are highly efficient in removing or-
ganics, salts, and other pollutants, providing high-quality treated water
suitable for different applications, including drinking water production,
industrial processes, and agricultural irrigation (Ge et al., 2012).
Another attractive trait of FO-MD systems is the capability to handle
feedwater with high salinity or fouling potential. The FO process oper-
ates with a low hydraulic pressure, minimizing membrane fouling and
reducing the requirement for frequent cleaning or replacement. The MD
process operates at elevated temperatures, which can effectively disin-
fect water and remove organic compounds further improving water
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quality. FO-MD systems can also be integrated with different renewable
energy sources such as solar or waste heat, making them an environ-
mentally friendly option for water treatment. The utilization of waste
heat can help lower operational costs and carbon emissions, contrib-
uting to sustainable water management practices (Yen et al., 2010; Ge
et al., 2012; Bamaga et al., 2011; Cabrera-Castillo et al., 2021).

Several research studies have been published on using hybrid FO-MD
systems for different types of water treatment. The progress in this
research area since inception was captured through assessing the growth
in the produced documents as shown in Fig. 1. The data in this figure
were extracted from Scopus and Web of Science records by searching for
the topic Forward Osmosis-Membrane distillation hybrid system. The ob-
tained data were carefully screened to remove irrelevant records. There
are several review studies that discussed FO-MD application in various
industries. Each one of these studies had a special focus on a certain
aspect. For example, Pei et al (Pei et al., 2021). focused on liquid food
concentration, Ghaffour et al (Ghaffour et al., 2019). researched energy
requirements of different MD hybrid systems and FO-MD was one of
them, Naidu and co-workers (Naidu et al., 2020) paid attention to the
potency of FO-MD systems for energy and resources recovery from waste
streams, Singh et al. work (Singh et al., 2021) concerned only with the
membranes’ types and draw solution recovery technologies, and the
scope of Ibrar et al (Ibrar et al., 2022). was only confined wastewater
treatment applications. This study aims to provide a more recent and
comprehensive review for FO-MD literature body where opportunities
and challenges of applying this hybrid system for treating the most
common water sources, seawater and wastewater are critically dis-
cussed. A special focus was given to the emerging novel materials used
in draw solutions such as carbon quantum dots (CQDs) and the
pilot-scale and innovative designs of MD and FO systems. The study
started with a brief overview of FO and MD technologies individually,
followed by discussing the opportunities and challenges. The applica-
tions of FO-MD systems and the theoretical boundaries of water transfer
were also analyzed in this study. Finally, future research directions and
prospects are proposed.

2. Forward osmosis (FO) process
2.1. Overview

The FO process is an engineered osmotic process in which a draw
solution (DS) with high concentration is employed on one side of a semi-
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Fig. 1. Historical development of literature.
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permeable membrane, and the water to be treated (feed solution (FS)) is
fed to the other side of the membrane. Although FO is based on the
osmosis principle, the word "forward osmosis" (FO) was likely coined to
distinguish it from "reverse osmosis," which has been the title for the
membrane desalination method for decades. Small molecules such as
water flow through the semi-permeable membrane, mainly made of
polymeric materials, whereas bigger molecules such as salts, sugars,
starches, proteins, viruses, germs, and parasites are rejected (Xu et al.,
2010). Although their driving forces are different, both RO and FO
procedures use a semi-permeable membrane to successfully separate
water from dissolved solutes. The primary difference between the two
processes is that in the RO process, the driving force is provided by
hydraulic pressure, whereas in the FO process, the driving force is
created by the concentration difference. Sometimes, FO is mistakenly
referred to as pressure retarded osmosis (PRO) process, but the two
processes are different in their driving forces and applications. PRO was
developed in the 1960 s as a potential power generation technique
employing the salinity gradient since (Achilli et al., 2010; Yip and Eli-
melech, 2012). The reason behind this confusion is that one of the
operational modes for FO is termed PRO mode (described later).

In PRO process, the saline stream is mildly pressurized and the
produced hydrostatic pressure due to the stream volume increase is
utilized for electricity generation. PRO is thought to be a bridge between
FO and RO, however, the net water flux remains in a range similar to
that of FO (Sarp, 2019). Eq. 1 is the general formula for water transfer in
FO, RO, and PRO (Cath et al., 2006), where J, is water flux (rn3/m2.s), A
is membrane’s water permeability constant (m>/m?2.sPa), Ax is osmotic
pressure (Pa), o is reflection coefficient calculated by dividing the
negative solute water phenomenology coefficient by pure water
permeability (Hancock and Cath, 2009), and AP is the applied hydraulic
pressure (Pa). The product of this equation varies depending on the
process applied, RO process, AP > An, FO process, AP = zero, and PRO
process, At > AP. The flux direction and the correlations between flux
and applied and osmotic pressures in the three different processes, RO,
FO, and PRO are illustrated in Fig. 2.

J, = A(cAr — AP) (€]

Since the term osmotic pressure is important for FO process, it is
useful to briefly cover its relevance to the discussion in this work. The
pressure that would have to be supplied to a pure solvent to prevent it
from flowing into a given solution by osmosis via a semipermeable
barrier is known as the osmotic pressure of a solution. It is frequently
used to express a solution’s concentration. Osmotic pressure is a colli-
gative property of a substance since it is proportional to the concen-
tration of the solute and does not depend on the chemical makeup of the
material (Tan and Ng, 2008). The osmotic pressure of a dilute solution
can be estimated using the ideal gas law formula and the temperature
and concentration of the solution (Yokozeki, 2006). The effective os-
motic pressure is the portion of a solution’s total osmotic pressure that
influences the solvent’s inclination to pass through a boundary, usually a
semipermeable membrane (Mingming, 2012). The differential of os-
motic pressure across the membrane(An), rather than the differential of
hydraulic pressure, is used as the driving force in the FO process to
transport water across the membrane (as in RO) (Cath et al., 2006). The
partial pressure of the solute in the solution can be used to understand
osmotic pressure. Osmotic pressures, like empirical gases, diverge from
the ideal laws. Osmotic pressure can be calculated using van’t Hoff
equation (Wilson and Stewart, 2013), where @& is Osmotic pressure co-
efficient (-), I is Van’t Hoff index (the number of dissociated ions per
molecule (-)), C is solute concentration (mg/L), R is the universal gas
constant, and T is the temperature in K.

Arm = ®ICRT 2

The membrane module design is an important step in constructing a
reliable and efficient forward osmosis system. The FO module should
provide a large surface area for mass transfer and offer durable
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Fig. 2. Illustration for the differences between RO, FO and PRO in terms of (a) flux direction and (b) relationship between flux and osmotic and applied pressures
adapted from (Lee et al., 1981) with copyright permission from Elsevier (License No. 5650791230656).

separation between the two streams, FS and DS. There are five config-
urations of FO modules that have been reported in the literature. These
are plate and frame, tubular membrane, hollow fine fiber (HFF) mem-
brane, spiral wound and hydration bags (Alghouti, 2016).

The type of materials used for synthesizing FO membrane is an
important factor for the filtration process. Cattle, pig, and fish bladders;
nitrocellulose (collodion); porcelain; and rubber were all used by early
membrane researchers. Any thick, non-porous, and selectively perme-
able material could be used as a membrane for the FO process. In the
1970 s, all osmosis research (mostly PRO research) was conducted using
RO membranes in tubular or flat sheet forms. In every case, the water
flux was far lower than projected. RO membranes and membranes based
on Polybenzimidazole (PBI) (Wang et al., 2010), aromatic polyamide
(Thorsen and Holt, 2009), cellulose triacetate (CTA) (McCutcheon and
Elimelech, 2007), and cellulose acetate (CA) (Su et al., 2010) were
developed for FO processes and are commercially available. CA and
polyamides are the most popular materials for making osmotic mem-
branes because they can reject salts while allowing water to pass at a
reasonable rate. The key requirements that should be present in an ideal
membrane are a high-density active layer allows for a high salt rejection,
high water permeability combined with membrane fouling resistance,
low cost, mechanically sturdy, chemically stable, high-temperature
resistance, and easy to clean (Qasim et al., 2015).

Membrane development techniques have a significant impact on
membrane behavior and filtering effectiveness. Most researchers use
traditional phase inversion to synthesize FO membranes, focusing on
developing a dense selective layer on top of an asymmetric membrane
(Klaysom et al., 2013). To maximize specific parameters, several
research works have discussed innovative design methodologies and
membrane production mechanisms. These include the following: func-
tionalizing the membrane surface and/or embedding functionalized
nanoparticles in the polymer, the membrane surface can be tailored to
reduce fouling and increase water flows (Tiraferri et al., 2012),

&«
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*

Symmetric membrane

FS-AL (FO mode)

stress-resistant reengineering of the support structure (Alsvik and Hagg,
2013), increasing mechanical strength by using electrospun nanofibres
(Hoover et al., 2011), and for mechanical stability and high power
density, innovative co-extrusion techniques can be used (Zhang et al.,
2014).

The typical structure of FO membranes consists of a porous support
layer (SL) that is laid underneath a less porous or smooth active layer
(AL) as demonstrated in Fig. 3. The distribution of the pores vertically
from active to support layer could be roughly uniform (symmetric
membranes) or follows a widening pattern towards the support layer
(asymmetric membrane). AL and SL both greatly influence forward
osmosis performance. AL properties and structure governs the most
important performance indicators namely water flux, slat rejection, and
reverse solute flux (RSF) (Ibraheem et al., 2023). SL on the other hand
regulates internal concentration polarization (ICP), osmotic gradient
and a as consequence water flux, and the mechanical strength. SL
structural characteristics were also found to affect the fouling tendency
of AL. Ramon and Hoek (Ramon and Hoek, 2013) showed through their
theoretical modeling that a SL with higher water permeability results in
more uniform water permeation and subsequently low fouling tendency
as opposed to SL with low permeability through only localized spots
(termed as hotspots). These findings were reported to agree with the
experimental investigation for the effect of SL structure on AL fouling
propensity (Lu et al., 2015). Hence, the structural and chemical prop-
erties of AL and SL are equally important key parameters that should be
carefully considered when designing FO process.

In order to create an osmotic pressure difference during the FO
process, lower FS and greater DS concentrations are required. The mode
of FO orientations can also be altered simply by switching the side of FS
or DS in the support or active layers. When FS and DS are placed on a
membrane’s active layer, they produce considerable disparities in ICP
formation. As shown in Fig. 3, the active layer facing draw solution (AL-
DS) and the active layer facing feed solution (AL-FS) are the two

» Dense active layer
(AL)

0 A A

——» Porous support layer
(SL)

Asymmetric membrane

DS-AL (PRO mode)

Fig. 3. FO process: membrane orientation and structural layout.
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operating modes of the forward osmosis known as PRO and FO modes,
respectively. In the AL-DS orientation, the salts from the DS can enter the
AL and travel towards the support layer (Uragami, 2017). Compared to
the salt content in the FS, continuous transfer of this salt leads to the
accumulation of a larger concentration of salt content in the support
layer region. Concentrative ICP is the word used to describe this state
(Baker, 2012). When the active layer is exposed to the feed solution, the
water from the FS permeates through to the support layer, diluting the
salt concentration inside the support layer, and this is known as dilutive
ICP (Baker, 2012). The osmotic pressure loss and concentration polari-
zation (CP) in the FO mode are greater than that of PRO mode. However,
FO still more commonly used compared to PRO mode due to likely the
ease of fouling removal from the dense active layer as opposed to the
porous support layer (Jafarinejad, 2021). FO mode may be preferable in
applications such as wastewater treatment, membrane bioreactors,
liquid food or protein concentration, and seawater desalination and
brine concentration, where the feed solutions have higher fouling ten-
dencies. When the feed solutions have lower fouling tendencies and/or
low salinities (e.g., brackish water desalination), or when high concen-
tration is not required, PRO mode is preferred (e.g., power generation)
(Zhao and Zou, 2011a).

2.2. FO opportunities and challenges

The FO process has an extensive variety of applications, including
desalination, direct fertigation, and osmotic power generation. How-
ever, only a few of these applications have currently been commercial-
ized, such as water treatment, desalination, and water reclamation. FO
technology can be applied in the above-mentioned processes and many
more, such as power generation, enhanced oil recovery, produced water
treatment, fluid concentration, protein concentration, thermal desali-
nation feed water softening, and many other applications (Cath et al.,
2006; McCutcheon et al., 2005; Phuntsho et al., 2013; Shaffer et al.,
2015). FO process has many advantages such as low pressure and tem-
perature requirements, low fouling propensity, minimal brine discharge,
low energy consumption compared to other membrane technologies,
high recovery rate, high fouling reversibility, and plausible rejection of a
wide range of contaminants (Ibraheem et al., 2023; Nicoll, 2013; Song
etal., 2022). Despite these attractive advantages of FO, the technology is
hampered by several challenges that merits a detailed discussion. These
challenges relate to the following aspects: CP, membrane fouling,
reverse solute diffusion, and membrane resistance towards fouling and
degradation (Al-Juboori et al., 2022a).

2.2.1. Concentration polarization

Eq. 1 states that the water flux is proportional to the effective osmotic
pressure differential across the membrane. Because the effective osmotic
pressure differential is substantially lower than the bulk osmotic pres-
sure differential, the water flux is much lower than projected theoreti-
cally. CP which occurs externally and internally is largely responsible for
the significantly reduced water flux (Singh et al., 2023).

2.2.1.1. External concentration polarization. External CP (ECP) occurs
on both the feed and permeate sides of the membrane, with concen-
trative ECP on the feed side and dilutive ECP on the permeate side. The
feed solution flows against the active layer of the membrane in FO
procedures. This creates a buildup of solute at the active layer, which
causes a rise in the feed solution’s osmotic pressure, resulting in the feed
solution exerting more osmotic pressure. The draw solution on the
permeate side of the membrane is diluted locally by the water passing
through the membrane, which causes the draw solution’s osmotic
pressure to fall. ECP, both concentrative and dilutive, diminishes the
system’s effective osmotic driving force and consequently reduce water
flux at the active layer (Suwaileh et al., 2022). The relationships be-
tween water flux and concentrative and dilutive ECP can
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mathematically be expressed in Eqs. 3 and 4, respectively (McCutcheon
and Elimelech, 2006). ECP is associated with other FO challenges such
as RSF and fouling (discussed in subsections 2.2.2 and 2.2.3). RSF pro-
motes ECP and fouling leading to the formation of cake mediated CP
fouling (Suwaileh et al., 2022). ECP can be mitigated by increasing flow
velocity and turbulence at the membrane surface and reducing the water
flux (Al-Juboori et al., 2022a). Although ECP plays a part in a consid-
erably lower water flux than theoretically expected in FO processes, it
has been reported to only have a minor role compared internal CP (ICP)
which is believed to be the predominant contributor (Lutchmiah et al.,
2014). It is important to note though that ECP has a noticeable impact on
water flux when dealing with concentrated DSs with high water
permeation at low cross flow velocities (Suwaileh et al., 2022).

TTFm

g
ZEm _ exp 2 3
TFp P (kp)
D m Jy
—— =exp| —— (€)]
Tpp p( kn)

Where, 7tgm, Tgb, Tp,m, and mp}, are osmotic pressures at membrane
surface from FS, in the feed bulk, at membrane surface from DS side, and
in the bulk DS, respectively, J,, is water flux, and kr and kp are mass
transfer coefficient at FS and DS, respectively.

2.2.1.2. Internal concentration polarization (ICP). Asymmetric mem-
branes with a dense active layer on top of a thick porous support layer
are now employed for FO. Depending on the direction of the membrane,
this asymmetric structure is responsible for another membrane transport
phenomena that can occur in addition to ECP. ICP refers to the salt build
up that occur within the membrane’s layers. ICP can be divided into two
types: concentrative and dilutive. In PRO, the feed solution faces the
porous support layer of the membrane resulting in ICP. Solute and water
infiltrate through the porous support layer, forming a polarized layer
(Cath et al., 2006). Concentrative ICP is similar to concentrative ECP in
that it raises the feed solution’s effective osmotic pressure, but it hap-
pens within the boundaries of the membrane layers. In the case of FO,
the feed solution is directed at the dense active layer of the membrane,
while the draw solution is directed at the porous support layer of the
membrane. The draw solution within the porous support layer is diluted
as water from the feed solution permeates the active layer of the
membrane and enters the porous support layer (Cath et al., 2006). ICP is
protected from any increases in flow velocity and turbulence at the
membrane surface since it occurs within the membrane layers (Qasim
et al., 2015).

The effect of ECP and ICP on FO process in its two operational modes
and membranes structures is demonstrated in Fig. 4. The PRO mode is
more prone to ICP than FO mode, however, due to the porosity of SL, the
impact of ICP on the effective osmotic pressure gradient in PRO mode is
lower than that of ECP in FO mode.

2.2.2. Fouling

Membrane fouling occurs when organic, inorganic materials, sus-
pended and colloidal particles, or microorganisms accumulate, adsorb,
or attach to a semipermeable membrane (Xie et al., 2017; Al-Juboori and
Yusaf, 2012). Table 1 shows examples of the different categories of
fouling. Membrane fouling diminishes membrane performance, de-
creases lifespan and water flux, degrades permeate quality, increases
energy usage, and reduces the overall process efficiency. It has a sig-
nificant impact on the FO technology’s economic feasibility (She et al.,
2016; Zhang et al., 2016). The lack of recyclable and cost-effective DS,
and the limited availability of information on membrane fouling are the
three fundamental obstacles for FO technology (Chung et al., 2012).
Although fouling of FO membranes is more reversible than fouling of RO
membranes when FO membrane in FS-AL orientation, but removing
fouling is still a challenge. It is important to clarify here the reasons that
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Fig. 4. Impact of CP on a) symmetric membrane (ECP) and b) asymmetric membrane (ICP).

Table 1
Different types of membrane fouling (Sreedhar et al., 2018).
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Foulants entering

membrane pores

\\

(b)

Fouling type Foulants Mechanism

Reversibility and cleaning protocols

Ref.

Organic Natural organic Chemical and hydrodynamic
fouling compounds, interactions
polysaccharides,
proteins
Inorganic CaS0Q4, CaCO3, SiO,, Crystallization
fouling BaSO4
Colloidal Microbial deposition Physiochemical, ligand-receptor and
fouling adhesive interactions
Organic- Alginate and gypsum Reverse salt diffusion causing
inorganic model cake formation
fouling foulants
Organic- Alginate and silica —
colloidal model
fouling foulants

Almost completely reversible, osmotic backwashing

Partially reversible, hydraulic flushing
Recovery possible only by chemical cleaning with

chlorine, high cross flux velocity, thick spacer
Decreased reversibility, Chemical cleaning protocols

Complicated fouling nature due to internal concentration

(Motsa et al., 2014)

(Shirazi et al., 2010)
(Al-Juboori and Yusaf, 2012;

Kwan et al., 2015)
(Liu and Mi, 2012)

(Lee et al., 2005)

polarization, not
known

make FO fouling more reversible than that of RO. The high hydraulic
pressure of RO along with the drag force produces highly compacted
foulant layer as opposed to the loosely attached foulant layer in FO
driven by drag force only (Xie et al., 2015).

In the AL-FS mode, the foulants in the FS are carried to the active
layer surface of the membrane, resulting in a cake layer comparable to
fouling of RO membranes, as shown in Fig. 4a. In AL-DS mode, fouling in
the FO membrane is more complicated. Small contaminants enter the
porous of SL due to convection forces and either get absorbed through
the walls of the support layer’s pores or retained by the active layer and
accumulate on the active layer’s back surface. More foulants get adhered
to the entrapped foulants in the pores leading to pore-clogging. This is
also termed as internal fouling. As more foulants accumulate, the fouling
layer grows beyond the pores’ depth. This type is referred to as mixed
internal and external fouling. If the foulants are large molecules (e.g.
organic matter) and cannot enter the porous support layer, they may
only be gathered on the porous support layer’s outer surface (external
fouling) (She et al., 2016). Optimizing the hydrodynamic conditions of
the feed stream (such as increasing the cross-flow rate, or applying
pulsed flow) (Zhang et al., 2014), and using air scouring can be applied
to remove external fouling from the membrane surface (Valladares
Linares et al., 2012). These techniques can also be used for mitigating
ECP. Internal fouling within the porous support layer acts as an unmixed
layer. Hence, optimizing hydrodynamic conditions is not effective for
this kind of fouling (Arkhangelsky et al., 2012). For alleviating ICP and
internal fouling problems, tuning the structural parameters and surface
chemistry of SL are applied (Al-Juboori et al., 2022a).

2.2.3. Reverse solute flux (RSF)
The reverse solute diffusion is governed by Fick’s law (Eq. 5), where
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B and AC are the solute permeability coefficient and the solute con-
centration difference, respectively (Stefani, 2014).

J, = BAC )

The reverse solute diffusion is considered an inevitable challenge
that negatively impacts FO. A new term named specific reverse solute
flux (Jw/Js) is used to express the ratio between the forward water flux to
the reverse draw solute flux across the semi-permeable membrane
(Hancock and Cath, 2009). It is applied to evaluate the selectivity of the
FO membrane, which is needed to understand the solute transport be-
tween the membrane layers. Philip et al (Phillip et al., 2010). illustrated
that RSF is not affected by the structure of the porous support layer and
concentration of the draw solution. It is only affected by the selectivity
feature of the thin active layer. Therefore, manufacturing FO membrane
with high selectivity active layer is needed to minimize RSF. The hy-
dration radius and the charge of the ion can also play a role in reducing
the RSF. It has been observed that cations with divalent have less reverse
diffusion rate than the monovalent ions. However, multivalent ions
could cause high ICP (Phillip et al., 2010). Many studies have demon-
strated that in FO mode, reverse solute diffusion is less pronounced than
in PRO mode (Stefani, 2014; Akther et al., 2015; Chekli et al., 2018). The
outcome of these studies also shows that the reverse solute diffusion
increases proportionally by increasing the draw solution concentration
in both modes (Stefani, 2014; Akther et al., 2015). The reverse solute
diffusion phenomenon can be reduced by considering three approaches:
seeking a competent draw solution, improving the selectivity of FO
membranes, and choosing optimal operation parameters (Cai and Hu,
2016).
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2.2.4. Draw solutions

Draw solutions are a pivotal part of FO process, as they can be said to
play a similar role to pumps in RO processes (Razmjou et al., 2013). The
type of draw solution has a big impact on FO membranes and perfor-
mance, thus choosing the right one is crucial (Mohammad et al., 2015).
To drag water flux through the membrane, the draw solute must provide
a higher osmotic pressure than the feed solute. The optimum draw so-
lution should have a small size and charged ions, a low molecular
weight, low viscosity, inexpensive, stable, non-toxic, membrane and
system compatibility (Johnson et al., 2018). Some of the key charac-
teristics that needs to be considered when selecting DS are summaries in
Table 2. The evolution of the draw solution over time is depicted in
Fig. 5. Volatile compound-based are the earliest draw solutions used,
and different inorganic and organic materials have been used since then.
As recent years have witnessed an impressive progress in nanotech-
nology field and this has influenced all Chemical Engineering processes
and FO is nonexempt. FO process benefited from nanotechnology
advancement in the synthesis of effective membranes and draw solu-
tions. Many studies focused on analyzing the impact of different types of
draw solutions on FO performance and other dedicated their work for
surveying the outcomes of these studies in literature review reports. Few
examples of these studies are quoted here that can be useful for keen
readers in this area of FO process field (Lutchmiah et al., 2014; Sreedhar
et al., 2018; Akther et al., 2015; Johnson et al., 2018; Chekli et al.,
2016). A brief description of DS types along with their advantage and
drawbacks are presented in the next few sub-sections.

2.2.4.1. Volatile solutions. In the 1960 s, volatile solutions like sulfur
dioxide were used as a draw solute and could be recovered using a hot
gas stripping operational state (Ray et al., 2018). These compounds are
unsuitable for the FO process due to low water flux and a high diffusion
rate, which results in reverse solute flux. It is also one of the nutrients
that can speed up biofouling on the FO membrane’s surface (Johnson
et al., 2018).

Table 2
An overview of the characteristics of an ideal draw solution (Suwaileh et al.,
2020; Chekli et al., 2012).

DS characteristics Influence on the process

Molecular weight and
viscosity

Draw solutions having a small molecular weight and low
viscosity, and hence higher diffusion coefficient in
aqueous solution is desirable for better process
performance

A draw solution osmotic pressure higher than that of the
feed solution is desirable as it gives rise to high water
fluxes across the membrane and thus higher process
efficiency

A low reverse solution diffusion is advantageous since it
raises the osmotic pressure in the draw solution and
minimizes fouling

Draw solution should have minimal ICP, it decreases
permeate flux significantly and also depends diffusivity,
ion size and viscosity.

High diffusivity, small molecule/ion size and lower
viscosity of draw solution is desirable.

Optimum temperature of draw and feed solution in
keeping with the process is necessary to avoid abnormal
values of permeability, solute diffusivity, water viscosity,
thus minimizing reverse salt diffusivity

In addition, specific characteristics of a draw solute may
also influence the FO process performance. For example,
a new class of DS can display unique properties. Such
properties can be particle sizes or particle agglomeration
due to special magnetic properties when using magnetic
nanoparticles (MNPs). Some DS can also act as precursor
to scaling and membrane fouling during reverse diffusion
when DS containing SO3" and Mg?* are used,
respectively

Osmotic pressure

RSF

ICP

Temperature

Other characteristics
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2.2.4.2. Organic compounds. Organic molecules, notably fructose and
glucose solutions, have been investigated as DS particularly in saline
water desalination (Yaeli, 1992). Surfactants with a steady and rela-
tively high osmotic pressure at concentrations above the Critical Micelle
Concentration are a fascinating group of organic draw solutes (Cai and
Hu, 2016).

2.2.4.3. Thermolytic solutions. McCutcheon and Elimelech (McCutch-
eon and Elimelech, 2006) examined thermolytic solutions like ammonia
carbonates as a viable DS for desalination applications. High flux was
expected due to the DS’s high osmotic pressure, but ICP harmed process
performance, and high RSF and biofouling were reported due to the high
diffusivity of ammonia, a potential nutrient for microbial growth
(Johnson et al., 2018).

2.2.4.4. Inorganic salts. Simple inorganic salts such as NaCl are the most
commonly utilized draw solutions. MgCly, NasSO4, CaCly, Ca(NO3),,
KCl, MgS04, KNO3, KSO4, NH4HCO3, (NH4)2SO4, and others have all
been investigated as draw solutions. Multivalent salts produce higher
osmotic pressure than monovalent salts, however they have the ten-
dency to promote biofouling through promoting ligand-receptor mech-
anism (ions-polysaccharide interactions) (Al-Juboori et al., 2022a). Ions
with bigger hydration radius have higher rejection rate through mem-
brane and consequently they cause less RSF (Achilli et al., 2010). Ions
with big hydrated radii (larger than the membrane pore size) are
rejected through size exclusion mechanisms leading to less RSF (Zou
et al., 2019). It was found that the diffusion coefficient of common ions
and cations such as Na™, Mg2+, Cl" and SO?{ have a direct correlation
with the hydrated radius of these species (Tajuddin et al., 2019). Hence,
ions with big hydrated radii are preferred for preparing FO draw
solution.

2.2.4.5. Dendrimers. The use of ethylenediamine core dendrimers with
sodium succinamate terminal groups and pentaerythrityl core den-
drimers with sodium carboxylate terminal groups as a novel DS for
dewatering RO concentrate was proposed by Adham et al (Adham et al.,
2007). Dendrimers have nanostructures and are carefully created to
carry molecules inside their voids or on the surface. They have high
osmotic pressure and are easy to regenerate using ultrafiltration. In
FO-MD system, Zhao et al (Zhao et al., 2014a). assessed poly (amido-
amine) with COONa bonding as the draw solute for saltwater desali-
nation. PAMAM-COONa with a larger molecular weight had lower
osmotic pressure and water flux but a smaller reverse solute flux at the
same solution concentration.

2.2.4.6. Magnetic nanoparticles. When big magnetic nanoparticles are
suspended in DI water to form a draw solution, the solution becomes
nonhomogeneous. As a result, unlike inorganic salt draw solutions, the
osmotic pressure would be lower. The RSF, on the other hand, may not
occur if the particle size is bigger than the membrane pores. It should be
highlighted that while nanoparticle aggregation remains a serious
concern, it may be easily re-concentrated and utilized in the FO process.
To avoid aggregation, Na and coworkers (Na et al., 2014) used a
co-precipitation approach to create novel hydrophilic citrate coated
magnetic nanoparticles (cit-MNP1 and cit-MNP2) that were dispersed in
water to generate a draw solution. A hydrophilic citrate coating was
added to the surface to prevent aggregation. Citrate’s carboxylic groups
were able to bond to Fe ions, resulting in their inclusion on the surface of
Fe304 nanoparticles. The water flux of cit-MNP2 was remarkable
compared to other coatings, although membrane fouling was a problem
in the FO operation. On the other hand, contact between the mem-
brane’s cellulose material and magnetic nanoparticles resulted in a
significant reduction in water flux. This is because the ultrasonic
approach cannot prevent nanoparticle aggregation. The performance of
the nanoparticles DS was shown to be influenced by the pore size
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Fig. 5. Draw solution options development with time. Copied from (Suwaileh et al., 2020) with copyright permission from Elsevier (License No. 5650800669010).

distribution and hydrophilicity of the CTA membrane.

2.2.4.7. Hydrogels. The hydrogels’ monomer composition, network
structure, and hydration are all important features that can be utilized
for making an effective DS. The potential of hydrogels as a DS was
initially investigated by Li et al (Li et al., 2013). Hydrogels, which are
crosslinked hydrophilic polymers with water entrapped within the
network, can create a large amount of water flux in a FO application.
Unfortunately, the hydrogel’s water recovery is insufficient. A key
stumbling block was the disparity in swelling and de-swelling speeds of
the thermally responsive hydrogels. Cai et al (Cai et al., 2015). devel-
oped novel hydrogels based on thermally sensitive polyionic liquids,
with a water flux that was more than quadrupled above that of
PNIPAM-based semi-IPN hydrogels.

2.2.4.8. Inorganic fertilizers. When the FO is regarded as a stand-alone
process, and diluted DS can be utilized directly for fertigation, inor-
ganic fertilizers are an interesting option as a DS for seawater and
wastewater extraction. For flow and RSF measurements, Phuntsho et al
(Phuntsho et al., 2011). tested nine inorganic fertilizers in FO applica-
tion. Because urea has the highest RSF of all fertilizers, it has been
proposed to be avoided in blended fertilizers. The best fertilizers were
ranked in the following order NH4NO3 > KCI > NH4Cl.

2.2.4.9. Switchable polarity solvents (SPS). Stone et al (Stone et al.,
2013). were the first to use SPS as DS based on tertiary amine com-
pounds. The solubility of amine molecules varies with carbon dioxide
content (CO), and the hydrophobic amine turns hydrophilic and ionizes
when it reacts with COy, resulting in a draw solution with an extremely
high osmotic pressure. Regeneration can be accomplished using
low-grade waste heat or nitrogen purging, in which COs is removed, and
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the amine is restored to its hydrophobic non-ionic neutral form, allow-
ing phase separation from water. However, unlike ammonium carba-
mate, SPS is not thermolytic, and another difficulty could be their
compatibility with FO membranes, as tiny molecular amines swell and
destroy the membrane rejection layer, reducing selectivity.

2.2.4.10. Thermo-responsive copolymer and stimulus-responsive nano-
particles. A range of stimuli-response hydrogels has recently been pro-
posed as DS in FO. This unique type of hydrogel-driven FO technique
that uses solar energy to regenerate the DS has been gaining high
attention. Because of the structure’s natural shrinkage, light or ther-
moresponsive hydrogels can release fresh water when exposed to sun-
shine. For example, light or thermoresponsive hydrogels can absorb
enough water at the maximum volume phase transition temperature and
dewater at temperatures higher than the volume phase transition tem-
perature (Long et al., 2018). It is reasonable to conclude that the prop-
erties of these draw solutions had a significant impact on membrane
performance. The particle size and size distribution of a hydrogel, for
example, can reduce the amount of water that passes through the
membrane. When utilizing a higher particle diameter-based draw solu-
tion, the membrane endeavor to create increased water flux. On the
other hand, some draw solutions had small particle diameters, which
allowed tiny molecules to pass through the bigger membrane pores,
leading to a high RSF (Hartanto et al., 2015). Because the copolymer
draw solution had a high molecular weight, big particle size, and vis-
cosity, the membrane would yield the least amount of water flux at the
expense of the energy required to pump the extremely viscous draw
solute and the additional pressure-driven regeneration mechanism.
Apart from the previous difficulties, producing drinking water and
recycling the diluted draw solution may result in high energy con-
sumption and running costs, which is still a challenge for all draw sys-
tems. As a result of the mutual interference of network structure, the
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behavior of the thermo-responsive draw solute tends to deteriorate. The
enlarged network could increase the pressure. However, data on antic-
ipated energy usage and operational costs for each thermo-responsive
polymer is currently lacking.

2.2.4.11. Carbon Quantum Dots (CQDs)-emerging promising draw sol-
ution. Carbon-based quantum dots (CQDs, C-dots, or CDs) are a new
class of carbon nanomaterials with diameters below 10 nm and an
abundance of functional groups (Zhang et al., 2018). They were origi-
nally obtained in 2004 via the preparative electrophoresis purification
of single-walled carbon nanotubes (Xu et al., 2004). As a new nano-
carbon member, carbon-based quantum dots have slowly become a
rising star due to its benign, abundant, and inexpensive nature, great
water dispensability and ease of synthesis, and functionalization (Baker
and Baker, 2010; Fowley et al., 2013). Much progress has been made in
the last decade (Baker and Baker, 2010). CQDs can contain various
functional groups on the surfaces, such as amino, hydroxyl, carboxyl,
carbonyl, and other oxygenous groups, depending on the precursors and
reaction parameters, making CQDs very water-soluble and biocompat-
ible (Sarkar et al., 2016; Guo et al., 2013). Using these strengths, CQDs
have been used to improve pure water permeability and antifouling
properties of membranes (Zhao and Chung, 2018). As a result of their
quantum confinement effect and optical stability qualities, CQDs have a
moderate photoluminescent signal, strong fluorescence activity, and
durability (Shi et al., 2019), prominent biocompatibility, colorful pho-
toluminescence, low cost, and toxicity (Zhang and Yu, 2016), excellent
hydrophilicity, environmental friendliness and high chemical inertness
(Fowley et al., 2013; Lim et al., 2015).

CQDs have been made from several natural carbon sources, such as
citric acid, in prior studies (Lim et al., 2018; Wang et al., 2019a),
graphitic micro-particles, denatured milk (Athika et al., 2019), zein
biopolymer (Azizi et al., 2019), sodium hydroxide (Lei et al., 2019),
dried leaf (Joshi et al., 2018), broccoli (Arumugam and Kim, 2018), food
wastes (Fan et al., 2020), ammonium citrate (Singh et al., 2019), ginkgo
leaf (Jiang et al., 2019), grass (Sabet and Mahdavi, 2019), humic acid
(Cheng et al., 2019), ascorbic acid (Wang et al., 2019a) and gelatin
(Parthiban et al., 2018). Only a few studies have reported using waste
biomass to produce CQDs in the past (Shi et al., 2019). Giving the pro-
jected increase of biomass waste production as population grows and the
attractive traits of CQDs, utilizing this waste for synthesizing the latter is
an important research area. Citric acid, which contains carbonyl,
carboxyl, and hydroxyl groups, is one of the most popular raw materials
used in the manufacture of CQDs, according to previous researches (Piri
et al., 2019). This basic material can be substituted with sustainable
materials with a comparable chemical structure. Plant wastes, fruit fi-
bers, leftover coffee or tea powders, and palm oil industrial wastes, for
example, all have high carbon content and might be a potential alter-
native. The chemical structure, quantum size, and photoluminescent
properties of CQDs are dependent on the chemical structure of the raw
materials as well as the fabrication methods used (Yu et al., 2018).
Excitation-dependent fluorescence emission can be produced through
the formation of oxygen-containing functional groups in CQD structures.
CQDs’ physicochemical features can also be tweaked by varying pre-
cursor concentrations, reaction time, solution pH, and reaction tem-
perature (Kalaiyarasan and Joseph, 2019).

Since the discovery of CQDs, a large variety of techniques for the
preparation of CQDs have been developed. Generally, synthesis methods
of CQDs can be classified into two groups: top-down and bottom-up
methods. The top-down approach breaks down larger carbon struc-
tures via chemical oxidation, discharge, electrochemical oxidation, and
ultrasonic methods (Lim et al., 2015). However, a drawback of this
approach includes the requirement of expensive materials, harsh reac-
tion conditions, and long reaction time (Wang and Hu, 2014). The
bottom-up approach refers to converting smaller carbon structures into
QDs of the desired size. This bottom-up approach includes the
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application of a number of techniques such as of hydrothermal treat-
ment, ultrasonic treatment, thermal decomposition, pyrolysis, carbon-
ization, microwave synthesis, and solvothermal method to synthesize
QDs (Sharma and Das, 2019). There are three issues to consider when
preparing CQDs (Wang and Hu, 2014): i) during carbonization, carbo-
naceous aggregation can occur, which can be avoided utilizing elec-
trochemical synthesis, restricted pyrolysis, or solution chemistry
techniques, ii) size control and uniformity are critical for uniform
characteristics and mechanistic studies and can be improved via
post-treatment techniques such as gel electrophoresis, centrifugation,
and dialysis, and iii) surface qualities that are important for solubility
and certain applications that can be tweaked during preparation or
post-treatment.

The application of CQDs as a draw solution for FO process is an
emerging field that still require further studying to unravel the true
potential and challenges associated with such an application. So far, the
outcomes of the few studies investigated CQDs use in FO process have
shown promising results. Guo et al (Guo et al., 2014). synthesized CQDs
from citric acid and functionalized it with Na. The produced CQDs-Na
had osmotic pressure of 53.6 atm at a concentration of 0.5 g/ml. The
CQDs-Na produced a stable water flux of about 30 L/m%.h which was
double that of NaCl (0.2 M) with negligible RSF. A recent study prepared
CQDs from tulsi leaves and used it along with 50% glycerol (CQDs-G) as
antibacterial DS for FO process with synthetic wastewater (Doshi and
Mungray, 2020). It was found that CQDs-G achieved water flux 25%
higher than that with 1 M NaCl Ds with RSF four times lower. Other
studies explored the possibility of integrating CQDs into FO membrane
structure to improve its characteristics such as permeability, RSF and
fouling resistance (Deng et al., 2021; Mahat et al., 2020). For more
detailed coverage of the recent advancement in CQDs application in FO
system, readers are referred to a recent literature review work (Dutta
et al., 2023). Table 3 presents different classes of DS along with some
examples and merits and shortcomings of these classes.

2.2.5. Relationships between FO process challenges

The five key challenges in FO are not isolated but closely related to
each other. Fig. 6 illustrates the relationships between ICP, RSF, mem-
brane fouling, membrane characteristics, and the draw solute properties
in FO. It can be seen that the membrane support layer should be as
porous as possible to reduce ICP and that the active membrane layer
should be highly selective to decrease the reverse solute diffusion. The
reduced reverse solute diffusion can help to reduce membrane fouling
even further. Small ion/molecule can reduce ICP for the draw solute
(Zhao and Zou, 2011a), but it can also increase reverse solute diffusion
and membrane fouling. As a result, the requirements for favorable draw
solutes become even more important. In general, significant membrane
fouling can be caused by high reverse solute transport and vice versa
(Lay et al., 2010). ICP and membrane fouling may also have a negative
impact on water flux in FO (Tang et al., 2010). At the same time,
membrane fouling, ICP, and reverse solute diffusion are all influenced
by membrane parameters and draw solute qualities.

3. Membrane distillation
3.1. Overview

One of the relatively newer technologies still in its research and
development stage is MD, patented by Bodell in 1963 (Ravi et al., 2020).
MD is a membrane-based non-isothermal process that utilizes a suitable
hydrophobic microporous membrane, primarily used to desalinate
seawater. The operation of MD makes use of the temperature difference
(thermal gradient) created across the membrane. On one side of the
membrane, known as the feed side, the separation of salt from water is
achieved by heating the feed solution (e.g., seawater) at temperatures
below the boiling point of the solution. On the other side, known as the
permeate side, a cooler solution is run directly or indirectly in contact
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Table 3

Different types of draw solutes for forward osmosis.

Draw solute

Examples

Advantages and disadvantages

Inorganic salts
[Achilli et al.,
2010; Li et al.,
2017]

Organic compounds
[Ge and Chung,
2015; Cai et al.,
2016]

Polymers
(Gwak et al., 2015)

Magnetic
nanoparticle
(Na et al., 2014)

Thermo-responsive
Hydrogels
(Razmjou et al.,
2013;Cai et al.,
2015)

Metathesis
precipitable salts
(Alnaizy et al.,
2013)

Volatiles or dissolved
gases
[Ray et al., 2018;
Johnson et al.,
2018].

NH3-CO,
combination
(Li et al., 2015)

Solvents with
switchable polarity
(Stone et al., 2013)

Thermally responsive
organic compounds
(Noh et al., 2012)

Ionic species
functionalized
carbon quantum
dots
[Guo et al., 2014]

KHCOs3, MgCl,, NaCl,
Ca(NOs3)z, (NH4)2S04

organic acids sodium
salts, hydroacid
complexes zwitterions,

Polyethylene glycol,
polyacrylic acid,
dextran, copolymers
Coated iron oxide
(Fe304)

Semi-IPNs, polyionic
liquids, copolymers
with PSA, PNIPAm.

CuSO4/ MgSO,4 + Ba
(OH), + HS04,
Aly(SO4)3 + CaO

CO2, NH3, SO,,
dimethyl ether

Carbonate and
carbamate, ammonium
bicarbonate.

PDMAEMA-CO,,
tertiary amines-CO»,

PEJ, PPG, ionic liquids,
glycol ether

Na-CQDs

Helpful in primary studies, can
be used to understand
parameters affecting
performance of FO, energy
consuming regeneration, their
application is limited.

Higher water permeation than
polymers, lower reverse flux,
energy consuming regeneration,
their application is limited.
Low water flux, low reverse flux,
high viscosity, non-responsive,
their application is limited.
Low to reasonable water flux,
facile recovery by magnetic
field, low reverse flux,
agglomeration problem, very
special applications.
Exceptional auto-regeneration
characteristics, NO reverse flux,
likelihood of semi-continuous
FO process, low water
permeation yet great progress in
new responsive hydrogels based
on polyionic liquids.

On academic studying,
chemicals and acid/base are
required in recovery process,
tiresome recovering steps,
worries of toxicity, no viable
application is available for now.
High possible osmotic pressure,
DS is prepared under pressure,
potential operational problems,
very high reverse flux
possibility, toxicity problem.
High osmotic pressure, very
widely investigated, imperfect
elimination of NHs,
inappropriate for drinking
purposes, high reverse flux,
recovery requiring both liquid-
to-gas and gas-to-liquid
transitions, scaling.

CO,, used for protonation,
liquid-liquid phase separation
during recovery, possibility of
harm to membranes,
liquid-solid phase separation,
no harm to membrane and low
reverse flux for PDMAEMA,
more studies needed for
application.

Most investigated on LCST type
molecules, high water
permeation possibility;
thermally responsive ionic
liquids are better than the rest,
possibility of great power cost
saving, more studies are needed
on pilot scale.

Carbon quantum dots (CQDs)
with diameters less than 10 nm,
low toxicity, excellent
hydrophilicity, environmental
friendliness, low cost, excellent
water dispensability, and ease of
syntheses and functionalization.
The generated CQDs can contain
various functional groups on
their surfaces, such as amino,
hydroxyl, carboxyl, carbonyl,
and other oxygenous groups,
very water-soluble and
biocompatible.
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Fig. 6. Relationships between important elements and challenges of FO pro-
cess. Copied from (Zhao et al., 2012) with copyright permission from Elsevier
(License No. 5650801187089).

with the membrane. The water vapor evaporates from the
membrane-liquid interface at the feed side, leaving the salt behind as the
retentate in the feed solution. The presence and absence of vapor on the
feed and permeate sides create a vapor pressure gradient. The water
vapor thus moves across the membrane through the pores. The water
vapor then condenses at the cooler permeate side as permeate flux (fresh
water). Along with the mass (water vapor) transfer, heat transfer occurs
simultaneously across the membrane (Ravi et al., 2020; Deshmukh et al.,
2018). The water vapor transfer across the membrane can theoretically
be described by Eqgs. 6-8 (Al-Juboori et al., 2022b), where Jy, is the
water flux (kg/m?.s), B,, water vapor permeability through the mem-
brane, p0 is the water vapor pressure on hot feed side subscripted with
wh, and cold permeate side subscripted with wy, ayy, is water activity, T is
the temperature (°C), X; is the solute molar fraction, and a and p are
parameters their values depend on the type of the solute.

J, =B, (p?vhawh —PS,CGWL.) .
Pa (T) = (23196478 i
a, = (1—X,)exp(aX? + pX?) ”

There are four configuration of MD process, direct contact (DCMD),
air gap (AGMD), vacuum (VMD) and sweep gas (SGMD) as illustrated in
Fig. 7. In DCMD, the membrane is in direct contact with liquid phase. It
is a basic arrangement commonly used in the food sector for desalination
and concentrations of aqueous solutions. When compared to other MD
types, heat loss by conduction in DCMD is greater. As a result, com-
mercial applications do not employ this configuration (Wang and
Chung, 2015). In AGMD, an air gap is introduced between the mem-
brane and the condensation surface. The permeate gas vapor condenses
on the cold surface inside the module. Because it functions on a small
temperature difference, the flow obtained is often minimal, necessi-
tating a larger membrane surface area due to higher mass transfer re-
sistances. Because heat conduction loses less in AGMD, it has been
chosen an energy-efficient module. In the AGMD design, the latent heat
can be recovered during the condensation of the vapor on the cooling
plate (Wang and Chung, 2015; Pangarkar et al., 2016). The vacuum is
applied to the permeate side in VMD module to lower the vapor pressure
and thus increase the driving force. Because the condensation occurs
outside the membrane module, this design requires external condensa-
tion. Compared to other MD designs, VMD can generate the highest
driving force, resulting in a greater permeation flux and superior ther-
mal energy conversion when a high-efficiency external condenser is
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Fig. 7. Membrane distillation configurations.

employed. As a result, VMD is an appealing module in various appli-
cations including RO brine concentration, heavy metal removal, alcohol
purification, and so on. The VMD was commonly used to remove volatile
components from aqueous solutions. The key benefit of this design is
that conductive heat loss is minimal (Wang and Chung, 2015; Pangarkar
et al., 2016). An inert gas stream is employed to sweep the vapor at the
permeate side in SGMD. Similar to VMD, an external condenser is
required for obtaining the liquid permeate. The downside of this
configuration is the little volume of permeate diffuses in the vast volume
the sweep gas, necessitating the employment of a large condenser.
Therefore, there are only few investigations in the literature that
explored this process due to this constraint (Wang and Chung, 2015;
Pangarkar et al., 2016). Table 4 summaries the advantages, disadvan-
tages and the potential application areas of MD configurations.
Although Egs. 6-8 apply to all MD process in general, mass and heat
transfer mechanisms vary from one configuration to other. The water
vapor transfer in MD happens in three stages from feed to membrane
boundary layer, through the membrane pores and from permeate side to
the condensation element. The first stage is similar in all MD configu-
rations where mass transfer is governed by the nature of the flow regime
in the feed side. The mass transfer coefficient in the feed side can be
computed by the empirical relationships of the flow dimensionless
numbers (Al-Juboori et al., 2021). The second and the third stages of
vapor transfer varies depending on the configuration type. In AGMD,
DCMD (excluding deaerated), and SGMD, the water vapor flow mech-
anism is determined by the value of Knudsen number (Kp) (Johnson and
Nguyen, 2017). If K; < 0.01, the dominant mechanism is molecular
diffusion. Knudsen diffusion mechanism becomes prominent when K,
> 10. Between these two values, the transfer mechanism is explained by
molecular-Knudsen diffusion. For VMD and deaerated DCMD, The vapor
transfer through the membrane pores can be described by Poiseuille
flow mechanism (Fane et al., 1987). For DCMD and VMD, there is no
resistance to the transfer of the water, it either gets sucked by vacuum or
condense directly on the cold plate. The vapor transfer in the permeate
side of AGMD is dictated by molecular diffusion mechanism (Johnson
and Nguyen, 2017). For SGMD, the vapor transfer in the permeate side is
influenced by the flow characteristics of the gas, and mass transfer
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Table 4
Fundamental advantages, disadvantages, and applications area of MD configu-
rations (Kullab, 2011; Abu-Zeid et al., 2015).

Configuration Advantage Disadvantage Application Area

of MD

DCMD e High permeate e Thermal e Desalination.
flux. efficiency is e Nuclear industry

o Simple design low. e Food industry
and operation. e High influence e Pharmaceutical
e The possibility of thermal and textile as well as
to recover the concentration chemical
internal heat. polarizations. industries.
e The possibility
to permeate
pollution is
high.

AGMD e Thermal e The air gap e Desalination.
efficiency is resistance to e Food industry.
high. water vapor e Chemical

e Conduction heat transport causes industry
loss is low. low permeate

e The possibility flux
to recover the e Large footprint
internal heat.

SGMD e High mass e Relatively e Desalination

transfer rate difficult to e Chemical
e Low conductive recover heat industry

heat loss e Dealing with

sweep gas

relatively

complex

e Large outer

condenser is

required

VMD e Flux permeation e The chance of e Desalination.

is high pore wetting is e Food industry.
o Less heat loss via high e Chemical
conduction o Relatively industry
e The boundary difficult to o Textile industry
layer of thermal recover heat
and
concentration
that can be
formed on
permeate side is
small

coefficient can be estimated using the empirical flow relationships
alluded to earlier. The heat transfer across MD module follows the same
three stages as the mass transfer. Information about thermal properties
of the membrane and water along with the dimensions are usually uti-
lized for theoretical estimation of the heat entering and existing the MD
system. Empirical correlations are commonly used for estimating heat
transfer resistance and the boundary layer temperature of the different
zones (Johnson and Nguyen, 2017).

3.2. MD pilot-scale design systems

MD is a non-isothermal process, and hence the design should provide
not only acceptable flow conditions, low-pressure drop, and high
packing density, but also a good heat recovery function and thermal
stability (El-Bourawi et al., 2006). In large-scale applications, membrane
distillation system can be built in different module design such as
plate-and-frame, spiral-wound, hollow fibers and multi effect vacuum
configuration. The plate-and-frame is the simplest and the first design
for pilot-scale MD system that was developed by the Swedish company
Scarab AB. The first developed model was an AGMD in the form of
stacked cassettes with had a membrane surface area of 2.3 m? and
achieved gained output ratio (GOR) of 0.72 (Kullab, 2011). Two pilot
plants of this systems were installed in Sweden: one in thermal cogen-
eration plant with a capacity of 1-2 m®/day and the second one for
wastewater treatment with GOR of less than 1 (Kullab, 2011). After this,
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TNO patented an MD system run with cross flow which led to the
development of Memstill system (operation principle is illustrated in
Fig. 8a). The main challenges with plate-and-frame design is the pres-
ence of dead zones, leakages and poor heat recovery (Guillén-Burrieza
et al., 2012). The spiral-wound design was first proposed by Gore et al
(Gore et al., 1985). and Fraunhofer Institute for Solar Energy Systems
developed the principle further and built several solar desalination
systems based on permeate gas MD (PGMD) (Kullab, 2011). The sche-
matic illustration of this system is shown in Fig. 8b. The spiral wound
has better heat recovery capacity than plate-and-frame and hence better
GOR. However, the trade-off between permeate flux and GRO is the
main challenge that makes operating this system a bit complicated
(Winter et al., 2011). Hollow fiber (HF) systems were developed as so-
lution for obtaining high membrane surface area and to overcome the
difficulty in removing scale and foulants from membrane surface (Kul-
lab, 2011). An example of HF-VMD system is provided in Fig. 8c. KmX
cooperation was one of the leading companies in developing HFMD
systems. They constructed HF-VMD system with capacities of
10-1000 m®/day (Kullab, 2011). Econity was the other company that
was specialized in building HFMD systems, and one of their systems was
installed in the largest seawater desalination pilot plant in South Korea
with a capacity of 400 m3/day (Lee et al., 2019). Several attempts were
reported by industry and research entities for developing internal heat
recovery system in HF, but it was proven to be as complicated as that in
spiral wound (Kullab, 2011). Vacuum multi effect MD (V-MEMD) system
was coined by Heinzl and commercialized by memsys (Heinzl et al.,
2012). V-MEMD works on a similar principle to multi effect distillation
as the latent heat of condensation is utilized to further evaporate the
feed solution in the following stages. A schematic diagram of V-MEMD
system is depicted in Fig. 8d. There are two main frames in each effect,
membrane frame and foil frame that are separated by polypropylene
spacer that serves as permeate channel (Chen et al., 2020). Although
heat recovery improves energy efficiency of V-MEMD, it negatively
impacts its productivity. It was reported that as the number of effects
increases, the GOR increases moderately (Kullab, 2011). V-MEMD has a
promising scalability potential as installations of plate and frame system
of this design were reported to be as high as 100 m®/day (Thomas et al.,
2017).

3.3. Membrane materials

Polymeric materials are widely used for the preparation of mem-
branes. In general, they can be categorized into three types which are
glassy polymers, ionic polymers, and rubbery polymers (Gao, 2016). In
the application of MD being using exclusively hydrophobic membranes,
these membranes are manufactured from non-polar polymers naturally
feature excellent hydrophobic characteristics, good chemical resistance,
and high thermal stability, for example, polypropylene (PP), polytetra-
fluoroethylene (PTFE), and polyvinylidene fluoride (PVDF) (Winter,
2014). Generally, the membrane used in the MD system should have
good resistance for harsh chemicals such as acids or bases, high thermal
stability, impose little resistance for mass transfer, low tortuosity, and
possess minimal thermal conductivity to reduce heat loss by conduction
through the membrane layer (Alkhudhiri et al., 2012). Camacho et al
(Camacho et al., 2013). listed the following criteria for a good MD
membrane candidate: the membrane should be porous and not be
moistened by the aqueous solutions, the capillary condensation should
not occur inside the membrane pores, water vapor should only be
transported across the pores, and the membrane should not change the
vapor-liquid equilibrium of the various components in the process
liquids.

The two most prevalent membrane materials are PTFE and PVDF,
which are applied in membrane distillation. However, the PTFE mem-
brane outperforms the PVDF membrane in terms of permeate flux
amount, salts rejection ratio, highest hydrophobic characteristics, good
thermal stability, and chemical resistance (Pangarkar et al., 2016).
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Supported membranes have been used in the implementation of MD,
considering that the supporting layer should not exert a significant
resistance to mass transport (Sanmartino et al., 2016). The main
important features in MD membrane are to be hydrophobic with mini-
mal resistance to vapor transfer. To achieve these characteristics re-
searchers have been testing different synthesis strategies and exploring
bolstering the conventional polymeric structure (commonly PVDF and
PTFE) with different additives such as carbon nanotubes, graphene,
lithium chloride, titanium dioxide, silicon dioxide, fluorinated sub-
stances, polyvinylpyrrolidone and others (Hussain et al., 2022). There is
another trend in MD membrane materials research that aims to
manufacturing omniphobic membranes that can reject a wide range of
contaminants with various surface tensions and reduce the risk of wet-
ting. Although omniphobic MD membranes have a great potential for
reducing wetting events and expand the MD applications to include
treating wastewater and produced water, their manufacturing is still
expensive and requires using environmentally harmful chemicals such
as fluorinated solvents (Ni et al., 2021). There also exist the research
area that concerns with developing Janus MD membranes. The latter is
defined as a membrane that has two sides with distinctive water affinity
properties, one hydrophobic/superhydropbic and one hydrophilic/
superoleophobic (Galiano et al., 2023). There are many examples in the
literature about different novel materials that have been used in syn-
thesizing MD membranes that are hard to be adequately captured here,
however, a few examples will be given to highlight importance of
continuing the paths of exploring this area. For instance, a recent study
reported potency of cyclic olefin polymers for manufacturing MD
membranes with stable high water flux and salt rejection of 15 L/m2.h
and 99.99% using synthetic solution of 30 g/L NaCl (Sabzekar et al.,
2021). Another study was motivated by the rising interest in promoting
circular economy and environmental protection by synthesizing com-
posite MD membrane from recycled polyethylene plastic and alumina
(Hanen et al., 2023).

3.4. MD opportunities and challenges

MD process possesses many advantages such as operation lower
pressure compared to pressure-driven membranes, the capacity for
separating materials that are thermal sensitive like food products, 100%
theoretical rejection of ions, macromolecules, and colloids, large sepa-
ration factor of non-volatile solutes, capacity to handle high salinity feed
solutions, ability to treat solutions with high corrosivity, and the pos-
sibility to utilize every form of low-grade waste heat (Alkhudhiri et al.,
2012; Alcheikhhamdon et al., 2015). Despite the plausible advantages of
MD process, it still faces some challenges such as low permeate flux in
comparison with pressure-driven membrane processes, the trapped air
within the membrane pores leads to a further mass transfer resistance,
limiting the MD permeate flux especially in AGMD and DCMD, and
membrane fouling, scaling, and pore wetting (Alkhudhiri et al., 2012;
Kayvani Fard et al., 2016). The latter are the most arduous challenges.

3.4.1. MD Fouling

Fouling is defined as the adhesion of unwanted material on solid
surfaces with an associated detriment of function (Warsinger et al.,
2015). MD like other membrane processes is susceptible to the different
types of foulants highlighted in Table 1. However, the severity of fouling
in MD is less than that of pressure driven membrane due to the absence
of the strong hydraulic forces that pushes foulants towards the mem-
brane surface (Al-Juboori and Yusaf, 2012; Alkhudhiri et al., 2012). As
explained in Section 2.2.2. that foulants accumulation onto the mem-
brane surface can occur on different depth, it could fill the pores for
small foulants (pore blocking), or builds up on the blocked or empty
pores for large foulants (cake formation) (Al-Juboori et al., 2021).
Membrane fouling as a phenomenon can be described by the chemical
and physical interactions between foulants and membrane surface.
These interactions are explained by the
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Fig. 8. 5650810073193), (b) Schematic of the spiral wound module concept: (1) condenser inlet, (2) condenser outlet, (3) evaporator inlet, (4) evaporator outlet, (5)
distillate outlet, (6) condenser channel, (7) evaporator channel, (8) condenser foil, (9) distillate channel and (10) hydrophobic membrane. 5650810906931).

(a) Examples of MD pilot-scale system design: a) Memstill system, copied from (Meindersma et al., 2006) with copyright permission from Elsevier (License No. (b)
Copied from (Winter et al., 2011) with copyright permission from Elsevier (License No. (c) 5650810641149), and d) V-MEMD, copied from (Chen et al., 2020) with
copyright permission from Elsevier (License No. (d) 5650810434090), (c) HF-VMD, copied from (Chen et al., 2018) with copyright permission from Elsevier (Li-

cense No.
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Derjaguin-Landau-Verwey-Overbeek (DLVO) and the extended-DLVO
theories (Al-Juboori and Yusaf, 2012). The responsible forces for these
interactions are Van der Waals and the electrical double layer. The
accumulated fouling layer can add mass and heat transfer resistances
that decrease the water flux (Yang et al., 2022). The foulants deposition
onto membrane pores can also lead to feed solution entrapment into the
pores leading to partial membrane wetting (Alkhudhiri et al., 2012).
Scaling is an important issue in MD process given that its use for high
salinity feed solution. Magnesium and calcium are the most abundant
ions in seawater. The precipitation of calcium carbonate which is one of
the major culprits when it comes to membrane scaling increases with
increasing temperature (Figueira et al., 2023).

In order to effectively combat fouling and scaling problem a good
understanding of feed solution characteristics, operation conditions and
membrane surface properties are necessary. Information about slats
concentration, solubility, diffusivity, and ionic strength in feed solution,
membrane characteristics such as porosity, pore size distribution, charge
and hydrophobicity, and operating flow rate and temperature are
important to be scrutinized to devise an effective solution for the fouling
problems. The common strategies for controlling fouling in MD and
other membrane processes are applying pre-treatment such as precipi-
tation of high concentration salts, chemical cleaning, synthesizing self-
cleaning membranes, developing vibrating spacers, and tuning mem-
brane surface properties to reduce its fouling propensity (Al-Juboori and
Yusaf, 2012; Alkhudhiri et al., 2012; Lalia et al., 2015).

3.4.2. MD wetting

Membrane wetting is defined as the permeation of water into
membrane micropores (Yang et al., 2022). This phenomenon leads to
the reduction in the vapor flux across the membrane and may also
deteriorate the quality of the produced water. Membrane wetting occurs
due to the accumulation of inorganic and amphiphilic foulants and or
membrane degradation (Gryta, 2019). Another possible reason for
wetting is the applied hydraulic pressure exceeding the liquid entry
pressure of the membrane (Warsinger et al., 2015). As explained in the
previous section, foulants could also facilitate liquid entrapment inside
membrane pores. In cases where there is sudden drop in operating

|
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temperature due to system shutdown or malfunction, this leads to
reduction in saturation vapor pressure which in turn cause condensation
inside the membrane pores (Rezaei et al., 2018).

There are three types of wetting depending on its severity as illus-
trated in Fig. 9. As demonstrated in this figure, the non-wetted mem-
brane has the largest contact angle with the liquid and the highest
amount of vapor. In the surface wetted membrane, the amount of vapor
pass through the membrane decreases, but there is no liquid transfer
from the feed side to the permeate side. For partially wetted membrane,
the vapor transfer in the membrane pores reduces significantly, and
liquid passage across the pore is experienced. The most severe case of
wetting is the completely wetted membrane where vapor transfer ceases
due to the pores being filled with liquid. The quality of the produced
water is only affected in the last two cases. Wetting cannot be rectified
without shutting down the process. Lowering operating pressure below
the liquid entry pressure does not guarantee the cession of wetting and
similarly chemical cleaning may result in internal scaling (Rezaei et al.,
2018; Gryta, 2017). The only safe way for restoring membrane hydro-
phobicity is offline chemical cleaning followed drying.

3.4.3. Temperature and concentration polarization

The primary reason of the low flux production is the polarization
phenomenon which consists of the temperature polarization (TP) and CP
(Zhang et al., 2023a). TP occurs when a temperature gradient de-
teriorates along the length of the MD membrane. TP is frequently linked
to inadequate heat transfer and results in a decrease in both the vapor
pressure difference and the energy efficiency of MD systems (Camacho
et al., 2013). CP on the other hand takes place within MD when solutes,
ions, or impurities found in the feed solution accumulate near the
membrane’s surface as water vapor traverses through. This situation
gives rise to a boundary layer characterized by higher solute concen-
trations adjacent to the membrane. This layer generates a 'reverse’
diffusive force for freshwater on the permeate side, thereby impeding
the transfer of vapor from the feed to the permeate (Yun et al., 2006).
The impact of CP on membrane performance is illustrated in Fig. 3
which applies to MD membrane.

Numerous research studies have explored the impact of TP on the
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MEMBRANE

Fig. 9. MD wetting types. Copied from (Gryta, 2007) with copyright permission from Elsevier (License No. 5650811122645).
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permeation flux in MD. TP could result in flux decline of up to 50-80%
(Abu-Zeid et al., 2015). TP problem is more pronounced in long mem-
brane modules as they have a greater conductive heat loss through the
membrane, resulting in lower average distillate flux (Anvari et al.,
2020). This limitation hampers the large-scale development of MD. The
accumulation of a thermal boundary layer caused by TP significantly
diminishes MD’s thermal efficiency. To maintain a high permeate flux,
the most effective methods involve increasing either the feed flow rate
or the feed temperature, both of which lead to higher energy con-
sumption (Ullah et al., 2018). Similarly, CP has a significant impact on
MD performance. It results in considerable mass transfer resistance.
Although it is generally believed that CP does not significantly affect
permeation flux since its impact on feed vapor pressure is minor, CP can
accelerate salt crystallization on the membrane surface as the feed
concentration approaches saturation and this impedes mass transfer
(Lokare and Vidic, 2019). It has been noted that the salt concentration at
the membrane surface can be up to 30% higher than in the bulk con-
centration as the feed solution approaches saturation (Lokare et al.,
2017a). Another notable effect of CP on MD processes is membrane
scaling due to the deposition of non-volatile molecules on the membrane
surface (Olatunji and Camacho, 2018). It was reported that flux reduc-
tion due to CP effects varies from 10% to 52% under different operating
conditions, and when the solution approaches saturation, there is a
sudden 90% decline in flux (Lokare and Vidic, 2019; Bouchrit et al.,
2015). To mitigate TP and Cp, various strategies are employed, such as
utilizing multi-stage or cascade configurations that utilize permeate heat
to preheat the feed solution, integrating other heat recovery systems for
optimized energy use, developing membranes and spacers that improve
mass and heat transfer across membranes (e.g. vibrating spacers,
self-heating membranes (Al-Juboori et al., 2021); Ahmed et al., 2022).

3.4.4. Inherent low energy conversion efficiency

The ability of using solar and low-grade energy in MD process is
commonly viewed as a positive trade, but there are still challenges that
hinder this application and render it less attractive than RO technology.
MD belongs to the family of thermal desalination technologies that in-
cludes also multi-stage flash (MSF), mechanical vapor compression
(MVC), and multi-effect distillation (MED). Thermal desalination tech-
nologies including MD purify the water by applying thermal energy
exceeding the latent heat of vaporization (AH,qp) of water (2400 kJ/kg
~ 667 kWh/m?) (Sharqawy et al., 2010). This large amount of energy is
significantly higher than the separation specific Gibbs energy of 1.06
kWh/m? for water recovery of 50% from saline water with salinity of
35000 mg/L (Elimelech and Phillip, 2011). When assessing the effi-
ciency of thermal desalination techniques, GOR is used. GOR is defined
as the ratio of AH,q, to the total thermal energy input into the system
(Jalihal, 2019). The least efficient thermal treatment system would have
a GOR of 1 where there is no heat recovery and this number could in-
crease to one to two magnitude of orders for efficient systems equipped
with recovery techniques. In general, MD systems have higher GOR
compared to MED and MSF for small systems (<1000 mS/day) (Desh-
mukh et al., 2018). For larger systems, the latter technologies have a
higher GOR. The thermodynamic reversibility is another factor that af-
firms the possibility of energy recovery in processes. Thermodynamic
reversibility in MD process is not possible. Due to the difference in the
salinity of feed and permeate solution, feed solution must always be at a
temperature slightly higher than the permeate solution to ensure zero
driving force (Deshmukh et al., 2018).

Different approaches have been used to reduce the energy con-
sumption of the MD systems. One of these approaches is integrating
solar energy with MD system. Huang et al (Huang et al., 2018). have
immobilized graphene-based material in hydrophobic PTFE membrane
surface for water desalination via photothermal membrane distillation
(PMD). An ultrathin graphene-based film fabricated by a scalable pro-
cess, serves as efficient solar absorbers (absorption efficiency of
rGO/pDA-rGO > 80%), ultrafast water permeable channels, and high
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salt resistance network. Their findings showed that as compared with
the virgin PTFE, the water vapor flux of the modified membrane was
improved by 78.6%. Since the feed water was heated by the solar power,
and with the immobilization of graphene material, the system has shown
excellent energy consumption compared to other MD processes. At the
same time, the graphene-based PTFE membranes has demonstrated ul-
trahigh salt rejection.

Another approach is using low-grade waste heat. This approach has
attracted considerable attention among researchers as the heat can be
transferred within the industry process. Many industries produce huge
amount of heat waste in different forms such as textile industry, food
processing industry, petrochemical industry and marine transportation
industry (Su et al., 2021). Integration of MD with industrial waste heat
showed very attractive results. For example, Dow et al (Dow et al.,
2016). used the waste heat from a gas fired power station to heat the
wastewater and then combined with a DCMD system to recover fresh-
water. Their findings demonstrated that the water recovery rate of
92.8% was achieved with a water permeation flux of 2-5 L/m2h. The
authors also found that the water production of 8000 m®/day could be
obtained for a continuous operating 500 MW rated power station.
Another study, Lokare et al (Lokare et al., 2017b). utilised the waste heat
waste that is produced from the natural gas compressor station to
concentrate the industrial wastewater to 30 wt% salinity.

Apart from the industrial scale applications, the incorporation of
waste heat with MD system also expands to special scenarios such as the
freshwater supply for the passengers on cruise ships where the fresh-
water storage is very valuable. Bahar and Ng (Bahar and Ng, 2020)
developed a multi-stage AGMD desalination system with the waste heat
recovery from a marine engine for on-board ships. It has been concluded
that a Specific Energy Consumption (SEC) 1.58-2.63 kW h/m> with the
feed temperature at a range between 40 and 60 °C for a freshwater de-
mand between 1 and 15 m®/day. Thus, using a waste heat for MD system
could be very helpful as compared to other traditional desalination
processes in terms of energy consumption. In another study, Criscuoli et
al (Criscuoli et al., 2008). stated that the lab-scale DCMD and VMD
systems have shown the lowest energy consumption of 3.55 kW h/m>
and 1.1 kW h/m3, respectively. Although these values were achieved
when deionized water (DI) was used as the feed stream in MD modules.
This study proved that the VMD module has a better energy performance
than the DMCD module. Park et al (Park et al., 2020). compared the SEC
of thermally driven and electrically driven crystallization process in a
hybrid FO/RO/crystallization process, which has shown that at the
lowest case, the SEC were 14.684 kW h/m® thermally and
1.355 kW h/m? electrically, respectively.

The utilization of solar and low-grade energy is not free from chal-
lenges. For instance, the use of simple solar thermal collector require a
large physical footprint that could translates into a large capital cost
(Karanikola et al., 2014). While there are laudable efforts being spent on
fabricating materials for efficient conversion of solar energy into heat in
solar collectors, such materials are still costly (Wang et al., 2019b). The
diurnal and seasonal intermittency of solar energy is another challenge.
Based on the United State of America case, the biggest share of industrial
waste heat is generated from power plants (Deshmukh et al., 2018).
About 95% of the waste heat is at a temperature of 42 °C (Gingerich and
Mauter, 2015), which is unsuitable for efficient MD process. Geothermal
exploitation is also hampered by the high drilling cost of and the con-
straints associated with well’s location (Deshmukh et al., 2018).
Geothermal energy might be easily accessible for some industries such as
oil and gas where MD could be utilized to treat produced water.

The GOR of MD process can be improved by fine tuning membrane
structure and system design. A theoretical investigation of membrane
parameters impact on performance indicated that increasing membrane
porosity and pore size and reducing thickness, tortuosity and thermal
conductivity can increase permeability coefficient and the efficiency of
thermal energy transfer (Deshmukh et al., 2018). However, a special
care should be paid to porosity and pore size as excessive increase of
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these parameters could compromise the structural integrity of the
membrane during operation and increase its susceptibility to wetting
(Boo et al., 2016). To overcome these possible implications of increasing
membrane porosity and pore size while maintain high permeability
coefficient, Deshmukh et al (Deshmukh et al., 2018). suggested fabri-
cating a sandwiched porous membrane between two dense layers. The
improvement in system design particularly recovery of latent heat and
reduction of heat losses could also improve the efficiency of the MD
systems. Another possible way to improve GOR of MD systems is
reducing the pressure in membrane pores which present the main
resistance for vapor transfer. It was stated that such a reduction can be
achieved by deaerating the feed and permeate streams, which can be
costly (Deshmukh et al., 2018).

4. MD-FO hybrid system
4.1. Fundamentals of the integrated system

In order to make the most out of the synergy between MD and FO
system, it is important to understand the theoretical background of the
combined process and how one affects the performance of the other. As
it was discussed in Section 2.1 that the driving force for water transfer in
FO membrane is difference in the osmotic pressure between the feed and
draw solution sides. However, Eq. 1 is very generic and it does not show
the factors that influence the driving force. These factors include RSF,
ECP and ICP. Lee et al (Lee et al., 1981). laid the foundation for the
mathematical expression that incorporates these factors by developing
formulas the describe water and salt transfer in PRO system. The for-
mulas derived by Lee and co-workers was then modified for FO system in
PRO mode by Loeb et al (Loeb et al., 1997). The latter formula was then
further developed by McCutcheon and Elimelech (McCutcheon and
Elimelech, 2006) for FO system runs on FO mode that took into
consideration the effect of concentrative and dilutive CPs, but assumes
zero salt permeability (in other word, neglecting RSF) as shown in Eq. 9,
where np 1, and ngp, are the bulk osmotic pressure in draw solution and
feed sides, respectively (can be calculated applying Eq. 2), k is the mass
transfer coefficient that can be calculated from empirical relationships
of the flow dimensionless numbers and K is solute resistivity for diffu-
sion that can be computed from Eq. 10, where D is the diffusion coef-
ficient of the solute, and t, T and € are membrane’s thickness, tortuosity
and porosity, respectively. Eq. 9 was developed further Yip et al (Yip
et al., 2011). to produce Eq. 11 (Ibrar et al., 2022) that includes the
impact of RSF on water flow in addition to the effect of CP. So far, these
formulas have considered concentrative and dilutive CP as well as RSF
effects on water flux, but the impact of ECP on the support layer was not
accounted for and this is what Nagy (Nagy, 2014) addressed as formu-
lated in Eq. 12 (Ibrar et al., 2022), where B is the salt permeability, S is
the structural parameter of the membrane (= tt/¢) and Dp is the diffu-
sion coefficient of DS. The closest model for simulating real FO process is
the one reported by She et al (She et al., 2016). that takes into account
the impact of fouling on mass transfer processes in FO with FS-AL
orientation as expressed in Eq. 13, where F,, is concentration polari-
zation factor for concentrative external concentration polarization
which can be calculated using Eq. 14 (k. = D/active layer thickness
(tar)), J with subscript w,f and s,f is the water and salt flux in the fouling
test, # is Van’t Hoff coefficient, Fyp is concentration polarization factor
for dilutive concentration polarization that can be determined using Eq.
15 (kgep = D/S+ ts), Rg is the universal gas constant, and Rm and R¢ are
the hydraulic resistance of membrane and foulant layer that can be
measured experimentally.

J,=A [np.bexp ( - J;) — mrpexp(Jy,K) } ©)
T
K= e (10)

1037

Process Safety and Environmental Protection 180 (2023) 1023-1052

7psexp( — JwK) — TFp€Xp (%)

Jp=A - 11D
1 +B/Jw exp(%) — exp( f]WK)}
T pEXP { —Ju (i + %) — TppeXp <Z7) ]
Jo=A 12)
1 +B/Jw exp(‘%‘) fexp( 71,,,<i+0%> ) }

(ﬂn.b - ﬂ'F.b) = Feeopr (ﬂ'F.b + ://:Ti;ﬁRgT) — Faepy (ﬂn.b + ://‘:_i/,ﬂRgT)

J,=A
p#(Ry —Ry)
13)
Froep = exp( v ) -1 (14)
kcecp
Jw
Fup=1 7exp( 7 > (15)
dcp

For simplicity, the water vapor flow in MD is analogized as an
electrical current that is impeded by three intrinsic resistances (inverse
of mass/heat transfer coefficients) of feed, membrane and permeate.
From the feed side, temperature and concentration polarization along
with fouling are the driver for this resistance. In the membrane section,
the air filling the pores and the low conductivity of membrane is what
resists the heat and mass transfer. TP is the only reason behind the
resistance against mass and heat transfer in the permeate side. When it
comes to modelling mass transfer in the hybrid MD-FO system, the au-
thors are only aware of the study conducted by Zohrabian et al (Zoh-
rabian et al., 2020). that performed such exercise. Their model is based
on mass balance for FO system combined with direct contact DM that
runs in counter current mode. They started off with the assumption that
no losses occur in the system and the change in flow of the MD feed
along the length of the feed channel is equivalent to the flux collected on
the permeate side (Eq. 16). This equation can be simplified by dividing
both sides by the area of the effective are of MD membrane (Eq. 17),
where Qup,q, Ump and xup are the yp flow rate, feed velocity and feed
channel length, respectively, Nyp, wyp, hyp and p are the permeate mass
flux, width and length of MD membrane and density of water, respec-
tively. Eq. 17 can also be applied for the permeate side. Based on the
same principle, they also formulated an expression for the change on the
concentration of the MD feed solution as shown in Eq. 18, where Cyp q is
the solute concentration along the membrane length.

dOypa Nupwup
= - (16)
dxyp 4
duypa Nup
Mbd _ _ ™MD 17)
dxyp Phup
dCyp _ _Nw Cyp.a as)

dxyp Pump.ahwp,

Zohrabian et al (Zohrabian et al., 2020). also performed a series of
mass balance on the feed, draw and permeate tanks to capture the dy-
namic change in water volume and solute concentration as presented in
Egs. 19-22, where Vyis the volume of the FO feed, Qro,fin and Qro,four are
flow rate of entering and exiting the FO feed tank, respectively, Cris the
solute concentration of FO feed, Cro fin is the solute concentration of FO
feed at the entry line of the feed tank, Qro,din and Qro,dou are the FO draw
flow rate entering and exiting the draw solution tank, respectively, Vyis
the volume of the draw solution, and Qg gin and Qg,dou: are the MD flow
rate entering and exiting the draw tank, respectively. The initial mass
permeate flux MD and the change in the flux were derived based on
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dusty gas model as presented in Eqs. 23 and 24, respectively, where § is is the initial MD volumetric flux (Nyvp/p), @ initial membrane open pore
the MD membrane thickness, Py is total pressure, Kn is Knudsen number, area, my, pup,q and p; are the draw solute mass fraction and densities of
Dﬁ,}Ta is the diffusion coefficient of molecular diffusion, Tj, is the average the draw solution and draw solute, respectively. Hyp 4, ds,  and ¢, are
membrane temperature Dy, is the diffusion coefficient, yqpm and yq dm the draw solution channel hydraulic diameter, draw solution channel
are air molar fraction on permeate and feed (draw) solution sides, Jpyo diameter, friction coefficient and coefficient of deposited mass,
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respectively. Cy, Cr, and C4 are lubrication constant, stress coefficient,
and system dependent constant. C; and Cz are the integration constants
of Eq. 22 derivation. In order to solve Eqs. 21 and 22, the values of
membrane-water interface temperature on feed and permeate sides
should be calculated first, and the formulas for these varies depending
on the configuration of MD (Johnson and Nguyen, 2017). Eqs. 19-24 are
useful for comparison with experimental data as they are derived based
on global mass balance of feed, draw and permeate compartments of
FO-MD system which incorporates the dynamic change in the resistance
of CP, TP and fouling layer. The water transfer balance (WTB) is the key
criteria in FO-MD system and J,, (Eq. 13) should always be equal or
slightly lower than Jyp (Eq. 24) to maintain high osmotic pressure. It
was reported that such a condition can be met at a temperature range of
62.5 £ 0.5°C - 72.5 + 0.5 °C (Ibrar et al., 2022).
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4.2. FO-MD common designs

There are three designs for FO-MD system that have been reported in
the literature as illustrated in Fig. 10. The first one (Fig. 10 i) where FO
and MD share the draw solution tank is the most common design. The
second design was proposed as compact a system for the hybrid FO-MD
(Husnain et al., 2015) (Fig. 10 ii). However, the high temperature of MD
feed in the compact design might negatively affect the polymeric FO
membrane (Ibrar et al., 2022). Hence, Son et al (Son et al., 2021b).
suggested the implementation of isolation barrier in the compact FO-MD
system to reduce the risk of temperature impact on FO membrane
structural integrity (Fig. 10 iii). The advantages and disadvantages of
these systems are summarized in (Ibrar et al., 2022). In any of these
designs, cooling would be required to reduce temperature of the draw
solution especially at elevated temperature that are recommended for
achieving efficient WTB unless a thermotolerant membranes are used in
the FO system. Such membranes are not existent in the market except for
Porifera FO membrane although the there was no reported data on
long-term tests for these membranes (Ibrar et al., 2022). There are some
lab-scale attempts for synthesizing FO membranes that can work in this
temperature range (Wei et al., 2005), but scaling up was not considered
and it is hard to anticipate its feasibility. In addition to membrane
thermal tolerance, the rising temperature of DS could impact the overall
performance of FO-MD system. Based on van’t Hoff equation, the os-
motic pressure of the draw solution is directly related to the temperature
which in turn increase osmotic pressure gradient leading to higher water
flux. The flux could also be increased due to the improved water diffu-
sion, and lowered water viscosity with increasing the temperature (Shin
and Kim, 2018). However, such temperature rise can also increase RSF
due to increased solution diffusion. The temperature rise may also
reduce membrane rejection (Shin and Kim, 2018). High temperature
could also increase CP and membrane scaling due to the increasing
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water flux leading to the rise in the solute concentration at the mem-
brane surface (Zhao and Zou, 2011b). The scale of temperature effect on
FO performance connected to MD as a DS recovery process may vary
depending on the type of DS. Almoalimi et al (Almoalimi et al., 2022).
observed that glucose performed better than NaCl as a DS at a temper-
ature of 50 °C using ammonium solution a feed. Increasing the tem-
perature of MD increase water flux for both DSs, but the improvement of
the flux with glucose was almost double that of NaCl. RSF also increased
as the temperature was risen and it was worse with NaCl compared to
glucose (two folds higher). Most importantly, glucose resulted in com-
plete rejection of ammonium ions while NaCl failed to achieve the same.

5. FO-MD applications in water treatment
5.1. Seawater treatment

FO-MD system have emerged as promising technologies for various
water treatment applications, including seawater desalination. Howev-
er, when considered individually, both technologies have limitations
when applied on a large scale (Giagnorio et al., 2021; Awad et al., 2019;
Soukane et al., 2021; Viader et al., 2021). Desalination researchers have
explored the FO-MD hybrid system, which can respond to and tackle the
growing challenge of global clean water shortages (Kwon et al., 2016;
Parveen, 2018). The hybrid FO-MD system’s equipment is simple to set
up and configure, and energy consumption may be kept to a minimum
(Chekli et al., 2016; Nasr and Sewilam, 2015). Also, the capacity of MD
for handling high salinity water gives it the competitive edge over
pressure-driven membrane processes. For various purposes, numerous
studies on the FO process have been undertaken utilizing various draw
solutions and various types of draw solution recovery. The focus of this
work is on the hybrid FO-MD system.

There are many studies that explored the use of FO-MD for seawater
desalination. Few examples of these studies are discussed at length here
and the outcomes of other are summarized in Table 5. Ahmed et al
(Ahmed et al., 2023). designed and implemented a pilot-scale FO-MD
system for the for the desalination of the Arabian Gulf seawater (AGS)
using a solution of NaCl (70000 mg/L) as a DS. Under the optimized
operating conditions, the FO-AGMD system achieved an average water
recovery rate of 33% at an MD operating temperature of 85 °C. The
water flux remained stable, ranging between 6.3 and 7.3 L/m2 h for the
FO and 3.75 and 4 L/m2.h for the MD. The primary power consumption
of the FO-AGMD system was attributed to the heating and cooling pro-
cesses, which were used to heat the feed water to approximately 85 °C
and cool the permeate to around 10 °C in the MD section. This power
consumption varied within the range of 10-12 kW/h. Zohrabian and
co-authors conducted a modeling study to evaluate the technical feasi-
bility of FO-MD process for water treatment (Zohrabian et al., 2020).
This investigation involved testing different DSs including poly-
diallyldimethyl ammonium chloride (PDAC), tetraethylammonium
bromide (TEAB), and NaCl. Their study revealed that fouling was more
pronounced in the FO component compared to the MD part of the sys-
tem. However, through modeling, they successfully identified optimal
feed temperature and crossflow velocity for the MD process to achieve
high water recovery in the hybrid system. Ultimately, their research
recommended the use of the FO-MD process as a promising technology
for water treatment when operated under optimized conditions.
Al-Furaiji and collaborators assessed the potential of the hybrid FO-MD
process for highly saline-produced water treatment (Al-Furaiji et al.,
2019). They investigated the evaluation of four different DSs, namely
monovalent NaCl, KCl, lithium chloride (LiCl), and MgCl,. The 10 M
concentrated LiCl solution exhibited the highest osmotic pressure at
1600 atm, resulting in the highest flux in the FO process. However, this
solution produced the lowest flux in the MD component due to its low
vapor pressure. Conversely, NaCl and KCl showed high MD flux but
lower performance in the FO section. A 4.8 M MgCl, demonstrated
comparable fluxes in both the MD and FO parts of the hybrid system.
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Table 5
FO-MD hybrid system for seawater desalination examples from previous studies.

Feed Draw FO Membrane MD Membrane Conditions Performance Ref.

Solution Solution Membrane Orientations

DI water 1,2,3- Commercial Durapore FO and PRO For FO system: FS: DI water (Yen
+ Trimethylimidazolium CTA flat 0.45 m HVHP flow velocities FS and DS: Water flux: 10-23 L/m2%h etal.,
seawater iodide) sheet FO 0.25 L/min, )PRO mode) 2010)

and membrane counter-current flow and 5-12 L/m%h
. . membrane area )FO mode) in FO unit
a, 1.2, 2- =1.6 x 10 3 m? (0-5 M of DS) with less than
Tetre’imethyl temperature: 23 + 0.5 °C 5 g/m?h
3’ 3 ) me'thylened for FO-MD of reverse solute flux in both
11m1‘cTaz<-)hu membrane area for FO and  modes and 8 L/m%h in MD
m difodide MD: 3.2 x 1073 m? (0.5 M) DS.
solution) DS type: 4- type (0.5 M) FS: seawater
Membrane area Water flux = 6 L/m%h for
FOandMD:3.2 x 103 m2 (PRO)
Tin FS:38.5
Tin DS: 49.7
Tin distillate:18.7
Flow FSandDS:0.13 m/sec
Flow distillate:0.013 m/
sec

DI water, Poly(sodium styrene-4- TFC FO PVDF PRO Concurrent, flow velocity Water flux FO: 3.5 L/m2h (Zhao
seawater sulfonate-co-n- membrane membrane FS and DS: 25 cm/s Water flux MD: 2.5 L/m2h et al.,
(0.6 M isopropylacrylamide) commercial commercial effective membrane area DS: 33.3 wt% 15 SN (PSSS- 2014b)
NacCl) (PSSS-PNIPAM) Flat sheet HF FO:1 x 2 cmz, membrane PNIPAM)

area MD:22.4 cm?, Temp Reverse salt flux: 2 gMH
MD:50°C

Temp permeate:10°C

flow velocity MD: 20 cm/s

DI water, Na-CQDs Commercial PVDF (HF) PRO membrane FO: Water flux: 29.8 L/m2h (DI as (Guo
NaCl solution TFC FO lcm x 2cm FS, 0.4 gm/ml Na-CQDs as DS) et al.,
solution Membrane flow velocity of 25 cm/s and 2014)

(flat sheet) MD membrane:22.4 cm? Water flux: 10.4 L/m2.h (actual

Concurrently sea water as FS, 0.4 gm/ml Na-

TMD feed in= 45°C, CQDs as DS)

Twmp permeate= 10°C Water flux: 7.3 L/m%h
(0.6) M NaCl as FS, 0.4 gm/ml
Na-CQDs as DS) and 3.4-4 L/
m?2.h in MD unit (45 °C) for first
five cycles.

DI waterand poly(amidoamine) TFC FO PVDF PRO effective membrane area Water flux (PRO mode): 29.7 (Zhao
3.5 wt% terminated with sodium membrane membrane FO: and 9 L/m?h for FS of DI water etal.,
NaCland carboxylate commercial fabrication 1 x 2 cm?, and seawater 2014a)
seawater groups (PAMAM-COONa) Flat sheet HF membrane area Reverse salt flux: 10 gMH
(Singapore (33.3 wt%) [2.5- MD:28 cm? water fluxes under (PRO
coast) generation (2.5 G) Temp MD:50°C mode):30, 9, and 7.5 L/m>h

PAMAM-COONa] Temp permeate:10°C with DI water, seawater
from Singapore coast, and
simulated seawater as the feed
solutions, respectively.
(water flux FO mode: 12 L/m?
h) for (33.3 wt%) [2.5-
generation (2.5 G) PAMAM-
COONa]
Water flux MD: 3.3 L/m%h

DI water and NacCl, KCl, and CTA FO PVDF FO effective membrane area Water flux FO 1.48 x 10°° - (Kwon
NaCl MgCl, membrane membrane F0:30.42 cm?, 2.5 x 10° m/s flux at etal.,
Solution commercial commercial membrane MD HF FS= 0.6 M NaCl and conc. 2016)
(0.6 M) Flat sheet HF area:0.034 m> DS:2-4 M

flow rate:1LPM temp FO (25-60) °C

Temp MD:25-60°C at a conc. DS:0.6-4 M
Water flux MD: 7.2 x 10°®-
4.5 x 10° m/s, FS: seawater
(MD at 60 °C)

DI water and NasFe-CA TFC FO PVDF FO effective membrane area Water flux FO/MD = 14-19.2/ (Wang
NaCl membrane membrane FO:10 cm?, 32 L/m%h et al.,
Solution fabrication fabrication membrane MD HF: at FS: DI water 2015)
(3.5 wt%) diameter of 3/8 in. and a temp FO (25-60) °C
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length of 20 cm,

FO process counter-current

at Conc. DS:1.5 M
Water flux FO/MD= 3.9-6/

flow, 32L/m*h
MD process co-current at FS: seawater
flow, (MD at 60 °C)

flow rates of all FO and

(continued on next page)
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Feed Draw FO Membrane MD Membrane Conditions Performance Ref.
Solution Solution Membrane Orientations
MD:
100 ml/ min
DI water, (poly(isobutylene-alt- CTA FO PTFE FO and PRO cross-flow velocity FS and Conc. DS: 0.3-0.4 g/ml (Kumar
seawater maleic anhydride) with membrane membrane DS: 8.5 cm/s, Water flux PRO: 32 L/m%h et al.,
NaOH [PIAM-Na] commercial commercial temp (FS and DS) at conc.: 0.375 g/ml 2016)
Flat sheet flat sheet PRO:25°C, and Temp. 60°C
Temp feed MD:60°C Water flux FO:11 L/m%h
Temp permeate:20°C and 18 L/m%h at temp (25 and
60) °C, respectively
Reverse salt flux: 0.196 gMH at
60 °C
Water flux FO: 4 L/m?.h and
6L/m%h
at temp (25 and 60) °C,
respectively
Water flux MD: 40-30 L/m?.h
form conc 0.3-.4 g/ml
and Temp 50 °C
DI water, Al(S04)3:MgCl, CTA FO PTFE FO and PRO Temp FS and DS:25°C Water flux: 4.01-4.79 L/m2.h in (Nguyen
synthetic [0.5 M MgCl, + 0.05 M membrane membrane effective membrane area the FO mode and 7.30-8.92 L/ et al.,
brackish Al2(S04)3] commercial commercial FO: 41.40 cm?, m2.h in PRO mode, pH: 6.5, 2018)
water, Flat sheet flat sheet membrane area MD: water flux and reverse solute
seawater 100 cm? flux of 0.5 M MgCl, + 0.05 M
cross-flow velocity FS and Al,y(SO4);3 were 8.92 L/m2.h and
permeate MD:0.083 m/s. 0.94 gMH, respectively, in PRO
Temp MD:55°C mode.
Temp permeate:25°C Water flux PRO: 15.09 L/m%h
Flow rate:0.5LPM in
mode and 8.18 L/m2.h in FO
mode as [ 1 M MgCl, + 0.05 M
Al5(S04)3]
(specific reverse solute flux:
0.096 g/L in PRO and specific
reverse solute flux: 0.151 g/L in
FO. DI water FS
(water flux: 15.12 L/m2h in
PRO mode and water flux:
8.09 L/m? h in FO mode),
brackish water FS (water flux:
9.40 L/m*h
in PRO mode and water flux:
5.03 L/m2h in FO mode), and
sea water FS (water flux:
3.95 L/m%h in PRO mode and
water flux: 2.11 L/m%h in FO
mode), water flux MD:
4.95 — 5.7 L/m?.h form pore
size (0.1-1) pm and R%:
99.93-99.06
DI water, EDTA-2Na and CTA FO PTFE FO Flow rate FS and DS: 0.5 L/ [0.3 M EDTA-2Na and 0.55 M (Nguyen
synthetic NasPO4 membrane membrane min NazPO4] water flux etal.,
brackish commercial commercial Temp FS and DS= 25°C FO=9.17 L/m%h 2020)
water, Flat sheet flat sheet effective membrane area Water flux: 6.12 L/m%h with FS
seawater FO: 41.40 cmz, brackish water and 3.10 L/m>h
membrane area MD: with FS: seawater, R
100 cm? MD:99.99%
Flow rate FS and distillate: ~ Specific reverse solute flux:
1.5 L/min, Temp MD:55°C 0.053 g/L, Jw: 6.12 L/m%h FS
Temp permeate:25°C brackish water, Jw: 3.1 L/m%h
FS seawater, Jw MD: 8.51 L/m?2.
h
DI water and K-CQDs CTA FO PTFE FO Flowrate FSand DS: 0.5L/  FS: DI water and seawater (Kamel,
seawater Na-CQDs membrane membrane min Water flux K-CQDs: 2022)
(NaCl commercial commercial Temp FS and DS= 29°C 10.94-13.924 L/m>h, water
Solution Flat sheet flat sheet effective membrane area flux: 3.779-5.371 L/m2h at
(3.5 wt%)) FO: 33.516 cmz, conc.: 0.3-0.56 g/ml
and raw membrane area MD: respectively.
Arabian Gulf 14.44 cm? Water flux Na-CQDs
water Flow rate FS and distillate: = [10.343-11.935] L/m%h and
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0.5 L/min and 0.3 L/min
Temp MD: (50, 60) °C
Temp permeate:20°C

water flux = [1.591-2.784] L/
m?.h respectively.

Water flux K-CQDs= 6.166 L/
m2h and

Water flux Na-CQDs= 3.779 L/
m2h

(continued on next page)



A.H. Kamel et al.

Table 5 (continued)

Process Safety and Environmental Protection 180 (2023) 1023-1052

FO Membrane MD

Membrane

Feed
Solution

Draw
Solution

Membrane
Orientations

Conditions Performance Ref.

Arabian Gulf
seawater

70,000 ppm NaCl Spiral wound
Thin film
composite with
polyamide
coating

Spiral wound
AGMD

FO

at FS: RAG water at conc. 0.5 g/
ml

reverse solute flux K-CQDs

= [0.016-0.025] gMH, reverse
solute flux Na-CQDs=
[0.041-0.062] gMH,

Js/Jw K-CQDs
=[0.0015-0.0018]

Specific reverse solute flux: Na-
CQDs = [0.0040-0.0052] at
conc.[0.3-0.5]g/ml

Water flux MD at 50°C for
diluted K-CQDs when FS of FO
is DI water, seawater and RAG
water = 11.426-7.722 L/m%h,
9.107-5.332 L/m”.h, and
5.886 L/m?.h respectively. At
60°C

Water flux: 14.889-11.184 L/
m>h, 12.604-8.795 L/m>h,
and 9.349LMH, respectively.
Water flux MD at 50°C for
diluted Na-CQDs when FS of FO
is DI water, seawater and RAG
water: 10.561-7.168 L/m>.h,
8.31-4.813 L/m>h, and

5.609 L/m>h respectively. At
60°C

Water flux: 14.716-11.323 L/
m>h, 12.465-8.968 L/m>h,
and 9.765 L/m? h, respectively.
Rejection for all:100%

Water recovery: 33%

RSF: ~ 100 g/m2h

FO flux: 6-8 L/m%h

Heating and cooling power
consumption: 10-12 kW/h

(Ahmed
etal.,
2023)

Operation capacity:

50 m®/day

FO membrane area: 3 m?
MD membrane area:

5.6 m*

FO feed and draw flow
rates: 600 L/h and 400 L/
h, respectively.

FO feed temperature:
25°C.

MD feed and permeate
temperatures: 85 °C and
10 °C, respectively.

Overall, this study illustrated the potential of the FO-MD process for
treating hypersaline. FO-MD can be used to concentrate the reject brine
from RO plants. FO can reduce the volume of brine, and MD can recover
additional freshwater, minimizing environmental impacts and
enhancing resource recovery. FO-MD is also suitable for desalting
brackish water sources, providing a sustainable and energy-efficient
approach to freshwater production in regions with limited freshwater
resources. Duong et al (Duong et al., 2015). investigated a system that
combines FO with DCMD for desalinating seawater. Their findings
indicated that by recycling the brine back into the feed tank, they could
achieve an optimal water recovery rate ranging from 20% to 60%. This
approach significantly reduced the specific energy consumption by half
while also observing minimal fouling issues. Moreover, when they
increased the feed temperature to 50 °C and reduced the flow rate, the
thermal efficiency of the DCMD system showed a remarkable improve-
ment. The use of a warmer feed solution enhanced the transport of the
high salinity feed, resulting in higher water recovery rates.

A summary of the experimental conditions and the outcome of the
studies investigated FO-MD hybrid system for synthetic and natural
seawater is presented in Table 5. The main motivation of these studies
was to increase water recovery and ameliorate the system operation by
testing different membrane materials, draw solution types and working
conditions. For example, four compounds of 2-methylimidazole were
tested as draw solution (2 neutral and 2 charged) and it was found that
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charged methylimidazole produced higher flux and lower RSF compared
to the neutral ones (Yen et al., 2010). Reducing the temperature between
feed and distillate in MD was found to reduce the separation rate, but
improves the selectivity in the draw solution (Koo et al., 2013). Vetting
the data presented in Table 1 also shows that PRO mode seems to be
more effective compared to FO in terms of flux production. Guo et al
(Guo et al., 2014). achieved one of the highest reported flux for FO using
COD-Na™ (29.8 L/mz.h), which was about 55% higher than that of 2 M
NacCl.

5.2. Wastewater

Other applications of the FO-MD system include wastewater treat-
ment such as dye wastewater and mining wastewater, water recovery
from oily wastewater, nutrient recovery from urine and digested sludge
and others. FO-MD systems have been used for treating industrial
wastewater including water generated from the textile industries and
metal and mining processing. The FO-MD system can effectively treat
wastewater from textile industries, which often contain dyes, chemicals,
and high salinity. FO can separate water from contaminants, while MD
can help recover valuable chemicals or dyes from the concentrated draw
solution. Thus, integration of FO-MD has displayed significant potential
in the textile industry for reclaiming water and recovering valuable
chemicals. Li et al (Li et al., 2020). evaluated the application of FO-MD
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for simulated textile industry wastewater using three different modes of
operations, A where DS was replenished manually, B where DS was
diluted until the target concentration factor (CF) achieved, and C where
DS was regenerated using MD process. They used three different mem-
branes for FO process namely poly(triazole- co-oxadiazole- co-hy-
drazine) (PTAODH-1.0, where 1.0 represents the molar ratio of
4-aminobenzoic acid to the repeating unit of PODH during the synthe-
sis), commercial thin-film composite FO membrane (CSM-TFC), and
commercial cellulose triacetate (HTI-CTA). They found that applying
mode C using PTAODH-1.0 membrane achieved dyes CF of 10 with a
total specific cost of 0.34 USD/L.

The FO-MD system was also applied for water reclamation in
advanced municipal wastewater treatment plants. Ricci et al (Ricci
et al., 2019). introduced a submerged hybrid FO-MD module and crit-
ically assess its performance in domestic wastewater treatment. The
submerged hybrid module was compared to the side-stream configura-
tion. Lower water fluxes were found for hybrid module due to more
significant polarization. Although the hybrid system exhibits reduced
flux rates, it consumes less energy when compared to the side-stream
configuration because there is no need to transport the feed solution
to an external compartment. Furthermore, the hybrid system demon-
strated exceptional rejection rates for Total Organic Carbon (TOC), Total
Nitrogen (TN), Ammonium (NH4), and Trace Organic Compounds
(TrOCs), achieving 94.9%, 93.8%, 99.8%, and over 97.5% rejection,
respectively.

Landfill leachate is a type of wastewater that is often highly
contaminated with organic and inorganic compounds. The FO-MD sys-
tem can concentrate and treat landfill leachate, minimizing the volume
of waste while reclaiming water. Zhou et al (Zhou et al., 2017). com-
bined FO and MD process to treat high salinity hazardous waste landfill
leachate. Their findings indicated that the most effective flow rates for
FS, DS, and DS concentration in the FO stage were 0.87 L/min,
0.31 L/min, and 4.82 M, respectively. In the MD stage, the best inlet
solution temperatures were 72.5 & 0.5 °C and 62.5 + 0.5 °C when the
salt concentrations in the FS were 25,000 mg/L and 60,000 mg/L
(expressed as NaCl equivalents). The system consistently achieved salt
rejection rates (monovalent and divalent salts) exceeding 96%, while
the rejection rates for TOC and TN remained above 98%. Notably,
NH*T-N, Hg, As, and Sb were eliminated completely from the waste-
water. In this study, the operating conditions of FO were optimized using
response surface methodology (RSM) by optimizing water flux,
enhancing pollutant removal efficiency, and minimizing RSF. The inte-
grated FO-MD system surpassed the individual FO or MD processes in
effectively removing contaminants from high-salinity wastewater.

In the oil and gas sector, FO-MD technology can be employed to treat
produced water, which contains oil, salts, and other contaminants. Qily
water contains a complex mixture of organic substance (mainly dis-
solved and dispersed oil compounds) and inorganic substance (high
concentrations of mineral salts, total dissolved solids TDS up to ten of
thousands ppm). Oily water is also characterized with high temperature
(i.e., thermal energy) and high salinity (i.e., osmotic energy) besides its
water and oil resources. Thus, FO can separate water from the oil phase,
and MD can further purify the water for reuse or safe discharge. Lu et al
(Lu et al., 2018). developed an integrated system consists of UF-FO-MD
for the dual purposes of the treatment and energy utilization of oily
water. The results showed that UF efficiently removed suspended solids
and larger oil droplets, while FO and MD processes removed dissolved
contaminants and finer oil particles resulting in treated water suitable
for various applications, including various industrial processes or it
could safely be discharge.

FO-MD has also been used in combination with other membrane
systems for treating wastewater. For instance, Al Mahri and co-
researchers developed a model for an electro-osmotic membrane
bioreactor (eOMBR) to assess the hybrid FO-MD process for wastewater
treatment (Al Mahri et al., 2020). In this setup, FO was carried out using
desalination brine as a DS and wastewater as an FS. The diluted brine
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from the FO process was recycled in an MD process configured with
DCMD. Their model was designed based on specific parameters and
conditions, and it allowed them to evaluate essential aspects of the
process, including reverse salt leakage, water flux, and internal con-
centration polarization of the membrane. The study found that the
FO-MD process could produce water with an estimated energy con-
sumption of 13.20 kWh/m® and a cost of $1.90/m>. Once again, this
study confirmed the efficiency of the FO-MD process for potential ap-
plications in both wastewater treatment and brine concentration.

The FO-MD system has recently been examined in the context of
treating flue gas desulfurization wastewater (Anderson et al., 2021).
This integrated system has demonstrated its capability to recover water
and capture low-grade heat efficiently. The experimentation involved a
temperature range of 43-65 °C and the use of different draw solutes,
including sodium NaCl, CaCly, and poly(acrylic acid)-sodium salt
(PAA-Na). When employing 3.4M draw solute concentrations
(comprising of NaCl and CaCly), the system achieved an impressive total
water recovery rate of 89%. Furthermore, it obtained water flux rates of
up to 37 L/m2.h for FO and 25 L/m2h for MD.

FO-MD can be applied to treat agricultural runoff, which may
contain pesticides, fertilizers, and other contaminants that could have
detrimental effects on natural water bodies. It can help recover fresh-
water for irrigation while reducing the environmental impact of agri-
cultural practices. FO-MD systems can recover valuable nutrients such as
phosphorus and nitrogen from agricultural runoff, which can be repur-
posed as fertilizers. This nutrient recovery not only reduces water
pollution but also minimizes the need for chemical fertilizers, contrib-
uting to sustainable agriculture (Al-Juboori et al., 2022a). FO-MD was
proven to be an effective system for recovering water from real diary
wastewater (Song et al., 2018). This study should that a flux of clean
water of up to 18 L/m? h at 45 °C using cellulose triacetate membrane.

Table 6 presents the recent research studies of using FO-MD to treat
various wastewaters. It is worth noting that the quality of the product
water and the FO-MD performance differs from one process to the other,
depending on the source and composition of the treated wastewater. The
interest in applying FO-MD for wastewater treatment is not only related
to water reclamation, but also recovery valuable resources such as ni-
trogen and phosphorous which are used a fertilizer for the soil. The
challenges here are to obtain high quality water and recovered products.
The membrane rejection capacity is the most important factor in FO-MD
application for wastewater treatment as there are challenging contam-
inants such as trace organic compounds and heavy metals that are
present in this feed water.

6. Energy and economics discussions

The most important elements for assessing any treatment process are
energy and cost requirements, value of the product, simplicity of oper-
ation and maintenance and environmental impact. These factors should
be taken into account when assessing the feasibility of FO-MD for
seawater and wastewater treatments. For seawater, the competitive
technology is reverse osmosis. The advantage of FO-MD for seawater
desalination is ability to handle high salinity feed compared to RO.
However, RO is a well-established mature technology with an ongoing
improvement that makes it more economically attractive for treatment
plant operators. For example the FO membrane cost was reported to be
as high as ten times of that for RO membrane (Ibrar et al., 2022). The
lifespan of MD given it is a thermally driven membrane is expected to be
lower than that of other membrane processes. Additionally, the pumping
energy required for RO process (Eq. 25) is lower than the thermal energy
required for MD alone (equation 26, where Cp is the specific heat ca-
pacity of water, 4.18 kJ/kg.K and AT is the temperature increase
required in MD process). However, the potential niche for FO-MD sys-
tem is in the treatment of desalination brine. This area is likely to attract
attention in the near future with the increasing tightening of environ-
mental regulations regarding waste discharge. What could also help in
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Table 6
Recent research studies of using FO-MD hybrid system for different types of wastewater.

Application Feed Solution Draw Solution FO and MD membrane type Performance References

Synthetic dye Wastewater 50 ppm of acid Polyelectrolytes FO: CA HF membrane Water transfer rate: 0.18 L/h in both ~ (Ge et al.,
orange 8 solution (PAA-Na) MD: PVDF HF side (AL-DS mode PRO, 0.48 g/ml 2012)

PAA-Na solution as DS at 66 °C) and
MD unit.

Water flux: Up to 40 L/mZh (at

80 °C with 0.6 g/ml DS and acid
orange 8 as feed)

Reverse salt flux (RSF): Up t0 0.14 g/
m2h.

Dye wastewater wastewater A poly(acrylic acid) FO: CA Flux:15-25 L/m>.h, (Ge et al.,
containing an acid sodium(PAA-Na (0.6 M) MD:PVDF RSF= 0.09-0.15 g/mz.hA A complete 2012)
dye rejection was detected for PAA-Na by

FO and MD

Industrial wastewater flue gas NaCl (3 M) FO: PA TFC Flux = 3-20 L/m?h, RSF=N/A, (Lee et al.,
desulfurization MD: TF-200 PTFE active layer Severe membrane fouling, including ~ 2018)
(FGD) wastewater supported by polypropylene (PP) CaSOy scaling, was detected in FO.

MD could re-concentrate the diluted
DS up to 50% recovery rate with no
significant flux decline

Textile wastewater model textile NayS04(1.5 M) FO: CTA (HTI) and TFC Water flux= 18.6 + 0.4 L/m?2.h, (Li et al.,
wastewater (1 g/L) MD: PTFE membrane RSF=5.1-8 g/mz.h 2020)

Wastewater reclamation DI water, MgCl, solution FO: cellulose acetate propionate (CAP)- Water flux: 19.9 L/m>h in FO 0.5 M (Su et al.,
Synthetic cellulose acetate (CA) HF MgCl; as DS and DI water as FS at 2013)
wastewater MD: PVDF HF 343 K) and 16.3 L/m?h in MD unit.

Water flux: 13-13.7 L/m2h
with 0.5 M MgCl, and
synthetic wastewater (i.e.
heavy metal ions) as feed
Minimal reverse draw solute
Sewer mining water Mining raw Sewage Nacl solution (1.5 M) FO: Commercial CTA flat sheet Water Flux: 8 L/m2.h in both (Xie et al.,
reclamation membrane FO (1.5 M NacCl as DS at 2013)
MD: Thin PTFE active layer on PP 40°C) and MD unit (draw
supporting layer. and distillate temperatures of
40°C and 20 °C respectively).
Water recovery Oily wastewater NaCl solution FO: TFC-CTA, HF membrane Water flux: 20-32.5 L/m2h in FO (Zhang
from oily wastewater MD: PVDF HF (2 M NaCl as DS at 60 °C) and oily etal., 2014)
wastewater (i.e. 4000 ppm
petroleum) as feed; Up to 40 L/m%h
at 60 °C and DI water as feed.
Reverse salt flux: Up to 7.3 g/m%h
(DI water as feed). and 5.8 LMH in
MD unit
Phosphorus and clean Digested sludge) MgCl; solution (1.5 M) FO: Commercial CTA flat sheet Water flux: 9 L/m%h in both FO (Xie et al.,
water recovery from TOC 647 mg/L, membrane (1.5 M MgCl, as DS at 40 °C) and MD 2014)
digested sludge s0lids1800 mg/L( MD: PTFE unit (draw and distillate
temperatures of 40°C and 20 °C
respectively)
Water reclamation from gas  shale gas drilling NacCl, KCl and MgCl, FO: Commercial CTA flat sheet Water flux: Up to 23 L/m2.h with (Lietal,
drilling flow-back fluid membrane 3.0 M KCl as DS at 25 °C and pre- 2014)
(SGDF) MD: CF4-plasma-modified PVDF treated shale-gas drilling flow-back
fluid as feed. Acceptable reverse salt
flux
Secondary effluent from Wastewater Nacl solution FO: Commercial CTA flat sheet Both FO and MD membrane flux (Husnain
Wastewater plant , DI water (0.25-2 M) membrane remains constant at 14.4 L/m?h etal., 2015)
MD: Asymmetric PP during 1200 min operation (DI water
(20 °C), 1 M NaCl solution (50 °C),
and DI water (20 °C) were used as
FS, DS and permeate solutions,
respectively).
Water and nutrient Human Urine NacCl solution FO: Commercial CTA flat sheet Average water transfer rate (first (Liu et al.,
recovery from urine membrane 8 h): 0.008 L/h in FO (1 M NaCl as 2016)
MD: PTFE membrane DS at 39 °C in AL-FS mode) and
0.015 L/h (2.5 M NaCl solution as
DS at 53 °C) in MD unit

Oil and gas wastewater Synthetic and real Organic solution: FO: A flat sheet of TFC membrane For DS: organic solutions (Islam
fracking (potassium acetate, MD: PVDF membrane Jw: 10.50-13.26 L/m2.h and et al.,
wastewater potassium format, 19.05-24.05 L/m>h for synthetic 2019a)

sodium glycolate, and fracking and real fracking
sodium propionate) wastewater respectively

Dairy wastewater real dairy NacCl (1 M) FO: cellulose triacetate-embedded FO flux:10-18 L/m%h; MD flux ~ (Song et al.,
wastewater (DWW) polyester screen support CTA-ES and 18 L/m?h, RSB= 2-5 g/m>.h. A 2018)

recycling

aquaporin inside (AQP)
MD: PTFE
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fouled CTA-ES membrane could be
restored 90% of the flux after
membrane cleaning

(continued on next page)
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Application Feed Solution Draw Solution FO and MD membrane type Performance References
Water reclamation from Landfill leachate 1 M NaCl FO: Commercial TFC modified with Water flux:30.6 L/m%h withaRSFof  (Zhang
leachate polyamidoamine (PAMAM)/ 6.9 g/rn2 h (gMH). Lower flux et al.,
polydopamine (PDA) and carboxylated decline compared to unmodified TFC ~ 2023b)
cellulose nanocrystal (CCN) (<43.7% vs < 59.45). Higher flux
MD: PTFE/PET membrane recovery compared to unmodified
TFC (>94.2% vs >79.0%)
Water reclamation from Synthetic high- Polyacrylic acid sodium FO: polyacrylonitrile (PAN) membrane Water flux for PAN1 and PAN2 with ~ (Cao and
wastewater salinity organic (PAAS), sodium coagulated with Di water (PAN1) and PAAS: 16.43-25.51 L/m>h, with Zhu, 2023)
wastewater polystyrene sulfonate with NaOH (PAN2) PSS 12.11-18.78 L/m% h, and
(PSS) and polyethylene MD: PVDF membrane 3.04-5.05 L/m%h with PEG. PAN2
glycol (PEG) had higher Jw than PAN1.
RSF is ~2.5 gMH for PAAS, ~5-7.5
gMH, and 32-40 gMH for PAAS, PSS,
and PEG, respectively.
Produced water(Oily Synthetic oily water  oily water FO: Cellulose triacetate FO flux: 0.65 L/m%h, (Luet al.,
wastewater) (100-5 ppm) and MD Polytetrafluoroethylene UF: Flux= 39.8, 110, 304 and 2018)
real oily water UF: TiO5/ZrO, mixture 1357 L/m?2.h, Rejection= 150 kDa
membrane and 0.14 um membrane
had oil recovery rate of 83.9% and
63.5%,
FO-MD: at 50 mg/L, flux declined by
0.6% (from 5 to 2.6 L/m>.h)
Highly saline fracking fracking NaCl and NaP FO: polyamide (PA) Water flux FO: 4.5 L/m2.h /bar (Islam
wastewater wastewater MD: PVDF(mean pore size 0.22 pm, MF flux for Psf: 2728 L/m2h /bar etal,
porosity 75%) and for nanocomposite = 4814 L L/ 2019b)
MF: nylon 6/Si0, composite nanofiber m2h /bar
mat coated by polyvinyl acetate MF as a pre-treatment process
removed ~52% of TOC and ~98.5%
of turbidity. High average water
fluxes (19.98 L/m?.h for NaCl and
30.97 L/m>.h for sodium propionate
draw. 98.5% of initial water flux can
be restored with the fabricated
nanocomposite membrane.
Membrane distillation
(demonstrated solute rejection ~
99.99%
Fracturingproduced water PW1 from NaCl (2 M) FO: Flat sheet cellulose triacetate (CTA)  Electrocoagulation (EC) (Sardari

(PW)

Landfill Leachate

Synthetic wastewater

Concentration ofprotein
solution

Fayetteville Shale
and PW2 from
Marcellus Shale

waste landfill NacCl solution FO:

leachate

As(III) solution
(1000 ppm)

Oxalic acid complex
(Na-Cr-0A,1 M)

bovine serum NaCl (0.5 M)
albumin (BSA)

solution

membranes

MDL Ethylene chlorotrifluoroethylene
(ECTFE) copolymer, provided by 3 M
(Maplewood, MN) and
polytetrafluoroethylene (PTFE),
provided by Pall Corporation (Port
Washington, NY).

FO: Thin film composite membrane
MD: polytetrafluoroethylene-
polyvinylidene fluoride composite
(PTFE-PVDF) active layer and
polyethylene terephthalate (PET)
support layer

FO: TFC-PES

MD: PVDF

FO: PBI NF hollow fiber membrane
MD: PVDF-PTFE
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removedtotal organic carbon and
totalsuspended solids by up to 78%
and96%, respectively.Using of 2.0 M
NaCl in DI water as DS resulted in
76% water recovery from PW1
(TDS=11.2 g/L) and 30% water
recovery from PW2 (TDS=57.2 g/L).
Increasing the DS concentration to
5.0 M significantly increased the
water recovery for PW2, while this
increase for PW1 was less than 10%.
Integrated EC-FO-MD stable over a
long-term run, collecting ~7 L
permeate

Rejection rates of salt by FO-MD
were higher than 96% with high
salinity FS. Rejection rates of toxic
ions were higher than 98% by FO-
MD. NHJ-N, Hg, As and Sb were
completely removed.

Flux: 18-20 L/m2.h; RSF: 0.2-0.5 g/
m2h. An outstanding As(III)
rejection with 30-3000 pg/L As(III)
in the permeate was accomplished
when As(1II) feed solutions conc
varied from 5 x 10%-1 x 10° pg/L.As
(IIT) removal with a water recovery
up to 21.6% (FO mode) and 48.3%
(PRO mode) were also achieved in
2h

Water flux: 2.5-6 L/m>h;

RSF:6-18 g/m>h.the integrated
system is stable in continuous
operation when the dehydration rate
across the FO membrane is the same
as the water vapor rate across the
MD membrane

etal., 2019)

(Zhou et al.,
2017)

(Ge et al.,

2016)

(Wang
etal., 2011)

(continued on next page)
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Application Feed Solution Draw Solution

FO and MD membrane type

Performance References

real domestic
wastewater
treatment

Domesticwastewater NacCl (0.6 M)

NaCl (5 M), KCl (4 M),
LiCI( 4.8 & 10 M) and
Mg C; (4-4.8) M

High salinity
oilywastewater

Mass recoveryfrom
diarywastewater

dairy wastewater NacCl (2 M)

simulate antibiotic
wastewater
(tetracycline)

TetracyclineWastewater NaCl (2 M)

Desalter Effluent
(DE)

Wash Water (WW)
Three Phase
Separator (3PS),
Reverse Osmosis
(RO) Reject

Water oil separator
(WOSEP) Outlet

Produced water water oil separator

stream (WO)

FO:
MD: PVDF

FO:
MD:PP

CTA

TFC

FO:CTA
MD: PVDF and PP

FO: TFC polyacrylonitrile (PAN)
nanofiber support
MD: PVDF

FO:TFC
MD:PTFE

Water flux: 18-20 L/m?h, removal
efficiency is more than 90%. Fouling
in FO is caused by organic substances
like polysaccharides and proteins,
whilst in MD, fouling is caused by
inorganic salts and was not as severe
as that of the FO membrane. Higher
stability after 120 he operation

In FO: LiCl showed higher fluxNaCl
and KClI showed a different behavior
of a high MD flux and low or
negative FO flux. In MD: LiCl (10 M)
showed lower flux due to the lower
vapour pressure. MgCl, at 4.8 M
demonstrated comparable fluxes for
both FO and MD

Flux: 10-12 L/m%h and RSF: 2-8 g/
m2.h. Return of 12-13 million $
corresponding to annual net profit of
800,000 $.

A high water flux of 57 L/m%h was
obtained against 2 M NaCl solution.
TC rejection was over 99.9% and
wastewater can be reclaimed in a
FO-MD process.15-22% water
recovery was achieved after 7 hr
operation in the FO-MD hybrid
process.

In FO: Flux= 8.30 L/m%h and 26.78
when WO was used. CP and colloidal
CaSiOg layer on membrane support
caused FO flux declineln MD:

Flux= 14.41 L/m?.h when WO was
used

For FO-MD system,

Flux= 5.62-11.12 L/m%h

(Li et al.,
2018)

(Al-Furaiji
etal., 2019)

(Aydiner
etal., 2014)

(Pan et al.,
2017)

(Nawaz
etal., 2021)

improving the attractiveness of FO-MD application in seawater treat-
ment is considering metals recovery especially when coupling the sys-
tem with a precipitation process (Leon-Venegas et al., 2023). The other
possible scenario where FO-MD is envisaged to be feasible is the avail-
ability of waste or natural heat that can be utilized for MD process albeit
it is location and process dependent as mentioned earlier.

AP

Epping = 220 (25)
n

Eheal[ng = QC/JAT (24)

As for wastewater treatment application, FO-MD probably has better
chances for large or full-scale implementation compared to sweater
treatment applications. The reason behind this is the multi benefits that
can be realized with such a system. FO-MD can be combined with an
aerobic membrane bioreactor (AnMBR) to improve biogas production
that can be harnessed for electricity and heat generation (Ansari et al.,
2017), which in turn can be utilized for FO and MD operation (Fig. 11 a).
In addition to biogas production, ammonia is produced in the AnMBR,
which can be recovered by other process to produced fertilizers
(Al-Juboori et al., 2022b). Other application for FO-MD in wastewater is
combining it with membrane contactor to produce high purity concen-
trated ammonium salts that could be used as fertilizers or raw materials
for other industries (Fig. 11 b) (Al-Juboori et al., 2022a). The other
advantage that can be reaped from FO-MD system implementation in
wastewater treatment plant is the removal of nitrogen that can reduce
the energy required for aeration in the activated sludge process which
accounts approximately for 1% of the world energy consumption
(Al-Juboori et al., 2022a).
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7. Conclusion and future directions

Hybrid FO-MD systems have proven to be a highly efficient and
versatile solution for different water treatment processes. The low
operational pressure of FO-MD system and the capability of treating
challenging feedwater are the main attractive traits of the system. FO-
MD systems excel in removing organics, salts, and pollutants from
various water sources, including seawater, brackish water, wastewater,
and industrial effluents. Their high-water recovery rates ensure optimal
utilization of available water resources, reducing wastage and address-
ing water scarcity challenges. The two important aspects that determine
the feasibility of the FO-MD system is the selection of the draw solution
and sourcing out the energy required for heating the water for MD
process. The recent research advancement led to the emergence of
innovative draw solutions that have high osmotic pressure and easy to
regenerate with the minimal rise of concentration polarization such as
CQDs. The intrinsic high energy associate with thermally driven water
transfer in MD is another challenge that is yet to be overcome. New pilot
system designs such as V-MEMD have resulted in plausible thermal en-
ergy recovery, but still the electrical power may render the FO-MD
system unfeasible option for seawater and wastewater treatment.
Hence, the use of solar or waste energy is still inevitable to improve the
attractiveness of the process. However, the sustainability of these re-
sources is site specific. The most important factor that secures an effi-
cient integration of FO and MD is the WTB. The flux of FO and MD
should be equal. The FO-MD system is likely to reach large scale
application in wastewater industry due to the multi benefits that could
be earnt such as energy generation, water and nutrients recovery, and
energy saving for nitrogen removal.

Future research should focus on system design where the negative
impact of elevated temperature of MD process on FO membrane and
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Fig. 11. Applications of FO-MD hybrid system for wastewater treatment and resource recovery: (a) FO-MD-AnMBR, copied from (Ansari et al., 2017) with copyright
permission from Elsevier (License No. 5650821040246) and (b) FO-MD-membrane contactor copied from (Al-Juboori et al., 2022a), an open access article
distributed under the terms and conditions of the Creative Commons Attribution License (CC BY).

scaling issues is minimized. More research into membrane materials
with a focus on wetting and fouling resistance while maintaining me-
chanical, chemical and thermal stability is required. Continuing the ef-
forts for finding optimal draw solution is also necessary. Particle based
draw solutions with electrical or magnetic properties seem to be a
promising class of materials that merits further investigations. Modified
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polymeric composite materials with active chemical groups and
embedded nanoparticles are another potential candidate for preparing
efficient draw solutions.
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