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Abstract: The use of forward osmosis (FO) for water purification purposes has gained extensive
attention in recent years. In this review, we first discuss the advantages, challenges and various
applications of FO, as well as the challenges in selecting the proper draw solution for FO, after
which we focus on transport limitations in FO processes. Despite recent advances in membrane
development for FO, there is still room for improvement of its selective layer and support. For many
applications spiral wound membrane will not suffice. Furthermore, a defect-free selective layer is
a prerequisite for FO membranes to ensure low solute passage, while a support with low internal
concentration polarization is necessary for a high water flux. Due to challenges affiliated to interfacial
polymerization (IP) on non-planar geometries, we discuss alternative approaches to IP to form the
selective layer. We also explain that, when provided with a defect-free selective layer with good
rejection, the membrane support has a dominant influence on the performance of an FO membrane,
which can be estimated by the structural parameter (S). We emphasize the necessity of finding a
new method to determine S, but also that predominantly the thickness of the support is the major
parameter that needs to be optimized.

Keywords: forward osmosis; membrane support; structural parameter; concentration polarization

1. Introduction

The growing world population and their increasing environmental burden are creating a need
for more drinking water as well as a demand for cleaner energy sources and a reduction of fossil fuel
use [1,2]. This is boosting research in the water and energy sectors [3,4]. The diminishing natural
freshwater resources are not able to keep up with the demand [5], hence researchers are looking at
ways to produce more freshwater from seawater and other resources for household consumptions [6,7].
Distillation, membrane filtration (notably through reverse osmosis (RO)) and other methods have
started to fulfill this additional need for fresh water [3]. Desalination with RO membranes seems the
most preferred approach [8], but suffers from a high electricity consumption. Yet, to the best of our
knowledge, RO is still one of the most energy-efficient desalination processes, as its cost is severely
affected by the thermodynamics of the separation process [9]. It is important to emphasize that water
and energy production (electricity as well as fuel) are linked; this is known as the “water-energy
nexus” [10]. Electricity is used to produce freshwater, while on the other hand, an enormous amount
of freshwater is actually consumed for cooling purposes in power generation and for the extraction of
fossil fuels [4,11]. Therefore, there is a need for more sustainable water production methods that can
use other energy sources than electricity [12]. For this, forward osmosis (FO) is a good candidate, as it
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uses the osmotic pressure of a high solute concentration as an energy source. For some applications it
is considered as an alternative for reverse osmosis [13-15].

Forward osmosis is the movement of water through a semi-permeable membrane due to an
osmotic pressure gradient [14]. In the FO process, a semi-permeable membrane separates two solutions
with different concentrations. The concentrated solution is called “draw” and the diluted solution
“feed”, referring to the nature of the process in which the high-salinity solution “draws” the water from
the low-salinity solution, which “feeds” water to the process [16]. The osmotic pressure difference
between the two solutions is the driving force that causes water to migrate from the feed side to the
draw side [14,15,17-19]. In contrast, for RO a hydrostatic pressure greater than the osmotic pressure is
applied to the draw side, causing water to flow from the concentrated side to the more diluted side.
Figure 1 is a schematic depiction of the FO and RO processes.
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Figure 1. Schematic of forward osmosis (FO) and reverse osmosis (RO); A is the osmotic pressure gradient.

Despite the obvious advantages of FO, it has some complications that limit the applicability of FO.
A proper acknowledgment and understanding of these limitations will allow for a better utilization of
this technology. One of the main challenges is finding suitable membranes that yield a large water flux
and a minimal reverse salt flux [20].

While there have been a couple of review papers in recent years concerning the basic principles of
FO [21-24], draw solutions [22,25-31], applications [21,25,27,32-39], (bio)fouling [22,25,26,30,40-46],
membrane fabrication [19,23,30,35,39,43,47,48], or upscaling [49,50], we, for the major part of this
review, discuss the challenges of FO evidences from various literatures to prove the unreliability of the
existing structural parameter approaches. In addition, we will highlight that, beyond a certain water
permeability, the true bottleneck is the mechanical support of the membrane instead of the selective
membrane layer. We further emphasize that the thickness of the support is of the most importance for
improving the FO performance.

1.1. Advantages of Forward Osmosis

There is a common belief that one of the advantages of FO over pressure-driven membrane
processes is its low energy consumption owing to the lack of any applied hydraulic pressure. However,
FO actually uses the same amount of energy, if not more. The important difference is the source of
energy used by FO, which can be chosen from low-cost energy sources.

In addition, it has been claimed that the absence of an applied hydraulic pressure leads to less
fouling of FO membranes and higher fouling reversibility [12,17,51-62]. However, the low fouling
behavior is partly due to the lower fluxes typically obtained in FO [63]. The use of hydraulic pressure
causes a convective flow to the membrane surface, which leads to higher local concentrations and
thus to more fouling, but this convective flow happens in FO as well. Therefore, relating the reduced
fouling in FO processes to only the absence of hydraulic pressure is incorrect as Nguyen et al. have
shown [64]. They demonstrated that there is a critical (threshold) flux for each type of FO membrane,
beyond which fouling starts to occur. Inherently, fouling in FO occurs in a similar way as fouling in
RO, i.e., as a result of chemical and hydrodynamic interactions [13,57]. However, the effect of fouling
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on FO performance is typically far less severe as the fouling layers are less dense and the fouling is
therefore more reversible [52,62] (Figure 2).
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Figure 2. Schematic of fouling in forward osmosis (FO) and reverse osmosis (RO) processes.

As a result of its lower fouling tendency, FO is capable of recovering clean water from challenging
and highly fouling sources without extensive pretreatment [29]. In addition, the lower fouling tendency
makes cleaning easier and less frequently required, which extends the membrane lifetime [4].

Another advantage of FO is the high selectivity of FO processes relative to RO processes.
Xie et al. [65] attributed this to a phenomenon called retarded forward diffusion of solutes. This basically
means that the reverse salt flux in FO hinders the pore diffusion of feed solutes, leading to the high
rejection of feed solutes [65]; see Figure 3.
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Figure 3. Schematic of the reverse flux of the draw solutes retarding forward diffusion of feed solutes
in the FO process; after Xie et al. [65].

Similarly, Liu et al. [66] found higher rejection of bisphenol A in an FO process (99.5 + 0.1%) than
in RO (97.3 + 1.6%) which they also attributed to the reverse salt flux that hinders the permeation of
micropollutants from feed to the draw solution. This opposite movement of the draw solute retards

the diffusion of the feed particles towards the draw solution, leading to higher selectivity (rejection) in
FO than RO.

1.2. Disadvantages of Forward Osmosis

It is important to realize that the final product of the FO process is not clean water unlike in most
other water purification processes, but a diluted draw solution. Therefore, in most cases, FO needs to
be combined with a second separation step (often RO) to recover the draw solution and produce clean
water [29,67]. FO can be therefore only truly be regarded as consuming less energy if the draw solution
does not need to be regenerated [68], such as in dewatering processes when using seawater or the
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desalination brine as a low-cost draw solution [69] and in fertilizer dilution applications when using
seawater as feed solution and the concentrated fertilizer as the draw solution [70]. However, in many
applications a posttreatment step of the draw solution is necessary. This frequent need for an additional
step to produce clean water has created some confusion regarding the electricity consumption of
FO [17]. In fact, FO-RO units are reported to consume more electricity than a standalone RO unit in
seawater desalination [71].

Finding a suitable draw solute that can produce a high osmotic pressure at a sufficiently high
solubility in water and is easy to recover or regenerate is challenging. Cai et al. [72] have published an
extensive review of draw solutions and their intricacies. Selection of the draw solution is usually a
trade-off; while it is essential to have highly diffusive draw solutes to maintain the high osmotic pressure
inside the support, this extreme diffusivity also leads to leakage to the feed solution (the reverse salt
flux). On the other hand, using a solute with low diffusivity results in a decrease in osmotic pressure
inside the support, which causes the main downside of FO, namely internal concentration polarization
(ICP). Therefore, there must be a direct correlation between draw solute diffusion coefficient (diffusivity)
and ICP of the support in FO process which is not extensively studied in the literature. Yet this drop
in osmotic pressure due to low diffusivity of the draw solute significantly affects the water flux in
FO [13,56,73-77]. One is referred to Section 2.1 for more on challenges in selecting a suitable draw
solution and Section 2.2.2 for more details on ICP and its effects.

1.3. Applications of Forward Osmosis

FO can be used in a broad range of applications such as wastewater treatment [32,78-80], seawater
desalination [81-84], dewatering and concentration in the food industry [85-93], and the removal of
dissolved metals [94-97]. The geometry of the FO membrane should be chosen wisely in accordance
with the intended application. Particularly in treating highly viscous solutions or solutions with a
high solute loading such as the food industry or in wastewater treatment, a hollow fiber geometry is
preferred over flat sheet based (spiral wound) membranes. It is well established that the hollow fiber
geometry has a low fouling tendency [98,99], suitable for these applications. Furthermore, hollow fiber
membranes have a larger surface area per unit volume as compared with flat sheets [100]. The most
notable FO applications shortly will be discussed below.

1.3.1. Wastewater Treatment

FO has been utilized in municipal wastewater (sewage) treatment systems [101]. FO membrane
systems are capable of rejecting large ions as well as concentrating sewage up to a factor of ten to
fifteen [78]. FO can also be used in combination with RO in a hybrid process, in which FO uses a
wastewater stream to produce high-quality water to dilute seawater prior to an RO step. In another
study [80], a forward osmosis-membrane distillation hybrid process was used to remove tetracycline
from wastewater, with a rejection of 99.9% and a water recovery of 15-22%. In addition to water
recovery, FO can be used in wastewater treatment for nutrient and energy recovery [32]. Examples of
these recoveries include biogas production and recovery of nutrients such as phosphate, ammonia,
and potassium [32].

Many of these FO processes in wastewater treatment become viable when high process recoveries
are obtained. If very excessive pre-treatments steps of the to be treated stream should be avoided,
hollow fiber or tubular membranes seem the be to best geometry for these applications.

1.3.2. Desalination

One of the first studies describing the use of FO in water desalination was published in 1975 [81].
This paper confirmed that desalination of Atlantic Ocean seawater was possible by using an FO
membrane with a glucose solution as the draw solution. Application of an FO-NF (nanofiltration)
hybrid process in brackish water desalination instead of a stand-alone RO unit resulted in less fouling in
the NF and a high water recovery (>90%) due to the addition of the FO step [82]. McCutcheon et al. [83]
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investigated the possibility of using FO for seawater desalination with 0.05 to 2 M NaCl as feed solution.
Salt rejections of 95% to 99% were achieved in most of the tests, using different ammonia-carbon
dioxide draw solution concentrations. In another study, a flat-sheet cellulose tri-acetate FO membrane
was used in water desalination, yielding a high water flux and high salt rejection (over 95%) with
ammonium bicarbonate as draw solution [84].

In these studies [81-84], FO displayed a high rejection towards NaCl and little fouling. However,
to obtain a reasonable water flux, the draw concentration should be factors higher than that of seawater
in order to generate a sufficient osmotic pressure difference. In addition, the final product is not
clean water but a diluted draw solution, which needs an additional step to recover both water and
draw solute. It is important to note that this secondary treatment step thermodynamically can never
cost less energy as the initial desalination step. Therefore, FO is only viable for desalination if the
concentrated draw solution can be directly used (negating the need of a secondary treatment step), or
if the concentrated draw solution can be recovered with lower-quality (or residual) energy.

1.3.3. Food-Related Applications

In the food industry, a crucial process step is often to dewater liquid foods to improve product
stability as well as to minimize packaging, storage, and transportation costs. The most common
technique used in liquid food concentration is vacuum evaporation, but the high temperature applied
in this technique results in the degradation of temperature-sensitive components such as vitamins,
flavor molecules as well as phytochemicals [102,103]. FO is a promising alternative for concentrating
liquid foods, food ingredients and natural colorants to high levels [85-87] at ambient conditions.
Popper et al. [88] were the pioneers in using FO with polymeric membranes to concentrate fruit
juices. In another study, extracted anthocyanin pigment from rose petals was tested for further
concentration by thermal evaporation, freeze-drying, and forward osmosis; the FO concentration
process showed less degradation of anthocyanin than other the two methods [89]. This emphasizes the
main advantage of FO in these applications: the mild process conditions in FO are beneficiary for many
sensitive components. Melanoidins (colorants and antioxidants) have been concentrated with FO
using aquaporin-based biomimetic membranes; the rejection of melanoidins and other organics was
above 85% with a water recovery of 70% [90]. Wang et al. [91] utilized FO as an alternative method for
concentrating whey and achieved a relatively high water flux, a high rejection of whey (>99.97%) and
a low reverse solute flux. Madhumala et al. [92] looked into the feasibility of fructose concentration
by using FO and found significant economic advantages when a NaCl draw solution was chosen, as
this improved the production of sugar crystals by 16% to 20%. FO has also been proven useful in oil
concentration by water recovery from emulsions, showing a high water flux and a rejection of 99.9%
towards the emulsion [93].

FO appears to be a viable option for dewatering purposes in the food industry due to the mild
conditions and because the final product is often not water, but the concentrated stream. Therefore,
the second step of water/draw recovery might not be needed. FO’s low fouling tendency is also a big
benefit in the food industry in which major fouling of the membranes can be expected [104]. Inherently,
a dewatering step aims at a high overall recovery, or a high concentration factor. This means that,
similar to wastewater applications, hollow fiber or tubular membrane geometries are preferred.

1.3.4. Specific Contaminants Removal

FO typically offers higher rejection of a broad range of contaminants compared to RO processes,
due to its retarded forward diffusion of the ionic species from the draw solute [65] (see also Figure 3).
One study looked at the possibility of removing foulants from coal seam gas by FO and found that the
dissolved organic carbon, denosine tri-phosphate and major inorganic scalants (Ca, Mg and silica) in
the coal seam gas feed were removed substantially [94]. Moreover, FO showed almost 7.5 times higher
rejection of urea as compared to the RO rejections [105]. In another study [66], FO was investigated
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as a potential process for rejection of micropollutants; a higher rejection of bisphenol A in FO mode
(99.5 + 0.1%) than in the RO mode (97.3 + 1.6%) were obtained.

In summary, operating in FO mode typically shows better performance in rejecting small solutes
such as urea and micropollutants than operation in RO mode. This makes FO also interesting for
applications where small solutes need to be removed to a large extent.

2. Challenges

Despite the recent progress in FO research, there are several challenges remaining. Very important
in the FO process is the draw solution, as this manifests the driving force for the water flux [48]. An
optimal draw solution should produce a high osmotic pressure and be easy to regenerate. Another
crucial challenge in FO is internal concentration polarization (ICP), which results in a lower effective
driving force and subsequently lower water fluxes. In selective-layer-facing-feed-solution (FO) mode,
ICP causes the osmotic pressure gradient across the selective layer to be much lower than the bulk
osmotic pressure gradient due to draw solute dilution in the membrane support. Research into
optimizing membranes for FO started only a decade ago and, in the meantime, mostly thin-film
composite RO membranes have been used in FO. These RO-type membranes contain a support layer
designed to withstand the high-pressure conditions in RO. This thick support is the main reason for
severe ICP, so thinner supports should lead to better FO membranes [12]. Alternatives for the currently
available polymeric FO membranes need to be developed to improve the performance of FO processes
further [106]. Such membranes should be highly permeable and selective, with minimal ICP [107].

In fact, the water flux of the FO membranes is influenced by both the water permeance of the
selective layer (A value) and by the ICP of the support layer. However, it was shown in a study from
Werber et al. [108] that the A value has only a significant influence on the osmotic water flux for values
up to 1 L m~2 h™! bar~! and the ICP effect is overshadowed by the A value in this region. On the other
hand, once the water permeance (A) is higher than 1 L m~ h~! bar~, the influence of ICP on the water
flux is much less limited by the A value. At these permeances the major transport limitation is not in the
separation layer anymore [108]. It is worth to mention that fabrication of selective layers with a water
permeance (A) of 1 (L m~2 h™! bar™!) is typically not challenging, as the scientific community can learn
from their experiences of seawater and brackish water desalination membrane development. However,
ICP is not an issue for these applications and thus current membranes have not been designed to deal
with ICP. Therefore, we argue that the major effort in FO membrane development should be put on the
optimization of the support than on improving the selective layer for FO membranes.

2.1. Draw Solution

In FO, the draw solute is a crucial factor as its task is to produce the actual driving force for water
transport through the membrane. In addition, a good draw solution is one that can be regenerated
easily, offering a reduction in process costs [109]. The most challenging part of the draw solute is that it
should have a strong affiliation with water molecules either via hydration or ionization to generate
a high osmotic pressure. However, this inherently makes separating the solute from water in the
regeneration step very challenging.

In addition, a suitable draw solute must meet other requirements such as causing no damage to the
FO membrane, low toxicity, minimal reverse draw solute flux, low viscosity, high diffusivity, chemically
stability and low costs [72,109]. Especially, the viscosity and diffusivity are of high importance due to
their direct influence on water flux, as the ICP will be reduced when the draw solute can diffuse into the
support very quickly. Cai et al. [72] categorized the draw solutes into non-responsive and responsive
ones. Non-responsive draw solutes are those draw solutes of which the affinity for water molecules
does not change at different temperatures, pH values, in electromagnetic fields or when exposed to
light. Non-responsive draw solutes include inorganic salts, polymers, and organic molecules. Among
the fourteen common inorganic salts, KCl was found to show the highest water flux in a study by
Achilli et al. [110]. In addition to inorganic salts, organic salts with molecular weights between 100
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to 1000 Da can be good options because they show less reverse salt permeation. However, organic
salts are more expensive and they are less diffusive than inorganic salts such as NaCl. This slower
diffusion into the support leads to more severe ICP which is unfavorable for FO. For FO membranes
with a defect-free and highly selective layer, NaCl is one of the most attractive draw solutes due to its
small ion sizes and its high diffusivity into the support.

Responsive draw solutes are those of which the water affinity significantly changes in response
to different stimulants such as temperature, pH, light and electric or magnetic fields. This ability
in potential makes a responsive draw solution easier to recover. Responsive draw solutions can
be nanoparticles, hydrogels, salts precipitable via metathesis, soluble gases or volatile liquids,
polarity-switchable solutes, and thermally responsive molecules [72]. Since a further discussion
of the draw solution concept is beyond the scope of this article, we refer the interested readers to
the detailed review by Cai et al. [72]. More general information about draw solutions is available
elsewhere [109,111,112]. It is important to realize that, although the recovery of the draw can be
achieved easier with a responsive draw, it will still require significant amounts of energy (related to the
osmotic pressure of the draw). This means that responsive draw solutes do not require less energy to
be recovered, but cheap or waste types of energy can be used (e.g., residual heat).

2.2. FO Membrane

An FO membrane consists of a support structure and a selective layer. While the support provides
mechanical stability, the task of the selective layer is to reject particles and solutes from both feed and
draw sides. Next to the permeance, the reverse permeation of the draw solute is the most challenging
issue with regard to the selective layer, as it affects membrane fouling, osmotic pressure loss, and water
flux [62]. On the other hand, the support suffers from ICP which lowers the water flux. A support’s
degree of ICP is indicated by the so-called structural parameter S, where a high S value results in high
amounts of ICP and subsequently lower water fluxes. The value of S parameter can never be lower
than the thickness of the support.

In order the illustrate the importance of both the structural parameter and the membrane
permeance, we compared the data from studies on several hollow fibers FO membranes. The different
results are grouped in membranes with a low permeance (A <0.5L m~2h~!bar™!), medium permeance
(0.5<A <20Lm 2h ! bar!) and a high permeance (A > 2.0 L m~2 h~! bar™!). In addition, we added
the theoretical expected flux based on the membrane permeance and some data on commercial flat
sheet membranes for a comparison [113]. The analysis is given in Figure 4. What becomes evident is
that even with a high permeance, low fluxes are obtained if the structural parameter of the support
is too high. Only at lower S values, the membrane permeance substantially does contribute to the
obtained water flux. Still, for very low permeances (A < 0.5 L m~2 h~! bar~!) no high water fluxes
are expected at all. The analysis also shows that several hollow fiber membranes already perform
similar or even outperform the commercial flat sheet membranes. The two commercial flat sheet
membranes presented in Figure 4 show different S values, even though these are the results from the
same membranes. Bui et al. determined the water flux and structural parameters of two membranes
under different process conditions [113], and showed that, with the same osmotic driving force, the
results very much depend on the applied crossflow velocity. These results highlight the difficulties in
comparing different membranes solely based on the obtained osmotic flux and subsequently make it
difficult to define guidelines for the development of (hollow fiber) FO membranes.
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Figure 4. Correlation between determined the S parameter and forward osmosis flux for different A (L
m~2 h™! bar™!) values. The data from hollow fiber membranes gathered from literature ([114-130])
for FO mode with 1 M NaCl as a draw solution. Data from the HTT and Oasys membranes for 1 M
NaCl at different crossflow velocities (extracted from [113]). The dotted lines represent the theoretically
expected fluxes for membrane permeances of 4.0, 2.0, and 0.5 (L m~2 h™! bar™!) respectively based on
their S parameter.

In general, an ideal FO membrane must give a high water flux, a high rejection towards both feed
and draw solutes and a reasonable mechanical strength. Therefore, the main objectives that govern FO
membrane design are:

i Have at least a water permeability of >1 L m~2 h~! bar™};
ii. ~ Lowering the structural parameter of the support as much as possible;

iii. Increasing the selective layer’s rejection of the draw solute to maintain the osmotic pressure
difference [17].

2.2.1. Selective Layer

The selective layer normally is a thin layer that determines the membrane’s separation properties.
In pressure-driven processes, the mass transfer resistance principally is dictated by this layer, whereas
in FO, both the support and the selective layer affect mass transport.

There are different methods to manufacture a membrane with a selective layer, such as interfacial
polymerization (IP), layer-by-layer assembly (LbL), conventional phase inversion (asymmetric
membranes), blending and surface grafting. Since the driving force in FO is the osmotic pressure
difference, the FO membrane requires a highly rejecting selective layer to maintain this high driving
force, otherwise the draw and feed solutes will quickly penetrate across the membrane and reduce the
osmotic pressure difference [23]. Notably thin-film composite (TFC) membranes prepared via IP are
promising in terms of high salt rejection and high water permeability [131]. This is at least partly due
to the fact that IP is a proven technology for RO membranes, which means that extensive research and
optimization already have taken place.

Thin-Film Composites Membranes by Interfacial Polymerization

TFC membranes have a thin polyamide layer as the selective layer. The promising results of
TFC membranes in RO encouraged researchers to utilize them for FO applications as well. There are
various ways to construct these membranes. Emerson et al. introduced the concept of interfacial
polymerization (IP) in 1959 [132]. In the IP process, two highly reactive monomers are dissolved in
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two immiscible liquids. The reaction takes place at the liquid-liquid interface, which leads to the
formation of a thin film [133]. Application of an IP coating on membranes was first reported by
Cadotte et al. [134], who coated a microporous polysulfone support layer via IP, which resulted in
99.6% rejection toward NaClL

Commonly used monomers in IP are a variety of nucleophile reactants (usually multifunctional
amines) and electrophile reactants (usually multifunctional acid chlorides), among which
m-phenylenediamine (MPD) and trimesoyl chloride (TMC) are most popular [135]. These two
monomers solutions are introduced on top of the support where the amidation reaction occurs, usually
in the organic phase, to form a polyamide (PA) layer [39,136] (see Figure 5).
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Figure 5. Polyamide formation via reaction between a two-acyl chloride monomer and a two-amine
group monomer (after [135]).

The IP process consists of three different kinetic stages: Primary film formation, followed by slower
polymerization and finally diffusion-limited growth [137]. The resultant TFC layer is non-uniform,
which makes it difficult to characterize it by only one parameter such as charge or local polymer
density, as these parameters change over the thickness of the layer [138,139].

The ultimate characteristics of the thin film (molecular weight, surface roughness, and
layer thickness) depend on the choice of the monomer, diffusivity, concentration, reactivity, and
solubility [135]. In addition, the support’s surface properties like roughness, pore size, porosity, and
hydrophilicity also play significant roles in shaping the final characteristics of the thin film [140]. These
properties affect wetting; proper wetting is crucial for producing a stable and suitable interface [140].
In principle, a hydrophilic surface with a pore size between 1 and 100 nm is considered optimal for the
IP reaction on the support surface. For example, Singh et al. [141] investigated the influence of the
support’s pore size on the polyamide layer. They chose two polysulfone supports having an average
pore size of 70 nm and 150 nm and found that the TFC-coated support with the smaller pore size had a
thicker selective layer due to reduced penetration of polyamide into the support’s pores and thus a
greater salt rejection efficiency than its opener counterpart. However, a thicker polyamide layer leads
to a lower water flux as well; thus, there is always a trade-off between water flux and salt rejection that
must be considered for different applications.

Moreover, other parameters such as experimental conditions (concentration of the monomers,
humidity, reaction time of monomers, drying time, level of skills and experience) were found to
influence the morphology and characteristics of the formed polyamide layer [142,143]. As a result, even
IP on the same supports can result in different selective layer characteristics due to both slight differences
in the support’s surface properties and the high sensitivity of the IP process. In summary, the high
sensitivity of IP to experimental conditions [144,145] and the support’s surface properties [114,140,141]
can lead to shortcomings such as delamination [146] and lower reproducibility.

This is especially much more challenging when an IP is applied on the inner surface of hollow
fibers. This is mainly due to the spherical geometry of the hollow fibers which makes the liquid-liquid
interface needed for a proper IP challenging to control. Unlike their flat-sheet counterparts, gravity
cannot aid in the establishment of a proper liquid-liquid interface. Furthermore, the drying step
in between application of the two monomers used for IP is very important which influences the
reproducibility and success of the nascent PA layer fabrication. While this could be done easily, e.g., by
the use of a rubber roller for flat sheets, the drying has to be done by air purge for hollow fibers which
does result in more frequent residual drops. These residual drops affect a proper liquid-liquid interface
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leading to defects in the PA layer. Moreover, pressure differences resulting from hydrodynamic flow
differences along the hollow fiber membrane during the application of the layer may also lead to
a different degree of penetration of the IP layer in the porous support along the fiber. These main
drawbacks mean that, especially for hollow fiber supports, alternatives to IP-based layers need to
be developed.

On the other hand, there are also advantages associated with TFC membranes. The main
advantage is their high permeability and resistance against biodegradation relative to other commonly
used FO membranes like cellulosic membranes [147]. The dense and thin polyamide layer of TFC
membranes results in reasonable selectivity and water flux, and this can be further improved by
incorporating carbon nanotubes [148,149] or aquaporins [150-152] in the layer. Another advantage
of TFC membranes is that the properties of the support and the selective layer can be individually
optimized to achieve the desired selectivity and permeability. When developing alternatives for IP,
e.g., as necessary for hollow fiber supports, it is important to match the selectivity of the IP layers to
ensure process selectivity and to not lose the draw solute during membrane operation.

Layer-by-Layer Assembly

Layer-by-layer assembly (LbL) is an alternative way to coat supports. It is a relatively new
technique, which recently began attracting attention for FO membrane fabrication as well [153-156].
In an LbL assembly, oppositely charged layers (polyelectrolytes) are alternately deposited on top of a
charged support to form a thin selective film.

Several advantages are associated with LbL based membranes. Firstly, LbL is a highly flexible
and tunable membrane preparation technology due to the control on the number of layers that can
be added as well as the possibility of using various types of polyelectrolytes (PE) [157]. In addition,
LbL is a simple method that requires no sophisticated instruments and it can be used with any type
of surface geometry regardless of shape and size as there is no need for a liquid-liquid interface.
The application of LbL has already been shown to be successful on hollow fibers [158]. Moreover, this
method is more sustainable as it uses polar solvents like water. Finally, LbL can also be used to create
an ultra-thin defect-free layer [157]; this increases membrane permeability. These ultra-thin layers
show good thermal stability and high solvent resistance [159].

The drawback of LbL-based membranes is the low rejection of very small draw solutes (notably
NaCl) [160,161]. This limits the choice of draw solutions in the application of these membranes. To the
best of our knowledge, there are only a few studies in which a NaCl rejection above 85% was achieved
with LbL-based membranes [154,155,162].

Several studies utilized LbL. membranes for FO applications and most indeed did not use NaCl as
draw solute for FO performance determination [153,154,163,164]. Saren et al. [153] fabricated one of
the first LbL-based FO membranes by using poly (allylamine hydrochloride) (PAH) and poly(sodium
4-styrene-sulfonate). Their three-bilayer membrane showed a water flux of 15, 20, and 28 L-m~2-h~!
using 0.1, 0.5, and 1.0 M MgCl; as draw solution, respectively. They chose MgCl, instead of NaCl
in view of the slightly larger radius of the hydrated Mg?* ion. They improved their LbL-based FO
membrane further by cross-linking the layer with glutaraldehyde. The cross-linked LbL. membranes
showed better MgCl, rejection and consequently a lower reverse salt flux, and also a lower water
flux [154]. In another study [163], positively charged polyethyleneimine (PEI) was cross-linked to
a poly(amide-imide) (PAI) hollow-fiber support, followed by deposition of a negatively-charged
polystyrene sulfonate sodium salt. This one-bilayer PE membrane showed a water flux of 14 + 0.3
L-m~2h~! and a reverse salt flux ratio (Js/Jw) of 0.3 (g'L™!) in FO, in which deionized water was utilized
as the feed solution and 0.5 M Na,SO; as draw solution. Here too, a slightly larger draw solute was
chosen, relative to NaCl. In a more recent study [164], two bilayers of PEI and poly (acrylic acid) (PAA)
were deposited onto a polydopamine-functionalized polysulfone support. The FO performance of the
membrane was tested with 0.5 M trisodium citrate as draw solution; a high water flux of 22 L-m~2-h~!
and a reasonable reverse salt flux of 0.06 mol-m~2-h~! were achieved.
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Overall, LbL may result in fewer defects in the selective layer especially for hollow fiber membranes.
However, the current LbL-based layers are not yet suitable for FO applications when NaCl is used
as draw solute. Therefore, more emphasis should be put on making these layers more selective.
Alternatively, the focus should lie on using LbL-based membranes with larger solutes as draw solutions,
which also opens up opportunities for more facile draw solute recovery schemes.

Other Preparation Methods

Asymmetric membranes by surface cross-linking. One of the methods to fabricate asymmetric
membranes is via cross-linking the support’s surface. In one study [107], polyamide-imide (PAIL
Torlon) flat-sheet FO membranes were fabricated by phase inversion. The support’s surface was
then cross-linked to polyethyleneimine (PEI) to form the asymmetric membrane. The resulting
membrane achieved a water flux of 19.2 L-m~2-h™! and (Js/Jw) ratio of <0.5 g-L_1 in FO. To improve the
adhesion of the selective layer to the support, Tashvigh and Chung [165] cross-linked the monomer
dibromo-p-xylene to the surface of a polybenzimidazole (PBI) membrane, followed by exposing the
cross-linked surface to PEI to form an ultra-thin selective layer. This membrane, however, showed a
molecular weight cut-off of ~350 Da, which makes it only suitable for FO when using draw solutes
with a larger diameter than the pores.

Asymmetric membranes by surface blending. It is a common practice to improve the separation
characteristics of polymeric membranes by adding materials that confer different physical and chemical
properties to the membrane. Typically, an inorganic material is blended into the polymeric matrix. TiO,
nanoparticles, carbon nanotubes (CNTs), zeolite nanoparticles and graphene oxide (GO) nanosheets
have been tried for FO membranes, with promising results [166-170]. Blending in nanoparticles
improves water flux, rejection, hydrophilicity, mechanical stability and antifouling behavior [171,172].

Asymmetric membranes by surface grafting. In this method, inorganic nanoparticles or organic
functional groups are grafted onto the surface of membranes by various methods such as plasma
discharge, UV irradiation and ozone [173]. Unlike blending, surface grafting (chemical bonding) causes
more integration into the structure of the polymer. As these nanoparticles cannot be easily separated
from the membrane, grafting is preferred over blending because of the resulting greater nanocomposite
membrane stability. Zhang et al. [55] prepared an enhanced anti-fouling FO membrane by surface
grafting the polyamide selective layer with amine-terminated sulfonated poly (arylene ether sulfone).
The same anti-fouling behavior was observed after surface-grafting of a zwitterionic monomer onto
the selective layer of the FO membrane [174]. Finally, GO nanosheets have been successfully grafted
onto the polyamide selective layer of a TFC membrane [175]; the resulting FO membrane showed a
high salt rejection, a smooth surface, sufficient hydrophilicity, and a low biofouling tendency.

Integrally asymmetric membranes. An alternative method to fabricate a suitable FO membrane
is via a conventional phase separation method which produces an asymmetric membrane. For hollow
fiber (HF) fabrication, this method is shown to make the resulting membrane more robust as the
selective top layer and support layer are formed simultaneously during spinning [176]. Yang et al. [177]
pioneered HF membranes for FO by spinning a dual layer composite membrane containing PES/PVP
as the support and polybenzimidazole (PBI) as the selective layer.

On the other hand, the following HF membranes fabricated with this method need further
selectivity improvements to become potential candidates for next-generation FO membranes, certainly
when using NaCl as draw solution. In one case, PEI was used in the bore liquid as cross-linker to the P84
polyimide which was used in the dope solution [178]. The resulting membranes from this simultaneous
spinning/cross-linking process had a molecular weight cut-off in the range of 2.5-3.5 kDa, which
means that further improvements are needed before they can be suitable for FO applications, though
the reproducibility and simplicity of this one-step method are advantageous. Another simultaneous
(single-step) method for forming a dense selective layer was developed by Gherasim et al. [179],
who managed to form a polyelectrolyte-complex layer in the lumen part of hollow fibers by using
a polyanion in the dope and a polycation in the bore liquid. The resulting fibers had a cut-off in the
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range of that of nanofiltration membranes [179]. This needs to be improved before they can become
suitable for FO, but in this case too, the reproducibility and ease of this method are advantages.

Conclusions. Alternatives approaches to form a selective layer, such as the LbL method, could
overcome the irreproducibility of IP method especially for hollow fibers supports. However, these
layers need to be more selective especially towards low-molecular-weight/small draw salts. Integrally
asymmetric membrane fabrication appears to be another interesting alternative as it could avoid all the
difficulties associated with post-coating, be more time-efficient though not yet as selective as IP. Despite
interesting results achieved with alternative coating methods, IP still remains the dominant method for
preparing FO membranes in view of its high selectivity towards all types of solutes including smaller
ones such as NaCl.

2.2.2. Support

The membrane support usually is fabricated by a phase inversion process in which a dissolved
polymer is transformed from a liquid (dissolved) to a solid state. In most cases, the phase inversion
occurs by using an immersion precipitation process. The polymer solution is immersed in a
coagulation bath containing a non-solvent for the polymer. The precipitation takes place due to
solvent and non-solvent exchange. There are other less common precipitation techniques such as
solvent evaporation, thermal precipitation, precipitation from the vapor phase and precipitation by
controlled evaporation. The structure of the final membrane can be determined with the combination
of mass transfer and phase separation thermodynamics [180]. Several parameters affect the membrane
structure such as the choice of polymer/solvent/non-solvent, the composition of the polymer solution
and coagulation bath, and the temperature of the polymer solution and the coagulation bath [180].

The polymer solvent plays a vital role in determining the final membrane properties. A good
solvent leads to a uniformly distributed polymer configuration resulting in fewer defects in the
membrane structure such as pinholes or even cracks [181]. In addition, the kinetics and thermodynamics
of the phase separation are dependent on the non-solvent influx and solvent outflux. Thus, choosing a
different solvent with different properties leads to different phase separation process. For example, if a
solvent has slower outflux than the non-solvent influx, rapid demixing occurs which is the cause of
large voids in the structure [137].

As mentioned, in FO membranes both the selective layers as well as the support are key players
determining membrane performance. Typically, the top layer accounts for the salt rejection, while the
support dominates the water flux (in case of water permeance of A > 1 (L m~2 h™! bar™1)). This is
different from reverse osmosis (RO) and nanofiltration (NF) membranes in which the water transport
resistance is predominantly determined by the selective layer. For FO the water transport becomes
limited in the porous support due to internal concentration polarization (ICP) [182,183]. In contrast
to pressure driven processes, the FO membrane support does not need to have a high mechanical
strength since the hydraulic pressure produced by flowing pumps in the FO process is relatively low.
In fact, using a very dense support designed for RO impedes mass transfer in the membrane and
causes more severe ICP. Still, the mechanical strength of the membrane should not be so low that it is
not able to handle industrial-scale FO operation [19], and arguably mechanical strength comparable
to ultrafiltration membranes should suffice. Lastly, the support should exhibit a defect-free (free of
pinholes) surface for the successful coating of the selective layer.

Internal Concentration Polarization

Concentration polarization (CP) occurs in both pressure-driven and osmosis-driven membrane
processes. However, it is more prominent in osmotically-driven membrane desalination processes
such as FO due to the nature of the process [76,184]. Depending on whether the selective layer
faces the draw solution (SL-DS) or the feed solution (SL-ES), CP is either concentrative or dilutive,
respectively. Both concentrative and dilutive CP can happen within the support, referred to as
internal concentration polarization (ICP) and at the membrane boundary, called external concentration
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polarization (ECP) [185]. In contrast, for pressure driven membranes processes, only ECP near the
selective layer needs to be considered.

Thus, in FO mode (SL-FS orientation), the porous support layer prevents good mixing of the draw
solution and the permeate in the membrane support, slowing down the mass transfer rate. As a result,
less draw solute reaches the selective layer which causes a decrease in the driving force [14]. This is
referred to as dilutive ICP because it occurs in the support. On the feed side, the water flow pushes
solute from the feed solution towards the surface of the selective layer, which results in concentrative
ECP (Figure 6a).

Support |

a) FO mode b) PRO mode

Figure 6. The orientation of support and selective layer (SL) in (a) FO mode (SL-FS), and (b) PRO mode.
(SL-DS).

Similarly, PRO mode (SL-DS orientation) suffers from dilutive ECP and concentrative ICP.
Concentrative ICP is due to two phenomena:

i The convective flow pushes the feed solute into the support.
ii. The draw solute diffuses across the selective layer towards the feed solution [76,186,187].

At the same time, the water flux pushes the draw solute away from the membrane surface, which
leads to dilutive ECP (Figure 6b).

Both concentrative and dilutive ICP lead to a dramatic drop in the osmotic pressure gradient
across the selective layer and, consequently, to a lower water flux [73,84,183,188]. ICP has a far greater
influence on the osmotic pressure gradient than ECP [185]. In addition, ECP can be easily diminished by
increasing the cross-flow velocity, the addition of spacers, or using air bubbles. This leads to an increase
in mixing near the membrane surface area, which reduces the ECP at the membrane surface [189].
Also, as in RO, the FO permeate water flux is responsible for ECP, so by running the FO process at
lower water fluxes (using a diluted draw solution), ECP becomes less significant [185,190], however
these lower water fluxes are typically undesirable. Both ICP and ECP can be minimized by increasing
the temperature as it will increase the diffusion coefficient of draw solutes in water, leading to faster
mixing and consequently to less ECP and ICP [76]. However, increasing the operating temperature
increases the need for externally supplied energy which counteracts the electricity-friendly nature of
the FO process. The impact of ICP on the FO water flux can be very severe, in some cases even leading
to a water flux decrease of over 80% [136,182,185,191].

Structural Parameter (S)

The structural parameter of a membrane is described as an effective thickness of the membrane
support, independent on operating conditions. A support with a lower S value experiences lower
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ICP and offers better FO performance with respect to water flux. Most researchers use the following
semi-empirical method to determine the S parameter (in m) [182,183]:

B+ Am
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In this equation, which is used for FO mode operation, A is the water permeance (L m~2 h™!
bar~!), 7 is the osmotic pressure (bar), and D is the solute diffusion coefficient (m? h~!). The water
flux Jw (L m~2 h7!) is determined in an FO experiment and B, the salt permeation constant (L m~2
h71), is determined with a low-pressure RO experiment. For determining B the following equation is
typically used:

B =Ju( o) exp (+2) @

Where R is the rejection (-) and k is the mass transfer coefficient for the corresponding membrane
geometry and operating conditions. In some cases, a simplified version is used for determining B, that
does not take into account the concentration polarization in RO mode. Equation (2) then simplifies to:
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Although Equation (1) should capture all different support properties that influence ICD, there
are several disadvantages to solely using Equation (1) for characterizing the support. Measuring the
water permeation (A) and salt permeation (B) of an FO membrane under RO conditions and assuming
them to be equal to the values in FO mode is the first drawback of this approach. The selective layer
properties (A and B) in RO are different than in FO, as the mechanism behind pressure-driven (RO)
and osmosis driven (FO) processes is different [192]. As the B value can be dependent on the solute
concentration [193], a highly concentrated process like FO may present a larger B-value than a low
concentration process (RO). The presence of the highly concentrated draw solution leads to a lower
Donnan potential and greater driving force in FO, relative to RO. Measuring B values at higher ionic
strength is typically not done, probably due to the high operating pressures needed to overcome the
osmotic pressures. Tiraferri et al. [192] developed a new method to predict the water and salt fluxes
(A and B) more accurately by using a single FO experiment. They changed the draw solution three
times during the FO experiment and measured the water flux (J, ) and reverse salt flux (Js) in each of
these four stages. In their study, A, B, and S were used as adjustable parameters to fit the FO transport
equations to the experimental ], and Js. Different A and B values were found when the conventional
approach (based on the low-pressure RO experiment) was taken than when they used their newly
developed method (based on FO experiments), even though the same membranes were used. For all
tested TFC membranes, a considerably lower A/B ratio (30% to 50% lower) was found when they used
their new method for FO relative to the method for RO [192].

Secondly, this obtained S value is partially dependent on the experimental conditions rather than
only on the support’s structural characteristics. This already was shown in Figure 4. Since there
are no standardized FO and RO experimental test conditions for measuring S, the accuracy of the
estimated S would be affected by any differences in experimental conditions and implementations [23].
Therefore, measuring the S of a single support but at different test conditions will lead to different
values. This was confirmed by Cath et al. [194], who tested the FO performance of two FO membranes
(TFC and asymmetric) at seven different laboratories and the determined S was around 350 pm
with a deviation of 150 um and nearly 500 pm with a deviation of 200 um for TFC and asymmetric
membranes, respectively. In another study [151], the S parameter of an aquaporin-inside flat sheet
membrane was measured at different draw solution concentration conditions. The concentration of
the NaCl draw solution ranged from 0.1 M to 1.5 M which led to a change in S from 680 um to 444
pum [151]. Furthermore, Bui et al. [113] presented a model to accurately calculate the S parameter by
encapsulation of all significant boundary layer phenomena which are typically neglected by other
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models. However, this method also resulted in different S parameters for a support tested at different
cross-flow velocities. It is thus important to note that the performance of one support compared
another or even the suitability of a single support cannot be solely identified by the S value (Equation
(1)), unless carried out under exactly identical experimental conditions.

Thirdly, the approach based on Equation (1) only considers the transport resistance in the entire
membrane and does not make a distinction between resistance occurring in the individual support
and resistance in the selective layer. In order to measure S, the support first must be coated with a
selective layer, which is usually done by applying the IP technique. However, depositing a coating
using IP is laborious and not easily reproducible (Section 2.2.1), which perhaps surprisingly affects the
value of the calculated S. Chi et al. [195] obtained different S values for the same support when they
changed the ethanol concentration in the aqueous MPD phase for IP-coating. Increasing the ethanol
concentration from 25 wt.% to 100 wt.% led to a decrease in the S value from 463 um to 350 um [195].
This study highlights an unanticipated sensitivity of the outcome of Equation (1) with respect to the
selective layer, even though this in principle should only be affected by the support.

Alternatively, the structural parameter can be determined via the intrinsic properties of a support.
This intrinsic structural parameter, Sy, is defined as follows [196]:

It
Sint = ? . (4)

Here, 1 is the thickness (m), T is the tortuosity (-), and ¢ is the porosity (-) of the support layer.
The S parameter basically is an indication of the effective diffusion pathlength that a solute must
travel through the membrane support layer until it reaches the selective layer. Generally, a shorter
diffusion distance makes it easier for the solute to penetrate and mix, which results in less ICP.
There have been extensive studies on the development of suitable membrane structures for FO—i.e.,
with a low S parameter—in the past decades [14]. However, there are also limitations to predicting
ICP by using Equation (4) to calculate S, and correlating it to FO performance. Firstly, while the
thickness of a support can be determined easily by microscopy techniques, it is far more challenging
to measure its porosity and hardly possible to measure its tortuosity. Even more so, as asymmetry
in the porosity and tortuosity are never accounted for. Secondly, several other parameters besides
tortuosity, porosity, and thickness are known to influence ICP, i.e. the support pore diameter [114,197],
pore morphology [136,198-200], hydrophilicity [187,195,201], and charge [202].

Pore diameter. In addition to the direct contribution of larger pores to the porosity which results
in a lower S parameter, they also affect the interfacial polymerization process. Changing the pore
dimensions results in a different polyamide morphology, degree of cross-linking, and layer thickness
while all these factors in the selective layer influence the S value as well. Huang et al. [197] studied the
influence of support pore size on FO performance. They tested four different supports with a pore
size range between 0.025 and 0.45 um, and the support with the largest pores showed the lowest S
parameter of 1400 + 160 um [197]. A similar effect was observed by Ren et al. [114] who found that the
roughness of the selective layer depends on the support’s pore size. Larger pores result in a rougher
selective layer which results in a higher flux [114].

Morphology. Yip et al. [136] demonstrated that the combination of a finger- and a sponge-like
structure is optimal for FO supports as it results in the greatest osmotic water flux. They attributed
the higher water flux of this combination as compared to commercially available membranes to its
thickness, porosity, tortuosity, and pore structure [136]. After IP coating, this support showed a lower
S parameter of 492 + 38 um, which is considerably lower than the S parameter of two commercially
available membranes; the S was 595 + 114 um for commercial asymmetric cellulose triacetate (HTI-CTA)
FO membrane (Hydration Technology Inc., Albany, OR) and it was 9583 + 1351 um for commercial RO
membrane (TFC-RO, SW30-HR, Dow Chemical Company, Midland, MI). However, Yip et al. did not
investigate other properties of the three supports that might affect ICP. In another study [199], different
membrane supports were prepared by varying the polymer-solvent ratio. These membranes differed in
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structure morphology, pore size, and thickness. A thin sponge-like layer sitting on top of a finger-like
morphology was found to possess the lowest S parameter (312 + 72 pm). The better performance of
the finger-like pore structure over the spongy structure in minimizing ICP has been demonstrated by
Wei et al. as well [200]. A contrary result was achieved in a study by Widjojo et al. [198], in which the
sponge-like structure of the support showed a lower S parameter (324 um) than its finger-structured
counterparts (338 um and 636 um). The better performance of the sponge-like support was in this
specific case attributed to its higher hydrophilicity.

It seems clear that there is still considerable uncertainty about the optimal support morphology
for FO applications. In Table 1, an overview of different hollow fiber membrane results is given
that have been published recently, sorted by S parameter. Although correlations between membrane
permeance, structural parameter and obtained FO water flux are apparent (also see Figure 4), there
seems no correlation between the S parameter obtained from FO experiments (via Equation (1)) and the
support geometry. This becomes even more evident when correcting for the thickness of the support by
dividing S with 1, negating any variations in thicknesses. The obtained value is the effective correction
factor for the support thickness due to the longer diffusive path length within the support. For all
the sponge-like membranes the mean of S/1is 4.2 + 2.5 and for the finger-like membrane the mean is
3.1 £ 1.5. Although for the finger-like morphology the average is somewhat lower, the difference is
by no means significant. This is supported by the result of a simple two-tailed t-test assuming equal
variances. For this test, with a significance level of 0.05, the t.;; is 2.06 while the statistical t value is
1.36. This means that the null hypothesis cannot be rejected, or in other words there is no statistical
evidence that the mean of the S/1 for the finger-like membranes is significantly different compared to
the mean of the sponge-like membranes.

Table 1. Overview of hollow fiber FO membrane results published recently (data arranged based on S

from low to high).
A S B Draw
(Lm2h71barl) (L mj—vzv hl)  (um) (@Lm2h1) (MNac) Morphology S/1()  Reference
2.37 25 183 0.11 0.5 sponge 14 [203]
2.26 30 190 0.28 1 finger 2.9 [127]
2.11 23 202 0.05 0.5 sponge 1.6 [203]
043 13 210 0.05 1 sponge 2.6 [125]
1.68 25 214 0.30 1 finger 3.5 [127]
1.22 22 232 0.05 1 sponge 2.3 [128]
3.44 32 254 0.40 1 finger 1.8 [121]
2.20 24 305 1.50 1 finger 6.1 [130]
2.85 25 308 0.36 1 finger 2.1 [121]
1.80 15 335 n.a. 0.5 finger 2.2 [204]
2.02 16 377 0.06 0.5 sponge 2.9 [203]
2.45 20 428 0.77 1 finger 5.5 [127]
2.60 23 446 0.12 1 finger 2.5 [119]
0.71 12 472 0.02 1 finger 2.6 [128]
1.90 18 499 0.75 1 finger 5.0 [130]
2.00 17 549 0.70 1 finger 5.5 [130]
2.80 20 595 0.17 1 finger 3.3 [120]
0.32 8 674 0.20 1 finger 1.7 [114]
3.03 16 710 1.76 1 sponge 8.9 [122]
0.30 7 715 0.10 1 finger 1.8 [114]
0.41 10 725 0.30 1 finger 1.8 [114]
0.42 10 725 0.02 1 finger 1.8 [114]
0.33 6 827 0.70 1 finger 2.1 [114]
1.40 9 1110 0.18 1 sponge 4.4 [129]
2.20 11 1252 n.a. 1 sponge 6.3 [118]
2.26 10 1403 n.a. 1 sponge 7.0 [118]

Hydrophilicity. Hydrophilicity is one of the parameters of which the influence on FO performance
has been extensively investigated. Not only does the hydrophilicity of the membrane support assist in
wetting and water continuity within the membrane, it also mitigates ICP [187]. Widjojo et al. [198]
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showed that the support’s hydrophilicity had a greater impact on FO performance than morphology.
They managed to fabricate supports with different morphologies and degrees of hydrophilicity by
changing the amount of sulfonated material in the membrane support. Interestingly, the sponge-like
more hydrophilic structure produced the best results in FO [198]. However, a better explanation
for the superior performance of the support with more sulfonated material could be its charge. The
higher surface charge facilitates diffusion of the draw solutes in the support, resulting in less ICP
and consequently better FO performance. In another approach, two commercially available TFC RO
membranes were coated with polydopamine (PDA) to increase their hydrophilicity [201]. This led
to a significant improvement in flux in PRO mode. It was claimed that the coated hydrophilic layer
promotes the complete wetting of the pore structure, which is referred to by the term “wetted porosity”.
The “wetted porosity” is the reason for the increase in water transport through the support layer, as
well as for the decrease in ICP. The reason for the ICP reduction is that the wetted porosity facilitates
the diffusion of the leaked draw solute out of the membrane support [201].

Charge. Surface-charged polystyrene particles were blended into polysulfone FO supports in a
study by Zuo et al. [202]. The incorporation of the particles not only led to increased hydrophilicity
and porosity but also resulted in a significant internal osmotic pressure (IOP) of the support layer.
Consequently, the structural parameter improved remarkably, from 1550 to 670 pm [202]. According to
other research [205], ionic polymer networks show a considerably higher IOP relative to non-ionic
ones as a result of the presence of the charges and the translational degree of freedom of counterions in
the polymer networks. In FO mode, the draw counterions get stuck in the charged support network,
supposedly resulting in an increase in the internal osmotic pressure, which boosts the effective driving
force [205]. However, the fact that these ions become fixed in the polymer network negates the
assumption of their contribution towards the osmotic pressure. This is because only an ion existing
in a liquid can contribute to the ion concentration and hence to the osmotic pressure. Therefore, the
decrease in the S parameter could actually be due to the increased draw solute diffusion inside the
support as a result of the charged surface. The charged surface leads to a smaller Debye length in the
pores resulting in less friction between the solutes and the pores’ surface.

In addition, Equation (4) uses the bulk properties of the support (bulk porosity and tortuosity).
However, in asymmetric structures, the porosity and tortuosity change along the structure. Therefore,
using the average porosity and tortuosity values does not reveal how this asymmetry influences the
mass transfer [23].

By comparing the shortcomings attributed to each of the Equations (1) and (4), the latter may
give a fairer estimation of ICP as it uses actual FO and RO based data and is not solely limited to
intrinsic parameters. However, it generates inaccurate and/or irreproducible S values when it is used
to compare different membranes and even when the same membrane is examined under different
experiment conditions [23,186,194,206]. Put differently, Equation (1) does not yield a good indicator
for assessing ICP [23,24,195]. For better estimations of ICP (hence of membrane performance), it is
essential to develop a reliable, standardized method for determining S that incorporates all parameters
that influence S.

Impact of Wall Thickness on S Relative to The Influence of Tortuosity and Porosity

It has been argued that of the three support’s main intrinsic properties wall thickness, porosity,
and tortuosity, the wall thickness is the major factor to be considered [207]. Several researchers have
observed that a thinner support layer results in a significant reduction in ICP and consequently a
greater FO water flux [73,187,208]. This is mostly due to the fact that porosity and tortuosity can
only change within a limited range; their influence on the S parameter is therefore less significant.
Krull et al. [209] carried out an extensive literature review of porous supports for liquid membranes
used in gas/vapor separations. The porosities of these supports lie between 0.4 and 0.83, the tortuosities
are between 1 and 3.05 and the thicknesses range from 25 to 380 pum [209].
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We decided to expand on that study to investigate the potential effects of tortuosity, porosity
and thickness in FO membranes with regard to ICP. We first extracted the porosity and tortuosity
data for several porous media used as membrane support from various sources (Figure 7). As with S,
different approaches have been taken to determine the tortuosity as there is no universal approach yet
for measuring tortuosity in porous media. In some of the studies [191,210], tortuosity was measured
based on the assumption that the Equations (1) and (4) result in identical S values. In this approach, S
is determined first from Equation (1) and the tortuosity is then calculated with Equation (5), using the
porosity and wall thickness of the support.
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Figure 7. The porosity and tortuosity gathered from literature. (Filled black square (m) [191], Filled
black circle (e) [209], Filled black triangle (a) [210], Filled lozenge (#) [211], Filled black star (%) [212],
Filled black pentagon (@) [213], Empty square (0O) [214], Empty circle (O) [215] , Empty triangle [216]
(A), Empty lozenge () [217], Empty star (%) [218]).

It is worth noting that the obtained tortuosity is obviously a mere indication since, as explained in
Section 2.2.2 Equations (1) and (4) do not result in the same value of S.

In some of the studies presented in Figure 7, despite the high porosity of the porous media, a
high value was determined for the tortuosity which seems unrealistic in view of the relation between
porosity and tortuosity: In principle, increasing the porosity leads to a decrease in tortuosity due to the
more open structure; this relation can be derived from work in other fields, such as hydrology, in which
tortuosity measurement is a more mature art [219] and it is evident that with increasing porosity, the
tortuosity decreases [220]. In the work of Boving et al. [220], the experimentally measured tortuosity
of limestone rocks dropped to below 3 for porosities above 40%. A soil science review on tortuosity
in porous media [221] found that in almost all approaches, a porosity above 80% corresponds to a
tortuosity of close to unity.

To study the impact of the wall thickness on ICP (S parameter), we need to settle a boundary for
tortuosity and porosity of the supports typically used for FO membranes. Considering the typical
porosities of 60-90% used for FO supports, corresponding tortuosities found in the literature are
between 1 to 4 (as marked in Figure 7). In addition, we consider the thickness of the support to be
between 20 and 200 pm as a support thinner than 20 um would suffer from low mechanical stability
and supports with a thickness above 200 pm are unnecessarily thick (and hardly reported). Assuming
that all the other factors remain constant, we calculated the sensitivity of Si,: with Equation (4) for
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different ranges of the tortuosity, porosity, and wall thickness. The results are that the porosity can
only influence S;; with a factor of 1.5 and the tortuosity with a factor of 4, while the sensitivity to the
thickness is up to a factor of 10. It must be noted that, for simplicity, we disregard any effects of stirring
within the support that would in fact decrease the calculated S parameter as well [113].

Based on this simple sensitivity analysis it is fair to say that although it is essential to fabricate
highly porous and less tortuous supports, most attention should be allocated to decreasing the wall
thickness when designing supports for FO membranes.

3. Concluding Remarks

The FO process shows great potential in applications such as wastewater treatment, seawater
desalination, dewatering and concentration, and removal of various solutes. However, FO still suffers
from low water fluxes, which puts it at a disadvantage relative to other processes such as RO. To
increase the water flux, better membrane supports are needed that have less ICP. This is even more
relevant for the many promising applications where the hollow fiber geometry is preferred. In addition
to the support and the selective layers, the draw solute diffusivity can also affect the ICP as a highly
diffusive draw solute decreases the ICP. The ICP can be determined intrinsically and empirically, and
each of these approaches has its shortcomings. More work is needed to find an accurate method and a
universal testing condition to estimate the ICP. Only this will allow a proper development of the next
generation of supports for FO membranes.

Tortuosity and porosity of the support generally have less effect on the structural factor than its
thickness. We found no statistical evidence from literature data that a certain type of morphology
results in better FO performance. One of the main parameters that can help in reducing ICP is the
support’s thickness. In this paper, we have shown that the wall thickness of the support can impact the
structural factor S by a factor of 10. Thus, a greater effort should therefore go into developing polymer
recipes for thinner supports that still have sufficient mechanical strength.
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