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In this world of nanotechnology, nanofibrous structures offer specialized features, such as mechanical

strength and a large surface area, which makes them attractive for many applications. Their large surface

area to volume ratio also makes them highly efficient. Among all the techniques for generating

nanofibers, electrospinning is an emerging and efficient process. Additionally, the electrospinning

technique allows a uniform pore size, which is considered to be one of the important characteristics of

membranes. Therefore, electrospun nanofibrous membranes have been used in water purification

applications. Furthermore, the technique is widely utilized for generating membranes for membrane

distillation and nanofiltration processes, for the removal of contaminants. However, in this review paper,

more emphasis is given to the optimization of specific parameters and the preparation of polymeric

solutions for fabricating specialized nanofibrous non-woven membranes, and surface modification for

application in water treatment technology. Other issues, such as technology limitations, research

challenges, and future perspectives, are also discussed.

1. Introduction

An increase in population and urbanization in the 21st century

has led to water scarcity on earth and, simultaneously, a larger

amount of waste water has been generated. As the population of

the whole world rises dramatically, this could result in a more
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serious environmental crisis, i.e. water resource pollution,

which could lead to serious health problems among human

beings.1 As per recent research, there will be almost 9 billion

people inhabiting the earth by 2050, and one of the crucial

challenges will be how to supply fresh water to this huge pop-

ulation.2 Therefore, the need for technological innovation to

enable novel desalination, water reclamation, and water/

wastewater treatments cannot be ignored. Recently, nanotech-

nology combined with nano-engineered membranes has held

great potential in advancing water reclamation and wastewater

treatment processes.3–7 From this point of view, the electro-

spinning technique for fabricating nanobrousmembranes has

emerged as a versatile technique for generating durable and

efficient membranes for future applications. The main focus of

this review paper is to develop an efficient electrospun nano-

brous membrane through surface modication. Another

aspect of the paper is the exploration of the potential for

fabrication of electrospun nanobrous membranes.

1.1 Brief history

Before going into the details of electrospinning techniques, it is

important to know the evolution of the concept for electrospun

nanobrous membranes.8 A number of milestones were ach-

ieved in developing the electrospinning technique. The term

“electrospinning” was coined by Raleigh in 1897.9 The Taylor

cone concept was then introduced by Geoffrey Ingram Taylor

and his team from 1925–1931.10 Anton Formhals led the rst

patent for the electrospinning process in 1934.11 From 1944–

2000, around 50 patents were led based on electrospinning

techniques.12 As far as the recent scenario is concerned, the

electrospinning process gained more popularity in the 1980's

due to interest in nanotechnology.13 Therefore, a great deal of

research activity is going on in this area, especially since elec-

trospun nanobers were found to be relevant to applications

including tissue engineering, energy storage, and wastewater

treatment. More studies and research work are also focused on

upscaling and extending the application areas of electrospun

bers and brous materials.14

1.2 Background

As far as application is concerned, electrospun nanobrous

membranes have become a basis for direct ltration; electro-

spun polymeric interconnected webs can also be used as

a support layer for the new generation and fabrication of thin

lm composites (TFCs), ultraltration (UF)/nanoltration (NF)/

reverse osmosis (RO) membranes and membrane distillation

(MD) membranes.15 TFC membranes comprise three funda-

mental layers, including the top ultrathin selective layer,

a middle porous support layer, and a bottom non-woven fabric

layer. Recently, the application of electrospun nanobers as

a support layer for TFC membranes has attracted worldwide

attention.16 In the past few years, the electrospinning technique

has gained much more interest and attention with respect to its
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application to MD (membrane distillation) membranes.17–20

This review paper will also focus on the recent development of

a nanobrous membrane fabricated by electrospinning for MD

application.

A schematic block diagram is shown in Fig. 1 to illustrate the

electrospinning technique for polymeric solutions. Basically,

the set-up consists of three components: (1) a high-voltage

supply device, (2) a syringe/capillary tube with needles, and (3)

a metal collecting screen/roller.21,22 In the electrospinning

technique, a high voltage is used to create an electrically

charged jet of polymer solution or melt out of the pipette, so

that, just before reaching the collecting screen/roller, the solu-

tion jet evaporates and simultaneously solidies, and is then

collected as an interconnected web of small bers.23,24 During

this electrospinning technique, as the intensity of the electric

eld is increased, the hemispherical surface of the uid at the

tip of the needle/capillary tube elongates to form a conical

shape known as the Taylor cone, as previously mentioned.25

Subsequently, the polymer solution discharged from the needle

(jet) undergoes elongation, which allows the jet to become very

thin and long. Next, the solvent evaporates, and then solidies

as it travels through the air.26,27

Since the 1990's and especially in recent years, the electro-

spinning technique, essentially similar to that described by

Baumgarten,28 has regained much attention, probably due to

the high interest in nanotechnology, as ultrane bers or

brous structures of various polymers with diameters down to

submicrons or nanometers can be easily fabricated with this

versatile technique (electro + spinning).29 A survey has been

done of peer-reviewed publications related to “electrospinning”

of the last 10 years, which is shown in Fig. 2. Furthermore,

contributions of research work based on the electrospinning

technique from different countries, in terms of publications,

are shown in Fig. 3; it was found that China is leading the table

as per the database of the Scopus search. This database was

obtained from the Scopus-based advanced scholar search

system. The data clearly indicates that the electrospinning

technique has attracted much attention in recent research and

the development of membrane technology. As per the database,

it is believed that a few hundred polymers are available, of

which most can be dissolved in solvents and some can be

heated to melting, and nally the electrospinning technique

has been used for generating nanobrous membranes, but only

half of them can be found in the open literature as well as the

scholar system.29 Furthermore, it has been found that there has

been an increase in research on “membrane and wastewater

treatment” since the last decade. In this review paper,

a systematic analysis is made on the current research and

development based on electrospun nanobrous membranes,

including preparation of solutions, study of the structures,

characterization, optimization of the parameters, and applica-

tions. It is crucial to discuss other issues regarding the limita-

tions, research challenges, and future perspectives of this

research topic.

Typically, selectivity is determined by the pore size and pore

size distribution across the membrane, such that only particles

smaller than the pore size are allowed to pass through it. Fig. 4

shows the size of particles rejected in different membrane

processes. The control of pore size, pore size distribution, and

mechanical strength is essential for efficient MF (micro-

ltration), NF (nanoltration), and UF (ultraltration)

membranes. Generally, micro-porous membranes are utilized

Fig. 1 Schematic block diagram of electrospinning technique.

Fig. 2 Comparison of the number of peer reviewed publications since

2006. (Data analysis of publications has been done using the Scopus

scholar search system with the term “Electrospinning”, as on March

2016.)

Fig. 3 Contribution of different countries to the electrospinning

technique (database obtained from Scopus scholar search).
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in membrane distillation (MD) processes. Combined with the

correct choice of material, electrospinning offers control over

these parameters, making electrospun membranes a strong

candidate for MD processes.30,31 Typically, in membrane ltra-

tion, a solvent is passed through a semi-permeable membrane.

The membrane's permeability can be easily determined by the

size of the pores, and the membrane acts as a barrier to

particulates that are larger than its pores, while the rest of the

solvent can pass freely through the membrane. The result is

a cleaned and ltered uid on one side of the membrane, with

the removed solute on the other. Thus, it can be concluded that

membrane processes depend on selectivity based on pore sizes.

Moreover, Fig. 4 also indicates the nominal pore size of

different membrane-based processes.

As per Shin et al.,33 the fabrication of desired electrospun

nanobrous membranes depends upon three factors, namely,

process parameters, solution parameters, and environmental

conditions. Table 1 summarises all the parameters and this is

nally discussed in the later part of this paper.

The utilization of electrospun nanobrous membranes as

a support layer for desalination by NF and MD has been well

reviewed by Sundarrajan et al.34 Their research group previously

reviewed the selectivity of electrospun membranes for air and

water ltration applications. Recently, Kaur et al.35 presented

a review on electrospun nanobers, focusing on modications

to membrane characterization methodology as well as post-

treatment methods for enhancing their structural integrity.

Much research is taking place, and advances are rapidly being

made in the preparation and modication of electrospun

nanobrous membranes for water treatment applications.

Thus, there is a need to review this research and development in

order to explore directions for future studies. In this review

paper, we reported on recent advances in the application of

electrospun nanobrous membranes as a barrier layer for waste

water treatment, with more emphasis on the reinforcement and

post-treatment of electrospun membranes.

2. Comparison of different
techniques for membrane fabrication

In this section, various types of membrane fabrication tech-

niques have been discussed. However, the selection of a tech-

nique for polymer membrane fabrication depends on the

polymer type and the desired structure and application of the

membrane. The most commonly used techniques for prepara-

tion of polymeric membranes include phase inversion, inter-

facial polymerization, stretching, track-etching and

electrospinning.36 Table 2 describes the methodology and

benets of all the techniques for membrane fabrication.

However, there are certain advantages that make the electro-

spinning technique viable and reliable, as compared to others, for

the fabrication of nanobrous membranes. Thus, Table 3 shows

some prominent advantages of the electrospinning technique and

it also explains the potential for fabricating desired membranes.

Moreover, detailed information will be given regarding techniques

and applications based on wastewater treatment.

3. Electrospinning technique

The electrospinning technique is comparatively a versatile

technique to fabricate nanobrous porous membranes for

various applications, including ltration, desalination, and

wastewater treatment.36,56–58

3.1 Operation of electrospinning technique

Basically, operation of the electrospinning technique is based

upon 4 major steps, which are shown in Fig. 5. This starts from

the applied high voltage, and ends with solidication of the jet

into ne bers.

In this technique, a high potential (14–16 kV) is applied

between the polymer solution droplet and the metal collector.

Fig. 4 Size of different particulates rejected by various membrane processes.32

Table 1 Parameters for electrospinning technique33

Process parameters Solution parameters
Environmental
conditions

Applied potential Molecular weight Temperature
Electric eld strength Concentration Humidity

Feed rate Viscosity Pressure

Working distance Surface tension Atmospheric

composition
Electrostatic eld shape Conductivity

85498 | RSC Adv., 2016, 6, 85495–85514 This journal is © The Royal Society of Chemistry 2016
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When the electrostatic potential becomes sufficiently high and

overcomes the surface tension of the polymer droplet,

a charged liquid jet is formed, which usually elongates to form

a Taylor cone, as previously mentioned and shown in Fig. 6.

The unique features of these brous membranes are control-

lable aspect ratios (aspect ratio ¼ L/d; L—length of the ber

and d—diameter of the ber), which can be further optimized

by changing various parameters, and the morphology of the

micro/nanobrous membrane, which is achieved by varying

the polymer solution viscosity, applied electric potential, ow

rate of the polymer solution, and environmental conditions.9

The pore size distribution, porosity, hydrophobicity, and

surface area of the electrospun membrane are controlled by

the ber diameter and its morphology. Due to the operational

control on their ber size, shape, and morphology, electro-

spun nanobrous membranes have been used for wastewater

ltration and membrane distillation (MD) processes.59–62

Furthermore, thermal treatment of the electrospun

Table 2 Comparison of different membrane fabrication techniques and their application

Membrane

fabrication technique Methodology

Water treatment process & average

pore size Disadvantages References

Phase inversion

technique

This is a demixing process

whereby the initially

homogeneous polymer solution is
transformed in a controlled

manner from a liquid to a solid

state

Reverse osmosis (RO); 3–5 Å Problems with residual solvent

limited range of pore sizes

37 and 38

Interfacial
polymerization

Interfacial polymerization (IP) is
the most prominent technique for

commercial fabrication of thin-

lm composite (TFC) RO and NF
membranes

Nanoltration (NF); 0.001–0.01
mm

Residual porogens 39 and 40

Stretching This is a solvent-free technique, in

which the polymer is heated above

the melting point and converted
into thin sheet forms, followed by

stretching to make it porous in

nature

Membrane distillation (MD); 0.1–

1 mm

Lack of mechanical strength

residual porogens

41 and 42

Track-etching In this technique, a nonporous
polymeric lm is irradiated with

energetic heavy ions, leading to

the formation of linear damaged

tracks across the irradiated
polymeric lm

Microltration (MF); 0.1–10 mm Problems with residual solvent
residual porogens

43

Table 3 Unique advantages of electrospinning technique for fabricating membranes

Advantages Description References

High surface area to volume ratio The nano-dimensions of nanobers provide a high surface

area to volume ratio. This makes electrospinning attractive in

applications where a large surface area is desirable, such as in
membranes

44 and 45

Variety of polymers andmaterials utilized Electrospinning has been used to produce nanobers from all

major classes of materials and polymers

46 and 47

Low start-up cost Electrospinning technique setup is generally cheaper. For use
in a laboratory, a setup can be self-assembled from off-the-

shelf components or else be purchased fully assembled

48 and 49

Fiber deposition onto other substrates Electrospun bers have been successfully deposited on

surfaces such as metal, glass, microbrous mats, and
membranes

50 and 51

Fiber functionalization Functionalization of electrospun nanobers can be easily

achieved through simple processes, such as blending of

polymer solution prior to spinning, post-spinning surface
functionalization, or using a core–shell electrospinning setup

52 and 53

Commercial applications Air ltration membrane, face mask and water ltration

membrane

54 and 55

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 85495–85514 | 85499
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membranes increased their surface roughness. An increase in

the surface roughness of the ber further increases the contact

angle to�145�, which indicates the high hydrophobicity of the

membrane, which can be further used in membrane distilla-

tion (MD) processes.36

3.2 Electrospinning parameters

It is very important to understand the electrospinning working

parameters, as these may affect ber morphologies. Typically,

there are certain parameters governing the electrospinning

process, which are as follows:

(1) Solution parameters

(2) Process parameters

(3) Ambient parameters

Fig. 7 shows the prominent parameters that may affect the

electrospun nanobrous membranes, along with a brief

discussion of the optimal conditions required for running the

electrospinning technique for improved performance of the

membrane. Typically, working parameters are crucial to

understanding not only the nature and optimum conditions of

electrospinning, but also the conversion of polymeric solutions

into nanobers through the electrospinning technique. Each of

these parameters may affect the quality of the bers, and by

proper control of these parameters, one can fabricate electro-

spun bers with desired morphologies and diameters. In Fig. 7,

a concise introduction of optimal conditions that may inuence

the ber quality and properties is presented.

However, there is another parameter that may affect the

properties of electrospun nanobrous membranes, i.e. the

ambient parameter. This includes humidity and temperature,

which can affect the ber diameter and morphology. Increasing

the temperature leads to generation of bers with a decreased

diameter, while lower humidity may dry the solvent completely.

Also, increased humidity results in the appearance of small

pores on the ber surface. So, optimum conditions must be

maintained for better and improved ber production.64 Thus,

Table 4 shows some of the prominent parameters that may

inuence the electrospinning process. This information may

help researchers to optimize the conditions for fabricating

a desired membrane.

4. Polymer solution

Typically, preparation of the polymer solution is the most

important part of fabricating an electrospun nanobrous

Fig. 5 Schematic flow chart of production of fibers in electrospinning technique.

Fig. 6 Diagram shows the formation of Taylor cone in electrospinning

technique.63

Fig. 7 Parameters affecting the electrospun nanofibrous membrane.
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membrane. However, there are certain factors that may

inuence the electrospun nanobrous membrane, such as

the average molecular weight and concentration of the

polymer, and the utilization of a compatible solvent for

dissolving the polymer. In this section, the preparation as

well as the properties of the polymeric solution will be

discussed.

4.1 Preparation of polymer solution

The most commonly used polymers that are successfully elec-

trospun into superne bers for waste water applications are

cited in Table 5. Moreover, different solvents for the preparation

of polymer solution are mentioned in the table.

However, in the next section, the relationship between the

concentration of polymeric solution and the ber diameter

distribution and ber quality will be discussed. In most of the

polymeric electrospun nanobers, it was found that there was

a sharp increase in the ber diameter when the concentration

of the polymer increased. However, the quality of bers

decreases as the concentration declines. Table 6 indicates the

effect of the concentration of the polymeric solution on the

ber diameter.

4.2 Properties of polymeric solution

A recent study reveals that the membrane characteristics are

highly dependent on the chemical and physical properties of

the solution. So, the selection of the proper polymer depends on

the following properties:

(1) Conductivity

(2) Viscosity

(3) Solvent volatility

(4) Surface tension properties

4.2.1 Conductivity. While selecting the solvent(s) to

dissolve the polymer, it is essential that one of the solvents has

some degree of conductivity. Additionally, organic or inorganic

salts can be used to spike the solution. This has the benet of

lowering the critical voltage required to initiate the electro-

spinning process.67 However, this may incorporate impurities

into the nal polymeric product. Another useful method is to

spike the solution with a mixture of solvents containing one

that is highly conductive.

It has been seen that increasing the conductivity of the

solution improves the quality of the bers. Using near-eld

electrospinning79 showed that, as the conductivity increases,

the deposited bers change from beaded to straight to curly.

Table 4 Parameters and their effect during the electrospinning process

Parameters Inuences References

Jet initiation The jet initiation is the total combination of introducing charges to the

electrospinning solution and subjecting it to an electric applied eld

65

Applied voltage As far as applied voltage is concerned, stretching of the solution droplet may

increase with a higher applied voltage; however, the high voltage may also lead
to faster acceleration towards the substrate collector, due to the increased

potential difference, leading to a lower time of ight for the jet to stretch prior

to deposition. Thus, this results in a larger ber diameter

66

Solution properties The solution properties that may signicantly affect electrospinning are as
follows:

67

(1) Conductivity

(2) Viscosity
(3) Surface tension

(4) Solvent volatility

Solution feed rate At the optimum solution feed-rate, the distribution of ber diameters will be

the narrowest and hence any deviation may result in greater ber diameter
spreading

68

Solution temperature It is well understood that a higher solution temperature may decrease the

viscosity of the solution. Thus, it is expected that the ber diameter will be

reduced with decreased viscosity

69

Nozzle diameter An increase in the nozzle diameter eventually increased the ber diameter,

distribution and productivity. This can be due to a higher mass being available

for the electro-spinning technique

70

Salt additives The incorporation of salt may inuence the electrospinning technique/process
in the following ways:

71

(1) Increased stretching of the spinning jet (due to increased conductivity),

therefore producing thinner bers
(2) Much more consistent distribution of charges may lead to greater ber

uniformity

(3) Reduction of surface tension of the solution

(4) Reducing the formation of beads during electrospinning
Environment Particularly, the electrospinning process and the physical characteristics of the

bers are affected by the temperature and humidity of the environment, due to

its effect on the rate of vaporization of the solvent and solution sensitivity to

humidity

72
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The transition from straight bers to curly may be evidence that

the electrospinning jet speed increases with higher

conductivity.

4.2.2 Viscosity. Another important property of the solution

to consider is its viscosity. For a highly viscous polymer solu-

tion, the electrical charges may not generate sufficient strength

to stretch the solution to form bers. If the polymer solution is

highly viscous in nature, such that it is almost like a gel, it is

necessary to reduce the concentration of the solution. But,

below a certain concentration, the electrospinning jet may

produce droplets and no ber will be formed.

For the preparation of the polymer solution for electro-

spinning, it is required to evaluate whether the solution has

sufficient viscosity to be stretched into bers or not. The

entanglement number for the polymeric solution may be used

to evaluate the formation of bers in electrospinning, where the

entanglement number can be mathematically denoted as:

ðneÞ solution ¼
Mw

ðMeÞ solution
¼

fpMw

ðMeÞ

ne is the entanglement number, Mw is the molecular weight, Me

is the solution entanglement molecular weight, fp is the poly-

mer volume fraction.

Previously, a study showed that, where ne is more than 3.5,

smooth bers were formed for polystyrene, polylactic acid, and

polyethylene oxide dissolved in the corresponding proper

solvent. However, below 3.5, a mixture of beads and bers is

produced and below 2, no bers were formed.80

4.2.3 Solvent volatility. As far as the solvent volatility is

concerned, a polymeric solution prepared from solvents with

very low volatility may result in wet bers, fused bers, or even

negligible ber collection. On the other hand, a highly volatile

solution may result in intermittent spinning due to solidica-

tion of the polymer at the spinneret tip.81

4.2.4 Surface tension properties. While initiating the elec-

trospinning technique, the charged solution needs to overcome

the surface tension of the solution. Typically, surface tension

reduces the surface area per unit mass of a liquid by forming

spheres, while the electrical charges on the electrospinning jet

increase the surface area through elongation. However, it has

been seen that replacement of water by a proper solvent reduces

the surface tension and favors smooth ber formation.82 The

surface tension can be easily reduced by using surfactants, but

this may incorporate impurities into the nal electrospun

polymeric product. As per recent research, it has been found

that a cationic surfactant, such as hexadecyl trimethyl ammo-

nium bromide (HTAB), not only reduces the surface tension of

the solution, but also introduces additional charge carriers to

the solution, which may enhance the performance of the elec-

trospun membrane. This has the dual function of reducing

bead formation and stretching to produce ner bers. Recently,

it has been found that polyvinylidene uoride (PVDF) electro-

spun bers could be produced with an average diameter of less

than 65 nm, with the addition of HTAB.83

5. Electrospun membrane fabrication
procedures

Recently, electrospun membranes were successfully fabri-

cated by surface modication or by incorporating chemical

groups in the polymeric solution. Before going into the details

of fabrication of electrospun nanobrous membranes, a study

of the morphology is one of the crucial steps. The morphology

of the electrospun nanobrous membrane can be easily ana-

lysed by using microscopy, such as scanning electron

microscopy (SEM) and transmission electron microscopy

(TEM). In addition to that, the ber diameter distribution and

average ber diameter can be easily measured using soware

(ImageJ). Thus, SEM images of PVA nanobers have been

shown, where the ber diameter and quality changes as the

concentration of PVA solution is increased. Typically, the

optimum concentration should be maintained as a lower

concentration may lead to ejection of droplets and substantial

bead formation, whereas a higher concentration results in

a high solution viscosity, which could mean that the electrical

charges cannot generate sufficient strength to stretch the

Table 5 Preparation of typical polymer solution for electrospun membranes used in wastewater applications

Polymer/average molecular weight Solvent Reference

Polyacrylonitrile, PAN (Mw-150 000) Dimethyl formamide 73
Polyvinyl alcohol, PVA (Mw-177 000) Distilled water 54

Polylactic acid, PLA (Mw-109 000) Dimethyl formamide 74

Polymethylmethacrylate

(PMMA)/tetrahydroperuorooctylacrylate (TAN)

Dimethyl formamide : toluene (1 : 9) 75

Polyethylene oxide, PEO (Mw-400 000) Distilled water 65

Poly(vinylidene uoride), PVDF (Mw-107 000) DMAc, DMF, NMP, tetrahydrofuran (THF),

dimethylsulfoxide (DMSO)

76

Table 6 Fiber diameter for various polymeric electrospun nanofibers

Polymeric solution

Concentration%

(w/v)

Fiber diameter

(mm) References

PAN (polyacrylonitrile) 14% 0.25 77

16% 0.37

18% 0.52
PCL (polycaprolactone) 15% 0.87 78

20% 0.89

25% 0.93

85502 | RSC Adv., 2016, 6, 85495–85514 This journal is © The Royal Society of Chemistry 2016

RSC Advances Review

P
u
b
li

sh
ed

 o
n
 0

8
 S

ep
te

m
b
er

 2
0
1
6
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
6
/2

0
2
2
 4

:4
8
:3

4
 A

M
. 

View Article Online

https://doi.org/10.1039/C6RA14952A


solution to form bers. The SEM micrographs in Fig. 8

demonstrate the effect of concentration on the quality of

bers. Furthermore, Wang et al.84 investigated the capability

of a hybrid polyacrylonitrile (PAN)/PET electrospun nano-

brous membrane for microltration. It has been shown that

hybrid electrospun nanobrous membrane could reject

microbes like E. coli and produce high ux. In the next

section, more relevant discussion has been provided based on

hybrid electrospun nanobers for waste water treatment

application.

The scanning electron microscopy images not only analyse

the morphology; they also indicate the diameter distribution of

the superne bers. However, the average diameter and the

diameter distribution can be obtained by using a custom code

image analysis program to analyse the SEM images.85 In this

part, various types of fabrication and surface modication

techniques will be discussed in detail, which may enhance

future research work in water purication technology.

5.1 Functionalization of electrospun brous membrane

Typically, functionalization allows the incorporation of other

properties into a (single) material nanobrous membrane.

However, a material with improved mechanical properties and

chemical stability may be doped with other desirable charac-

teristics, such as anti-microbial, biocompatibility, catalytic, or

chemical sensing. Thus, the ability to incorporate another

functional property into the nanober will signicantly

enhance the performance and versatility for specic applica-

tions. As shown in Table 7, there are two prominent methods of

functionalization of electrospun brous membranes with

varying degrees of versatility.

5.2 Layer-by-layer method

In recent years, chemical blending or coating of functional

molecules into/onto the polymers were signicantly developed

by attempting some new techniques, such as self-assembly and

the layer-by-layer method. The layer-by-layer technique is based

on the adhesion of both positively and negatively charged

macromolecules on the surface of the material. This technique

especially makes it much more convenient to physically

immobilize some charged molecules on the polymer surface.

Fig. 9 illustrates the layer-by-layer method and shows how it can

be utilized for fabricating various membranes for membrane-

based processes.

Recently, it was found that cellulose acetate, with its nega-

tively charged surface, is an attractive material for this purpose.

Alternatively, the incorporation of oppositely charged macro-

molecules is used to build up the layers. Subsequently,

charged organic as well as inorganic molecules have been

incorporated into electrospun nanobrous material.

Basically, the advantage of this technique is that the layers of

functional molecules incorporated can be selected either to

enhance a single feature or to introduce multiple properties.

The high surface area of electrospun nanobrous membranes

has prompted many researchers to explore the possibility of

fabricating highly versatile membranes using the layer-by-layer

assembly technique.86,87 The incorporation of nanoparticles on

the surface of the ber has been shown to increase its surface

roughness and, subsequently, a nal layer of uoroalkylsilane

was used to fabricate a superhydrophobic membrane.88 Mostly,

the layer-by-layer coating is achieved by the use of oppositely

charged organic molecules; however, positively charged inor-

ganic nanoparticles may also be incorporated on negatively

charged organic molecules.

5.3 Surface adhesion by electrospraying technique

Surface adhesion originates from secondary forces, such as

hydrogen bonding and van der Waals forces, or through

partial melting of deposited particles onto the nanober

surface of the membrane. However, the simplest form of

surface adhesion involves dipping the electrospun bers

into a particular solution or suspension of conductive

material, such that the conductive material becomes

attached to the surface of the bers. However, simultaneous

electrospinning and electrospraying can be used to incor-

porate nanoparticles on the surface of the nanobrous

membrane. In this case, the sprayer may be directed at the

Fig. 8 SEM micrographs of PVA nanofibers indicating the effect of polymer concentration on fiber quality and fiber diameter (a) 4% PVA (b) 6%

PVA (c) 8% PVA [Mw: 146 000–186 000, 99+% hydrolysed, solvent used: deionised water].
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electrospinning jet, such that the particles adhere onto the

surface of the ber prior to deposition on the collector

substrate or at the opposite side of a rotating collector.

Recent research and development reveals that any type of

nanoparticle can be introduced onto the surface of nano-

bers using this method. Titanium dioxide (TiO2), magne-

sium oxide (MgO), and aluminium oxide (Al2O3)

nanoparticles have been coated uniformly across the thick-

ness of the membrane using the simultaneous electro-

spinning and electrospraying technique.89

5.4 Solution blending process

The solution blending process is probably the most commonly

used and simplest method for introducing alternative proper-

ties or functions to the core material. This method involves the

mixing of two parts in a solution followed by electrospinning,

for which only one part of the solution is required to be elec-

trospinnable. There are three possible solution blending

processes that are commonly encountered; the rst process is

where the materials for mixing are soluble in a common

solvent, the second is where there is no common solvent to

dissolve both materials, and the third is where one material is

insoluble.90

However, a major drawback is the potential leaching of the

added material, since there is no chemical bonding between

this and the base. But, if the material is lost very slowly or if the

amount is insignicant, the benets may overcome the loss/

drawbacks of this technique.

5.5 Wet chemical treatment technique

Typically, in wet chemical treatment, the inert polymer nano-

ber is treated with a chemical reagent to introduce reactive/

functional groups, such as carboxylic, amine or hydroxyl,

depending on the presence of sites compatible to electrophilic or

nucleophilic attack on the polymeric molecules. Thus, the

nanober is soaked in an alkaline medium, which is oen used

to generate carboxylic and/or hydroxyl groups on the nanober

surface. A cross-linking or bonding agent, such as glutaralde-

hyde or 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-

chloride, can also be used for attachment of molecules onto the

nanober surface.91 A typical diagrammatic representation of

wet chemical treatment, which can be used for the functionali-

zation of electrospun brous membrane, is shown in Fig. 10.

The zeta potential is found to be another crucial property for

analysing the membrane surface chemistry. For instance,

membranes with a negative zeta potential repulse negatively

charged particles and macromolecules. In order to analyse

a bre's surface charge, the zeta potential is oen evaluated by

streaming potential measurements as a function of pH. These

properties are generated by the electrochemical double layer

(EDL), which exists at the phase boundary between a solid and

a solution containing ionic moieties. Typically, the zeta

potential indicates the electro-kinetic properties at that posi-

tion of the solid/liquid interface, which is accessible for inter-

actions. Moreover, the zeta potential indicates the fouling

tendency of the membrane, based on electrostatic

interactions.92

Table 7 Methods of functionalizationa

Method of functionalization

Reactive/functional

group

Material chemical

group

Location of

functionalization

Improved mechanical

strength

Multi-component

electrospinning

Yes Yes Surface/core Yes

Mineralization Yes — Surface Yes

a Note: reactive or functional groups are represented as carboxyl or amino groups, which are utilized for further bonding of other molecules,
whereas a material chemical group is represented as the addition of a secondary group to the principal brous material.

Fig. 9 Layer-by-layer treatment for functionalization of electrospun fibers.
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6. Water treatment application by
electrospun membrane

Recently, muchmore attention has been given to themembrane

distillation (MD) process, especially for desalination, water

reclamation and water/wastewater treatment purposes, but

unfortunately this method has not yet been utilized on an

industrial scale. The most crucial reason for not introducing

this on a large scale is the lack of novel and specic membranes

for the membrane distillation (MD) process.93,94 However,

before examining the details of wastewater treatment applica-

tions, the criteria for the membrane selection must be

emphasised.

6.1 Criteria for membrane selection

To ensure the efficiency of the ltration process, the selection of

a suitable membrane is essential. There are some key parame-

ters related to the membrane, which are dependent on the

characteristics of the feed stream used in the system. Primarily,

this depends upon the pore size, porosity, surface energy, and

also on the nature of the membrane, whether it is hydrophobic

or hydrophilic. Fig. 11 shows a typical owchart of the selection

of a proper membrane for further application in waste-water

treatment. However, chemical compatibility, pore size, and

contact angle are considered to be the primary criteria for

selecting membranes for application.

6.1.1 Contact angle. Basically, when a small droplet rests

on a solid surface, the liquid–vapour interface forms a contact

angle with the solid surface, or the tangential outline of the

droplet on the solid forms the contact angle. This is a quanti-

tative measure of the wetting of a solid by a liquid, surface

tension, and adhesion. The hydrophobicity and hydrophilicity

characteristics of the surface can also be determined.95 The

contact angle is used to characterize the surface roughness,

mobility and heterogeneity.96

When a liquid is dropped on a solid surface, two extreme

cases are considered, while measuring the contact angle. The

contact angle ranges from 0� to 180�. If the droplet is strongly

attached to a hydrophilic solid, the liquid is completely spread

out on the solid surface, and the contact angle is equal to 0–30�,

or a liquid lm is formed on the solid surface, (means highly

hydrophilic).97 However, less hydrophilic solids will have

a contact angle of about 90�. On the other hand, if the droplet is

weakly attached to the solid surface, the contact angle will be

above 120�, or the liquid forms a sphere on the solid surface,

which may be referred as highly hydrophobic. For better

performance of a membrane based on contact angle, Table 8

summarises the variation in contact angle with hydrophobicity/

hydrophilicity.97,98

6.1.2 Pore size. Pore size is another important factor that

can be used for determining the application. Membrane tech-

nology is fundamentally a ltration technique utilising a pore

size distribution to physically separate particles. It is analogous

to other technologies, such as ultra/nanoltration and reverse

osmosis; however, the only difference exists in the size of the

particles retained, and also the osmotic pressure.101 Table 9

describes the role of pore size in determining the application.

Thus, aer analysis of the pore size of an electrospun nano-

brous membrane, the membrane can be easily evaluated for

a particular application in the eld of membrane separation

technology.

Nevertheless, most of the membranes used for membrane

distillation (MD) are commercially fabricated for membrane

ltration (MF: microltration) applications and made up of

hydrophobic polymers. In this regard, electrospun nanobrous

membranes have shown convincing features that can be used in

a membrane distillation (MD) process.32 Nanobrous

membranes can be used in membrane distillation directly, as

the nanobrous mats generally exhibit a high surface

hydrophobicity.

6.1.3 Porosity and surface roughness. In this section, the

importance of secondary criteria, such as porosity and surface

Fig. 10 Wet chemical treatment for functionalization of electrospun fibers.
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roughness, is discussed. High porosity and the interconnected

open pore structure characteristics of a nanobrous membrane

could potentially enhance the membrane distillation

process.105,106 Typically, high porosity per unit area of an elec-

trospun membrane makes it a strong candidate for ltration

processes. Nanobrous membranes were utilized for water

treatment applications based on their thickness, porosity, and

surface roughness. However, it has been revealed that an elec-

trospun membrane has a large porosity as compared to

commercial lter paper. Table 10 shows a study of porosity by

Zhou et al.,107 where an electrospun CA (cellulose acetate)

membrane is compared with commercial lter paper. From the

data provided, it can be stated that a nanobrous membrane

has a highly porous structure (more than 85% porosity), which

facilitates easy permeation of liquid.

Surface roughness is another secondary factor that can be

considered for membrane selection criteria. An increase in

surface roughness inuences the hydrophobicity characteristics

of the membrane. Recently, it was shown that a PVDF/G (incor-

porated graphene) electrospun nanobrous membrane had

a higher surface roughness as compared to PVDF nanobers. A

higher surface roughness inuences the hydrophobicity of the

membrane by increasing the contact angle to around 150�.108

Typically, these were investigated for water ltration appli-

cation only in the 2000's. Nevertheless, many studies have

demonstrated the feasibility and selectivity of electrospun

membranes as stand-alone ltration materials. Various mate-

rials [e.g. polyethersulfone (PES), cellulose, and polyvinylidene

uoride (PVDF)] commonly used for water ltrationmembranes

have been electrospun to form non-woven nanobrous

membranes. However, the requirements of the electrospun

membrane depend on the targeted liquid ltration

application.109

However, in this review paper, a thorough study has been

presented based on some crucial wastewater treatment

techniques and it has been shown how electrospun membranes

play a key role in water purication technology.

6.2 Desalination

Desalination is an effective process for overcoming the higher

demand for water worldwide. Various desalination technologies

have emerged, which include reverse osmosis (RO), membrane

distillation (MD), freeze desalination (FD), ion exchange and

nanoltration (NF). Nanobrous membranes are currently

being investigated as potential membranes for desalination due

to their improved ux.109–111

Previously, the conventional middle layer has been replaced

with electrospun nanobrous membranes; it was then coated

with different layers and, nally, thin lm nanocomposite

(TFNC) membranes were formed.112 It has been observed that

the ux rate and oil rejection percentage (oil in water emulsion)

of the TFNC membranes were higher than those for commer-

cially available NF membranes.113 For a better performance of

electrospun nanobrous membranes as direct ltration media,

electrospun polymeric membranes can be easily utilized as

a support layer for the next generation of thin lm composite

(TFC) (UF/NF/RO) membranes. Thin lm composite (TFC)

membranes comprise three fundamental layers, which include

the top ultra-thin selective layer, the middle porous support

layer, and nally the bottom nonwoven fabric layer.16 Recently,

the application of electrospun bers as the support layer of TFC

membranes has attracted worldwide attention.

6.2.1 Membrane distillation. Membrane distillation is

a process in which a membrane is used to separate salty water

and pure water (as permeate).114 There are certain parameters

that affect the rate and efficiency of the membrane distillation

(MD) process. The porosity, pore size, and tortuosity also

inuence the ease with which water vapour passes through the

membrane and forms a permeate. Being hydrophobic, or even

super-hydrophobic in nature, such membranes are used for

membrane distillation (MD) applications. Typically, MD is

Fig. 11 Primary criteria for selecting the membrane for a water treatment process.

Table 8 Nature of the membrane with variation of contact angle99,100

Contact angle Nature Surface energy Effect Application

0–30� Highly hydrophilic Increases Water droplet spreads out and nally permeates —

$90� Hydrophilic Increases Water droplet spread out only FO-membrane

90–120� Hydrophobic Decreases Water droplet beads up MD-membrane

#120� Highly hydrophobic Decreases Water droplet in spherical form (repelled) MD membrane
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a thermally-driven separation, in which pure water could be

separated from a contaminated source, such as saline water (e.g.

seawater, brackish water, or even a wastewater sample con-

taining non-volatile impurities).2

Recently, Su, Shih et al.115 demonstrated the efficiency of

electrospun membranes in terms of salt rejection%. Table 11

shows the salt rejection% of desalination. The data indicates

the salt rejection of PVDF-co-HFP (HFP: hexauoropropylene)

and the PVDF electrospun membrane was found to give

99.9901% and 99.9888%. The salt rejection of PTFE was evalu-

ated as 99.9951%. The salt rejection of PVDF-co-HFP was better

than that of the PVDF electrospun membrane, and was almost

the same as that of the PTFE commercial membrane.115

When an electrospun membrane is used in membrane

distillation, it should be able tomaintain separation between the

feed and permeate. Therefore, a super-hydrophobic membrane

is preferred as it is considered best for maintaining water

separation. In recent research, beaded bers were shown to

exhibit higher water contact angles compared to a smooth

brous membrane. The electrospun poly(vinylidene uoride)

(PVDF) nanobrous membrane is commonly analysed for water

ltration efficiency. The authors have116 investigated the prop-

erties of PVDF from beaded to smooth bers for the purpose of

the membrane distillation (MD) process. However, beaded bers

showed a higher water contact angle, while the ux from smooth

bers was better than that from beaded bers, which may be

because of the smaller void volume fraction of beaded bers.

Typically, a drawback of electrospun membranes is their low

liquid entry pressure of water, which may result in pore wetting

over time. In order to overcome this issue of pore wetting,

Prince et al.117 used a triple-layer membrane consisting of

a hydrophilic nanober base (alongside with the permeate),

a cast membrane middle layer, and an electrospun PVDF top

layer (alongside with the feed).117 As far as the MD process is

concerned, especially for desalination and wastewater treat-

ment applications, this technique has not yet been utilized on

an industrial scale. The most prominent reason for this is the

lack of novel and specic membranes for MD applications. The

membranes utilized in the MD process must ensure some

important specications before they can be used, e.g. they must

be hydrophobic in nature, highly porous, have a high liquid

entry pressure (LEP), good thermal/chemical/mechanical

stability, and durability.94

6.2.2 Ultraltration/nanoltration. The large pore size of

a electrospun membrane makes it unsuitable for ltration

processes below the microltration level. However, in ultra- and

nanoltration technology, electrospun membranes are oen

used as a supporting layer for the membrane separation lm.

This supporting layer is prominent to prevent rupturing of the

lm layer under high water pressure, while allowing water to

ow through it. An advantage of an electrospun membrane is

that the large pore size between the small-diameter bers

reduces the barrier to liquid owing through the membrane.

This potentially improves the ux, while the thin lm provides

the separation function. However, the higher hydrophilicity and

lower surface roughness of electrospun nanobrous

membranes can be utilized when they are used for pressure-

driven membrane processes.2

Recently, a new concept has been introduced of a three-tier

composite membrane by K. Yoon et al.,118 containing a ‘nonpo-

rous’ hydrophilic coating that is water permeable (chitosan), an

electrospun nanobrous support (PAN), and a non-woven

microbrous substrate (PET). This concept is systematically

represented in Fig. 12. The applied fabricated membrane seems

to be efficient in ultraltration techniques because of high

water ux and low membrane fouling in nature.118

The ultraltration membrane may be fabricated by cast-

coating with the separation material on the electrospun

membrane. Wang et al.113 used electrospinning to fabricate

a polyvinyl alcohol (PVA) base substrate, followed by cross-

linking to improve the structural stability and mechanical

strength of the membrane.113

Table 9 Membrane pore size for various applications in waste water application

Membrane pore size Removal/retain Application References

0.1 mm to 0.01 mm Proteins, endotoxins, viruses and silica Ultraltration (UF) 102

0.001 mm to 0.01 mm Multivalent ions, synthetic dyes, sugars and specic salts Nanoltration (NF) 103

0.0001 mm to 0.001 mm Mostly all molecules (except water) Reverse osmosis (RO) 104

Table 10 Comparative study of porosity and specific surface area [note: adapted from ref. 107]

Membrane Membrane category

Thickness

(mm)

Specic surface

area �107 m�1 Porosity (%)

CA Electrospun membrane 406 2.020 87

Filter paper Commercial membrane 79 0.025 48

Table 11 Comparative study of rejection% of different membranes

[plotted the table from ref. 115]

Membrane Categories Salt rejection%

PVDF-co-HFP Electrospun
membrane

99.99%

PVDF Electrospun

membrane

99.98%

PTFE Commercial 99.99%
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Quantication of pore size and pore size distribution is one

of the critical factors in assessing the rejection% from feed

water. In other words, the pore size distribution indicates

whether a membrane has the potential to remove

microorganisms/heavy metals/particulates/chemicals from the

feed stream. However, there is another criterion based on the

surface charge of the membrane and the charge distribution of

the feed stream. For instance, when negatively charged

membranes are used for the rejection of negatively charged

molecules, charge interactions between the membrane and

solute may play a major role in solute rejection. Therefore, the

nominal molecular weight cut-off (MWCO) of a membrane

under these conditions is no longer an indicator of solute

rejection. Typically, nominal MWCO values of various

membranes are provided by the manufacturers, which are

generally calculated by rejection tests with a PEG with an

average relative molecular mass.119 In Fig. 13, various

membranes have been differentiated in terms of rejection%,

where this clearly indicates the higher salt rejection% of elec-

trospun mid layer PAN: polyacrylonitrile (3 tier membrane) as

compared to commercial NF ber and PAN membranes.

Beyond rejection%, ux is another crucial criterion for its

application. Yoon et al.118 demonstrated that aer 24 h opera-

tion, the permeate ux for the electrospun-based membrane

remains stable, whereas a commercial ultraltrationmembrane

(PAN 10) experiences severe ux decline. Table 12 shows

a comparative ux study of various membranes, where it has

been observed that the ux for the electrospun-based

membrane is twelve times higher than that of the commercial

membrane.118

6.3 Ion exchange membrane

The use of electrospun nanobers in ion exchange is still

emerging. As per the study, polystyrene nanobers were able to

Fig. 12 Three-tier concept to fabricate high flux and low-fouling ultrafiltration membrane. [Note: plotted andmodified by taking the figure from

ref. 118.]

Fig. 13 Comparative study of rejection% of various membranes. [Note: mid layer of 3 tier membrane system is PAN (electrospun membrane),

feed solution: mixture of vegetable oil (1350 ppm), surfactant (150 ppm, Dow Corning 193 fluid) and deionized water. Plotted the figure by using

the data.118]
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achieve a maximum ion-exchange capacity of 3.74 mmol g�1.121

It has been found that these are comparable with commercially

available ion-exchange membranes. The research suggests that

ion-exchange membranes can be produced using nanobers

and that there is good potential to increase their performance

further.105 Recently, the ion-exchange capability of electrospun

cellulose acetate (CA) bers containing zeolite nanoparticles

was reported by Daniel N. Tran et al.122 In this new concept,

solid and porous CA bers were used to make a zeolite-

embedded lter paper, which was then used to ion exchange

Na+ with Cu2+ and Pb2+. Fig. 14 represents the concept of using

the electrospun nanobrous membrane for removal of toxic

heavy metal by means of the ion-exchange technique. Thus, the

brous membrane could provide a potential method for heavy

metal ion removal in water.

6.4 Adsorption of pollutants

A major class of pollutants in the river system is heavy and toxic

metals, whichmainly come from industrial discharge. The large

surface area of nanobers enables more functional groups to be

exposed to the contaminants for their removal. Where the base

material does not contain an appropriate functional group,

a functionalization method, such as blending and chemical

treatment, can also be used. Thus, a wide range of functional

molecules has been doped into electrospun nanobers for

pollutant adsorption.

Polymethylmethacrylate (PMMA) loaded with rhodanine

(Rhd) through a blending process was tested for removal of Ag(I)

and Pb(II) ions through dead-end ltration methodology. In this

study, the highest adsorptivity value was found to be 65.1% and

60.4% of the initial silver ion and lead ion concentration,

respectively, for a duration of 10 s.123 Aer adsorption of the

pollutants, the membrane can be recovered by washing in nitric

acid solution. Table 13 shows the viability of electrospun

membranes used for adsorption of organic pollutants and toxic

metals.

6.5 Other applications

There are a few other water treatment applications that can be

effectively carried out by utilizing the electrospun membranes.

These include microbial removal and heavy metal removal.

6.5.1 Microbial removal. Microbes are part of the eco-

system and there are many species that are useful in biotech-

nology applications. The prominent advantage of an electro-

spun membrane is its high porosity and large surface area,

which maximises any interaction between trapped bacteria and

the environment.127 Typically, the pore sizes between the bers

of an electrospun membrane are too small for bacteria to pass

through. Currently, Marova et al.128 showed the efficiency of

electrospun polymeric membranes in terms of microbial

Table 12 Flux study of various membranes [plotted from ref. 118 and 120]

Membrane Membrane category Feed solution material Flux (LMH per psi)

Chitosan coating, electrospun PAN mid-layer

and nonwoven polyester

3 tier membrane Deionized water 1.3

Polyvinyl (PVA) alcohol coating, electrospun PAN

mid-layer and nonwoven polyester

3 tier membrane 100k–200k dextran 28.5

PAN 10 (Sepro) Commercial 100k–200k dextran 3.94

NF ber (NF 270) Commercial Deionized water 0.6

Fig. 14 Ion-exchange technique by utilizing the electrospun fibrous

membrane. [Note: plotted and modified by taking the figure from ref.

122].

Table 13 Electrospun materials utilized for adsorption of organic pollutants and toxic metals

Material of the membrane Chemical adsorption Adsorption capacity References

PVA/zeolite nanobers Cd2+ 838.7 mg g�1 124

PVA/zeolite nanobers Ni2+ 342.8 mg g�1 124

Rhodanine/PMMA Ag+ 125.7 mg m�2 123
Rhodanine/PMMA Pb2+ 140.2 mg m�2 123

Polyvinylidene uoride (PVDF) blend (m-PEI/PVDF) Methyl orange 633.3 mg g�1 125

Vinyl-modied mesoporous poly(acrylic acid)/SiO2 Malachite green 240.49 mg g�1 126
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removal%. Table 14 summarises the results, showing the

ltration effectiveness of PHA membranes. The best results

were observed in the ltration of Bacillus subtilis cells, which

can adhere to bres, and removal efficiency% is seen for up to

90% of the microbes.128

It has even been shown that electrospun polyurethane

nanobers on polypropylene substrate are able to eradicate E.

coli from waste water, indicating that the nanobrous

membrane provides a physical barrier to bacteria/microbes.

6.5.2 Heavy metal removal. Water pollution is now

becoming one of the critical global challenges. The most toxic

heavy metals that may cause a hazardous impact on human

health, as well as on the environment, are as follows: Hg, Pb,

Cu, and Cd. The presence of these metals in the environment is

mainly attributed to the release of metal-containing wastewa-

ters from industrial areas. For instance, copper smelters may

release high quantities of Cu and Cd, which are themost mobile

and toxic heavy metals among the trace elements. However, it is

impossible to eliminate some classes of environmental

contaminants completely, such as toxic heavy metals, by

conventional/traditional water purication methodology.

Affinity membranes will play a critical role in wastewater treat-

ment to remove (or recycle) heavy metal ions in the future. It has

been found that polymeric nanobers functionalized with

a ceramic nanomaterial, such as hydrated alumina/alumina

hydroxide and iron oxides, could be suitable materials for the

fabrication of affinity membranes for waste water treatment

applications. The polymeric nanobrous membrane acts as

a carrier of reactive nanomaterial that can attract toxic heavy

metal ions, such as As, Cr, and Pb, by adsorption/chemisorption

and electrostatic attraction mechanisms.12

Recently, Senthamizhan et al.129 have shown that

dithiothreitol-capped gold nanoclusters (AuNCs) are success-

fully incorporated into cavities in the form of pores in electro-

spun porous cellulose acetate bers (pCAFs), and their

assembly creates a “nanotrap” for effective adsorption of Pb2+

metal ions.129 Table 15 shows the removal efficiency% of

different toxic metal ions while using the pCAFM/AuNC elec-

trospun membrane.

In addition to this, currently, 1D nanostructures in the form

of bers, wires, rods, belts, and tubes have attracted plenty of

attention due to their novel properties and diverse applications.

Advanced techniques have been developed in order to fabricate

1D nanostructures with well-controlled morphology, quality,

and chemical composition. Comparatively, 1D nanostructures

and nanobers exhibit a high specic surface area due to their

small diameter and porosity. Thus, electrospinning was found

to be a promising technique for producing ultrathin nanobers.

Recently, iron oxide–alumina nanocomposite bers were

prepared by an electrospinning technique for the removal of

heavy metal ions from aqueous solution.130 Electrospun

membranes are even highly efficient in separating a complex

emulsion system of water, glycerol, biodiesel, un-reacted oil,

soap, and catalyst, with the water, soap and pollutants forming

agglomerates that are larger than the pore size of the

membrane. Thus, the electrospun membrane is able to remove

the agglomerates according to the size-exclusion principle.

7. Research challenges and
limitations

In spite of so many advantages of electrospun nanobrous

membranes, there are some drawbacks that inuence the

membrane structure. The research challenges must be dis-

cussed so that these can be controlled in future by optimizing

the parameters. The recent limitations of the electrospun

nanobrous membrane are as follows:

� Other limitations include micro-cracking, corner rounding

and temperature-induced problems.

� Fabrication of electrospun membranes on an industrial

scale.

� Additionally, precise control of membrane uniformity, pore

size distribution, and the barrier layer and support layer

thicknesses must be achieved by the electrospinning technique

on an industrial scale.

� Typically, the selection of suitable materials and proper

incorporation routes to introduce the desired functionality,

during or aer electrospinning, is critical to generate a suitable

nanobrous membrane to meet specic needs.

� To provide the electrospinning technique with cost effec-

tive ltration and separation technology.

7.1 Future perspectives

Compared to the conventional technique for producing poly-

meric and composite membranes, electrospun nanobrous

membranes seem to be more effective due to their uniform pore

size, interconnectivity of the pores and mechanical behaviour.

Thus, there are some applications that can be further investi-

gated to ensure the potential of the electrospinning technique:

Table 14 Filtration effectiveness of PHA membranes [note: plotted by

taking the table from ref. 128]

Microbes
PHA brous material
(removal%)

PHA with sorbent
(removal%)

B. subtilis 81.9% 87.9%

M. luteus 63.7% 61.1%
E. coli 32.1% 55.5%

S. cerevisiae 74.2% 75.5%

Table 15 Removal efficiency of toxic metals (Pb2+, Ni2+, Mn2+, Cd2+,

Zn2+, and Hg2+) using the pCAFM/AuNC electrospun membrane. The

concentration is set to 1 ppm for all metal ions [note: plotted the table

from the figure of ref. 129]

Toxic metal ions Removal efficiency%

Lead (Pb) 99.9
Nickel (Ni) 80.1

Manganese (Mn) 77.5

Cadmium (Cd) 91.2

Zinc (Zn) 95.8
Mercury (Hg) 56.5
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The electrospun nanobrous membrane plays a key role in

the eld of water treatment, but more investigation can be done

with respect to ultraltration and nanoltration (reverse

osmosis).

The practical use of electrospun nanobrous membranes in

reverse osmosis (RO) can be further studied.

To render the membrane distillation (MD) process effective,

a high surface hydrophobicity membrane can be generated.

For the removal of hazardous and toxic components from

water by adsorption, metal oxides or nanoparticles can be

incorporated in the electrospun nanobrous membrane.

Even partially hydrophilic membranes can be fabricated by

using electrospinning techniques that can be further utilized in

forward osmosis (FO) processes.

The general characteristics of the ideal membrane, such as

uniform pore size, interconnectivity of the pores, tensile

strength, and mechanical behaviour, must be improved by

utilizing techniques such as post-thermal treatment and

chemical treatment.

Durability and longevity should be one of the important

areas of research and development while generating

membranes by the electrospinning technique.

8. Conclusion

The research and development of electrospun nanobrous

membranes has gained a lot of attention from researchers

because of its high versatility. The generation of non-woven

nanobrous membranes via the electrospinning technique

has emerged as one of the crucial processes in membrane

technology in the eld of environmental application. The elec-

trospinning technique is capable of producing membranes with

high surface area, high surface area to volume ratio, uniform

pore size, and high pore interconnectivity, which enhances the

performance of the nanobrous membrane. Additionally, in

recent research, nanoparticles have been incorporated into the

electrospun membranes to improve the performance. Further-

more, the electrospinning process is a reliable technique that

may optimize the membrane structure. Electrospun

membranes play a key role in the removal of small particles, by

utilizing the membrane ltration (MF) process, and in desali-

nation by membrane distillation (MD). Electrospun nano-

brous membranes can also be modied by considering the

properties, such as pore size, hydrophobicity, tensile strength,

and mechanical behaviour. In order to increase the permeation

and water ux, properties such as pore size and thickness can

be optimized. Despite all the advantages, there are some limi-

tations, such as upgrading the technique to a large industrial

scale for commercialization. Thus, special focus has been given

to the high durability and stability of the electrospun

membranes in order to overcome this issue. In the recent era,

the electrospinning technique became one of the crucial

processes that inuenced the research and development on

water treatment applications. Therefore, it can be concluded

that the electrospinning technique is the most promising

candidate for future membrane fabrication because electrospun

nanobrous membranes, as the next generation of ltration

media, have promising features with respect to advanced

ltration. In order to enhance the morphological and topo-

graphical features of electrospun nanobers, various method-

ologies, including molecular bonding, in situ polymerization,

and addition of molecular dopants, can be coupled with elec-

trospinning technology. Moreover, strategies for surface modi-

cation, e.g. nanoparticle coating, treatment with chemicals or

heat, graing, and interfacial polymerization, are found to be

suitable techniques to alter the surface characteristics and

improve the ltration performance. Additionally, electrospun

nanobers were also effectively used in oily wastewater treat-

ment. In recent years, many groups have paid more attention to

the functionalities of electrospun nanobers and have

improved their application at an industrial scale.
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