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Abstract: In the past few decades, the role of nanotechnology has expanded into environmental
remediation applications. In this regard, nanofibers have been reported for various applications
in water treatment and air filtration. Nanofibers are fibers of polymeric origin with diameters in
the nanometer to submicron range. Electrospinning has been the most widely used method to
synthesize nanofibers with tunable properties such as high specific surface area, uniform pore size,
and controlled hydrophobicity. These properties of nanofibers make them highly sought after as
adsorbents, photocatalysts, electrode materials, and membranes. In this review article, a basic
description of the electrospinning process is presented. Subsequently, the role of different operating
parameters in the electrospinning process and precursor polymeric solution is reviewed with respect
to their influence on nanofiber properties. Three key areas of nanofiber application for water treatment
(desalination, heavy-metal removal, and contaminant of emerging concern (CEC) remediation) are
explored. The latest research in these areas is critically reviewed. Nanofibers have shown promising
results in the case of membrane distillation, reverse osmosis, and forward osmosis applications. For
heavy-metal removal, nanofibers have been able to remove trace heavy metals due to the convenient
incorporation of specific functional groups that show a high affinity for the target heavy metals.
In the case of CECs, nanofibers have been utilized not only as adsorbents but also as materials to
localize and immobilize the trace contaminants, making further degradation by photocatalytic and
electrochemical processes more efficient. The key issues with nanofiber application in water treatment
include the lack of studies that explore the role of the background water matrix in impacting the
contaminant removal performance, regeneration, and recyclability of nanofibers. Furthermore, the
end-of-life disposal of nanofibers needs to be explored. The availability of more such studies will
facilitate the adoption of nanofibers for water treatment applications.

Keywords: nanofiber; electrospinning; heavy-metal remediation; desalination; contaminants of
emerging concern remediation

1. Introduction

Nanotechnology is revolutionizing the world through its incredible potential in a wide
range of applications such as electronics, power sources, medical treatments, industrial
applications, defense systems, construction materials, and environmental remediation,
such as water treatment and air purification. One such example of nanotechnology is
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nanofibers. Nanofibers are polymeric fibers having a diameter in the nanometer to sub-
micron range. They can be synthesized from different polymeric precursors with suitable
solvents. Natural and synthetic polymers are used to prepare polymeric solutions, which
are further processed for nanofiber synthesis [1-4]. Nanofibers possess extremely high spe-
cific surface area, low density, high porosity, and the ability to form a highly porous matrix
with excellent interconnectivity between their pores. Nanofibers are also quite amenable
to tunability in terms of their properties and can be tailormade according to the process
requirements by controlling the synthesis parameters. Additionally, a large specific area of
the nanofibers allows incorporating specific functionality by immobilizing nanoparticles,
zeolites, metal-organic frameworks, etc. This leads to the enhancement of the selectivity,
kinetics, and capacity of the contaminant removal processes. Nanofiber-based applica-
tions are convenient from the mode of contacting perspective as they can be packed in a
fixed-bed column or utilized as a membrane reactor depending on the separation process
requirements. These properties make nanofibers suitable for applications in almost every
aspect of human life. They have potential applications in drug delivery, biomedical indus-
try, energy storage, protective clothing, and environmental remediation. Nanofibers serve
as a promising platform for numerous environmental applications, especially in water
treatment for removing specific contaminants such as heavy metals, persistent organic
pollutants (POPs), contaminants of emerging concern (CECs), and oily molecules, as well
as desalination and particulate matter and organic pollutant removal for air filtration
devices [5].

Both natural and synthetic polymers are used for nanofiber synthesis [6]. Synthetic
polymers are widely used owing to their low cost, ease of production, and high mechanical
properties. However, most petroleum-based synthetic polymers can cause severe long-term
health and environmental concerns in disposal because of their nonbiodegradable and
toxic nature. The nanofibers synthesized using petroleum-derived synthetic polymers
will persist in the environment for a long time. Therefore, there is a need to minimize
waste generation by maximum utilization of materials in the process or using recyclable
and biodegradable materials [7]. Industrial and academic researchers have now started
focusing on green polymers for nanofiber synthesis instead of synthetic polymers derived
from petroleum because of their sustainable and environmentally friendly nature [8].

Various techniques of polymeric nanofiber synthesis have been reported in the lit-
erature. Electrospinning is considered one of the most widely used nanofiber synthesis
methods along with several non-electrospinning techniques such as phase separation,
self-assembly, and interfacial polymerization of nanofibers. Electrospinning is a simple,
controlled, and effective technique for synthesizing polymeric nanoscale to submicron-
sized fibers. In general, electrospun nanofibers provide desirable performance due to
their unique nanostructures with substantially high surface area, small interstitial spaces,
porous structures, and high interconnectivity between the fibers. The electrospinning
process parameters can be tuned to fabricate nanofibers of desired properties such as
thickness, porosity, hydrophilicity, and polarity. The variation in electrospinning operating
parameters and precursor raw material composition (precursor polymer, solvent, and other
application-specific additives) imparts diverse tunable properties to nanofibers and make
them versatile for various applications.

This review article presents the fundamentals of the electrospinning technique and
the impact of the synthesis process parameters on nanofiber properties. Subsequently, the
application of nanofibers for various water treatment applications such as desalination,
heavy-metal remediation, and removal of CECs is discussed. The literature survey was
conducted for the abovementioned specific applications to present the latest state-of-the-art
nanofiber technologies. Furthermore, their advantages and limitations are discussed.

2. Nanofiber Synthesis: Electrospinning Process

Electrospinning is the process of fabrication of nano to micron diameter fibers via
the application of high voltage to the polymer solution [9]. These fibers have a larger
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specific surface area than fibers obtained via the conventional spinning process [10]. Both
electrospinning and electrospraying are considered sister electrohydrodynamic methods,
working on the same principle. The major difference between electrospraying and electro-
spinning is the stability of the electrified polymer jet, controlled by two types of instability,
i.e., Rayleigh instability and whipping instability. Rayleigh instability occurs due to the
solution’s surface tension, which reduces the surface area by forming droplets, i.e., elec-
trospraying. By increasing the applied voltage, Rayleigh instability is suppressed. The
presence of electrostatic forces produces whipping instability that causes bending and
stretching of the jet essential for forming thin fibers, i.e., electospinning. The different
forces acting on a liquid droplet are shown in Figure 1. These forces cause the Rayleigh
instability and whipping instability leading to the formation of nanofibers. These electro-
hydrodynamic techniques consist of a syringe filled with polymeric solution fitted with
a metal needle for electrospraying, which is connected with a high-voltage power source
and collector at the bottom [9,10]. It can utilize various materials such as synthetic and
natural polymer solutions, emulsions, suspensions, ceramics, metals, and composite sys-
tems. Electrospinning has the advantage of being a simple, fast, versatile, and cost-effective
technology with limitations such as low productivity and small pore size [10].
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Figure 1. Diagrammatic description of forces active in nanofiber formation during electrospinning [11].

A jet from an electrified liquid droplet is generated during electrospinning, which
subsequently stretches and elongates to fabricate nanofibers due to the forces acting on the
droplet (Figure 1). The induction of charges within the fluid reaches a critical high-voltage
level (5-25 kV), leading to the eruption of a fluid jet at the tip of the needle from the
polymer solution droplet, which takes the shape of a cone referred to as Taylor’s cone. The
flowing jet travels toward the lower-potential region, i.e., the collector region, and away
from the needle tip. The solvent gets rapidly vaporized during the flight time from the
fluid jet, and the entanglements of these polymer chains prevent them from breaking. As a
result, these polymer chains are collected on the collector in the form of nanofibers. The jet
surface discharges as it reaches the collector, and solid products (ultrafine polymer fibers)
are formed on the metallic collector [9,10].

In general, the formation of electrospun fibers can be divided into four regions as
shown in Figure 2: (1) charging of liquid droplets at the needle tip and formation of Taylor
cone (Taylor cone region); (2) extension of the jet in the form of a straight line (straight
jet); (3) thinning of polymer jet under the influence of electrostatic force and growth of
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electrical bending instability, i.e., whipping instability (whipping jet); (4) dry deposition
and solidification of fiber on collecting surface.

Taylor Cone

—} I Towards Collector

Straight Jet

Figure 2. The different stages of electrospun jet leading to nanofiber formation [12].

The setup of the electrospinning system consists of three major components in a
closed chamber: a high-voltage power supply, a spinneret (a syringe with a pump through
which the polymer solution is fed through a capillary connected to a syringe filled with
polymeric solution), and a grounded collecting plate (usually a metal screen, plate, or
rotating mandrel). As shown in Figure 3, the electrospinning setup can be vertically
oriented or horizontally oriented [10]. Rodoplu and Mutlu (2012) [13] observed that, in
the horizontal electrospinning setup, the polymer droplets showed a tendency to exhibit
a projectile motion with the increasing voltage, while fibers were collected downward
of the collector plate; on the other hand, in the vertical electrospinning setup, it was
reported that the location for collection of polymer fiber on the collector was random
and not on the center of the collector plate due to the condition of bending instability
(whipping instability).

Syringe

Polymer Solution

Spinneret ———=>

High voltage
power supply

= Collector

Figure 3. Cont.
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Figure 3. The vertical and horizontal orientations of the electrospinning setup [10].

2.1. Effect of Electrospinning Parameters on Nanofiber Properties

The nanofiber morphology and size are greatly determined by the feed polymeric
solution parameters (concentration, molecular weight, solvent, viscosity, conductivity,
surface tension, and the addition of polyelectrolyte) and electrospinning process parameters
(applied voltage, tip to collector distance, and flow rate) [14]. Different nanofibers with
different morphologies, structures, and arrangements can be created by understanding
these parameters and varying them.

2.1.1. Solution Parameters
Polymer Concentration

Polymeric solution concentration is one of the deciding factors of fiber morphology
in the electrospinning process. For the preparation of a continuous fiber through electro-
spinning, an optimum polymer solution concentration is required, which can overcome
the surface tension with polymer chain entanglement. However, beads are formed at low
concentrations instead of fibers as electrospraying dominates electrospinning; thus, surface
tension force overcomes the electrostatic and viscoelastic force, leading to the dominance of
Rayleigh instability. In contrast, at too high concentrations, fabrication of continuous fibers
is prohibited due to high viscoelasticity and difficulty in maintaining the flow at the tip of
the needle, causing the formation of large-diameter fibers or discontinuous fibers [15]. With
the increase in solution concentration, it was found that the beads changed their shape from
spherical to spindle-like, and uniform fibers with increased diameters were finally formed
due to viscosity resistance [16-18]. Williams et al. (2019) [19] established a power-law
relationship between the solution concentration and fiber diameter for electrospinning
gelatin-like polymers, which emphasized that, by increasing the concentration of a solution,
the fiber diameter is increased.

Molecular Weight of the Polymer and Solution Viscosity

The molecular weight (MW) of the polymer and the viscosity of the solution are
interconnected. Solution viscosity represents the degree of entanglement of the polymer
solution. It has been observed that the entanglement and the overlapping of low-molecular-
weight polymeric chains are not efficient. They easily flow past each other, forming a
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low-viscosity solution that favors Rayleigh instability, and beaded fibers are obtained. Nev-
ertheless, high-molecular-weight polymers show effective overlapping and entanglement,
overcoming Rayleigh instability and forming enlarged nanofiber chains. The viscosity of
the solution is highly affected by polymer MW, its concentration, and solvent characteristics.
Therefore, viscosity can be varied by changing the solvent and/or polymer concentration. It
is necessary to have an optimum viscosity with a higher or optimum solution concentration
to enable electrospinning. On the other hand, if the solution viscosity is too high, it will be
difficult for the polymer jet to elongate, and narrower and thicker fibers are formed [20,21].
Furthermore, too high a viscosity will also make it very difficult to pump the solution
through the syringe needle for electrospinning [22], and the solution may dry at the tip
of the needle before the electrospinning starts [23,24]. The range of viscosity at which
spinning is done varies with the different polymer solutions. A literature review reported
a maximum spinning viscosity range from 1 to 215 poise [20,25,26].

Surface Tension of the Solution

To gear up the electrospinning process, electrostatic forces must overcome the forces
due to surface tension. Surface tension may cause the formation of beads along with the jet
as it travels toward the collector. It tends to decrease the surface area per unit mass of the
fluid. Therefore, at a high concentration of free solvent molecules, the solvent molecules
can congregate and form a spherical shape due to surface tension. At higher viscosity,
there is prominent interaction between the solvent and polymer molecules. Therefore,
when the solution is stretched under the influence of charges, the solvent molecules will
tend to spread over the entangled polymer molecules, thereby reducing the effect of
surface tension [9]. Different solvents may contribute to different surface tension. With the
addition of an insoluble surfactant which is dispersed in a solution as a fine powder, the
fiber morphology is also improved [27].

Conductivity of the Solution

The conductivity of a polymeric solution influences the stretching of the polymeric
droplet at the needle’s tip caused by the repulsion of the charges at the droplet’s surface. The
solution conductivity is mainly affected by the type of the polymer, the nature of the solvent
used, and the presence of ions. Juliana et al. (2018) [28] fabricated polyimide fibers with four
different solvents, NMP, DMSO, DMF, and DMAC, and it was observed that DMSO had a
higher electrical conductivity than NMP, with the type of solvent affecting the conductivity
of the polymer solution. In addition, DMSO solutions showed sudden transitions from
beads to fiber, whereas NMP solutions had a smooth transition to homogeneous fibers.
With higher conductivity, smooth fibers are formed instead of beaded fibers. However, the
increased stretching of the solution will tend to form nanofibers with smaller diameters [23].
The critical voltage for electrospinning is also reduced in the presence of ions, which
increases the conductivity [29]. Higher conductivity causes greater bending instability,
resulting in an increase in the deposition area of the fiber [30], which favors the formation
of finer fibers since the jet path is now increased.

Solvent Type

The solvent used for making the polymeric solution is critical in synthesizing uniform,
porous, defect-free, and beadless electrospun nanofibers. The critical minimum concentra-
tion Ce (minimum concentration needed for forming beaded nanofibers) of the polymeric
solution, depends on the molecular chain length, chemical properties of the polymer, and
the solvent selected. The choice of solvent for making a polymeric solution becomes very
important when a particular polymer of a specific molecular weight and molecular chain
length is used to make electrospun nanofibers. The nanofiber morphology is determined
by the solvent characteristics such as boiling point, dielectric constant, surface tension,
concentration, conductivity, and viscosity [31]. The solvents having high conductivity and
high dielectric constant create high charge density on the droplet’s surface at the needle tip.
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These charges carried by the jet lead to self-repulsion under the electric field, producing
small-diameter fibers and a straight shape. An increase in solvent viscosity prevents stretch-
ing of the jet segment, forming fibers of large diameter. Solvents having a low dielectric
constant, dipole moment, and high volatility result in poor nanofiber productivity. Highly
volatile solvents such as alcohol form nanofibers with increased diameters, resulting from
the weak elongation forces acting on the jet. The solvent—polymer interaction affects the
overall properties of the polymeric solution, and a proper solvent selection can be made
using simulation studies. Lu et al. (2006) [31], using computer simulation, indicated that
the molecular energy and the orientation barrier of the molecule chain vary with the kind
of solvents used in making the polymeric solution. They also determined that, in the case
of water as a solvent, the molecule is rigid with lower energy because of the presence of
strong interactions such as hydrogen bonds between monomer units and water molecules.
The formation of hydrogen bonds by the solvent molecule with the polymer molecule
decreases the molecule energy, leading to a stable configuration and molecular rigidity.
The molecular flexibility indicates the orientation ability of the molecule. The molecule’s
orientation is easy if it is flexible and, hence, jet instability is prominent, leading to the
formation of nanofibers with a small diameter. Due to the solvent—polymer molecular
interaction via hydrogen bonding, rearrangement energy is needed during the orientation
of the molecule chain to overcome the hydrogen bonding [32]. There should be sufficient
molecular energy to provide enough flexibility for molecular chains to orient in smooth and
straight nanofibers of small diameters. Therefore, it is crucial to properly select a solvent
on the basis of its chemical properties and the interaction with the polymeric species. In
low-concentration polymer solution, increased volatilization of the solvent occurs due
to high solvent content, leading to fibers having micro-holes. With the regulation of the
intrinsic properties of the polymer solution, fiber morphology can be controlled, and web
density and porosity can be determined from the way in which fibers assemble [32]. The
difference in solubility of each component in the system may affect the fiber diameter and
diameter distribution [33]. Luo et al. (2010) [34] suggested that lower solubility favors the
formation of good electrospinnable polymeric solutions. Spinnability—solubility maps were
developed to simplify the solvent selection procedure by accepting mixed solvent systems
to be formed using a geometrical method based on the solubility region of the polymer.
Porous fibers were synthesized from a solution of the binary solvent system formed by
mixing a highly soluble solvent and a nonsolvent such as dimethyl sulfoxide (DMSO) in
which both solvents have low volatility [34]. Evaporation of solvent plays a crucial role in
the synthesis process. Rapid solvent evaporation along with the jet stretching by electric
forces and jet destabilization is eventually responsible for the shape, size, structure, and
properties of synthesized nanofibers [35].

2.1.2. Electrospinning Process Parameters
Voltage

The application of high voltage plays a crucial role in the electrospinning process. A
high-voltage power induces a spherical droplet to become unstable, acquiring a conical
shape and forming ultrathin nanofibers at critical voltage. The applied critical voltage
differs from one polymeric solution to another, and there is an optimum range of the electric
field strength for a particular polymer—solvent system which results in smooth nanofibers
of small diameter. Any increase or decrease in the applied voltage beyond this critical
voltage will result in nanofibers with beads. A voltage of magnitude greater than 6 kV
can form Taylor’s cone during jet initiation in the electrospinning of a PEO (polyethylene
oxide)/water system, forming bead-free nanofibers. A critical voltage range of 5.5-9 kV
was determined for the electrospinning of the PEO/water system. An increase in the
applied voltage in the given range showed an increase in bead formation due to increased
current flow through the polymeric solution. Beyond 7 kV, beads on the nanofibers were
prevalent and highly dense due to increased voltage. As the applied voltage and resultant
electric field can both influence the stretching and acceleration of the jet, they can affect the
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morphology of fiber formation. A voltage close to the critical voltage for electrospinning
may be favorable to form finer fibers [36]. Zhong et al. (2002) [23] reported that the shape
of the bead varies from spindle-like to spherical-like with an increase in voltage. A higher
voltage causes more polymer ejection; thus, the formation of larger-diameter fibers takes
place [24,37].

Solution Flow Rate

The flow rate of the polymeric solution through the syringe pump influences the
ensuing jet velocity and rate of polymer transfer, thereby affecting the morphology of the
nanofibers. To maintain the shape of the Taylor cone at the syringe orifice and synthesize
bead-free nanofibers, a minimum flow rate of the polymer solution is crucial [38]. With
increased flow rate, the available polymer volume increases, resulting in nanofibers of
increased diameter and pore size. High flow rate also leads to ineffective drying of the
nanofiber before reaching the collector, resulting in bead defects and a flattened ribbon-like
structure. A lower flow rate is preferable for forming bead-free and ultrafine nanofibers,
providing enough time for the solvent to evaporate [38]. A correlation between high
flow rate and surface charge density was observed in the case of PEO. An increase in the
flow rate of the solution simultaneously increased the electric current, thereby reducing
the surface charge density on the polymeric solution droplet, resulting in the merged
nanofibers [38,39].

Collector Characteristics

In electrospinning, a collector serves as a surface for nanofiber collection and, thus, has
a substantial effect on the final structure and arrangement of the nanofibers. The collector
conducts the charges on the deposited fibers to the ground and, thus, affects the number
of fibers being collected on the substrate. The charges may be retained on the deposited
fibers in the case of less conductive collectors causing repulsion to the incoming fiber,
thereby decreasing the deposition of the fiber and, hence, productivity. This also poses a
restriction to the achievable thickness of the nonwoven mat. Even a small change in the
electric field strength on the surface of the collector can affect the deposition of the fiber.
Despite the effects of the collector material on charge retention, there is a negligible effect
on the thickness of the fiber. It was also observed that the type of grounding material
has more influence than the supporting material on the amount of fiber collection. Fiber
deposition can be facilitated on a nonconducting surface by reducing the charge density
of the jet in electrospinning by the use of blower, focusing, or steering electrodes [40].
Heterogeneous substrates (having both metal and insulator) are used as a collector, which
induces a distorted electric field, causing preferential deposition of fibers on the metal
surface and fiber extension on the insulator region. Such substrates allow the production
of patterned mats. The nanofibers can be directed to mimic the patterns of the insulating
material by using the insulator to mask the grounded conductive substrate [25,26]. The
generated nanofibers are deposited on the collector as a random mass due to the bending
instability of the highly charged jet [41]. A simple collector plate would allow the formation
of an unwoven nanofiber mat in random orientation, whereas aligned nanofibers can be
collected by designing specialized collectors. A rotating drum, rotating wheel-like bobbin,
or metal frame as the collector can be used for getting aligned electrospun fibers that are
more or less parallel to each other [25,26].

The fiber alignment is determined by the type of the target/collector and its rotation
speed [40]. The rotation speed should not be too fast as it can stretch or break fibers into
small fragments. Fibers will be collected as mats if the rotation of the collector is very
slow. Tip-to-collector distance is another potential parameter to control fiber size and
morphology. A required minimum distance should be established to get sufficient time
for the fiber to dry before reaching the collector. Bead formation takes place on either
side if the distance is too close or too far [42]. A proper distance between the needle and
the collector should be maintained to get optimum size nanofibers. Elongation of the jet
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and thinning happen only while the jet is in flight and not yet solid; hence, increasing
the distance between the collector and nozzle will increase the time for thinning to occur,
producing nanofibers of small diameters [42].

2.1.3. Ambient Conditions

Ambient parameters such as temperature and humidity also have some effect on
the electrospinning process. Mit-uppatham et al. (2004) [43] found that an increase in
temperature results in decreased fiber diameter as the viscosity of solution decreases with
increasing temperature. The effect of relative humidity depends on the interaction between
the polymeric solution and the water vapor in the surrounding. Higher humidity was
found to result in the formation of larger-diameter nanofiber in the case of polystyrene and
polyetherimide fibers. This may be due to rapid precipitation of the polymer when water
condenses on the surface of the jet, leading to a reduction in jet elongation. Beaded fibers
are also formed at high humidity in the case of PVP and PEO nanofibers. The variation
of humidity with polystyrene solution showed that the occurrence of small circular pores
on the surface of the fibers as an increase in ambient humidity leads to coalescing of the
pores [44].

With the progress of time, various developments have been achieved in the con-
ventional electrospinning process to obtain better results and overcome the limitations.
These include multi-jet electrospinning, coaxial electrospinning, emulsion electrospinning,
solvent-free electrospinning, force spinning, and electrospinning by porous hollow tube.
Table 1 summarizes the impact of the variation of electrospinning process parameters on
the diameter, specific surface area, and mechanical strength of the nanofiber.

Table 1. Impact of electrospinning parameters on the properties of synthesized nanofibers.

Electrospinning Nanofiber Specific Surfaces Mechanical Properties of
Parameter Diameter Area of Nanofibers Nanofibers
Solutlor} Direct Inverse Direct
concentration
Molecular weight Direct Direct
Viscosity Direct Direct
Surface tension Inverse Direct
Conductivity Direct Direct
Flow rate Inverse Direct Inverse
Applied voltage Direct Direct
Tip to collector
. Inverse Inverse
distance
Collector type No Impact Direct No Impact
Temperature and Direct with humidity and
. 1. Inverse . .
humidity inverse with temperature

3. Applications of Nanofibers for Water Treatment

Nanofibers, due to their high specific surface area and ability to incorporate various
functional groups, molecules, nanoparticles, etc. in their polymeric matrix, offer various
applications in environmental remediation, including air and water treatment. Nanofibers
have been used as adsorbents, photocatalytic materials, electrochemical electrodes, and
membranes for a diverse range of applications from heavy-metal, organic, and CEC remedi-
ation to desalination (Figure 4). This section discusses major water treatment applications
such as desalination, heavy-metal removal, and CEC removal.
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Figure 4. Water treatment applications of nanofibers.

3.1. Desalination

Nanotechnology, particularly nanofiber membranes (NFMs), is a relatively new ap-
proach for fabricating membranes for water treatment or desalination. Desalination can
be achieved by thermal-based and membrane-based technologies, wherein membrane-
based technologies have gained a lot of interest. Membrane-based technologies such as
membrane distillation (MD), forward osmosis (FO), reverse osmosis (RO), and nanofil-
tration (NF) are commonly used for water desalination at different stages [45,46]. MD
and RO have been extensively utilized for water desalination because of their high salt
rejection efficiency (>98%) and capacity to generate potable water [46,47]. The efficiency
of these technologies depends on membrane characteristics. The membrane distillation
(MD) method using nanofibrous membranes is the most widely applied method for water
desalination. The MD process depends on the temperature difference of the feed and
permeates solution. Thus, the water vapor pressure is the driving force [48,49] across the
hydrophobic membrane. The heat and mass transfer processes in MD affect the membrane
hydrophobicity, wettability, porosity, etc. Membrane hydrophobicity and low porosity
reduce the water flux in the MD process. The major challenge associated with the MD mem-
brane is pore wettability, affecting the membrane stability and hydrophobicity and, thus,
affecting membrane performance [50]. The MD membranes should have high permeability,
high hydrophobicity, low pore wettability, and high salt rejection. MD can be used in four
different configurations: direct contact membrane distillation (DCMD), air gap membrane
distillation (AGMD), sweep gas membrane distillation (SGMD), and vacuum membrane
distillation (VMD) [51]. Polyvinylidene fluoride (PVDF) is the most commonly utilized
membrane for membrane distillation due to its high hydrophobicity, low surface energy,
high thermal stability, and mechanical strength. Many different types of PVDF-based
electrospun nanofiber membranes were prepared by electrospinning that gave a permeate
flux of 48.8 LMH and showed good resistance to membrane scaling and wetting in DCMD
configuration [52]. Improved membrane hydrophobicity and flux were observed in the
case of carbon nanotube electrospun membrane used in DCMD [53].
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Composite membranes based on PVDF-hexafluoropropylene (PVDF-HFP) modi-
fied by incorporating boron nitride nanosheets, graphene, carbon nanotubes, and other
nanoparticles showed increased membrane hydrophobicity and liquid entry pressure (LEP),
thereby decreasing the membrane wettability while maintaining the pore size large enough
to get high porosity, high flux, and salt rejection (>99%) [54-57]. Omniphobic membranes
were developed to decrease the wettability of the membrane caused due to feed solution
composition, as these membranes are both hydrophobic and oleophobic, which resist low-
surface tension liquids [58,59]. There is a tradeoff between anti-wettability and water flux
in MD. To overcome this tradeoff, an approach of using a composite membrane having both
hydrophobic and hydrophilic polymers was suggested [60]. Another approach to increase
the membrane anti-wettability is the fabrication of a superhydrophobic nanofiber mem-
brane which can be achieved by surface fluorination [61], PTFE incorporation [62], CNT
coating [63], polydimethylsiloxane incorporation [64], and graphene oxide (GO) incorpora-
tion [65]. Superhydrophobic membranes have multilevel surface roughness and a small
liquid—solid contact area, which provides the benefits of lower membrane fouling [51].

Nanofiber membranes for reverse osmosis desalination of water have also been syn-
thesized using different polymers that showed very high salt rejection. The main chal-
lenge associated with reverse osmosis desalination is membrane fouling as RO operates
at high external pressure. Higher water flux and salt rejection were observed in thin-
film composite RO membranes synthesized using polyacrylonitrile (PAN) [66] and cellu-
lose nanofibers [67,68]. A crosshatched nanofiber membrane modified by dopamine [69]
showed high water flux and salt rejection (>95%), which was still lower than MD mem-
branes that showed rejection of more than 99%. Nevertheless, these membranes show
better anti-fouling behavior than many other RO membranes. The water flux in the case
of FO membranes was higher compared to the MD membranes. The FO process for de-
salination of water has been greatly explored in recent years because of its low energy
requirement, high flux, low membrane fouling, and high salt rejection properties. However,
FO suffers from the reverse solute flux of the draw solution. A cellulose acetate/PVDEF
nanofiber support membrane designed by coaxial electrospinning reported a very low
specific reverse solute flux (SRSF) of 0.03 g/L and a very high flux of 31.2 LMH [70]. These
membranes having low RSF can help overcome the drawbacks of FO, where RSF leads
to loss of draw solution. PAN-based thin-film composite (TFC) nanofiber FO membranes
were synthesized to make hydrophilic membranes [71], which showed improved flux and
salt rejection compared to the commercial cellulose triacetate (CTA) FO membrane. The
effects of blending of inorganic materials with PVDF were investigated by incorporating
metal oxides such as TiO;, SiO;, Al,O3, and ZrO,. Metal oxides such as amorphous SiO;
nanoparticles incorporated into a poly(vinylidene fluoride) (PVDF) electrospun nanofiber
membrane (ENM) membrane showed a flux of 83 LMH and a salt rejection of more than
99% [72]. The performance of the membrane depends on the amount of nanoparticles
being incorporated, and optimization is, therefore, required. The metal-oxide-incorporated
ENM showed improved separation performance and increased the membrane anti-fouling
properties, wettability, mechanical properties, and hydrophilicity [73]. This was mainly
due to the change in the structure of pores caused by inorganic particle incorporation [72].
A nanofiltration membrane composed of polyamide/Kevlar aramid nanofiber prepared
by nonsolvent-induced phase separation followed by interfacial polymerization remained
stable for a long duration and had excellent divalent salt rejection [74]. Capacitive deioniza-
tion (CDI)-based water desalination investigated using an Mn, O3 nanoflower-decorated
electrospun carbon nanofiber membrane had high desalination capacity and also recyclabil-
ity [75,76]. Many different MD, RO, FO, CDI, and NF nanofiber membranes for desalination
are summarized in Table 2 with their separation properties and fabrication methods.
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Nanofibers have enormous application in the desalination by FO, RO, MD, NF, and
CDI[77]. Figure 5 summarizes the advantages, disadvantages and application of nanofibers
in desalination using different techniques. The electrospinning process for the fabrication
of nanofibrous membranes provides a high surface-area-to-volume ratio, homogeneous
pore distribution, and enhanced pore interconnectivity in the membranes [78]. An electro-
spun nanofiber membrane can be easily modified by surface treatments, plasma treatment,
surface grafting, nanoparticle incorporation, layer-by-layer coating, and interfacial poly-
merization to form thin-film composites to enhance membrane characteristics suited for
the technology being used. Nanofibrous membranes have great potential for wastewater
treatment, heavy-metal removal [79], geothermal desalination [78], and ecological reme-
diation of highly concentrated waste streams. It is important to regulate the pore size of
the nanofiber membrane in agreement with the required efficiency of filtration. Although
highly explored in the laboratory, these membranes have gained limited accomplishment in
commercial-scale utilization [80,81]. There are only a few units that utilize nanofiber-based
membranes. Most of the large-scale desalination units utilize the RO process. Nanofiber
membranes having a low fouling tendency, high salt rejection, high water flux, and low
reverse salt flux can be used in integrated FO-MD or FO-RO systems in the future to obtain
pure water for drinking purposes. The integrated systems utilizing nanofiber membranes
can be promising for industrial applicability to reclaim potable water.

/ Ease of
fabrication
// , Membrane
' tigh i o Distillation
porosity / volumeralio/ oo

/ / Forward
' Osmosis
High . . \

< hydrqlghob Wide variety

ity |c/ of polymer7

- ' Reverse I i Desalination :
anofiber membrane *_ Osmosis =

Memprane

Electros

pun N

.
o« . g
Differential "\ .
\ Membrane

\  pore size /
Diﬂ;gtl;ential A e \ .
{ ibre ) (A ks \
| thickness ) : mstaj(/
| S Nanofiltration

Toxic

Figure 5. Nanofiber membrane advantages, disadvantages, and applications in desalination.
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Table 2. Types of nanofiber membranes used for desalination of water.

Desalination Technolo, Method Types of Nanofiber Membrane and Modifications Advantages and Separation Properties References
8y ypP 8 P P
Capacitive deionization Multistage controlled thermal . . . .
(CDI) treatment/ electrospinning Carbon nanofiber High adsorption capacity [76]
Fluorization/electrospinning Carbon nanotube-modified nanofiber membrane Improved water flux (49.3 kg/m?-h) and hydrophobicity [53]
PVDF._ hexa'ﬂuoropropylen.e (PVDF—HFP)-based Improved water flux, hydrophobicity, salt rejection (>99%), and liquid
nanofibers incorporated with Boron nitride nanosheets, [54-57]
. entry pressure (LEP)
carbon nanotubes, and coaxially electrospun membranes
PVDF nanofibers functionalized with nano-additives Enhanced membrane hydrophobicity, high salt rejection (>99%) and 182]
(TiO,, SiO,, CuO, and MOF) flux
Superhydrophobic nanofiber membranes modified by . .
surface fluorination, PTFE incorporation, CNT coating, InF rea'ased hyclrophoblmty, improved permeate flux, and high salt [62,82-85]
. . . . rejection (>99%)
. polydimethylsiloxane (PDMS), and GO incorporation
Electrospinning
PVDF nanofiber membranes modified by MOF, Enhanced salt rejection (>99%), anti-fouling behavior, hydrophobicity, [82,86,87]
nanoparticles, and fluorinated acrylate incorporation and outstanding mechanical properties T
Poly(vinyl alcohol) (PVA) incorporated with . . - o
Membrane distillation surfactant-based electrospun nanofibrous membranes High pore volume, high water flux, and salt rejection (>99%) [88]
. . . 2‘
Omniphobic membranes In.creésed h};drophobmlty, porosity, flux (13.6 kg/m*-h), and salt 89]
rejection (99%); stable performance
Hydrophobic organosilica nanoparticle-doped nanofibers  Increased porosity and anti-fouling behavior [90]
Electrospinning /hot-pressing Polystyrene-based nanofiber membrane Enhanc'e d water flux, high salt rejection (>99%), and cheap polymer [49]
availability
Electrospinning/plasma treatment CF, plasma-modified omniphobic electrospun nanofiber Improyed_ flux (1.528 LMH), h1gh salt rejection (~100%), and high [91]
membrane potential in treating challenging feed solutions
. . . 2 . .
Electroblowing/hot-pressing Styrene—-acrylonitrile (SAN) nanofibrous membrane H¥gh .LEP’ ne;rrow pore size, high flux (50.8 kg/m*"h), and high salt [92]
rejection (99%)
Electrospinning /thermal Fluorine-containing thermally rearranged (TR) nanofiber ~ Very high water flux (114.8 kg/m?2-h) and salt rejection (>99.99%); [93,94]
rearrangement membranes excellent energy efficiency and stable performance w
Melt blowing Polypropylene nanofiber membrane High-quality permeate water; membrane porosity >90% and high salt [95,96]

rejection >96%.
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Table 2. Cont.

Desalination Technology Method Types of Nanofiber Membrane and Modifications Advantages and Separation Properties References
CA/PVDF nanofiber membrane via coaxial Very low specific reverse solute flux (0.03 g/L); higher flux (31.2 LMH) [70]
electrospinning compared to PVDF TFC membrane.

Forward osmosis Sﬁ;ﬁ?:gg;ﬁgfhmerfaaal Polyacrylonitrile-based nanofiber TFC membrane Enhanced water flux (16 LMH) and salt rejection [71]
Amo.rphous 510, NP-mcorp orated poly(vinylidene Enhanced flux (83 LMH) and rejection (>99%) [72]
fluoride) electrospun nanofiber membrane

Electrospinning /interfacial PAN thin-film nanofibrous composite Increased permeate flux and high salt rejection (95%) [66]
. polymerization Crosshatched nanofiber support modified by dopamine  Very high water flux (78 LMH) and salt rejection (98%) [69]
Reverse osmosis
Interfacial polymerization Cellulose nanofiber-based TFC nanocomposite Enhanced wate%‘ ﬂux (29.8 LMH) and NaCl rejection (96.2%) [67,68]
compared to pristine RO membrane
Nonsolvent-induced phase - . . . . .
Nanofiltration separation/interfacial Fabrication of composite polyamide /Kevlar aramid Stable membrane flux (14.4 LMH /bar) with excellent divalent salt [74]

polymerization

nanofiber

rejection (>90%)
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3.2. Heavy-Metal Remediation

To date, various technologies have been developed for the removal of heavy metals
from wastewater, such as ion exchange, membrane filtration, electrochemical methods, and
reverse osmosis [97]. However, these techniques require sophisticated instrumentation
and sludge handling, while they are time-consuming and show low efficiency. Moreover,
they cannot be used efficiently after more than few cycles [98]. In comparison, the ad-
sorption technique provides a high yield of heavy-metal removal and regeneration of
adsorbent, with affordable cost and sufficient options of adsorbents [99]. Nanofiber-based
adsorbents are good candidates for heavy-metal ion removal compared to particle-based
adsorbents [100]. Nanofibers have special structures with high surface area, high perme-
ability, small pores with good interconnectivity, and the ability to change the functionality
of fibers at the nanoscale [101]. Moreover, it is feasible to synthesize selective nanofibers
depending upon target metal ion properties via the incorporation of specific functional
groups, providing controllable diameter, porosity, and hydrophobicity, easier incorporation
of additives, and practicability in creating the microstructure [102].

The basic mechanism that nanofibers follow to remove heavy metals from wastewater
is adsorption, accompanied by ion exchange, photocatalytic process, electrostatic inter-
action between metal ions, diffusion dialysis, and metal-organic framework crystal or
polymers [101,103]. Adsorption is viewed as a transfer progression of mass, in which
heavy metals from wastewater get deposited on nanofibers by either physical adsorption
or chemical adsorption. In physical adsorption, van der Waals forces favor multilayer ad-
sorption, whereas, in chemical adsorption, chemical reactions take place on the adsorbent
surface [104]. Firstly, heavy metals in the wastewater transfer to the surface of nanofibers
and vice versa; then, from the exterior surface of nanofibers, heavy metals diffuse into the
nanofibers, which is the rate-limiting step; finally, chemical/physical interactions occur
between heavy metals and nanofibers [102,103]. The significant functional groups on
the nanofiber surface selectively adsorbs the heavy metal, and equilibrium is achieved
at a constant concentration of adsorbed heavy metals in wastewater. Langmuir and Fre-
undlich’s isotherm is the most common adsorption isotherm for studying equilibrium
conditions [99].

Different studies have been focused on nanofiber fabrication with surface modification.
Various absorbents are used in different forms such as metal oxides, polymers solution,
zeolites, activated carbon, biomaterials, chelating materials, and functionalized chitosan,
for the removal of heavy metals [104,105]. Nanofibers are fabricated using electrospinning,
melt blowing, polymerization, melt blend extrusion, centrifugal force spinning, and phase
separation [106]. Electrospinning was found to be the most versatile and straightforward
method for the production of nanofibers by polymer solution with diameter ranges from
hundreds of nanometers to microns [107]. Surface modification is done on electrospun
fibers by doping, dispersion, crosslinking, and grafting with several compounds to enhance
the adsorption capacity of nanofibers [108-110]. In this section, different types of nanofibers
for heavy-metal removal are discussed. Cellulose nanofibers are green and biodegradable,
extracted from sugarcane bagasse, and doping of nano MgS enables development into
a bio-nano composite fiber with increased capacity toward Cd(II) [108]. Chitosan (CS)
nanofibers are environmentally friendly because of their biodegradability, nontoxicity
in nature, biocompatibility, low price, and higher abundance in nature. They strongly
chelate with heavy metals because of the amine and hydroxyl groups in their polymeric
structure [111]. Moreover, modifications have been done on CS nanofibers to improve
their electrospinnability and enhance heavy-metal binding. Crosslinking between CS
and PAAS (polyacrylic acid sodium) produced a homogeneously crosslinked chitosan
structure with effective removal of Cr(VI) [111]. PEI grafted on the CS membrane improved
the adsorption ability of heavy-metal ions [97]. Poly(vinyl alcohol) (PVA) is a water-
soluble, nontoxic, biodegradable, high-strength, and biocompatible molecule, with high
capability of fiber formation (Ortiz, 2018) [98]. The mixture of two water-soluble polymers,
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PVA and sodium alginate (SA), was used to fabricate a composite nanofiber through
electrospinning and the creation of crosslinks through thermal crosslinking for the removal
of Cd(II) from aqueous solution [109]. The polymer resins used for nanofiber preparation
are thermoplastic polyolefins or polyesters, which can be melted and processed again. A
nanofiber of poly(vinyl alcohol-co-ethylene) (PVA-co-PE) was prepared by melt extrusion
and functionalized with iminodiacetic acid for the removal of Cu(Il) [112]. Poly(ethylene-
co-vinyl alcohol) EVOH nanofiber was functionalized with polypyrrole (PPy) by in situ
oxidative polymerizations for the removal of Cr(VI) from an aqueous solution [112]. PAN
is a synthetic polymer used for making nanoscopic fibrous materials by electrospinning.
It incorporates amidoxime, hydrazine, amine, and phosphoryl as its functional groups,
allowing chelation with heavy metals [98]. Three types of nanostructured PAN nanofiber
were fabricated by chemical grafting of diethylenetriamine (DTA), ethylenediamine (EDA),
and ethylene glycol (EG) on the PAN surface for the removal of Zn (II), Cu (II), and Pb
(ID) [110].

Yang et al. (2019) [97] successfully prepared a CS-PGMA-PEI electrospun mem-
brane, which showed maximum adsorption capacities for Cr(VI), Cu(ll), and Co(Il) of
138.96 mg/g, 69.27 mg/g, and 68.31 mg/g at an optimum pH of 2, 4, and 6, respectively. It
showed higher adsorption competition of Cr(VI) with respect to Co(II) and Cu(II). Uniform
distribution was obtained for Cr(VI), Cu(ll), and Co(II) over the electrospun nanofiber.
Moreover, there was a decrement in adsorption capacities after five adsorption-desorption
cycles by 17.80%, 11.30%, and 13.50% for Cr(VI), Cu(Il), and Co(Il), respectively. By con-
trast, the adsorption capacity of CS/PAAS nanofibers for Cr(VI) was 26.02 mg/g and
increased to 78.92 mg/g on post-modification with chelating agents, which enhanced its
chelating abilities [111]. MgS-doped cellulose nanofibers showed excellent adsorption
and reproducibility of Cd(Il), with a maximum adsorption capacity of 333.33 mg/g. The
pH changes showed that cadmium removal highly depends on solution pH, contributing
to the complexing of Cd(Il) and OH™ groups of cellulose to form cadmium hydroxide.
Increasing pH from 5 to 5.5 enhanced cadmium removal by 17%, and further increment de-
creased the adsorption by around 40% [108]. Ebrahimi et al. (2019) [109] prepared PVA/SA
nanofibers which exhibited higher Cd(Il) adsorption capacity up to 163.9344 mg/g at
120 mg/L cadmium concentration. By contrast, the sulfhydryl-modified PVA/TiO, exhib-
ited adsorption capacity for Th(VI) up to 238.1 mg/g, and the introduction of ZnO into
the system enhanced the adsorption capacity of PVA /TiO,/Zn0O to 333.3 mg/g [113,114].
Mesoporous MgO nanofibers were fabricated by electrospinning with deposition of PPG
(polypropylene glycol) on the surface of nanofibers. The result showed that MgO/PPG
nanofibers had very high adsorption capacities for Pb(II), Cd(II), and Cu(Il) up to 2500.4S,
2407.74, and 2415.74 mg/g, respectively, compared to the mesoporous MgO nanofiber
adsorption capacities of 378.58, 311.47, and 270.11 mg/g respectively [105]. Researchers
prepared zonal silica nanofibers via the dissolution of PAN templates with DMF for the
removal of Hg?*, which showed an adsorption capacity of 77.49 mg/g, whereas purely
silica nanofibers exhibited a lower adsorption capacity of 1.36 mg/g [100]. The key results
of heavy-metal removal by nanofibers are summarized in Table 3.
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Table 3. A summary of heavy-metal remediation using nanofibers.

Adsorption

. . Heavy Metals  Functional Adsorbent Equilibrium o
Nanofiber Type Methodology Capacity Ton Group Dose (g/L) pH Time (h) Isotherm Removal %  Ref.
(mg/g)
Zonal silica nanofiber Electrospinning with 57.49 Hg(1I) Sulfhydryl 1 [100]
MTPS coating ' & yary
Polymerization,
Carbon nanofiber functionalization, and 375.9 Cu(Il) Carboxyl 0.5 6 1 Langmuir 99.5 [115]
magnetization
PVA/SA nanofibers Electrospinning with g .5 cd(I) Carboxyl 0.13 5 1.67 Langmuir [109]
thermal crosslinking
MgS/cellulose Mechanical fibrillation . .
nanofiber with doping 333.33 Cddn Sulfinyl 0.5 55 16 Langmuir 94.5 [108]
Titanate nanofibers Pyrochemical process 244.26 Pb(II) -O-Ti 0.4 7 48 [116]
EVOH/PPy nanofiber  Melting blend extrusion 4, Cr(V1) Amine 33 2 8 Langmuir 90 [106]
with polymerization
CS/PGMA/PEIL Electrospinning with 138.96, 69.27, Cr(VI), Cu(Il), . .
nanofiber grafting 68.31 Co(Il) Amine 0.3 2,4,6 1 Langmuir 80, 40, 30 [97]
X Electrospinning with 2377.75, Pb(1I), Cu(Il), . .
MgO/PPG nanofiber functionalization 2080.5,2181.75  Cd(II) Amide 0.1 7.5 1 Langmuir 98, 92,90 [105]
CS/PAAS nanofiber ~ Liectrospinning with ) Cr(VI) Carboxyl 0.67 3 48 Langmuir [111]
crosslinking
. Electrospinning with 33.44, 1250, Cu(II), Pb(II), .
PAN nanofiber chemical grafting 76923 Zn(Il) Carboxyl 2 6 2 Langmuir 90 [110]
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Nanofibers for the removal of heavy metals from wastewater are discussed in this
section. A comparison was drawn among various nanofibers with respect to their fabricat-
ing method, dose of nanofiber, functional groups, and adsorption capacity. The functional
group on the adsorbent surface controls the ion selectivity and adsorption capacity. The
pH of the solution majorly influences the metal remediation. Low adsorbent dose and
operation cost, high adsorption/regeneration efficiency, and ecofriendly extraction make
nanofibers economically suitable. Currently, nanofiber fabrication takes a long time with a
low yield at the pilot scale. More research studies are needed for nanofiber mass produc-
tion with higher yield for its usage at the industrial level. The changes introduced in the
polymeric solution by introducing inorganic materials make the spinning process quite
unstable. Hence, further research with more efficient spinning technology needs to be done.
Industrial wastewater is the primary source of heavy metals, which is complexed with
highly corrosive and acidic/basic substances. Therefore, the development of acid /base-
resistant nanofibers is needed. Moreover, research studies in developing mechanically
stable, strong, and reusable nanofibers are recommended. Current studies mainly focus on
static and single metal ion removal via nanofibers, whereas wastewater is composed of
complex heavy-metal ions. Hence, studies in the field of dynamic adsorption and selective
adsorption of heavy metals need to be improved.

3.3. CEC Removal

Contaminants of emerging concern (CECs) are largely pollutants of anthropogenic
origin detected in trace concentrations (from ng/L to ug/L) in our water systems but
not typically monitored. Lab studies show that these chemicals can cause adverse eco-
logical and/or human health effects. However, assessing the actual damage caused by
them under realistic scenarios would take some years to manifest. Therefore, environmen-
tal regulatory agencies have started to update their monitoring and treatment protocols
periodically. These contaminants are largely released from agricultural pesticides, veteri-
nary pharmaceuticals, pharmaceuticals, personal care, and household products into the
environment [117].

Due to their low concentrations and conventional treatment systems, which were
not designed for their removal, CECs have been reported even in the treated water from
wastewater treatment plants (WWTPs) [118], drinking water treatment plants (DWTPs),
and household supply water [119]. The long-term consumption of such water containing
CECs is a serious health risk; therefore, many studies have been carried out for their
removal. The key challenges to their removal include their low concentrations in the
water systems, high concentrations of their background matrix, and conventional cen-
tralized treatment methods not designed for CEC-specific removal. These challenges
have spurred numerous studies exploring CEC removal using various physicochemical
treatment technologies such as adsorption, advanced oxidation processes (AOPs), electro-
chemical oxidation, and membrane-based schemes. In this context, the available literature
suggests that nanofiber-based approaches have been quite versatile, incorporating one or
more of the abovementioned physicochemical treatment schemes.

Nanofibers have been utilized as adsorbents for CECs. However, since they can
immobilize the target contaminants in their polymeric matrix via adsorption, they can
also be used for targeted localized oxidation via AOPs or electrochemical methods after
adsorbing the contaminants. The tunable character of nanofibers allows them to be specifi-
cally functionalized with various functionals groups, catalysts, and chemical additives that
possess high selectivity for the target CECs, which would facilitate their removal from trace-
concentration aqueous samples with a high-concentration background matrix. Another
advantage of nanofibers is that they can be used in cases where dispersing remediating
agents in the aqueous media is difficult as in nanoparticle adsorbents/catalysts that run the
risk of agglomeration and high turbidity, particularly for UV-based AOPs. Secondly, water
treatment using nanoparticles also suffers from the limitation of recovering nanoparticles
from the aqueous media after the process is completed. Incorporating nanoparticles in
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nanofibers can address this issue of their final recovery. Moreover, their regeneration can be
performed, and the nanoparticles can be reused in a multiple cycle operation. Additionally,
when it comes to immobilizing macrocyclic hosts such as cyclodextrins (CD), the high
surface area and permeability of nanofibers make them an ideal substrate as they can
accommodate a large quantity of these molecules, which aid in CEC removal by adsorp-
tion. For CECs, which are in trace concentration in the water samples, their adsorption
over nanofibers also increases their localized concentration. Therefore, it leads to highly
efficient localized and targeted treatment using oxidation processes such as AOPs and
electrochemical or plasma treatment systems.

Several studies have reported the applications of nanofibers for treating CECs us-
ing standalone adsorption or adsorption in conjunction with catalytic, electrochemical,
or plasma oxidation of the adsorbed CECs. Camiré et al. (2020) [120] investigated the
removal of fluoxetine using nanofibers synthesized from alkali lignin (AL) and polyvinyl
alcohol (PVA) solutions. The study estimated different ratios of AL and PVA. It estab-
lished that, at 50:50 AL:PVA, maximum removal (70%) of fluoxetine from its 50 mg/L
solutions was observed in a batch system with hydrogen bonding as the dominant removal
mechanism. Incorporating lignin in PVA showed a reduction in the solution viscosity,
which required a lower flow rate during the electrospinning process to sustain nanofiber
synthesis. Ultimately, this implied longer electrospinning time and higher operating costs.
The stability of the nanofibers in the aqueous solution was another issue, as the lignin
nanofibers dissolved in the water showed the characteristic yellow-brown color of lignin.
Therefore, thermo-stabilization is needed, which can further add to the overall cost of the
system. Peter et al. (2016) [121] electrospun a carbon nanofiber (CNF)-carbon nanotube
(CNT) composite to remove atrazine and sulfamethoxazole at 50 uM concentration by
adsorption from aqueous solutions. Ten more CECs at 5 ug/L concentration each were
also studied for their removal by the nanofibers. The CNF without CNTs showed poor
adsorption; however, with the incorporation of CNTs, the specific surface area and mechan-
ical strength of the nanofibers increased, and higher uptake capacity and faster kinetics
were observed. The nanofiber average diameter without CNTs was reported as 160 nm;
however, with their incorporation, the diameter reduced to 100 nm, ultimately resulting
in a higher specific surface area. The decrease in diameter was attributed to the higher
conductivity due to CNT-CNF sol-gel. The nanofiber showed >90% removal for all the
CECs in a flowthrough system with 30 mg/g and 20 mg/g as the uptake capacities of
atrazine and sulfamethoxazole, respectively. Chabalala et al. (2021) [122] investigated PAN
nanofiber modification with (3-cyclodextrin (3-CD) to enhance the percentage removal of
10 mg/L atrazine from 51% for PAN nanofibers to 91.46% for PAN-CD nanofibers. The
enhanced removal was reported to be caused due to the increased specific surface area (the
average diameter was reduced to 497 nm for PAN-CD nanofibers compared to 557 nm
for PAN nanofibers) and intermolecular interaction and complexation between atrazine
and incorporated (3-CD in PAN-CD nanofibers. In another study utilizing 3-CD, Lv et al.
(2021) [123] modified cellulose nanofibers incorporating 3-CD to remove bisphenol A
(BPA), bisphenol S (BPS), and bisphenol F (BPF). The factors affecting adsorption included
adsorbent dosage, temperature, and pH, and the maximum uptake capacities for BPA, BPS,
and BPF were 50.37 mg/g. 48.52 mg/g, and 47.25 mg/g, respectively, at 0.1 g/L adsorbent
dose, pH 7, and a temperature of 25 °C. The removal mechanism included the synergistic
effects of hydrophobic interaction, hydrogen bonding, and 7—m interaction. The study
also investigated BPA, BPS, and BPF (all at 0.5 mg/L) removal from lake and river water
samples. The nanofibers also showed reuse potential up to five cycles after desorption
using a water and ethanol mixture at 10/90 (v/v). Khalil and Schéfer (2021) [124] investi-
gated polyethersulfone (PES) nanofibers with 3-CD deposited over PES UF membranes.
-CD is a soluble polysaccharide; therefore, to incorporate it within the polymeric matrix, a
crosslinking agent such as epichlorohydrin was used. The study demonstrated the removal
of steroid hormones (estrone, (3-estradiol, and testosterone) found in aqueous samples at
concentrations less than 100 ng/L. The steroids showed removal via size exclusion based
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on the diameter of the opening of the 3-CD cavity and the size of the steroids. Khalil et al.
(2021) [125] studied the role of 3-CD crosslinking agents such as epichlorohydrin, trimethy-
lolpropane triglycidyl ether (TPTE), and triphenylmethane triglycidyl ether (TMTE) in the
removal of estradiol. The nanofibers with TPTE as crosslinker showed the highest (95%)
removal of 10 ng/L-100 ng/L estradiol in 5 h.

Several studies have utilized nanofibers for first adsorbing and then subsequently
degrading the CECs using photocatalysts immobilized in the nanofiber matrix. Nor et al.
(2016) [126] hot-pressed TiO, nanofibers onto a polyvinylidene difluoride (PVDF) mem-
brane used as support. The study demonstrated 63-85% degradation of 10 mg/L BPA
through the photocatalytic behavior of TiO, using a UV light source (312 nm, 30 W,
1.45 mW /cm? light intensity). Without photocatalysis, a maximum of 27.62% removal
was observed due to adsorption alone. Gadisa et al. (2020) [127] examined ZnO-carbon
composite nanofibers for 30 mg/L caffeine removal. The study investigated different poly-
meric precursors (PAN, polystyrene (PS), and polyvinyl pyrrolidone (PVP)) for nanofiber
synthesis via electrospinning to determine their effect on charge carrier properties, and
they demonstrated that carbon doping efficiency varied with the precursors and deter-
mined their photocatalytic activities. Caffeine removal was the fastest and highest for
ZnO-PS achieving 80.4% photodegradation in 2 h; diclofenac showed 79.5% removal
within that period. Ramasundaram et al. (2013) [128] studied cimetidine removal using
a photocatalytic stainless-steel filter where TiO; nanofibers were hot-pressed over the
metal filter with PVDF as a binder in between. In this study, 90% removal of cimetidine
was observed at 10 LMH flux with the nanofiber layer thickness governing the removal
process. The removal increased from 40% to 90% by increasing the TiO, nanofiber layer
thickness from 10 pm to 29 um; beyond 29 pm, no increase in the removal was noticed.
Chen et al. (2021) [129] studied hollow and porous Fe-doped PAN nanofibers for activat-
ing peroxymonosulfate (PMS) for achieving the removal of BPA. Electrospinning showed
high effectiveness in immobilizing the nanoparticles by suppressing the agglomeration of
nanoparticles and facilitating a uniform dispersion of nanoparticles, leading to an increase
in catalytic sites. BPA was first adsorbed over the nanofibers, and then PMS was added
to initiate the degradation. The synergistic impact of adsorption and oxidation by PMS
resulted in 100% BPA removal in 6 min. PAN nanofibers with TiO, nanoparticles dispersed
in the polymeric matrix were investigated to remove a host of CECs (atrazine, benzotria-
zole, caffeine, carbamazepine, DEET, metoprolol, naproxen, and sulfamethoxazole) each
at 0.5 uM concentration [130]. Phthalic acid was used as a dispersant of nanoparticles,
and its optimum dosing was estimated for nanofiber morphology and removal capacity.
Phthalic acid increased the diameter of nanofibers and introduced porosity due to increased
viscosity and volatilization, respectively. The nanofiber was able to remove 90% of all the
CECs in a flowthrough system.

The use of nanofibers in electrochemical systems has been shown to achieve CEC
remediation in the available literature. Kim et al. (2019) [131] studied antimony tin oxide-
doped ruthenium oxide (ATO-RO) nanoparticles incorporated into PVP nanofibers. The
nanofiber was subsequently utilized as the anode material for electrochemical oxidation
of BPA at a concentration of 0.25 mM and showed complete degradation of the CEC by
20 min of electrolysis at 3 mA/cm? current density. Xie et al. (2021) [132] investigated
Fe/Co alloy on PVP nanofibers for the degradation of 30 mg/L, 40 mg/L, and 50 mg/L
tetracycline solutions. The degradation values reported were 100%, 93.12%, and 88.38%
for 30 mg/L, 40 mg/L and 50 mg/L solutions, respectively. Yang and Hen (2013) [133]
examined tubular carbon nanofibers with activated alumina over PVC support as the anode
material for an electrocoagulation system. The system removed 95.8% of caffeine, 94.9% of
sulfamethoxazole, and 79.8% of acetaminophen, all at 200 pg/L initial concentration. A
summary of CEC removal by nanofibers is presented in Table 4.
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Table 4. A summary of CEC remediation using nanofibers.

CEC Removal Experimental

Removal %/Uptake

Nanofiber Type CECs Removed ops . Removal Mechanism Remarks Reference
Conditions Capacity
50 pom fluoxetine in citrate buffer 50:50 AL:PVA mass ratio nanofibers
Alkaline lignin (AL) . PP . o Adsorption with showed the best removal; stability of
. Fluoxetine pH 4.5 solution; batch system (2-5  70% . . . . [120]
in PVA . H-bonding nanofibers was an issue in the
h shaking) .
solution
Faradaic efficiency decreased with TC
. 100% at 30 mg/L TC, Adsor.ptlon on the concentration; 81.29% effiaency in the
Fe/Co alloy on 30 mg/L TC in 1 M NaySOy at pH nanofiber-based anode first 2 h reduced to 26.13% for
. . : 93.12% for 40 mg/L TC,
carbon nanofibers Tetracycline (TC) 5 used as electrolyte with current o followed by complete removal after 12 h; the [132]
and 88.38% for 50 mg/L . . .
(PVP) at3mA TC electrochemical power consumption varied from 6.17
degradation kWh/kg to 19.2 kWh/kg; the
electrode was recycled 10 times
Atrazine concentrations between
PAN nanofibers 5and 25 ppm with an adsorbent =~ Max removal of 91.46% Incorporation of 3-CD into the
modified by 3-CD Atrazine dosage between 0.033 and 0.336 g, was reported at an Adsorption and nanofiber reduced the nanofiber [122]
crosslinked by citric pH between 2 and 12, and contact  atrazine concentration of complexation by 3-CD diameter from 557 nm to 497 nm and
acid time between 60 and 360 min 10 mg/L enhanced the surface roughness
were studied
100% removal for Adsorption with
X - The study also performed a
B-CD modified Two real water samples from local  treating up to 0.58 L of synergistic effects of desorption study usine water and
. BPA, BPS, BPF lakes with 0.5 ppm each of BPA, water samples in a flow  hydrophobic interaction, phior Y &w [123]
cellulose nanofibers N . methanol in 10:90 v/v ratio for 2 h and
BPF, and BPS membrane filtration hydrogen bonding, and .
. . demonstrated 5 cycles of regeneration
system 7—7t interaction
The nanofibers were carbonized, and
Fe/N-doped PAN BPA .’é%;ng /1}1’33_% H(;gZ/_IE)' j nc/llil 0mg/L 100% removal in 6 min Adsorption followed by =~ BPA removal correlated with [129]
nanofibers P OeUEE for 20 mg/L BPA degradation with PMS carbonation temperature directly in
nanofiber dosage o
the range of 700-900 °C
The removal is pH-dependent; PTA
PAN-CNT Atrazine Adsorbent dosage 0.5 g/L, pH ~7, >90% removal for the Adsorption by CNTs encouraged macroporosity in the
composite sul fametiwxazole atrazine and sulfamethoxazole CECs with breakthrough ~ with PTA induced macro  nanofibers, making CNTs accessible [121]
pe ’ each at 50 uM, and other 10 CECs  volume varying among porosity, making CNTs to the CECs; however, too much
nanofibers and 10 other CECs

each at5 pug/L

CECs

accessible to CECs

microporosity could hamper the
material strength of the nanofibers
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Table 4. Cont.

CEC Removal Experimental

Removal %/Uptake

Nanofiber Type CECs Removed irs . Removal Mechanism Remarks Reference
Conditions Capacity
80.4% caffeine Adsorption followed by ~ ZnO doped in various polymeric
ZnO—carbon 30 mg/L caffeine in 30 mL de' r; dation by ZnO-PS UV degradation; pre-cursor nanofiber matrices (PAN,

. . . solution with 30 mg of the gra oY . hydroxyl radicals were PS, PVP); best degradation obtained
composite Caffeine, diclofenac . . . nanofibers in 120 min; . . . . [127]
nanofibers nanofibers, 30 min of adsorption 79.5% deeradation for the most active species for ZnO-PS nanofibers; doping

followed by UV irradiation diélo;enai in2h responsible for the CEC  introduced new energy levels that
degradation lowered band gap energy by 0.35 eV
PES nanofibers with
B-CD- Steroid hormones Hormone concentration varied 80% removal in 5 h for Size exclusion based on ;r}?e e}l iﬁiﬁi ZZT;ﬁlrjsgind;do(;n
epichlorohydrin (estrone, between 10 ng/L and 1 mg/L static removal; 99% the diameter of 3-CD the solution. contact fime B’_ (};D [124]
(crosslinker) [-estradiol, with background of 1 mM removal reported for cavity and size of the concentratio,n in the nanolfibers
deposited over PES  testosterone) NaHCOj3 and 10 mM NaCl dynamic system hormones hormone tvpe. and flow rate g
UF membranes ype,
El(ﬁo%jﬁzgsr;:les 5mg/L and 10 mg/L isoproturon Adsorption followed b Isoproturon degradation increased

. Isoproturon solutions irradiated with UV light  100% degradation P . Y with increasing TiO, concentrationin  [119]

polyamide 2. . photodegradation . .
. at 5 mW/cm” intensity polyamide nanofibers
nanofiber
Atrazine,
benzotriazole, 40-90% removal in a 2.5% phthalic acid was used as a
TiO; nanoparticles caffeine, All CECs were at 0.5 uM in the sin le—o ass flowthrough Crossflow filtration with  dispersant of TiO, nanoparticles,
immobilized in carbamazepine, background of dissolved organic s s%empwi th UV & simultaneous UV which increased the diameter of the [130]
PAN nanofiber DEET, naproxen, matter and carbonate alkalinity il?;a diation irradiation nanofibers and also introduced pores
metoprolol, and flexibility due to volatilization

sulfamethoxazole
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Most of the studies reported in the literature have not investigated the application of
nanofibers for CEC remediation in a realistic system where co-contaminants are majorly
present and can easily foul or degrade the sorption sites on the nanofibers. Additionally,
the components present in the background matrix will also compete with the CECs for
the sorption sites. Since CECs are present in trace concentration, the co-contaminants are
more likely to be removed by the nanofibers than the CECs. In the case of photocatalytic
systems, the turbidity of the background matrix can also impact the process efficiency.
Therefore, more studies should be conducted to analyze the role of the background matrix
and characterize and improve the selectivity of the nanofibers. In electrochemical systems,
the biggest challenge is maintaining the current efficiency at lower CEC concentrations
in line with that at higher concentrations. Most studies demonstrated the feasibility of
electrochemical systems at much higher levels of CECs than naturally found in water
systems. High energy consumption is also a limitation of electrocatalytic degradation.
A nanofiber anode-based electrochemical system showed 81.29% current efficiency and
power consumption of 6.16 kWh/kg within the first 2 h of the electrolysis. At a low
concentration of the CEC, the efficiency dropped to 26.13%, with a power consumption
of 19.2 kWh/kg after 12 h of operation [132]. Maintaining a consistent current efficiency
and power consumption within a narrow range is a challenge for nanofiber-based anode
materials that should be addressed. Another aspect of nanofibers, in general, is their
reusability and final disposal. Both of these aspects remain largely unaddressed in the
available literature.

4. Conclusions

Nanofibers are versatile and tunable nanomaterials that have diverse environmental
applications, including air filtration, water filtration, and contaminant abatement. Their
wide range of application stems from the flexibility of process parameters in the synthe-
sis using electrospinning. By controlling the process, nanofibers with a desirable set of
properties can be obtained, and specific and nonspecific remediation schemes can be devel-
oped. Nanofibers can be utilized as adsorbents, photocatalysts, electrodes, and membranes.
Therefore, they are amenable to treating different kinds of water samples and streams. In
desalination applications, nanofiber-based MD processes are among the most widely used
techniques. The tunable hydrophobicity of nanofibers provides excellent pore wettability
and control over the process. In RO processes, nanofiber-based membranes have shown
excellent salt rejection and water flux with better anti-fouling properties. Nanofibers with
a high surface-area-to-volume ratio, uniform pore distribution, and improved pore con-
nectivity make them useful for desalination applications. For heavy-metal remediation,
nanofibers have been largely utilized as adsorbents, and they have exhibited high selectiv-
ity for the target heavy metals in the presence of background matrix. For application as
adsorbents for heavy-metal or CEC removal, nanofibers require functional groups in their
polymeric matrix, which have selectivity for the target contaminants. Nanofibers with a
high specific surface area can incorporate these specific groups efficiently and can help
in the removal of the contaminants, further facilitating their removal/degradation using
photocatalytic or electrochemical degradation. One of the key drawbacks of nanofibers
is their large-scale production and scaling up of the electrospinning process. Moreover,
the final disposal of the exhausted nanofibers needs to be explored in detail. Process
efficiency issues (regeneration, recyclability, and role of background matrix) should be
addressed in future studies, specifically for removing/degrading contaminants reported in
trace concentrations.
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