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A B S T R A C T

Electrospinning has shown its versatility and feasibility for the fabrication of nanofiber based materials which
possess various advantages in separation processes. Electrospun nanofibers exhibited interconnectivity between
pores, high specific surface area and ratio of surface area to volume. Therefore, the application of electrospun
nanofiber materials in tackling the environmental challenges has drawn great attention in academia and in-
dustry. This review provides the current advancement of electrospun nanofiber based materials and applications
in separation processes. Firstly, the fundamentals of electrospinning, the key factors of electrospinning process
and the characterization methods for nanofibers were introduced. Then the modification methods for electrospun
nanofiber-based materials were discussed. Next, the applications of electrospun nanofiber-based materials in
separation processes, e.g., water treatment processes, desalination, air filtration, and the separation of biological
compounds were comprehensively reviewed and critically discussed. Last but not least, despite the advancements
in the fabrication and application of electrospun nanofiber-based materials, the scale-up the electrospun nano-
fiber production in industry still faces several problems which must be further addressed.

1. Introduction

Among various environmental challenges, water scarcity and air
pollution have attracted great attention, owing to the continuous growth
of the global population and the fast advancement of urbanization and
industrialization. The need for pure air and water has grown dramati-
cally [1,2]. Human life and health are at risk owing to the fine partic-
ulate matter (PM) in the air. PMs mainly consist of dust, sulfates,
ammonia, nitrates, sodium chloride, black carbon, and water [1].
Particularly, PM 2.5 has a lengthy airborne residence time, and small
particle size, which makes it more harmful to human’s respiratory sys-
tem [1]. Therefore, it is important to develop air filters for protection
from air pollutants. The improper disposal of wastewater from various
discharge sources, such as industrial sectors, agricultural activities, and
mining, has deteriorated water quality, resulting in many health prob-
lems [3]. The separation of pollutants such as heavy metals, dyes,
organic contaminants, medical compounds, and biological compounds
from water environment is crucial to obtain potable and safe water
[4–6]. Additionally, the desalination of seawater is another promising
way to deal with water scarcity. Membrane distillation has been used in
seawater desalination [7]. Membrane-based separation methods and
adsorption have been studied and used in wastewater treatment pro-
cesses owing to their smaller carbon footprint and cost-effectiveness [8].

The nanofiber is defined as a type of nanomaterial fiber with cross-
sectional diameters that are less than 100 nm [9]. Electrospun nano-
fiber materials have obtained a lot of attention in wastewater treatment,
seawater desalination, and air filtration owing to their advantages, such
as smaller and controllable fiber diameter, high surface area and
porosity, elevated ratio of surface area to volume, ease of surface func-
tionalization, and desirable connectivity of inner pores [10–14]. In the
wastewater treatment process, nanofibrous membranes work more
effectively for surface adsorption of pollutants, owing to their elevated
ratio of surface area to volume and tunable functionality [2]. What is
more, nanofibrous membranes demonstrated higher flux at low pressure
and lower fouling tendency than the conventional membranes [2]. In
comparison to the commercial membranes, electrospun nanofibrous
membranes fabricated from the same polymers showed higher perme-
ability and antiwetting properties in membrane distillation since they
have higher hydrophobicity, highly porous interconnected structure,
and higher surface roughness [15,16]. In the air filtration process,
electrospun nanofibrous membranes showed high filtration efficiency
and low air resistance owing to their three-dimensional (3D) structure,
desirable pore connectivity, and the strong interface effect [10,17–23].
Electrospun nanofibers can also be used as adsorbents to remove pol-
lutants from wastewater in adsorption processes. Nanofiber adsorbents
demonstrated higher adsorption capacity, faster adsorption rate, and
easier regeneration and recyclability than conventional adsorbents [24,
25].

This work provides a critical review on the preparation, modification
and applications in the separation processes of electrospun nanofibers

from 2020 to 2023. The significance of this work shed light on the
fabrication, modification, and utilization of electrospun nanofibers and
nanofibrous membranes in the separation processes, especially in the
water treatment processes, membrane distillation processes, and air
filtration processes. Most importantly, there is a great potential for the
large-scale production of electrospun nanofibers and their scale-up ap-
plications in separation processes.

2. Fundamentals of fabrication of electrospun nanofibers

2.1. What is electrospinning?

In the fields of material science and engineering, electrospinning is
an important technique for fabricating nanofibers. It involves ejecting a
charged polymer solution or melt through a nozzle and stretching it into
fine fibers under the influence of an electric field [26]. These nanofibers
exhibit a high surface-area-to-volume ratio, making them valuable for
applications such as filtration processes [27], tissue engineering [28],
energy storage [29] and drug delivery [30]. Moreover, electrospinning
is a versatile technique, compatible with a wide range of materials,
including polymers, ceramics [31], and composites [32]. The process
also allows for precise tuning of the structure and properties of the
resulting nanofibers, rendering it suitable for various industrial and
biomedical applications. Additionally, electrospinning holds significant
potential for scaling up to mass production, making it a promising
technology for commercial use [33].

2.2. Types of electrospinning set-up

2.2.1. Fundamental electrospinning apparatus
The electrospinning technique is based on transforming polymer

solutions into ultra-thin fibers with diameters reaching the nanoscale,
done by applying an electrical force. The apparatus required for this
process is notably basic and easy to procure, consisting of a syringe with
a needle from which the solution is pumped, a grounded conductive
collector, and a high voltage source. The application of this high voltage
reshapes the droplet of polymer solution at the needle’s end into a
conical structure as a result of the electrostatic forces at play, named the
“Taylor cone” after Sir Geoffrey Ingram Taylor, a British physicist who
first described the phenomenon in the 1960s [34]. This intense electrical
field initiates and drives the electrospinning, manipulating the di-
mensions of the jetting solution from the needle tip to achieve an
equilibrium of forces [35].

Advancements in technology and a rising interest have spurred the
development of various electrospinning methods that cater to large-
scale production of differentiated fiber characteristics. This expansion
has greatly enhanced the portfolio of electrospun materials, thus
widening the spectrum of their applications. In sections to follow, we
will explore cutting-edge alterations to the electrospinning apparatus,
focusing on the collector and spinneret modifications. Fig. 1 illustrates
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the typically used electrospinning systems in the laboratory and indus-
trial scale. Besides to the obvious difference in the size of the equipment,
it could be noted that the commonly applied voltage (up to 40 kV vs.
140 kV), and the number of emitters (up to 10 vs. 6000) also differ. In
the case of scale-up machines, emitters are usually built up from a wire
with lot of tips, and the collector is a rotating cylinder.

2.2.2. Melt electrospinning
Melt electrospinning (Fig. 2) is a variation of electrospinning that

allows fiber manufacturing to be done not only with polymer solutions
but also with polymer melts. This particular approach is a significant
subset of electrospinning, offering advantages in avoiding certain
drawbacks of solution electrospinning [36]. Additionally, this method
enables the formation of nanofibers from polyolefins [37] like poly-
ethylene [38] and polypropylene [39], which lack appropriate solvents
at ambient temperatures, as well as from complex polymer blends that
are challenging when it comes to identifying a mutual solvent. The
primary constraint of melt electrospinning is that it typically results in
fibers with discernibly larger diameters when compared to those pro-
duced by solution electrospinning [40]. Consequently, research into
melt electrospinning has been somewhat constrained.

2.2.3. Bubble electrospinning
Introduced in 2007 [42], bubble electrospinning largely relies on the

characteristics of bubbles, specifically their size, generated on the sur-
face of a polymer solution. This technique is regarded as part of the
needleless electrospinning technologies and diverges from the tradi-
tional technique by generating polymer bubbles in place of the Taylor
cone to form polymeric fibers. Instead of relying on the surface tension
of a droplet, polymer bubbles are created, and the inherent surface
tension is overcome. The typical bubble electrospinning apparatus
(Fig. 3) facilitates the creation of polymer bubbles using substantial air
pressure provided by an air pump. Concurrently, an electric charge from
a high-voltage power source is applied to surmount the bubbles’ surface
tension. At a specific voltage threshold, several jets exit from these
bubbles, and a collector is positioned to gather the resulting fibers.
Controlling the number, size, shape, and consistency of the bubbles that
arise on the polymer solution’s surface represents a challenge in this
technique [43].

2.2.4. 3D electrospinning technologies
Traditional electrospinning is instrumental in creating two-

dimensional (2D) nanofiber mats or membranes that are crucial for
various uses. Moreover, by refining and evolving this classic technique,
electrospinning has considerable potential to fabricate 3D nanofibrous
frameworks that boast enhanced qualities. To date, several techniques
have been developed to prepare 3D electrospun nanofibers, including
methods such as wet electrospinning [45], coaxial-wet electrospinning
[46], template-based electrospinning [47], incorporation of porogens
within electrospinning [48], use of a cold collection plate [49], emulsion
electrospinning, and centrifugal spinning [50]. The introduction of a
significant third dimension in 3D structures garners advantages like
increased surface area, a greater number of connected pores or channels,
and augmented porosity.

2.2.5. Wet electrospinning
Wet electrospinning involves the deposition of a polymer solution on

a non-solvent liquid coagulant (Fig. 4). It yields 3D nanofiber scaffolds

Fig. 1. Schematic illustration of typical electrospinning equipment at laboratory scale (left side) and industrial scale (right side).

Fig. 2. Illustrated scheme of a melt electrospinning apparatus. The figure
highlights key components, including the supply zone, heat source, high voltage
power supply, and collector, essential for the jet initiation and fiber formation
processes.
Reproduced with permission from ref. [41]. Copyright 2016 Elsevier.
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with enhanced properties such as higher porosity and increased surface
area. The procedure typically entails a polymer solution housed within a
syringe connected with a pump, which administers the solution at a
controlled flow rate while subjecting it to high voltage to induce fiber
formation. These fibers are submerged in a coagulation bath, acting as a
collector, where the solution solidifies to generate elongated fibers
ranging between 30 to 600 μm in diameter [51].

2.2.6. Template-based electrospinning
Template-based electrospinning is a technology that uses a template,

such as one made by 3D printing (Fig. 5) [47], to direct the development
of electrospun fibers. Template-based electrospinning demonstrates
some advantages, including the ability to create complex fiber structures
and patterns, improved control over fiber alignment and orientation,
and the potential for integrating functional materials within the fiber
network [53].

2.2.7. Cold-plate electrospinning
The fundamental idea of cold-plate electrospinning is to use a

temperature-controlled cold plate as the collector for the electrospun
fibers. This process allows for the simultaneous formation of ice crystals
and the collection of nanofibers, resulting in a more porous and flexible
scaffold than conventional electrospinning procedures. The cold plate is

Fig. 3. Schematic illustration of the bubble electrospinning apparatus, high-
lighting its essential components. This setup enables the generation of multiple
jets from a bubble formed at the solution’s surface.
Reproduced with permission from ref. [44]. Copyright 2009 Elsevier.

Fig. 4. Schematic representation of the key components of a wet electrospinning setup, illustrating the syringe pump, spinneret, high-voltage power supply,
coagulation bath, current collector, and orbital shaker.
Reproduced with permission from ref. [52]. Copyright 2014 Royal Society of Chemistry.

Fig. 5. Illustration of template-based electrospinning integrated with 3D
printing technology. The approach enables the creation of complex fiber
structures and patterns, improved alignment and orientation of fibers. The
illustration is adapted from the article titled “New 3D Printing Technique Un-
leashes New Surgical Mesh Designs and Properties”.
Published on 3D4Makers.com (Copyright 2023, 3D4Makers.com), based on the
work of Sterk et al. [54].
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kept at a temperature below the freezing point of the electrospinning
precursor solution, causing it to solidify upon contact. This solidification
process induces the formation of ice crystals, which supports the elec-
trospun nanofibers. The fibers are subsequently deposited onto the ice
crystals, resulting in a 3D nanofiber scaffold (Fig. 6) [49,50].

2.3. Modules of an electrospinning equipment

Among mandatory and optional electrospinning modules, the
emitter and the collector modules are available in several forms, and
they are essential to the nanofiber fabrication process.

2.3.1. Special emitters
The emitter, which allows polymer solution to be charged and

dispensed, is crucial to every electrospinning setup. The most typical
emitter is a flat-tipped metal nozzle. Typically, a flat tip is favored
because it offers a level surface that facilitates the development of a
stable Taylor cone and results in minimal fluctuation in the jet, in
contrast with needles with chamfered tips [56].

2.3.1.1. Coaxial emitter. Coaxial electrospinning is a variation of the
standard electrospinning process and is used for creating core-shell
structured nanofibers [57]. This technique involves using two or more
concentric needles, collectively called a coaxial spinneret (Fig. 7). Each
needle accommodates a distinct polymer solution or melt; convention-
ally, the core solution traverses through the inner needle, while the shell
solution is pumped through the outer needle.

2.3.1.2. Gas-jet coaxial emitter. Gas-jet, or gas-assisted coaxial electro-
spinning, represents a variation of the conventional coaxial electro-
spinning process that involves using a gas to assist in forming the coaxial
structure and the ejection of the jet. The gas is introduced via the outer
emitter needle to initiate the jet, sustain the continuity of the spinning
jet, guide the electrospinning process, and enhance the rate of fiber
deposition [59]. The introduction of gas through the inner needle to the
electrospinning process also has the potential to boost nanofiber

production efficiency significantly [60].

2.3.1.3. Multi needle emitters. Spinnerets with multiple needles (Fig. 8)
are employed in electrospinning to generate a series of polymer solution
jets, thus facilitating a greater nanofiber output rate than systems that
utilize a single needle. These spinnerets come in diverse configurations,
including patterns like equilateral hexagons, circles, V-shaped arrays,
and straight lines, with varying needle counts for each array [61]. The
advantages offered by these multi-needle systems include enhanced
control over the nanofiber deposition on the collector and the capability
to manufacture sheets of nanofibers with uniform characteristics [61].
Moreover, the integration of gas assistance in multi-needle electro-
spinning setups has been explored as a technique to significantly step up
nanofiber production rates [62].

2.3.1.4. Needleless emitters. In the quest to amplify the productivity of
the electrospinning process, several specialized emitters have been
developed to replace traditional needle-based systems. Free-surface
emitters, which substitute needles with geometrically arranged open-
ings on a charged surface, have emerged as a novel category. This group
encompasses diverse designs such as hollow tube spinnerets, flat and
stepped spinnerets, and porous tube electrospinning, each contributing
to an increased surface area for fiber formation. Another innovative
approach involves bath emitters, which utilize rotating geometric
shapes partially dipped in the precursor solution. These shapes adsorb
the solution on their surfaces and, upon rotation, carry it closer to the
collector where electrospinning occurs. This category includes various
configurations like rotating wire, spiral coil, ring coil, cylinder, disc, and
spherical ball electrospinning, each allowing continuous coating of the
emitter with precursor and enabling sustained fiber production. Lastly,
reservoir emitters take advantage of a filled precursor reservoir from
which electrospinning commences as soon as spillover occurs. Tech-
niques such as bowl-edge electrospinning and corona electrospinning
from a sharp-edged circular spinneret fall under this classification,
enabling consistent and uninterrupted fiber generation. Collectively,
these advanced emitter designs significantly contribute to the upscaling

Fig. 6. Schematic representation of cold-plate electrospinning. The cold plate, maintained below the freezing point of the precursor solution, causes the solution to
solidify upon contact, forming ice crystals that support the deposition of nanofibers. This method produces a porous and flexible 3D scaffold by freeze-drying the ice
crystal-nanofiber composite, as shown in the cross-sectional SEM image and the final highly porous nanofiber structure.
Reproduced with permission from ref. [55]. Copyright 2023 Elsevier.
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of electrospinning, thus addressing the need for high-throughput pro-
duction of nanofibers [61]. Fig. 9 presents photographs of representative
needleless emitters, illustrating diverse designs, all of which enable
efficient large-scale nanofiber production.

2.3.1.5. Motorized moving emitter. The advent of moving emitters in
electrospinning represents a significant advancement in the field aimed
at optimizing the uniformity and quality of electrospun nanofibers. The
dynamic movement of the emitter can play a crucial role in enhancing
the homogeneity of the produced nanofibrous structures. As the emitter
traverses, the ejected polymer jets are systematically deposited along the
full extent of the collector, which is notably advantageous when
employing rotating collectors and leads to an even distribution of the
polymer material. Such uniformity manifests in a final product with
improved consistency in thickness. Moreover, the emitter’s locomotion
elevates the electrospinning procedure’s overall efficiency and output
[67].

2.3.2. Special collectors
The plate collector stands as the most prevalent and rudimentary

form of collector utilized in electrospinning processes, renowned for its
straightforward design and general effectiveness. While this type of
collector is entirely competent for a broad range of applications, it does
present notable limitations, particularly in certain specialized fields.

One of these drawbacks is the non-uniform thickness that often occurs
along the radial axis of the electrospun product, which can be detri-
mental to applications requiring precise dimensional control. Another
significant impediment is the random orientation and deposition of
nanofibers on the collector surface, a factor that restricts its use in ap-
plications demanding highly ordered fiber structures. These inherent
limitations have initiated the research and adoption of alternative,
specialized collector types in the field of electrospinning.

2.3.2.1. Static collectors. Innovative approaches include the use of
parallel electrodes to align fibers by creating an air gap that causes the
electrospinning jet to oscillate, resulting in fibers that align neatly be-
tween the electrodes. The dynamics of this process have been observed
through high-speed photography, revealing that fibers initially attach to
one electrode before spanning across to the opposite one [68]. Subse-
quent adaptations to this method have produced diverse fiber archi-
tectures. Using a series of parallel electrodes has been effective in
gathering intersecting nanofibers at their nexus [69]. Meanwhile, posi-
tioning two pointed edges in a linear arrangement with an intervening
space has been effective in forming bundles of nanofibers. Alternatively,
arranging these edges parallel to each other facilitates the assembly of a
denser aligned fiber mesh. These various collector modifications have
thus expanded the versatility of electrospun fiber structures [70].

These examples demonstrate that it is possible to achieve ordered
nanofibrous structures by altering the electric field during electro-
spinning. By utilizing tailored electric fields, the trajectory of the jet can
be precisely controlled. Based on this foundational principle, the adop-
tion of specially designed collectors enables the manipulation of fiber
layout, leading to enhanced structure control and the realization of
highly organized nanofibrous assemblies.

2.3.2.2. Bath collectors. In electrospinning processes where the solution
cannot adequately dry during its journey from the spinneret to the
collector, a specialized setup becomes necessary. This situation is
frequently encountered with specific water-soluble polymers, as their
fibers may not achieve sufficient dryness upon reaching traditional solid
collectors. To address this challenge, a coagulation bath collector is
employed and strategically positioned at a defined distance from the
needle tip similar to the setup presented in Fig. 4. As the fibers traverse
and enter this liquid medium, they become immersed in a substance,

Fig. 7. Schematic representation of coaxial electrospinning, illustrating the use of a coaxial emitter to simultaneously extrude core and shell liquids from separate
syringe pumps to produce core-shell nanofibers, as visualized on the collector plate. The magnified images show the coaxial emitter design and a TEM image of a
core-shell nanofiber structure. (Reproduced with permission from ref. [58]. Copyright 2015 Springer).

Fig. 8. Photograph of a multi needle emitter used for electrospinning. It is
equipped with an array of aligned needles designed to enhance throughput and
scalability in nanofiber production.
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typically a non-solvent for the polymer, such as ethanol. This coagula-
tion solution not only expedites the removal of water to prevent fiber
fusion but also promotes the solidification and purification of the fibers
[71]. Water can also be an excellent choice for the coagulation bath
medium, as it is known to be insoluble in most non-polar polymers and
thus may be used as an effective non-solvent for many polymers [72,73].
A simple adjustment to this arrangement is to agitate the water bath
using a simple magnetic stirrer, resulting in a rotating bath that may be
utilized to aid the creation of circumferentially aligned nanofibers [74].

2.3.2.3. Rotating collectors. Rotating collectors have marked a signifi-
cant advancement in the field of electrospinning, proving superior to
traditional static plate collectors. They enhance the production of
nanofibers by enforcing a uniform thickness and orderly arrangement,
primarily aligning the fibers along a single axis as opposed to the chaotic
orientations seen with a static collection. A variety of forms, including
mandrels, wire drums, disc-like wheels, conical shapes, and skeletal
frames, are among the rotating structures often employed. Their pivotal
role in the precise control of nanofiber alignment and uniform distri-
bution is paramount, leading to the generation of structured nanofibrous
materials characterized by consistent thickness and alignment [75,76].
Fig. 10 presents a typical rolling drum collector used for the production
of oriented nanofibers.

2.4. Influencing factors of the electrospinning process

In electrospinning technology, a diverse array of parameters can be
delicately adjusted to generate various nanofiber architectures. These
parameters neatly fall into three primary categories: precursor solution
parameters, electrospinning process parameters, and environmental
parameters. Among these three factors, environmental conditions have
received comparatively less attention in research, primarily because
effectively controlling them poses significant challenges. Additionally,

isolating the study of environmental conditions proves challenging, as
alterations in these conditions can impact other aspects of the process.
For instance, elevating the temperature may lead to a decrease in so-
lution viscosity, and a reduction in pressure can enhance solvent vola-
tility. The two dominant sets of factors, such as precursor parameters
and process parameters, are shown in Fig. 11. The precursor parameters
and electrospinning process parameters show crucial effects on the
structure and morphology, e.g. porosity, surface area, nanofiber diam-
eter distribution, membrane thickness, and surface-area-to-volume ra-
tios of electrospun nanofiber membranes, which affects the
performance, e.g. flux and separation efficiency, of electrospun nano-
fiber membranes. The effects of precursor parameters and electro-
spinning process parameters on the properties of electrospun nanofibers

Fig. 9. Photographs of various needleless electrospinning emitters. (Top left) Stepped emitter, where fibers are generated from the edges of a stepped structure. (Top
right) Porous tube emitter, showing multiple jets forming on the surface of a porous tube. (Bottom left) Reservoir emitter, utilizing a filled precursor reservoir from
which electrospinning commences as spillover occurs. (Bottom right) Rolling emitter, demonstrating fiber formation from the rotating roller surface. These con-
figurations allow for large-scale nanofiber production.
Reproduced with permission from ref. [63]. Copyright 2015 Elsevier. Reproduced with permission from ref. [64]. Copyright 2006 IOP Publishing. Reproduced with
permission from ref. [65]. Copyright 2019 Elsevier. Reproduced with permission from ref. [66]. Copyright 2012 Wiley.

Fig. 10. Schematic representation of a rotating drum collector for electro-
spinning, designed to produce oriented nanofibers. The high-speed rotation of
the drum aligns the fibers as they are deposited, resulting in the uniform and
directional arrangement shown in the magnified view.
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will be briefly discussed in Sections 2.4.1 and 2.4.2, respectively.

2.4.1. Precursor solution parameters
Polymer concentration is one of the precursor features that is most

important in maintaining the fibrous structure. It also affects other
properties, including surface tension, solution viscosity, and electrical
conductivity. A proper polymer concentration is crucial for producing
uniform nanofibers and minimizing bead formation, as insufficient
concentrations often result in the formation of beads due to inadequate
viscoelasticity [77,78]. While increasing polymer concentration gener-
ally improves the viscoelastic performance of the solution, enabling it to
better withstand the electrostatic forces during electrospinning and
forming smooth fibers, it is important to note that other factors,
including polymer type, molecular weight, and solvent system, also play
a significant role. Furthermore, excessive polymer concentrations can
lead to an undesirable increase in solution viscosity, which may prevent
the disruption of the Taylor cone, ultimately compromising the elec-
trospinning process. Thus, an optimal polymer concentration must be
carefully selected to balance these effects and achieve the desired
nanofiber morphology [79,80].

The molecular weight (M) of the polymer precursor significantly
influences the electrospinning process and the properties of the resulting
nanofibers. Increasing M in the precursor solution has effects similar to
those of elevated polymer concentration. The increase of M of the
polymer can substantially decrease the critical polymer concentration
necessary in the precursor for the production of smooth nanofibers via
electrospinning [81].

When the surface tension of the precursor solution is reduced, a
lower onset voltage is sufficient to overcome the cohesive force provided
by the surface tension and, consequently, start the electrospinning
process [82]. Furthermore, it was discovered that when solvents with
lower surface tension, such as ethanol, were used to produce precursors,
the electrospinning experiment resulted in smooth, uniform fibers;
however, when solvents with higher surface tension, such as dime-
thylformamide (DMF), were used to create precursors, the electrospun
fibers exhibited significant beading [83].

In the electrospinning process, the extension of charged liquid into
fibers occurs due to charge repulsion, which is why adequate charge
transfer from the power supply to the polymer in solution during elec-
trospinning is crucial. This process is intricately linked to the solvent’s
conductivity. A higher conductivity results in the formation of more ions
on the polymer molecules, leading to thinner fibers as charge repulsion
becomes a dominant effect. Introducing a small amount of poly-
electrolyte (salts) to the precursor proves effective in eliminating fiber
bead formation, as it enhances the number of charges and aids in
elongating the jet to produce uniform fibers. It is noteworthy that

electrospinning of polymer solutions encounters challenges at very high
voltages, and fiber formation becomes impossible when the solution
lacks conductivity. Also, extensively high conductivity can lead to the
formation of multi-jets from the precursor droplet and protrusions in the
fiber morphology [84,85].

The electrospun nanofibers’ diameter and shape are heavily influ-
enced by the viscosity of the polymer solution, a factor determined by
various polymer properties such as M and polymer solution concentra-
tion, as mentioned above. To summarize shortly, elevating the poly-
mer’s M or concentration in the precursor solution leads to an increase
in solution viscosity. It is important to note that excessively high vis-
cosity poses challenges in the electrospinning process, making it difficult
to pump the solution through the syringe pump.

2.4.2. Electrospinning process parameters
The applied voltage is a critical parameter in the electrospinning

process, as it governs the number of charges carried by the jet, modu-
lates the electrostatic repulsion among those charges, and defines the
interactions between the jet and the external electric field. This voltage
must be calibrated with precision; it should be elevated enough to
overcome the droplet’s surface tension to initiate jet formation, yet
excessive voltage can destabilize the jet, potentially causing the ejection
of multiple jets and leading to inconsistencies in the process [86].
Usually, when the strength of the electric field is increased, there is a
corresponding rise in fluid volume ejected, producing a thicker jet and
ultimately yielding fibers of greater diameter [87]. An increase in the
applied voltage not only changes the morphological properties of the
fibers but also affects the deposition rate of the process, causing a greater
volume of product to be accumulated on the collector plate in a given
length of time.

During electrospinning, the distance between the emitter, where the
fibers start, and the collector, where they end up, is important for con-
trolling the size and shape of the nanofibers produced. This distance
needs to be just right so that the solvent in the fibers has enough time to
evaporate, leaving dry fibers at the collector. If this distance is too short,
the fibers may not dry fully, and you’ll get wet fibers. Longer distances
typically mean thinner fibers, but if the distance is too long or too short,
the fibers might end up with unwanted beads. It is also important to note
that the distance separating the emitter from the collector influences the
strength of the electric field, meaning that greater distances can neces-
sitate higher critical voltages to initiate the electrospinning process [88].

The feed rate is the speed at which the polymer solution is delivered
to the emitter. This rate is dependent upon factors such as the emitter
needle’s internal diameter and the employed voltage that draws the
solution out. Each polymer type and needle diameter present an ideal
flow rate interval. Higher flow rates tend to produce thicker fibers

Fig. 11. The basic set of parameters in the electrospinning process, precursor parameters and process parameters.
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because more material is dispensed per unit time and could result in
fiber defects, like beads, due to incomplete solvent evaporation. Exces-
sively high flow rates can also trigger multiple jet formations.
Conversely, sub-optimal flow rates can substantially prolong the pro-
duction time and, in worst cases, interrupt electrospinning, causing the
jet to break and potentially retract back into the needle [82].

2.4.3. Suitable polymers and solvents
Several types of polymers with different chemical structures and

molecular weights are available for electrospinning as well as the type of
their solvents or solvent mixtures also cover a large number. The most
used polymers and their typical solvents are summarized in Table 1.

3. Surface adjustment and functionalization of electrospun
nanofibers

Researchers studying membrane technology are increasingly turning
to polymeric membranes because of their excellent separation selec-
tivity, reliable membrane performance, and affordability. Diverse
fabrication methods, including electrospinning [119,120], phase
inversion, track-etching, sintering, and stretching, contribute to the
versatility of polymeric membranes [121]. As the intricacy of pollutants
in water or air continues to escalate, there is a growing demand for

polymeric membranes with enhanced performance in specific applica-
tions [122]. Furthermore, the evolution of multifunctional membranes
necessitates facile modificationmethods in membrane preparation [123,
124].

In response to these challenges, electrospun nanofiber membranes
(ENMs) have garnered attention in the area of water treatment research,
particularly [125–127]. Electrospinning, a cutting-edge technology,
relies on the interplay of polymers with an external electric field, of-
fering advantages such as low cost, a wide array of material options,
robust versatility, and straightforward modification procedures. As the
demand for high-performance membranes intensifies and the quest for
easily modifiable preparations persists, electrospun nanofiber mem-
branes have emerged as a focal point, showcasing their potential to
address the evolving complexities of membrane applications in various
domains.

As the application of ENMs continues to expand, the inherent limi-
tations of single-performance nanofiber membranes have become
evident in meeting the escalating demands of increasingly complex
processing requirements. Consequently, heightened attention is being
directed towards modification technologies aimed at imparting func-
tional attributes to ENMs. In recent years, a noteworthy trend has
emerged wherein researchers have incorporated a diverse type of
functional materials into nanofibers, employing both pre-

Table 1
Polymers most commonly used for electrostatic fiber formation [89–91].

Polymer Abbreviation Characteristic molecular
weight (kDa)

Solvent Typical field of application Ref.

Water soluble
Polyvinyl alcohol PVA 37− 200 water, dimethyl sulphoxide (DMSO) food industry, medical biology, [92]
Polyvinylpyrrolidone PVP 125 water, methanol (MeOH), ethanol (EtOH),

DMF
tissue engineering, medical biology,
pharmaceutical industry

[93]

Polyethylene oxide PEO 100− 1000 water tissue engineering, medical biology,
pharmaceutical industry

[94]

Polyethyleneimine PEI 25 water cross-linking auxiliary component [95]
Polyacrylic acid PAA 450 water wound dressing, tissue engineering, drug

delivery systems
[96]

Soluble in organic solvents
Polylactic acid PLA 64 DMF, chloroform (CHCl3) tissue engineering, medical biology,

pharmaceutical industry
[97]

Polycaprolactone PCL 80 DMF, DKM, CHCl3 tissue engineering [98]
Polyvinylchloride PVC 106 DMF filtration, sensors [99]
Polyurethane PUR 180 DMF, DMSO tissue engineering, medical biology,

pharmaceutical industry
[100]

Poly(lactic-co glycolic)
acid

PLGA 120 DMF, THF, HFIP tissue engineering, wound dressing, cancer
diagnosis and monitoring

[101]

Polyacrylonitrile PAN 85− 150 DMF drug delivery, wound dressing, carbon
nanofiber precursor

[102]

Polysulfone PSf 35− 58 DMF, acetone, THF filtration, biomedical applications [103]
Polyimide PI 100 DMF, DMSO, DMAc triboelectric applications, filtration [104]
Polyvinylidene fluoride PVDF 100 DMF, DMSO, acetone triboelectric applications, tissue

engineering
[105]

Polystyrene PS 100− 400 DMF, THF filtration, sensors [106]
Polyamide PA 10− 50 DKM, acetic acid, formic acid filtration [107]
Polycarbonate PC 60 Chloroform, THF, DMF tissue engineering, bioassays, filtration [108]
Poly(methyl
methacrylate)

PMMA 150− 500 Chloroform, DKM, DMF, THF tissue engineering, filtration [109]

Polyethylene
terephthalate

PET 30− 80 DKM, TFA filtration [110]

Natural polymers
Cellulose – – DMSO medical biology, membrane filtration [111]
Cellulose acetate CA 30− 50 DMF, CHCl3, dimethylacetamide (DMAc),

methyl ethyl ketone (MEK)
medical biology, membrane filtration [112]

Ethyl cellulose EC – EtOH, acetone food industry, pharmaceutical industry [113]
Collagen – 250− 300 Trifluoroethanol (TFE), hexafluoro

isobutylene (HFIP)
medical biology, tissue engineering [114]

Chitosan Ch 50− 310 Trifluoroacetic acid (TFA), HFIP medical biology, tissue engineering [115]
Gelatine Ge – Acetic acid, Formic acid, TFE wound dressing, drug delivery, food

packaging
[116]

Silk fibroin – – HFIP, TFA, Formic acid tissue engineering, wound dressing [117]
Zein – – DMF, HFIP, EtOH, acetic acid soft tissue engineering, wound dressing,

drug delivery
[118]
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electrospinning and post-electrospinning methodologies to achieve
desired modifications.

The area of ENM amendment methods can be broadly classified into
three principal groups: nanofiber modification technology, nanofiber
surface modification, and the modification of thin film composite
nanofiber membranes. This evolution in modification strategies repre-
sents a pivotal response to the imperative for tailoring ENMs to meet the
intricate and multifaceted demands imposed by diverse applications,
thereby ushering in a new era of enhanced functionalization and
adaptability in nanofiber membrane technology.

3.1. Morphology adjustment of electrospun nanofibers - smooth nanofiber

Prior to the flourish of electrospinning technology, the formation and
usage of smooth nanofiber was the most common. Such materials found
applicability in water purification, including extensive use in textile
wastewater filtering [128] and gas separation, particularly in air puri-
fication [129–132]. However, because of their tight stacking patterns
created by thin, smooth fibers, the majority of such filters are susceptible
to the unavoidable problem of excessive pressure drop. Thus, it is critical
to carefully design the aggregate structure of filters made out of smooth
fibers. Several methods were employed to create filters made of smooth
fibers with fluffy packing patterns, including multi-jet electrospinning
[133,134], free surface electrospinning [135–137], and
low-temperature electrospinning [138–140].

Tuning the flow rate of the polymer solution, which significantly
impacts the transfer rate of the polymer solution and the speed of the jet,
is also a way to generate smooth morphology. Opting for lower feed
rates is crucial to achieve optimal solvent evaporation and to ensure the
production of flawless, defect-free nanofibers. This approach is essential
in delivering superior quality and performance. On the other hand,
extremely low flow rates may result in the solution not being readily
available at the needle tip. However, excessively high flow rates could
produce fibers with larger diameters and structural flaws because the
solvent does not completely evaporate before reaching the collector. It is
crucial to find the right balance to achieve optimal results [141,142].

The mentioned methods were also successfully implemented to
produce materials for water treatment. Pervez and co-workers produced
electrospun nanofiber membranes for wastewater treatment to remove
dye pollution [143]. Materials synthesized from PVA were formed using
a low-temperature method at 50 ◦C with a persulfate reagent and
possessed excellent performance in catalytic degradation of methylene
blue dye. The studied membranes have shown also exceptional stability
after repetitive recycling steps (90 % after five cycles) [143].

Zargham et al. studied the influence of applying different flow rates
to Nylon 6 solutions, ranging from 0.1 and 1.5 mL h− 1. Achieving
remarkable results, uniform and flawless fibers with diameters of
approximately 237 nm were obtained when applying a flow rate of
0.5 mL h− 1 at a voltage of 29 kV. This was achieved with a polymer
content of 20 % in the solution and a distance of 15 cm between the
needle and the collector. Flow rates below 0.1 mL h− 1 and above
1 mL h− 1 significantly impact the quality of fiber production. These
extreme flow rates lead to the development of fibers with irregular di-
ameters and structural defects. Additionally, excessively high flow rates
of 1.5 mL h− 1 result in unstable jets, yielding larger, irregular fibers with
lower density in the deposited fiber area. This is why it is crucial to
calibrate flow rates for optimal fiber quality and production stability
[144].

Kyselica et al. [145] conducted an innovative study on the impact of
varying flow rates on a PEO solution. Their research unearthed a crucial
discovery: utilizing low flow rates, precisely adequate to form the Taylor
cone, resulted in the creation of nanofibers with minimal defects.
Conversely, insufficient flow rates caused jet interruptions due to solu-
tion unavailability, while excessive flow rates led to dripping and the
production of thicker fibers. This study highlights the pivotal role of flow
rates in yielding superior nanofiber quality and underscores the

significance of their precise control in the production process.

3.2. Nanofiber modification technology - ENMs with a Nanofiber Layer as
the Selective Layer

ENMs with controlled fiber diameter and pore size, high and tunable
porosity, low tortuosity, narrow pore size distribution, and adjusted
thickness—along with a customizable structure—have piqued the in-
terest of researchers in the industrial purification area. The conditions of
the electrospinning method, e.g., the polymeric dope concentration,
solvent ratio, electric voltage, and ambient temperature, have been
shown to require crucial tuning. In water purification, a polymer is
typically combined with inorganic fillers to form ENMs. Modifications
are necessary to provide varied physicochemical features and improve
performance processes. In the formation process of ENMs, the following
polymers are commonly applied polyvinylidene fluoride (PVDF) [146],
polysulfone (PSF) [103], polyethersulfone (PES) [147], polystyrene (PS)
[148], polyacrylonitrile (PAN) [149], polyurethane (PUR) [150], poly-
vinyl alcohol (PVA) [151], and polydimethylsiloxane (PDMS) [152].
These membranes may be tuned under various operating circumstances
to improve ENM performance. The ENM can be placed on the top of the
membrane structure design and play the role of the selective layer,
depending on the process. In such application, the role of ENM is
essential for the entire membrane performance and process efficacy.

3.2.1. Polymer blending
It should be remembered that a choice of polymers will be a key

factor during the membrane formation via the blending method. During
the selection of polymers, the electrospinning solution’s electrical con-
ductivity, surface tension, and viscosity should be considered [153].
Selecting the right polymer solution or combination thereof plays a
critical role in defining the properties of engineered nanomaterials.

Different applications require engineered nanomaterials with diverse
properties, posing a challenge when using ENMs derived from a single
polymer. Electrospinning offers a solution by enabling the blending of
polymers with varying characteristics into a single reservoir, which is
then electrospun together to enhance membrane performance [50].
Incorporating polymer blends in nanofibers can introduce novel func-
tionalities, leveraging the unique properties of individual components.
For instance, silk (SF) boasts remarkable mechanical strength and
binding resistance, while PEI is a hyperbranched cationic polymer
known for enhancing antibacterial activity. Ugur et al. [154] success-
fully combined the following polymers PEI, SF, and poly(methyl meth-
acrylate) (PMMA) using ES technology to produce antibacterial and
mechanically reinforced nanofiber membranes.

Zhang et al. [155] combined polyaniline (PANi) with a dissolved
solution of styrene block copolymer poly-
styrene-b-(ethylene-co-butene)-b-styrene (SEBS) to create SBES/PANi
ENMs, resulting in ENMs with enhanced strain recovery performance
and thermal resistance similar to pure SEBS ENMs. Notably, the
SBES/PANi ENMs exhibited exceptional resistance to corrosion when
subjected to large tensile deformation on stainless steel surfaces. Simi-
larly, in a separate study, Zhu et al. [156] developed a novel method by
incorporating NH3⋅H2O, trimethoxy (1 H,1 H,2 H,2H-heptadeca-
fluorodecyl) silane (17-FAS), and PVDF powder into solutions of
PVA/PAA to produce PVA/PAA ENMs, forming Janus fibrous mem-
branes. These membranes demonstrated high water flux exceeding
27 L m− 2 h− 1 and nearly complete desalination effectiveness of
approximately 100 % after undergoing heat treatment during the
desalination process of simulated hypersaline wastewater containing
sodium chloride (NaCl), sodium dodecylbenzene sulfonate (SDBS), and
lubricating oil.

3.2.2. Incorporation of functional materials into nanofibers
Electrospinning is a versatile technique that allows for precise al-

terations at every stage of the process, enabling the fabrication of
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nanofibers with tailored structures and properties. This adaptability
extends to the precursor solution, where various materials can be easily
incorporated to create nanofibers with unique qualities (Fig. 12). Elec-
trospinning enables the production of fibers with enhanced functionality
by dispersing these materials directly into the precursor mixture. A
particularly notable class of materials for this purpose is porogen ma-
terials. These materials can be used to fabricate porous nanofibers,
which have found applications in areas such as drug delivery, filtration,
catalysis, and tissue engineering.

Porogen materials act as hard or soft templates that are incorporated
into the electrospinning solution and subsequently removed from the
resulting nanofibers. The removal of the porogen creates voids within
the fiber structure, resulting in internal porosity. This porosity can
enhance the mechanical properties of the fibers and improve their per-
formance in applications requiring high surface area or permeability.
The use of porogen materials represents a straightforward and effective
approach to preparing porous nanofibers with advanced structural fea-
tures [48].

Besides porogen materials, electrospinning also enables the incor-
poration of a wide range of functional materials into nanofibers. En-
zymes can be embedded to create biocatalytic fibers for industrial or
medical applications [157,158], while small molecules and drugs can be
loaded for controlled-release systems in pharmaceutical applications.
Catalysts can be integrated for use in chemical reactions [159] or energy
conversion systems [160]. Antibacterial agents can be introduced to
create nanofibers for filtration or wound dressing [161], and materials
with specific optical or electrical properties can be embedded for use in
sensors or electronic devices [162]. The ability to incorporate different
functional materials into nanofibers underscores the versatility and
potential of electrospinning for developing advanced materials tailored
to specific application needs.

3.2.3. Mixed matrix membranes
Lately, there has been a growing emphasis on creating mixed matrix

membranes, which involve dispersing nanoparticles throughout a
continuous polymer matrix. This approach offers several advantages
over both purely polymeric and inorganic membranes. The process in-
volves the introduction of inorganic nanofillers, organic crosslinking

agents, and carbon-based nanomaterials into a polymer solution to
enhance the performance of engineered nanomaterials [163].

Incorporating inorganic metals involves the addition of metal
nanoparticles (such as silver (Ag), and iron (Fe)) and metal oxide ma-
terials (like alumina (Al2O3), titania (TiO2), metal-organic frameworks
(MOFs), covalent organic frameworks (COFs), and hydrogen-bonded
organic frameworks (HOFs)) [164]. This modification alters the struc-
tures as well as morphologies of composite mixed matrix ENMs,
differing from their original forms. As a result, these modified ENMs
exhibit enhanced water purification efficiency.

As an example of metallic nanoparticles, Ag nanoparticles, ranging in
size from a few nanometers to tens of nanometers, have been used for
membrane formation owing to the exceptional antibacterial properties
of Ag [165]. This characteristic has sparked considerable interest in
incorporating them into mixed matrix electrospun selective layers dur-
ing membrane formation for water desalination particularly [166].
However, the direct addition of Ag nanoparticles to the polymer solution
often leads to agglomeration, making it challenging for them to disperse
onto the electrospun nanofibers. A reduction reaction between Ag+ and
Ag nanoparticles is utilized to address this issue. Yuan et al. [167]
introduced Ag+ into a PVA solution and heated it to 150 ◦C to render the
resulting PVA ENMs composite insoluble in water. Through this process,
Ag+ is reduced by PVA, allowing for amalgamation and simultaneous
modification onto the membrane mat via electrospinning. The resulting
ENMs demonstrated optimal adsorption performance towards Hg2+ in
water, achieving a capacity of approximately 248 mg g− 1 at 333 K.

One of the newest class of nano-enhancers are COFs [168]. In the
case of electrospun membranes [169,170], PVDF membranes served as
the foundation for creating COF composite membranes, incorporating
graphene oxide and oxidized carbon nanotubes (GO-OCNTs) as an
intermediary layer [171]. The fabrication involved suction filtering the
GO-OCNTs intermediate layer onto the electrospun substrate, followed
by interfacial polymerization to form the COF layer. Integration of the
intermediate layer enhanced the dye retention rate and water per-
meance of the composite COF membrane. Through optimization of re-
action parameters during interfacial polymerization, the resulting
membrane demonstrated a Coomassie brilliant blue G250 (BBG-250)
rejection rate of approximately 97.1 %, with water permeability

Fig. 12. Schematic representation of the incorporation of functional materials into nanofibers via electrospinning for advanced material development. The process
enables the addition of functional components, such as porogens, enzymes, drugs, or catalysts, directly into the polymer precursor solution, producing nanofibers
with tailored properties and enhanced functionality.
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reaching 96.7 L m− 2 h− 1 bar− 1. Moreover, the COF/GO-OCNTs/PVDF
composite membrane exhibited outstanding mechanical and chemical
and resistance. Extended filtration experiments confirmed the mem-
brane’s sustained water permeation stability, presenting a method for
fabricating dense and defect-free COF films on electrospun substrates.

The newest enhancers in the class are HOFs that were also success-
fully implemented onto the electrospun membranes [172]. Nanofibers
with broad-spectrum antibacterial properties are produced through
electrospinning, incorporating them into a photoactive HOF consisting
of rod-like nanocrystals approximately 60 nm long. These HOF@poly-
vinylidene fluoride-co-hexafluoropropylene (PVDF-HFP) nanofibers
retain outstanding tensile strength and breathability while safeguarding
HOF nanocrystals from acid and alkali exposure damage. Various
nanofibers containing different quantities and types of HOF nanocrystals
are synthesized to enhance their efficiency in generating singlet oxygen
(1O2). Among these, the nanofibers containing 0.5 wt%
HOF-101-F@PVDF-HFP demonstrate the highest efficiency in 1O2 gen-
eration, nearly doubling that of the HOF-101-F microcrystalline powder.
Moreover, the HOF@PVDF-HFP nanofibers prove highly effective in
eradicating pathogens within 30 minutes under normal light conditions
(Fig. 13) [172].

Incorporating inorganic nonmetallic nanomaterials, e.g., silicon di-
oxide (SiO2) [173,174], carbon nanotubes (CNT) [175,176], zeolite,
graphene, and graphene oxide (GO) [177–179], into polymer solutions
has been a focus for enhancing functional properties. For instance,
adding SiO2 to polymer solutions improves the mechanical strength of
nanofibers, raises the glass transition temperature of ENMs, and pre-
vents bead formation during the electrospinning process [180,181].

Hou et al. [182] dissolved PVDF-HFP using a co-solvent of DMF/a-
cetone with the addition of SiO2 emulsion to produce PVDF-HFP/SiO2
ENMs. Increasing the mass ratio of SiO2 led to gradual reductions in
membrane porosity but enhanced membrane thickness, resulting in
improved salt rejection efficiency. The produced materials possessed the
water contact angle (WCA) exceeding 150◦ owing to its rough hydro-
phobic surface. With a maximum permeate flux of 48.6 L m− 2 h− 1, the
membrane maintained nearly 100 % rejection of NaCl after continuous
operation for 240 hours in membrane distillation.

Incorporating CNTs into polymer composites enhances the strength
of polymers and tensile modulus, immobilized within nanofibers via ES
to enhance mechanical toughness [183]. Yan et al. [184] developed a
carbon nanofiber membrane by electrospinning PAN/ terephthalic acid
(TPA) solution. Subsequently the materials were pre-oxidized and
carbonized, achieving high desalination efficiency under sunlight and
even in acidic/alkaline environments. This membrane demonstrated an
evaporation rate of 1.36 kg m− 2 h− 1 and rejection> 99.9 % ofmain ions
in seawater, with well-developed wettability and surface roughness.

Graphene and GO, possessing properties akin to carbon nanotubes,
are attractive nanofillers owing to their outstanding thermal and
chemical resistibility as well as hydrophilic moieties [185]. Woo et al.
[186] introduced graphene into a PVDF-HFP solution to fabricate
superhydrophobic PVDF-HFP /graphene ENMs, exhibiting high porosity
and aWCA of approximately 162◦. These composite ENMs demonstrated
a water flux of 22.9 L m− 2 h− 1 and maintained a high salt rejection (ca.
100 %).

3.3. Nanofiber surface modification

The reason for implementing the surface modification of generated
nanofiber is very often related to adjusting roughness [187], chemistry,
or mitigating the wetting problem [188]. Zhao et al. developed a tech-
nique to ENM with micro-nano structures imitating beads on a string to
boost transport properties and anti-wetting features in the desalination
process via membrane distillation. The composite ENM is made up of
two layers: a heat-conducting top layer made of PVDF-HFP nanofibers
implanted with carbon sphere (CS) nanoparticles and a heat-insulating
support layer composed of the same material. The introduced

modification allows to produce materials with greater performance
stability over 5000 min of direct contact membrane distillation (DCMD)
operation.

Novel pre-treatment methods, such as the vapor activation method,
have been established recently. Surface features were sensitive when
exposed to high humidity and organic solvents. Wu et al. [189] fluori-
nated PVDF-HFP ENMs through vapor deposition to reduce the mem-
brane’s surface energy. Compared to traditional dip-coating, vapor
deposition was found to be more useful for large-scale production. The
optimized fluorinated ENMs exhibited anti-wetting features in the
course of membrane distillation (MD) trials. Additionally, Liu et al.
[190] applied solvent vapor to partially melt CA/PVDF ENMs, promot-
ing contact points between nanofibers for physical crosslinking, which
proved to be a simple yet efficient method for enhancing the mechanical
strength of the produced separation materials.

Wu and co-workers [188] designed superhydrophobic nanofiber
membranes with 3D-network strengthened pore structure for DCMD
(Fig. 14). Owing to the introduction of hot-pressing to pretreat the PVDF
ENMs and modifying them with a PDMS and TiO2 nanoparticles solu-
tion, it was possible to solve the problem of lack of ENMmembrane pore
structure stability, poor mechanical features often faced in ENM mate-
rials as well as inadequate surface hydrophobicity. The ready samples
were characterized by the contact angle for water above 160◦. Such a
welded structure was responsible for the excellent durability and
applicability of the materials without losing integrity and performance
for over 100 h. After this time, the salt rejection during the desalination
via membrane distillation process was equal to 99.99 %. The water flux
was maintained on the level ca. 40 L m− 2⋅h− 1. The material was also
effective and resistant to wetting, contacting a 3.5 wt% NaCl solution
containing 0.1 mM sodium dodecyl sulfate (SDS) [188].

3.4. Membrane structure design - ENMs with nanofiber layer as
supporting substrates

The nanofiber layer offers distinct advantages as a supporting sub-
strate for ENMs, given its favorable surface-to-volume ratio and excel-
lent porosity, which promote the formation of the selective layer [191].
Typically, the selective layer is applied onto the nanofiber support
through secondary-electrospinning, polymer coating, inorganic deposi-
tion, or interfacial polymerization, all of which play pivotal roles in
dictating fluid flow pathways and separation efficiency [192]. Addi-
tionally, achieving optimal performance for specific applications re-
quires precise customization of structural aspects such as thickness and
porosity for both the supporting and selective layers, necessitating in-
dependent adjustments.

The optimum composite membranes, particularly for water purifi-
cation, should have a thin, perfect outer layer and a supporting layer
with low tortuosity and high porosity. ENMs have significant benefits
over typical ultrafiltration (UF) membranes created using phase-
inversion technologies, such as a highly porous structure and
completely interconnected features [193]. As a result, ENMs are
generally recognized as the optimal substrates for manufacturing
high-performance thin-film nanofibrous composite (TFNC) membranes.
The adaptability of TFNC membranes goes beyond aqueous-based ap-
plications such as UF [194–196], nanofiltration (NF) [197–199]
(Fig. 15), and forward osmosis (FO) separation [200–202], to include
hemodialysis [196,203,204] and pervaporation [205–208] (Fig. 16).

3.4.1. Modification - selective layer via inorganic deposition
Engineered nanomaterials incorporating a selective layer through

inorganic deposition onto the nanofiber layer typically improve the
chemical and thermodynamic stability of the separation materials. The
selectivity of nanomaterials significantly influences the features of such
hierarchical materials. Jiang et al. [209] placed hydrophobic
single-sided CNTs onto a hydrophilic PAN nanofiber layer via vacuum
filtration to create Janus PAN/CNTs ENMs. Different PAN and CNT
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Fig. 13. A schematic showing preparation of antibacterial HOF-101-H@PVDF-HFP nanofiber (upper part). Photographs of HOF-101-H@PVDF-HFP nanofiber on a)
gauze and b) non-woven fabric; SEM images of c) PVDF-HFP nanofibers and d) 10 wt% HOF-101-H@PVDF-HFP nanofibers; e) EDS images of 10 wt% HOF-101-
H@PVDF-HFP nanofibers; f) TEM images of 10 wt% HOF-101-H@PVDF-HFP nanofibers; g) Structural profile of HOF-101-H on nanofiber with the FFT pattern of
the chosen area (inset); h) The enlarged structure of the region of the frame in red in (g).serial HOF@PVDF-HFP nanofibers and the antibacterial mechanism (upper
part). (Reproduced with permission from ref. [172], Copyright 2023 Wiley).
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solution concentrations yielded varying degrees of hydro-
phobicity/hydrophilicity on both sides of the separation material. The
optimized oil rejection rate exceeded 99.5 % after incorporating CNTs,
accompanied by a high flux of approximately 12,000 L m− 2 h− 1 MPa− 1

(Fig. 17).

3.4.2. Modification - selective layer via polymer coating
Zhao and colleagues [210] applied amino-rich hydrothermal dieth-

ylenetriamine (DETA) onto the PAN nanofiber layer following an
effective hydrothermal carbonization mode. An amide bond was easily
formed when the amino groups of DETA interacted with the carboxyl
moieties of the carbonaceous PAN nanofiber layer. The adsorption ca-
pacities for pollutants such as Cr6+ and 2,4-dichlorophenoxyacetic acid
were approximately 290.7 mg g− 1 and 164.5 mg g− 1, respectively, sur-
passing those of pure PAN ENMs.

Furthermore, Vanangamudi et al. [211] investigated a method of
coating 18 wt% PVDF onto a hydrophilic nylon-6,6/Ch nanofiber layer
to create a Janus membrane. The interaction between the membrane
surface and water molecules through intermolecular hydrogen bonding
enhanced hydrophilicity, resulting in the highest water permeance of

approximately 5420 L m− 2 h− 1 MPa− 1. The membrane demonstrated
rejection levels above 93 % for bovine serum albumin (BSA), with
reduced pore sizes at approximately 3930 L m− 2 h− 1 MPa− 1 liquid flux
during filtration.

3.4.3. Modification - selective Layer via Interfacial Polymerization
In addition to deposition and coating methods, selective layers pro-

duced through interfacial polymerization (IP) can be applied onto
nanofiber surfaces to create engineered nanomaterials, primarily uti-
lized in FO and NF processes. The prevalent material for these selective
layers is polyamide (PA), synthesized in the reaction of acyl chloride and
polyamines.

In the case of the FO process, Tian et al. [212] applied a
post-covering of a PA layer derived from m-phenylenediamine (MPD)
and 1,3,5-trimesoylchloride (TMC) onto a polyethylene terephthalate
(PET)/PVA nanofiber layer formed via electrospinning process. The
reduced diffusive resistance primarily stemmed from the interconnected
pores and low tortuosity within the nanofibrous support layer. These
characteristics, including high roughness and open pores, enabled water
molecule movement across the membrane. The water flux for a 0.5 M

Fig. 14. Membrane formation and modification (upper figure). SEM images of pristine PVDF ENM (A), after hot pressing process and coating with 1 wt% PDMS
solution (B), membrane after modification with 0.3 wt% (C) and 0.4 wt% (D) of TNPs.
Reproduced with permission from ref. [188], Copyright 2024 Elsevier.
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NaCl solution was approximately 30.6 L m− 2 h− 1 in the FO process.
Another work focused on a construction of a PA rejection layer atop the
PSF/PAN nanofiber layer through IP reaction between MPD and TMC
monomers [213]. The membrane’s high porosity, around 84.3 %, and

numerous interconnected pores facilitated the development of a uniform
PA layer, diminishing internal concentration polarization (ICP) effects
and reversing salt flux during desalination. The elevated porosity
encouraged mass transfer across the membrane, enabling a water flux of

Fig. 15. Schematic illustration of the fabrication process for thin film composite membranes based on PAN nanofibrous substrate and hydrophilic PVA barrier layer.
Reproduced with permission from ref. [198], Copyright 2016 Elsevier.

Fig. 16. Illustration of the structure design of the GO–PVA– glutaraldehyde (GA)/PAN TFNC membrane: (A) a digital photo of the GO–PVA–GA/PAN TFNC
membrane, (B) cross-section SEM image of the GO–PVA–GA/PAN TFNC membrane, (C) schematic representation of the internal architecture and (D) GA chemical
cross-linking in the GO–PVA barrier layer.
Reproduced with permission from ref. [208] Copyright 2017 RSC.
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about ~38 L m− 2 h− 1 towards a NaCl solution in the forward osmosis
process, surpassing traditional substrates fabricated through phase
inversion.

4. The applications of electrospun nanofibers in separation
processes

4.1. Removal of heavy metal ions from wastewater

The fast development of urbanization and industrialization has
resulted in considerable water pollution, owing to the release of pol-
lutants from industries, sewage, and agriculture [214]. Especially the
contamination of heavy metals in water has created damages to the
environment system and human health since they can accumulate in
organisms [215]. Heavy metals such as Cu(II), Pb(II), Cr(VI), Cd(II), Ni
(II), As (III), Au(III) and Ag(I) are toxic and carcinogenic [216]. There-
fore, the separation of heavy metals from wastewater is crucial in
wastewater treatment processes. Conventionally, electrodialysis, ion

exchange, flocculation, chemical precipitation, membrane filtration,
adsorption, and reverse osmosis were used to remove heavy metal ions
from wastewater [24,216–219]. Among them, adsorption is the mostly
studied and used method to separate heavy metals from wastewater,
owing to its affordability, great efficiency, and simplicity of use, and
feasible application on a large scale [24,216,220]. In the adsorption
process, the preparation of high-performance adsorbents is important.
The conventional adsorbents such as zeolites and activated carbons
possess low adsorption capacity. Moreover, they cannot be easily re-
generated [221]. Nanoparticle adsorbents possess higher adsorption
capacity and fast adsorption rate. However, secondary contamination
might result from their facile aggregation and challenging separation
from aqueous solutions [222]. Compared with the aforementioned ad-
sorbents, electrospun nanofiber adsorbents can effectively separate
heavy metals from aqueous solutions, owing to their large surface area
and desirable flexibility [24]. Electrospinning is a versatile process to
fabricate nanofibers, which allows to control the diameter, microstruc-
ture, and the layout of nanofibers [25]. The electrospinning method can

Fig. 17. Schematic illustration of the fabrication process for Janus CNTs@PAN ENMs (upper image) [209]. (a) Fiber size distribution of the CNTs@PAN ENMs. (b)
CNTs loading of the CNTs@PAN ENMs with different CNTs suspension volumes. (c) Photos and SEM images of the CNTs side, PAN ENMs side and cross-section with
scale bars for the CNTs@PAN ENMs with different CNTs loadings (button images).
Reproduced with permission from ref. [209]. Copyright 2017 Elsevier.
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be used to fabricate nanofibers from a variety of materials. Most
importantly, the electrospun nanofibers can be surface functionalized to
obtain high efficiency nanofiber adsorbents for the separation of heavy
metals from wastewater [24,25].

PAN is utilized in the electrospinning process owing to its desirable
electrospinnability and high thermal and chemical stability [223].
Mohammed et al. [217] fabricated electrospun nanofibrous composite
membranes (NCMs) for Cr(VI) removal by incorporating zeolitic imi-
dazolate framework (ZIF-8) into PAN substrate grafted with cationic
PEI. Compared with pristine PAN nanofibers, the prepared
PAN/PEI@ZIF-8 NCMs containing 5 wt% ZIF-8 showed the highest Cr
(VI) adsorption capacity of 403.5 mg g− 1 and enhanced thermal stability
and mechanical strength. The adsorption experimental data were well
described by the pseudo-second-order (PSO) kinetics model and Lang-
muir model, which indicated that the chemisorption occurred, and the
monolayer adsorption occurred on the surface of absorbent, respec-
tively. The adsorption mechanism consisted of the electrostatic attrac-
tion between positively charged amine groups and negatively charged
Cr(VI) ions in the acidic solution, and the reduction of the adsorbed Cr
(VI) to Cr(III) [217]. Miao et al. [224] synthesized Fe-MOFs and fabri-
cated PAN/MOFs composite electrospun nanofibers by in situ immobi-
lization of Fe-MOFs in PAN nanofibers for Cr(VI) adsorption. The
prepared composite nanofibers can fast adsorb Cr(VI) ions in water and
exhibited a high Cr(VI) adsorption capacity of 127.70 mg g− 1 at pH 4.0.
Moreover, some adsorbed Cr(VI) was reduced to less toxic Cr(III). The
adsorption process was dominated by the physical adsorption process.
The immobilization of MOFs on nanofibers solved the issues of aggre-
gation and difficulty in recyclability of MOFs in the adsorption processes
[224]. Chen et al. [225] prepared hyperbranched zwitterionic phos-
phate (ZP) groups functionalized nanofiber adsorbents (ZP-PAN nano-
fibers) with anti-biofouling properties for the adsorption removal of U
(VI) ions from seawater. As it is shown in Fig. 18, the PAN nanofibers
were first fabricated by electrospinning. Subsequently, the PAN nano-
fibers were grafted with hyperbranched polyethyleneimine (bPEI) and
modified with phosphite via phosphorylation. The bPEI grafting
increased the density of functional groups and improved the abundance
of accessible adsorption sites for U(VI) ions. The zwitterionic phosphate
groups endowed the nanofibers with anti-biofouling properties and
enhanced their interaction with U(VI) ions owing to the oxygen-based
donors. The prepared ZP-PAN nanofibers showed a high U(VI) adsorp-
tion capacity of 1294.0 mg g− 1, owing to the involvement of phosphate

and amine groups in U(VI) coordination. The adsorption kinetics were
well fitted with the PSO kinetics model. ZP-PAN nanofibers showed
faster kinetics than bPEI-PAN nanofibers, owing to the phosphate groups
with high affinity to U(VI). The ZP-PAN nanofibers showed desirable
anti-protein adhesion ability since they are super hydrophilic to prevent
the adhesion of microorganism.

Rosli et al. [215] fabricated Ch/ PVA electrospun nanofibers which
were crosslinked with glutaraldehyde and functionalized with 1-allyl-3--
methylimidazolium chloride to improve the Pb(II) adsorption capacity.
In comparison to the pristine Ch/PVA nanofibers, the Pb(II) adsorption
capacity of ionic liquid-modified Ch/PVA nanofibers increased to
166.34 mg g− 1, and the Pb(II) removal efficiency increased from 18 %
to 82.5 %. The PSO kinetics and Freundlich isotherm models were used
to describe the kinetic rate of the Pb(II) uptake and the adsorption
equilibrium, respectively [215]. Xie et al. [24] prepared zein/PVA and
collagen/PVA electrospun nanofibers for the adsorption of Cu(II). The
functional groups of zein and collagen can interact with heavy metal
ions to remove them from wastewater. Cu(II) adsorption capacity firstly
increased and then decreased with the increase of zein or collagen
content. The prepared nanofibers with 50 % collagen showed the
highest Cu(II) adsorption capacity of 24.62 mg g− 1. The adsorption data
were well fitted with a pseudo-first-order (PFO) kinetics modal, indi-
cating that the physical adsorption occurred in the adsorption process.

CA shows desirable chemical and thermal stability, high process-
ability and biocompatibility. However, CA lacks sufficient functional
groups that can strongly electrostatically interact or chelate with heavy
metal ions [226]. Therefore, it is necessary to modify CA by blending
with other materials or grafting active functional groups onto the sur-
face to endow CA with stronger interactions with heavy metal ions. Tan
et al. [226] fabricate CA/TiO2 composite nanofibers by electrospinning.
Subsequently, the electrospun nanofibers were modified by polydop-
amine (PDA) and grafted by PEI to improve their Cr(VI) adsorption
capacity (Fig. 19). The prepared CA/TiO2@PDA@PEI composite nano-
fibers demonstrated the high Cr(VI) adsorption capacity of
357.1 mg g− 1, owing to the large number of amine groups and the
positively charged CA surface at acidic solution. Langmuir adsorption
model perfectly described the adsorption equilibrium, indicating the
homogeneous adsorption process resulted from the strong electrostatic
interaction between absorbents and Cr(VI) ions. The kinetics of Cr(VI)
adsorption by the prepared nanofibers were in line with the PSO kinetics
model. Most importantly, 72.1 % Cr(VI) was reduced to harmless Cr(III)

Fig. 18. The fabrication of hyperbranched zwitterionic phosphate functionalized electrospun nanofiber adsorbent (ZP-PAN nanofibers).
Reproduced with permission from ref. [225]. Copyright 2023 Elsevier.
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during the adsorption process, owing to the enhanced reduction ability
of CA composite nanofibers by TiO2.

Besides the synthetic polymers, low-cost, naturally available bio-
materials were also used to fabricate electrospun nanofibers. Wang et al.
[219] fabricated recyclable sodium alginate (SA) electrospun nanofibers
crosslinked by calcium for Cu(II) adsorption. The calcium crosslinking
enhanced the mechanical strength and stability in the aqueous envi-
ronment of SA nanofibers. The prepared SA-Ca nanofibers showed a
high Cu(II) adsorption capacity of 285.5 mg g− 1, owing to the ion ex-
change, electrostatic attraction, and complexation between SA-Ca
nanofibers and Cu(II). Moreover, the porous structure of SA-Ca nano-
fibers facilitated the diffusion of Cu(II) to the binding sites. The
adsorption equilibrium and adsorption kinetics of SA-Ca nanofibers
were fitted by the Liu model and general-order-model. Most impor-
tantly, the SA-Ca nanofibers demonstrated high Cu(II) removal effi-
ciency equal to 99 % in the adsorption process in mineral and river
water samples [219]. Zein is a biodegradable natural material that
possesses plenty of functional groups, such as amino and carboxyl
groups, providing rich active binding sites for heavy metal ions.
Therefore, Teng et al. [214] fabricated zein electrospun nanofibers with
different morphology e.g. rod, ribbon, and groove ribbon, for the
adsorption of Pb(II) and Cd(II). The groove ribbon nanofibers provided
more active adsorption sites and hydrophilic channels for heavy metals.
As a result, the groove ribbon nanofibers exhibited the highest adsorp-
tion capacity for Pb(II), equal to 189 mg g− 1 and for Cd(II), equal to
164 mg g− 1. The adsorption mechanism included the electrostatic
interaction between the negatively charged nanofibers and the positive
metal ions, the hydrogen bonding, and the complexation between metal
ions and oxygen and nitrogen functional groups.

Table 2 summarizes the heavy metal adsorption performance of
electrospun nanofiber materials from 2020 to 2023. As shown in
Table 2, PAN was commonly used to prepare electrospun nanofibers for
heavy metal adsorption. In addition to PAN, PVA, Ch, CA, SA, and zein
were also used for electrospun nanofibers fabrication. Modifications
such as polymer blend, the incorporation of MOFs and nanoparticles,
and surface functionalization on electrospun nanofibers are necessary to
improve their heavy metal adsorption capacity and recyclability in the
adsorption processes. The pH value significantly affects the adsorption

performance since it can affect the surface charge of nanofibers and
metal ions, consequently affecting the adsorption mechanism. Langmuir
isotherm model and PSO kinetic model are commonly used to describe
the adsorption equilibrium and kinetics.

4.2. Removal of dyes and organic contaminants from wastewater

4.2.1. Adsorption of dyes and organic contaminants
The contamination of organic dyes in water has adversely affected

the aquatic plants, ecosystem, and human health, since organic dyes are
highly toxic, carcinogenic and mutagenic [261,262]. Moreover, organic
dyes are difficult to remove from wastewater by using conventional
methods in wastewater treatment plants, owing to their complex
chemical structures [262]. Organic dye contaminants such as Methylene
blue, Rhodamine B, Congo red, Reactive black 5, and Methyl orange are
commonly found in the wastewater [262–266]. Therefore, developing
effective methods to separate organic dyes from wastewater is crucial.
Adsorption is considered the most useful technique for removal of
organic dyes due to its cost-effectiveness, easy regeneration and recov-
ery of the elected adsorbents, and high efficiency [261,262,264]. In the
adsorption processes, dyes are adsorbed onto the adsorbent via various
mechanisms such as the van der Waals forces, hydrogen bonding and
electrostatic interactions [261]. Compared with the conventional ad-
sorbents, such as the activated carbon, the electrospun nanofibrous
adsorbents show advantages in adsorption efficiency, recyclability, cost,
and applicability [262]. In addition, the open pore structure and high
surface area of electrospun nanofibrous adsorbents provide abundant of
adsorption sites, resulting in the high adsorption capacity of dyes and
organic contaminants [261].

Li et al. [261] fabricated PCL/PVP strips with helicoidal geometries
by using the immersion electrospinning method and immobilized ZIF-8
on the electrospun strips for the adsorption of Methylene blue. The he-
licoidal morphology and surface-area-to-volume ratios were controlled
by the PCL/PVP weight ratio (Fig. 20). Owing to the high
surface-area-to-volume ratios and helicoidal morphology, more ZIF-8
particles were homogeneously immobilized, providing more active
adsorption sites. Owing to the synergistic effects of the nanofiber
morphology and the active adsorption sites from ZIF-8, the prepared

Fig. 19. The fabrication of the CA/TiO2@PDA@PEI composite nanofibers.
Reproduced with permission from ref. [226]. Copyright 2022 Elsevier.
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Table 2
Summary of heavy metal ions removal performance of electrospun nanofiber materials.

Nanofiber adsorbents Metal
ions

Adsorption
capacities (mg g− 1)

Equilibrium
time (min)

pH Temperature
(◦C)

Initial
concentration (mg
L− 1)

Isotherm kinetic Removal
(%)

Ref.

Nylon 6,6/Choline
glycinate-ionic liquid

Fe(III) 379.80 120 - Room
temperature

100 - - [227]

CA/TiO2@PDA@PEI Cr(VI) 357.1 > 700 2 25 50 - 300 Langmuir, PSO 89.5 [226]
Zein Pb(II) 189 100 - - 1000 PSO 94.5 [214]

Cd(II) 164 85.4
KTS@PAN Cs(I) 210.1 10 4− 10 25 225 Langmuir-

Freundlich
95 [228]

Sr(II) 56.8 60 99
PAN/FCS-NaY Cu(II) - 10 4.6 - 50 - 94.6 [229]

Pb(II) 98.7
PAN/PEG/MgO
(magnesium oxide)
nanoparticles

Cu(II) 354 180 5 25 200 Langmuir, PSO 90 [230]

PAN/PEI@ZIF− 8 Cr(VI) 403.5 960 3 25 20 – 400 PSO 90 [217]
Magnetic ion-imprinted
PAN

Pb(II) 130 250 7 25 10 – 400 Langmuir, PSO 97.07 [231]

Zwitterionic phosphate
groups
functionalized PAN

U(VI) 1294 720 7 - 20 – 500 Langmuir, PSO 99 [225]

Ch-DTPA/PEO Cu(II) 177 120 5 Room
temperature

50 – 750 Langmuir, PSO - [232]
Pb(II) 142 120 5
Ni(II) 56 120 6

Ch-f-PVA/SA As (III) 540.4 90 6− 7 25 200 – 400 Freundlich PSO 90 [233]
Ch/Nylon 6 Cu(II) 240 5 4 30 20 – 100 PSO 90 [234]
PEI/PVC As(V) 115.79 180 5 25 100 Langmuir, 91 [4]
PAN/Fe-MOFs Cr(VI) 127.7 90 4 25 10 – 2000 Redlich-

Peterson, PFO
- [224]

NiFe LDH/PAN/GO Cr(VI) 13.1 12 6 Room
temperature

10 – 20 Langmuir, PFO 98.9 [235]

MXene/PVP carbon
nanofiber

Pb(II) 12.7 30 7 - 0.01 – 10 Langmuir, PSO 89 [236]
As (III) 3.3 20 81

Ami-PEN Cr(VI) 279.78 50 5 25 200 – 1000 Langmuir,
Avrami
fractional-order

- [237]

PAN-BT-DG Cr(VI) 173 240 3 55 10 – 750 Freundlich PSO - [238]
cPAN-Ag Pb(II) 193.8 - - 25 0 – 400 Langmuir 90 [239]
Acrylic acid modified PET Cu(II) 56.69 mg dm− 2 - 6 - 0 – 200 Langmuir - [240]
Acrylamide modified PET 36.64 mg dm− 2

SA-Ca Cu(II) 285.5 30 7 50 50 – 400 Liu isotherm,
General-order

93 [219]

Cellulose/MWCNTs/SnO2 Cu(II) 116.4 30 6 Room
temperature

20 – 200 Freundlich 97 [241]

PAN/PEI/MWCNT-COOH Pb(II) 346 480 6 - 30 – 400 Langmuir, PSO 98 [216]
P-PLLA/PDA/Ch Cu(II) 270.27 40 6 Room

temperature
50 – 200 Langmuir, PSO - [242]

PVA/ L-Cysteine As(V) 1.3 500 7 Room
temperature

0.01 – 0.3 Henry, PFO 92 [243]

PAA/PAH Cu(II) 30.57 80 7.4 - 2 Langmuir, 92 [244]
Cd(II) 15.85 100 98

ZrO2@UiO− 66 As (III) 143.95 360 8 Room
temperature

5 – 400 Langmuir, PSO 80 [245]

PAN/GO-HPEI Au(III) 2893.33 960 4.7 25 50 – 600 Langmuir, PSO 89 [246]
ZIF− 8@ZIF− 8/PAN Cr(VI) 39.68 90 2 25 1 – 500 Langmuir, PSO 80 [247]
TiO2-PAN/(MWCNT/GO)-
g-PCA

Cd(II) 178.57 40 8 45 50 Langmuir, PSO 97 [248]

Ch/g-C3N4/TiO2 Cr(VI) 238.66 240 2 - 20 – 800 Langmuir, PSO 90 [249]
Ch/PVA/IL Pb(II) 166.34 120 9 25 20 – 100 Freundlich, PSO 82.5 [215]
α-Fe2O3/PAN/CaCO3/CTA Pb(II) 181.1 60 - Room

temperature
10 – 100 Freundlich, PSO 91 [250]

Cu(II) 268.09 77
PEI-PAN/GO Ag(I) 167.4 720 5.6 25 30 – 300 Langmuir, PSO 97.2 [251]
PAN/DAG Cr(VI) 348.7 15 2 25 5 – 30 Langmuir, PSO 95.1 [252]
PAN/PEI/PPy Cr(VI) 368.0 500 2 Room

temperature
60 – 400 Langmuir, PSO 95 [253]

PAN/Polyaniline Pb(II) 290.12 - 7 Room
temperature

5 – 350 Freundlich 82 [254]
Cr(VI) 202.53 5 – 500 90

PAN-GO-Fe3O4 Cr(VI) 124.34 70 3 25 0.5 – 50 Langmuir, PSO 90 [255]
E. faecalis/CNF composite As (III) 255.2 30 5 24 10 – 300 Langmuir, PSO - [256]
Ch/PVA/ Hal–NH2 Cd(II) 454.5 120 6 25 50 – 1000 Langmuir, PSO 78 [257]

Pb(II) 476.2 5.5 84
Ch/PVP/PVA Cu(II) 34.79 - - Room

temperature
1 – 20 Langmuir, PSO 94.2 [258]

Cu(II) 25.24 90.35
Cd(II) 18.07 83.33
Pb(II) 16.05 80.12

(continued on next page)
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PCL/PVP/ZIF-8 strip showed a high Methylene blue adsorption capacity
of 151.6 mg g− 1, which is 4 times higher than the PCL/PVP/ZIF-8
conventional straight nanofibers. Electrostatic and π-π stacking in-
teractions were the main adsorption mechanism for Methylene blue
adsorption. The control of nanofiber geometry and the incorporation of
MOFs could provide electrospun nanofibers with higher adsorption ki-
netics and efficiency [261]. The bio-adsorbentMoringa oleifera (MO) has
a high affinity to Congo red. To improve its reusability and adsorption
capacity, Narayan et al. [262] fabricated MO incorporated PAN elec-
trospun nanofibers for the adsorption of Congo red. The prepared
PAN/MO nanofibers exhibited high Congo red adsorption capacity equal
to 55.56 mg g− 1, and achieved 90 % removal efficiency in 2.5 h. The
adsorption kinetics and equilibrium were well described by the PSO
model and Freundlich model, respectively. The multilayer heteroge-
neous adsorption occurred on the prepared nanofibers. The prepared
PAN/MO nanofibers showed high regenerative ability in several cycles
of adsorption-desorption, indicating the applicability of nanofiber sup-
ported bio-adsorbents on an industrial scale.

Wang et al. [263] fabricated PVDF/PDA/β-Cyclodextrin (β-CD)
electrospun nanofibers with core-shell structure for the bidirectional
adsorption of cationic dyes (Methylene blue) and anionic dyes

(Phenolphthalein). As shown in Fig. 21A, PVDF electrospun nanofibers
were used as a supporting matrix. The PVDF fibers show a smooth sur-
face and uniform morphology with an average diameter of about
400 nm. Subsequently, the PDA layer was formed on the surface of PVDF
electrospun nanofibers, and the β-CD molecules were incorporated on
the PDA modified nanofibers via hydrogen bonding between hydroxyl
groups of β-CD and amine groups of PDA. After modification, the
average diameter of the nanofiber increased to 660 nm, the surface
became rougher, and some loosely stacked particles appeared. The
modified nanofibers possess a rougher and thicker shell layer, which can
benefit the diffusion and penetration of organic dyes. The prepared
PVDF/PDA/β-CD nanofibers exhibited super-hydrophilic properties,
owing to the amino groups of PDA and hydroxyl groups of β-CD. The
adsorption kinetic and equilibrium of PVDF/PDA/β-CD nanofibers were
well described by the PSO model and Langmuir model, respectively. The
PVDF/PDA/β-CD nanofibers showed high adsorption capacity for
Methylene blue, resulting from morphology and core-shell structure of
electrospun nanofibers, the electrostatic attraction and π-π stacking
(Fig. 21B), and high adsorption capacity for Phenolphthalein, resulting
from hydrogen bonding and the host-guest inclusion complexation
(Fig. 21B) [263].

Table 2 (continued )

Nanofiber adsorbents Metal
ions

Adsorption
capacities (mg g− 1)

Equilibrium
time (min)

pH Temperature
(◦C)

Initial
concentration (mg
L− 1)

Isotherm kinetic Removal
(%)

Ref.

PVA/IONP As(V) 30.0 1200 5 25 0.1 – 2 PFO > 80 [220]
PAN/Fe(NO3)3 Cr(VI) 445.3 - 1 25 300 - 98.9 [259]
Thiol-functionalized CA Cu(II) 49.0 240 4 25 20 – 400 Langmuir, PSO - [260]

Cd(II 45.9
Pb(II) 22.0

Abbreviations appeared for the first time: KTS – potassium tin sulfide, FCS – Freeze-dried Chitosan, DTPA – diethylenetriaminepentaacetic acid, LDH – layered double
hydroxides, PEN – polyarylene ether nitrile, BT-DG – guanidinium-based ionic covalent organic framework, PAH – polyallylamine hydrochloride, PCA – poly citric
acid, CTA – cellulose triacetate, DAG – diaminoglyoxime, PPy – polypyrrole, Hal-HH2 – amine-grafted halloysite nanotube, IONP – ultra-small nanoparticles.

Fig. 20. SEM images of the electrospun architectures (a, e) strip 9/1, (b, f) strip 7/1, (c, g) strip 5/1, and (d, h) fiber 5/1. (i) Schematic of the simplified geometry for
surface-area-to-volume ratio calculation. (j) Geometric properties of samples, and (k) the calculated surface-area-to-volume ratio.
Reproduced with permission from ref. [261]. Copyright 2023 Elsevier.
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Owing to the persistence and toxicity of per- and polyfluoroalkyl
substances (PFAS), the presence of PFAS in aquatic environments has
posed threats to human health [267]. Especially, it is challenging to
remove short-chain PFAS from water by using conventional adsorbents
due to the weaker hydrophobic interaction. Kang et al. [267] fabricated
PEI-PVC electrospun nanofiber adsorbents for the adsorption of both
short [perfluorobutanoic acid (PFBA) and perfluorobutanesulfonic acid
(PFBS)] and long-chain [perfluorooctanoic acid (PFOA) and per-
fluorooctanesulfonic acid (PFOS)] PFAS. At pH 7, PEI-PVC nanofibers
showed high adsorption capacities of 84.26 mg g− 1 for PFBA,
214.37 mg g− 1 for PFBS (short-chain PFAS), and 213.76 mg g− 1 for
PFOA and 326.39 mg g− 1 for PFOS (long-chain PFAS). The high
adsorption capacities of PEI-PVC NF were resulted from the strong
electrostatic attraction with PEI and the pore-mediated adsorption
driven by nanopore structure.

Table 3 summarizes the adsorption performance of electrospun
nanofibers for dyes and organic contaminants from 2020 to 2023. As
shown in Table 3, PAN, PVDF, PVA, PVC, PCL, polyether block amide
(PEBA 2533), and zein were used for electrospun nanofibers fabrication.
Modifications such as surface modification, polymer blend, and the
incorporation of MOFs and nanoparticles, are used to improve their
adsorption capacity for dyes and organic contaminants and recyclability

in the adsorption processes. Langmuir isotherm model and PSO kinetic
model are commonly used to describe the adsorption equilibrium and
kinetics.

4.2.2. Filtration of dyes
In addition to the utilization of electrospun nanofibers as adsorbents,

nanofibrous membranes were also prepared and used in the dynamic
adsorption or adsorptive filtration processes. Lim et al. [280] fabricated
MIL-101(Cr) (Matérial Institut Lavoisier) incorporated PAN electrospun
nanofibrous membranes with a layer-by-layer hierarchical structure for
the removal of Methyl orange and Rose Bengal. The prepared MIL-101
(Cr)/PAN electrospun nanofibrous membranes demonstrated the high
removal efficiency for Methyl orange (95 %) and Rose Bengal (99 %) in
isopropanol, owing to the electrostatic attraction and high isopropanol
flux equal to 60 L m− 2 h− 1 at low pressure 0.04 bar, owing to the porous
nanofibrous morphology and layer-by-layer structure. Most impor-
tantly, the prepared membranes showed a desirable regeneration and
recyclability, which is beneficial in industrial-scale solvent recovery
[280]. Wang et al. [281] prepared PEI/PVC adsorptive electrospun
nanofibrous membranes for the removal of Cibacron brilliant yellow
from wastewater. The prepared PEI/PVC showed hydrophilic properties
and a positive charge in the pH 4–9, owing to the presence of PEI. The

Fig. 21. The scheme of the fabrication process (A), and the dye adsorption mechanism (B) of PVDF/PDA/β-CD composite electrospun nanofibers.
Reproduced with permission from ref. [263]. Copyright 2022 Elsevier.
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prepared reusable membranes showed a high water flux of 3031 L m− 2

h− 1 at 1 bar and dye removal efficiency of 95 % [281]. Kadirvelu and
Fathima [282] used keratin to modify the PEI/PAN electrospun nano-
fibrous membranes for the improvement of the Alizarin Red S removal
efficiency since keratin possesses amino acids and amphoteric functional
groups for the sorption of organic dyes. The keratin modified PEI/PAN
membranes demonstrated an enhanced rejection capacity of 93.25 %,
which is 33 % higher than the pristine membranes, owing to the
decreased surface roughness and the electrostatic repulsion mechanism.
The keratin modification also endowed the membrane with easy
regeneration since the dye deposition on the membrane surface and pore
clogging were inhibited, owing to the formation of electrostatic repul-
sion layer from keratin [282].

Table 4 summarizes the dye removal performance by using electro-
spun nanofibrous membranes. It can be seen that various polymers, such
as PAN, PCL, PVC, and sulfonated polyethersulfone (SPES) were used for
the fabrication of nanofibrous membranes. The pressure used for the
dynamic adsorption or adsorptive filtration process was usually no more
than 1 bar and the water permeability was generally high, owing to the
high porous structure of electrospun nanofibrous membranes. To
enhance the removal efficiency of organic dyes, the incorporation of

polymers, MOFs and nanoparticles and the surface modification of
membranes were used.

4.2.3. Catalytic degradation of dyes
The utilization of photocatalysis is cost-effective for the degradation

of organic dyes and contaminants in the wastewater [289]. As shown in
Table 5, electrospun nanofibers were used as supporting materials for
the immobilization of catalysts to fabricate nanofiber composite mate-
rials for the degradation of organic dyes and contaminants. The com-
bination of catalysts with electrospun nanofibers could enhance the
degradation efficiency of organic dyes since the electrospun nanofibers
possess high surface area and porosity, providing more contact sites for
the interaction between catalysts and dyes [289,290]. Moreover, the
catalyst/nanofiber composites can be easily recycled from the aqueous
solution after the catalytic reaction. Hassan et al. [289] fabricated
TiO2-GO/PAN-CA nanofiber composite for the photocatalytic degrada-
tion of Methylene blue. The incorporation of TiO2-GO increased the
nanofiber diameter and enhanced the mechanical properties of nano-
fibers. The prepared TiO2-GO/PAN-CA nanofiber composite showed a
high degradation efficiency of 97 % for Methylene blue under visible
light after 2 hours [289]. Lv et al. [290] prepared porous

Table 3
Summary of adsorption performance of electrospun nanofiber materials for the removal of dyes and organic contaminants.

Nanofiber adsorbents Dyes or organic
contaminants

Adsorption
capacities
(mg g− 1)

Equilibrium
time (min)

pH Temperature
(◦C)

Initial
concentration
(mg L− 1)

Isotherm kinetic Removal
(%)

Ref.

PVDF/PDA/β-CD Methylene
blue

188.3 30 - - 10 Langmuir, PSO 70 [263]

Phenolphthalein 203.7 50
(3-Aminopropyl)
triethoxysilane
(APTES)
crosslinked Ch/
PPLLA

Rhodamine B 86.43 180 6 Room
temperature

300 Langmuir, PSO 95 [264]
Methylene
blue

82.37 120

PAN/MO Congo red 55.56 400 7 - 15 – 85 Freundlich, PSO 88 [262]
PEBA 2533 Histamine 13 20 - 25 0.5 – 30 Langmuir, PSO 66 [268]

Putrescine 11 91
Cadaverine 10 83
Tyramine 14 96

PCL/PVP/ZIF− 8 Methylene
blue

151.6 120 - 20 15 – 180 Langmuir, PSO 98 [261]

Al2O3/PAN Methylene
blue

0.96 - 9 Room
temperature

10 – 30 Langmuir, PFO 88 [269]

SSAS/PAN Crystal violet 439.85 1000 7 25 50 – 1000 Dubbinin–Radushkevich,
PFO

- [270]

Clay/PVA Crystal violet 121.73 120 10.4 25 25 – 400 Redlich-Peterson, PFO 99.34 [271]
La(OH)3@cellulose Congo red 624 - 7 25 10 – 400 - 98.8 [5]
ZIF-L/PAN Malachite green

(MG)
5216 120 3 –

7
20 200 – 1600 Langmuir, PSO 95.0 [272]

Silk nanofibers Reactive black 5 62.2 5 5 25 25 – 400 Langmuir, PSO 98.0 [265]
polydopamine-coated
PVA

Methylene
blue

20.1 120 11 25 20 – 200 Langmuir, PSO 90.0 [273]

EDA-ECNFs Methylene
blue

119.8 100 9 25 25 – 200 Dubinin–Radushkevich,
PSO

- [274]
melam-ECNFs 116.7
NiFe LDH/PAN/GO Rose Bengal 6.19 12 6 Room

temperature
3 – 13 Langmuir, PFO 80.6 [235]

Brilliant blue 7.74 92.1
PAN-COOH-CEW Toluidine blue O 546.24 30 10 25 0.1 – 5 Langmuir, PSO 97.32 [275]
PVP-SiO2 Methylene

blue
30.4 60 10 25 10 – 60 Langmuir, PSO 95.0 [276]

PEI-PVC PFBA 98.7 300 7 25 5 – 250 Langmuir, PSO 28.0 [267]
PFBS 222.36 48.2
PFOA 234.85 51.2
PFOS 319.82 62.2

Zein Congo red 168.00 50 2 25 20 – 2000 PSO - [214]
Ch-PVA Methylene

blue
99.9 300 12 Room

temperature
10 – 300 Langmuir, PSO 88.8 [277]

Ch/PVA/GA/PEI Methyl orange 70.8 1200 4 25 20 – 200 Langmuir 43.6 [266]
PEN Methylene

blue
796.25 100 7 Room

temperature
0 – 150 Langmuir, PSO 99.0 [278]

ZIF− 8@Ch/PVA Malachite green 1000.00 150 6 25 10 – 40 Langmuir, PSO 90.0 [279]

Abbreviations appeared for the first time: PPLLA – porous poly (L-lactic acid), SSAS – poly(sodium styrene sulfonate–co–acrylonitrile–co–styrene), ECNFs – electrospun
carbon nanofibers, CEW – chicken egg white.
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dimethylglyoxime (DMG)/TiO2/PAN electrospun nanofiber mats for the
removal of Methylene blue and Ni2+ from wastewater. The prepared
nanofiber mats showed a high Ni2+ adsorption capacity equal to
48.69 mg g-1, owing to the ability of DMG to sense and adsorb Ni2+. The
DMG/TiO2/PAN showed a desirable photocatalytic degradation effi-
ciency of 97 % for Methylene blue within 60 minutes, owing to the
construction of heterojunctions between Ni(DMG)2 and TiO2 nano-
particles and the decrease of electrons and holes transport pathways
[290]. Huang et al. [291] fabricated copper sulfide (CuS)/Ch electro-
spun nanofiber composites with photo-Fenton catalytic and photo-
thermal activities to enhance the degradation of tetracycline. The
prepared CuS/Ch nanofiber composites possessed high porosity and
surface area and showed fast degradation reaction under near infrared
laser irradiation, owing to the formation of electron-hole pairs and local

hyperthermia. What is more, the prepared nanofiber composites could
be easily separated from the reaction mixture and reused after the
regeneration of adsorption sites [291].

4.3. Oil-water separation

Nanofiber webs have gained interest from both academia and in-
dustry since they have a high specific surface area, tight pore size, highly
porous structure, tunable wettability, and remarkable functionality. The
fast advancement of nanofiber production techniques has led to the
efficient and cost-effective mass production of nanofiber webs. Conse-
quently, there has been an increasing focus on utilizing electrospun
nanofibers in diverse fields.

Nanofiber webs have proven to be particularly useful in the cleaning

Table 4
Summary of separation performance of nanofibrous membranes for dye removal.

Membranes Dyes Dye concentration (mg
L− 1)

Pressure
(bar)

Water
permeability
(L m− 2 h− 1 bar− 1)

Removal rate
(%)

Ref.

MIL− 101(Cr)/PAN Acid fuchsin 10 0.14 5066 99 [283]
Methyl orange 8808 99
Rose Bengal 7574 99

PS Basic red 46 50 - 530 99 [284]
Methylene
blue

530 99

PAN-ZnO Methylene
blue

20 1 1016 99 [285]

Rhodamine B 20 1016 97
Congo red 50 1016 99
Sunset
yellow

20 1016 98

Methyl orange 20 1016 96
Keratin-PEI/PAN Alizarin red S 40 0.1 30 93.25 [282]
PCL-FeTA-
APTES

Methylene
blue

40 - 11.3 mL m− 2 h− 1 98 [286]

G-C3N4/RGO/TiO2
/PVDF

Methyl orange - 1 1261 94.2 [287]

PAN/MIL− 101(Cr) Methyl orange 50 0.04 60 L m− 2 h− 1 95 [280]
Rose Bengal 99

poly(m-phenylene isophthalamide) (PMIA)/
β-FeOOH− 12

Methylene
blue

10 0.2 3000 L m− 2 h− 1 99.99 [288]

SPES Methylene
blue

6 - 320 L m− 2 h− 1 99.9 [164]

PEI/PVC Cibacron brilliant
yellow

10 1 3031 95.0 [281]

Table 5
Summary of the electrospun nanofiber materials used as catalysts for the degradation of dyes and organic contaminants.

Nanofibers Dyes or organic
contaminants

Initial concentration (mg
L− 1)

Exposure time
(min)

Power source Degradation
(%)

Ref.

CdSe@CA Methylene
blue

1 40 Visible light 74.65 [292]
Ag-CdSe@CA 70.78
CdSe/GO@CA 88.34
Ag-CdSe/GO@CA 89.63
Bi2ZnB2O7/PAN Methylene

blue
5 180 Visible light 82.00 [293]

GO/SnO2/PAN Sulfamethoxazole 5 480 Electrochemical 85.00 [294]
ZnO/Poly-cyclodextrin Methylene

blue
15 120 Stimulated visible

irradiation
94.30 [6]

TiO2-GO/PAN-CA Methylene
blue

15 120 Visible light 97.00 [289]

DMG/TiO2/PAN Methylene
blue

10 60 UV lamp 97.00 [290]

CuS@CS Tetracycline 10 120 Solar light 81.30 [291]
TiO2-CuO Tetracycline 100 75 UV lamp 86.00 [295]
CdS@void@TiO2@PPy
nanofibers

Tetracycline 5 300 Visible light 77.00 [296]

Sr-doped Bi4O5Br2/Bi2MoO6/
PAN

4-chlorophenol 10 60 Visible light 100.00 [297]

CuCo@CNF Acid Red 1 50 20 - 99.00 [298]
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of oily wastewater. The commercially used oil-water cleaning technol-
ogies like separation with gravity, sedimentation, oil skimming,
adsorption, filtration, dissolved air-flotation, coagulation, centrifuga-
tion, and biological treatment are ended with drawbacks in terms of
fouling, facile secondary pollution, low filtration efficiency, low removal
efficiency, high price and high operation cost, corrosion and high energy
demands [299,300]. Among them, the membrane technology offers a
great opportunity for the separation of oily wastewater owning to low
cost, low energy demand, excellent separation performance, and less
impact on the environment. Nevertheless, the primary issue afflicting
membrane separation techniques is membrane fouling. Membrane
fouling continues to be a significant technical obstacle in the separation
industry. Nanofibers are an excellent choice for infor membrane tech-
nology due to their highly porous structure, enabling high permeability
and tight pore size. This results in increased filtration and separation
efficiency and helps to solve vital energy environment issues [301,302].
Additionally, nanofibers possess a high specific surface area, which al-
lows for the functionalization of the surface with active compounds or
groups to enhance filtration performance [303]. Moreover, in the event
that the pores become blocked with foulants, the interconnected pore
structure of nanofibers allows liquids to flow through alternative paths
[304].

The previous studies showed nanofiber membranes had a flow rate
that was several times greater than that of phase-inversion membranes
[305,306]. The main reasons are high surface pore density and the
higher pore opening size, which results in high permeability and better
fouling resistance. Choong et al. [307] demonstrated that the membrane
fouling with emulsified oil depends on the fiber diameter, which is
related to the membrane pore size. Based on their research, the density
of the fouling layer is influenced by the available space within the
membrane as it develops. As the droplet diameter to fiber diameter ratio
(dp/df=2.5) increases, the likelihood of oil droplets entering the mem-
brane decreases. Thus, a more permeable layer of fouling material forms
outside the membrane. When dp/df is equal to 0.57, droplets accumu-
late in the pores of the membrane, leading to a decrease in rejection rate
compared to a higher dp/df ratio. Also, a majority of the oil droplets
cross the membrane without contacting the fibers.

Despite the significant advantages of utilizing nanofibers in mem-
brane technology, there are several challenges that need to be addressed
to enhance their suitability for selectively removing oil-water mixtures.
These challenges include sorption selectivity between oil and water,
mechanical strength, fouling issues, and membrane cleaning. Recent
studies have demonstrated promising results in enhancing the charac-
teristics of nanofiber membranes, overcoming these obstacles, and
making them more effective for oil-water separation.

4.3.1. Sorption selectivity of membrane between oil and water
The sorption selectivity of nanofiber membranes depends on their

composition, structure, and surface properties. The material can be
polymeric, natural, or inorganic based. The interaction between the
membrane and component (oil or water), the molecular size, polarity,
and chemical characteristics of the components also influence sorption
selectivity. By altering the membrane material, the sorption selectivity
can be increased for target pollutant. One good example is porous
superhydrophobic cellulose acetate butyrate (CAB) nanofiber. The hy-
drophobic and oleophilic properties of CAB, together with the porous
structure of the nanofibers, are believed to result in a larger surface area,
which makes them well-suited for sorption applications [308].

However, there is not a wide range of nanofiber membrane material,
which may cause not effective sorption. For this reason, sorbents can be
used as additives for the nanofiber membrane. For instance, Chen et al.
[309] produced UiO-66-NH2 and PAN using electrospinning. Subse-
quently, they applied hydrophobic modification to gain selectivity for
oil. Adding UiO-66-NH2 to fibers results in enhanced surface roughness
of the composite membrane, resulting in a considerable enhancement in
oil affinity. The composite membrane was used to adsorb different

chemicals, including kerosene, colleseed oil, methyl silicone oil, meth-
ylbenzene, and dichloromethane. The highest adsorption capacities for
these substances were 21.9, 31.5, 39.9, 19.9, and 39.7 g g− 1, respec-
tively. The results were 32–96 % higher than those of the pure PAN
adsorbent.

4.3.2. Membrane’s mechanical strength
The mechanical characteristics of the nanofiber membrane limited

their use in pressure-driven liquid filtration. For this reason, a composite
structure is preferred. Using the lamination technique, nanofibers were
combined on a support material, and the tensile properties of the
polyamide 6 (PA6) and PANmembranes has been improved up to 22 and
9-fold, respectively [310]. The lamination process is simple to handle
and allows for the use of different adhesives in the form of powder,
liquid, or web. The adhesion can be achieved by heat-pressing, welding,
or curing [311–315]. Due to the transition of the lamination process to a
roll-to-roll method, it will be more convenient to overcome this chal-
lenge for the application [316]. Fig. 22 shows an illustration of nano-
fiber membrane process for oily wastewater process.

4.3.3. Membrane fouling and surface modification
Membrane fouling is a significant drawback of using nanofibers in

membrane technology. To eliminate membrane fouling, researchers
focus on changing the structure of the nanofiber membrane, feed solu-
tion properties, or membrane cleaning process. The most straightfor-
ward approach to mitigate membrane fouling involves improving
hydrophilicity and oleophobicity or vice versa. Surface modification of
nanofiber membranes has attracted significant interest in recent years to
enhance process development and reduce limitations. Table 6 displays
the latest research on modifying nanofiber membranes to separate oily
wastewater. Based on the literature review and Table 6, PVDF is a
frequently utilized polymeric fiber for separating oily wastewater. PVDF
is highly hydrophobic, chemically and thermally stable, has high resis-
tance to oxidation, and has outstanding mechanical properties [317].
Due to these features, PVDF has become an attractive material for
membrane technology. Another widely utilized polymer in oil-water
separation is cellulose. In contrast to PVDF, cellulose is known for
being hydrophilic, biodegradable, sustainable, and containing three free
hydroxyl groups per monomer unit [318]. The arrangement of hydroxyl
groups allows for the creation of strong hydrogen bonds, making it
easier to modify and attach additional functional groups or nano-
particles. A crucial aspect of the modification process is ensuring the
secure bonding of the modifier to the membrane surface. Inadequate
attachment may lead to secondary pollution issues during the filtration
process.

The membrane can be designed for water-in-oil or oil-in-water sep-
aration. Water-in-oil separation indicates the separating water droplets
dispersed in an oil phase. Similarly, oil-in-water configuration signifies
the dispersion of oil droplets within a water phase. For this reason,
membranes with different selectivity are needed.

4.3.3.1. Water-in-oil separation. Membranes utilized for the separation
of water and oil must possess hydrophobic properties in order to effec-
tively reject water and enable the smooth flow of oil. This characteristic
exhibits hydrophobicity, which results in the membrane being imper-
meable to water, successfully repelling water droplets and preventing
their passage through the membrane. Enhancing the hydrophobicity of
the surface through surface structure modification can facilitate the
separation of water-in-oil. For instance, Liang et al. [328] developed a
lotus leaf-like structure by applying a sprayable premodified SiO2
nanofiber coating onto a PVDF nanofiber membrane. This approach
enhances water-in-oil emulsion separation efficiency and provides
antifouling properties. When subjected to various oils, the modified
membrane demonstrated superhydrophobic properties, achieving an
average water rejection rate of 99.49 % for water-in-isooctane
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emulsions, 99.85 % for water-in-cyclohexane emulsions, and 99.30 %
for water-in-diesel emulsions. Xu et al. [329] engineered hydrophobic
membranes tailored for separating water-in-oil emulsions. These mem-
branes feature a tubular nanofiber structure comprising hybrid PVC,
which is precisely interwoven with 2D nanofibers and 3D microspheres.
By incorporating an inorganic additive, hydrophobic nano silica (SiO2,)
and employing a PET hollow braided tube as a supporting base, the
group successfully constructed a novel 3D structure. The design utilizes
continuous interfaces of water, oil, and solid materials by combining 2D
PVC nanofibers with 3D microspheres. This combination effectively

slows down the water-wetting process and enhances the hydrophobic
stability of the 3D nanofiber membrane. A SiO2 additive was used to
enhance the hydrophobicity of the electrospun nanofibers membrane,
increasing lipophilicity and achieving superhydrophobicity in the
presence of oil. The membrane achieved a permeation flux of up to
358.60 L m− 2 h− 1 and a separation efficiency of over 95 % only from the
force of gravity. Following a prolonged separation experiment, the
membrane’s separation efficiency remained consistently high. Similarly,
the incorporation of SiO2 nanoparticles into the PVDF spinning solution
facilitated the one-step fabrication of a nanofiber membrane with

Fig. 22. The schematic illustration of nanofiber membrane preparation and oily wastewater separation.

Table 6
Recently published studies on modified nanofiber membranes for the filtration of oily wastewater.

Nanofiber
membrane

Surface modification Filtration performance Reference

PVDF Application of Tannic acid (TA) and APTES on the membrane, the strong
oxidizing with sodium periodate (SP) to optimize the wettability of the
membrane to form superhydrophilic/underwater superoleophobic
membrane.

High flux of 1871 L m− 2 h− 1 and exceptional separation efficiency
of 99.83 % for oil–water emulsions, solely driven by gravity, with
outstanding recyclability demonstrated after 10 cycles.

[319]

PVDF Self-polymerized PDA, silver nanoparticles (AgNPs) immobilization and self-
assembly of thiol on PVDF nanofiber membrane

pH-responsive nanofibrous membrane, pH> 10 superhydrophilic,
pH< 10 superhydrophobic, separation efficiency > 99.2 % for light
oil(toluene, isooctane and n-hexane)/water mixture and 96.5 % for
heavy oil(dichloromethane)/water mixture with a consistant flux of
around 2500 L m− 2 h− 1 for water and 11000 L m− 2 h− 1 for oil
during the 10-cycle separation process.

[320]

PVDF Adding Diethylenetriaminepentaacetic acid (DTPA)-functionalized multi-
walled carbon nanotube (MWCNT)/TiO2 into PVDF electrospinning solution
to develop a hydrophilic and underwater oleophobic membrane for
separating cooking-in-water, engine-in-water, and hexane-in-water
emulsions

Separation efficiency> 97.4 ± 1 %, stable flux over than 930 L m− 2

h− 1 during 10-cycle process of separation.
[321]

PUR Modification of CNTs and PDA onto PUR nanofibers for separation of
emulsions (created by blending different oils such as cyclohexane, heptane,
and toluene).

With a separation efficiency of up to 99.9 %, the water permeate
flux reaches up to 4195 L m− 2 h− 1) after undergoing numerous cycle
separation tests.

[322]

PLA By using coaxial electrospinning method, creating nanoscale clusters of
fluorine-modified SiO2 (F-SiO2) and applying PDMS coatings.

Remove 100 % water droplets in oil droplets which is larger than
150 nm in the emulsion created with Span 80, n-oil (such as n-
octane, olive oil, and soybean oil), and deionized water,
permeability up to 13818.8 L m− 2 h− 1⋅bar− 1), permeance recovery
rate up to 98.4 %.

[323]

Cellulose Magnetic nickel (Ni) layer and hydrophobic PDMS coating with electroless
deposition (ELD).

The oil adsorption capacity is greater than 60 % of the volumetric
absorption capacity. The cyclic stability is above 80 % of the
adsorption capacity after 200 cycles. The oil-retention ability is over
80 % at 200 rpm for oils such as n-hexane and dichloromethane.

[324]

Cellulose Deacetylation of cellulose acetate based cellulose nanofibers binding with
the zwitterionic copolymer poly(sulfobetaine methacrylate-r-glycidyl
methacrylate) with the epoxy groups in it.

Hydrophilic/oleophobic surface with average separation efficiency
> 98 % for the toluene/water, n-hexane/water, and cyclohexane/
water emulsions. High recycling and stability for a minimum of 20
cycles.

[325]

Cellulose The synthesis of hydrophilic-oleophobic composite aerogels involves
polycondensation of cellulose nanofiber and three silane coupling agents.

With an absorption capacity reaching up to 11.5 g g− 1 and
remarkable reusability, the composite aerogels demonstrate
sustained absorption efficiency even after five absorption-
regeneration cycles for hexadecane-water mixtures.

[326]

Carbon Superhydrophobic and superoleophilic carbon nanofiber membrane with
rod-shaped ZnO nanostructure is created through the in-situ growth of ZnO
nanorods and fluoridated modification combination.

Oil flux achieves approximately 3531 L m− 2 h− 1, with a separation
efficiency exceeding 99 % even after multiple cycles of separation
for a diverse oil-water mixture comprising carbon tetrachloride,
dichloromethane, petroleum ether, ethyl acetate, and n-hexane oils
along with water

[327]
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superhydrophobic and superoleophilic properties[330]. By adjusting
the quantity of SiO2 nanoparticles, the surface roughness of the nano-
fibers is modulated, leading to a transition in the wettability of the
nanofiber membrane from hydrophobic (contact angle < 140◦) to
superhydrophobic (contact angle > 150◦). This modification results in
outstanding separation efficiency (99 ± 0.1 %), accompanied by a high
separation flux (1857 ± 101 L m− 2 h− 1), excellent multi-cycle perfor-
mance, and stable chemical resistance. In a separate study [331], re-
searchers integrated carbon nanofibers (CNFs) with a hollow structure
onto the framework of PDMS foam. This integration demonstrated a
robust interfacial adhesion, contributing to the uniform decoration of
CNFs throughout the structure. By purposefully increasing surface
roughness in this manner, the membrane hydrophobicity was substan-
tially increased, which resulted in improved efficacy for oil adsorption
up to 2.56-fold and facilitated simple procedures for separating highly
viscous oil (crude oil) and water.

Recently, a remarkable membrane with asymmetric wetting prop-
erties has been developed for effectively separating both oil-in-water
and water-in-oil emulsions across diverse and challenging environ-
ments [332]. The electrospun nanofiber membrane, composed of
SiNPs/ZnNPs-SiO2/TiO2 (SZST), demonstrates remarkable versatility in
swiftly modulating its wettability across diverse environments (e.g.,
strongly acidic and alkaline, high or low temperature and even salty
environment). This feature enables the membrane to achieve control-
lable separation of both oil-in-water and water-in-oil emulsions. The
superhydrophobic SiNPs/ZnNPs surface efficiently separates
water-in-oil emulsions, while the SiO2/TiO2 surface of the nanofiber
membrane effectively separates oil-in-water emulsions, with separation
efficiencies exceeding 99 % for both types of emulsions. This research
indicated that, membranes can alter their separation behavior under
various environment condition.

4.3.3.2. Oil-in-water separation. Membranes utilized for separating oil
from water must be hydrophilic to attract and enable the flow of water
while resisting oil. This characteristic inhibits the membrane from being
wetted by oil and eases the separation of oil droplets from the aqueous
phase. One example can be provided where PUR nanofiber is coated
with acidified CNTs on the surface and then treated with polydopamine
to provide superhydrophilic and underwater superoleophobic properties
in a nanofiber composite [322]. The PUR nanofibrous membrane’s hy-
drophilicity significantly increased with the addition of acidified CNTs
and PDA, attributed to the many polar groups in PDA molecules and the
water adsorption capability of the acidified CNTs. Heptane, cyclo-
hexane, and toluene oils stabilized with SDS in emulsion are used for
testing. The membranes achieved high separation efficiency, and water
permeate flux, with oil rejection rates exceeding 99.7 % and permeating
flux values of 4108, 5293, and 7240 L m− 2 h− 1 for separating
heptane-in-water, toluene-in-water, and cyclohexane-in-water emul-
sions, respectively. These performance metrics were consistently main-
tained even after undergoing multiple cyclic separation tests.

By using hydrophilic SiO2 NPs, membrane hydrophilicity can be
improved. As an example, Gao and colleagues [333] developed a
superhydrophilic membrane through a straightforward one-step elec-
trospinning process, incorporating PVP and hydrophilic SiO2 nano-
particles into PVDF for successful oil-water separation. The modified
membrane exhibits superhydrophilicity (with a WCA of 0◦) and pro-
nounced oleophobicity in water (with an oil contact angle surpassing
145◦). It demonstrates excellent separation efficiency, surpassing
99.5 % for various oil-water mixtures (xylene, n-hexane, dichloro-
methane, linseed, motor oil, and petroleum ether) and exceeding 97 %
for various oil-in-water emulsions. Moreover, even after undergoing 30
test cycles, the membrane displays commendable separation perfor-
mance and reusability. In another research, Geng et al. [334] created a
nanofiber composite membrane made of poly(m-phenylene iso-
phthalamide) (PMIA)/PAN/SiO2 specifically for separating oil and

water under challenging conditions. Nanofibers were created by elec-
trospinning a PMIA, PAN, and SiO2 solution. The composite membrane’s
super amphiphilicity and rough surface structure resulted in
super-oleophobicity in water and super-hydrophobicity in oil, leading to
a separation efficiency of over 99.6 % even in acidic, alkaline, and saline
environments.

The key factor in improving the membrane performance for water-
in-oil or oil-in-water processes is the regulation of membrane hydro-
phobicity/hydrophilicity and oleophilicity/oleophobicity in the pres-
ence of an oil-water mixture/emulsion. Surface alteration is a highly
successful method. To enhance the hydrophilicity and oleophobicity of
the nanofiber membrane, it must possess at least one of the following
features: a) Incorporation of functional groups like -OH, COOH, polar
functional groups such as -NH2, or polyelectrolytes like sulfonic acid and
quaternary ammonium groups; b) Addition of hydrophilic polymers like
PVA, polyethylene glycol (PEG), or PVP; c) Integration of hydrophilic
additives such as hydrophilic nanoparticles or surfactants; d) Use of
zwitterionic materials containing both positive and negative charge
groups.

On the other side, to enhance the hydrophobic and oleophilic
properties of a nanofiber membrane, it must include at least one of the
following characteristics: a) Presence of functional groups including
fluorine-containing groups (-CF3), perfluorosulfonic acid groups,
siloxane groups (Si-O), aromatic hydrophobic groups (e.g. phenyl rings),
long hydrophobic alkyl chains (e.g., -CH3, -CH2-), carboxylic acid de-
rivatives (e.g. esters and fatty acids); b) Utilization of hydrophobic
polymers such as polypropylene (PP) or PVDF; c) Incorporation of hy-
drophobic additives such as hydrophobic nanoparticles or surfactants;
d) Existence of nanoscale surface roughness.

4.3.4. Membrane cleaning
Electrospun membranes, known for their extensive porosity, provide

exceptional efficacy in filtering and separating processes, resulting in
notable efficiency in oily wastewater separation. Yet, a challenge
emerges when handling oils that possess a low surface tension, as they
have a tendency to disperse and infiltrate the surfaces of membranes,
hindering their immediate use in separating oil and water. In order to
exploit the benefits of electrospinning membranes, researchers have
focused on creating nanofibrous membranes that can effectively elimi-
nate different types of oils. These membranes have demonstrated
outstanding efficacy in removing contaminants. However, membrane
fouling is an unavoidable issue where pollutants adhere to the mem-
brane’s surfaces and pores, leading to a notable decrease in separation
efficiency and membrane lifespan. Moreover, the current superwetting
membranes that exhibit only one sort of wettability have restrictions,
limiting their effectiveness to particular oil/water mixes. The classifi-
cation of these membranes as either "oil-removing" or "water-removing"
hinders their practical application in complex wastewater treatment
situations. Therefore, it is crucial to focus on reducingmembrane fouling
and creating adaptable membranes as key areas of study. Researchers
enhance the self-cleaning properties of the membrane to decrease
membrane fouling [335–337]. However, despite possessing a
self-cleaning surface, as the number of cleaning cycles increases, mem-
brane fouling becomes inevitable. The recurring issue of membrane
fouling, caused by repetitive usage, leads to problems such as reduced
permeation flow and restricted recyclability, highlighting the necessity
for inventive solutions in membrane technology. In the course of the
process, membranes often undergo both physical and chemical cleaning
procedures to eliminate contaminants [338]. Various physical cleaning
techniques such as forward flush, reverse flush, and air flush, are used.
Membranes are submerged in a solution with chlorine bleach, hydro-
chloric acid, or hydrogen peroxide for chemical cleaning. The fluid
diffuses across the membranes for a set period, then a flush is done either
forward or backward to remove pollutants efficiently. Typically, com-
mercial membranes come with established cleaning protocols tailored
for end users. In contrast, nanofiber membranes currently lack
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standardized cleaning procedures. Existing literature research shows
limited attention to the cleaning of nanofiber membranes, with only a
few studies addressing this aspect.

As an example, Gul et al. [339] fabricated nanofiber membranes
using PVDF, PAN, and PA6. Subsequently, the membranes were sub-
jected to contamination by utilizing wastewater derived from a
50/50 v/v mixture of engine oil and water. Various chemical cleaners
such as alkaline NaOH, acidic citric acid (CA), and surfactants like SDS
and Triton were tested at different concentrations. Furthermore, com-
binations of these cleansers were tested to enhance the cleaning pro-
cedure. Alkaline washing of the fouled membrane with Triton X-100
surfactant led to a flux recovery that was two to five times greater than
cleaning without a surfactant. The binary solution of 5 % sodium hy-
droxide + Triton showed the highest flux recovery rate during alkaline
cleaning, whereas the individual solution of 1 % citric acid had the
highest flux recovery rate during acidic cleaning. In another work, Xu
et al. [329] used sodium hypochlorite (NaClO) and CA solutions as
chemical cleaners for the PVC hybrid nanofiber membranes. Following
chemical cleaning, the WCAs of the PVC membrane remained consis-
tently above 140◦, and the separation efficiency exhibited minimal
change, surpassing 95 %. The research findings highlight the need for
distinct cleaning protocols tailored to each membrane type, considering
their material composition and the pollutants present in the feed.
Further research and examination into cleaning procedures, specially
developed for nanofiber membranes, are necessary to determine the
future direction.

4.4. Membrane distillation

MD is a membrane process where the driving force is the difference
in chemical potential between the feed and the permeate side of the
membrane, characterized as a thermally induced vapor pressure differ-
ence [340,341]. It is considered potential method for purifying water,
and compared to other frequently employed membrane separation
techniques, it offers several advantages. These include the absence of a
need for external pressure (i.e. reverse osmosis (RO)), reduced vapor
spaces when compared with conventional distillation methods such as
multi-effect distillation (MED) and multi-flash distillation (MFD), a
theoretical 100 % salt rejection, and lower requirement for high me-
chanical property standards [342,343]. Moreover, it incorporates lower

operational temperatures, eliminating the necessity for elevated heat
levels. The critical factor here is the temperature difference (ΔT), as
illustrated in Fig. 23, where the dependence of the ΔT on the operating
temperature is counter-proportional [340].

The membrane stands out as a crucial element in all membrane
processes. In MD, specific criteria must be met to qualify a membrane as
a suitable candidate for the process. Firstly, the membrane must exhibit
porosity. Inadequate porosity can hinder water vapor transport due to
pores being too small, or it can lead to membrane wetting if the pores are
too large. Secondly, it needs to be hydrophobic to prevent undesired
wetting during the process. Lastly, although some heat loss is inevitable,
optimizing the heat and energy efficiency of the process by limiting heat
transfer through the membrane is important [342]. The membrane can
be produced with numerous methods, including stretching, phase
inversion, and electrospinning. Notably, ENMs are increasingly
becoming a focus in membrane distillation. This rising interest is linked
to the distinctive properties of these membranes, which exhibit high
porosity, resulting in a large surface area, robust mechanical strength,
and a significant degree of interconnection. Moreover, membranes
created through electrospinning can be easily customized by adjusting
process parameters, allowing control over attributes such as porosity,
fiber diameter distribution, and membrane thickness [16,344]. How-
ever, some issues still have to be addressed in order to prepare an
appropriate membrane for MD.

4.4.1. Antiwetting
The fundamental issue in MD is membrane wetting, which stops the

entire process and prevents efficient separation. This critical issue un-
derscores the urgency of exploring and implementing enhanced solu-
tions. One prevalent strategy to address this challenge involves the
application of surface modifications, which prove to be a popular and
effective means of improving membrane properties. Diverse methodol-
ogies can be employed to deal with the issue of membrane wetting and
optimize the performance of MD systems. These treatments include a
variety of surface modifications designed to reduce or eliminate the
negative effects of wetting, resulting in continuous and effective sepa-
ration processes.

Meng et al. [345] prepared membranes by PDA/PEI co-deposition
and subsequent silicification and fluorosilanization of the nanofibers.
The modification increased water, glycerol, and diiodomethane contact
angle values and a drastic increase in mineral oil contact angle (from 20◦
to 125◦), imparting omniphobic properties to the surface. The DCMD
desalination results revealed increased wetting resistance for the
mixture of NaCl and SDS in the feed solution (Fig. 24) [345].

Wu et al. [189] used a vapor deposition (VD) method for the fluo-
rination of the membrane surface. An omniphobic membrane with WCA
over 150◦, and ethanol contact angle over 120◦ was acquired. In the
desalination MD procedure, membranes exhibited higher salt rejection
in comparison with unmodified membranes and stable flux for an 8-hour
experiment using 3.5 % NaCl/0.4 mM SDS feed mixture[189].

A multi-layer re-entrant structure was successfully fabricated by Xu
et al. [346] via subsequent immersion of PVDF-HFP/APTES electrospun
membrane into Si NPs solution in an ammonia-ethanol mixture (9/1,
v/v), and tetraethoxysilane (TEOS): deionized water (DI): Ethanol
(1/2/20, v/v/v), respectively. The obtained membrane was character-
ized by contact angle values for water – 151.49◦, mineral oil – 140.64◦,
4 mM SDS – 119.59◦, and ethanol – 107.50◦. (Fig. 25). Membrane
distillation experiments confirmed high antiwetting properties of the
membranes. The salt rejection was maintained at nearly 100 % for the
whole duration of the experiment with 0.4 mM SDS in the feed, while
the pristine PVDF-HFP membrane exhibited wetting after the first
0.1 mM SDS portion [346].

4.4.2. Antifouling
Although membrane distillation is more resistant to fouling than

pressure-driven processes, it is still a significant problem that must be
Fig. 23. Relation between temperature and vapor pressure of water.
Reproduced from ref. [340] – Creative Commons CC BY 4.0 license.
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carefully addressed. This risk is especially acute in wastewater and real
seawater treatment, where a variety of organic compounds are present.
Although necessary for efficacy, the important necessity for robust
hydrophobization in membrane distillation tends to increase fouling-
related concerns, underlining the significance of targeted research and
new solutions to solve these issues.

Xu et al. [347] prepared an electrospun nanofibrous membrane with
three different precursors (Polytetrafluoroethylene (PTFE)/PVA/PAN).
The membranes needed additional modification with silica nano-
particles and 17-FAS to acquire a micro-nano-structured surface with
amphiphobic properties. They demonstrated membranes’ stable water
flux (6.48 kg m− 2 h− 1) within 24 h experiment with 1000 ppm diesel oil
in the feed. Furthermore, the flux remained stable even after cleaning in
a 3-cycle experiment (Fig. 26) [347].

Janus membranes gain interest in membrane separation fields for
their dual character. Xu et al. [348] prepared a dual-layer ENM
(C-PAN/PH) with additional catalytic properties for shale gas waste-
water treatment. Hydrophilic PAN (C-PAN) and hydrophobic
PVDF-co-HFP, (PH) were used to fabricate nanofibrous layers, and
Co-TPML was used as the catalyst. The obtained membranes were
evaluated in a DCMD setup. The C-PAN/PH membrane exhibited higher
fluxes in comparison with pristine PH membrane in all tested feed so-
lutions (i.e. 13.8 and 10.0 kg m− 2 h− 1, respectively, with NaCl feed so-
lution). The C-PAN/PH was resistant to fouling during a 10 h
experiment with kerosene as feed and maintained around 90 % of initial
flux (13.6 and 13.1 kg m− 2 h− 1 for 1000 and 3000 ppm of kerosene,
respectively) while the PH membrane drastically decreased flux to
0 kg m− 2 h− 1 in 4 h [348].

Frequently, promising new materials are employed as modifiers to
improve the characteristics of membranes. Kebria et al. [349] have
synthesized hydrophobic hyper-branched dendritic (HB-Den) structures
containing aluminum to incorporate in the PVDF nanofibrous mem-
brane matrix. The WCA has risen from 128◦ to approximately 140◦. Real
seawater was used as a feed solution in the air-gap membrane distilla-
tion (AGMD) experiment to evaluate antifouling properties. According
to the results, the modified membrane (HB-Den3) exhibited a lower flux
decline in comparison with the native PVDF membrane (7 % and 26 %,
respectively). Moreover, the HB-Den3 membrane had better flux

Fig. 24. MD performance of the pristine membrane and omniphobic mem-
branes determined with different PDA/PEI co-deposition time using synthetic
hypersaline water as feed solution, (a) normalized flux and (b) conductivity of
permeate solution.
Reproduced with permission from ref. [345]. Copyright 2023 Elsevier.

Fig. 25. Membrane wettability results of (a) contact angles of the control PVDF-HFP membrane, omniphobic membrane; (b) photos of several different testing
liquids.
Reproduced with permission from ref. [346]. Copyright 2021 Elsevier.

Fig. 26. Permeate flux and salt rejection of the MS-0 and MS-10 in MD process
during the three cycles test.
Reproduced with permission from ref. [347]. Copyright 2022 Elsevier.
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recovery (94.5 %) compared with native PVDF (75.5 %) (Fig. 27). The
results proved better antifouling properties and suitability of modified
membranes for MD application [349]. While most papers focus on
antiwetting and antifouling properties, some intriguing niche solutions
have emerged, particularly in membranes with photothermal conver-
sion properties. This phenomenon finds utility in solar-drivenmembrane
distillation (SDMD), where solar energy is absorbed and converted into
heat within the hydrophilic layer of the membrane. This additional heat
raises the temperature of the feed, affecting the water vapor flux through
the membrane. Ding et al. [350] formulated a dual-layer composite
nanofibrous membrane with an integrated layer of PAN-Ag nano-
particles. The proposed membrane achieved an energy conversion effi-
ciency of over 75 %. Despite the relatively low water vapor flux of
1.2 kg m− 2 h− 1, it is remarkable that this was accomplished without a
temperature differential between the feed and permeate sides in the MD
process. Similarly, Chen et al. [351] demonstrated a comparable
approach, achieving a water flux of 44.4 kg m− 2 h− 1 with a temperature
difference (ΔT) of 60◦C. They utilized polypyrrole (PPy) as the photo-
thermal layer, resulting in an excellent flux and energy conversion ef-
ficiency of 92.2 %. These findings signify a promising direction for the
development of low-energy consumption membrane distillation
processes.

Table 7 provides a comprehensive overview of the performance of
modern ENM’s, with a focus on the impact of surface modifications and
electrospinning process parameters. These adjustments are strategically
employed to enhance membrane performance and introduce additional
benefits. Notably, the modified membranes demonstrate heightened
resistance to both organic and inorganic fouling, signifying improved
fouling mitigation capabilities. Furthermore, surface modifications
contribute to enhanced antiwetting behavior, showcasing the diverse
improvements achieved through tailored enhancements.

As indicated in Table 7, the majority of research in the field of
electrospun membranes centers on desalination applications in mem-
brane distillation, with key properties being antiwetting and antifouling.
Nevertheless, other applications such as oil-water separation and the
treatment of dye wastewater are also gaining prominence. The main
base materials used include PVDF and PVDF-co-HFP, with fluorinated
substances being the most frequently employed modifiers. This choice is
rationalized by the advantageous properties conferred by these mate-
rials, including excellent mechanical properties, chemical and thermal
resistance. However, it is crucial to highlight that many of these sub-
stances are not environmentally friendly, indicating a need for future
research to focus on more sustainable alternatives.

4.5. The application of nanofibers in air filtration

Currently, nanofibers are mostly linked to their application in the
filtration industry. This is mostly due to the proven reliability of nano-
fibers in the filtration industry, leading to their commercialization in
many applications [388]. The development of nanofibers, particularly in
their application of air filtration, has rapidly advanced during the past
two decades, thanks to the advent of the initial large-scale electro-
spinning machinery [389].

Attaining a position alongside cellulose papers, glass fibers, spun-
bond and meltblown fabrics, or cellulose/synthetic fiber mixes, which
are widely recognized as the primary materials for air filtration, is a
challenging task. However, nanofiber-coated filters surpass conven-
tional filters in terms of their forceful characteristics. Nanofiber filter
media provide superior cost-effectiveness and efficiency compared to
traditional filters. They possess reduced energy demands and exhibit
greater longevity [390].

4.5.1. Importance of air filtration
Air pollution is a major worldwide problem that presents significant

risks to both human health and the environment, and the sustenance of
our existence relies on a continuous provision of fresh and clean air for
respiration, whether in our residences, urban areas, rural environments,
or workplaces [391]. Therefore, air filters have become essential com-
ponents of our modern world. Air filter media is employed in various
dimensions and configurations in power plants engaged in electrical
energy generation [392], heavy industries involved in metalworking
processes, including metal grinding, cutting, and welding [393], vehi-
cles used for transportation [394], the air conditioning systems of large
commercial buildings or shopping centers [395], and in reducing flue
gas pollution from factories and coal power plants.

Air filter types using fabric filter media can be grouped together as
follows;

• Cartridge filters
• Bag or Pocket filters
• Pad filters
• Particulate air filter
• Roll filters
• Activated carbon filters

4.5.2. Particle capture mechanism in air filtration
The capture mechanism relies upon the material type, as well as the

physical and chemical structure of the filter media employed. Occa-
sionally, multiple mechanisms can coexist within a single filter media.

Fig. 27. Real seawater filtration results (a), and anti-fouling properties of ENMs (b).
Reproduced with permission from ref. [349]. Copyright 2020 Elsevier.

G. Li et al.



JournalofEnvironmentalChemicalEngineering13(2025)115174

30

Table 7
Summary of publications using electrospun membranes in membrane distillation application.

Membrane
Base
Material

Modifiers Application Properties WCA [◦] Water vapor
flux [kg m− 2

h− 1]

Electrospinning parameters Ref.

Polymer solution
concentration
[%]

Voltage
[kV]

Precursor
flow rate
[mL h− 1]

Tip-
collector
distance
[cm]

Rotation
speed
[rpm]

T [◦C] RH%

PVDF-co-
HFP

PDA, PEI, PDTS,
TMOS

Desalination Antiwetting ~160 39.31 15, 20, 25 20 60 15 300 25 50 [345]

PVDF-co-
HFP

FDTS Desalination Antiwetting 154.1 10.5 15 17.5 1 15 - 21− 22 40− 50 [189]

PVDF-co-
HFP

SiNP, APTES,
FDTS, TEOS

Desalination Antiwetting 151.49 19.11 15 17 1 13 - - - [346]

PTFE/PVA/
PAN

TEOS Desalination, Oil-
water separation

Antiwetting,
Antifouling, Antiscaling

~160 17.09 10 25 0.48 10 500 27 20 [347]

PAN, PVDF-
co-HFP

Co-TPML Deaslination, Oil-
water separation,
Micropolutant
remowal

Antifouling, Catalitic 36.6/130.3
(Janus
membrane)

13.8 ~7/20 10.4/20 1 15 300 20− 25 40− 50 [348]

PVDF Hydrophobic
hyper-branched
dendritic (HB-
Den)

Desalination Antifouling 138.3 10.7 16 - 0.5 - 550 24 60 [349]

PVDF-co-
HFP

MCF− 5, FAS Desalination,
Wastewater
treatment

Antiwetting,
Antifouling

143 8 15 20 1.7 15 1300 35 80 [352]

PET FAS Desalination Antiwetting up to 140 20− 22 30 22 0.9 11 - 25 5 [353]
PVDF PDMS, SiO2NP Desalination,

Wastewater
treatment

Anriwetting,
Antifouling

156.9 28.5 12 30 2 20 - 23 45 [354]

PVDF/ZnO PDTS Desalination Antiwetting,
Antiscaling

162.3 11.5 8 16 0.5 15 140 RT 50 [355]

PVDF SiNP, FAS17 Desalination Antiwetting 154.6 11.5 13.5 25 1.5 15 250 25 40 [356]
PVDF BisF-Bz Desalination Antiwetting 132.7 19.28 15 24 1.2 15 - - - [357]
PA6 F-POSS, PVDF NP. Desalination Antiwetting,

Antifouling
149 8.7 13− 16 20 - 18 - 25 45 [358]

PTFE/PVA vinyl-POSS Desalination Antiwetting 151 40 43 (PTFE) 28 1 18 - 25 35 [359]
PUR PTFE NP Desalination Antiwetting 133.9 44 8 30 3 24 - 25 45 [360]
PVDF-co-
HFP

pGS, CTAB, FAS,
SiNP

Desalination, Oil-
water separation

Antiwetting,
Antifouling

150/20 19.5/24.6 16 14 1 15 140 23 55 [361]

PAN, PVP - Desalination Antiwetting up to 160 up to 20.4 from 5.5 to 19 12, 16 1.2 15 40 - 20 [362]
PVDF-co-
HFP

HKUST− 1, AlFu,
UiO− 66-NH2,
Activated carbon

Amonia remowal Amonia remowal
performance

- 9.5 (Amonia
transfer
flux)

15 20 1 15 - 23− 25 30− 40 [363]

PES/CNTs PVDF-co-HFP/
CNTs

Desalination Antiwetting 144 22.2 23/15 (PES/PcH) 20/22 1/1.2 15 50 (mm/s) - - [364]

PVDF-co-
HFP

F-POSS Desalination Antiwetting 152.4 ~8 20 13.5 1.2 - 1200 - - [365]

PVDF PDMS Desalination Antiwetting 148.7 35 5 14 2 15 - 29− 31 40− 50 [366]
PS - Desalination Antiwetting 139.9 11.68 20 (wt/v%) 20 6 17 560 22− 25 50− 60 [367]
PVDF PDMS, PAN, AgNP Desalination Photothermal

conversion
- 1.2 15 28 0.3 15 500 30− 35 30 [350]

PVDF-co-
HFP

ZIF− 71 Desalination, Dye
wastewater
treatment

Antiwetting 135 19.2 20 20 1 15 300 25 30 [368]

(continued on next page)
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Table 7 (continued )

Membrane
Base
Material

Modifiers Application Properties WCA [◦] Water vapor
flux [kg m− 2

h− 1]

Electrospinning parameters Ref.

Polymer solution
concentration
[%]

Voltage
[kV]

Precursor
flow rate
[mL h− 1]

Tip-
collector
distance
[cm]

Rotation
speed
[rpm]

T [◦C] RH%

PVDF-co-
HFP

PPy, SiO2, PAN Desalination Antiwetting,
Photothermal
conversion

148 44.4 ~15/~9(dual-
layer)

18/14 0.12 (mm/
min)

20 - 24 55/40 [351]

PAN APTES, SiNP,
PFDTS

Desalination Antiwetting 145 16 11 22 1 15 - 22 50 [369]

PVDF ATO, PAN Desalination Antiwetting,
Antifouling,
Photothermal
conversion

~130 - 15 wt%/1.5(wt/
v%) PAN/PVDF

20 1 15 - - - [370]

PAN/SAN - Desalination, Oil-
water separation

Antiwetting,
Antifouling

37.5/141.7 34.89 8/17 22/18 5.4 30 - - - [371]

PVDF - Desalination Antiwetting up to 148 up to ~12 17/25 15 1/0.4 15 - 18 30 [372]
PVDF PTFE Desalination Antiwetting 122.4 27.7 5− 20 24 1.2 15 - - - [373]
PVDF, P(MMA-r-MPS)-g-

PDMS, TiO2 NPs
Desalination Antiwetting,

Antiscaling
150.4 34.5 - 13 0.5 15 200 25 30 [374]

PVDF-co-
HFP

CNTs Desalination Antiwetting 140.7 18.5 20 20 1 15 300 25 30 [175]

PVDF-co-
HFP

- Desalination Antiwetting 156.6 38.8 15 15 - 15 - 20 50 [375]

PVDF-co-
HFP

AlFu MOF Desalination Antiwetting 135 22.7 17.5 18/15/13 1 15 - 21− 22 40− 50 [376]

PMMA - Desalination Antiwetting 164.2 41.04 20 18 9.6 30 - - - [377]
PVDF ZnO nanowires,

POTS
Desalination Antiwetting,

Antiscaling
150 15.7 17 10 0.5 16 - - - [378]

PTFE PNIPAM/PS Desalination Antifouling,
Thermoresponsive
wettability

100.3 35.78 -/15 (PTFE/
PNIPAM-PS)

20/18 1 15/10 - - - [379]

PVDF-co-
HFP

TFS Desalination Antiwetting,
Antifouling

> 150 17 8 18 1 15 145 - - [380]

PVDF-co-
HFP

CB, F-POSS Desalination,
Gypsum removal

Antiwetting,
Antiscaling

162 40 15 30 0.1 (mm/
min)

18 - 25 60 [381]

PVDF, PVDF-
co-HFP

FG Desalination Antiwetting, 157 up to 15.9 19/15 18 0.5 18 500 25 45 [382]

PET PVDF-co-HFP Juice concentration Antifouling 143.7 8.62 - 11− 18/
22 (PET/
PH)

1.5/1 12 - 25 35 [383]

PVDF Lycopodium
particles

Desalination Antiwetting 161.6 52.4 25 24 1.25 27.5 - 22 28.9 [384]

PVDF iPP Dye wastewater
treatment

Antifouling 157.2 53.9 15 28 0.3 15 - 37 31 [385]

PVDF PFTS Desalination, Oil-
water separation

Antiwetting,
Antifouling

173.2 17− 20 25 24 0.88 15 80 - - [386]

PVDF-co-
HFP

ODA- rGO Desalination Antiwetting 146 21.2 19 10− 20 1 18 - - - [387]

Abbreviations appeared for the first time: PDTS – 1 H,1 H,2 H,2H-perfluorodecyl-triethoxysilane, TMOS – Tetramethyl orthosilicate, FDTS – 1 H, 1 H, 2 H, 2H-perfluorodecyltrichlorosilane, Co-TPML – nano-catalysts,
MCF-5 – mesocellular silica foam, BisF-Bz – bis-(4-fluorophenyl-bisphenol-benzoxazine), POSS – polyoctahedral silsesquioxanes, pGS – poly(glycidyl methacrylate-sulfobetaine methacrylate), CTAB – cetyl-
trimethylammonium bromide, AlFu – aluminum fumarate, PFDTS – 1 H,1 H,2 H, 2H-Perfluorooctyltriethoxysilane, ATO – antimony tin oxide, MMA –methyl methacrylate, MPS – 3-methacryloxypropyltrimethoxysilane,
PNIPAM – poly (N-isopropylacrylamide), TFS – Trichloro(1 H,1 H,2 H,2H-heptadecafluorodecyl)silane, CB – carbon black, FG – fluorinated graphite, iPP – isotactic polypropylene ODA – octadecylamine.
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The capture mechanisms in a fiber system, where a single particle is
transported through a pore in a filter medium, can be described below
(Fig. 28).

• Sedimentation or gravity settling refers to the process where larger
and denser particles can settle within a filtration system [396].

• Straining or sieving refers to the process where particles are retained
if they are bigger than the pores in the filter media and lack sufficient
inertia to cause harm.

• Internal impaction refers to the phenomenon when a particle de-
viates from the fluid’s streamline and instead continues along its
current trajectory until it collides with the filter media. The most
effective configuration consists of large particles with high density,
high velocity, and very small fibers [397].

• Interception occurs when a particle, as it moves along a streamline,
makes contact with the filter media and is captured. The effective-
ness of this procedure depends on the relationship between the
particles’ size and the pores’ size, as well as the strength of the bond
between the particles and the filter material [398].

• The effectiveness of the diffusion mechanism is dependent on the size
of the particles and the densities of the fluid and particles. A parti-
cle’s movement is affected by the fluid’s general flow and the
random motion resulting from collisions with smaller molecules in
the fluid, referred to as Brownian motion. This can direct the particle
toward the filter material, potentially causing it to get caught [399].

• In the context of electrostatic deposition, the particle’s surface
charge may be different from that of a fiber or pore in the filter
media, resulting in its redirection toward the medium and subse-
quent retention [400].

Air filter media collects particles by depth filtration and surface
filtration [401]. Depth filtration is the process in when a particle moves
through a pore until it reaches a point where the pore is too small to pass
through. The particle is solely retained due to its dimensions. Once the
pore is obstructed, it remains blocked until the filter media gets too
clogged, rendering it no longer usable for further processing. At this
juncture, it is necessary to discard and replace the medium or alterna-
tively, clean it. Surface filtration refers to the process that happens in
close proximity to the initial surface of a filter material. In this scenario,
particles within a system can interact solely with a pore, offering the sole
opportunity for entrapment (Fig. 29). With time, the pores in the

mediummay become obstructed by solid particles. To address this issue,
surface filtration media can be cleaned or revitalized by directing a pulse
or steam of clean fluid in the opposite direction.

Traditional fiber-based filters, including meltblown, spunbonded,
and glass fiber use depth filtration but have limited capacity to filter
small particles because of structural issues like thick fiber diameter, big
pore size, and low porosity. Decreasing the diameter of the fibers can
greatly improve the filtration effectiveness of the fiber filter. Nanofibers
have significant potential as a surface filtering medium due to their tight
pore size, small diameter, open pore structure, and high porosity.

4.5.3. Polymeric electrospun nanofiber-based air filters
Since the early 1990s, electrospun nanofiber air filters have served as

highly efficient air filtration media due to their exceptional capacity to
capture PM particles from the air [402]. This is attributed to their
extensive surface area, extremely small fiber diameters, highly porous
structure with consistent and uniform pore size, and lightweight nature.
Electrospun nanofibers have found applications across a broad spectrum
of filtration needs, including car cabin filters, personal protection
equipment, indoor air cleaners, window screens, respiratory facemasks,
industrial dust collectors, and gas turbine filters. A variety of natural and
synthetic polymers, including but not limited to PA [403], PUR [404],
PVDF [405], CA [406], PVA, Ch [407], PSF [408], and PAN [409], have
demonstrated efficacy in producing nanofiber filters with remarkable
performance. PA has gained significant prominence as a preferred syn-
thetic polymer for air filter production owing to its robust and enduring
physical and chemical properties.

During the early 2020 s, the global demand for respiratory face
masks surged as a result of the Covid pandemic. Nanofiber filter media
emerged as the primary air filters, playing a crucial role in ensuring
essential protection. Transparent nanofibers made of PA 11 were created
for usage in facemasks. These nanofibers have excellent filtering capa-
bilities, achieving filtration effectiveness of 89 % against PM1.0 parti-
cles. Additionally, they have a low-pressure drop of 6.5 Pa cm− 2 [410].
In order to achieve a minimal decrease in pressure, a self-powered
nanofiber membrane made of PA 6 was created. This membrane uti-
lizes electrostatic adsorption to enhance its filtration effectiveness. The
combination of PA 6 nanofibers with PVC nanofibers leads to a phe-
nomenon known as the triboelectric effect, where electrostatic charges
are generated due to air vibration between the adjacent nanofiber
membranes. This, in turn, led to an increase in electrostatic adsorption
with an equivalent decrease in pressure. At a flow velocity of 0.1 m/s,
the self-powered nanofiber membrane demonstrated an electrostatic
voltage of 257.1 mV. Additionally, the self-powered composite nano-
fiber membrane exhibited a high removal efficiency of 98.75 % and a
low pressure drop of 67.5 Pa for NaCl aerosol particles with a diameter
of 0.3 μm (Fig. 30). This indicates that the membrane, which in-
corporates electrostatic charges, has a superior quality factor compared
to the membrane without such charges [411].

A separate investigation involved the use of PA 6 nanofibers that
were electrospun onto two cellulose-based filter media. The objective
was to enhance the filtering efficiency of engine air intake filters. The
experimental results demonstrated that the collection efficiencies for all
particle size ranges were improved by approximately 10 % and 25 %
when using filter media that had been coated. The nano-coated filter
media’s improved capacity to capture tiny dust particles is attributed to
its increased surface-to-volume ratio and decreased pore size, which
enhance interception and impaction mechanisms. Therefore, air filters
coated with electrospun nylon-66 nanofibers can be a suitable alterna-
tive to conventional cellulose media. The dust retention capacity of the
filter media was measured to be within the range of 43 ± 1 g m− 2 g− 1.
Remarkably, the dust retention capacity of the cellulose filter medium
remained nearly unaffected even after the application of the nano-
coating [412].

PAN is frequently employed as a polymer material for air filtration
due to its exceptional physical and chemical characteristics. A study wasFig. 28. Particle capture mechanism.
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done to create PAN nanofiber membranes using electrospinning with
thicknesses varying from 20 to 100 µm. The membranes were made
using polymer concentrations of 10, 12, and 14 % (w/v) in DMF. The
densities of membranes are rather low, ranging from 0.11 to
0.21 g cm− 3, but their porosities typically fall within the range of
80–92 %. The membranes, which were 20 µm thick, had a filtering ef-
ficiency greater than 99.7 % in removing particles measuring 0.3 µm
[409].

Cheng et al. introduced a compelling method employing meticu-
lously arranged PAN nanofibers. Researchers assert that well-organized
fibers offer significant benefits compared to randomly placed conven-
tional fiber filtration materials. The PAN nanofibers produced exhibit a
well-ordered structure, featuring fiber diameters ranging from 240 to

404 nm and pore widths ranging from 1.91 to 6.45 µm. These nanofiber
membranes showcase outstanding air filtration efficacy, achieving effi-
ciencies ranging from 94.83 % to 99.60 % for aerosol particles approx-
imately 300 nm in diameter. This filtration performance is accompanied
by a pressure decrease ranging from 33 to 98 Pa [413].

In addition to PA and PAN, PVDF exhibits exceptional chemical and
weathering resistance. Additionally, they exhibit unique electroactive
properties such as piezoelectric and pyroelectric features due to their
inherent charged nature, resulting in enhanced filtering efficacy. Xiao et
conducted a study on the electrospinning process of PVDF nanofibers in
a DMF environment, using concentrations of 6 %, 8 %, 10 %, 12 %, and
14 % (Fig. 31). An optimal filtering efficiency of over 99 % has been
achieved with a moderate pressure drop of 52 Pa by utilizing a 10 %

Fig. 29. Surface filtration (a) and Depth filtration (b).

Fig. 30. The filtration efficiency (FE) of the composite membranes under different airflow velocities:(a) 0.1 m/s and (b) 0.15 m/s. The pressure drop in the com-
posite membranes under different airflow velocities: (c) 0.1 m/s and (d) 0.15 m/s. [411] – Creative Commons CC BY 4.0 license.
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concentration. The nanofibrous membrane derived from a solution
concentration of 10 % is considered the optimal sample for air filtration
[414].

Xiong et al. [415] carried out a promising study where they manu-
factured superfine nanofibers of PVDF with a size range of 20–35 nm.
These nanofibers were used to create window screen air filters that
efficiently capture PM from outdoor air when natural ventilation is used.
The study findings indicate that PVDF nanofibers possess a small pore
size of 0.72 μm and a high porosity of 92.22 %. As a result, the filters
made from these nanofibers show outstanding performance, with a
99.92 % interception efficiency for PM0.3 particles, 69 Pa air resistance,
over 80 % transparency, and consistent filtration even after 100 hours of
UV exposure. This work introduces an innovative method for creating
nanofibers with diameters at the nanoscale level and designing air filters
with exceptional performance [415].

PUR nanofibers are the sole nominees in the field of nanofibers in
terms of possessing exceptional mechanical strength, elasticity, and
impact resistance. A study paper outlines a manufacturing process
employing the electrospinning method coupled with the phase separa-
tion of charged droplets to produce air filters comprised of thermoplastic
PUR nanofiber/net membranes. By integrating various Li+ ion concen-
trations, it becomes possible to adjust the average pore areas of TPU
nanofiber/net membranes, ranging from 0.6504 μm² to 0.0083 μm². The
resulting air filter, constructed from optimized TPU nanofiber/net
membranes, indicates exceptional characteristics. These include an

outstanding PM0.1 removal efficiency of up to 97.08 %, a pressure drop
of approximately 58 Pa, a quality factor of 0.061 Pa− 1, and exceptional
optical transparency. Moreover, this innovative filter weighs merely
6 g⋅m− 2 [404].

4.5.4. Hybrid electrospun nanofiber-based Filters
While homogeneous nanofibers demonstrate exceptional properties

in air filtration applications, the demands of our technologically
advanced and comfortable modern world come at a price. Air pollution
poses significant challenges, and hybrid nanofibers offer a solution to
enhance existing nanofibrous filters and address these problems.

The combination of polymeric nanofibers with metal nanoparticles
(TiO2 [416], AgNO3 [417], CuO [418], ZnO [419], MgO [420], GO
[421] and CNTs [422]), MOFs [423–425], conductive polymers [426],
and hyperbranched polymers [427] provides advantageous additive
characteristics, including antibacterial [428], self-cleaning [429],
adsorption [430] and electroconductive capabilities [431]. Kwon et al.
researched the photocatalytic efficiency of CA nanofibers when paired
with TiO2 nanoparticles. Hybrid nanofibers fabricated by
emulsion-based electrospinning method. The TiO2-CA nanofibers
demonstrated exceptional filtering performance, achieving a remark-
able 99.5 % efficiency for PM0.5, along with a photocatalytic efficiency
of 78.6 % for the removal of nitrogen oxide (NO) [416]. Airborne PM is
not the only difficult component in the air that has to be cleansed by
filter media. There is also the presence of high temperature flue gas

Fig. 31. Fiber morphology and its diameter distribution. (A) 6 % solution concentration, (B 8 % solution concentration, (C) 10 % solution concentration, (D) 12 %
solution concentration, and (E) 14 % solution concentration [414] – Creative Commons CC BY 4.0 license.
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emitted by industries, particularly thermal power plants, which typi-
cally release gas at temperatures ranging from 260 to 300 ◦C [432]. Xie
et al. fabricated polyimide nanofibers embedded with ZIF-8 nanocrystals
for the purpose of high temperature air purification (Fig. 32). The pol-
yimide (PI)- propylsilsesquioxane (POSS)@ZIF hybrid filter showed
remarkable thermal stability, favourable mechanical properties, and a
significant BET specific surface area of 794.21 m2 g− 1. The filter showed
a notable PM0.3 filtration efficiency of 99.28 % and a decreased pres-
sure drop of 49.21 Pa at a high temperature of 280 ◦C [433].

Another research study investigated the utilization of dual needle
electrospinning to fabricate hybrid nanofibrous membranes comprising
Ch, silver nanoparticles, polyvinyl alcohol, and CA. Additionally, the
study explored the influence of varying ratios of Ch/AgNPs to fabricate
air filtration membranes with high efficiency and exceptional antibac-
terial properties. Findings revealed that the produced hybrid nanofibers
achieved a filtering efficiency of 99.78 % for PM2.5, a low-pressure drop
of 61.15 Pa, and an augmented inhibition zone ranging from 100 % to
141 % [417]. Zhao et al. [427] conducted research on air filter media
designed to possess superior filtration capabilities along with antibac-
terial properties. The media was composed of a combination of PVDF
nanofibers and hyperbranched polymer. The 2-hydroxypropyl trimethyl
ammonium chloride terminated hyperbranched polymer (HBP-HTC) is
employed as an additive in PVDF electrospinning. The PVDF/HBP-HTC
membrane, with a branching nanofibers network, exhibits enhanced
mechanical qualities and improved filtration efficiency. The membrane
achieves an outstanding filtration efficiency of 99.995 % for 0.26 μm
NaCl particles. Additionally, it demonstrates a decreased pressure drop
of 122.4 Pa on a 40 μm-thick sample. Furthermore, the PVDF mem-
branes have outstanding antibacterial properties because they include
many quaternary ammonium salt groups in HBP-HTC. The membrane
with 3.0 wt% HBP-HTC showed a bacterial inhibitory rate of 99.9 %
against both S. aureus and E. coli [427].

4.6. Filtration and separation of biological compounds

Nanofibrous materials have potential for environmental purposes

such as water treatment or the filtration of air pollution due to their
extremely high surface area and porosity. Pathogenic agents in waste-
water, including bacteria, viruses, etc., pose several threats to human
health. Electrospun membranes could offer a very high permeability and
selectivity. However, the application of nanofibrous membranes in the
treatment and analysis of biological media, such as human blood or body
secretions, is also of growing interest [434]. Regarding the biological
molecules or agents such as bacteria, viruses, antibodies, proteins, or
nucleic acids, nanofibrous systems can be applied to capture or retain
the biologicals (Fig. 33). The application of nanofibrous mats for the

Fig. 32. Schematic illustration for fabrication process of PI-POSS@ZIF hybrid mat [433].
Reproduced with permission from ref [433]. Copyright 2021, Elsevier.

Fig. 33. Illustration of the typical size of biological compounds (cells, bacteria,
viruses, bacteriophages, DNA and Proteins) which are commonly targeted in
the filtration of air and water.
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filtration or separation of biological compounds can be divided into two
classic cases depending on the medium, which could be gas or liquid
[435].

4.6.1. Removal of biological compound from air
In the case of air filtration, the main mechanisms could be capturing,

deposition, or absorption. The filtration process of biological particles
similar to other particles, depends on physical parameters, such as fiber
diameter, particle size, pore size, and spatial distribution of fibers and
air flow [436].

Among antimicrobial air filters, three different approaches are used,
(i) polymers with antimicrobial properties; (ii) nanoparticles with
antimicrobial effect loaded nanofibers; (iii) coated nanofibrous mats
with antibacterial molecules. The antimicrobial effect of nanofibrous
filters is commonly based on the bactericidal effect, which means the
disruption of the cell membrane. Ag, Au, and Cu and metal oxides such
as TiO2, ZnO, and MgO are popular and generally applied, while metal
ions and reactive oxygen could be released from the metal oxidation,
causing cell death by damaging the membrane proteins [437].

Some recent studies showed that polymer nanofibers loaded with
metal-oxide nanoparticles (e.g. ZnO, TiO2 or Ag nanoparticles) could
offer improved mechanical stability and better filtration effectivity on
bacterial removal from air. Especially Ag particle/polyacrylic nitryl
nanofibrous composites showed a high antibacterial effect, good effi-
ciency, and low pressure drop [434]. Metal nanoparticles such as silver,
gold, copper or zinc embedded in or supported on nanofibers also have
antiviral effects [438]. Regarding the polymeric scaffold of nanofibrous
filters PAN, PLA, PVDF, and PCL are the most commonly used in indoor
air filtration or protecting materials such as facemasks, biological cab-
inets or surgical respiratory systems [439–441]. As a novel approach,
the development of biodegradable nanofibrous membranes has started
to get more environmental benefits.

Coronavirus disease indicated several innovations in the field of
healthcare, thus special facemasks against the viruses have been also
researched. In general, a face mask helps prevent airborne, droplet, and
aerosol transmission, and the primary control mechanism is based on the
reduction of exposure. The mask helps in filtering out particles of
different sizes through various (i) inertial impaction, (ii) interception,
(iii) diffusion, and (iv) electrostatic attraction between oppositely
charged particles and filter media. Diffusion could be observed in the
case of particles smaller than 0.1 μm, combination of diffusion and
interception works for particles between 0.1 to 0.5 μm size [442].
Interception and inertial impaction are valid for particles larger than 0.5
μm. Viruses usually are in the ranges of 0.01 to 0.20 μm. The evolution of
face masks has always been driven by different health issues, and
commonly worldwide infections indicate the most effective inventions.
From the first face mask which was made from cloths-like tissues in the
13th century, mainly paper-based or sponge-like filters had been
developed, then the masks from gaze layers were the most similar to the
nowadays well-known surgical mask. Modern face mask works with
polymer fibers with antimicrobial and antiviral effects. These smart
masks could be produced by different methods such as dip coating, spray
coating, melt-blowing, and electrospinning. A unique advantage of
electrospun nanofibrous face mask, the homogeneity of antimicrobial
and/or antiviral agents is much better than dip coating or melt-blowing
based masks [443].

4.6.2. Removal of biological compound from water
The removal of biological contamination from baths and drinking

water is a key issue. The application of nanofibrous filters meets chal-
lenges. For example, the mechanical properties of the electrospun
membranes are a critical parameter since water treatment means high
mechanical stresses, which could lead to the deformation and compac-
tion of the membrane. This unfavorable process could significantly
decrease the porosity and the permeability [444].

The additional limitation could be the too hydrophobic character of

the polymer nanofibers (e.g., PLA, PAN, PVDF), which cause aggrega-
tion and clogging in the pores. The finetuning of the pore size and pore
size distribution of the electrospun fiber mats also could bring diffi-
culties. Typically, the diameter of bacteria located in water is larger than
0.2 μm. Therefore, the pore size of the electrospun membrane should be
smaller than 0.2 μmwith a narrow distribution value, since the presence
of larger pores reduces the purity, the too small pores cause hard pres-
sure drop and decreased efficiency [445].

TFNC, consisting of 3 layers, is a novel application of electrospun
nanofibrous mats in the removal of bacterial. The first is an ultrathin
selective barrier, the second layer is the nanofibrous layer (typically
PAN or PVDF nanofibers) and the third layer is a nonwoven PET film.
The first two layers affect the filtration, and the third layer is a sub-
structure layer to provide the proper mechanical strength of the mem-
brane. The effectivity of TFNC membranes could be seen in the
experiments with ultra-fine cellulose and PAN, which provided an
extremely high retention rate (more than 99.9999 %) for E. coli filtering
and MS2 virus, with 30 nm sizes [76].

Nanofibrous composite materials such GO loaded PUR nanofibrous
membranes can be also effectively used against Gram-positive and
Gram-negative bacteria. PUR/GO composite nanofibrous membranes
have better thermal and mechanical stability than single materials, in
addition, they show higher water flux and low clogging due to their
hydrophilic nature [446].

Electrospun nanofibers could be used for water analysis as well, for
example, micro-scale techniques such as microextraction supported by
nanofibers are a promising alternative for the selective enrichment of
analytes from samples with high complexity, such as living water. Solid
phase microextraction (SPME) has been introduced as a sample prepa-
ration tool. Since SPME is able to integrate sampling, isolation and
enrichment of analytes, it is an applicable method for the field of food
industry, environmental analysis, and clinical and pharmaceutical
investigation [447]. For example, poly(N-isopropylacrylamide) (PNI-
PAAm) was electrospun on PS support, and the produced
PNIPAAM/PS-based system could be used for the extraction of drugs
from plasma [448].

4.6.3. Analysis of biological samples based on electrospun materials
In the precise and rapid investigation of biological samples (such as

blood, urine, or other body secretions), the sample treatment and
preparation are key issues, thus, it requires selective and effective sep-
aration techniques. Time and accuracy are key factors in the flow of
clinical information and diagnosis, and innovative methods are needed
to ensure that they have great potential. Electrospun nanofibers as
membrane materials can be used for the separation of biological com-
pounds from the host biological matrix.

Nowadays several couple meet with fertilization difficulties. Among
several reason for infertility, the quality of sperm cells is one of the
major problems. To measure sperm cell viability, motility is one of the
primary factors, and isolating sperm cells based on motility is an
important step. Currently, centrifugation techniques are widely used,
but the biochemical and DNA integrity of the spermatozoa could be
damaged. Nanofibrous membranes could mean a promising alternative
since the permeation properties of the membrane can be well-fitted to
the sperm cells and ensure a mild condition during the separation pro-
cess. For example, PCL nanofibers were successfully used for the sepa-
ration of sperm cells, and results showed the purity achieved was similar
to the commercially standardized centrifugal method, however, the
processing time was significantly shortened (it decreased 98 %
compared to the centrifugal method). Thus, nanofibrous tools could
support fertilization protocols or the work of judicial offices [449].

Exosomes are vesicular bodies released by different types of cells and
contain organic specific compounds, like mRNAs and proteins. Exo-
somes can induce a regulating signal in recipient cells, thus, they have a
key role in the sporulation of cancerous cells. It can be harvested from
different human fluids such as blood, urine, and saliva, thus, exosomes
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could be promising markers for a non-invasive investigation. However
useful they are, the isolation of exosomes meets difficulties, ultracen-
trifugation, filtration with commercial kits, and microfluidics are not
real effective. In addition, these methods are not able to separate exo-
somes from another splitting piece of membranes or lipid structures. To
avoid these limitations, a core-shell nanofibrous membrane from gelatin
(shell) and PCL (core) was developed using an electrospinning technique
and specific antibodies. Specific antibodies were immobilized on the
nanofibers to ensure the selectivity to the exosome. Results showed that
prepared core-shell nanofibers could catch exosomes from fluid samples
then their recovery was also achievable [450].

Among blood-based analyses, and blood plasma separation is usually
required with a purity superior to 99 %. In addition, hemolysis and
leukolysis should be avoided for accurate clinical investigations. Lab-On-
Chip devices based on microfluidic process became popular, since they
work with small samples in an extremely short time. PLA-based nano-
fibrous membranes had been successfully integrated to Chip-device, and
results proved nanofibrous membranes decreased the degree of hemo-
lysis compared to the commercially available tools [434].

5. Emerging problems and future perspectives in the scale-up
application of electrospun nanofibers in industry

The transition from laboratory-scale electrospinning to industrial-
scale production poses significant challenges, particularly in achieving
consistent quality and high production rates. Critical areas requiring
focused optimization include mass production processes, downstream
collection methods, and parameter adjustments, which are prone to is-
sues such as fiber morphology inconsistencies and equipment
inefficiencies.

One notable challenge in industrial electrospinning is the impact of
increased flow rates on fiber quality. Higher flow rates can lead to
inadequate solvent evaporation, resulting in bead formation, increased
pore sizes, and larger fiber diameters. Additionally, the type and
configuration of the collector significantly influence the structural and
mechanical characteristics of the resultant nanofibers. The reliance on
organic solvents introduces further complexity due to safety and envi-
ronmental concerns during scale-up.

Multi-needle electrospinning and free surface electrospinning are
commonly explored to address these challenges. Multi-needle systems
enhance production capacity by generating multiple jets simulta-
neously. However, the interaction of electrostatic fields can lead to jet
repulsion, and needle clogging is a frequent issue, both of which
adversely affect fiber quality. Free surface electrospinning offers an
alternative by forming multiple jets from an open surface, eliminating
the clogging issue. Stationary and rotating spinnerets are utilized in this
process, though the higher voltage requirement and solvent evaporation
dynamics complicate process control and fiber uniformity.

To improve mass production, innovative designs and secondary
forces have been introduced. For example, geometric variations inmulti-
needle setups (e.g., linear, circular, or hexagonal configurations) have
been developed to mitigate electrostatic interference and increase pro-
duction efficiency. Modifications to free surface electrospinning, such as
alternating current applications and centrifugal force integration, have
shown a potential to enhance output and fiber quality. Secondary forces,
including magnetic and centrifugal forces, have also been employed to
stabilize jet formation and improve scalability.

Despite promising advances, most studies in this area are rooted in
academic research, with limited translation to industrial practices. Sig-
nificant progress in commercialization will require additional techno-
logical innovations, rigorous process validation, and sustained corporate
investment.

In summary, while scalable electrospinning techniques have made
strides in addressing production challenges, further development and
industry collaboration are essential to realize their full potential in large-
scale nanofiber manufacturing.

6. Critical analysis of electrospinning techniques: pros, cons,
and implementation challenges

Electrospinning is a highly versatile and efficient technique for
producing nanofibers, offering exceptional control over fiber
morphology and properties. However, its industrial scale-up remains
challenging due to technical and operational limitations. A balanced
evaluation of its advantages, limitations, and potential for further
implementation is outlined below.

Advantages of electrospinning techniques

1. Versatility in material use:
o Accommodates a wide range of polymers, including synthetic and
natural materials.

o Supports material blending and incorporation of inorganic parti-
cles to enhance functionality.

2. Fine control over nanofiber properties:
o Precise adjustment of fiber morphology (size, structure) by tuning
solution and process parameters.

o Surface modifications enable tailoring for specific applications,
such as hydrophobicity, conductivity, or adsorption capacity.

3. Application versatility:
o Useful in separation processes (e.g., wastewater treatment, air
filtration, and oil-water separation).

o Demonstrates high efficiency in environmental and biological
compound removal.

o Cost-effective compared to traditional methods in filtration and
adsorption processes.

4. Innovations in scale-up techniques:
o Multi-needle and free surface electrospinning offer pathways for
increased production rates.

o Advances in spinneret design and secondary force integration (e.
g., centrifugal, magnetic) show promise in enhancing scalability.

Limitations of electrospinning techniques

1. Challenges in industrial scale-up:
o Process consistency: Variations in fiber morphology during
large-scale production due to factors like flow rate and solvent
evaporation.

o Production rate: Traditional single-needle setups are inefficient
for mass production.

o Parameter sensitivity: Complex interdependencies between
voltage, feed rate, and solution properties make process optimi-
zation difficult.

2. Technical barriers in scale-up methods:
o Multi-needle electrospinning:

▪ Interaction of electrostatic fields between jets can cause
instability.

▪ Needle clogging leads to inconsistent fiber quality and
operational downtime.

o Free surface electrospinning:
▪ High voltage requirements increase operational
complexity and energy consumption.

▪ Solvent evaporation dynamics hinder the control of so-
lution concentration and viscosity.

3. Environmental and safety concerns:
o Widespread use of organic solvents introduces risks of toxicity,
flammability, and environmental pollution.

o Safe handling and disposal of solvent waste require additional
infrastructure and compliance with regulations.

4. Dependence on academic studies:
o Limited translation of research advancements into industrial
applications.

o Lack of robust, scalable prototypes for commercial deployment.
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7. Concluding remarks and recommendations

This review provided an explicit and comprehensive summary of the
preparation, modification and applications (Fig. 34) of electrospun
nanofibers from 2020 to 2023. The examples discussed in this review
demonstrate the versatility and adaptability of electrospun nano-
materials in addressing complex separation processes. This review pro-
vides a thorough discussion on how several electrospinning
methodologies such as melt, bubble, and 3D electrospinning, facilitate
the fabrication of nanofibers with customized properties dependent on
the specific application. Melt electrospinning is free of solvents and
advantageous for ecologically sensitive applications, whereas free-
surface and bubble electrospinning has potential for large-scale pro-
duction but faces difficulties in preserving consistent fiber quality and
web evenness. Herein, this review discussed that adjusting electro-
spinning solution properties (including viscosity and conductivity) and
electrospinning settings (such as voltage and feed rate) is essential for
regulating nanofiber diameter and surface morphology. It is challenging
to optimize the properties of electrospun nanofibers to meet specific
requirements, owing to the complexity and many spinning parameters
to be controlled by the electrospinning process. The traditional trial-
and-error approaches to parameter optimization have been time-
consuming and costly, and they lack the precision necessary to
address these challenges effectively. Therefore, the utilization of ma-
chine learning and artificial intelligence will allow researchers to navi-
gate the intricate parameter space of electrospinning more efficiently,
bypassing the need for extensive trial-and-error experimentation. This
transformative approach holds the potential to significantly reduce the
time and resources invested in producing electrospun nanofibers with
specific properties for a wide range of applications [451]. A more
detailed analysis of the utilization of machine learning in the fabrication
of electrospun nanofibers can be found in Subeshan et al. [451]. Incor-
porating metal dioxides to nanofiber material for photocatalytic
degradation in wastewater treatment or hydrophilic coatings for anti-
fouling membranes shows how strategic modifications can improve the
performance of the membrane. It is important to emphasize the neces-
sity of combining such advantageous with practical considerations, such
as cost and scalability, while also recognizing that predictive models and
sophisticated and advanced characterization techniques to improve
manufacturing stability.

The review examines not only the electrospinning technique,
important parameters and production methods, but also key applica-
tions and commonly used polymeric materials. The application of

electrospun nanofibers for the purification of water and air, emphasizes
PAN-based nanofibers for metal ion adsorption and PVDF nanofibers for
efficient air filtration. In this review, it is emphasized that efficacy of
electrospin nanofiber membranes in separation procedures, indicating
that surface functionalization (e.g. plasma treatment, metal oxide
modification) improves characteristics like hydrophilicity and fouling
resistance. Another example such as chitosan-modified nanofibers,
demonstrate the incorporation of biocompatibility for microbial elimi-
nation, however, scalability remains a significant concern. This review
also proposed further exploration of composite materials to balance
mechanical robustness with separation efficiency and highlight the
limits that include biofouling and the environmental consequences of
cleaning procedures.

The following future directions and potential solutions were
recommended:

1. Enhanced design and innovation:
o Develop advanced needle configurations (e.g., hexagonal, circu-
lar) to optimize jet formation and minimize clogging.

o Incorporate secondary forces, such as magnetic or centrifugal
forces, to stabilize and increase production efficiency.

2. Improved process control:
o Integration of real-time monitoring systems for dynamic adjust-
ment of parameters during operation.

o Exploration of alternative spinning mechanisms, such as alter-
nating current or hybrid electrospinning setups.

3. Environmental sustainability:
o Shift toward green solvents and solvent-free electrospinning
techniques.

o Implement closed-loop solvent recovery systems to minimize
waste and environmental impact.

4. Industry-academia collaboration:
o Foster partnerships to bridge the gap between laboratory findings
and industrial application.

o Incentivize corporate investment in scaling up electrospinning
technologies through funding and policy support.

5. Diversified applications:
o Leverage electrospun nanofibers in emerging fields, such as
biomedical devices, energy storage, and advanced filtration
systems.

o Expand the functionalization of nanofibers to meet evolving
market demands.

Fig. 34. The summary diagram of the separation applications of electrospun nanofiber materials.
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