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Abstract Nanofibrous membranes created by electrospinning are nanotechnology-
based technologies for developing new separating membranes, electrospun nanofi-
brous membranes (ENM). These can be used because of their particular charac-
teristics to make multifunctional water treatment materials. On the other hand, its
extremely porous construction with large pores reduces the capacity of NaCl to
desalinize dissolved salts. As a result, it is only suited as a prefilter before delicate
reverse osmosis operations to separate large/microparticles from MF applications.
These membranes can be enlarged to provide water treatment by changing them to
take out more intricate colloidal solutions, including oil/water suspensions, requiring
an organic solution to be rejected. When an ENM surface has been changed and
crosslinked with thin, selective coating layers, a combination membrane with smaller
pores can be produced that can be used in UF separation. A nonporous composite
membrane can be generated by adding an interfacial polymerizing layer which can be
employed for nanofiltration and reverse osmosis applications. The current research
on electrospun polymer membranes is covered in this chapter, emphasising progress,
issues and prospective improvements in water treatment applications.
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1 Introduction

The scarcity of clean drinking water is currently the world’s most significant issue
(Ramakrishna and Shirazi 2015). Every year, water pollution and other water-related
issues kill millions (Montgomery and Elimelech 2007; Warsinger et al. 2018). As the
world’s population grows, so do concerns about water availability, particularly in arid
regions like Africa and the Middle East. With rising population and consequent indus-
trialization, water-related issues are expected to worsen alarmingly in the coming
years. These factors highlight the need for extensive research into energy-efficient
and cost-effective beneficial water treatment methods (Warsinger et al. 2018).

A recent study suggests that nanotechnology could help develop the next gener-
ation of water treatment systems. Experiments with engineered nanomaterials are
increasingly being conducted (Warsinger et al. 2018; Daer et al. 2015; Bethi et al.
2016). Water supply and quality can be improved through the use of nanotechnology.
Aquatic treatment necessitates the development of novel membranes, particularly
nanoengineered membranes such as RO and NF (Fane 2018).

Because it is a separation barrier, it allows for lower working pressures. 2—100 nm
membranes can remove colloids and macromolecules (Anand et al. 2018; Yang et al.
2018; Gaoetal. 2011). Modern membrane-based liquid filtration technology. Used to
eliminate microparticles and germs for years. As a good particle separator, MF oper-
ates at low pressures due to the significantly larger pore width of the MF membrane,
which typically ranges between 0.1 and 10 m (Rayess et al. 2011; Badruzzaman et al.
2019).

NF membranes are less expensive than RO membranes for water purifica-
tion. From groundwater and surface sources, they can remove a wide range of
minerals, salts, cations, and pathogens (fungi, viruses and bacteria) (Mohammad
et al. 2015). Aside from the benefits mentioned above, traditional membrane tech-
niques have several drawbacks. Traditional membranes are restricted by osmotic
pressure, fouling, scaling and low porosity (80%). The flaws derive from the produc-
tion methods employed by conventional membranes. It is worth noting. For MF and
UF membranes, the inverting phase method works well. This is a common technique
for pore membranes. This method has two main flaws: the limited size of cheap pores
and contamination by solvents. The only commercially viable method to produce
NF membranes is interfacial polymerization. The top selective layer’s thickness can
be modified, albeit not well. MF membranes can employ depth-and-trace methods
similar to MD. Pore distributions and pores can vary in size (Warsinger et al. 2018;
Fane 2018; Yang et al. 2018; Mohammad et al. 2015; Angetal. 2015; Ray et al. 2016).
Development and track membranes are mechanically variable. Sedimentation, floc-
culation, coagulation, and carbon active adsorption have proven ineffectual, making
membrane technology vital in international health standards (Ang et al. 2015). There-
fore, a new generation of membranes is necessary, which can transcend these limits.
“Electrospun nanofibrous membranes” (ENM) have aided recent developments in
water treatment.
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Fig.1 Scheme of electrospinning plausible nanofibers formation (Reproduced with permission
from Yang et al. (2018). Copyright 2018, Elsevier Science Ltd.)

Nanofibric nonwovens originating from basic nanofibers are created by electro-
spinning. Nanofibers can be produced from laboratory to pilot and industrial levels.
Electrospinning has brought new possibilities in four critical areas (Ray et al. 2016;
Persano et al. 2013). Some instances of energy, catalysts and health (Ray et al.
2016; Persano et al. 2013). The primary uses of electrospun nanofibers are shown in
Fig. 1. Other uses for electric nanofibers include electrode materials, batteries (Jung
et al. 2016) and solar power devices (Hou et al. 2019). Tissue, food and agricul-
ture technology are useful as well. This broadens the scope of electrospun nanofiber
uses. Electrospinning is the most promising and adaptable approach for producing
nanofibers today.

TFC 4921 (Fluid Systems), TFC 4820-ULPT (Fluid Systems), AG 4040
(DESAL), 4040LSA-CPA2 (Hydranautics), DK2540F (DESAL), Osmonic cell unit
(SEPA CF I, General electrics -USA) (Jang et al. 2020; Brandhuber and Amy 1998,
2001; Amy et al. nd) etc. membranes have been widely used for the conventional
water treatment researches. But, such membranes come with fixed structured modules
and tailor-making is not allowed. Nanofibrous membranes are frequently prepared
by adopting methodologies involving sintering, stretching, track-etching, template
leaching and phase inversion, where the electrospinning method is quite recently
developed. The electrospinning methodology delivers the salient advantages of the
high level of versatility to tailor-make the pore radius, nanopore structure, porosity
(>90%) and ease of incorporation of additive materials (Teychene et al. 2013). Nano-
metric polymer fibres are undeniably more important than in other applications as
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filter media. They have distinct characteristics of liquid and air filtration. The adjust-
ment of the operating variables and dope solution content (Ahmed et al. 2015) allows
the manufacture of nanofibrous structured membranes. Electrospun membranes can
efficiently remove contaminants into water and wastewater treatment with their small
pore size and their narrow distribution (Khulbe and Matsuura 2019). Nanofibrous
membranes can absorb heavy metals and other pollutants better due to their large
surface area (Huang et al. 2014; Sarbatly et al. 2016). Electrospinning has recently
seen a significant increase in use for fabricating filtration membranes, which is a
significant advancement. Nanofibrous membranes’ properties, structures, and func-
tions have been gradually improved for filtration applications, allowing for new appli-
cations. New materials and functionalization methods have increased interest in elec-
trospinning for membrane fabrication, as have advanced characterization techniques
(Bassyouni et al. 2019).

This article gives an overview of recent developments in water treatment elec-
trospun polymer nanofibrous membranes. The different modification strategies
are discussed and illustrated concerning multifunctional nanofibrous composite
membranes. The next section discusses the specific applications for the water treat-
ment of these compositional nanofibrous membranes, emphasizing their past achieve-
ments in developing electrospun membranes. This paper closes with a short perspec-
tive on the role of electrospun nanofibrous membranes in future research on water
treatment. The application documents for water treatment are explained in detail in
this paper to encourage readers to look for new and more effective water treatment
applications electrospun nanofibrous membranes through the detailed description.

2 Details of Elctrospinng Process and Its Parameters
for Nanofibrous Membranes Synthesis

Nanotechnology experienced a tremendous rise in the mid-1990s due to advance-
ments in electrospinning and nanofibre formation, which promoted modern analytical
methods (Formhals 1934; Morton 1902). Electrospinning of membranes has opened
up several avenues for their use, including the creation of membranes and the appli-
cation of biotechnology. One major advantage of electrospinning over competing
nanofibers, like gas jet technology and melting fibrillation, is that the latter two have
lower and higher values (Iwamoto et al. 2007; Liao et al. 2018a). Details about
the different parameters in the electrospinning process are discussed here. These
extrinsic properties, operational parameters, and environmental conditions affect the
ENMSs’ properties.
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2.1 Electrospinning Process

As demonstrated in Fig. 1, an electrospinning setup must include four components: a
high voltage, a system (typically a syringe pump) that drives the dope, a spinneret, and
a base metal collector. A technique called electrospinning is used to create polymer
nanofibers from a liquid throttle. The charged fluid Jet is subject to various types of
force, such as surface tension, Coulombic repulsion force, and electrostatic force, as
shown in Fig. 1 (Liao et al. 2018a). The thinner nanofibers and increased production
rate can be achieved in coaxial spinners through the air drag force applied on the
outer channel (Zhmayev et al. 2010). According to the general rules, the electric
spinning process follows these three phases: (1) development of rectilinear jets and
spiralling trajectories, followed by bending distortion with solvent evaporation; and
(2) formation of nanofibers from the nanofibers (Reneker and Fong nd).

An electric potential difference is applied primarily on a floor collector before
the electrospinning process. The droplet’s shape is changed to a cone-shaped Taylor
Cone under the impact of applied tension. A fluid jet comes from this conical form.
This cone-form structure may be maintained as long as there are sufficient solutions
and each droplet is replaced during the electrospinning process. Nanofibers are not
formed if the dope solution has more surface tension than the fibre voltage. All of
the variables that affect nanofiber creation are the range of spinneret, the distance of
the tip of a Spinneret from the grounded collection and the doping concentration.

For a predetermined distance after the start of the process of electrospinning, the
polymer solution jet travels almost straight away from the orifice. The density and
current of the liquid passing through the jet are inversely proportional to the distance.
Electrical forces can be used to extend the jet beyond the right segment.

Rotating bending spools with increasing radius (Taylor 1969; He et al. 2005;
Reneker et al. 2000) develop as a result. To reduce the jet diameter from microns to
nanometers, the electrically driven non-axisymmetric bending of the jet is required
(Yarin et al. 2001; Shin et al. 2001a, b; Fong et al. 1999a). While the nanofibers are
being stretched and tiled, the solvents are also expelled, solidifying the nanofibers.
A grounded apparatus will be used to collect nanofibers and them be analyzed and
characterized once they have been bent and the solvent has been evaporated. The
collection devices and design choices are important in shaping the morphologies and
structures of the nanofibers (Huebner and Chu 1971; Park et al. 2007).

2.2 Operating Conditions Required in the Electrospinning
Process

Electrospinning can create polymeric and inorganic nanofibrous membranes. This
method can produce membranes quickly and cheaply using a wide range of mate-
rials. Define pore size, fibre diameter, and layout precisely with this method. The
electrospinning process considerably impacts fibre morphologies, topography, and



80 S. Chakrabortty et al.

structure. Overall, electrospinning parameters can be categorized into three types
(Kenry 2017; Haider et al. 2018).

® Process variables
e Dope (polymer—solvent solution) variables
e Environmental variables

2.2.1 Process Variables

Nanofibrous membranes can be developed utilizing polymeric as well as inorganic
electrospinning technologies. With this quick and cost-effective process, you can
use many membrane synthesizing materials. This approach also allows the careful
regulation of pore dimensions, fibre diameter and fibre characteristics. The condi-
tions under which they have spun can have a major impact on the results of fibre
morphology, topography and microstructure. In general, operating parameters may
be divided into three categories for electrospinning (Kenry 2017; Deitzel et al. 2001).

2.2.2 Dope (Polymer—solvent Solution) Variables

Using nanotechnology and membrane science to develop membrane-based tech-
nologies and reduce energy costs is a good strategy. MF, UF, RDO, and Membrane
Distillation (MD). As RO is the most often used press-driven strategy, membrane
distillation is the preferred thermal processing method (MD). Since both RO and
MD systems have been extensively investigated, they are the most widely employed
approaches. Nano-lters are used to reduce salt content (20—80% NaCl) and remove
brackish water (Elimelech and Phillip 2011; Essalhi and Khayet 2013; Khayet et al.
2018; Lee et al. 2011). Desalination’s viability and affordability have improved over
the previous decade, as has research into membrane-based desalination systems. The
membrane’s permeability (water permeability) is vital (selectivity or salt rejection).
Membranes consume less energy than thermal processes due to ongoing improve-
ments in membrane characteristics. Electrospinning has recently been used to create
nano-branches for diaper membrane manufacture (ENMs). ENMs are distinct due
to their multifunctionality as water purification products. The porous architecture
contains big pores (micron-sized pores), limiting its ability to reject salt-bound
water. In these cases, only coarse particles or liquids with large/microparticles can
be employed in MF separation or as prefilters before delicate RO processes.

Membranes can purify water by removing colloidal solutions like oil/water
suspensions. An ENM membrane crosslinked with selective coating layers can sepa-
rate UF. PTFE coatings can be employed on both NF and RO composite membranes.
Interfacial polymerization allows for separating an ultra-lamine surface layer by RO
and MD. Adding nanoparticles (NPs) to the TFNC-membrane coated layer increases
permeability and salt repulsion (NPs). Desalination (hence ux and salt efficiency) can
be improved by adding NPs to ENMs, making nanotechnologies more suitable for
existing desalination systems.
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2.2.3 Environmental Variables

The effect on the morphology of nanofibres was proven to be ambient variables such
as temperature and humidity (Vrieze et al. 2009; Hardick et al. 2011). The high
temperatures can be used to manufacture thinner fibres according to the literature,
which is determined to be possible. Low humidity can also speed the evaporation
of solvents, whereas high moisture can lead to the development of larger fibers
(Hardick et al. 2011; Pelipenko et al. 2013). As previously noted, environmental
variables might affect the performance of the nanofibrous membrane resulting as
well as the morphology of nanofibers (Pelipenko et al. 2013). For example, if you
use a high-humidity environment, it can operate as a polystyrene fibre that is a helpful
strategy for producing pores. In this scenario, the use of nanofibers for the filtration
of oil spillage (Hajra et al. 2003; Kim et al. 2005) offers an important benefit.

3 Applications of ENMs in Different Pressure Driven
Membrane Systems for Water Treatment

The pressure applied to the feed side of the MF, UF, NF, and RO separates water
into two streams: permeate and the retentate. In many cases, permeate is used as
the return solution, while retentate is thrown away and concentrated. This section
studies the current state of research into electrochemically induced membrane (ENM)
pressurized membrane processes.

3.1 Applications of ENMs in Microfiltration System

The nanospinning-prepared membranes of nanofibrous membranes have higher
porosities than the membranes of other methods and can be qualitatively improved
from submicron levels to several micrometres in size (Gopal et al. 2006). As a
result, both the typical MF and cartridge MF (Wang et al. 2012) are good candidates.
Electrospun nanofibrous mats were used in liquid separation and particle removal
as described in Gopal et al. In a similar fashion, PVDC nanofibrous membranes
performed the same way as PVDM nanofibrous membranes, rejecting 1, 5, and 10
micron polystyrene particles of liquids with greater than 90% effectiveness. Nanofi-
brous PAN, PSU, PES and nylon-6 membranes were made to better understand the
effects on membrane performance of the electrospun nanofibrous structure (Barhate
et al. 2006; Gopal et al. 2007; Aussawasathien et al. 2008; Homaeigohar et al. 2010;
Yoon et al. 2009a). Its performance has been investigated with different diame-
ters of nanofibers and membrane thicknesses. The results showed that the filtration
properties are affected by ENM structures.



82 S. Chakrabortty et al.

A chemical change can also improve the characteristics of ENM. For instance,
PES nanofibreous membranes became more hydrophilic and wettable immedi-
ately (Liao et al. 2013) due to a short-term oxidation treatment. Pure water flows
improved with modified PES ENMs. Nanofibrous membranes outperform typical
MF membranes due to their high porosity, interconnected pores, small holes, and
wettability. The nanofibric membrane rejects microparticles well (Homaeigohar
et al. 2010). However, the structure of electrospun membranes can create fouling.
Nanofibers can be washed away under high flux and pressure, producing mechanical
failure. So, before large-scale ENM uses in water, nanofibers must be mechanically
strengthened and physically integrated. Heat treatment, inter-nanofibral bonding with
induced solvents and crosslinking agents were all used to knit nanofibers into mats
(Homaeigohar et al. 2012; Homaeigohar and Elbahri 2012). Individual reinforce-
ment of nanofibers also enhances compact pressure resistance. For example, zirkonia
nanofibers have increased filtration efficiency in PES NPs compared with neat PES
NPs.

3.2 Applications of ENMs in Ultrafiltration System

Ultrafiltration is the name given to the membrane filtration technology that uses
hydrostatic pressure. It is necessary to pump liquid through the membrane and feed
itinto the membrane with a length range between 0.01 and 0.1 m (10-100 nm) (Fig. 2)
to complete the procedure. While the UF travels across the membrane, it traps both
water and low-molecular solutes. The University of Florida is a vital component in
water and wastewater, which is utilized to remove bacteria, colloids, and viruses from
the water. Water treatment before RO desalination, treatment to recover and MBR,
and post-treatment following RO desalination are all examples of applications.

The present application of the reversal stage is in the production of traditional
polymer UF membrane, with low to moderate flow and significant fouling rates.
Pore distribution seems to be inherent in the inversion stage. Partial retention is
worsened because of the numerous pores in the distribution network, making the
dispersion less effective. A major focus in UF membrane development is the devel-
opment of surface pores isoporosity and high porosity. Thin, selective layers can be
built from assembling itself or through a phase reversal. In the meantime, nanofibrous
fabrics are required for use as hydrophilic and highly porous substrates. Increasing
flux and maintaining a strong rejection, nanofibrous UF-composite membranes
have outperformed conventional flux-restricted membranes for filtration of oil-fired
wastewater.

Cover materials like PVA and chitosan were employed to create surface barrier
layers on ENMs, giving them nanofibrous UF composite membranes. For an oil-in-
water emulsion, splitting the emulsion into two phases revealed a very high refuse-
efficiency (>99.5%) for the composite nanofibrous membrane while simultaneously
permitting high wastewater flows (>130 L/m2h). Chitosan is a common coating
substance due to its hydrophilicity. A hydrophobic PVDF membrane with a chitosan
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Fig. 2 Schematics of membrane water treatment system (Reproduced with permission from Yang
et al. (2018). Copyright 2018, Elsevier Science Ltd.)

ultrathin selective layer was successfully tested. This composite membrane has a
flow rate of 70.5 L/m2h and a BSA rejection of roughly 98.8% at 0.2 MPa after
adding surface modified glutaraldehyde (GA) and terephthaloyl chloride (TPC). The
membrane also shown good antifouling properties over 24 h. Finally, the adapt-
able electropsun was employed as a porous base material for both hydrophobic
and hydrophilic polymers. Hydrophilic substrates assist resist fouling in many
applications. More study is needed to maximize the network’s water permeability,
hydrophilicity, and antifouling qualities.

3.3 Applications of ENMs in Nanofiltration System

The gap between Uf and the reverse (RO) (Sutherland 2008) is filled by nanofiltration
(NF). (Sutherland 2008). Based on the molecular weight reduction, conventional FM-
separation sizes are 100 to 1000D (MWCO). It softens, disinfects and eliminates
organic pollutants and divalent ions, and NF may be widely used to clean water.
NF. High transmembrane pressure causes steric and electrostatic effects of Donnan,
which result in separation. While both NF and RO can reject monovalent ions like
sodium chloride, NF maintains multivalent salts like sodium sulphates better.
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Fig.3 a Schematic of nanofiltration (NF) with a thin film nanofibrous composite (TFNC)
membrane; b Typical surface and cross-section (inserted images) morphologies of a TFNC
membrane (Reproduced with permission from Yang et al. (2018). Copyright 2018, Elsevier Science
Ltd.)

The most widely utilized TFC membranes are non-ionizing fluid membranes made
of ultrapine skin layer IP on a porous substrate. The high surface and interior porosity
of nanofibrous scaffolds make the construction of TFC membranes appealing to many
researchers. It is especially true in NF due to the low pressure and compressive force.
Contrast this with a laboratory-made TFC membrane’s 2.4-fold higher permeate
flux and near-identical rejection rate (98%). Higher TFNC membrane flux (due to
increased pore and porosity of the substrate) is attained as the nanofibre pore diameter
increases (Fig. 3). The nanofibrous membrane could not sustain the barrier layer
due to increased surface diagram and nanofiber holes. Researchers revealed that
nanofibres can reduce rejection while improving penetration. However, reducing the
nanofibrous membrane thickness reduces its hydraulic resistance.

Electrospinning is a method that provides high surface porosity and linked pores in
a pressured membrane process. Because electrospinning cannot manufacture dense
membranes with nanometer-length pores in a single step, research focused on devel-
oping TFNC membranes. The long-term sustainability of these water treatment
microorganisms was hampered by their under-pressure stability, antifouling capabil-
ities, and mass replication. The substrate is required for high-level TFC membrane
development because it defines the flow channel across the membrane.

4 Applications of ENMs for Wastewater Treatment

4.1 Applications of ENMs for Heavy Metal Removal
Jrom Contaminated Water

As mineral adsorbents and inorganic ion fixators, hydroxyapatite NPs (HAp nPs) have
been shown to accommodate a wide variety of cationic and anionic replacements.
Heavy metal extraction from wastewater has recently become a focus of research.
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Heavy metal ions from water can be bound by HAp (Subramanian and Seeram 2013).
Recently, HAp-based composite materials have gotten a lot of buzzes. A modifica-
tion in humic acid HAp NPs improves Cu (II) adsorption significantly. Comparing
bare HAp to ion exchange mechanisms with Ca (II) ions showed it to be greatly
enhanced. A solution that adsorbs Co was found in the HAp/Zeolite composite (II).
This compound (63%) outperformed HAp (58%) and zeolite (63%). (47%). It was
used to calculate the Pb (II) rejection effectiveness from watery solutions using C-
HAp and granular activated carbon (Fernando et al. 2015). Aqueous solutions were
tested for their ability to exclude Pb (I) ions by using HAp NPs synthesized with
granular activated carbon. According to the researchers, the adsorption potency of
the HAp NPs was 138-83 mg/g, whereas C-HAp adsorption was 9—14 mg/g. The
researchers claim that a polymeric Hap Nanocrystal and polymer composite can
assist offset lower yields and longer manufacturing times for HAp NPs, respectively.
Conclusions (Aliabadi et al. 2014) Plum, copper, and nickel ions are removed by
a chitosan/HAp composite nanofiber. This increased the membrane’s prospects for
industrial application after five desorption-absorption cycles. In wastewater treat-
ment, it is a powerful adsorbent for heavy metals like lead, mercury, and cadmium.
For example, increased porosity and gas permiability.

Toxic heavy metals can be removed efficiently by electrospinning nano fibres with
a high volume to the aspect ratio, specific surface area (10~100 m?/g), and porosity
(80-85%) (Aadil et al. 2018). That’s because they have a lot of porosity and a lot of
volume-to-aspect ratios. Less need to filter wastewater after adsorption reduces costs
and reduces contaminants. Adsorbent polymer (cellulose) is produced by plant cells.
Dense adsorbents have been used for pollution management for decades, but little
is known about their economic application. Producing submicron cellulose fibre is
difficult because cellulose does not dissolve in conventional solvents. Promotes cellu-
lose ester production (cellulose acetate) (CA). Other uses for textiles are cigarette
filters, floor coverings, inks, and film. In its major application, Ca is utilized to make
membrane bi-products. Non-pole solvents are easy to dissolve and treat, and they are
good for electrospinning due to their strength retention when made in membranes, as
shown. Making ultrafine CA porous fibres and testing their adsorption capabilities
on Cu2+ were both successful.

By contrast, the greatest removal effectiveness of Cu2+ from porous ultrafine
fibres was 88.6%. For CA polymer backbones without reactive function groups, the
absence of reactive functional groups reduces the membranes’ separation perfor-
mance. Adsorbent separation using affinity principles is not suggested for this
polymer. These acetyl derivatives might be employed to treat acidic chloride solu-
tions as adsorbents, with a maximum capacity of 110 mg/g for the selective recovery
of Au, to determine the optimal cellulose to acetyl derivative conversion process (III).
Auxiliary metal ions, such as Pd (IV) and Pt (Pt), can also be rejected by the CA fibre
(II). Filters such as silica can improve the material’s chemical and physical proper-
ties while adding new and interesting capabilities. This is done by mixing inorganic
fillers. CA is an inorganic filler matrix. One investigation reported an 81.1% efficacy
rate for a 0.78 nm pore-sized chitosan/CA formulation in conventional wastewater
treatment plants. The use of a cellulosic polymer, such as a composite material with
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HAP, can assist in the purification of the environment of harmful bisphenols as the
technique allows for the manufacture of ultra-thin particles with a diameter of 92 nm
or less. A new method for detecting Bisphenol A in infant food samples is patentable
due to new chromatography technologies being developed. It is difficult to make
hybrid nanocomposites because the ceramic powder does not dissolve well in the
CA. Electrospinning hybride nanofiber composites can increase the extraordinary
adsorption characteristics of heavy metals due to the affinity and/or electrostatic
contact between functional groups.

According to a recent study, composite CA/HAp nanofibers with a composite
of 3% (wt%) CA/HAp are highly effective in repulsion of heavy metal ions from
wastewater. In this composite show, one element outperforms the other. Different
factors for finding the ideal conditions for ion separation of plumes (II) and iron (III)
have been optimized. The ideal conditions for wastewater are pH 6, room temper-
ature and 0.1 g V. 0.1 grammes V, pH 6, ambient temperature and lead (IT) 35 min
(99.7 and 95.47%). The pseudo-kinetic model and Freundlich isotherm best illus-
trate this process. For example, M10(X04)6Y2 indicates a bivalent cation, while
PO,3 represents XO4 and OOH. HAp, for instance, Due to its wide spectrum of
anions and cations interactions in an adsorption/ion exchange process, this anion
exchanger (HAp) was intensively studied for a long period, leading to the discovery
of several water pollutants. Due to their similar radii and the distance between the
calcium ion (0,99) and both radii, Pb (1,19) and Fe (0,645) are projected to fit into
the HAp grid. If the cations do not enter the apatite structure correctly, hydroxyl,
phosphate, or calcium groups must be substituted. Electrodeposited Microcapsules
(tortiline nickel) made of polyester/gelatin (vinyl alcohol). However, electrocatalytic
activity was more influenced by nanofibers than NPs. However, when compared to
NPs of the same composition, nanofibers outperform them. Contrast this with NPs
or a catalyst that was initially clean and later impregnated with W, and you get a 28%
increase in current density. In the metals, tungsten presence affects electrocatalytic
activity dramatically. The best performance was achieved with nanofibers electro-
spun from tungsten precursor solution (35% wt). There is evidence that calcines
temperature affects yield. There were no differences between 1000 and 700 °C in
these investigations.

4.2 Applications of ENMs for Oil Spill Removal
Jrom Contaminated Water

Much emphasis has been paid to the separation and recycling of oil/water streams
utilizing energy-efficient and environmentally acceptable technology. Demusifica-
tion of oil/water emulsions can be accomplished via coalescence filtration. The
coalescence filter separates emulsions into three basic phases, as shown in Fig. 4a.
The filter medium removes solid particles from the fluid stream first. Second, droplets
are captured by the fibrous bed, which then agglomerate within the fibrous network.
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(Reproduced with permission from Yang et al. (2018). Copyright 2018, Elsevier Science Ltd.)

The coalescence system combines small oil/water droplets into larger ones by passing
through numerous filter layers. Finally, gravity separates the stream into oil and water
layers. When water-in-oil emulsions are handled, big water droplets sink, and giant
oil droplets rise to the surface. All influences the performance of the coalescence
by flow, depth of the bed, surface characteristics and droplet size. Glass nanofibre-
coated fibres have been found to work well with separation between oil and water
(Shin and Chase 2006, 2004; Ma et al. 2010). It was discovered that even a few
nanofibers increased the filter media’s capture effectiveness. It did, however, exacer-
bate the pressure decrease (Shin and Chase 2006). The diameter and wettability of the
nanofibers were also shown to influence the performance of coalescing filter medium.
By reducing nanofibers, the total efficiency of the separation was increased. Materials
with better weighting enabled the coalescence of water in oils. In the investigation, the
filter’s performance was improved by the electrospinning nylon 6 nanofibers, which
measured 250 nm in diameter on the surface of the glass filter. Furthermore, micro-
sized glass fiber-coated nanofibers with a diameter of 150 nm increased separation
efficiency from 71 to 80% (Shin and Chase 2004).

In the context of mineral adsorbents and inorganic ion fixators, it has been estab-
lished that hydroxyapatite NPs (HAp nPs) can accept a wide range of cationic and
anionic replacements in their structural composition and function. Over the last few
years, researchers have concentrated their efforts on using HAp NPs to remove heavy
metals from wastewater. The ability of HAp to bind heavy metal ions from water
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has been proven in studies. The utilization of HAp-based composite materials has
recently attracted a significant deal of attention. Increased adsorption of Cu (II) ions
occurs due to the modification of humic acid HAp NPs. Comparing bare HAp to
ion exchange processes with Ca (II) ions was demonstrated to be greatly improved.
One of the HAp/Zeolite composite components that has been found is a solution
that adsorbs Co. (II). They wanted to see if this composite (63%), HAp (58%), and
zeolite would outperform HAp in terms of aiding in the elimination of toxins (47%).
To calculate the Pb (II) rejection efficiency from watery solutions (Fernando et al.
2015), C-HAp has been produced in the presence of granular activated carbon. A
prior study had used granular activated carbon to synthesize HAp NPs, which were
then used to create C-HAp, which was used to evaluate the efficiency of aqueous
solutions at excluding Pb (II). Their research revealed that, when using HAp NPs,
they could increase the amount of C-HAp that could be adsorbed at the same time by a
factor of 138 to 83. They also observed that the C-HAp potency could be increased by
a factor of 9 to 14 mg/g. According to the researchers, a polymeric Hap Nanocrystal
and polymer composite can be used to compensate for lower yields and longer manu-
facturing periods associated with HAp NPs. Findings from the study (Aliabadi et al.
2014) The development of a chitosan/HAp composite nanofiber to remove Plum,
copper, and nickel ions has been accomplished. The membrane’s chances for use
in the industry significantly increased after five consecutive desorption-absorption
cycles. Adsorption of poisonous pigments and heavy metals such as lead, mercury,
and cadmium from wastewater is made possible by using this adsorbent. Reasons for
this assumption include the permiability of gases and a material surface area with a
larger porosity.

The high volume to the aspect ratio, the high specific area (10-100 m2/g), and
the high porosity (up to 80%) (Aadil et al. 2018) of electrospun nanofibers (Reneker
and Yarin 2008) all contribute to its excellent adsorption capacity for removing toxic
heavy metals, and electrospinning for nanofiber synthesis has attracted a great deal
of interest. With a standard sample volume of around 10-100 m?, this is due to
a high volume-to-aspect ratio, resulting in a high specific area and high porosity.
Aside from economic savings from not having to filter wastewater after adsorption,
other advantages of nanofibre membranes include reducing contaminants that could
have been present in the wastewater. Cells extract cellulose from plants, which is
a natural polymer adsorbent. Despite this, there is a continual interest in learning
more about the practical application of these adsorbents in pollution control to
progress the field of pollution control research. Cellulose submicron fibre produc-
tion is complex because cellulose does not dissolve in conventional solvents. Acetate,
for example, aids in the production of cellulose ester compounds (CA). Aside from
textiles, cigarette filters, surface coatings, inks, and motion picture film, other appli-
cations include microfilm, audiotape, microfiche, ink, and optical disc media, to
name a few examples. In the manufacturing of membrane bi-products, which is the
primary application for calcium, it is the most often used element globally.

With regard to non-pole solvents, it has been established that they are simple to
dissolve and process, and they are particularly well suited for electrospinning due
to their ability to maintain strength even when made in membranes. Preparation
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and analysis of Cu2+ adsorption qualities were effective in fabricating ultrafine CA
porous fibres while researching the adsorption properties of Cu2+. According to
Kusworo et al. (2014), the maximal Cu2+ removal efficiency of ultrafine fibres and
porous ultrafine fibres was 19.1, 70.8, and 88.6%, respectively.

A fundamental disadvantage of CA polymer backbones is that they lack reactive
function groups, resulting in the membranes’ separation performance being severely
hampered. In addition, it should be highlighted that this polymer is not well suited for
adsorbent separation based on the affinity principle [particularly, adsorbent separa-
tion based on affinity principles] and is therefore not suggested for this application. As
part of their efforts to determine the most efficient method of converting wood pulp
into acetyl derivatives, the researchers investigated whether the acetyl derivatives
produced by cellulose synthesizers could be used to treat acidic chloride solutions
as adsorbents, with a maximum capability of 110 mg/g for the selective recovery
of gold. They found that they could (III). Thus, the CA fibre (AU(III) rejection effi-
ciency) is active in the rejection of other metal ions, such as the metal ions Pd(IV)
and Pt, which are present in the environment (II). Different inorganic fillers, such as
silica, can be used to improve the chemical and physical properties of the material
while also providing new and different functionalities to the end product. CA fibre
connections are maintained by using a variety of inorganic fillers. A soft matrix for
inorganic fillers, CA, is utilized as a binder for the fillers. One such formulation, with
pores of 0.78 microns in size, was evaluated in conventional wastewater treatment
plants and found to be 81.1% efficient at a pressure of 506.5 kilopascals (kPa). A
cellulosic polymer, such as a composite material with HAP, can be used to clear the
environment of hazardous bisphenol. There has been an interaction between hap and
cellulosic polymers, and the technology now allows for the production of exceedingly
thin particles with a diameter of 92 nm or smaller. A new approach for identifying
Bisphenol A in baby food samples has been created due to the development of new
chromatography methods. This method has been granted patent protection. The poor
dispersion of ceramic powder in the CA, which occurs when the polymer matrix that
holds the ceramic powder together is created, is a significant problem in the creation
of hybrid nanocomposites. The amazing adsorption characteristics of heavy metals
can be enhanced by using electrospinning to generate hybride nanofiber compos-
ites, which is a result of the affinity and/or electrostatic contact between the various
functional groups.

It has recently been demonstrated that the use of CA/HAp composite nanofibers
with 3% CA/HAp composite (Wt%) as an exceptionally low-cost adsorbent, which is
exceptionally effective at repelling heavy metal ions from wastewater, is extremely
effective at repelling heavy metal ions from wastewater. The study involved partici-
pants from various universities and community organizations throughout the United
States. The performance of this composite show outperforms the performance of
either of the individual components or the combined show. Following considerable
evaluation of numerous parameters, the optimal conditions for lead (IT) and iron (IIT)
ion separation in wastewater were discovered. Specifically, pH 6 wastewater, room
temperature, and 0.1 grammes of V are the most favourable circumstances for this
procedure. For the separation of lead (II) and iron (III), these conditions must be
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established in less than 35 and 40 min, respectively. They must be achieved under
pH 6, at room temperature, with 0.1 grammes of V. These conditions must be estab-
lished in less than 35 and 40 min, respectively. They must be achieved under pH 6, at
room temperature, with 0.1 grammes of V. (99.7 and 95.47%) (Although it has been
demonstrated that this technique is capable of conducting rejection using two models,
the pseudo-kinetic second-order model and the Freundlich isotherm model are the
most accurate representations of the process.) The general formula M10(X04)6Y2
denotes a bivalent cation, whereas the compound PO4 3 denotes XO4 and OOH.

In contrast, HAp denotes a bivalent cation, and the compound PO4 3 denotes XO4
and OOH. Consider HAp as an illustration: Since it interacted in an adsorption/ion
exchange process with a wide range of anions and cations for a while, this particular
anion exchanger (HAp) was extensively studied for a while; as a result, it was discov-
ered that numerous water contaminants had a connection to this chemical. Due to
their similar radii and the approximate distance between the calcium ion (0,99) and
both radii, it is expected that Pb (1,19) and Fe (0,645) will fit into the HAp grid. If
the cations are not effectively incorporated into the apatite structure, the addition of
substitute hydroxyl, phosphate, or calcium groups may be necessary.

Nitric acid, tungsten chloride, and microcapsules (tortiline nickel) made from a
polymer combination of polyester and gelatin are used in this process (vinyl alcohol).
‘When NPs and nanofibrous materials were compared, it was discovered that the latter
had a stronger impact on electrocatalytic activity. When the nanofibers are combined
with NPs of the same composition, which was made by calcining a solution containing
10% WCI2 in weight at 850 °C, the efficiency of the nanofibers improves. Compared
with NPs, the nanofibrous morphology resulted in an increase in current density from
11.5 to 16 mA/cm?2 (a 28% increase) and a 42% increase in current density from
22 to 37.75 mA/cm?2 (a 42% increase), with the improvement in performance being
realized in comparison to both a catalyst that started as pristine and then was further
impregnated with W. A considerable impact on electrocatalytic activity was found
to be caused by altering the tungsten content of the metals. Nanofibers displayed the
highest performance when electrospun from a precursor tungsten solution containing
35 weight percent of the metal. According to the findings of several prior research,
the temperature of the calcine has an impact on yield. 1000 degrees Celsius was
shown to be the optimal temperature in these experiments, with 700 and 850 degrees
Celsius equivalent.

5 Applications of Elctrospun Nanofibrous Membranes
for Desalination

Seawater desalination is a widely mentioned issue. While alternative technology
research is early, seawater treatment has better reliability. Desalination can be
performed on inland bodies of water where it is more difficult to treat brackish
water than seawater.
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Desalination is the process of removing salt, minerals, and other pollutants from
seawater to create freshwater that can be used for drinking and other purposes.
Seawater has a high concentration of salt, making desalination costly and imprac-
tical. Salinity in saltwater is primarily dependent on the percentage of salt in the water:
3.5% (or 35 g/L) NaCl equivalent to 3500 ppm. One would like to keep NaCl (sodium
chloride) levels under 280 ppm in drinking water (Feng et al. 2008; Elimelech and
Phillip 2011). To desalinate seawater, we can use several different processes that
utilize both kinetic and thermodynamic energy and mechanical, electrical, and chem-
ical. The multiple-stage effect, MSF, a distillation of multi-effects, MED, mechan-
ical vapour pressure, MVC, diaphragm distillation, MD, RO, electrodialysis, and
nanoltration are a few of the technologies for desalination (NF). Second-generation
membrane-based technologies utilize thermal-based technology, the former gener-
ation of which has a thermal base. Nanotechnology and membrane science are
cost-efficient approaches for improving membrane technology and reducing energy
expenses due to lower energy usage. Ultrafluorometry (UF), Distillate Recircula-
tion (RDO) and Distillation of the Membrane (MD). The RO process is the most
frequently used press-driven approach, and the process of membrane distillation is
the most sought in thermal treatment (MD). RO and MD water processes have been
thoroughly explored, which means that the most common techniques are RO and MD
systems. Nano-lters (Elimelech and Phillip 2011; Essalhi and Khayet 2013; Khayet
et al. 2018; Lee et al. 2011) often involve additional procedures of decreasing the
salt content to 20%—80% NaCl and removing brackish water.

The viability and cost of desalination and research into membrane-based desali-
nation systems have progressively increased in the recent decade. Durability (water
permeability) is an important attribute of the membrane (selectivity or salt rejec-
tion). Due to ongoing membrane characteristics advances, membranes utilize less
energy than processes that are heat propelled. Electrospinning is used to produce
nanotech-enabled diaper membranes in a recent application (ENMs). ENMs have
unique qualities since water purification solutions might have multifunctionality.
The porous architecture includes relatively big pores (micron-sized pores), limiting
the capacity of poring water to reject salt-like chloride, for example. In certain cases,
in the MF separation or prefilters before sensitive RO procedures, only coarse parti-
cles and liquids with large/microparticles can be employed that are suspended in
them.

Diversified membranes may be used to remove colloidal solutions, such as suspen-
sions of water and oil, for water treatment. For UF separation, the membrane that
consists of an ENM and is connected to selective coating layers can be used. In
the manufacture of the NF and RO composite membranes, PTFE or polytetrafluo-
roethylene (PTFE) coatings may be employed. The RO and MD separation of an
ultra-selective ultra-lamine surface layer are feasible through interfacial polymer-
ization. By integrating NPs in the TFNC membrane coated layer, the durability and
repellence of salt can be further enhanced by (NPs). Adding NPs to ENMs can
improve desalination (and, in turn, salt and ux-efficiency) and boost the application
of nanotechnology to existing desalination systems.
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6 Application of ENMs for Dye Removal

With their large surface area, electrospun nanofibers can remove greater amounts of
dye from wastewater by surface adsorption. Xu et al. (2012) investigated the adsorp-
tion capacity of vinyl-modified mesoporous poly(acrylic acid)/SiO2 composite
nanofiber membranes for the adsorption of malachite green, a triarylmethane dye
used in the production of silk, leather, and paper, according to the results of their
research. The removal of cetyltrimethylammonium bromide (CTAB) from the elec-
trospun fibres results in the formation of pores in the material. The fibrous membrane
has an adsorption capacity of 240.49 mg/g and a satisfactory clearance rate for the first
three regeneration cycles after being degraded. Nonetheless, after six regeneration
cycles, the clearance rate was lowered to approximately 44% (Green Processing and
Synthesis nd). In another study, Polyethylenimine (m-PEI) and polyvinyl chloride
(PVDF) blend (m-PEI/PVDF) adsorption efficiency for anionic dyes was investi-
gated by Ma et al. (2016) utilizing methyl orange (MO) as the model dye in their
study.

In neutral pH, a nanofibrous mix comprising 49.5% m-PEI had a maximum
adsorption capacity of 633.3 mg/g, significantly higher than previously reported
adsorbents, according to the research (Xu et al. 2012). Using electrospun nylon-6
(PA-6) membranes, Yu et al. (2018) demonstrated that the membranes could remove
indigo dye solution without the need for any other alterations to their chemistry.
Although 10 layers of the produced membranes were hot-pressed together for filtra-
tion, this was not sufficient to completely remove the dye. An electrospun membrane
with a single layer had a thickness of around 0.03 mm, while ten layers of hot-
pressed membrane had a thickness of approximately 0.12. It was discovered that
cake had formed on the membrane’s upper surface after being subjected to dead-end
filtering. Due to the solute concentration on the membrane surface being greater than
its saturation solubility, a cake formed, resulting in the precipitation of the dye on
the membrane surface. Despite the fact that the membrane’s pores were not entirely
blocked, the flow declined dramatically in the first 200 min and stabilized at greater
than 15 L m? h~! after 500 min of experimentation (Ma et al. nd). Recently, Jang
et al. (2020) investigated the dye adsorption capability of exfoliated graphene oxide
(GO) fibres loaded with cetyltrimethylammonium chloride (CTAC) modified exfo-
liated graphene oxide (GO) in an aqueous system. The dyes tested were methylene
blue (MB) and methyl red (MR). When combined with its different oxygenated func-
tional groups and phenyl backbone, GO can induce attractive forces between MB and
MR dye molecules, leading to an improvement in adsorption effectiveness for both
dyes at higher concentrations of the compound. By employing CTAC to modify the
surface of GO, researchers were able to boost the loading capacity of PAN solution
from less than 10 weight percent to more than 30 weight percent of GO without
affecting the electrospinning or fibre formation processes. Because the electrospun
PAN membrane loaded with 30 wt% cGO was excessively brittle, 20 weight percent
¢GO was employed in place of the 30 weight percent cGO in the original experi-
ment. With respect to adsorption efficiencies, the electrospun PAN/cGO membrane



Application of Electrospun Polymeric Nanofibrous Membranes ... 93

displayed good performance for both MB and MR dyes, with the MR dyes exhibiting
the highest efficiency. According to the researchers, this is because the MR dye has a
more compatible polarity with membranes and because its molecular size is smaller,
which allows for greater diffusion of the solution into the depths of the electrospun
membrane (Yu et al. nd).

7 Conclusion

Electrospinning nanofibers are now standard. They are ideal for encapsulating a wide
range of functional nanomaterials. Even on a large scale, basic understanding and
modelling of the complex spinning process have improved. As a result, the produc-
tion of novel water treatment membranes has benefited. These studies have been
examined and categorized. Water treatment with nanofibrous composite membranes.
Developing ultrafine nanofiber membranes with high porosity is now a priority.
Most unaltered ENMs feature 1 m surface pores and 100 nm nanofibers. Micro-
to submicron membrane surface pores and nanofiber diameters of 100 nm to several
nanometers must be optimized. Because nanofibric substrates are porous, highly fine
nanofibrous membranes may efficiently filter particles. Fine nanofibers can success-
fully sustain grafted or polymerized cutaneous layers and prevent obtrusive substrata.
Dope conductivity, voltage, and viscosity control Micron-sized nanofibers are still
challenging to mass manufacture. Improved membrane substrates improve selec-
tive layer adhesion. The impacts on substrate surface roughness, surface poresity,
and charges require more research. In membrane operations, membrane fouling
reduces flow capacity. Electrified antifouling membranes fascinate me. Deterring
membrane fouling requires more coating methods. Oriented and sized nanotubes are
now possible.

Electrospinning has become a widely accepted, simple process for creating
nanofibers in the last few decades. Nanofibers have unique properties for academic
and industrial use such as a large specific surface area, high porosity (up to 90%),
one-dimensional arrangement, easy inclusion of functional nanomaterials, and a wide
range of architectural styles. Because of the high porosity of nanofibrous substrates,
the filtration effectiveness of smaller particles can be improved by utilizing ultrafine
nanofibrous membranes. TFNC membrane applications in high-pressure processes
are made easier by ultrafine nanofibers, which efficiently support grafted or polymer-
ized skin layers and reduce their penetration into substrates even at high pressure. The
ultrafine nanofibers can be made by manipulating the dope’s conductivity, surface
tension, and viscosity. Even still, mass production of nanofibers smaller than 100 nm
is difficult at this point. Despite these efforts, more research is needed on nanofi-
brous membrane optimization, the development of robust and ultrathin selective
layers on nanofibrous substrates, the fabrication of complicated and multifunctional
nanostructures, and the mass production of these advanced technologies nanofibrous
membranes. Optimized membrane substrates not only support surface coating layers
but also reduce the amount of intrusion they cause. They also improve adhesion



94 S. Chakrabortty et al.

between specific layers and substrates. Researchers aim to carry out more research
on how the properties of the nanofibrous substrates interact with other properties like
substrate material and roughness, surface porosity, and charge to better understand
how the two materials link together. Membrane processes also face the difficulty of
reducing flux below the theoretical capacity due to membrane fouling, which is a
significant challenge. It’s intriguing to think of electrospinning and additional modifi-
cation as a way to create antifouling membranes. To prevent the formation of fouling
layers on membrane surfaces, further coating techniques should be investigated.

Commercializing electrospinning technology requires more research. Besides
water treatment, new ENM should be investigated. A multifunctional membrane that
can disinfect, decontaminate and separate water may be developed with ENMs. The
development of electrospun nanofiber membranes for water purification. Research on
electrospunic membrane water treatment has advanced significantly in recent years.
These issues will require more effort for new electrospunic membranes.
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