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Removal of metal ions using Chitosan based electro spun nanofibers: A review
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Chitosan is a promising environmentally-friendly polymer with a wide range of applications in biological, medical and water treatment fields. Recent
research in chitosan-based electro spun nanofibers has led to the very cost-effective and efficient removal of toxic metal ions from solutions that
are extremely important in today’s pollution-ridden world. Nanofiber fabrication of chitosan blends can easily be done by the novel electrospinning
technique. Because of their high adsorption capability, metal chelation ability, nontoxicity, biocompatibility, biodegradability, hydrophilicity,
and cost effectiveness, chitosan-based nanofibers have seen rapid growth in water treatment applications. This review outlines the ability of
electrospinning produced chitosan-based nanofibers to remove toxic metals. The primary goal of this review is to provide current information on
various chitosan blend nanofibers that may be useful in water purification, as well as to encourage further research in this area.
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1. Introduction

Chitosan is a novel biomolecule which is biodegradable and bio-compatible. This polysaccharide is obtained by
the deacetylation of chitin which is the major constituent of the exoskeleton of water-borne crustaceans [1]. Chitosan
is a versatile and promising biomaterial [2]. The cationic nature of this polymer has attracted interest for a number of
purposes and is the only abundant aminated polysaccharides which are available [3–6]. Chitosan is theN -deacetylated
derivative of chitin, but this N -deacetylation is never complete. A rigid nomenclature with regards to the degree of
N -deacetylation has not been defined between chitin and chitosan. About 6.89 % of nitrogen is present in chitin
and chitosan this is the reason why these materials are used as a chelating agent and have many commercial applica-
tions [7, 8]. Consequently, chitosan has attracted tremendous attention for the creation of novel functional materials
and potentially important renewable agricultural resource, and has been widely applied in the fields of agriculture,
medicine, pharmaceuticals, cosmetic, food industries, environmental protection, and biotechnology (see Fig. 1). Re-
cently [9], the chitosan backbone has had an increased capacity of adsorption due to the presence of a large number of
amine groups [10–12].

Several physical and chemical methods have been used to modify raw flaked chitosan [13, 14]. Physical modifi-
cations may increase the sorption properties; gel formation decreases the crystallinity of the sorbent and involves in
an expansion of the porous network [15]. Chemical modifications also offer a wide spectrum of tools to enhance the
sorption properties of chitosan for metals. Both hydroxyl and amine groups of chitosan can be chemically modified.
They may increase the chemical stability of the sorbent in acidic media but decreases the solubility in most mineral
and organic acids. They also increase its resistance to biochemical and microbiological degradation [13, 16]. The
physical and mechanical properties can be improved by cross-linking with glutaraldehyde [17–19], sulfuric acid [20],
epoxides [21] and di-aldehyde starch [22]. Glutaraldehyde has been frequently used to cross-link chitosan. To stabilize
the crosslinking of the chitosan in acidic solutions, a Schiff’s base reaction between aldehyde groups of glutaralde-
hyde and some amine groups of chitosan were commonly used. It has been noted that cross-linking may reduce the
adsorption capacity; it enhances the resistance of chitosan against acid, alkali and chemicals. The chemically modified
chitosan has a great future and its development is practically limitless.

1.1. Electrospinning

For the fabrication of submicron-sized polymer nanofibers ranging from 5 to 500 nm, electrospinning has been
recognized as an effective technique. The nanofibers thus formed from the electrospinning process may be 100 times
smaller than those prepared by traditional methods of solution or melt spinning [23]. The uniaxial stretching of a
viscoelastic solution is used for the preparation of nanofibers through electrospinning. The principles of electrospin-
ning and the different parameters that affect the processes have to be considered to understand and appreciate the
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FIG. 1. Applications of chitosan

process which enables the formation of various nanofiber assemblies. For the solidification of the solution, electro-
spinning makes use of electrostatic forces [24]. An electric field is applied between the collector and the capillary
end so that surface charge is induced on a polymeric fluid, deforming a spherical pendant droplet to a conical shape
in an electrospinning process [25]. The charged fluid jet is ejected from the tip of the conical protrusion commonly
referred to as Taylor cone. When the electric field surpasses a threshold value, the electrostatic repulsion forces of
the surface charges overcome the surface tension and then the charge density on the jet interacts with the external
field to produce instability. Large surface charge densities enhance a whipping mode rather than axisymmetric mode.
Bending of the jet produces a highly stretched polymeric fiber with simultaneous rapid evaporation of the solvent. The
main advantage of the electrospinning nano-manufacturing process is that it is cost effective compared to that of most
bottom-up methods. The nanofibers prepared from an electrospinning process are often uniform and continuous and
do not require expensive purification, unlike sub-micrometer diameter whiskers, inorganic nanorods, and composite
material reinforcement [26].

1.2. Electrospinning arrangement

A high voltage supplier, a capillary tube with a needle and a collecting screen are the three main components of
a typical electrospinning setup [27]. Fig. 2 shows a typical electrospinning setup. A 6 kV applied voltage is required
for initiation of the electrospinning process. The collector and the syringe needle are kept at the proper distance
one from the other. Metallic plates, aluminum foils and rotating drums can be used as target for the collection of
nanofibers during the electrospinning process. The potential difference enables the surface tension to be overcome
by the electrostatic forces of the polymeric solution ejected from the needle tip and the so called “Taylor cone”
configuration [28]. This process shapes the polymeric solution into a jet of charged fluid that is electrostatically
attracted by the collector. The solvent evaporates during this transit from the needle to the collector, allowing for the
accumulation of dry fibers on it. It is possible to run the electrospinning process at a lower applied voltage when a
grounded target is introduced nearer to the spinneret [29]. The widely used spinnerets included clip spinneret, tube-
less spinneret, co-axial spinneret, and heating spinneret. Co-axial electrospinning can be used to produce materials
having low spin ability [30] and by using multi jet spinneret, materials can be electro spun at low voltages [31].

1.3. Adverse effects of heavy metals

Ground water pollution originating from both natural and anthropogenic sources presents a serious threat to the
environment. Natural pollution sources include mineral and metallic deposits in sedimentary rocks and the release by
soil of various metal ions into the environment. Man-made activities like mining, plating, glass making, ceramics, and
battery manufacturing also lead to a great increase in heavy metal contamination in water, causing an ongoing risk to
the biosphere [32]. Metals such as arsenic, chromium, copper, iron, lead, mercury, nickel and zinc, which have high
toxicities and non-biodegradable properties, pose problems to both the environment and living organisms [33, 34].
Heavy metals pollutants in water are always an issue, because they can cause serious ailments such as dehydration,
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FIG. 2. Electrospinning arrangement (a) vertical; (b) horizontal [27]

stomach ache, nausea, and dizziness, lack of coordination in muscles, destruction of the nervous systems of young chil-
dren, lung irritation, eye irritation, skin rashes, vomiting, lung insufficiency, and liver damage [35–37]. Many methods
such as adsorption, electroplating, ion exchange, membrane separation, precipitation are being used to remove the ions
of these metals from aqueous effluents [38–42]. Among these, adsorption is commonly regarded as an effective and
economical method for wastewater treatment. Various types of adsorbents such as activated carbons [43–45], chitosan/
natural zeolites [46, 47], biosorbents [48–50], and chelating materials [51, 52] have been studied for the adsorption of
metal ions from aqueous solutions. The adsorption properties of these adsorbents depend on the functional groups
present on their surface. An adsorbent containing nitrogen-based ligands such as, amino, amidoxime, imidazole, and
hydrazine groups was effective in forming complexes with metal ions [53–57].

In this work, the removal of metals like chromium, lead, copper, cadmium, thorium, uranium, mercury, nickel
and arsenic from waste water by electro-spun nanofibers of chitosan, chitosan blends and modified chitosan were
discussed.

2. Removal of metal ions

Heavy metal ions released into different water resources, are poisonous, carcinogenic, and pose a potential risk
to human health and the atmosphere. Adsorption is one of the most effective techniques for removing heavy metal
ions from aqueous solutions. Different kinds of adsorbents have been used to remove metal ions from various aqueous
solutions, including activated charcoal, oxide crystals (ferric oxide, titanium oxide, cerium oxide, aluminium oxide,
manganese oxide etc.), polymer fabrics, resins, and bio sorbents. In recent years, different natural fibers have drawn
great interest as an adsorbent to remove heavy metal ions from wastewater due to their comparatively large exterior
unique surface area. Metal ions in aqueous solutions can be transferred to the surface of the adsorbent by diffusion or
convection, and then become bound to the surfaces due to various physical or chemical interactions between the metal
ions and the adsorbent’s surface functional groups. The formation of surface complexes, ion exchange, and chelation
have all been proposed as effective adsorption mechanisms for heavy metal ions on various adsorbents. The amino
group on an adsorbent, in particular, has been discovered to be one of the most important chelating groups for heavy
metal ion adsorption. As a result, chitosan nanofibers produced via electrospinning with high adsorption potential for
extracting heavy metal ions have piqued interest [58, 59].

Yunpeng Huang et al. analyzed the heavy metal removal by electro-spun fibrous membrane, its mechanism and
adsorption kinetics. The efficiency can be improved by surface group functionalization incorporation of nanoparticles.
Electro-spun fibrous membranes outperform conventional adsorbents in a variety of ways, including higher permeation
flux, lower pressure drops, flexible component adjustment, and multi-target adsorption [60]. Lei Zhang, et al. exam-
ined the various factors such as pH, temperature, adsorbent dosage, contact time, and co-existing ions, which plays a
key role in the metal removal. They also studied the adsorption kinetics, adsorption mechanism and furthermore, a
response surface approach was used to optimize the process parameters of heavy metal adsorption by modified chi-
tosan. Modified chitosan regeneration has received a lot of attention and several dynamic adsorption experiments have
also been described [61]. Xin Rui, et al. investigated the role of electro-spun nanofibrous membranes in wastewater
treatment. One of the primary issues associated is that the membrane with a nonwoven nanofibrous structure has very
weak mechanical properties, which could limit its use in wastewater treatment. Different strategies and methodologies
were investigated and discussed in this work, to improve the mechanical characteristics of nanofibrous membrane and
ensuring the membrane’s recyclability and reusability during the adsorption process [62]. Dhanush Gandavadi, et al.
discussed in their work about bio-based nanofibers and their application in waste water treatment. They highlighted
the use of biomaterials due to their ready availability, environmental friendliness aspects and resource efficiency. They
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also discussed various strategies like functionalization, incorporation of other natural and synthetic materials to im-
prove the efficiency of nanofibers, which facilitates enhanced adsorption and the potential for removing heavy metal
ions, dyes, and other contaminants polluting the environment [63].

2.1. Chromium

Chromium has been widely used in the pesticide industry, metallurgy, photography, corrosion control application,
metal finishing, steel manufacture, paint formulations, leather industry, varnishes, dye industry, and textile industry,
among others [64–66]. Chromium exists mainly in three oxidation states viz +2, +3 & +6 [67]. Among the different
states, Cr[VI] is the most toxic one [68,69]. The presence of chromium in water is a serious threat to the human life and
may cause severe health problems [70]. Different methods are used for the removal of chromium [VI] from aqueous
solutions and these may include chemical precipitation, membrane filtration, ion exchange, and reverse osmosis [71,
72]. The production of large volumes of waste, requirement of high energy inputs, and high operating costs were some
negative aspects of these methods [73, 74]. Among the various techniques, adsorption is a very effective one which
offers high efficiency, low cost, operational simplicity, versatility and the availability of a wide range of chemically
and thermally stable adsorbents [75, 76]. This method also has a broad applicability in water pollution control.

H. Behesthi et al. prepared, chitosan /multi-walled carbon nanotubes (MWCNT)/ Fe3O4 nanofiber for the effec-
tive removal of Cr(VI) from aqueous solutions. Chitosan powder is mixed with aqueous solution of 0.5 M acetic acid
for 24 hours at 300 ◦C using a magnetic stirrer. The prepared MWCNT/Fe3O4 composite is stirred with the chitosan
solution at room temperature for 6 hours. This composite solution is electro-spun to obtain a chitosan composite
nanofiber. From the TEM image, it was clear that the nanofiber formed has a coaxial nanocable structure that had di-
ameters of ∼10 – 15 nm. The adsorption capacity of this nanofiber depends on the concentration of MWCNT/Fe3O4,
pH, temperature and time. The maximum adsorption of Cr[VI] ions has been occurred at a pH of 2, temperature
45 ◦C and at an equilibrium time of 30 minutes. Kinetic studies show that the reaction follows a pseudo second order
model. One of the advantages that can be pointed out is that the chitosan/MWCNTs/ Fe3O4 nanofibers can be reused
without any frequent loss in adsorption [77]. G. Kummer, et al. prepared novel nanofiber materials composed of chi-
tosan/nylon 6 by the force spinning method using formic acid as the solvent and it was used for the effective removal
of chromium [VI] ions from aqueous solutions. The maximum adsorption capacity was 23.9 mg/g. The kinetic studies
shows that the reaction follows a pseudo second order model and the equilibrium isotherms best fit to the Langmuir
model. The thermodynamic studies show that the adsorption was spontaneous, endothermic and favorable [78].

Liang Ma et al. developed core-shell-structured cellulose acetate-polycaprolactone/chitosan [CA–PCL/CS] nano-
fibers using coaxial electrospinning and reported an excellent removal performance of hexavalent chromium [Cr[VI]].
10 g of chitosan was added to N, N-dimethylacetamide or acetone to obtain 10 % solution. 1 % cellulose acetate &
15 % poly caprolactone were dissolved in the formic acid or acetic acid by blending the solvent system to obtain poly-
caprolactone/cellulose acetatecomposite solution. The desired nanofiber cellulose acetate-polycaprolactone/chitosan
as the shell components and chitosan as core were fabricated via coaxial electrospinning. It was noticed that the core
shell structured fibers possess higher adsorption capability and good durability in acidic environment and also reported
that CA–PCL/CS fibers with core-to-shell ratio of 0.442 have a maximum adsorption capability of 126 mg/g at room
temperature. It is reported that it have a significant role in the adsorption of chromium [79].

Lei Li et al. reported the effective removal of chromium using chitosan nanofibers. Chitosan nanofibers were
prepared using 90 % acetic acid as the solvent by electrospinning. The 75 nm diameter chitosan nanofibers were
cross-linked by glutaraldehyde vapor to minimize the material’s solubility in aqueous solutions, and thus, the formed
cross-linked chitosan nanofibers were good adsorbents of hexavalent chromium directly from aqueous samples The
results showed a maximum adsorption capacity of about 131.58 mg/g, which was more than double that of chitosan
powder. It was also found that the adsorption is due to the presence of amino and the hydroxyl groups present in the
chitosan [80].

Ehsan Bahmani et al. prepared the chitosan-grafted-poly [N-vinylcaprolactam][chitosan-g-PNVCL] nanofibers
via electrospinning. ZIF-8 metal-organic frameworks nanoparticles were incorporated into the nanofibers for the
adsorption of Cr[VI] from water. The scanning electron microscope (SEM) image indicated an average particle size
of 65 nm was fabricated for ZIF-8 metal organic frame works. The SEM image of the prepared nanofiber with shows
an average diameter of 235 nm. The effect of parameters on the Cr[VI] removal was studied. It is also found out that
the synthesized nanofibers could be reused fora maximum of five sorption-desorption cycles.

The maximum experimental adsorption capacity of the chitosan-g-PNVCL/ZIF-8 nanofibers for Cr[VI] was
269.2 mg/g under ZIF-8 concentration of 3 wt. %, adsorbent dosage of 0.5 g/L, pH of 3, equilibrium times of 30 min,
and temperature of 25 ◦C.
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A pseudo first order and Langmuir adsorption model was used to match the kinetic and equilibrium data of
chromium adsorption. The obtained results showed that the prepared nanofiber loaded with ZIF-8 had a high capacity
for the removal of heavy metals [81].

Eryun Yan et al. synthesized the magnetic Fe3O4 containing polyvinyl alcohol/chitosan [Fe3O4@PVA/CS] com-
posite nanofibers via the electrospinning method and characterized by scanning electron microscope [SEM], transmis-
sion electron microscope [TEM], vibrating sample magnetometer [VSM] and Fourier transform infrared [FT-IR]. The
prepared composite nanofibers were used as a novel adsorbent for removing toxic chromium [VI] from the aqueous
solution. The doping of Fe3O4 nanoparticles [NPs] into the fibers had made a good effect on the absorption for Cr(VI)
ions under both neutral and acidic conditions, and the saturated adsorption reached the maximum when pH was 3.0.
The kinetics of Cr(VI) removal by the prepared composite nanofibers follows the pseudo-first-order model [82]. The
possible adsorption mechanism is shown in Fig. 3.

FIG. 3. The possible adsorption mechanism schematic diagram between Cr(VI) and the magnetic
Fe3O4@PVA/CS composite nanofibers (Under neutral and acidic conditions) [82]

2.2. Lead

A major concern to the public health is the presence of heavy metal ions in water [83, 84]. The main source of
lead is the waste water from battery manufacturing factories. The industrial waste water containing lead ions is always
a threat to the ecosystem. Evidence has shown that excess lead ions can cause a harmful effect both on ecological
environment and human health [85–87]. Exposure resulting in acute lead poisoning may cause severe damage to the
kidneys, liver, brain, and nervous system, and in addition, may induce sterility, abortion, and neonatal death [88]. From
the previous studies, it is proved that adsorption process, due to its low cost and high efficiency is the most popular
method for the removal of heavy metal ions [89,90]. As the nanofibrous adsorbent prepared by electrospinning process
have high surface area and porosity, they have been widely used in adsorption of lead [91–97].

Adib Razzaz et al. prepared the chitosan/TiO2 nanofiber by two different techniques – coating method and en-
trapped method. The adsorbing capacity of the nanofibers for the removal of Pb [II] was found to be 526.5 mg/g for
the entrapping method and 475.5 mg/g for the coating method. It was also studied to determine if the chitosan/TiO2

nanofibers prepared by the entrapped method could be reused frequently without significant loss in adsorption perfor-
mance after five adsorption/desorption cycles. Fig. 4 depicts the SEM images of chitosan/ TiO2 SEM images. The
kinetic and equilibrium studies had shown that it follows a pseudo first order kinetics and Redlich – Peterson isotherm
model [98].

R. M. N Thumbi et al. proved that the Pb(II) removal by chitosan blend polyacrylamide nanofibers was accom-
plished without any additional synthetic modifications. They prepared the chitosan polyacrylamide blend solution
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FIG. 4. SEM images of (a) chitosan; (b) chitosan/TiO2 2 wt.%; (c) chitosan/TiO2 4 wt.% and
(d) TiO2 coated chitosan nanofibers [98]

by electrospinning method. The synthes is used aqueous solution of 0.52 M acetic acid. The resultant nanofibers
were crosslinked using glutaraldehyde as shown in Fig. 5. Parameters like different concentrations of acetic acid were
taken for the optimization of the electrospinning parameters. The resulting solution is passed through the syringe to
produce the electro-spun chitosan based nanofibers. The study reports show that the adsorption capacity for Pb was
56.54 mg/g. The Freundlich isotherms explain the theory better than Langmuir. The resultant nanofibers were applied
in the purification of both contaminated pond water and pulp waste. It was noticed that nanofiber prepared have re-
moval efficiency of 100 % in pond water; and 97.2 % in pulp wastewater. The regeneration efficiencies [recovery %]
were 64 % and 72 % respectively [99].

Yan Li et al. prepared a novel and highly efficient lead ion-imprinted adsorbent of chitosan nanofiber mats. The
electrospinning solution of chitosan with the lead chloride was prepared using trifluoroacetic acid (TFA)/CH2Cl2
as the solvent. The nanofiber formed was crosslinked with glutaraldehyde. The results shows that the maximum
adsorption for Pb[II] ions was 577 mg/g, which is five times more than that of the common chitosan-based adsorbents.
The kinetic study proves that the adsorption of Pb[II] ions follows a pseudo-second-order model [100].

Dong Wang et al. prepared a composite nanofibrous films using electrospinning technique and they modified the
film by loading cellulose nanocrystals (CNC). The adsorption capacity of the films was studied by changing the CNC
loading level, solution pH, and adsorption time. The results showed that the adsorption of lead ions by the films was
the best with CNC loading level of 5 wt.%, pH of 6, and adsorption time of 4 h. The adsorption behavior of the
films was agreed with the Freundlich model. The adsorption equation of metal ions could be described while using
a pseudo-second order model. The maximum adsorption capacity of Pb[II] ions was estimated as 323.49 mg/g. The
Pb[II] ion adsorption efficiency of the films after 4 adsorption-desorption cycles was 90.21 % [101].

Hossein Hadi et al. developed a novel electro-spun chitosan/graphene oxide [GO] nanofibrous adsorbent by
electrospinning process. The adsorption behaviors of Pb2+ from aqueous solutions using chitosan/GO nanofibers
were investigated. Kinetic and equilibrium studies showed that the experimental data of Pb2+ was best fitted with
double-exponential model and Redlich – Peterson isotherm models. The maximum monolayer adsorption capacity of
Pb2+ ions using chitosan/GO nanofibers was found to be 461.3 mg/g at an equilibrium time of 30 min and temperature
of 45 ◦C. By the evaluation of the thermodynamic parameters, it was proved that the nature of the metal ions sorption
by chitosan/GO nanofibers was endothermic and spontaneous. It is also noted that the chitosan/GO nanofibers could



734 Texin Joseph, Meera Jacob, Veena R. Nair, Jaya T. Varkey

FIG. 5. Preparation of the lead-ion imprinted crosslinked electro-spun chitosan nanofiber mats [100]

be reused frequently without almost any significant loss in adsorption performance. This study provides a promising
chitosan/GO nanofibrous adsorbent with a good adsorption property for heavy metal ions removal [102].

2.3. Copper

Water resources are extensively used in all stages of industrial production and consequently contaminated with
heavy metal ions, which are often disposed into the environment. Heavy metal ions accumulate in living organisms
as a result of their presence in drinking water, air, and soil, resulting in illnesses, poisoning, and mutations [103, 104].
Excess Cu2+ can cause some renal diseases, liver dysfunction, stroke, inflammation and cancer [105]. Therefore,
environmental protection and remediation systems must be developed to eliminate pollution of this metal.

Natalia S. Surgutskaia et al. had prepared diethylenetriaminepentaaceticacid(DTPA)-modified chitosan [CS-
DTPA] for the effective of Cu2+ ions by ethylcarbodiimidehydrochloride/N-hydroxy-succinimide crosslinking [106].
The preparation was done by mixing around 10 ml of 2 % chitosan solution of pH about 4.7 and 10 ml of DTPA
solution which was activated with N-hydroxy-succinimide and ethylcarbodiimide hydrochloride at pH 4.7. Nanofi-
bre formation is clearly in Fig. 6. This modified chitosan nanofiber showed better adsorption of Cu2+ from aqueous
solutions as shown in Fig. 7. The maximum adsorption shown by this nanofiber was 177 mg/g for Cu2+ ions [107].

Ichrak Lakhdar et al. reported the removal of copper from aqueous solutions using modified chitosan nanofibers
with polyethylene oxide. The solution was prepared by mixing 4 % wt chitosan in 50 % acetic acid and 4 % polyethy-
lene oxide in 50 % acetic acid for 18 – 24 hours of ambient temperature and the 4 % weight electro-spun chitosan
nanofibers were produced using a horizontal electrospinning technique. The results show an adsorption of 94.7 %
of copper from the aqueous solutions. Kinetic studies have showed that the adsorption of copper ions on CS/PEO
nanofibers follows a chemisorption by chelation mechanism. From the equilibrium studies, it was noted that the ad-
sorbed copper forms a monolayer with equal distribution of the energy on the homogeneous surface of the adsorbent
as seen in Fig. 8 [108].

Cardenas Bates et al. developed electro-spun chitosan-polyethylene oxide nanofiber mats using a new collector
design. Continuous flawless nanofibers of 151±36 nm in diameter were achieved by this method. Adsorption capacity
of the mats for copper ions in aqueous solutions was investigated. The results showed that sorption equilibrium
was achieved within 2.5 hours with a homogenous distribution of copper ions within the nanofiber mats. Kinetic
studies show that pseudo-second order kinetic model is best fitted the experimental data. The sorption processes are
best described with the Langmuir isotherm with a maximum adsorption capacity of 124 mg/g for trial temperatures
ranging from 25 to 60 ◦C. Thermodynamic parameters [∆G ◦, ∆H ◦ and ∆S ◦] proved that the adsorption was
feasible, endothermic and spontaneous. The results of desorption studies revealed that the electro-spun chitosan mats
can be desorbed and reused up to 5 cycles without significant loss in adsorption performance [109].

Sajjad Haider et al. prepared chitosan nanofiber mat for the removal of copper from waste water. 3 wt % chitosan
solutions were prepared in TFA and the nanofiber is prepared by electrospinning at 20 kV voltage. The dried nanofiber
mat was neutralized using potassium carbonate solution [M], and the mat was taken out from the aqueous solution,
washed repeatedly with the deionized water until the pH of the solution become 7 and dried at about 600 ◦C for about
24 hours under vacuum. The freeze dried chitosan nanofiber mats prepared shows a high adsorption value for the
metal ions and good erosion stability in water. Fig. 9 depicts the SEM images of nanofibres during the various stages.
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FIG. 6. SEM images and size distribution of pre- and post-stabilized CS/PEO (a,c) and CS-
DTPA/PEO (b,d) nanofibers [107]

FIG. 7. Schematic illustration of preparation and adsorption properties of CS-DTPA/PEO NFs [107]
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FIG. 8. Adsorption kinetic of copper ions by chitosan electro-spun nanofibers [108]

FIG. 9. FE-SEM micrographs of the chitosan nanofibers: (a) as-spun; (b) neutralized and (c) neu-
tralized freeze-dried surfaces, and (d) enlarged nanofibers [110]

The results had showed that the equilibrium adsorption capacities for Cu[II] were 485.44 mg/g. It is reported that
the Cu[II] adsorption capacity of this fiber is 6 higher than any other methods. This high adsorption capacity was
explained based on the high surface area per unit mass of nanofiber [110].

Dongxue Yang et al. studied how to improve the adsorption ability of chitosan [CS] for heavy metal ions.
They prepared rich amino-functionalized CS electro-spun membranes. During the efficient synthesis, polyglycidyl
methacrylate [PGMA] and polyethylenimine [PEI] were orderly grafted on the surface of CS electro-spun membrane.
X-ray diffractometer [XRD] analysis confirm the introduction of amino-group on the chitosan. The maximum adsorp-
tion capacity of Cu2+ by CS-PGMA-PEI was 69.27 mg/g. It was noted that the adsorption equilibrium of the heavy
metal ion solutions was rapidly established in 60 min. The kinetics analysis revealed that the adsorption process of CS-
PGMA-PEI followed a pseudo-second-order and can be described by Langmuir model. The prepared CS-PGMA-PEI
membrane also exhibited a good reproducibility and stability [111].

Josó Ortiz C et al. studied about how nanofibrous mats based on chitosan can be used for removal of copper [II]
ions in aqueous solutions. They fabricated different nanofibers based on chitosan-electro-spun CS-PEO nanofibers,
PVA nanofibers coated with chitosan, and PVA: PAA nanofibers coated with chitosan to compare their effectiveness in
the adsorption of Cu2+ in aqueous solutions. Among the different types of nanofibers prepared, PVA: PAA nanofibers
had the best shape and thickness in comparison with CS-PEO nanofibers and PVA nanofibers. Beads were present in
all the electro-spun nanofibers but they were reduced with the control of viscosity and surface tension parameters. The
maximum average percentage of adsorption for the different nanofibers is as follows – CS-PEO nanofibers were of
32 %. For CS-PVA Nanofibers, this value was 16 %, and finally, for CS-PVA: PAA nanofibers, the figure was 98 %.
In conclusion, CS-PVA: PAA nanofibers had the best percentage of adsorption [112].
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Qasim Zia et al. prepared porous poly L-lactic acid [PLLA] nanofibrous membrane with the high surface area
by electrospinning method and post acetone treatment was used as a substrate for the deposition of chitosan. The
porous PLLA/chitosan structure provided the chitosan with a high surface framework to fully and effectively adsorb
heavy metal ions from water and showed higher and faster ion adsorption. The composite membrane was used to
eliminate the copper ions from the aqueous solutions. Chitosan acts as an adsorbent due to the presence of the amino
and hydroxide groups which are complexation sites for the capture of copper ions. The maximum adsorption capacity
of copper ions was 111.66 ± 3.22 mg/g at pH 7 at an interaction time of 10 min and temperature about 25 ◦C. The
adsorption kinetics of copper ions and was well agreed with the second-order model and adsorption studies follow
Langmuir isotherm. From the thermodynamic studies it was found that the adsorption system was exoergic and
spontaneous. From this study chitosan modified porous PLLA nanofiber can be proved as a green adsorbent for
purification of aqueous solutions containing metal ions such as copper [113].

2.4. Cadmium

Nowadays, the removal of heavy metal pollutants such as cadmium from the wastewater is a serious issue because
of their serious and detrimental effects both to the environment and human health [114, 115]. Cd[II] ions are non-
biodegradable and poisonous. The main source of the cadmium metal are organic chemicals, cadmium-nickel battery,
mining, pigments, stabilizers and other industries leading to the release of pollutants to the natural environment by
long-range transport diffusion [116]. A number of technologies were applied to eliminate heavy metal ions from water
streams containing solvent extraction precipitation, membrane, flotation, coagulation,ion exchange, and adsorption etc.
Among these methods, adsorption is the most effective and cheapest one.

Alharbi H.F. et al. prepared nanofiber of PAN (Poly Acrylo Nitrile) doped with metal oxide and chitosan by
electrospinning for the removal of cadmium. The work investigated the role of pH, initial concentration, adsorption
time were studied and established the influence of metal oxide doping [ZnO]/TiO2. Introduction of chitosan to func-
tionalized PAN enhances the adsorption of cadmium by four-fold. Kinetic studies review the pseudo-second order and
Langmuir isotherm equation. The maximum adsorption capacity was found to be 160 mg/g for cadmium ion [117].

Ricardo Brandes et al., in their research for the removal of Cd[II] ions from aqueous solution, developed a new
nanofibrous electro-spun nonwoven sorbent made from chitosan [CS] and phosphorylated nanocellulose [PNC]. SEM,
EDX, AFM and FTIR were used for characterizing the adsorbent material. The results show that adsorption capacity
reached 62.3 mg/g at pH 5.5 and 25 ◦C. The Cd[II] adsorption occurs at a rapid speed and achieved equilibrium
within 120 minutes. Kinetic studies showed that the reaction fits a pseudo-second order kinetic model and the sorption
isotherm was best described by the Langmuir adsorption isotherm. The maximum adsorption capacity of Langmuir
was 232.55 mg/g at 25 ◦C, and increased with temperature, which can be explained by the high affinity of amine and
phosphate groups with cadmium on the surface of the nanofibrous mats. The thermodynamic study showed that the
adsorption follows a spontaneous endothermic reaction. This work also confirmed that an electro-spun nanofibrous
mats based on CS and PNC can be used as an alternative material for the removal of cadmium ions, contributing to
water sustainability [118].

Mohammad Rezaul Karim et al. synthesized nanofibers membranes which were fabricated by polyvinyl alco-
hol/chitosan [PVA/Chi] using an electrospinning technique for selective and high adsorption of cadmium Cd[II] ions
based on the solution acidity. The adsorption capacity of this fiber was investigated against the parameters such as
initial metal ions concentration, interaction time, adsorbent dosage and solution pH also were evaluated. The adsorp-
tion data fit towards the pseudo-second-order model for Cd[II] ions and the equilibrium data were well fitted with
the Langmuir adsorption isotherms model. The maximum adsorption capacity was 148.79 mg/g for Cd[II] ions. The
Cd[II] ions adsorptions were also measured to know the selectivity with simulated environmental solution, and the
data shows the high selectivity for Cd[II] ions at the optimum conditions. Thus, the PVA/Chi NFs are considered to
be an effective and promising material for the removal of Cd[II] ions from wastewaters with high efficiency [119].

Sana Jamshidifarda et al. prepared PAN/chitosan/UiO-66-NH2 nanofibers for adsorption and membrane filtration
of Cd[II] ions from aqueous solutions. UiO-66-NH2 MOF content [0 – 15 wt. %], pH [2 – 7], contact time [5 –
90 min], initial metal ion concentration [20 – 1000 mg/L] and temperature [25 – 45 ◦C] have a marked influence
on the adsorption capacity of the nanofiber. Kinetic studies follows a pseudo-second-order kinetic and Redlich –
Peterson isotherm model accurately described the experimental sorption data. At optimum conditions, UiO-66-NH2

the nanofibrous adsorbent for Cd[II] ions sorption was found to be 415.6 mg/g. It wasalso noted that an increase in the
active layer thickness from 10 to 70 µm and increased the MOF content in the membrane matrix from 0 to 10 wt % as
well as initial concentration of metal ions from 5 to 50 mg/L resulted in increasing metal ions removal and decrease
in the water flux. When the temperature was increased from 25 to 45 ◦C it resulted in increasing the water flux and a
slight decrease in the metal ion removal [120].
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Merin S. Thomas et al., in their work, explained the fabrication of polylactic acid [PLA]/Nano chitosan [nCHS]
composite fibers by electrospinning method for Cd2+ metal ion adsorption from water. Here, nCHS was synthesized
by a method known as ionic gelation method. The scanning electron microscopic analysis revealed that the addition
0.1 wt % nCHS has decreased the fiber diameter as well as the secondary pore size and hence imparted unique
properties to electro-spun composite fibers. The composite nanofibers have higher stability, reduced crystallinity,
higher hydrophilicity and high surface area compared to individual material. The basic character of the composites
has intensified with the increase in nCHS addition was proved by inverse gas chromatography. 70 % Cd2+ removal
efficiency was achieved by this method [121].

2.5. Mercury

Mercury [II] is a highly reactive ion which binds to the amino acid cysteine in proteins. It is considered to be
a carcinogen causing embryocidal, cytochemical, and histopathological events [122]. On converting into methyl-
mercury, mercury and its compounds can affect the human beings even at very low concentrations [123, 124]. The
main sources for contamination of water by mercury are wastewater discharges from industries like chlor-alkali, paper
and pulp, oil refining, paint, pharmaceuticals and batteries. Various methods have been reported for removal of Hg[II],
including chemical precipitation, ion exchange, membrane filtration, electrochemical separation, reverse osmosis,
solvent extraction and adsorption [125–128].

Reena Sharma et al. prepared various combinations of Ce-PVA-CHT composite by electrospinning technique.
From their experiments it has been noticed that from the various combinations, 7:3 ratio of PVA and CHT forms
the bead free nanofibers. Homogenous solutions of 4 wt % CHT powder in 2 % [v/v] formic acid and 8 wt % PVA
in 2 % [v/v] acetic acid were prepared at room temperature. A desirable viscous solution of 7:3 ratio was prepared
and mixed with cerium [III] nitrate hexahydrate [0.5 – 5.0 w/w %]and was electro-spun at 20 kV to form Ce-PVA-
CHT composite nanofiber. Nanofibers were cured at ∼ 110 ◦C for 5 hours prior to its use for Hg[II] adsorption
studies. The main advantage of this polymer is that they are bio degradable, non-toxic and are of low cost. The
results shows that the adsorption of PVA-CHT by Ce is around 31.44 mg/g and effective removal of Hg[II] occurs
at low to moderate concentrations. The adsorption of Hg[II] on composite nanofibers may be due to the small ionic
radii, high electric charge and high potential energy. Best results were observed at a pH range of 5.3 – 6.0. The
kinetics studies showed that the adsorption process follows a pseudo second order and the Langmuir isotherm shows
monolayer adsorption [129].

2.6. Thorium

Thorium [IV] is a radioactive fissionable metal ion, and the embodiment of its radioactive isotopes in living body
over a period of time could cause several health hazards like neurotoxicity and other noxious diseases [130].

Prakash Macchindra Gore et al. prepared the chitosan/RTIL homogenous solution by dissolving 3 % chitosan
in 5 % acetic acid and integrating to the 8 % PVA solution and stirred for 2 h using a magnetic stirrer for about
2 hrs. Solutions of 0.5, 1, 2, 3, 4, 5, 10 wt % 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM-BF4] are added
to the chitosan to prepare Chitosan/RTIL mixture and the mixture is stirred for an hour. The precursor solution for
electrospinning is prepared by adding 0.01 wt % of thorium nitrate to get the ion-imprinted solution. A 1000 ppm
solution of Th[NO3]4 in deionized water is used as the stock solution for the experiment. The influence of pH,
temperature, adsorption and time were studied for the effective removal of thorium by chitosan/RTIL fibers. The
possible mechanism of thorium adsorption is shown in Fig. 11. The maximum adsorption efficiency was reported as
90 % at a neutral pH of 7, temperature of 298 K within 2 hours [131].

2.7. Uranium

Uranium is a naturally occurring, primordial and ubiquitous heavy metal. The main sources of uranium pollution
are nuclear fuel industry, nuclear weapons, exploitation of ore deposits for the extraction, have increased the presence
of U in the environment. The element uranium can exhibit variable valences such as +2, +3, +4, +5 and +6 in nature;
among these, the most common and stable form of uranium is U6+, which is soluble in water [132, 133]. Recently,
uranium has become a serious concern because of its chemical toxicity and radioactivity, and thus, the removal and
recovery of uranium from contaminated sites and aqueous systems is of particular interest. Several methods were
used for this and some of the methods were chemical precipitation, solvent extraction, membrane separation, and
adsorption. Among these, the adsorption is considered as the best method for the removal and recovery of uranium
because of its efficiency, low-cost and easy operation of the adsorption-based technologies [134, 135].

Christos Christoua et al. prepared PVP/chitosan blended nanofibers as adsorbent material for the removal of
hexavalent uranium, U[VI] from aqueous solutions. By using batch type experiments, the nanofibers have been char-
acterized prior to and after U[VI] adsorption by SEM and FTIR measurements, and the effect of various parameters
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FIG. 10. SEM and EDAX of Ce-PVA-CHT composites nanofibers (a) Before adsorption, (b) After
adsorption of Hg(II) [129]

FIG. 11. Interaction between chitosan and RTIL [131]
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such as metal-ion concentration, temperature and contact time on the adsorption efficiency were also investigated. The
increased sorption capacity of this nanofiber can be explained by the presence of polar carbonyl group on the fiber,
formation of the inner sphere complex between uranium and the fiber. The thermodynamic and kinetic studies revealed
a relatively fast kinetics with a rate constant of k1 = 0.01 min−1 and an entropy-driven process. From the recycling
experiments, it was proved that the material can be reused used up to four cycles with 10 % efficiency loss [136].

Ali Reza Keshtkar et al. prepared Polyvinyl alcohol/tetraethyl orthosilicate/aminopropyltriethoxysilane
(PVA/TEOS/APTES) nanofiber membrane by electrospinning method for the adsorption of uranium from aqueous
solutions. From SEM, TEM and FTIR and BET analysis the surface area of electro-spun membranes obtained was
153 m2/g. Experiments were carried out to find out the influence of different sorption parameters like pH, contact
time, initial concentration and temperature. The maximum adsorption of uranium ions takes place at a pH 4.5 and at a
high temperature of 45 ◦C. Langmuir, Freundlich and Dubinin – Radushkevich isotherm models were used to describe
the equilibrium data of uranium to the prepared membrane at different temperatures (25 – 45 ◦C) and the kinetic data
were analyzed by pseudo-first-order. The maximum adsorption capacity of uranium ions onto the PVA/TEOS/ APTES
hybrid nanofiber membrane was found to be 168.1 mg/g. Thermodynamic parameters showed that the adsorption of
uranium onto the electro-spun membrane was feasible, spontaneous and endothermic [137].

2.8. Nickel

The discharge of waste water into the rivers and surface waters from the industries may lead to the presence of
heavy metals, and organic materials in the water sources which may cause various problems in vital organs of humans
and animals [138–140]. Therefore, it should be removed before their diffusion into the ground waters [139]. Nickel
has numerous applications in the field of medicine, automobiles, electricals and jewelry. Continuous exposure to nickel
and heavy dosage can lead to allergy, cardiovascular and kidney diseases, lung fibrosis, lung and nasal cancer [141].

Alireza Karamipour et al. prepared CS nanofibers coated with Fe3O4 by weighing a defined amount of chitosan
and dissolving it in 3 % acetic acid solvent with continuous stirring for 6 hours to obtain the polymeric solution. The
electro-spun nanofibers were coated with Fe3O4 by immersing in NPs suspensions at room temperature to about 6 –
24 hrs. The results had shown that the maximum adsorption capacity of Ni[II] using Fe3O4-coated was 163.3 mg/g at
pH 5, an adsorbent dosage of 0.4 g/L, at a contact time of 5 h, and 25 ◦C. Kinetic studies had proved that the reaction
follows a pseudo second order kinetics and Redlich – Peterson isotherm model, respectively. This modified polymer
sample can be used for more than 5 cycles of adsorption [142].

Mehran Bozorgi et al. removed Ni(II) from aqueous solution by using PVA/chitosan/ZnO/APTES nanofiber.
Initially, 0.2 g of chitosan powder in acetic acid and 1 g of PVA in deionized water is mixed together using a magnetic
stirrer for 4 hours. The ZnO nanoparticles synthesized were modified with APTES. PVA-chitosan composite solution
is sonicated with modified ZnO nanoparticles and was electro-spun to obtain the desired nanofiber. The properties of
nanofibers vary with ZnO-NH2 loading. The TGA analysis showed that PVA/Chitosan/ZnO-NH2 has higher thermal
stability in comparison with PVA/Chitosan adsorbent. From the SEM analysis, it was found that the average diameter
of the nanofiber was 98.5 nm. The optimum content of ZnO-NH2 was 10 wt % for the maximum adsorption. The
maximum adsorption for Ni2+ by the nanofiber is 0.851 mmol/g at 45 ◦C, which is double the value of the cast. The
equilibrium data is well fitted with the Langmuir model. It follows a double exponential kinetic model [143].

Umma Habiba et al. synthesized chitosan/polyvinyl alcohol [PVA]/zeolite nanofibrous composite membrane via
electrospinning. The characterization of the resulting nanofiber was done by electron microscopy, X-Ray diffraction,
Fourier transform infrared spectroscopy, swelling test, and adsorption test. The nanofiber obtained was bead free.
The resulting membrane was stable in distilled water, acidic, and basic media. Kinetic study showed that adsorption
rate was high. Adsorption of Ni(II) on nanofibrous membrane follows pseudo second order kinetics and can be best
explained by Langmuir adsorption isotherm. The adsorption rate decreases at high concentrations. The adsorption
capacity of nanofiber was still retained after five recycling runs; this indicates the reusability of chitosan/PVA/zeolite
nanofibrous membrane [144].

Mahtab Jafarnejad et al. described a multi-functionalized polyether sulfone [PES]/chitosan [CS]/Fe3O4-NH2-SH
nanofiber was prepared and applied for single and simultaneous removal of Ni[II] ions from the water systems. Fe3O4

nanoparticles were synthesized by co-precipitation method and were loaded with Fe3O4-NH2-SH content. The authors
have studied the simultaneous effects of solution pH, adsorbent dosage and Fe3O4-NH2-SH. The composite nanofiber
PES/CS/Fe3O4-NH2-SH was prepared via electrospinning technique. The adsorption of nickel ion optimized with
the parameters, pH, adsorbent dosage, Fe3O4-NH2-SH load, the contact time and temperature. Kinetic data suited to
the double-exponential model and a monolayer adsorption indicates the Langmuir adsorption model. The maximum
adsorption capacity of CS/PES/Fe3O4-NH2-SH was 95.3 mg/g. The main advantage of this nanofiber was their ad-
sorption capacity was retained for 4 desorption steps. In a binary system of ions, the adsorption capacity decreased
with the increase of competitive ion concentration [145].
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2.9. Arsenic

Arsenic is a commonly distributed element in the natural environment, particularly in the ground water. Water
contaminated with arsenic may lead to many health problems such as bladder cancer, skin lesions etc. As many
technologies have been developed to remove arsenic from water, adsorption is the best method among them.

L-L. Min et al. synthesized chitosan based membrane [CS-ENM] by electrospinning process using acetic acid as
solvent for the removal of arsenate from water. The resulting chitosan based fibrous membrane was highly porous, with
a large specific surface area. Due to these factors, the adsorption capacity was higher than the most reported chitosan
adsorbents and the value is about 30.8 mg/g. It was also noted that the pH value has shown a marked influence on the
adsorption of As[V]. The result shows that the adsorption will be maximum at a lower pH [146].

Ping Tan et al. showed that the effective removal of arsenate from water at neutral pH can be done by using
immobilizing chitosan nanofiber with lanthanum. An homogeneous solution of 4 % w/v chitosan and 4 % w/v PEO
are prepared in acetic acid solvent and is loaded with lanthanum. The solution is electro-spun to obtain CS/PEO
nanofiber doped with La. Lanthanum loading has marked influence on the adsorption of arsenate ion. The adsorption
of arsenate ion using this lanthanum-doped chitosan nanofiber was about 83.6 mg/g, which is more than that of any
other chitosan based nanofiber. This method was effective at wide range of pH values. The effect of doping of metal
oxide Fe, Zr, Cu, Fe/Zr, and Fe/Cu with the nanofiber was also evaluated. The use of Fe-oxide impregnated mat give
maximum adsorption of arsenate compared to other oxides. This could be explained on the basis of the formation of
inner sphere complexes with Fe oxide [147].

L-L. Min et al. reported that a novel iron doped chitosan electro-spun nanofiber can be used for the effective
removal arsenate from water at neutral pH, proving a vital role in the removal of arsenate. Fig. 12 indicates the
formation of Fe doped chitosan nanofibres. Many works reported arsenate removal at acidic and basic conditions.
This work proved that Fe doped chitosan fibers will remove arsenate ions from water over a wide range of pH values,
even at neutral pH. The maximum adsorption capacity was noticed at 36.1 mg/g. When the adsorbent dosage increased
above 0.3 g/L, more than 90 % removal efficiency was shown by the fiber. The XPS analysis suggested that the amino
groups on chitosan backbone results in the adsorption of As[III] from the water samples [148].

(a) (b)

(c) (d)

FIG. 12. SEM images of Fe doped chitosan fibers [148]

Reena Sharma et al. synthesized a Ce-CHT/PVA composite nanofiber through an electrospinning technique by
mixing 4 wt % of CHT in 2 % v/v of formic acid and PVA in 2 % acetic acid in the ratio of 7:3 under constant stirring
for about 4 – 5 hrs. The solution was electro-spun to obtain the desired nanofiber. Ce-CHT/PVA composite nanofiber
showed greater efficiency in the removal of As[III] than CHT/PVA. A high adsorption of As[III] compared to the
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other adsorbents was due to the high surface area and presence of more active sites. The kinetic studies revealed that
in the first 10 minutes, over 80 % of As[III] was removed and the adsorption capacity was about 18 mg/g, which was
confirmed from the Langmuir adsorption isotherm [149].

The work of Ling-Li-Min, et al. reported the removal of As[V] using that Iron functionalized chitosan/PEO
electro-spun nanofiber [ICS-PEO-ENF]. This can be synthesized by electrospinning a mixture of chitosan, PEO, and
Fe3+ followed by crosslinking with the ammonia vapor. The experimental results has shown that the As[V] adsorption
was decreased with the increased ionic strength, and this was due to the outer sphere complexion of As[V] on the
nanofiber. Variation of pH also influences the adsorption. The adsorption isotherm was well described by Freundlich
model and the maximum adsorption capacity was found to be up to 11.2 mg/g at pH 7.2 [150].

3. Conclusion

Chitosan is a remarkable green polymer with numerous applications in a variety of fields due to its biocompati-
bility and biodegradability, and also a renewable resource that can be found in abundance in nature. Nanofibers have
a large surface area, which confers additional properties, giving them an advantage over conventional fibers. Bringing
the two ideas together, chitosan and nanofibers could result in amazing materials of research interest. This is not,
however, an easy mission. Natural polymers seem to be difficult substrates for electrospinning techniques due to their
high molecular weights. Several methods were used to solve this challenge. The selection of a suitable solvent facil-
itates nanofiber fabrication. The use of chitosan blends with other synthetic or natural polymers, as well as chemical
modifications, was another technique for creating smooth nanofibers. Chitosan based electro-spun nanofibers have
proven capacity in the removal of heavy metals from water due to their properties like high adsorption capacity, non-
toxicity, hydrophilicity, fast kinetics, and reusability. The disadvantages of these polymers include their low stability
and poor mechanical characteristics. The mechanical properties, especially the porosity of chitosan-based electro-
spun nanofibers, are influenced by the production methods and their blending and modifications, which enhances
the removal efficiency. This review provides a comparison of adsorption of different heavy metals by electro-spun
nanofibers of different chitosan blends. From the literature, it was understood that, temperature, pH, contact time,
concentration were the process parameters which exert influences upon the fibers’ adsorption capacities. Electrospin-
ning parameters like voltage distance between tip and collector, flow rate also affects the properties of fiber. Blending
with other polymers and doping with nanometals and metal oxides are the two significant factors that enhance metal
removal by the chitosan fibers. The blending ratio, nature of dopant, and doping load have a favorable impact on the
fiber characteristics. It was evident from the works; the metal adsorption by nanofibers follows pseudo second order
kinetics in most cases. Currently the world is dealing with a serious problem of heavy metal contamination in water,
which is detrimental to the entire ecosystem. Water purification systems can be better understood and developed in the
future by simulating purification processes. This article may spur the development of more chitosan-based nanofibers
for heavy metal removal as well as to contribute to water treatment industry. In addition to the nanofibers discussed
here, many electro-spun chitosan nanofibers and its composites can be employed for the effective removal of metals
which is shown in Table 1.

Abbreviations

MWCNT – Multi Walled Carbon Nanotubes
CA – Cellulose Acetate
PCL – Polycaprolactone
CS – Chitosan
PNVCL – Poly-N-Vinyl Caprolactam
ZIF-8 – Zeolitic Imidazolate Framework
PVA – Poly Vinyl Alcohol
TFA – Trifuoroacetic Acid
CNC – Cellulose Nanocrystals
GO – Graphene Oxide
DTPA – Diethylenetriaminepentaaceticacid
CS – Chitosan
PEO – Polyethylene Oxide
PEI – Polyethylenimine
XRD – X-Ray Diffraction Pattern
PGMA – Poly Glycidyl Methacrylate
NPs – Nanoparticles
APTES – (3-Aminopropyl)Triethoxysilane
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TABLE 1. Comparative adsorption of different metal ions by chitosan blends

Nanofiber Metal ion
Maximum
adsorption

mg/g
Adsorption Model Ref

Chitosan – Graphene oxide Cu[II] 423.8 Redlich – Peterson isotherm model [102]

Chitosan – Graphene oxide Cr[VI] 310.4 Redlich – Peterson isotherm model [102]

Chitosan-Polyethylene oxide Cu[II] 120.6 Dubinin – Daskovich model [107]

Chitosan-Polyethylene oxide Ni[II] 35.24 Dubinin – Daskovich model [107]

Chitosan-diethylene triamine
pentaacetate- polyethylene oxide

Pb[II] 144.7 Dubinin – Daskovich model [107]

Chitosan-diethylene triamine
pentaacetate- polyethylene oxide

Ni[II] 46.95 Dubinin – Daskovich model [107]

TiO2 coated chitosan Pb[II] 475.5 Redlich – Peterson isotherm model [110]

TiO2 entrapped chitosan Pb[II] 579.1 Redlich – Peterson isotherm model [110]

chitosan/sulfydryl-functionalized
graphene oxide composite

Pb[II] 447 Freundlich [153]

Polyaniline grafted Chitosan Pb[II] 13.23 Freundlich [154]

Chitosan/Epichlorohydrin Pb[II] 34.13 [155]

Chitosan/cellulose [CS/CL]
nanofibers

Pb[II] 112.6 [156]

chitosan/TiO2 composite Nano fibrous
adsorbents

Cu [II] 579.1 [98]

Chitosan Stacking Membranes Cu [II] 276.2 Multilayer adsorption [157]

Chitosan electro spun on polyester Cr[VI] 16.5 Adams Bohart Model [151]

chitosan [CA–PCL/CS] nanofibers Cr[VI] 126 Freundlich [79]

Chitosan/cellulose [CS/CL]
nanofibers

As[V] 39.4 [156]

Chitosan/Alumina As[V] 96.46 [158]

Chitosan based electro spun nano fiber
membrane

As[V] 30.8 Langmuir [146]

electro spun DTPA-modified chi-
tosan/polyethylene oxide nanofibers

Ni[II] 56 Freundlich, Langmuir, Temkin and
Dubinin – Radushkevich isotherm
models

[107]

Magnetic Chitosan Ni[II] 22.07 [159]

Pb[II] 27.95

Hg[II] 23.03

Cd[II] 27.83

Cu[II] 216.6 [160]

Chitosan/Diethylenetriamine U[VI] 177.9 [161]

Chitosan/ polyethylene oxide/ carbon-
ated nanofibers

Cu[II] 195.3 [162]

Chitosan PVC Cu[II] 161.3 [163]
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PAA – Peraceticacid
PLLA – Poly L-Lactic Acid
PNC – Phosphorylated Nano Cellulose
MOF – Metal Oxide Frame Works
nCHS – Nano Chitosan
CHT – Chitosan
RTIL – Room Temperature Ionic Liquid
BMIM-BF4 – 1-Butyl-3-Methylimidazolium Tetrafluoroborate
PES – Poly Ether Sulfone
SH – Thiol
ICS-ENF – Iron Functionalized Chitosan Electro Spun Nano Fiber
CL – Cellulose
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