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odegradable fibrous systems
employing electrospinning technology for effluent
treatment
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and Balasubramanian Kandasubramanian *c

The continuous industrialization with the evolution of humankind and the rapidly increasing population

have led to undesirable environmental changes due to anthropogenic activities, harming the

environment, especially the aquatic ecosystem. The constant discharge of different toxicogenic entities

in the aquatic ecosystem globally poses one of the most significant risks to living organisms, causing

virulent diseases and even death. With technological advancements, the urgent demand for pure water

devoid of harmful toxins and having a sustainable ecosystem have become paramount concerns. Among

the various technologies, electrospinning, which is an efficient and facile method of fabrication, has

received significant attention from various research domains, especially in wastewater treatment. This is

ascribed to the enhanced efficacy, structural properties, and augmented performance of the fabricated

nanostructured geometry, presenting a new facet of nanotechnology. Currently, although various

techniques are applied for the fabrication of materials for wastewater treatment, the electrospinning of

biopolymers is emerging as a sustainable fabrication system for effluent treatment, which exhibit the

advantages of biodegradability (∼ at 9–32 °C in seawater), accessibility, porosity (∼80–90%) and

biocompatibility. In the present review, we comprehensively investigate different toxins and their

hazardous and prevailing effects on living species, and the advantages and application of various

electrospun biopolymers for effluent removal. Also, we highlight the different mechanisms, the

application of biopolymers in sorption, and the kinetics and isotherms associated with fabricated

nanofibers for a better understanding of electrospun biopolymers as adsorbents.
Environmental signicance

The fabrication of effective systems for wastewater treatment has become a prime concern due to the presence of different pollutants globally, spreading diverse
water-borne diseases. Electrospun bers of biopolymers exhibit advantages compared to other fabricated geometries due to their porosity and accessible active
sites, providing a sustainable safe operating space, truncating the environmental impact, and effectually eradicating contaminants from water. Due to the ease
of access and renewable, biocompatible, biodegradable, and non-toxic nature of biopolymers compared to other material systems, they have been introduced in
electrospinning, presenting a new facet of wastewater treatment. This review discusses the toxicity of various contaminants, advancements in biomaterial
fabrication with electrospinning, and the recycling and regeneration of biopolymers, facilitating sustainable systems.
1. Introduction

Water is one of the most important and indispensable
elemental constituents for the continuance of life, which plays
a substantial role in diverse sectors, including agriculture,
hydropower generation, industry, andmining. Nevertheless, the
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U), Ministry of Defence, Girinagar, Pune

bs@gmail.com

–396
rapidly increasing population, urbanization, industrialization,
and the higher demands for a sophisticated living standard
have led to issues such as the greenhouse effect and global
warming, resulting in climatic and environmental changes.1

The demand for pure water resources has amplied over the
past few years, but there has been a detrimental change in the
quality of water sources. The discharge of toxic contaminants
directly into water bodies by humans over the last hundred
years has resulted in oceans and other water bodies being
severely polluted. The improper handling of waste from various
industrial and agriculture sectors has led to the discharge of
chemicals in the water, tremendously affecting aquatic life and
unavoidably humans2 given that 60% of the human body
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d2va00244b&domain=pdf&date_stamp=2023-03-04
http://orcid.org/0000-0002-3483-2708
http://orcid.org/0000-0002-0607-6327
http://orcid.org/0000-0002-3549-6769
http://orcid.org/0000-0003-4257-8807
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2va00244b
https://pubs.rsc.org/en/journals/journal/VA
https://pubs.rsc.org/en/journals/journal/VA?issueid=VA002003


Critical Review Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 2

02
5/

11
/3

 1
5:

41
:4

7.
 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
accounts for water.3 Over a million tonnes of waste from innu-
merable sources, such as pharmaceutical components, dyes,
oils, heavy metals, inorganic and organic pollutants, fertilizers,
pesticides, phenolic compounds, and biological toxins, has
been discharged in water bodies over the past few years, which
is a preeminent health concern.4–6 Henceforth, obtaining pure
water has become the main concern globally due to the
augmented demand for freshwater and the fatal water-borne
diseases accompanying water contamination, causing 48 500
diarrheal deaths annually.7

Industrial activity is one of the most signicant sectors
having severe negative impacts on the marine ecosystem and
humans, including eutrophication, habitat destruction,
augmented water ow, debris, pathogenic contamination, irri-
tation, and metal poisoning.8 Thus, the World Health Organi-
zation (WHO) has set up protocols to regulate the
concentrations of chemical pollutants in water.7 Accordingly,
diverse material systems, such as biochar, zeolites, polymers
and their composites, MXenes, and biodegradable polymers,
including silk, starch, cellulose, and tannins, have been utilized
to effectively treat discharge.9–21 However, although these
materials have been extensively explored for effluent treatment,
there is still a lack of combinatory approaches to enhance their
properties and biodegradability. Moreover, the removal of these
materials aer their shelf-life is also one of the foremost chal-
lenges in the present environment-sensitive period. Specically,
the introduction of secondary pollutants aer the shelf-life of
materials is a concern associated with current technologies. In
this framework, biopolymers play an essential role as alterna-
tives to meet the requirements of environment-friendly waste-
water treatment materials.

Biopolymers are polymeric materials manufactured from
natural sources and are biocompatible and biodegradable,
unlike the common polymers, which trigger numerous
perceptive environmental predicaments such as pollution and
global warming. Biopolymers have attracted signicant atten-
tion over the last few years with a 20–30% annual growth rate
and are expected to exhibit a CAGR of 13.8%, surpassing USD
33 264.7 million at the end of 2028 in terms of revenue during
the forecast period (2021–2028).22 However, due to their higher
price, lower performance, and limited legislative attention,
their market share is less than 0.1% of the over-all plastic
manufacture compared to the standard materials.22

Biopolymer-based materials, including polysaccharides,23 poly-
peptides, silk, alginates, polylactic acid (PLA), polyhydroxy
butyrate (PHB), and poly-3-caprolactone (PCL), have found
enormous applications as advanced materials for wastewater
treatment.22–26,31 Additionally, due to the advantages of
biopolymers including surface modication, facile preparation
and availability, biocompatibility, non-toxicity, biodegrad-
ability, and active functional groups27–30 they are gaining
popularity as exceptional systems for the removal of various
toxicogenic entities from effluents.

With the introduction of various material systems,
researchers from various research domains are working on
introducing and fabricating efficacious systems for treating
effluents and removing the toxic contaminants discharged by
© 2023 The Author(s). Published by the Royal Society of Chemistry
various industries.32–34 Electrospinning is a method for the
fabrication of composite bers, which enables the fabrication of
bers as ne as 9 nm35 and is gaining signicant attention in
scientic research due to the prompt evolution of nanotech-
nology.36 This fabrication method is an efficient technique for
the fabrication of various systems with exceptional properties
such as high surface area and porosity, which are necessary for
effluent removal.13,37,38 Furthermore, the introduction of
biopolymers in electrospinning technology simplies the
fabrication process and enhances the properties of biopoly-
mers, making them effective candidates for wastewater treat-
ment. Electrospinning is receiving tremendous attention due to
its ability to prepare complex geometries and brils.36,39 The
fabricated electrospun nanobers can eliminate organic and
inorganic contaminants from wastewater owing to their
adjustable wettability, high length-to-diameter ratio, and
surface morphology.38,40 The eradication of contaminants from
aqueous system utilising electrospun nanobrous membranes
involves ltration and adsorption mechanisms.

The design and fabrication of sustainable stable systems,
while removing toxic entities, providing safe operating spaces,
and reducing their environmental impact for the effective
eradication of contaminants from water is a signicant
concern. The rapid increase in the population and the sophis-
ticated living standards have caused electrospinning technology
to receive signicant attention from various research domains,
conspicuously in wastewater treatment. Due to the ease of
access and renewable, biocompatible, biodegradable, and non-
toxic nature of biopolymers compared to other material
systems, they have been introduced in electrospinning, pre-
senting a new facet of wastewater treatment. Our comprehen-
sive literature exploration on Scopus conrmed the large
number of reports on effluent removal application. Fig. 1
illustrates the number of reports on electrospun biopolymers
for wastewater treatment over the past ten years on Scopus.
Several biopolymeric systems were reviewed for effluent treat-
ment according to our literature review; however, very few
articles provided a comprehensive investigation on the appli-
cations and progression of electrospun biopolymers and their
composites for effluent treatment. The articles provided
a comprehensive review on the preparation of membranes
using nanotechnology and their design, functionalization, and
application for the removal of various contaminants. Also,
although the review article by Silva et al.41 discussed the appli-
cation of electrospun chitosan for wastewater treatment, they
did not explore the mechanisms involved in the removal
scheme. In contrast, Xue and Wilson42 in their review article
discussed the electrospinning of chitosan and modied chito-
san. Nevertheless, although the existing review articles provided
an in-depth analysis of various functionalized and nanoparticle-
incorporated membranes for membrane ltration, none
comprehensively investigated various biopolymers and their
effluent removal mechanisms.

Moreover, the existing reviews on wastewater treatment do
not provide toxicity analysis of various effluents and their
hazardous effects on ora and fauna. Thus, the present work
focuses on the scientic progress in the past ve years in
Environ. Sci.: Adv., 2023, 2, 368–396 | 369

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2va00244b


Fig. 1 Available number of documents over the past ten years (number of documents per year) as of 15 November 2022 on Scopus (keywords:
biopolymers, electrospinning, and wastewater treatment).
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electrospun biopolymers membranes and their application in
effluent removal, together with their aptitude to adsorb
hazardous and toxic contaminants. Also, we present compara-
tive ideas from the previous literature in different sections. This
review article summarises the different membrane fabrication
strategies and functionalization techniques and their mecha-
nism for the adsorption of toxic contaminants. Further, we
discuss the various effluent removal mechanisms by different
electrospun biopolymers and composites, focusing on their
adsorption mechanism, kinetics, thermodynamics, and
isotherm modeling.
2. Contamination of the environment
by various effluents: toxicity and
hazardous effects

The existence of toxic contaminants beyond the acceptable
levels due to the unimpeded release of various effluents into the
marine ecosystem by oil reneries, industries, and many other
sources poses a risk to all living species, which is a signicant
environmental and social problem, leading to an imbalance in
the ecosystem.43 The toxicity of these entities, particularly from
hazardous heavy metals, pharmaceutical drugs, dyes, and
microplastics, is a considerable concern globally. Generally, the
existing wastes can be classed as general solid waste, hazardous
(generally industrial waste), and restricted solid waste by the
Environmental Protection Act (EPA).44 Among them, heavy
metal ions are categorized based on their toxicity as non-
essential (harmful even at a low concentration) and essential
(comparatively less harmful at a lower concentration) heavy
metal ions.45 The USEPA (United States Environmental Protec-
tion Agency) has listed Cu, Cr, As, Cd, and Hg as primary toxic
metals due to their persistency and irreversible nature, leading
to their accumulation in tissues and organs of aquatic species.46
370 | Environ. Sci.: Adv., 2023, 2, 368–396
Heavy metals are highly toxic, especially to fetuses and newborn
babies, damaging their brain and central nervous system (CNS),
disrupting the red blood cell functionality, and even causing
behavioral and psychological problems. Besides humans,
severe exposure to heavy metal ions in plant species also leads
to morphological and physiological changes, damage to cell
function, reduced photosynthesis rate, and increased oxidation
stress and mutation. Heavy metals also leads to growth
obstruction in microbes.

Nickel (Ni), a heavy metal extensively employed in industrial
applications for producing electrochemical nickel–cadmium
batteries, is an effluent that causes major toxicity problems in
the aquatic ecosystem and humans. Nickel exposure stimulates
hematological effects in humans and animals. Numerous
pathological effects such as lung brosis, skin allergies, iatro-
genic nickel poisoning, and lung cancer have been reported in
humans exposed to highly Ni-polluted atmospheres. Hepatic
toxicity, nephrotoxicity, and dose-related changes in serum
enzyme activity are also manifestations of nickel toxicity. Lead
(Pb), which is one of the rst metals to be discovered, is mainly
discharged from industrial processes such as coal combustion,
lead smelting, and battery recycling, leading to acute and
chronic (>40–60 mg dL−1 in the blood) disorders in humans.
Lead toxicity also causes CNS and hepatic disruption and affects
the hematopoietic and renal systems. Arsenic, an abundant
metal ion in underground water, is becoming prevalent in Asian
countries due to arsenicosis in the Earth's crust. It combines
with coenzyme complexes during respiration and causes
protein coagulation aer producing adenosine triphosphate
and has a carcinogenic nature, which is fatal upon exposure at
high levels. In contrast, mercury toxicity can cause brain
disorders and complications with mobility, hearing, and speech
and mercury and lead can trigger autoimmune conditions,
affecting red blood cells. The maximal permissible concentra-
tions of mercury and chromium in drinking water, as permitted
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Introduction of different toxins in the water environment, the consumption of these toxins by aquatic flora and fauna, the introduction of
these effluents in the food chain via aquatic organisms and by water intake, and the harmful effects upon exposure to them.
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by the WHO and USEPA, are 0.05 mg L−1 and 0.1 mg L−1

(chromium) and 0.001 mg L−1 and 0.002 mg L−1 (mercury),
respectively.

Microplastics are ne plastic pieces with a size of less than 5
mm, which have received global attention due to their prevalent
distribution in various environmental compartments, drinking
water, and food.47 They are prevalent in nearly all aquatic
ecosystems, occupying some planktonic organisms and size
range as sediments, making them bioavailable to many aquatic
organisms, including sh. Once they are ingested by sh,
microplastics accumulate in the gastrointestinal tract, insti-
gating complete digestive system obstruction and reduced
feeding due to satiation. The ingestion of microplastics also
prompts functional and structural deteriorations in the
gastrointestinal tract, causing growth and nutritional compli-
cations in sh. Yin et al. reported that the gross energy, specic
growth rate, and weight gain rate of Jacopever (Sebastes schle-
gelii) diminished by 9.5%, 65.9%, and 65.4%, respectively, aer
exposure to polystyrene microplastics (106 particles per L).48

Microplastic ingestion can induce changes in the metabolic
proles and inammatory responses of sh and/or disrupt their
innate immune system. Additionally, ne plastic particles can
transmit to other organs of sh, such as their gills and liver,
damaging these organs.49

With the substantial breakthroughs, the pharmaceutical
industry dominates the global economy and have become the
leading research sector.50 However, the direct or post-modied
release of toxic contaminants by the pharmaceutical industry
into the environment is a signicant concern. Although various
biological and physical process can lead to a reduction in
pharmaceutical components in themarine ecosystem, traceable
372 | Environ. Sci.: Adv., 2023, 2, 368–396
concentrations of these compounds and their metabolites have
been found in several water bodies.51

The degree of toxicity in drinking water sources is low
compared to industrial wastewater pollution. Nonetheless, the
toxic nature of these wastes depend on their compositional
concentration, which hinge on the industrial category. There
are several intricate challenges associated with effluent treat-
ment depending on its origin and type. Henceforth, based on
their characteristics, numerous and precise techniques are used
to handle different effluents.52 Table 1 presents the various
effluents, their origin, application, maximum allowable content
in drinking water according to the WHO and USEPA, and their
harmful effects on ora and fauna. Fig. 2 elaborates the intro-
duction of different toxins into the water ecosystem, the
consumption of these toxins by aquatic ora and fauna, the
introduction of these effluents in the food chain via aquatic
organisms and by water intake, and the harmful effects upon
exposure to them.

3. Effluent removal mechanism

Ion exchange, membrane technology, solvent extraction, chem-
ical precipitation, electrochemical processes, and adsorption are
the commonly employed effluent treatment methods60 (Fig. 3).
Polymer-bridge formation, electrostatic patch, coagulation and
direct occulation, and adsorption are some existing and
possiblemechanisms employed in effluent treatment and are still
applied. Coagulation/occulation is a traditional method that
generally uses long chains of non-ionic or anionic polymers as
occulants and cationic inorganic metal salts as coagulants.61

This method is extensive, effective, and facile for the treatment of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Classification of different technologies involved in effluent treatment. Reproduced with permission from ref. 52. Copyright 2022, Elsevier.
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various types of effluent and wastewater systems.62 In direct
occulation, a cationic polymer with medium charge density and
high molecular weight is usually utilized. The two-fold function
involves (1) colloidal particle charge neutralization and (2)
formation of oc via the aggregated destabilized particle
bridging.61 Polymer bridge formation occurs when long-chain
polymers with low charge density and a high molecular weight
adsorb on the surface, allowing the extension of long loops to the
second surface, leading to the formation of a bridge amongst the
polymers via attraction.63 The electrostatic patch mechanism
includes the binding of charged polymers to an oppositely
charged constituent part, initiating suspension coagulation and
particle attachment via electrostatic force of attraction.63,64 Among
the many removal mechanisms comprising coagulation, direct
occulation, and electronic patch, the low cost and improved
efficacy of adsorption make it appealing for eradicating different
toxic effluents.65 The high surface area, prociency in processing,
and porosity of biopolymers make them a feasible candidate for
the biosorption of toxins via ion exchange, catalytic reduction,
surface adsorption, and chelation.66

A comprehensive understanding of different thermody-
namic parameters, such as changes in entropy, enthalpy, and
Gibbs free energy, is mandatory to investigate the feasibility,
mechanism, and biosorption performance. At equilibrium, the
adsorbed adsorbate amount, qe, and the removal efficacy67 can
be determined by employing the following equation:68

qe ¼ V
C0 � Ce

M
(1)

Removal efficiency ð%Þ ¼ Ce

C0

� 100 (2)
© 2023 The Author(s). Published by the Royal Society of Chemistry
Removal of heavy metals ðAdsHMÞ ¼ C0 � Ce

C0

� 100% (3)

3.1. Adsorption isotherm

Adsorption isotherms are oen adapted to demonstrate the
connection between the equilibrium dosage of adsorbed adsor-
bate and liquid phase residual solute concentration at a constant
temperature. Each isotherm model varies in the rate at which
equilibrium is attained. The adsorbent in its solid stage is
utilized in the adsorptive removal of solid toxicogenic entities in
the liquid state. In determining and demonstrating the efficacy
of a system under laboratory conditions, isotherm modeling
plays a crucial role as the adsorbent–adsorbate interaction
mechanism and the efficacy can be ascertained from suitable
isotherm models, revealing the appropriate equation with the
maximum R2 value.12,69 The various commonly employed
isotherms and their equations describing adsorption mecha-
nisms from a thermodynamic point of view are listed in Table 2.
3.2. Adsorption models

The kinetic model developed by Peter Waage and Cato Guldberg
in 1864 delivers details about the adsorption mechanism,
transition states, and reaction rate. The adsorption kinetics
gives insight into the substantial factors in the adsorption
process such as the time for the removal of metal impurities,
the feasible adsorption mechanism, and the reaction pathway.
The residual time of the adsorbate on the adsorbent surface is
also signicant in estimating the maximum uptake capacity
and extent of completion of the reaction.70,71
Environ. Sci.: Adv., 2023, 2, 368–396 | 373
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The experimental adsorption data of kinetic studies and subse-
quent solute removal are generally tted with the classical
pseudo-rst or second-order kinetic models to determine the
adsorption mechanism. The obtained experimental values
precisely correspond to the equations, and the linear square
regression coefficient value, R2, governs which model can be
employed (higher R2 value) to clarify the adsorption kinetics. The
kinetic adsorption data for modied biopolymers best suit the
pseudo-second-order equation, where the values ofQt are plotted
against t. Table 3 illustrates the various adsorption kinetic and
kinetic equations commonly employed to estimate the reaction
rate and mechanism from a thermodynamic point of view.
3.3. Thermodynamic aspect

An in-depth interpretation and illustration of different ther-
modynamics parameters from the isotherm models are vital to
predict the mechanism and adsorption performance and the
impact of changing environmental conditions on the feasi-
bility of the process. The thermodynamic parameter DG°
(Gibbs free energy) demonstrates the spontaneity of the
chemical reaction, and the equation denoting the connection
between enthalpy, free energy, and entropy is illustrated by
eqn (5).75

DG˚ = DH − TDS˚ (4)
4. Introduction to electrospinning
technology

The discrepancies associated with traditional technologies and
the signicant evolution in the arena of nanotechnology have
reinvigorated the relevance of electrospinning as an innovative
approach for the fabrication of nano dimension brils with
facile functionalization, large surface area, and superior
mechanical properties. Electrospinning technology is a versatile
composite fabrication approach to fabricate uniform bers in
the micro to nanometer range by employing a strong voltage
supply to produce an electrically charged jet from the polymer
solution.81–83 Compared to traditional spinning technologies,
electrospinning emanating from integrating two words, elec-
trostatic and spinning, uses electrostatic force to produce bers
from polymeric sources. Electrospinning is a versatile
manufacturing process that can fabricate distinct structures
ranging from nanobers, hollow bers and beads to hierar-
chical structures. Gooley originally patented the process of e-
spin in 1902; aerward, in 1969, Taylor proposed the theoret-
ical modeling of electrospinning.36,84 The main principle of the
electrospinning technique is that the polymer droplets formed
as a result of surface tension are counterattacked by the elec-
trostatic force, forming a jet, followed by the evaporation of the
solvent, forming ultrane bers. Numerous parameters, cate-
gorized as solution, ambient conditions, and processing
parameters, govern the surface morphology of the bers fabri-
cated via electrospinning.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrospinning of biopolymers and the properties and utilization of nanofibers.
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The bers fabricated through electrospinning exhibit
advantages compared to conventionally manufactured bers,
offering porosity, the ability to blend multiple polymers,
enhanced mechanical properties, large specic surface area,
incorporation of additives, etc. Accordingly, electrospun
biopolymers have been extensively applied in effluent treat-
ment, especially for heavymetal ion adsorption. Fig. 4 and Fig. 5
illustrate the fabrication of electrospun biopolymers via needle-
based and needleless systems, respectively.
4.1. Effects of various parameters in the electrospinning
process

The processing parameters such as feed rate, voltage, spinning
distance, and capillary diameter play a signicant role in
determining the ber morphology. A slight deviation in these
processing parameters leads to considerable morphological
changes. Among the solution parameters (polymer
Fig. 5 Needleless electrospinning of polymeric solution.

© 2023 The Author(s). Published by the Royal Society of Chemistry
concentration, solvent, solution conductivity, and viscosity),
solution concentration plays a signicant role in ber structure
stabilization given that it inuences the solution conductivity,
surface tension, and viscosity. In e-spinning, the solvent used
also plays a prominent role given that it affects the surface
tension and the process of evaporation, where the structure and
surface morphology of the nanomembrane structure depend on
the solvent volatility. Environmental parameters including
relative humidity and ambient temperature also play a crucial
role in forming smooth and bead-free uniform bers.85 Table 4
illustrates the different parameters and their effects on ber
morphology. Taylor's mathematical expression can be used to
calculate the critical voltage of a particular system at which the
electrospinning process commences (eqn (5)), as follows:39

Vc
2 ¼ 4H2

h2ðlnð2h=RÞ � 1:5Þð1:3pRgÞð0:09Þ (5)
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Table 4 An overview of various parameters and their effects on the electrospun fiber morphology

Parameters Impact on ber morphology Inuence Ref.

Processing Applied voltage Fiber diameter Bead formation with an increase in the voltage
beyond a critical value

37 and 95

Spinning distance Fiber diameter Bead formation with short spinning distance 37 and 87
Flow rate Fiber diameter With too high ow rate, beads are formed 37 and 87

Environmental Humidity Fiber porosity Bead formation with high humidity 87
Temperature Fiber diameter With an increase in temperature, there is a decrease

in ber diameter
87

Solution Surface tension Fiber diameter Decrease in ber pore size and diameter with
low surface tension

39 and 95

Solvent volatility Fiber porosity Wrapping of the capillary by bers if very fast
volatilization occurs

Solution conductivity Fiber diameter Affects the diameter uniformity
Concentration Fiber diameter Increase in ber diameter as concentration increases
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where Vc = critical voltage for electrospinning; H (cm) = spin-
ning distance; h (cm) = liquid column length; c (Dyn cm−1) =
surface tension of the spinning solution and R (cm) = spinneret
inner radius. A factor of 0.09 is combined with the equation to
estimate the critical voltage.

4.1.1. Applied voltage. The spinning voltage plays a vital
role in forming high-performance, efficient, and moderate-
diameter bers among the other processing parameters,
where a signicant increase in the voltage to an optimum or
critical value results in ber uniformity, leading to ultrathin
nanobers with the formation of Tylor cones at a critical
voltage. The critical voltage of a system varies from biopolymer
to biopolymer. With an increase in the voltage to a critical
voltage, the surface charge density of the jet increases, resulting
in ber stretching, eventually forming ultrane bers. However,
an increase in voltage beyond the critical value leads to
a phenomenon called frying, triggering a reduction in the
collection efficacy of bers37 and resulting in beads or beaded
nanober formation. Also, there is a reduction in the Taylor
cone size and increase in the jet velocity with an increase in
voltage under the same ow rate, leading to an increase in the
ber diameter together with the formation of beads or beaded
nanobers. Thus, the spinning voltage is strongly correlated
with bead formation in bers, as reported by Deitzel et al.86

using a PEO/water system.
4.1.2. Flow rate. The injection speed of the spinning solu-

tion is another imperative parameter that can be adjusted by
regulating the pumping speed. A slow spinning rate indicates
the extension in the time of the electrospinning process. In
contrast, a high feed rate leads to the formation of bers with
large diameters or even beads.37 This is attributed to the fact
that a larger solution volume is drawn out from the needle tip.
Hence, there is a dire need to maintain a critical ow rate for
a given voltage, which is essential to maintain the stability of the
Taylor cone structure. There is a decrease in the electric charge
density and an increase in electric change with a corresponding
increase in ow rate. Increasing the ow rate beyond the critical
value leads to the formation of beads and increase in the
diameter and pore size of the bers. Hence, it is always
378 | Environ. Sci.: Adv., 2023, 2, 368–396
desirable to maintain an optimal ow rate to preserve the
balance between the leaving and replaced polymer solution
during jet formation.87

4.1.3. Spinning distance. In addition to the voltage and
ow rate, the distance between the collector and the capillary
(spinning distance) plays a crucial role in the e-spun nanober
morphology given that it stimulates solidication and jet
extension and differs from biopolymer system to system. The
morphology of nanobers is easily inuenced by the spinning
distance given that it depends on the evaporation rate, deposi-
tion time, and instability interval.87 A reduction in the spinning
distance is not advantageous and favorable for solvent volatili-
zation, resulting in a decrease in the ber performance,
increase in the ber diameter, and adhesion between bers.
Alternatively, an increment in the spinning distance leads to jet
splitting and a signicant reduction in the ber diameter.88

Various studies demonstrated the effect of the spinning
distance on the nanober morphology, which substantiated
that there was a decrease in the diameter of nanober with an
increase in spinning distance, also resulting in the formation of
defective nanobers with a larger diameter was.89 In contrast,
some studies also demonstrated that no change in the nano-
ber morphology occurred with an increase or decrease in the
spinning distance, as illustrated by C. Zhang et al.90

4.1.4. Solution viscosity and concentration. The solution
concentration is one of the most exploited parameters in
manipulating the ber morphology in the e-spinning tech-
nique. Under the same operating or processing parameters,
increasing the polymer concentration increases the ber
diameter. Due to the non-linear relationship between the
solution viscosity and polymer concentration, the same non-
linear relationship exists between the ber diameter and solu-
tion viscosity. Electrospinning of the polymer/biopolymer
solution with high solution viscosity produces uniform and
continuous bers given that the solution viscosity of a polymer/
biopolymer is closely related to the polymer chain entangle-
ment. The facile entanglement of polymeric chains in high
molecular weight polymers leads to high solution viscosity and
helps the formation of uniform bers, whereas with low
© 2023 The Author(s). Published by the Royal Society of Chemistry
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molecular weight polymers, even with the same polymer
concentration, the resultant bers formed possess a beaded
morphology. With an increase in the solution concentration,
there is a gradual increase in viscosity until a concentration
specic or critical value, and further there is a considerable
increase in viscosity.85 Alternatively, the solution concentration
also affects the solution conductivity, thus inuencing the
charge density of the solution, and the solvent evaporation is
accelerated via the stretching of a polymeric jet within tens of
milliseconds (from jetting to stretching into dry bers), over-
coming the jet stretching difficulty in high molecular weight
polymers.91

Also, in some cases, the improvement in ber strength to
a certain extent neutralizes the viscosity effect, resulting in
a similar linear relationship between the ber diameter and
polymer concentration. However, although reducing the
concentration is a straightforward method to produce nano-
bers with ner dimensions, the emergence of beads and the
impediment in producing ultra-ne or nanobers with
Fig. 6 Scanning electron microscopy images of electrospun nanofibers
Copyright 2009, the American Chemical Society.

© 2023 The Author(s). Published by the Royal Society of Chemistry
a diameter of less than 100 nm with the dilution of the solution
are always a signicant challenge.

4.1.5. Effect of solution conductivity and surface tension.
When exposed to an electric eld, polymer solutions with lower
conductivity experience low tensile forces than solutions with
higher conductivity. The latter specication is advantageous for
the electrospinning process given that with higher conductivity,
there is a signicant decrease in the diameter of ber. Simul-
taneously, the application of solvents with higher viscosities
and lower surface tension values leads to the formation of
smooth nanobers. Furthermore, the addition of surfactants
lowers the surface tension, decreases the ber diameter and
enhances the ber morphology.39

4.1.6. Effects of environmental parameters. Besides the
processing parameters, the ambient conditions such as relative
humidity (RH) and temperature also play a signicant role in
controlling the ber morphology. Changes in the nanober
diameter are observed with a variation in humidity given that it
controls the phenomena of charged jet solidication and depends
on the chemical nature of the polymer or biopolymer.87 The study
at various relative humidity. Replicated with permission from ref. 94.
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reported by Pelipenko et al.92 demonstrated a change in nanober
diameter with humidity using PEO, PVA, and their blends of PEO-
chitosan and PVA-hyaluronic acid. The diameter decreased from
252 nm to 75 nm and 667 nm to 161 nm for PEO and PVA,
respectively, with an increase in humidity from 4% to 60%. There
was a signicant variation in ber diameter with blends from
231 nm to 46 nm and 231 to 46 nm for PEO-CS and PVA-HA,
respectively, when humidity was increased from 4% to 50%.

A further increase in humidity resulted in the formation of
beads with individual systems and almost no e-spinning for
blends. Temperature is another crucial parameter controlling
the ber properties by causing two contrasting effects in
changing the ber diameter. Temperature helps reduce the
solution viscosity, and simultaneously aids an increase in the
solvent evaporation rate.87 These are two opposing mecha-
nisms; however, both lead to a decrease in the mean ber
diameter, which was substantiated by De Vrieze et al.93 using
cellulose acetate and poly(vinylpyrrolidone). Low RH and
increased temperature accelerate the solvent evaporation rate,
forming thinner bers. Alternatively, a decrease in temperature
reduces the solution viscosity, facilitating the formation of
thinner bers. Hence, it is essential to reasonably regulate the
environmental conditions to achieve the optimal ber dimen-
sions and uniformity in the electrospinning technique. Fig. 6
depicts the scanning electron microscopy image of electrospun
nanobers at various relative humidity.
5. Biopolymers in wastewater
treatment

Over the last few decades, identifying a facile and cost-effective
methodology for effluent treatment has become signicant. The
present technologies for wastewater treatment, which utilize
Fig. 7 Commonly employed biopolymers in wastewater treatment.

380 | Environ. Sci.: Adv., 2023, 2, 368–396
carbonaceous materials, metal–organic frameworks, zeolites,
nanomaterials, titanium/vanadium carbides, and
polymers,10,15,96–100 induce some drawbacks despite their
enhanced prociency. This is ascribed to their non-
biocompatibility, non-biodegradability, non-retrievability, and
non-recyclability. These impediments in wastewater treatment
concerning the existing technologies can be overcome with the
introduction of biopolymers. Biopolymers have gained indus-
trial attention as an adsorbent due to their wide availability and
ability to remove contaminants from lower and higher
concentrations. The presence of amine, hydroxy, and carboxyl
functional groups in polysaccharides and polypeptides act as an
add-on to their industrial application as adsorbent membranes,
mainly for heavy metal ion adsorption.101

Natural polymers such as chitin, cellulose, starch, silk, chi-
tosan, xanthan, collagen, gelatin, and many others have domi-
nated in recent applications. The ample availability,
biodegradability, biocompatibility, and renewability of
biopolymers make them attractive in various research domains,
evidently gaining prominence in effluent treatment.9,102,103

Several studies have been performed to investigate the adsorp-
tive capture of heavy metals, dyes, pharmaceutical wastes, and
other toxins using biopolymeric systems and successfully
employed them in wastewater treatment.104 Their high surface
area and porosities are advantages for their enhanced applica-
tion and are either directly combined or reinforced using an
additive to increase their bioactivity.105 Fig. 7 illustrates the
commonly employed biopolymers in wastewater treatment and
their source of origin.

5.1. Functionalization of electrospun biopolymers

Functionalization is the most suitable strategy to alter the
selectivity, extraction efficacy, and physicochemical properties
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 5 The various functionalization strategies used in various effluent treatmentsa

Material Surface Modication
Functional
Group Effluent Qm Mechanism Isotherm Reference

Cellulose Carboxylation Carboxyl Pb2+ 81.3 Adsorption & ltration Langmuir 110
MB 76.92

CA PMMA Carboxyl Cd2+ 2.2 Adsorption-chelation — 111
Hg2+ 5.2
Cu2+ 2.7

Cellulose Citric acid Carboxyl Cu2+ 399.14 Adsorption–ion
exchange

Langmuir &
Freundlich

112

CA/
polyvinylpyrrolidone

Thioglycolic acid Sulydryl Cd2+ 34.70 Adsorption Langmuir 113
Pb2+ 30.96
Cu2+ 19.63

CS PGMA & PEI Cr2+ 138.96 Adsorption Langmuir 114
Cu2+ 69.27
Co2+ 68.31

CS/poly(ethylene
oxide)

Phosphorylated
nanocellulose

Phosphate Cd2+ 232.55 Adsorption Langmuir 115

Cellulose Cysteine Thiol Cr2+ 87.5 Adsorption Langmuir 116
Pb2+ 137.7

a CA: cellulose acetate; CS: chitosan; PEI: polyethylenimine; and PGMA: poly(glycidyl methacrylate).

Fig. 8 Schematic illustration of the different methods for the modification of electrospun nanofibers. (a) Modification technology of nanofibers. (b)
Surfacemodification of nanofibers. (c) Thin film composite nanofibermembranes. Replicatedwith permission from ref. 107. Copyright 2020, Elsevier.

© 2023 The Author(s). Published by the Royal Society of Chemistry Environ. Sci.: Adv., 2023, 2, 368–396 | 381
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of nanobers. The encapsulation of nanoparticles in electro-
spun bers to produce functional materials is amethod that has
been investigated and effectively utilized in many arenas. The
most commonly used nanober modication technologies
include co-axial electrospinning, polymer mixing and doping of
nanoparticles. Chemical modication, which includes incor-
porating different functional groups such as amino, acetyl,
benzoyl, thiol, and carboxyl and antimicrobial or antibacterial
agents, and or the addition of nano-additives has found exten-
sive application, especially in wastewater treatment to achieve
selectivity. Several antibiotics or antimicrobial agents are
incorporated in the electrospun brous mats to introduce
antimicrobial properties, thus preventing microbial infections
and contaminations by inhibiting microbial growth. Hence,
introducing nanomaterials such as silver nanoparticles, zinc
oxide, titanium dioxide, and carbon nanotubes has found
extensive application as antimicrobial agents for microbial
inhibition.106,107 Table 5 illustrates the various functionalization
strategies used in effluent treatment.

Besides antibiotics, adding immobilized bacteria to the elec-
trospun nanobrous web is another modication strategy to
prepare bio-composite membranes for wastewater treatment.
Sarioglu et al.108 introduced a bacteria-immobilized electrospun
nanobrous web of PCL, and PLA was directly added to Clav-
ibacter michiganensis cells for the removal of Setazol Blue BRF-X
textile dye. Their study also demonstrated the improvement in
removal rate with an increase in viable bacteria, and the strong
attachment of the bacteria cells made the biocomposites reus-
able. Surface modication using plasma treatment is another
excellent technique widely employed to treat electrospun
membranes before their application in water remediation. The
activation of surface groups without affecting the bulk property
of the electrospun membranes and the fact that the chemical
and physical properties of the adsorbent can be modied
considerably by varying the system variables make it applicable
in water treatment. Carbon dioxide plasma treatment is one
example, where upon the exposure of electrospun membranes to
plasma, the surface characteristics of the membrane, such as
hydrophilicity, increase, introducing a smooth surface. Upon
CO2 plasma treatment, highly negative carboxylate (COO–)
groups are formed on the membrane surface.109 The graing and
electro-spraying techniques are other modication techniques
that introduce specic properties in a membrane system. Fig. 8
presents a schematic illustration of the different methods for the
modication of electrospun nanobers including modication
technology of nanobers, surfacemodication of nanobers and
thin lm composite nanober membranes.
6. Electrospun biopolymer
membranes in wastewater treatment

The primary removal mechanism of electrospun biopolymers is
adsorptive removal, which involves either physisorption or
chemisorption based on the type of adsorbent and adsorbate
employed. The adsorptive removal efficiency of electrospun
biopolymers is due to their interconnected pore structures, high
382 | Environ. Sci.: Adv., 2023, 2, 368–396
aspect ratio, specic surface area, and tailorable properties such as
surface roughness. The removal mechanism of various effluents
and their applicability are discussed in the following sections.
6.1. Oil-ltration and adsorption mechanism

The nanobers fabricated using electrospinning technology
possess hierarchical tailorable structures, interconnected pore
structures, and high surface area, and wetting properties
(superhydrophobic/superoleophilic and superhydrophilic/
superoleophobic) by tailoring their surface roughness, making
them a suitable candidate for oil–water separation. The ltra-
tion and absorption of water or oil from an oil–water emulsion
with different densities is possible using different wettability
electrospun selective nanobers. The Laplace equation is
employed to estimate the intrusion pressure (Dp) according to
the wetting model, as follows:

Dp ¼ 2gL1L2

R
¼ lgL1L2cosqa

A
(6)

where qa = advanced membrane contact angle; a = membrane
pore circumference; R = radius of meniscus; A = membrane
pore area; and gL1L2 = surface tension.

When the preparedmembrane shows superoleophilic nature
in the air, i.e., qa z 0, the Dp of the electrospun membrane will
be less than zero, indicating that the fabricated membrane
cannot support the oil pressure, thereby spontaneously
permeating the oil under gravity and forming a stable solid/oil
interface before water contact. Thereaer, enriching the repel-
lency between the membrane and water given that oil occupies
the hierarchical structure and water resides in an opposing
state, enables the separation of heavy oil–water emulsions. In
contrast, lipophobic and superhydrophilic nanobers can
separate heavy water-oil mixtures. In this process, the polarity of
the membrane enhances the water permeability, thereby
leading to oil repulsion.117

The lipophilic and hydrophobic nature of membranes make
them excellent materials, with excellent capacity, stability, and
reusability for treating oil spillages and oil–water emulsions.
The low energy barrier is due to the compatibility of the oil
(decrease in oil contact angle and surface tension), and the
brous membrane facilitates oil penetration into the bers.
Moreover, the high specic area and porosity of e-spun bers
further improve the removal efficiency, acting as an excellent
adsorbent material for oil recovery from water. Fig. 9 illustrates
the oil–water emulsion mixture removal mechanism.

Oil spills are one of the most signicant contaminations
arising from anthropogenic and natural disasters, leading to
the liberation of petrochemical oil and massive accumulative
hazardous impacts on the coastal marine and coastline
ecosystems and soil. The results of oil spillages are disastrous in
that they can directly eliminate wildlife and microbial ecosys-
tems such as plankton due to the high oil concentration.118 Low
separation efficiency, generation of secondary pollutants,
process complication, and high energy consumption are some
drawbacks of the existing oil–water emulsion separation tech-
nology, including condensation, biological treatment, and air
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Oil–water emulsion separation mechanism.
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otation. Hence, the adsorption and ltration mechanisms
have been applied in recent years owing to their facile nature
and high removal efficiency. The existence of uniform and
interconnected nanopores in electrospun membranes over-
comes the limitation of the low ux of conventional
membranes, making them an excellent choice for a pressure-
driven removal mechanism.

A nanobrous cellulose (NFC) membrane with a uniform
and interconnected porous structure was fabricated using the
wet electrospinning technique, demonstrating a high oil
intrusion pressure and separation ux. The membrane system
was procient for oil–water separation application due to its
superoleophilic nature (WCA = 0°), outstanding chemical
stability, and separation efficacy exceeding 99% by both pres-
sure and gravity-driven oil/water separation.119 Motivated by
powder metallurgy, Jing et al.120 sintered the annealed electro-
spun membrane of poly-L-lactic acid/poly-D-lactic acid (1/1) for
30 min at 200 °C and 1 MPa. The sintering signicantly
enhanced the Young's modulus and tensile strength of the
nanober membranes from 23.7 and 0.9 MPa to 546.2 and
11.1 MPa, respectively. Another crucial factor involved in the
preparation of oil–water separation membranes is the surface
wettability, such as hydrophilic/oleophobic or hydrophobic/
lipophilic according to the Cassie–Baxter and Wenzel models.
The introduction of a rough surface with a hierarchical struc-
ture is critical for fabricating a superoleophilic surface. A hier-
archical surface-modied electrospun PLA nanober coated
with silver nanoparticles and polydopamine (PDA) demon-
strated superhydrophobicity with a water contact angle of
158.6°± 1.2° and was efficiently utilized for the separation of an
oil and water emulsion. The membrane illustrated a separation
efficiency of 98%, permeation ux of 2664.3 L/m2h and anti-
bacterial activity of 99% during gravity-driven separation.121 In
© 2023 The Author(s). Published by the Royal Society of Chemistry
all these cases, the nanobrous membranes fabricated using
electrospinning demonstrated excellent potential as oil–water
separation membranes. Nevertheless, they are presently limited
to the laboratory scale owing to the difficulty in industrial
fabrication, which hinders their large-scale applications,
opening up a new aspect for further exploration.
6.2. Microbial removal

Microorganisms such as bacteria, fungi, protozoa, worms, and
viruses, which are commonly found in wastewater, are intro-
duced in the aquatic environment, changing the color,
turbidity, and odor of the water, requiring constant vigilance,
even in well-developed countries. These pathogenic organisms
include viruses, which are more deadly than bacteria and fungi.
Accordingly, several technologies, such as nanomaterials, are
introduced in bioremediation.122 Microbes that are useful in
biotechnology and bioengineering can diminish the perfor-
mance ability of ltration membranes, spreading fatal and
infectious diseases, which have received global attention.
Bacterial pathogens such as Vibrio cholerae Escherichia coli
O157:H7, Shigella dysenteriae, Campylobacter jejuni, and bacte-
rium belonging to the Legionella genus are the most prevalent
bacteria involved in the outbreak of cholera, cryptosporidiosis,
giardiasis and gastroenteritis, respectively.123

In most cases, the average diameter of water-borne bacteria
is from 0.2 mm (E. coli size = 0.5–2.0 mm)124 to the largest cell of
the colorless sulfur bacteria Thiomargarita namibiensis, which
is ∼750 mm in diameter.125,126 Chlorination, one of the most
common techniques used for inhibiting microbial growth and
nullifying contamination, introduces chlorine in large amounts
in water systems, and thus the WHO has introduced controlled
and permitable chlorine in the water. To introduce a chlorine-
Environ. Sci.: Adv., 2023, 2, 368–396 | 383
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free system, research has been focused on the application of
antimicrobial agents, which lead to new diseases due to path-
ogenic actions. The advantages of electrospun nanobers with
large porosity, surface roughness, zeta potential, pore diameter,
and surface area make them a prominent candidate as pre-
lters in pressure-driven membrane ltration technology.127

Besides, the advantage of the facile incorporation of antiviral,
antibacterial, and bioactive agents in nanobers through the e-
spinning technique is an addition advantage.128 The two
procedures employed in removing different pathogens and
bacteria from water are adsorption and size exclusion,129 which
can be categorized as initial, principal, and supplemental.130

The initial step involves the removal of microbial pathogens
before or as they enter the treatment plant, reducing the
microbial loading in the subsequent treatment. This includes
bank ltration, micro strainers, pre-sedimentation with coag-
ulation, off-stream storage, and rough ltration. In the second
stage, which is the principal process, the microbes present in
the water are treated, removing a signicant percentage of
microbes via high-rate granular media ltration, otation, and
sedimentation. A supplemental removal stage using membrane
ltration, cartridge ltration, slow sand ltration, bag ltration,
or precoat ltration is either used as a supplemental process to
enhance the drinking water quality or as alternative to the
principal removal process.130

Marova et al.131 used electrospun nanobers of poly-
hydroxyalkanoates (PHA) and demonstrated the efficiency of
the biopolymeric system for microbial removal using Micro-
coccus luteus, Saccharomyces cerevisiae, Escherichia coli and
Bacillus subtilis. The electrospun membrane exhibited a greater
removal efficiency towards B. subtilis with approximately 90%
removal efficiency. The study demonstrated that e-spun
Fig. 10 Adsorptive removal mechanism involving heavy metal ions by e

384 | Environ. Sci.: Adv., 2023, 2, 368–396
biopolymer membranes can be efficiently utilized for the
adsorptive removal of microbes without harming the
environment.
6.3. Metal ion adsorption

Biopolymers are rich in different functional groups, exhibiting
high adsorption affinity towards heavy metals and dyes, and
are directly electrospun into nanobers for the adsorptive
removal of these contaminants from wastewater.24 The mech-
anism by which electrospun biopolymers remove heavy metal
ions and dyes from wastewater involves physisorption and
chemisorption or their combination. Physisorption involves
trapping toxic pollutants on the surface or within the pores by
intermolecular (van der Waals) or electrostatic force between
the adsorbent matrix and adsorbate. Physisorption can also
occur as a multilayer, where the adsorbate molecules adsorb on
the adsorbent system as a multilayer at a suitable temperature
and pressure. The specic surface area of the adsorbent is
a crucial parameter in determining the its physisorption
ability; hence, many studies illustrate the incorporation of
functional materials in e-spun brous membranes to increase
the adsorbent surface area.

In contrast, chemisorption or chemical adsorption involves
either the formation of stable chemical bonds between the
adsorbate and adsorbent or a redox reaction to remove effluents
from water. Hence, the surface chemical properties of adsor-
bents are one of the critical parameters to describe effective
adsorption. Functionalization or surface modication,
including incorporating functional groups or adding reducing
agents to the membrane surface via graing, is an efficient
method to incorporate specic surface properties together with
high performance and stability in the fabricated membrane.37
mploying an electrospun biopolymer.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 illustrates the adsorption and heavy metal removal
mechanism by employing an electrospun biopolymer.

Among the various removal strategies, including reverse
osmosis, chemical precipitation, ion exchange, and adsorption,
the adsorption mechanism has received considerable attention
due to its high efficiency, low cost, and facile operation. The
enhancement in the number of adsorption sites and adsorption
efficiency coupled with regeneration and recycling provides
a new opportunity to utilize electrospun biopolymer
membranes as efficient ltration membranes. Electrospun
round-shaped nanobers from a graphene oxide-reinforced
alginate biopolymer were employed to prociently remove
Pb2+ and Cu2+ ions from wastewater. The nanobers exhibited
an adsorption efficiency of 102.4 mg g−1 for Cu2+ and 386.2 mg
g−1 for Pb2+, at an optimal pH of 4–7. The adsorption followed
the pseudo-second-order model, and the adsorption removal
mechanism was found to be the chemical coordination of O2

and ion exchange.132 It was reported that PVA/protein nano-
bers employed to eradicate NSAIDs and carbamazepine
exhibited adsorption efficiency of 84.5–97.4% for a standard
mixture and 77.8–96.1% for actual wastewater under optimum
parameters of 60 min contact time, 27 °C temperature,
0.25 mg L−1 initial adsorbate concentration, pH of 5.5, and
35 mg adsorbent dosage. The adsorption interaction predomi-
nately occurred via chemisorption and followed the Freundlich
adsorption isotherm, and the maximal adsorption capability
was 31.25 to 333.33 mg g−1.133

Diethylenetriaminepentaacetic acid-modied chitosan/
polyethylene oxide nanobers fabricated by electrospinning
were employed for the adsorption of Ni2+, Pb2+, and Cu2+. The
fabricated nanobers retained their adsorption capability even
aer ve consecutive desorption–adsorption cycles and exhibi-
ted the maximum adsorption efficacy of 177, 142, and 56mg g−1

for Cu2+, Pb2+, and Ni2+, respectively. The measured thermo-
dynamic parameters, i.e., DS° DH°, and DG°, demonstrated that
the adsorption of this system was feasible, spontaneous, and
endothermic, respectively, and the adsorption studies illus-
trated that the adsorption follows monolayer adsorption, best
tting the Langmuir adsorption isotherm. The indication of the
physical nature of ion adsorption by free energy and heat of
adsorption values based on the DR and Temkin models adds to
the compatibility of an adsorbent for widespread application in
the continuous adsorption process.134 An NH2-functionalized
cellulose acetate/silica composite nanobrous membrane, effi-
caciously fabricated using a combined methodology by
employing electrospinning and sol–gel process, was analyzed
for its ability to remediate a Cr6+ ion aqueous solution. The
fabricated porous and rough membranes demonstrated
a maximum adsorption efficacy of 19.46 mg g−1 and illustrated
a BET surface area of 126.49 m2 g−1, which was much higher
than the maximum surface area of electrospun bers of 80 m2

g−1. The removal efficacy of the nanober membrane was
higher than that of hematite hollow microspheres (6.8 mg g−1),
porous polyacrylonitrile/ferrous chloride composite nanobers
(4.4 mg g−1), and a-Fe2O3 nanobers (16.17 mg g−1), which is
ascribed to its high specic surface area and surface active
sites.135
© 2023 The Author(s). Published by the Royal Society of Chemistry
6.4. Dye and pigment adsorption

Dyes can be classied as ionic or non-ionic based on their
existence in the ionic or non-ionic form in solution. The
adsorption of nonionic dyes involves chemisorption, where
a potent surface complex/ligand or chemical bond is formed
between the adsorbent surface functional groups and dye
molecules. In addition to chemisorption, the removal of ionic
dyes involves physisorption and ion exchange methods, where
an intermolecular or electrostatic bond is formed between the
cationic or anionic dye and the adsorbent via physisorption. Ion
exchange depends on the adsorbent efficacy in adsorbing the
same amount of ionic dye, while releasing ions, thus removing
dyes in water. Materials such as graphene oxide, b-cyclodextrin
(b-CD), magnetic nanoparticles, and polydopamine (PDA) have
been widely used for dye removal from water. However, the
agglomeration of these adsorbents results in less adsorption
than expected. Electrospun nanobers, as the support of these
adsorbent materials, not only decrease the agglomeration
probability, but further increase the adsorbent-specic surface
area, thereby effectually increasing the efficacy and rate of
adsorption.37

The nonwoven mesh of cellulose acetate with a ber diam-
eter ranging from 200 nm to 1 mm fabricated by electrospinning
demonstrated enhanced structure integrity coupled with
mechanical behavior on thermal treatment for 1 h at 208 °C.
The nanobrous mesh was chemically modied using alkali to
obtain a RC nanobrous mesh, which was then surface func-
tionalized with Cibacron Blue F3GA, a common affinity dye
ligand, for biomolecular separation without any considerable
reduction in mechanical properties. The resultant nanobers
with a CB content of 130 mmol g−1 demonstrated a capture
capacity of 13 and 4 mg g−1 for both bovine serum albumin and
bilirubin, respectively, illustrating regeneration and re-
utilization ability for three consecutive cycles and reported
a lower permeation ux compared to other commercially
available microlters.136
6.5. Other organic pollutants

Organic pollutants such as pharmaceutical drugs, including
antibiotics, antidepressants, antiallergens, adversely affect
living organisms. The primary removal mechanism associated
with these pollutants involves adsorptive removal, which
involves physisorption and chemisorption. In physisorption,
the adsorbate forms a physical bond with the surface groups of
the adsorbent via electrostatic interaction or intermolecular van
der Waals forces. In chemisorption, the effluents are removed
from the wastewater via a chelating ligand or by redox reaction
between the adsorbate and adsorbent surface groups.

Electrospinning technology and thermal curing were
employed to fabricate a polybenzoxazine-based cross-linked CA
nanobrous membrane with a maximum adsorption efficacy of
552 mg g−1 and removal efficacy of 92%, which are much higher
than that of the pristine cellulose acetate nanobrous
membrane towards aromatic hydrocarbon. The membrane also
demonstrated a superior Young's modulus of 213.87 ±

30.79 MPa and tensile strength of 8.64 ± 0.63 MPa.137 The
Environ. Sci.: Adv., 2023, 2, 368–396 | 385
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electrospun chitosan/polyethylene oxide (PEO) nanober was
applied for the removal of the anti-inammatory drug
ibuprofen under the optimized processing parameters of
voltage (12–17 kV) and ow rate (0.6 mL h−1), where 70% of the
initial drug concentration was removed with 25 g of nanobers
aer 20 min. The adsorption obeyed the Freundlich and
pseudo-second-order models and illustrated an equilibrium
adsorption capacity of 141.21 under the optimum pH of 4–5.138

The electrospun nanobers fabricated using PEO/
carboxymethyl chitosan was used to eliminate uoxetine,139

which revealed the probable chemisorption mechanism with
electrostatic bonding for the nanober. The fabricated protein/
PVA nanobers via electrospinning from a blend of PVA and
protein extracted from Moringa stenopetala seeds with a diam-
eter of 232.87± 59.35 nm under optimum parameters including
voltage of 5 kV, ow rate of 5 mL min−1 and spinning distance of
12.5 cm exhibited thermal stability up to 170 °C, making them
a favorable candidate for effluent removal.140

Table 6 presents a summary of different electrospun nano-
bers for the treatment of various effluents, their removal
mechanism, maximum adsorption efficacy, modeling, removal
efficacy, equilibrium adsorption capability, and properties.
7. Engineered electrospun
membranes for effluent removal

Various fascinating topologies can be fabricated by either
tuning the electrospinning parameters, tuning the polymer
composition, and conducting post-treatment or designing
numerous collectors and spinnerets. According to the logical
relationship, the topologies are categorized into (1) individual
electrospun nanomaterials with various surface or inner
morphologies, (2) hybrid electrospun nanomaterials by inte-
grating functional components or nanomaterials into indi-
vidual topologies, and (3) assemblies, which are electrospun
hierarchical structures congregated from individuals and/or
hybrids, and further each category is divided into several
clusters.84
7.1. Core-shell and hollow nanobers

Compared with conventional e-spun nanobers, the synergistic
advantage of the shell and core material geometry of core–shell
nanobers, exhibiting enhanced properties, makes them more
efficient. Inspired by the production of microcapsules from
a coaxial jet proposed by Loscertales et al.143 in 2002, two
coaxially arranged spinnerets were used to fabricate continuous
core–shell nanobers. This introduced the fabrication of
complex internal structured multi-channel nanobers. Core-
shell nanobers can also be produced directly from a homoge-
neous polymer solution with a single needle according to the
phase separation principle, as illustrated by Zhang et al.144

However, handling more groups of solution and the difficulties
in solving the interaction between uids hinder the application
of these spinning methods, which can be overcome by intro-
ducing practical design for spinnerets. The three-spinneret e-
spun device designed by Jiang et al.145 solved the uid
388 | Environ. Sci.: Adv., 2023, 2, 368–396
interactions by introducing an inert uid in the intermediate
spinneret, producing distinct core–shell nanobers. Due to the
improvement in mechanical properties with a core–shell
nanober geometry, they have been introduced in industrial
wastewater treatment applications. Ma et al.146 fabricated core–
shell-structured cellulose acetate–polycaprolactone/chitosan
(CA–PCL/CS) nanobers via the coaxial electrospinning tech-
nique with a core-to-shell ratio of 0.442 to eliminate Cr(VI) with
a maximum removal efficiency of 126mg g−1 at room temper-
ature. The adsorption kinetics illustrated the mechanism of
chemisorption with possible transferring, sharing, or exchange
of electrons with the adsorbate and adsorbent.

The fabrication of hollow nanobers involves the application
of two concentrically aligned spinnerets to introduce a hollow
geometry. Hollow nanober membranes have the advantages of
a high aspect ratio, capability of self-support, and higher
packing density compared to other at sheet membranes and
are cost-effective for industrial applications.147

7.2. Porous membranes

By controlling the environmental parameters such as tempera-
ture and relative humidity (controlling the solvent evaporation
rate helps in regulating the pore size), the fabrication of porous
bers is possible to induce phase separation via the electro-
spinning process. When the relative humidity exceeds 30%, the
generation of pores on the ber surfaces with a non-uniform
pore size distribution was illustrated by Casper et al.148 Post-
processing treatments such as surface modication or func-
tionalization can also introduce pores in a mixed polymer
system, making them an excellent candidate for the selective
and adsorptive removal of effluents with an increase in the
number of active sites and surface area. The selective evapora-
tion of the solvent phase via supercritical drying is another
method to form amesoporousmembrane structure. A cryogenic
liquid bath followed by subsequent vacuum drying induces the
formation of a porous structure given that immersing the bers
in a cryogenic liquid freezes the solvent islands formed in the
bers due to phase separation.84 The fabrication of a macro-
level 3-D polymer network was possible using the electro-
spinning process, where the micro-cage, a particular type of
porous structure, was connected by bers, unlike the micro-
cage solid cores prepared via polymer emulsion. The micro-
cage was formed due to the difference in the evaporation rate
of the solvents via the e-spinning of a polymer blend emulsion
with phase separation.149

7.3. Aligned nanobers

Aligned or uniform and highly oriented nanobers fabricated
using the electrospinning process have attracted signicant
attention for wastewater treatment. Uniaxially aligned nano-
bers can be collected either by introducing a gap in the
conventional collectors to introduce parallelly arranged bers
or by specically designed collectors such as drum collectors.
To annihilate the impediments in the large-scale fabrication of
aligned bers, Yang et al.150 introduced twomagnets in the plate
collector and used the magnetic eld to drive the preparation of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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large-area polymer nanobers. In contrast, Liu et al.151 prepared
ordered, aligned straight and wavy nanobers with unique
wetting properties, enhanced separation ux and antifouling
properties by introducing two magnets in the collector region of
the traditional collector plate, enabling their application in
wastewater treatment.
7.4. Hybrid nanobers

Hybrid nanobers or nanobrous membranes prepared via
electrospinning have received great attention over the past
decades owing to their properties and facile fabrication tech-
niques. Co-polymerization and blending are two methods
involved in forming hybrid nanobers, incorporating syner-
gistic properties in the brous system. Besides the co-
polymerization and blending techniques, composite fabrica-
tion via electrospinning have also gotten attention in waste-
water treatment. Gopi et al.152 successfully demonstrated the
application of electrospun hybrid nanobers by incorporating
chitosan nano-whiskers in a polymer matrix. The incorpora-
tion of chitosan nano-whiskers introduced thermal stability,
permeation ux, and enhanced oil–water removal efficiency.
Moreover, Gopi et al.,153 in another study, demonstrated the
application and efficiency of the same hybrid system for the
removal of indigo carmine. Their study also disclosed that this
system can be applied for the adsorption of various viruses,
hormones, and proteins.
8. Regeneration and reutilization of
electrospun fibers

The regeneration process encompasses the recovery and recy-
cling of used nanobrous bio-adsorbents to ascertain the
reutilizing efficiency of the adsorbent over a sequence of
adsorption cycles. Various biological, chemical and physical
methodologies are used to regenerate the utilized biosorbents.
The type, nature, processing feasibility, and efficiency of the
adsorbent–adsorbate system determine the appropriate strategy
for regeneration. Generally, chemical processes mainly
involving alkali and acid reagents are the most efficient and
commonly employed techniques due to their simplicity and
cost-effectiveness.154 Various chemicals such as sodium
hydroxide, hydrochloric acid, and nitric acid are used to
understand the regenerating and recycling ability of the
adsorbent via desorption studies. Biological treatment was
found to demonstrate an improvised recycling ability than the
chemical process.

Fabricated electrospun cellulose acetate mesh nanobers,
aer the adsorption of bilirubin and bovine serum albumin,
were regenerated with 0.1 M sodium hydroxide in a 1 : 4
ethanol–water mixture for 24 h and were reutilized for adsorp-
tion in three consecutive cycles.136 Acid-modied chitosan/
polyethylene oxide was treated with 0.01 M HCl, leading to
the repulsion between metal ions and –COO and –NH2 groups
due to the protonation of the COO and –NH2 groups. The
treatment of the nanobers with NaOH solution neutralized the
excess acid, activating the surface groups and leading to
© 2023 The Author(s). Published by the Royal Society of Chemistry
effective adsorption and successful re-utilization for ve
consecutive adsorption–desorption cycles. However, the reduc-
tion in the number of active sites with adsorption caused
a decrease in the adsorption efficacy by 12%, 20%, and 17% for
Ni2+, Pb2+, and Cu2+ ions aer ve cycles, respectively.134 The
carboxyl-functionalized cellulose acetate, aer utilization for
adsorptive removal, could be quickly recovered by metal ion
desorption using a saturated ethylenedinitrilotetraacetic acid
solution and could be reutilized for metal ion adsorption,
providing economic sustainability and enabling the recycla-
bility of the adsorbent system.111

Regeneration and recycling ability are important parameters,
which ensure the application of electrospun biopolymers,
enabling a circular economy. The applicability and ability of the
system can also be determined by analyzing the regeneration
and reutilization via adsorption–desorption cycles. Improvisa-
tion in electrospun biopolymer properties via surface modi-
cation and functionalization leads to more active sites by
opening the closed pores, leading to an increase in removal
capacity and mechanical properties.
9. Biodegradation kinetics

Biodegradation plays a crucial role in comprehending the long-
term performance of biosorbents given that the information of
the adsorbent aer its application in effluent removal acts as
a driving element in their treatment, where the characteristics
of the system and the kinetics of cell growth/hydrolysis play
a crucial role. Biopolymers are commonly disposed of in the
natural environment without any secondary treatment. This is
followed by their degradation by the direct action of microbes,
which includes biodeterioration, depolymerization, assimila-
tion, and mineralization, as shown in Fig. 11.

Michaelis–Menten proposed zero-order, rst-order, half-
order and mixed-order models to describe the biodegradation
kinetics in soil by tting the theoretical data. Eqn (7) shows the
theoretical approach in the power rate model with time t, rate
constant k and concentration of substrate C.

�dC
dt

¼ kCn (7)

where n = tting parameter.
This model can accept substrate–disappearance curves by

changing n and k until a good t is achieved. According to eqn
(7), it is noticeable that k is proportional to the power of C. The
model obeys rst-order kinetics when n = 1 and is generally
used in the same form.

The kinetics of cell growth by Monod can be used to
understand the microbial degradation kinetics of organic
matters and is written as follows:

m ¼ mmaxS

Ks þ S
(8)

where mmax = maximum specic growth rate; Ks = constant,
which signies the concentration of the substrate when the
growth rate is half-reaction; S = substrate concentration; and m

= specic growth rate of bacteria.
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Fig. 11 Illustration of the biodegradation mechanism by the direct action of microbes.
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10. Industrial-scale application and
challenges

The application of electrospunmembranes has changed the realm
of nanotechnology with their applicability in wastewater treat-
ment, and the advanced properties and ease of the fabrication of
membranes with desired characteristics are added advantages.
The exibility in the fabrication of nanobers by blending, electro-
spraying, or other post-treatments such as graing, plasma treat-
ment, and chemical and physical vapor deposition techniques
enhances their application in effluent treatment due to their
tunable properties. The introduction of biopolymers in electro-
spinning is benecial for the fabrication of more biocompatible,
biodegradable, and non-toxic nanobrous membranes with effi-
cient tunable properties and functionalities. However, although
many techniques are used to improve the properties of electro-
spun biopolymer membranes, there is still room for improvement
in their large-scale applicability and production. Although large-
scale manufacturing techniques involving needless and multi-
nozzle electrospinning techniques are available, by increasing
the rapidity, the bers formed are not always homogeneous.
Hence, more studies are required to improve the large-scale
production of electrospun biopolymer membranes with homoge-
nous properties and uniformity. Self-cleaning membranes with
anti-wetting and anti-fouling properties are another area that
needs direct attention, together with membranes with enhanced
mechanical properties with long-term stability and recyclability,
which can sustain the force induced by laminar ow.155

Alternatively, the material specicity is a factor that needs
attention in wastewater treatment, which hinders the large-
scale applicability of biopolymers on an industrial scale. The
non-enzymatic hydrolysis of bio-polyesters such as PCL releases
microplastic into the marine ecosystem much faster than
conventional polymers, causing secondary pollution and
390 | Environ. Sci.: Adv., 2023, 2, 368–396
impeding the application of biopolymers.24 Hence, more
research is required in the case of electrospun biopolymers for
their vast and efficient applicability on an industrial scale.
11. Conclusion and future outlook

The upsurge in population growth and the sophisticated living
standards together with the augmentation in industrial
production have resulted in the discharge of various toxic
entities directly into the ecosystem without proper treatment
channels. In this context, efficient systems that are facile and
simple to fabricate, and simultaneously cause no secondary
harmful effects are necessary, and substantially eliminating
toxins is a great concern. Although various efficacious meth-
odologies and material systems have been introduced for
competent toxin removal, the biodegradation of the system
coupled with biocompatible properties is a prime concern.
Among the diverse materials, biopolymers have received global
consideration in wastewater treatment due to their biodegrad-
ability, renewability, ample availability, and facile accessibility.

Electrospinning is a facile and straightforward fabrication
technology that endows the fabricated nanostructured geometry
with enhanced structural properties, performance, and efficacy,
emerging as a new attribute of nanotechnology. The introduction
of biopolymers, which are biodegradable and biocompatible, in
electrospinning technology, has presented a new strategy to
effectually fabricate nanobers with enhanced surface area,
porosity, and functionalization. The current challenges of intro-
ducing the property of specicity in an adsorbent for a particular
toxin can be overcome by employing the electrospinning tech-
nique because it facilitates the fabrication of composites. More-
over, bers made from biopolymers tend to have biodegradation
capability and can be easily retrieved, regenerated, and reutilized
more successfully than conventional polymers.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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The present review highlighted the application of electro-
spun biopolymeric systems to eliminate perilous and fatal tox-
icogenic matter from water. The toxic adverse effects of various
pollutants on terrestrial and aquatic ora and fauna and the
application of biopolymers electrospun biopolymers in effluent
treatment were discussed. Biopolymers have attracted tremen-
dous attention over the past decades from diverse research
domains due to their biocompatibility and biodegradability.
The deductions from numerous studies substantiated that
biopolymers are promising adsorbents and occulants with
high efficiency for the removal of harmful waste materials from
water. However, the large-scale industrial application of elec-
trospun biopolymers requires more research to understand the
capability of electrospun biopolymer membranes in water
treatment. Furthermore, although biopolymers have been
effectively employed as ltration membranes or adsorbent
materials in multifarious effluent systems, few articles investi-
gated the fabrication of biopolymer nanobers via electro-
spinning for the removal of various toxins.

Moreover, no article explored the applicability of these
materials aer their usage and their biodegradation analysis
under a natural atmosphere. The discussion on the degradation
kinetics of electrospun biopolymeric materials opens up a new
path to their comprehensive understanding. However, a thor-
ough and comprehensive analysis is still necessary to determine
the complete potential of electrospun biopolymeric systems for
wastewater treatment beyond the present-day perception.
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