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Seawater desalination is a promising strategy that offers an abundant and reliable source of clean fresh
water. Nanotechnology, in terms of nanoparticles or electrospun nanofibrous membranes, for water-
treatment or desalination applications, is a new concept that has rapidly grown in interest as a method
for improving performance by enhancing the surface properties of membranes. Here, we report a critical
review on recent developments in membrane-fabrication methods for seawater desalination
technologies, focusing mainly on the electrospinning technique. High-performance membranes that
address ongoing permeability concerns, while maintaining membrane selectivity, need further study and
development. Considering that the world today is faced with energy-shortage crises, these membranes
also need to be energy efficient. As electrospinning is considered to be a feasible method for the

production of desalination membranes, this technique requires appropriate optimization and the
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1. Introduction

Clean water is a vital resource for human consumption and agri-
culture, as well as feed water for industrial processes, which are the
most common daily activities that exploit what is arguably the
most valuable global resource. However, due to factors such as
global warming (since climate change affects the hydrologic cycle),
industrialization, and freshwater contamination, among others,
existing water sources such as surface water (rivers and dams),
recycled wastewater, and some underground sources, are also
becoming depleted owing to rising demand and decreasing rain-
fall for freshwater supply. Wastewater recycling is also unable to
meet demand, depending on the extent or severity of contamina-
tion. Although several measures that relieve water-supply stresses
exist, such as water conservation, infrastructure repair, and
improved catchment and distribution systems, they need to be
augmented accordingly. The water crisis facing the world today,
which affects economic growth and human health, has led to
alternative means for obtaining fresh water. The oceans are the
Earth's largest available source of water and account for 97% of the
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performance, and the latest trends in their use as high-performance desalination membranes.

available water; they represent a more reliable source of water
because they are unaffected by changing rainfall patterns. The
remaining 3% is freshwater, of which two thirds is frozen in
glaciers and polar ice caps, and the rest is found in underground
water reservoirs."” With this in mind, seawater treatment repre-
sents a more-reliable approach that has catalyzed research into
alternative technologies; as a result, seawater desalination is
a popular field of interest. Desalination can be performed on
inland underground brackish water or seawater, of which
brackish-water treatment is less feasible than seawater treatment.
Seawater desalination offers an abundant, steady supply of high-
quality water. The desalination of seawater is commonly used in
arid regions and deserts, but due to worldwide water stresses has
become more popular in developing counties in recent years.?
Desalination involves the evaporation of seawater, thereby
removing salts, minerals, and other impurities, to produce fresh
water for domestic and industrial use.*

The high salt content of seawater makes it unfit for
consumption and, at the same time, makes desalination a costly
process. The salinity or salt content of seawater is due to the
presence of about 3.5% NaCl, which is equivalent to 35 g L™ " or
35 000 ppm. Drinking water should have a NaCl concentration
of less than 280 ppm.*® Seawater-desalination methods are
classified into thermal, mechanical, electrical, and chemical-
energy processes. Desalination technologies are either ther-
mally or pressure driven and include a variety of technologies,
such as multi-stage flash (MSF) distillation, multi-effect
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distillation (MED), mechanical vapor-pressure-compression
(MVC) distillation, membrane distillation (MD), reverse
osmosis (RO), electrodialysis (ED), and nanofiltration (NF)
processes. Thermally based techniques are first-generation
technologies, while membrane-based methods are second-
generation. Membrane-based methods make use of nanotech-
nology and membrane science, are more suitable for desalina-
tion, and are more economical due to lower energy
requirements. These methods include microfiltration, (MF),
ultrafiltration (UF), engineered osmosis (EO) (reverse and
forward osmosis), and membrane distillation (MD). Reverse
osmosis (RO) is the most preferred pressure-driven process,
while membrane distillation (MD) is the most preferred ther-
mally driven process. Therefore both RO and MD methods have
been intensively researched due to their high salt-removal effi-
ciencies (i.e., >98% NaCl removal) and, as a consequence, are
the most used seawater-desalination techniques for the
production of drinking water. Other methods, such as nano-
filtration, are mainly employed for lower salt-content removal
(20-80% NaCl removal) and mostly for brackish water.®
Desalination has become more practical and economical, and
research into membrane-based desalination methods has
gradually grown over the past ten years (Fig. 1).

The process performance of membrane-based desalination
methods, in terms of permeability (water flux) and separation
(selectivity or salt rejection), depends highly on the character-
istics of the membrane. With continuous improvements ach-
ieved through the optimization of membrane characteristics,
membrane processes are becoming more performance efficient
(e.g., improved permeability) and, as a consequence, use less
energy than thermally driven processes.

Nanofibrous membranes produced by electrospinning
(ENMs) form part of the nanotechnology-based methods used to

fabricate novel separation membranes. ENMs possess
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Fig. 1 Number of publications over the past ten years that involve
electrospun desalination membranes (Scopus search, 05 October 2018).
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exceptional features because they can be used to produce multi-
functional water-purification materials. However, for desalina-
tion purposes, their highly porous structures with broad pore-size
distributions (micron-sized pores) limit their ability to reject
dissolved salts, such as NaCl, from water. They are therefore
limited to MF-separation applications involving large/micro-
sized particles, or as pre-filters prior to delicate RO processes.
Through modification, the water-treatment applications of these
membranes can be further extended to the removal of more-
complex colloidal solutions, such as oil/water suspensions,
which involves the rejection of an organic solute. Modification of
an ENM surface with a thin selective coating layer through
crosslinking results in the formation of a composite membrane
with smaller pores that can be used for UF separations. Further
modification through interfacial-polymerization coating leads to
nonporous composite membranes that can be used in NF and RO
applications. Interfacial polymerization produces a polyamide
coating as an ultrathin top selective layer on the ENM surface,
resulting in a thinfilm nanofibrous composite (TFNC)
membrane; such a membrane can be used in RO and MD sepa-
rations, which are two commonly used desalination methods.
The coated layer of a TFNC membrane can be further modified to
improve permeability and salt rejection (permselectivity) through
the inclusion of nanoparticles (NPs). The incorporation of NPs
into ENMs help to enhance performance (both flux and salt
rejection); therefore, the use of nanotechnology in existing
desalination technologies can result in high membrane perfor-
mance. This review article examines the development of poly-
meric ENMs for seawater desalination processes, particularly RO
and MD, which are the most commonly used and most efficient
methods. The influences of membrane structure on perfor-
mance, and the latest trends in their use as high-performance
desalination membranes, are also discussed.

2. Water treatment by membrane-
based technologies and materials used

Membrane separation is a technology that selectively separates
materials using the pores of a membrane that acts as a physical
barrier. The semi-permeable membrane allows water to pass
through the membrane while retaining solute particles through
sieving and diffusion mechanisms. The pressure applied on the
feed side of the membrane serves as the driving force that
separates water into two streams, namely the permeate (purified
water) and the retentate (rejected concentrated salt solution),
which is brine in a desalination process. Membrane technolo-
gies are classified according to separation principles or driving
force, and membrane properties (e.g., pore size, permeability,
and selectivity). Pressure-driven membrane-based processes are
classified according to membrane pore size and their corre-
sponding solute particle sizes, namely: microfiltration (MF) >
ultrafiltration (UF) > nanofiltration (NF) > reverse osmosis (RO),
with the larger pore/particle sizes used for MF and the smallest
for RO (Fig. 2). The required applied pressure (trans-membrane
pressure) differs according to the filtration process, and

This journal is © The Royal Society of Chemistry 2018
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increases with decreasing membrane-pore size. Consequently,
RO operates at the highest hydrostatic pressure.'®*

2.1. Pressure-driven processes and the role of the ENM

2.1.1. MF membranes. Microfiltration membranes, as the
name implies, have pores that range in size from sub-micron to
micron (100 nm to 10 um), and fibers size in the 100 nm to 1 pm
range, and are capable of capturing large particles (>~1 pm)
through the sieving mechanism. These membranes are usually
used as pre-filters for UF processes. ENMs are good MF-
membrane pre-filters as they provide high internal surface
areas that result in high solute-holding capacities and high
average pore sizes that can be reduced with increasing thick-
ness. As they operate as single layers, they are required to be
mechanically stable. In fact, in an early study, an electrospun
PVDF membrane was used as a liquid-filtration MF for the
removal of 1-10 pm microparticles from a water stream.
However, fouling caused by irreversible cake filtration was
problematic. Irrespective of surface filtration or deep filtration,
the rejected particles remained attached to the surface resulting
in pore blockage; as a result these membranes were unable to be
reused.'®*>*

2.1.2. UF membranes. UF membranes have pore sizes in
the 10-100 nm range, therefore water is forced to pass through
their nanopores under hydrostatic pressure, with only low-
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through. UF membranes are mainly use for the separation of
small colloids, such as oil/water microemulsions, bacteria, and
viruses, in the paint and food industries. Like MF membranes,
these UF membranes are also used as pre-treatment
membranes for NF- and RO-desalination processes, as the RO
process requires high-quality feed water for effective separation.
Fig. 3(a) shows a typical UF phase-inversion membrane with
dead-end micropores. ENMs on the other hand, consist of
interconnected pore structures that serve as pathways for water
that freely flows through the membrane; therefore, they have
lower hydraulic resistances than phase-inversion membranes.
Ideal UF membranes exhibit narrow pore-size distributions in
addition to high porosities.**** The use of an ENM in place of
a phase-inversion membrane during UF alleviates the low flux
due to low porosity, the inefficient removal of particles from the
water stream (rejection), and the high fouling rate due to the
broad pore-size distribution experienced by a conventional UF
membrane produced by phase inversion. A thin-film coating
can be applied to mitigate the broad pore-size distribution, as
shown in Fig. 3(b); however, ENMs also have broadly distributed
pore sizes and suffer high levels of fouling as a consequence. To
overcome the low porosities of these phase-inversion
membranes and to increase flux, a thin film layer is coated
onto an electrospun, porous, hydrophilic support layer that
replaces the conventional membrane, as shown in Fig. 3(c). The
porosities of ENMs help to enhance the effective flow path
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Fig. 3 Cross-sections of (a) the mid layer of a TFC UF membrane prepared by the phase-inversion method, (b) a phase-inversion mid layer
coated with a thin selective layer (cross-linked or grafted), and (c) an ENM mid layer coated with a thin film (TFNC). Reproduced with permission

from ref. 17. Copyright 2006, Elsevier Science Ltd.

through the skin layer. Replacement of a conventional phase-
inversion membrane by an ENM in a typical three-layer
membrane system results in a composite membrane (ie.,
a nanofibrous composite UF membrane or TFNC membrane).
The layers consist of a thin film, which is a porous substrate on
a support, namely a crosslinked or a grafted top layer (using
a highly water-permeable/hydrophilic polymer, such as chito-
san or a PVA hydrogel), an ENM mid-layer (e.g., hydrophobic
PVDF or polyether sulfone (PES)), and a commercial nonwoven
microfiber substrate.® These composite membranes provide
fluxes as high as 30 Lm~> h™" and rejections of 99%. Both
hydrophobic and hydrophilic polymers have been used as
electrospun porous supports or mid layers during UF-
membrane fabrication; however hydrophilic substrates are
preferred due to their superior antifouling properties.
Membrane surfaces have also been modified to enhance water
permeability, hydrophilicity, and antifouling properties.*

2.1.3. NF membranes. NF membranes have pore sizes in
the 1-10 nm range (for 0.1-1 nm-sized particles)."*'* Separation
is driven by a high trans-membrane pressure facilitated by
sieving or steric hindrance, and electrostatic effects.’ These
membranes are proficient for the removal of organic contami-
nants and large divalent ions from water, while smaller mono-
valent salts, such as NaCl, pass through; consequently, taste,
odor, and color are removed. NF membranes are constructed as
three-layer composite membranes, but the thin film is produced
by interfacial polymerization (IP) in which a top ultrathin dense
layer is deposited onto a more-porous ENM that replaces the
phase-inversion membrane and is supported by a nonwoven
commercial substrate; a TFNC is formed in this manner (Fig. 4).
The large pore size, and the high surface and internal porosities
of an ENM, as a mid-layer, enhance the permeability of the
TFNC membrane. In addition, flux increases with increasing
fiber diameter, albeit at the cost of salt rejection. Nanofiltration
has proven its potential for the desalination of water, but only in
water of lower salt content, such as brackish water. This process
has become more popular than RO due to its lower pressure
requirements, and hence, low energy requirements, while
maintaining high fluxes.*’

2.1.4. Reverse osmosis (RO). During reverse osmosis
(membrane pore sizes of 0.1-1 nm), the feed is transported
against the natural flow in a concentrated solution; the water
therefore flows from the concentrated salt water (feed solution)
to the dilute water (draw solution). RO has been the most

37918 | RSC Adv., 2018, 8, 37915-37938

popular method for the production of fresh water by seawater
desalination since the 1950s. The required hydraulic pressure of
about 0.7-5.5 MPa is sufficient to overcome the osmotic pres-
sure of the salt solution through the membrane. The use of
improved high-permeability membranes has advantages that
include efficiency and reduced power consumption. TFC poly-
amide RO membranes, with good fluxes and salt-rejection
properties, are typical membranes used in desalination appli-
cations. Unlike NF membranes that mainly retain divalent ions
and multivalent salts such as sodium sulfate and calcium
sulfate, RO membranes are NF membranes that are capable of
rejecting monovalent salts, such as sodium chloride (NaCl);
hence RO is the most effective pressure-driven desalination
method."” The disadvantages of RO include scaling, brine
disposal, and boron removal.

2.2. Thermally driven membrane processes

Thermally driven membrane processes are evaporative desali-
nation techniques in which energy is used to heat water, which
then evaporates and condenses into clean purified water. As this
is a rather energy-intensive process, it is more viable in refin-
eries or power plants where waste heat is used as the heat
source. Nevertheless, membrane distillation (MD) operates at
a lower temperature than a typical thermal-desalination
process, and at a lower hydrostatic pressure than RO. As the
name implies, it combined membrane-based and thermally
based desalination processes. MD is a thermally driven non-
isothermal process that makes use of a microporous hydro-
phobic membrane as a barrier (for water as the liquid phase),

Thin film layer
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Fig. 4 A NF TFNC membrane. Reproduced with permission from
ref. 10. Copyright 2018, Elsevier Science Ltd.
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and only allows the water-vapor phase to pass through. Vapor
molecules permeate through the membrane from the warmer
high-vapor-pressure side to the cooler low-vapor-pressure side.
It is an MF process with membrane pore sizes in the micro-
filtration range (0.1-1 um) and is driven by the partial vapor-
pressure difference across a microporous hydrophobic
membrane (which is induced by the temperature difference
between the feed side and the permeate side) produced by
phase inversion (PVDF, PP, and PTFE capillary/flat-sheet types),
which are now as conventional as ENMs.***!

Membrane distillation is a promising desalination tech-
nology that was developed following the evolution of RO. It is
also regarded to be a third-generation desalination technique.*
MD addresses some of the limitations of RO, such as brine
concentration, in order to maximize water recovery (salt rejec-
tion) at high fluxes. The high rejection of non-volatile compo-
nents and the use of lower energy than RO and conventional
distillation processes make MD an attractive separation
method, as it offers more advantages over other desalination
technologies. MD does not require any transmembrane hydro-
static pressure and therefore self-sustained or single-layer
ENMs that do not require thin-film coatings can be used.
However, it is worth noting that hydraulic pressure is required,
but at levels far less than those used in pressure-driven
processes, such as RO.> MD is widely used for industrial water
desalination in a variety of industries, including brackish and
seawater desalination, RO-brine treatment, resource recovery,
wastewater reuse, and the treatment of mine water and radio-
active waste, among others.

MD can be configured in four ways: direct-contact
membrane distillation (DCMD), air-gap membrane distillation
(AGMD), sweeping-gas membrane distillation (SGMD), and
vacuum membrane distillation (VMD), which are determined by
the manner in which the vapor-pressure gradient across the
membrane arises, as summarized in Fig. 5.>'%*

Direct-contact membrane distillation (DCMD) is the most
popular due to its simple set-up and fabrication process; the
feed directly contacts the hot side of the membrane surface.
Volatile water molecules evaporate at the liquid/vapor inter-
face at the high-temperature-feed side, then cross through the
hydrophobic porous membrane, and finally condense at the
cold permeate-side of the membrane. This process requires
low operating temperatures as the water boils at 30-80 °C,
which is below its boiling point at atmospheric pressure.'®**
The feed is only in direct contact with the hot side of the
membrane surface in air-gap membrane distillation (AGMD),
due to stationary air present between the membrane and the
condensation surface. This method is operated using
a membrane and an air gap through which the water vapor
permeates. The warm water feed and the cooling water create
a temperature difference between the two sections. A typical
example is the 25 to 83 °C temperature gradient used during
AGMD with an electrospun PVDF. Sweeping-gas membrane
distillation (SGMD) uses an inert gas to sweep the vapor at the
permeate side of the membrane such that it condenses on the
outside of the membrane module. A moving gas barrier, as in
AGMD, is used to reduce heat loss and to enhance the mass-

This journal is © The Royal Society of Chemistry 2018
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transfer coefficient. Vacuum membrane distillation (VMD)
uses a pump to create a vacuum on the permeate side of the
membrane.*?

2.2.1. Advantages of MD. It uses less energy than other
conventional distillation processes, and the hydrostatic pres-
sure required is less than that used in pressure-driven processes
such as RO. With a 100% theoretical separation rate for non-
volatiles such as NaCl (salt rejection), MD is expected to
produce high-quality water. Lower feed velocities result in lower
energy costs, as low-grade heat can be used to drive the process.
MD is less prone to fouling due to the hydrophobic nature of the
membranes used and their large pore sizes compared to RO and
NF. MD can be assimilated with other processes such as RO and
NF to overcome their limitations; hence it can also be used as an
additional process that increases water recovery from the RO-
waste or concentrated-brine stream.?

2.2.2. Disadvantages of MD. Owing to their low permeation
fluxes compared RO-process membranes, there is a need to
further develop and improve MD membranes. Prolonged use
results in membrane deterioration due to concentration and
temperature polarization. There is also a high chance of pore
wetting during operation, and increases in mass-transfer
resistance due to trapped air within the membrane, which
also limits the flux of the MD permeate. MD is also associated
with high heat loss through the membrane by conduction.?

3. Membrane fabrication by
electrospinning

The membrane-fabrication technique is highly important as it
directly affects the properties of the membrane as well as its
water-desalination performance. Amongst popular techniques
used to fabricate polymeric desalination membranes (phase
inversion, interfacial polymerization, stretching, and track
etching), electrospinning offers a number of advantages,
including control over nanofiber morphology, which leads to
membranes with the desired properties. Some of the unique
characteristics of electrospun membranes include nano-
dimensional fibers, high specific surface areas, high poros-
ities, and highly oriented or aligned nanofibers, which benefit
the nanofiber-based construction significantly. The surface and
structural properties of a membrane, such as its thickness,
porosity, pore-size distribution, polymer -crystallinity, and
hydrophobicity/hydrophilicity, are all affected by fiber diameter
and morphology, which can also be controlled by the electro-
spinning parameters, namely polymer-solution concentration
or viscosity, conductivity, voltage, and flow rate.**?**
Electrospinning involves uniaxial stretching of viscoelastic
polymer solution by repulsive electrostatic forces under electric
field, and is fundamentally governed by a number of operating
conditions and solution properties.”® It all starts with a high
molecular weight polymer that dissolves in a suitable solvent to
form a homogeneous solution with sufficient chain entangle-
ments. The solution properties are dependent on the solvent
and polymer itself and the selection of the operating conditions
for a sufficiently high polymer chain entanglement solution,

RSC Adv., 2018, 8, 37915-37938 | 37919
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Fig. 5 Depicting various MD configurations. Reproduced with permission from ref. 23. Copyright 2006, Elsevier Science Ltd.

through parameter optimization results in the production of
continuous network of fibers. One of the advantages of elec-
trospinning is that it allows for easy tuning of parameters in
order to obtain the fibres with desired physical properties and
performance.””

Electrospinning consists of three basic components, namely:
high voltage supply, syringe connected to a needle and a metal
collector (Fig. 6). The syringe, containing the polymer solution
with a blunt needle tip (spinneret) is connected as a positive
electrode. This passes charges to the polymer solution droplet
suspended at the tip. The collector offers a platform for depo-
sition of fine micro/nanosized fibers and can either be groun-
ded or carry a charge opposite to the spinneret, most often,
negative charge. At the initial stages of the process, the polymer
solution in the syringe is pushed to the needle tip and remains
suspended. Surface tension keeps the round hemispherical
droplet attached to the needle tip. Once the voltage is increased,
the hemispherical droplet elongates into a conical shape and
forms a Taylor cone, as soon as the voltage reaches a critical

37920 | RSC Adv., 2018, 8, 37915-37938

value. As the high voltage source creates an electrical field
between the spinneret and the collector, the polymer solution
droplet at the needle tip will then undergo stretching and
thinning into a fluid jet, as it travels towards the collector, fol-
lowed by deposition onto the collector in the form of fibers.?®
For each application, the nanofibers need to possess certain
structural characteristics, thus for desalination, properties such
as fiber diameter, morphology and membrane pore features are
critical and they can easily be controlled by the tuning of elec-
trospinning parameters.

In electrospinning, process optimisation is the first step for
nanofiber production. Process optimization entails the selec-
tion of the appropriate polymer-solvent properties and process
conditions in order to control the desired physical properties,
such as fibre diameter, morphology, and mechanical strength
of the resulting nanofibers.”

The selection of the polymer is the first step in the optimi-
sation procedure and this depends mostly on the end applica-
tion of the resulting nanofibrous membranes. For

This journal is © The Royal Society of Chemistry 2018
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electrospinning of polymers, high molecular weight polymers
are always preferred as they give enough chain entanglement
during stretching of a polymer jet, which helps to minimise the
formation of beaded nanofibers. The most common electro-
spun polymers for water-treatment use are PVDF, polysulfone
(PSU), and cellulose acetate (CA).>*°

Solvents that readily dissolve the polymer without the need
to be heated are highly preferred. A good solvent needs to have
good conductivity, less surface tension, and sufficiently volatile.
This facilitates fibre drying in order to avoid wet and defect free
fibres deposited onto the collector. Solvents with boiling points
that are too low will cause constant clogging of the needle due to
rapid solvent evaporation (premature drying), while those with
high boiling point will hinder fiber drying after reaching the
collector, thereby resulting in wet fibers. A mixture of solvents,
such as a binary solvent system is used to combine properties as
a way of adding good properties of one solvent or to suppress
the undesirable properties of the other solvent. For example,
a chosen solvent may have poor conductivity and high volatility
and therefore can be blended with a solvent that has better

This journal is © The Royal Society of Chemistry 2018

conductivity and low volatility. The volatility of a solvent is
important as it will determine the rate of evaporation of poly-
mer solution as the polymer jet travels toward the collector and
deposited as nanofibers. Solvent evaporation is one of the main
contributors towards porous fiber morphology, just like relative
humidity. Although, not all solvents with low surface tension
are good for electrospinning, a solvent with high conductivity
and low surface tension are mostly suitable for any polymer-
solvent system.*® Such solvents offer high coulombic forces
responsible for facilitating stretching of the polymer jet.
Therefore, the surface tension can be overcome at a low voltage.

Different solvents have different surface tensions.”® Surface
tension favors the formation of beaded fibers, because it offers
resistant to the flow of polymer solution and stretching of a jet.
The electrostatic force supplied by the applied voltage should
overcome the surface tension for the jet to initiate. Usually,
solvents with high surface tension are blended with those of
lower surface tension and higher conductivity in order to adjust/
suppress the overall surface tension of the solution.
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A polymer solution is either conductive or dielectric. A
dielectric polymer solution requires sufficient voltage to form
a Taylor cone and initiate electrospinning and jet formation as
only few charges are available in solution. A conductive polymer
solution on the other hand, requires lesser critical voltage to
initiate electrospinning, due to the availability of more free
charges in the solution that are responsible for forming a Taylor
cone.”® Solvents with good conductivity have high dielectric
constant and this promotes high repulsive Coulomb forces
(electric charge), thereby inducing stretching of a polymer jet.*®
Studies show that the jet radius is inversely proportional to the
cube root of the electrical conductivity, hence an increase in
conductivity leads to a decrease in the fiber diameter.”® On the
other hand, low conductivity causes weak electrical force (fewer
ions), thereby resulting in insufficient elongation of jet and
formation of beads due to jet break-up, forming droplets rather
than fibers. Conductivity can also be enhanced by the addition
of ionic salts to give finer, uniform and bead-free fibers.?®

Viscosity of a polymer solution is directly proportional to the
polymer solution concentration and molecular weight, ie.,
number of chain entanglements among the polymer chains (#.).
This affects the degree of interaction between polymer chains
and solvent and the polymer structure.** Increase in concen-
tration results in an increase in chain entanglement. Similarly,
solution containing higher molecular weight polymer results in
higher chain entanglement, add higher viscosity, when

View Article Online
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compared to one with the same concentration but lower
molecular weight polymer. There is lack of continuous fiber
formation at low viscosity, while high viscosity solutions are
difficult to electrospin. Low viscosities offer high resistance to
the formation of continuous fibers and to the elongation of
polymer jet from the syringe,** hence the formation of beads.
Other factors that will affect the viscosity of a polymer solution
(at the same concentration) are solvent ratios, temperature, and
additives. Fig. 7 reports the polylactide (PLA) solution concen-
tration dependence of fiber morphology.

The electric field created between the syringe needle tip and
the collector induces charges onto the polymer solution droplet
to form a Taylor cone. The charges are then transferred to the jet
ejected from the needle and attracted to the collector, once the
critical voltage has been reached. The critical voltage varies for
each polymer-solvent system. High voltage increases the
repulsive forces of fluid jet as more charges are introduced,
which leads to increased pulling force and therefore, thin fibers
are formed. The influence of voltage on fiber diameter is
however, dependent on the solution concentration and spin-
ning distance. As such, increase in fiber diameter with increase
in voltage has also been reported.**** This can be due to
a number of factors: (i) an increased pulling of polymer solution
volume out of a needle, although at a constant flowrate,* (ii) an
increase in the length of jet, which will in turn reduce the
distance for whipping region (i.e., the convective flow region in

Fig.7 Fibers produced from PLA solution concentrations of 10, 12, and 15 wt/vol% spun at 20 kV and 15 cm (spinning distance), and at a flow rate

of 10 uL min~%.
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Fig. 6(b)) responsible for further jet elongation and fiber
diameter reduction, and (iii) slow jet flight because of weak
acceleration of jet to the collector.** There is also more solvent
evaporation as the voltage increases.*® The reduction of fiber
diameter continues until a critical voltage is reached, beyond
which is the likelihood of bead formation. Optimization of
voltage in order to obtain a stable Taylor cone is mainly
a balance between the voltage, distance, and the flow rate. Low
flow rates require low applied voltages, while high applied
voltages are required when high flow rates are used. The effects
of voltage and spinning distance on the fibre diameter were
studied by using a 12 wt/vol% PLA solution in 30:70
DCM : TFE. Voltages of 10, 15, 20, and 25 kV were tested with
spinning distances of 10, 12.5, and 15 cm. The flow rate was
maintained at 10 pL min '. Fig. 8 reports the SEM images
illustrating the effect of spinning distance and voltage differ-
ence on fiber diameter.

10 cm
a) 10KV

10 pm e

'b) 15kV

210 pm L

¢)20kV

d) 25 kV

12.5cm
a') 10 kV
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The spinning distance affects, directly the jet flight time,
whipping distance and the voltage intensity. A short distance
intensifies the electric field strength of the voltage and also
results in a short jet flight. Spinning distance also controls the
fiber diameter, morphology and bead formation. There should
to be an optimum distance to allow for the solvent evaporation
(fiber drying). Long or sufficient distances will result in bead-
free and thin fibers.”®*"

The rate of flow affects the rate at which the polymer solution
is transferred from the syringe. For every flow rate, there is an
optimum voltage to maintain a stable Taylor cone and jet (at
a particular distance). An optimum flow rate maintains
a balance between the polymer solution, leaving the needle, and
the new volume being pumped.*® The balance of flow rate and
pulling force of voltage determines the fiber diameter, porosity
and geometry of fibers and the shape of Taylor cone. High flow

Fig. 8 PLA fibers spun from 12% PLA/(30 : 70 DCM/TFE) solution at distances of 10, 12.5 and 15 cm and voltages of 10, 15, 20 and 25 kV.

This journal is © The Royal Society of Chemistry 2018
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a) 10 pl/min

Fig. 9 Fibres spun using from a 15 wt/vol% solution at flow rates of (a) 10, (b) 25, (c) 50, and (d) 80 uL min™.

rates are associated with large Taylor cone, resulting in large
diameters and pore size (Fig. 9).

The flow rate was varied from 10 to 80 pL min " in order to
study its effect on fibre diameter. As shown in Fig. 9, the
smallest fibre diameters were obtained at 10 pL min~ ', while
the highest flow rates gave the largest diameters. As the flow rate
increases (at constant voltage), more of the polymer solution is
pulled from the needle, hence, resulting in thicker fibres.
Increasing the flowrate leads to a bigger Taylor cone, and
a longer, thicker jet. A longer jet produces a smaller whipping
region, thereby limiting its further elongation and producing
thicker fibres.

The ambient conditions mainly refer to temperature and
relative humidity. Humidity affects fiber drying at the collector
and this is dependent on the type of polymer-solvent system.
For water soluble polymers, e.g., poly(ethylene oxide), poly(vinyl
alcohol), etc., fiber diameter reduction, with an increase in
humidity, is common. The reason being the fiber solidifying
mechanism process, depending on the type of polymer.>* For
binary solvent system, small circular pores in the fibers are
likely to form in more humid conditions by a process called
phase separation, when the more volatile solvent evaporates
and followed by condensation during cooling. High humidity
causes enlarged pores with high pore density. Low humidity has
negative effects on the evaporation rate of the solvent and also
causes clogging.*

37924 | RSC Adv., 2018, 8, 37915-37938
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As a conclusion, it is imperative that a stable Taylor cone is
maintained once the optimum conditions for electrospinning
are obtained, to ensure continuous and uninterrupted electro-
spinning.*®* However, this remains a challenge for readily clog-
ging polymer-solvent systems, where very highly volatile
solvents, e.g., DCM are concerned.”” Through optimization,
other factors, such as fibre diameter, can also be carefully
controlled. The fiber diameter determines the resulting nano-
fibrous membrane properties, such as porosity, pore size,
surface area, packing density and mechanical properties, which
are vital for the end-use performance, such as water filtration
applications.

4. Electrospun polymeric nanofibrous
membranes (ENMs) in desalination:
reverse osmosis (RO) and membrane
distillation (MD)

Electrospun nanofibrous membranes are among emerging
technologies for water treatment, due to advantages that
include their abilities to produce high-quality water and, in
most cases, with the consumption of less energy. They are
therefore being developed into more functional membranes to
meet most water treatment processes, particularly desalina-
tion.*® Nanofibers form a significant family of nanomaterials,

This journal is © The Royal Society of Chemistry 2018
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and their use in the fabrication of novel composite membranes

has evidently facilitated improvements in desalination
performance.
4.1. Water flux

Also known as permeate flux; water flux can be optimized by
tuning the electrospinning parameters. Low flux is often the
result of low permeability, which results in membrane-surface
fouling.* The water flux (J) is calculated as follows:*

Ag

J@mJNU:AXI 1)

where Ag is amount of the permeate (L), A is the effective
membrane area (m?), and ¢ is the duration of the operation (h).

4.2. Salt rejection

Unlike particle filtration, the separation of dissolved salts
(monovalent NaCl) is a very complex process, and the ENM
separation efficiency for such salts depends highly on the sizes
of the membrane pores, which are primarily controlled by the
fiber diameter through a direct relationship:**°

salt rejection(SR%)

brine concentration — permeate concentration

brine concentration
brine conductivity — permeate conductivity

brine conductivity
C -G,
= ——x 100 2
= @)
where brine concentration (mg L") refers to the feed (Cf), and
the permeate (mg L") refers the product (C,), which are ob-
tained by measuring their conductivities.

a) Hydrophilic nonporous
RO membrane
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4.3 The use of ENMs in reverse oSmosis

Electrospun membranes (ENMs), on their own, are too porous
to retain salt ions, as their pores are mostly larger than 100 nm
and are distributed broadly; they are designed to operate on the
microfiltration scale and are therefore suitable for MF separa-
tion when directly used (e.g., as pre-filters). Although highly
permeable, their solute rejections are too low and they are also
highly susceptible to fouling. However, ENMs can be applied to
UF when further modified by a thin-film coating (by grafting or
casting), and to NF or RO when coated through crosslinking or
interfacial polymerization.** Coating ENMs with thin-film layers
is a hierarchical design strategy aimed at improving the func-
tionalities and broadening the separation proficiencies of these
membranes, thereby also improving their suitability for more-
delicate separation processes, such as NF and RO. ENMs
therefore require thin-film top coatings, which led to the
development of TFNC membranes by grafting, crosslinking, or
interfacial polymerization; ENMs are most commonly trans-
formed into TFNC membranes by surface modification.*>**
4.3.1 The development of ENMs as thin-flm nano-
composite (TFNC) membranes for RO. Thin-film composite
(TFC) membranes are nanofiltration-scale membranes specially
designed for UF, NF, and mostly RO separation processes. They
were first developed in the 1980s to replace the conventional
cellulose membranes prepared by casting methods. TFCs are
commonly prepared by interfacial polymerization (IP) and are
therefore highly compatible with hydrophilic polymers such as
PAN. Non-porous TFC membranes operate by a solution-
diffusion mechanism, as shown in Fig. 10, and offer superior
properties, such as pH resistance, better permeabilities (0.36
Lm 2 h™" bar "), good salt rejections of 99.8%, and minimal
fouling when compared to conventional cellulose phase-

b) Hydrophobic porous
MD membrane
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Fig. 10 Transport mechanisms of a permeate through: (a) a nonporous TFC RO membrane and (b) a microporous MD membrane. Reproduced

with permission from ref. 47. Copyright 2012, Elsevier Science Ltd.
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Step 1: Soak the
PVA-MWNT/PAN
double-layer mat
in water/ acetone
mixture for sohtion
treatment

Step2: Add the
crosslinking agent
to the bath for
PVA-MWNT

nanocomposite top
layer crosslinking

» Q

PAN mat covered with an
integrated PVA-MWNT
nanocomposite barrier film
after the solution treatment

Fig. 11 Typical fabrication process for a TFC membrane based on an ENM substrate and a crosslinked PVA-MWCNT barrier layer. Reproduced

with permission from ref. 48. Copyright 2013, Elsevier Science Ltd.

inversion membranes. The top coating is a densely cross-linked
IP barrier or active layer where separation (salt rejection) takes
place, as shown in Fig. 11. Each individual layer of a TFC
membrane can easily be tailored to achieve optimal perfor-
mance. The top and middle layers are the most fundamental
and determine the overall performance of the membrane; hence
they have undergone continuous modification in order to
enhance performance, structure, and stability.®* TFC
membranes consist of three layers: (a) an ultrathin dense
polyamide (PA) material as the top hydrophilic active or barrier
layer, which is coated onto (b) a conventional microporous
phase-inversion membrane with pores 5-50 nm in size, which is
coated onto (c) a nonwoven substrate, as depicted in Fig. 12.

Recent studies examined the possible use of a high-porosity
ENM as a support for the nonporous top-layer coating as
a strategy to further improve the performance of such
composite membranes. The introduction of a fibrous micro-
porous MF electrospun membrane (ENM) mid layer, as
areplacement for the conventional sponge-like microporous UF
mid layer produced by phase-inversion or casting (submicron-
sized pores) in a typical three-tier TFC membrane, led to the
formation of the mnano-based thin-film nanocomposite
membrane (TFNC), which is one of the latest classes of novel
desalination membrane. TFNC membranes are also regarded to
be functionalized electrospun nanofibrous MF membranes as
they can function in both NF and RO applications.”” The

Fig. 12 Athree-layered TFC membrane (the hydrophilic coating can be prepared by cast coating, cross linking, or interfacial polymerization (IP))
with a hydrophilic coating layer, a fibrous (TFNC/ENM) substrate, and a nonwoven substrate. The layers have average thicknesses of 0.2, 40, and
130 um, respectively. Reproduced with permission from ref. 39. Copyright 2005, the American Chemical Society.
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introduction of an ENM therefore substantially enhances over-
all membrane performance due to its unique properties that
include higher porosity (10-20% higher than that of a phase-
inversion membrane), low transmembrane pressure, and its
interconnected pore structure.® It is worth noting that ENMs
have pore sizes on the MF scale, while those of phase-inversion
membranes are on the UF scale. A highly porous ENM therefore
substantially enhances the permeability of a non-porous thin
film, which results in improved flux while maintaining good
selectivity. However, ENMs face challenges. Their large pores
lead to large numbers of TFNC-membrane defects, but at the
same time thinner fibers effectively reduce pore sizes, resulting
in increased selectivity at the expense of permeability. For
processes such as RO that require hydrophilic membranes,
ENMs face another challenge, as the electrospinning process
tends to increase the hydrophobicity of the membrane;
membranes in their electrospun nanofibrous forms tend to be
more hydrophobic than the parent/bulk polymer or the
membrane produced by phase inversion.® Polymers such as PVA
possess high surface tensions; therefore surfactants such as
Triton X-100 are added to lower the surface tension. At the same
time, the dense ultrathin nonporous structure of the top/active
layer (with thicknesses ranging from 100 to 500 nm) ensures
good flux and selectivity while reducing hydraulic resistance.
This demonstrates that the film should be as thin as possible to
avoid hydraulic resistance.’® It is also worth noting that
minimal fouling occurs with such a membrane, in the sense
that solute particles adsorb and adhere less to the thin-film
surface, while being prevented from penetrating into the
underlying porous layers beneath the surface.** Numerous
improvements in top-layer performance have recently been re-
ported, which include improved permeability and fouling
behavior, while maintaining high levels of salt rejection.**"*?

The concept of thin-film coated electrospun nanofibrous
membranes was first applied to organic-solute rejection in
water/oil separation. The use of TFNC membranes dates back to
2005 when a PVA/chitosan-hydrogel thin film was used as the
top/active cast-coated layer on a chemically cross-linked (using
glutaraldehyde) ENM substrate. The resulting TFNC ultrafil-
tration (UF) membrane was applied to the separation of
colloidal solutions, such as water/oil suspensions. It is prefer-
able that the cross-linking of the ENM has little or no effect on
the membrane structure (e.g., porosity or fiber diameter) in
order to retain its structural performance. In other words,
crosslinking should result in the minimal degree of membrane
shrinkage; for example, a 2% decrease in porosity is usually
acceptable.>** UF membranes with top active thin-film layers
produced by casting, cross linking, or phase polymerization,
were later developed into NF membranes with top thin-film-
coating layers by the interfacial polymerization of polyamides
onto the cross-linked electrospun nanofibers. Since then,
interfacial polymerization has been commonly used to prepare
membranes for the filtration of salt/seawater.

Interfacial polymerization involves the formation of a selective,
highly cross-linked ultrathin polymer (usually polyamide) film
with a thickness of about 300 nm, and with a network structure at
the interface between the two immiscible solutions (in which the

This journal is © The Royal Society of Chemistry 2018
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two monomers are dissolved) following rapid chemical reaction.
The parameters of this process determine the performance of the
resultant TFNC membrane. Additives, such as piperazine como-
nomer, and their concentrations, play important roles in
enhancing the flux, salt rejection, and strength of the thin-film
selective layer. Due to the non-porous nature of the thin film,
additives are incorporated in order to enhance permeability.*

The resulting nonporous thin-film top layer, however, offers
resistance to the flow of liquid through the membrane, espe-
cially those prepared by IP. The less-porous or less-permeable
(or macroscopically nonporous) TFNC barrier/thin-film layer
therefore requires further treatment or modification using
additives in order enhance permeability for increased
membrane flux, while maintaining high salt rejection.
Enhancing hydrophilicity is the most popular strategy for
improving permeability, chlorine resistance, and fouling resis-
tance. Another approach uses ENMs as porous thin-film layers,
as discussed above.

4.3.1.1. Permeability enhancement. The incorporation of
MWCNTs into a thin film can result in the development of
microscopic or nanosized surface channels that promote water
flow through the membrane, which increases both permeability
and flux. The inclusion of nanoparticles in the top layer/thin-film
results in the formation of what is referred to as a “nanocomposite
coating layer”.** Other surface modifications that incorporate
nanoparticles should, however, not hinder salt-rejection perfor-
mance of the already nonporous membrane/active layer. Perme-
ability has also been enhanced through the use of AgNPs, TiO,,
Si0,, and zeolites, as well as organic additives, such as surfactants
and solvents, while maintaining salt rejection.*

4.3.2 The roles of ENMs in TFNC membranes. The forma-
tion and adhesion of the top thin-film selective layer is also highly
dependent on the structure and surface properties of the
underlying ENM, namely morphology, fiber diameter, membrane
pore size, surface chemistry, surface roughness, and polymer
properties, such as hydrophilicity.'*** The surface properties of
the ENM also determine the overall performance of the
composite membrane (e.g., salt rejection, permeability, fouling,
mechanical, thermal and chemical integrity, and internal
concentration polarization (ICP)). ICP is known cause mass-
transfer resistance in engineered osmosis (EO) processes.*® For
example, hydrophilic polymers, such as PAN and CA, are effective
supports for thin-film layers due to their effectively wetted and
open pore structures with superior interconnectivities. However
defects can form on the surface of the ultrathin selective layer due
to the large ENM pores.® The thinner the electrospun-membrane
fibers, the better the performance, which is a consequence of
reduced pore size; defects in the TFNC membrane are also
reduced.* Studies have used cast ultrathin nanofibrous cellulose
fibers as the UF support for the top IP ultrathin selective layer.
Thin UF cellulose nanofibers were prepared by casting; they had
small (~50 nm) pores and, hence, smooth surfaces; they were
cast coated onto an MF PAN nanofibrous membrane counterpart
with pores ~650 nm in size. The obtained UF support layer
exhibited a mean pore size of 20 nm and was about 100 nm thick,
while maintaining the usual high porosities of the overall
membrane that exceeded 70%. The resulting TFNC was

RSC Adlv., 2018, 8, 37915-37938 | 37927


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07489e

Open Access Article. Published on 12 November 2018. Downloaded on 4/4/2026 1:09:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

successfully used as an RO membrane for desalination.”” Thinner
ENM fibers enhance salt rejection, but at the expense of water
permeability. On the other hand, larger ENM pores favor high
membrane permeability. In this regard, the porous ENM layer is
required to be defect free and highly porous, chlorine resistant,
and therefore highly permeable compared to the dense selective
layer. Permeability increases with ENM thickness, which reveals
that a relationship exists between the electrospun nanofibrous
membrane morphology, particularly fiber diameter, and the
performance of the TFNC membrane, as has been
demonstrated.*

4.3.3 ENMs as active layers for TFNC membranes. ENMs,
with their highly porous structures, have been shown to be
excellent mid-layer supports for top thin-film selective layers in
highly permeable (high flux) TFNC membranes. However,
ENMs have also been used as thin-film active layers themselves;
ENM coatings have also been applied to UF oil/water separation.
The PVA ENM melted during exposure to vapor and chemical
cross-linking, resulting in a less-porous thin-film hydrophilic
nanofibrous active layer, which was subsequently applied on
a crosslinked PAN ENM substrate, as shown in Fig. 12. This was
later further developed by a coating method that involved
electrospraying droplets of a PVA solution that had been
glutaraldehyde cross-linked.** Electrospraying is an electro-
spinning technique that is usually used to deposit thin films.
Such studies are aimed at minimizing the disadvantages of
some of the alternative thin film-methods (such as casting) in
which the thickness of the top coating layer may be difficult to
control using a casting solution, especially when applied onto
a porous ENM substrate, as the cast-coating solution easily
infiltrates into the ENM pores. Thickness is simply controlled by
the duration of the electrospinning process.”* ENMs, as top thin
film active layers, are known to exhibit superior permeabilities
(although they are considered to be typical non-porous thin
films); therefore they facilitate higher fluxes than thin films
prepared by casting and interfacial polymerization.**

4.3.4 Antifouling properties. Fouling occurs when
unwanted filtered particles are deposited onto the surface or in
the pores of the membrane and accumulate over time (as fou-
lants), resulting in the degradation of membrane performance
(flux). The problem propagates when the foulants come into
contact with the active layer of the membrane. For hydrophilic
membranes, fouling can be combated by minimizing contact
between the foulants and the membrane. Therefore membrane-
surface modifications that enhance interactions with water and
result in the increased affinity of water molecules are required.
In other words, water molecules adsorb onto the membrane
surface while solute particles are prevented from adsorbing.
The membrane surface is thereby modified to be more hydro-
philic, which is known as “hydrophilization”. The active layer
(of a TFC membrane) was originally thin-film surface coated in
order to minimize membrane fouling. The thin film can be
further hydrophilized by the use of hydrophilic additives to
further reduce fouling. Although these membranes also show
improved salt rejection, the membrane flux is often compro-
mised. Strategies that mitigate fouling should, however, also
favor salt rejection.'™**

37928 | RSC Adv., 2018, 8, 37915-37938

View Article Online

Review

4.3.5 Material selection for the ENM support layer in RO.
Polymer membranes have extensively been used in RO processes,
even though advances in other nanotechnology materials,
including inorganic (ceramic), biomimetic (aquaporin), and CNT
alternatives, have been applied to high-flux or highly permeable
membranes. However, membrane design affects performance
(selectivity, permeability, and fouling resistance) and its optimi-
zation is an ongoing process. To date, advances in membrane
materials (among other membrane properties, such as structure
and morphology) have resulted in increased RO efficiency that, in
the long run, will result in economic viability. Therefore, material
selection for the ENM support membranes in TFNC membranes
for processes such as RO is also vital."

The hydrophilic nonporous top-layer thin-film coating is more
compatible with a hydrophilic nanofibrous ENM substrate.
Hydrophobic substrates result in less contact between the
membrane and the thin film during polymerization; hence
surface treatment is required to increase its hydrophilicity.
Polymers with good thermal and chemical resistance that are
easy to process and biocompatible are preferred. The most
commonly used examples include PVA, polyvinyl difluoride
(PVDF), and polysulfone (PS). PVDF and PS also exhibit superior
water stabilities. On the other hand, water-soluble polymers,
such as PVA, are required to undergo crosslinking (with alde-
hydes) prior to application in order to impart water resistance/
stability, thereby preventing the dissolution of the membrane
in aqueous environments. Thereafter, these membranes undergo
shrinkage and water-stability testing, including water-solubility
and water-absorbency testing, including swelling degree experi-
ments, which determine the level of cross linking, in addition to
mechanical testing. This testing regime determines the stability
of an ENM membrane in an aqueous environment. PVA does not
degrade under physiological conditions and has been used as
both the coating and mid layers of a membrane. As a top layer,
a cross-linked PVA hydrogel that forms a nonporous thin film was
devised with added MWCNTs for permeability, which resulted in
a high-flux membrane. Other hydrophilic polymers such as PAN,
poly(ether ether ketone), polyimide (PA), poly(phthalazinone
ether ketone), polypropylene (PP), and hydrolyzed cellulose
acetate (CA) have also been used as ENM supports.”*

4.3.6 Characteristics of ENM supports. An ideal ENM
should have following characteristics: (i) superior porosities
and pore interconnectivities that reduce ICP, (ii) improved
water fluxes compared to other high-flux osmotic membranes
that are performance-proven for engineered osmosis processes,
and (iii) high fluxes and low transmembrane pressures resulting
from high porosities and interconnected pores. As a mid-layer
support (at high water cross-flow velocities in FO/PRO) they
also enhance delamination resistance during operation.>* On
the other hand, following characteristics: (i) reverse salt-flux
leakage, (ii) salt flux increases rather than water/permeate
flux, which is cause by damage to the active layer (e.g., due to
long exposure to crossflow), the PA thin-film active layer is
swollen due to hydrolysis (especially if a wetting agent is used),
and NaCl salt is formed, which facilitates water absorption, (iii)
the rigid PA structure gains as much as 28% of its weight due to
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exposure to water vapor, and (iv) the polymer chemistry and
fabrication procedures need to be further optimization for
improved performance, lead to membrane faults.

4.4 Membrane fabrication for MD

Membrane design and fabrication are of utmost importance for
efficient desalination performance. Conventional membrane
fabrication methods, such as phase inversion, produces
membranes with large pores, high tortuosities, low hydropho-
bicities or surface roughnesses, and low porosities; conse-
quently, they are not ideal for MD or any desalination process
due to low fluxes and rejections.® Likewise, ENM pores are also
large; consequently, nanotechnology is required during their
preparation, which involves the inclusion of nanoparticles/
nanofibers and high levels of modification.*®* Since
membrane technology plays a crucial role in desalination
performance, new materials and fabrication methods for
desalination membranes have been developed through prog-
ress in science and technology. As the aim of a desalination
membrane is high salt rejection while maintaining high flux,*
several factors that play roles in determining performance, such
as membrane structure (porosity, thickness, and polymer/
membrane surface properties), need to be considered. Unlike
RO, ENMs for MD applications can either be used as single
(main membrane) layers or as support membranes (in multiple
dual- or triple-layer systems). These are then applied in single
layers as pre-filters that are placed upstream to enhance/protect
the life of the more-delicate RO-filter membranes, or as direct
filter membranes in UF or MD separations. As mid-layers they
support the delicate top active layer in a multilayer composite
membrane for NF or RO applications, and they can only be used
independently in MD. For these reasons, ENMs are more
promising for MD applications than other desalination
technologies.?>*¢>

Since MD is a thermally driven process, single layers, as
unsupported self-standing membranes, are more ideal for
applications such as DCMD, in which they are not exposed to
any harsh hydraulic/osmotic pressures. Although MD offers
many advantages over other desalination processes, the
membrane-fabrication methods, however, are continuously
being improved in terms of structure and design in order to
enhance the low permeation flux.”* For this reason, membrane
design that particularly uses electrospinning, which is an
emerging membrane-fabrication technique, needs further
research. Membrane pore sizes can easily be adjusted by elec-
trospinning, for example through the careful control of fiber
diameter.®*

4.4.1 ENMs as MD membranes, and materials used. The
unique properties of electrospun membranes (high porosities,
overlapping nanofibrous structures, and interconnected open
pores) favor their use in MD applications.”® Hydrophobicity is
the most basic requirement of an MD membrane; hence the
first membrane-fabrication step involves the use of a hydro-
phobic polymer. ENMs have been used in membrane distilla-
tion due to their high porosities (void volume fractions) that
augment the water-production rate (sufficient space for vapor
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transfer), membrane hydrophobicities (that render them less
susceptible to wetting by feed water, thereby improving liquid-
entry pressure), high surface roughnesses, and low thermal
conductivities (less heat conduction through the fibers).®® The
production of membranes that are more hydrophobic than their
bulk forms and those produced by other methods, such as
phase-inversion and immersion-precipitation, is another
advantage of electrospinning for MD applications.***%” Hydro-
phobic polymers commonly used in MD include PVDF-HFP, PP,
PES (modified), polytetrafluoroethylene (PTFE), and poly-
vinylidene fluoride (PVDF). For example, PEI is mostly used on
the laboratory scale (i.e., for electrospinning or phase-inversion)
as it easily dissolves in solvents, while other polymers are
produced commercially. PVDF and its co-polymer, PVDF-HFP,
have successfully been electrospun for DCMD. They are the
most chemically, thermally, and mechanically stable polymers,
and are also commonly used in electrospun membranes for
MD. In addition, copolymers of PVDF (i.e., PVDF-HFP) have
higher hydrophobicities than PVDF itself.****7° The high
surface roughnesses of ENMs are well suited to MD, which
evolved into membranes with enhanced hydrophobicities
compared to those prepared by phase inversion. For example,
the contact angle of a hydrophobic polymer, such as PVDF, is
about 90° as a flat membrane; this value increased to 138° when
the membrane was electrospun. Electrospinning has also been
used an alternative technique for instilling super-
hydrophobicity in hydrophobic (or low surface-energy) poly-
mers.®””%7? In addition, electrospun neat polymers can be made
superhydrophobic by further increasing or modifying its
surface roughness or chemistry by incorporating nanoparticles
(e.g., Ag, hydrophobic SiO,, TiO,, and clay). As a result, the
contact angle can be as high as 158° when AgNPs are added to
the ENM-polymer matrix. However, the addition of some
particles, such as clay, can cause the fiber diameter to
increase.”® The performance and some properties of such
membranes are shown on the Table 1. MD membranes are
constructed using two or three tiers of hydrophobic-hydrophilic
membrane layers, unlike in the single unsupported
hydrophobic-layer design. The thin electrospun hydrophobic
membrane, as the top active layer facing the feed side, is highly
porous and is responsible for separation and mass transfer. The
second hydrophilic-support layer enhances permeate flux with
its wettable nature, and also contributes to reducing mass-
transfer resistance as well as heat-transfer or conductivity of
the top layer. The second layer is also electrospun, but with
a hydrophilic polymer, such as PAN, PVA, or N6.° Electrospun
nanofibrous membranes have therefore successfully replaced
conventional microfiltration membranes for MD.* The use of
electrospun nanofibrous membranes (ENMs) in MD dates back
to 2008, when PVDF membranes were used for the production
of drinking water by AGMD.® However, the need to improve flux
and water quality led to membrane modifications that
increased hydrophobicity. In addition to selecting the hydro-
phobic polymer, hydrophobicity can be enhanced by modifying
the surface with additives, such as nanoparticles (NPs). For
instance, incorporation of clay NPs into a hydrophobic polymer,
such as PVDF, further enhances its hydrophobicity

RSC Adv., 2018, 8, 37915-37938 | 37929


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07489e

View Article Online

Review

RSC Advances

-auojrnsAjod ‘gsd ‘ouexorisiAypawrpAjod ‘SINAd ‘ouaifishjod ‘sq ‘ousjddoidoronyyexay-os-oprionyy suaprhuradjod
‘dAH-AAAd ‘opuonyy auapiAuiadlod ‘AdAd ‘(erehroeypowr [Apow)Ajod ‘VININA ¢ D 09®; 1 3 € Jo UOPENUIOUOD [DEN ¢,_Y , W T 0¢®SUBIqUDW JJAd UOIsIoAUl-dseyd [epIowwo) ,

U, W TV 0 £9°0-T¥°0
96 Y61-LCT o4 B 67°0-8C°0 70-€0 %3IM 8 ‘AAAD
3umom a1od saonpax  orqoydorpAyradns ST $9°0-9°0 629°0-5°0
96 LU, w9 sueiquaw ay3 jo Aiqoydoipdy sy, 6CT (%8) £e1D 85°0 LTI%°0 %M CT ‘ddAd
juauneal) jeay 8¢T 10
S6 902 Aq 3urzom s10d paonpay 9T PaIeaI} 89H AINDA 8T°0 aand
90UuEB)STSAI
I9JSUBI}-SSBW SIIMO] puE (o1qoydoapAy ssay)
SSOU[OIY} I9MO[ UT SUTI[NSAI JUSUIIBT) (5748 T¥°0 ‘87°0-1%°0 SL'0-0SS°0
6 6T 389y 4q uonoedwion SURIqUIDIN 0ST poYean 3eay ‘OUON dINDA 0S°0 6€°0 %M 027 ‘ddH-IdAd
sueIquiaw 3y} Y3no1yy pinbi[ o3 Jo JUSWIEDI} 183 + SIDAR] €EE-70€ JuUdUIRII) 9%IM 0T NVd
uonensuad ay3 Juasdid Jeys s1aqy (193®) 6¥1-CCT JuBIqUIdW 0F'0-0€T°0 9PV JeaY IoYV JON/VAd pue
o 1-U W TS ST-6'0T Pasny ur sjnsal jusuwiedar) yedH 87T [enp ‘OUoON OV 7€°0 :210jod 6€C 310J9d  %IM 0T dAH-AdAd
90UB)SISAI

I9JSUBI}-SSEUW MO] PUB S20BJIIUT
pinbij/zodea oy usamiaq
S9OUBISIP I19310YS SUIAJOAUL

AorydoapAy/AorqoydopAy s1aAe] aueBIqUIdW saxod [rews
9 U, w38y pauIquIod aueIqUIdW-[ENnd IV B CET [enp ‘9uoN amwDd pue a3req 008 pue 012 ASd pue AdAd
L L ) 0s1 97°0 L61
€6 U, WTSe 0€T (pazruelis) sdNIS €T 8TL JAH-AAAD
SI9qOUBU/OIdIW 3} JO
6 0,05 ®, [, WISP K3ojoydiowr par00I13-0I0TN anoda %M 0€-ST ‘Sd
s1qoydoapAyiadns
‘(ozIS AN WU 00€-00T pUE WU
ssauydnox UIIM SISBIIOUI) 0T-S JO 2IMIXIA 110
16 U, w 36T 90BJINS OUBU PUE OIOTA 96T < €F1 ZOIS PAYIPON dINDA 890 papeaq 06 %M S ‘IAAd
uonoafar
es %00T®AIqeswad
06 Ieq Y, W 00ST sazodoueu Ie[NIID-UON o1qoydoIpAH QUON od 95°0-T¥°0 SIAQIS Ie[NOJ[OIN  dudydeid snoiod
U W T 9TE oYY o1qoydoipAyiadns €61 saueIqUIdW ¥€°0 €67 :pajeal],
o1qoydoipAy /sIaqyoueu
98 £°S¢€ :21039d amonns a10d uado 8E€T JBAN  PaleAnoe uo SINSV DA 1€°0 0ST 7eaN %M S ‘IAAd
68 1Y w3 96 0T SUON dDA 0002 067 %M 8T ‘PIULIBI
pazifeuonouny
U W T ‘0F 1YY (%0T-T ‘Wt 17) 17°0-/8'0  SEI-96T :PIjeaLL, %IM 0T
88 6T JeaN $90BJINS 12qY UO SIN “OLL 671 o1qoydoIpAH ZOLL-SALI dDA 88°0 89¢ JBAN ‘ST ‘0¢ ‘dAH-IAAd
3urpeo
%E®,_W T 8% 9PV S19qY oU3 UM SIN-LND T1'1-69°0 88T :parealL,
8 € :210J0g a3 Jo uors1adsIp poon J0ST WU 02-S “(%€-2) IND aNDd 65°0 9€€ BN %M 0T ‘ddH-AAAd
98 U, W T0T .SET 82°0 0S¥ AQAd [erIoWuIoD,,
%96°66®
a8 1-U W TI9°6€ ssauygno1 aoeyng €971 ‘orqoydorpAyradng SINdd dNOd 6< 000T< VININd
20U19J9Y (LY, w1 souewIojIad Xnpj uo aoeyIns () 218ue 10RIUOD pasn juaueaI ssa001d (wm) az1s (wu) 1930werp 19q14 UOT}BIIUIOUOD
XN[J UOIBIWId] QUBIqUIdW JO JO3Jd Y3 10] UOSEIY /soonredoueN a10d ueay /[el1ayew JOWA[0d

4OY PuUB QW ul @uewiopad JIdY) pue ssueiquisw UNdsoJId3]e PazZlieuonouny-adiiedoueN T @lgel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd 2T60:T 9202 //7 U0 papeojumod "8TOZ JBqWBAON ZT U0 paus!idnd 801y ss300y usdO

lis © The Royal Society of Chemistry 2018

a

This journ

37930 | RSC Adv., 2018, 8, 37915-37938


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07489e

Open Access Article. Published on 12 November 2018. Downloaded on 4/4/2026 1:09:12 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

(superhydrophobicity), thereby improving flux by preventing or
reducing pore wetting.® In addition to hydrophobic-polymer
electrospinning, recently developed hydrophobic materials,
including polymers that are known to possess super-
hydrophobic properties, have also been electrospun. The
produced membranes are known to offer high permeate fluxes
(of up to 85 kg m > h™'), and include polyazoles and their
copolymers, but require solution heating.

4.4.2 Design and structure of ENMs for MD. Not so long
ago, there were an insufficient number of membranes specifi-
cally designed for MD; consequently most studies have focused
on the fabrication of membranes for this process. Most atten-
tion has been given to membrane optimization such as surface
modification. Consequently, high porosity, and highly hydro-
phobic (e.g., superhydrophobic PVDF) membranes have been
developed in recent years as a consequence.***”*® For MD,
membranes with high hydrophobicities, low tortuosities, and
high thermal and mechanical stabilities, have been developed.
Although these are characteristics desired in MD membranes,
challenges remain that include improving salt rejection while
maintaining permeate flux, and membrane thickness at the cost
of mechanical strength.

Since MD membranes can be fabricated in single, dual, or
triple layers, they have simpler designs compared to those used
in RO and NF. As the required pores are in the microfiltration/
ultrafiltration range, MD membranes can be produced in
a single process, such as electrospinning; ie., without an
additional selective-layer coating by interfacial polymerization,
as used in the fabrication of TFNC membranes for RO. There-
fore unsupported single-layered membranes (i.e., self-sustained
membranes) only consist of a hydrophobic layer when electro-
spun. As they are self-supporting, they are required to be
mechanically and chemically stable. MD also uses multi/dual
layers in which the top hydrophobic layer is coupled with
a hydrophilic backing layer. Therefore, recent studies use
a combination of hydrophobic and hydrophilic layers to form
a bilayer of composite MD membrane, i.e., the hydrophobic
membrane is modified by introducing a hydrophilic support
layer. The underlying hydrophilic layer, together with its high
porosity, aids in enhancing the permeate flux of the top
hydrophobic membrane, while maintaining high salt rejection.
Ray et al.”® produced a dual layered membrane consisting of
electrospun polypropylene (PP) as top hydrophobic layer and
PVA as 2™ hydrophilic layer form a composite membrane. The
added surfactant helps to form a membrane with thinner
uniform fiber diameters and thus smaller pore sizes and higher
surface area. Thus the hydrophilicity of bottom layer enhanced
by surfactant formed an overall membrane with higher water
adsorption, therefore higher flux, due to the formation of nano-
channels that resulted in high pore volume.* Single layers with
or without a backing layer have also been employed in MD.**

4.4.3 ENM characteristics that affect MD performance. MD
performance, as with other membrane desalination processes,
depends on membrane structure in terms of thickness,
porosity, pore properties (mean pore size and distribution),
and geometry. Unlike RO TFNC membranes, MD requires
microporous hydrophobic membranes that are thermally and
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chemically resistant. The development of membranes that
function as interfaces between two fluid phases, while pre-
venting their interdispersion and maintaining high vapor
mass-transfer rates, as well as resistance to liquid intrusion
through membrane pores, are major MD achievements.'* The
pores of electrospun membranes are smaller than those of
conventional membranes, but are sufficiently large to ensure
vapor permeation through the membrane (with the benefit of
less fouling), which makes them more suitable for MD
processes, unlike the membranes required for RO.%***

4.4.3.1 Thickness of the active layer. The thickness of an
electrospun membrane is tailored during fabrication by adjusting
the duration of the electrospinning process. Thickness also plays
an important role in the overall membrane performance, and the
membrane is usually considered to be thin when it is less than 400
um thick. For example, while the mass/vapor-transfer resistance of
a membrane increases with increasing thickness, the permeate
flux decreases due to increases in mass-transfer resistance that
result from the longer transport pathway.* While thinner
membranes can be used in thermal processes, it is worth noting
that thicker membranes are beneficial for thermal resistance and
mechanical stability in MD processes. The required thickness also
depends on the membrane support and type of feed solution (salt
concentration). However, wetting increases with decreasing
membrane thickness due to liquid penetration through the pores.
The effective thickness of the support layer is defined as: S = tt/e,
where ¢ is the thickness, 7 is the tortuosity, and ¢ is the porosity of
the support membrane; this is also known as the effective diffusive
path and determines the mass-transfer resistance, which needs to
be lowered by lowering thickness and increasing porosity.'*'* A
study by Essalhi and Khayet® used electrospun PVDF membrane as
a single hydrophobic layer membrane, with optimized thickness.
As the thickness is one of the membrane properties that affect the
membrane performance such as flux and thermal resistance, the
thickness was adjusted at varying feed concentration and
temperature, in order to investigate its effect on MD performance.
Although thickness is beneficial for energy efficient for MD
process, thinner membranes however, achieve higher permeate
fluxes due to increased permeability, as flux is inversely propor-
tional to membrane thickness, their larger pore sizes, higher
porosity and lower tortuosity.> Another interesting study by Khayet
et al® demonstrated how the membrane flux can be enhanced
substantially, by optimizing the thickness of the underlying layer
rather than introducing an underlying hydrophilic layer below the
hydrophobic top layer. Thus the increased flux with the reduced
thickness was due to increase in membrane pore size and porosity
to facilitate easy water transport through the dual layered
membrane.® For pressure-driven processes, reducing the
membrane thickness, in an attempt to increase the permeate flux,
should not sacrifice the mechanical integrity of the membrane due
to the high pressure. A lack of membrane-thickness uniformity
remains a challenge for ENMs.**** Therefore, increases in thick-
ness are highly beneficial for mass-transfer resistance, good
mechanical stability and strength, and permeability.

4.4.3.2 Membrane pores. The most important characteristic
of the MD-membrane pores is dryness, which can be
successfully achieved without impacting permeability through
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the use of hydrophobicity and small pores.'* Adjusting the
sizes of the membrane pores during electrospinning involves
tuning certain parameters, such as the composition of the
polymer solution, humidity, and the needle speed (horizontal
translation). As the feed water should not penetrate into the
membrane pores, the operating or hydrostatic-process pres-
sure must not exceed the liquid-entry pressure (LEP) of the
membrane. LEP refers to the minimum transmembrane
pressure, or the pressure at which the liquid can enter the
membrane pores, and depends on the maximum pore size,
shape, and hydrophobicity. Since the LEP and the feed
concentration are directly related, this value may be higher for
feed solutions with high NaCl contents, such as seawater, due
to increased surface tension. It is therefore preferable that the
hydrostatic pressure is lower than the LEP to avoid pore
wetting. Hence higher LEP values can be obtained and main-
tained with higher hydrophobicities, smaller pores (that do
not affect the membrane permeability), and thicker
membranes. Decreases in the LEP value resulting from
increased in the thickness of the hydrophilic layer in a dual-
layer membrane are attributed to increases in the inter-fiber
space.>*"* However, along with membrane fouling, scaling
and membrane wetting can still occur. Therefore, the hydro-
static pressure must be lower than the LEP, and can be
calculated using the Laplace equation:

By cos 0

LEP =
dmax

(3)
where B refers to the geometric structure of the membrane
pores (B = 1 for cylindrical pores), v, is the surface tension of
the salt solution, and 6 is the contact angle between the
membrane and solution surface.***

4.4.3.3 Pore size and distribution. Pore size refers to the
mean pore size, while distribution refers to the variety of pore
sizes within the membrane, particularly those prepared by
electrospinning. Electrospun nanofibrous membranes usually
have pores around 0.1-1 um in size; therefore these MF pores
are suitable for MD use. Large pores provide higher permeate
fluxes; however they should be small enough to prevent water
penetration, while maintaining good permeability.”> A mass-
transfer mechanism exists for each pore-size distribution. The
pore size distribution (PSD) is mainly affected by the diameters
of the membrane fibers because pore size is inversely propor-
tional to fiber diameter. The pores in an MD membrane should
vary little in size. Narrow pore-size distributions (associated
with thin fibers) and small pores of about 0.60 um in size, or
less, are preferred. A larger PSD leads to pore wetting/
penetration, which allows solutes from the feed to pass
through the membrane (low rejection). Unfortunately only
a 25% increase in pore size during operation can be accom-
modated. In MD, the flow of vapor is governed by mechanisms
that depend on the sizes of the pores within the membrane;
these include Knudsen diffusion, Poiseuille/viscous flow, and
molecular diffusion.*** Su et al.* observed that a pore-diameter
distribution for their electrospun PVDF mid-layer/support
membrane centered at about 390 nm gave the best DCMD
performance. Better pore characteristics and structure are
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indicated by a narrower pore distribution and a more focused
(sharper) maximum peak. Pore-size distribution also affects
water quality in terms of conductivity; narrower pore-size
distributions provide higher water quality as fewer ions
permeate through the membrane. Commercial membranes
have narrow pore-size distributions; hence they display better
pore properties than ENMs. For example, a commercial PTFE
membrane has a pore-size distribution of 0.1-0.35 um,
compared to that of an electrospun PVDF (0.2-0.8 um) with
a 220 nm average fiber diameter. However, it is worth noting
that the ENMs from co-polymers often exhibit better perfor-
mance compared to membranes with narrower pore-size
distributions. The PVDF co-polymer resulted a membrane
with better performance than commercial membranes due to
its narrower pore-size distribution, thinner fibers, and better
contact angle (hydrophobicity); consequently, they are preferred
for MD applications over PVDF ENMs.*® Fig. 13 displays nano-
fibrous membranes modified with AgNPs and their corre-
sponding pore-size distributions. Hydrophobicity or surface-
roughness modifications resulting from the incorporation of
nanoparticles affect the pore sizes and the pore-size distribu-
tions of the membranes. Fig. 13 shows that the once bare fibers
in panel (a) become covered with nanoparticles, which reduces
the sizes of the pores, as seen in panel (b). However, panel (c)
reveals that full coverage of the membrane with a layer of
particles leads to complete pore blockage, which often has
a detrimental effect on membrane performance due to
decreased water permeability and, consequently, reduced flux;
it well established that pore-size distribution affects water flux.*®
Surface modifications therefore need to be effective or opti-
mized in such a way that the sizes and distributions of the pores
are not affected. For example, the pore-size distributions of the
modified and unmodified membranes shown in Fig. 14(a and b)
that correspond to the images in Fig. 13(a and b) are quite
similar, and compete with those of the commercial membrane
shown in panel (c). The narrow pore-size distribution is unaf-
fected by the inclusion of AgNPs, unlike the broad pore-size
distribution that results from blocked pores following ineffec-
tive surface modification, as shown in Fig. 14(c). Other
membrane-surface modifications, such as heat treatment, also
result in pore sizes that remain narrowly distributed, however
reduced fluxes are observed.*>'*> Although the incorporation of
NPs seems to increase the fiber diameter more than heat
treatment, the former membranes exhibit enhanced perfor-
mance compared to the latter.>>677%106-108

4.4.3.4 Porosity or void-volume fraction. Like membranes
used in other desalination processes, porosity is required to be
as high as possible for adequate vapor transport, and low
thicknesses and tortuosities are required. Porosity, which is the
void-volume fraction of the membrane, can either be surface or
volumetric porosity. ENMs for MD have large porosities (of up to
90%), enhanced permeation fluxes (permeabilities), as well as
large surface areas for evaporation, and numerous pore chan-
nels for diffusion. High porosity also means more voids; hence
the presence of low-conductivity air spaces help to increase the
thermal resistance (heat efficiency) of the membrane. The
porosity should be neither too high nor too low. A high porosity

This journal is © The Royal Society of Chemistry 2018
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detrimentally affects the mechanical properties of the
membrane. MD membranes with porosities in the 35-93%
range have been prepared; for example, the porosity of an
electrospun PVDF membrane is 79%, while that of a commer-
cial PVDF is 62%.>"**'* Porosity can be determined gravimet-
rically as the volume of the pores divided by the total volume of
the membrane:*

(W1 = W)/ D.
(Wi — W2)/De] + W1/ Dy

p= 4)
where p is the porosity, W, is the weight (g) of the wet membrane
(soaked in ethanol), W, is the weight of the dry membrane, and
D, is the density (¢ m~?) of the wetting liquid (e.g., ethanol).

Tortuosity refers to the lack of straightness of the pore
channels; the higher the tortuosity, the lower the permeability.
A cylindrical channel has a tortuosity that is close to unity and is
desirable for MD."*'"
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4.4.3.5 Hydrophobicity. The material composition (polymer
type) and the geometrical structure of the surface determines
the hydrophobicity (or surface energy) of the membrane. The
role of a hydrophobic membrane surface in MD is to prevent
membrane wetting or pore penetration by the liquid phase (feed
water), thereby facilitating the penetration of only the vapor
phase.’ Conventional MD membranes are typical MF
membranes prepared by phase-inversion using hydrophobic
polymers such as PP, PTFE, and PVDF, with contact angles of
~138° that are higher than those of flat-fabricated PVDF
membranes (128°), and have good chemical and thermal
properties. The electrospinning of these polymers affords
membranes with better hydrophobicities owing to the surface
roughnesses by the nanofibers; consequently, low contact
between the solid and liquid surfaces is achieved, which, in
turn, leads to a higher contact angle (CA). Polymer hydropho-
bicity can also be enhanced through modification with hydro-
phobic additives or low-surface-energy materials, such as

Fig.13 SEM images of superhydrophobic nanofibrous membranes with and without the incorporation of AGNPs. (a) Before modification (pristine
fibers), (b) after fiber coating (AgNPs are deposited onto individual fibers), and (c) after membrane-surface coating (AgNPs cover the entire
membrane surface). Reproduced with permission from ref. 86. Copyright 2012, Elsevier Science Ltd.

This journal is © The Royal Society of Chemistry 2018
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86. Copyright 2012, Elsevier Science Ltd.

hydrophobic NPs, in the polymer matrix, molecular and
functional-group modifications, or by introducing or increasing
surface roughness. The water contact angles of these
membranes before and after surface modification are depicted
in Fig. 15. Surface modification techniques, such as plasma
treatment and layer-by-layer assembly, can also be used.'*>™** A
superhydrophobic surface is obtained by increasing the surface
roughness of two materials with different hydrophobicities;
materials with high contact angles (>150°) are considered to be
superhydrophilic or ultrahydrophobic; i.e., a water droplet on
the polymer surface will exhibit a low sliding angle or contact
angle hysteresis of less than 10°, which is the difference
between the contact angles of the front and back edges of the
droplet.”>"* Hydrophobicity enhances membrane
performance in MD, including improved salt rejection and
reduced pore wetting.”>''*'"” Hydrophobicity affects the
membrane-filtration efficiency; hydrophobicity is the result of
membrane-surface roughness, while hydrophilicity is associ-
ated with smoothness. The ENMs are rendered rough due to air
pockets formed between the fibers, which lead to increased
hydrophobicity compared to the unspun membrane. Hydro-
phobicity, which is determined by contact-angle measurements,
is required to be as high as possible for the DCMD process, and
membranes or polymers with higher contact angles are usually
preferred for MD applications. PVDF-HFP, with a high contact
angle of 128°, provided more satisfactory results than the
commercial PTFE with the lower contact angle of 115°.%¢

water

37934 | RSC Adv., 2018, 8, 37915-37938

4.4.3.6 Thermal properties of membranes. The membrane
material should have a low thermal conductivity as well as good
thermal resistance. High membrane porosities are associated
with low thermal conductivities, as the presence of more air
within the pores helps to reduce heat transfer by conduction.
Another method involves the use of multilayers (dual layers with
a hydrophobic top layer on a hydrophilic layer/support), in
which the thickness of the support helps to lower heat
conductivity.

4.4.3.7 Post-electrospinning heat treatment. Hot pressing is
the most common heat treatment for electrospun desalination
membranes, and involves membrane compaction by pressing
between two plates at a temperature above the glass-transition
temperature (T,), but below the melting temperature (Ty,),
resulting in the fusion of fibers at their points of intersection.
Studies have shown that the surface roughness and hydropho-
bicity are reduced (contact angle reduction of 10%) following
heat treatment. Hot pressing not only reduces the thickness,
but also the pore size, pore-size distribution, pore volume, and
porosity (20-30% reduction), while the fiber diameter is
increased (by about 39%) due to fiber swelling and morphology
smoothing; however improved flux as well as mechanical
properties are also observed. The fused fibers are more tightly
packed, thereby preventing the penetration of water into the
membrane pores, which avoids a reduction in mass-transfer
across the membrane and increases the flux.?»*7%%

This journal is © The Royal Society of Chemistry 2018
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Fig. 15 Examples of water contact angle on (a) a hydrophilic membrane surface and (b) a hydrophobic surface (e.g., after surface modification).
Reproduced with permission. Reproduced with permission from ref. 86. Copyright 2014, Elsevier Science Ltd.

Temperature. MD flux increases with increasing flowrate and
temperature difference, as shown in Fig. 16.

4.4.4 Modifying ENMs for MD. Although the features of
electrospun membranes are more suitable for MD than those
fabricated by alternative methods, including their higher hydro-
phobicities (with increased nanofiber-surface roughness), poros-
ities, and surface areas, they do, however, require further
modification for enhanced or improved performance. For
example, membrane hydrophobicity is enhanced by surface
modification by increasing roughness and through surface
chemistry to obtain superhydrophobic properties."*® Surface-
modification techniques include the incorporation of rough-
ening agents such as hierarchically structured AgNPs, hydrophobic
nanoparticles such as SiO,,” clay, or TiO, NPs, and hydrothermal
surface-chemistry enhancements that involve activation prior to
the incorporation of NPs, and electroless deposition, among
others. However, some surface-modification techniques, such as
the latter, can bring about shortcomings, including reduced
porosity (but with high permeability) and increased fiber

B PVDF-co-HFP electrospun membrane
¥ PVDF electrospun membrane
O PTFE commercial membrane

12 -

10

Permeation flux (kg/m? hr)

25 35 45 55

Bulk temperature difference (°C)
Fig. 16 Plot depicting the effect of temperature difference on MD

performance. Reproduced with permission from ref. 69. Copyright
2012, Springer Verlag.

This journal is © The Royal Society of Chemistry 2018

diameters. The resulting dense layer of coated NPs tends to create
high mass-transfer resistance due to reduced pore sizes, which
lowers membrane flux. The incorporation of nanoparticles has
been shown to not only enhance hydrophobicity and LEP, but also
the thermal and mechanical properties of the membrane.* TiO, is
well dispersed within the polymer matrix and, unlike CNTs that
increase pore size, TiO, reduces pore size.

4.5 New RO and MD technologies

One of the latest trends in RO and MD desalination involves the
inclusion of nano-sized materials that aid the desalination
process. Non-polymeric materials include carbon-based parti-
cles (carbon nanotubes (CNTs) and graphene), zeolites, aqua-
porin  (AQP),*'***2>2  and  molecular  sieves.”*'?*7%7
Nanomaterials, such as CNTs, increase nanofiber roughness
through the creation of air pockets;**® they enhance the fluxes of
RO TFNC membranes and MD, which increases with higher
nanoparticle content. Incorporation of CNTs within the nano-
fiber polymer matrix provides the added advantage of fiber
thinning during electrospinning due to their high conductivi-
ties.'* However, irrespective of the uniform pore-size distribu-
tion (that minimizes wetting), pore size increases with higher
CNT content (~3 wt%), as does the flux. At this content, irre-
spective of the higher flux, the large pore sizes result in reduced
LEP, which may be due to CNT-nanoparticle agglomeration.
Kyoungjin An et al. and Lee® determined the optimum CNT
content to be 0.5% wt%, above which agglomeration begins.
The unique water-transport properties of CNTs and graphene
create nano-channels that facilitate water flow and, as a conse-
quence, result in high-flux membranes, with fluxes that
increase with CNT content.®” Highly porous zeolites offer cavi-
ties for water transport, while the sizes of the pores produced
make them exceptional for retaining salt ions from the water
stream. In addition to adsorption and sieving, the ion-exchange
properties are an added advantage. AQPs are types of biological
membrane that also offer effective water transport pathways
while retaining ions. These novel materials are incorporated
into the polymer matrix of the membrane during fabrication,
thereby improving membrane properties, such as permeability

RSC Adv., 2018, 8, 37915-37938 | 37935
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(hydrophilicity), fouling, and salt permselectivity. For example,
graphene-incorporate  ENMs exhibit enhanced membrane
superhydrophobicity,  porosity, and LEP, for MD
applications."®13%:131

5. Conclusion and future outlook

Among membrane technologies for water treatment, RO and
MD are the most relevant for the separation of salt and are
therefore the most commonly used for seawater desalination.
While thermally based techniques are first-generation,
membrane-based methods are second-generation technolo-
gies. RO is the best of the pressure-driven membrane processes,
which uses membranes with pore sizes well below 1 nm that can
be formed through surface modification by thin-film coating;
hence RO is capable of removing all types of ions, including
those of monovalent salts, and is therefore the most suited for
desalination applications. MD on the other hand is also theo-
retically capable of completely removing salts/NaCl (100%
rejection). Nanotechnology involving the use of nanofibers is
a fast-growing area of research. As a consequence, electro-
spinning is considered to be a feasible method for the
production of nanomaterial substrates with high surface
porosities and interconnected pore structures for pressure-
driven and thermally based membrane processes. ENMs have
been applied to desalination in limited ways due to their large
pores that are incapable of removing salts, which is the reason
why these membranes have not been used as top active layers or
single-layer self-supported membranes in RO desalination.
Electrospun nanofibrous membranes that have undergone
crosslinking can directly take part in the RO separation process
(i.e., as a top layer). So far, ENMs, as top active selective/barrier
layers, have only been successfully used in UF-separation
applications, which suggest that future ENM-growth opportu-
nities exist in both MD and RO operating environments.
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