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Abstract Novel lignin-chitosan polyelectrolyte fibres were

produced through a reactive electrospinning process. Poly-

electrolyte formation between the anionic lignin and cationic

chitosan was controlled through the pH of the solution. Through

manipulating the polyelectrolyte complex formation, fibres

could be effectively produced from two biopolymers, which are

normally very difficult to electrospin on their own. Though

minimal amounts of the petroleum-derived polyethylene oxide

were introduced into the solution to enhance the spinnability of

the polyelectrolyte solution, it could be easily removed from the

fibres post spinning by washing with water. Thus, pure bio-

polymer fibres could be produced. The optimum composition

of lignin to chitosan was identified through SEM, FTIR and

TGA analysis of the electrospun fibres. Fluorescence spectra of

the electrospun fibres reveal the homogeneous distribution of

lignin and chitosan components throughout the fibre network.

Introduction

Carbon fibres have been studied extensively for their sci-

entific and technological importance and are finding

application in many fields including catalysis [1], com-

posites [2–4], filtration [5–7], and alternative energy tech-

nologies [8]. Carbon fibres are advantageous due to being a

light weight material with a high specific modulus and

strength, good thermal/electrical conductivity and being

structurally stable against various environmental changes

[2, 9]. In recent years, the demand for carbon fibres has

steadily increased and it is expected to continue to rise in

the following years [10]. The highest demands for carbon

fibres are in the automobile and aerospace industries as

their light weight allows for improved fuel efficiencies

[11]. However, carbon fibres also have potential applica-

tions in other areas such as electronics, which do not

require as high of a quality of the fibres as in the aerospace

industry. A recent advancement in carbon fibre technology

is their nanofabrication. Various functional properties of

the carbon fibres can be improved by reducing their

diameter down to nanometer scale dimensions. The main

challenge with establishing wider carbon fibre technologies

is their higher cost; traditional carbon fibres are sourced

from petroleum resource-based feedstocks, which tend to

continually increase in price. Currently, the main precursor

material used in carbon fibre production is the synthetic/

petroleum-based polymer polyacrylonitrile (PAN) [9].

Some carbon fibres are also produced from petroleum pitch

and rayon [9]. Depending on the precursor material used,

the properties of the carbon fibre can vary. For example,

pitch-based carbon fibres have greater thermal conductivity

than rayon-based carbon fibres, and PAN-based carbon

fibres possess higher compressive and tensile strengths

compared to pitch-based carbon fibres [5]. In addition to
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the precursor material, the processing method is also very

important in fabricating carbon fibres with desired

properties.

One method of producing carbon fibre precursors, with

the potential of commercial applicability, is electrospinning.

It has previously been demonstrated that electrospinning can

successfully produce precursor fibres that can be converted

into high quality carbon fibres with controlled fibre diame-

ters and morphologies [12–19]. The majority of electrospun

carbon fibre precursors reported in the literature are PAN-

based. The high cost of PAN [18], depleting petroleum

resources and the toxicity of its solvent, dimethylformamide

(DMF) [20], has motivated research to look into alternative

electrospinnable materials to produce cheaper and more

environmentally friendly carbon fibres. The fact that petro-

leum-based carbon resources exhibit negative environmen-

tal impacts and are of limited availability further motivates

research towards green carbon fibres [21].

Recently, a wide range of renewable resource-based

materials have been investigated for the fabrication of

carbon materials. Among them, lignin has been looked at

as a very promising candidate as a precursor for carbon

materials due to its (i) carbon-rich phenolic chemical

structure, (ii) chemical compatibility and (iii) abundance in

nature. Lignin is a constituent of most plant materials and

along with cellulose and hemicellulose, forms their struc-

tural basis [22]. The structure of lignin is very complex and

unlike most polymers, it is a three-dimensional branched

structure [23]. Different species of plants will contain lig-

nin composed of different ratios of its three basic mono-

meric units: p-coumaryl alcohol, coniferyl alchohol and

sinapyl alcohol [24, 25]. The greatest variation in the

structure of lignin occurs as a result of the process of

extracting lignin from the plant material, which may even

add different functionalities to the lignin [24].

In the papermaking and cellulosic ethanol industries,

lignin must be removed from the raw materials in a process

known as delignification [26]. Due to this, lignin is mas-

sively produced as a co-product of these two industries. It

is estimated that from the papermaking industry alone, 70

million tons are produced annually [26]. For the most part,

this lignin is used as a low-energy density fuel by the

factories [27] and 1–2 % of it is used for speciality pro-

ducts [24]. Thus, lignin is abundantly available and cheap.

To establish lignin as an acceptable precursor material, it

must be readily accessible from different sources. How-

ever, due to the variations in the properties and spinnability

of the lignins based on their source and extraction methods,

it is important to demonstrate the spinnability of a wide

range of lignins, which may have different characteristics

such as solubility and charge.

One of the main challenges associated with the pro-

duction of lignin fibres through the electrospinning process

are its low viscoelastic properties. A variety of work has

demonstrated the benefits of blending lignin with small

amounts of synthetic polymers such as polyethylene oxide

(PEO) to improve the spinnability [28–31]. Recently, some

work has emerged on the successful electrospinning of a

variety of lignin-based fibres by utilising PEO [32]. Lignin

has also been used to supplement PAN for carbon fibre

precursor fibre production [19]. Pure lignin electrospinning

has also been demonstrated through the use of co-axial

electrospinning in which two concentric capillaries are

used; the inner capillary containing the lignin solution

while ethanol flowed from the outer capillary to stabilize

the lignin jet [33, 34]. Different types of lignin are soluble

in different solvents such as DMF [19, 32], ethanol [33, 34]

and water [32]. Water would be the most environmentally

friendly solvent to use due to its abundance and non-tox-

icity. However, the majority of lignin is water insoluble;

the most well known water-soluble lignins being sulphur

lignin (SL) and lignosulfunate (LS) [32]. In our previous

study [35], we have used a water-soluble and sulphur-free

anionic sodium carbonate lignin (SCL), which is obtained

through a soda pulping process. In this study, PEO was

used in order to enhance the spinnability of sodium car-

bonate lignin. However, the strong anionic nature of the

SCL hindered it from continuous electrospinning.

In this paper, we attempt to neutralise the inherent

negative charge of the lignin by combining SCL with

another cationic polymer. Chitosan (CS), an abundant

biopolymer derived from the naturally occurring chitin, is a

cationic polymer and thus may be able to neutralise the

anionic charges on the SCL. In addition, CS is soluble in

acidic aqueous solutions, has been found to produce small

diameter fibres with low levels of beading defects [36, 37]

and has been demonstrated to be carbonizable [38–40].

Therefore, it would maintain the green nature and the

desired morphology of a carbon fibre precursor. CS itself

has been shown to be a difficult material to electrospin due

to difficulties in creating solutions with a high enough

polymer concentration and chain entanglement while still

having a low enough viscosity to electrospin [41, 42].

However, as with lignin, chitosan has been successfully

electrospun through blending with other easily electrospun

polymers such as PEO [36, 37, 43, 44].

When a polyanion and polycation interact, it is well

known that a structure known as a polyelectrolyte complex

(PEC) can form. PECs are polymeric structures in which

the constituent polyions are bound together by ionic link-

ages [45]. In general, PECs formed between two strong

polyions will have a 1:1 ionic stoichiometry ratio [46].

However, if the constituent polyions are mixed in a non 1:1

ionic stoichiometry, the resultant PECs can be strongly

overcharged rather than neutrally charged [46]. Thus, in the

present study, we take advantage of the PEC forming
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ability of SCL and CS in order to improve their electro-

spinnability while reducing the PEO content. SCL, CS and

PEO are blended in aqueous solutions of acetic acid and

subsequently electrospun.

Experimental

Materials

SCL was purchased from Northway Lignin Chemical as

Polybind 300 (liquid). Before use, the SCL was dried in a

100 �C laboratory oven until dry. The dry weight of the

lignin was *50 % of the as-received wet lignin weight.

Medium molecular weight CS (viscosity average Mw

190–310 kDa, 75–85 % deacetylation) and 5,000,000 Mw

PEO were purchased from Sigma-Aldrich and used as-

received without further purification. Acetic acid (C99.5 %

pure) was purchased from Acros Organics. Deionized

water was used as the primary solvent.

Method

Solution preparation

Various electrospinning solutions were prepared from a

blend of SCL, CS and PEO. All polymer concentrations are

reported as w/v % (g/ml). The solutions were prepared

with 0.6 % PEO, 1.5 % chitosan and 1.5, 2.0, 2.5, or 3.0 %

SCL. Initially, CS and PEO were dissolved in acetic acid

and deionized water, while SCL was dissolved in deionized

water. The two solutions were then mixed under constant

stirring conditions to achieve the desired polymer con-

centrations in a 40(v/v) % acetic acid solution. The solu-

tions are labelled as 1.5, 2.0, 2.5 and 3.0L based on their

respective lignin content.

Electrospinning

Electrospinning was performed in a NANON-01A elec-

trospinning setup, MECC Co., Ltd. Japan. A custom-made

plate collector, which allowed for a variation in the height

of the collector (the collector, which came with the

machine had a fixed height), was employed to achieve a

greater working distance. Solutions were electrospun using

a 24 gauge needle, 14 kV applied voltage, 0.1 ml/h flow

rate and a 22.5 cm working distance in ambient conditions.

Characterization

Solution viscosities were measured using a Brookfield DV-

II ? Pro viscometer at room temperature with a #4 spindle

at 100 rpm. Each measurement had an inherent 1 % error,

and three independently prepared solutions were measured

to calculate an average and standard deviation. Solution

surface tensions were measured using the Du Nuoy ring

method with the ring attached to a microbalance at room

temperature where the ring was slowly pulled out of the

solution, and the surface tension being recorded just before

the ring broke contact with the solution surface. Each

measurement had an inherent 5 % error, and three inde-

pendently prepared solutions were measured to calculate an

average and standard deviation. The resulting fibre mor-

phologies were analysed using an FEI - Inspect S50

scanning electron microscope (SEM) operated at 15 kV.

The fibres were sputter-coated with *20 nm of gold to

make them conductive. The obtained SEM images were

further analysed using the ImageJ software to measure the

fibre diameters using over 100 measurements for each

formulation to obtain an average and standard deviation. A

model TCS SP5 II laser scanning confocal microscope

(LCM) (Leica Microsystems, Exton, PA) was used in the

‘xyk’ mode to obtain fluorescence emission spectra of the

resulting fibres and the constituent materials as well as to

resolve the spatial distribution of the constituent materials

within the fibres. Thermal characteristics of the fibres were

measured using a TA instruments thermogravimetric ana-

lyser (TGA) Q500. TGA thermograms were obtained from

20 to 800 �C at a ramp rate of 10 �C/min. Heating took

place in a nitrogen atmosphere injected at a flow rate of

15 ml/min. Structural characteristics of the fibres and

constituent polymers were investigated using a Thermo

Scientific Nicolet 6700 Fourier transform infrared (FTIR)

spectrometer with a GladiATR single reflection ATR

accessory operated between 400 and 4000 cm-1. The

spectra were collected at a resolution of 4 cm-1 with 32

scans per sample at room temperature. Elemental analysis

was performed on the fibres using a model S3400-N SEM

(Hitachi Hitachi-Technologies, Pleasanton, CA) coupled to

a Noran System 6 energy dispersive x-ray spectrometer

(Thermo Electron Corp., Madison, WI). To confirm that

the resultant fibres were composed of PECs, the fibres were

soaked in water for at least a day and analysed through

SEM, LCM, EDS, FTIR and TGA.

Result and discussion

Polyelectrolyte complex of sodium carbonate lignin

and chitosan

Based on the polyionic nature of the SCL and CS, it was

expected that they would form PECs with each other

(Fig. 1). It was undesirable for them to form PECs in

solution as it would cause clogging of the needle. It was

observed that above an acetic acid concentration of 40 % in
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water, no precipitates formed in solution. This indicates

that the pKa of the anionic groups on the SCL is about 4.3,

below, which the carboxyl groups on the SCL are proton-

ated and thus unable to form PECs. It was expected that

during the electrospinning process, as solvent is evaporated

from the solution, the pH rises above the pKa of the car-

boxyl groups on the SCL, thus allowing for PEC formation

to occur.

Solution properties and their electrospinning behaviour

The properties of the various prepared solutions are shown

in Fig. 2. It was found that the viscosity of the solutions

dropped dramatically with increasing SCL content until a

saturation point was reached. This is in agreement with our

previous report [35] and is due to the low intrinsic viscosity

of lignin [47]. Although the viscosity decreased dramati-

cally, the high viscosity imparted by the chitosan still

allowed for the solutions to be electrospinnable. The sur-

face tension of the solutions was found to remain constant

across the different formulations. This was expected based

on the report by Geng et al. [48], which showed that in

chitosan-based solutions, surface tension was greatly

affected by the acetic acid concentration but not by poly-

mer concentration.

All solutions were successfully electrospun using the

applied electrospinning parameters. However, only the

electrospinning jet of the 2.0L solution formed a stable

region (region where the jet underwent no instabilities)

whilst the 1.5, 2.5 and 3.0L solutions all had no stable

region. In addition, of all the formulations, only the 2.0L

solution deposited as a flat, dense fibre mat. The other

formulations formed floating fibres (fibres that rise off from

the plate collector towards the capillary caused by the

deposited fibres having a high net charge density so that

they repel each other and are attracted towards the applied

voltage). Floating fibres are undesirable as they reduce the

working distance available in which the electrospinning jet

can elongate and solidify and also change the electric field.

These effects cause the deposition of fibres with uneven

fibre distributions, more beading defects and fibre bun-

dling. The 1.5L and 2.5L fibres deposited as a loose, cot-

ton-like mat. The morphology of the 1.5L mat was better

than that of the 2.5L mat as the 2.5L mat formed some fibre

bundles. The 3.0L mat was composed predominantly of

fibre bundles. The 2.0L formulation (4:3 SCL:CS ratio)

produced the best fibre mats and thus likely contained an

almost stoichiometric charge ratio of SCL and CS func-

tional groups. It may be expected that the use of CS with a

higher degree of deacetylation would allow for optimised

fibres with higher SCL:CS ratios to be produced due to the

greater number of charged groups per CS molecule.

Characterization of electrospun fibres

In order to confirm the PEC nature of the electrospun

fibres, the fibre mats were soaked in water for at least a day.

This was to test if the fibre structure was retained after

soaking as the predominant component, SCL, is water

soluble. As PEO does not take place in PEC formation and

is water soluble, it is also expected that PEO can be

removed from the fibres through the water-soaking process.

The fibres before and after being soaked in water were

characterised for their morphological (SEM), chemical

(EDS), thermal (TGA), spectroscopic (fluorescence) and

structural (FTIR) properties.

SEM/EDS characterization

SEM micrographs of the four different fibre mats produced

are shown in Fig. 3. The 2.0L fibres were found to possess

Fig. 1 Schematic of polyelectrolyte complexation between sodium

carbonate lignin and chitosan. (Circled regions indicate the ionic

bonds.)

Fig. 2 Viscosity and surface tension properties of the various

prepared solutions
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the best fibre morphology out of the four samples. In the

2.0L fibres, beading was not observed while the 1.5L had

some, the 2.5L more, and the 3.0L fibres were composed

almost entirely of beads. The diameters of the 2.0L fibres

were also much smaller and more uniform than the other

fibres at 253 ± 77 nm. The 1.5L fibres possessed diame-

ters of 1.92 ± 0.87 lm. The diameters of the 2.5L fibres

were much too varied and the 3.0L fibres were too beaded

to measure. The morphology of the 2.0L fibres was not

perfect and showed some fusing between fibres indicating

that the solvent did not completely evaporate upon depo-

sition. However, for the desired application as carbon

fibres, fused fibres may be beneficial as they provide

greater electrical contact between the fibres and thus a

greater electrical conductivity throughout the fibre mat.

Thus, based on both the macroscale fibre mat morphologies

and microscale fibre morphologies, the 2.0L formulation

was optimal and was the focus of subsequent

characterisations.

Figure 4a and b shows the SEM micrographs of the 2.0L

fibres after being soaked in water (2.0L-W). The fibres can

be observed to have retained their structure and be very

similar in morphology to the as-spun 2.0L fibres with

diameters of 248 ± 56 nm. Thus, the fibres appear stable

in water; supporting their PEC composition. Figure 4c

shows the EDS spectra of the 2.0L and 2.0L-W fibres. The

N peak of chitosan did not show up in the EDS spectra due

to the N x-ray fluorescence being quenched by O. It is

clearly observed that while the samples contained sodium

before being soaked in water, after soaking, there was no

visible peak due to sodium (originating from the SCL). As

is well established of PECs, upon forming, the couterions

originally associated with the constituent polyions are

excluded. Thus, through soaking the fibres in water, the

free sodium ions could easily be washed out of the fibres.

Removal of these sodium ions would lead to a more pure

carbon fibre.

Thermal properties

The TGA thermograms of the PEO, SCL and CS are shown

in Fig. 5a and the 2.0L and 2.0L-W fibres are shown in

Fig. 5b. The PEO and CS exhibit one-step degradations

with the degradation of PEO being very rapid upon onset

and leaving virtually no residue while the degradation of

CS is more gradual and leaves some residue. SCL exhibits

a three-step degradation over a wide temperature range,

which is common of lignin due to differences in the ther-

mal stability of oxygen-containing functional groups [49].

The first degradation is likely due to cleavage of the

functional groups, while the second is likely due to rear-

rangement of the phenolic backbone [49]. The third deg-

radation is not usually observed in lignins and may be due

to volatilization of the sodium counterions present in SCL.

The first degradation of SCL and CS are very close.

The 2.0L fibres, as well as the other fibres (not shown),

exhibit a three-step degradation. The first degradation peak

matches the first degradation peaks of SCL and CS. The

Fig. 3 SEM images of a 1.5L, b 2.0L, c 2.5L and d 3.0L electrospun fibres
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second corresponds to that of PEO and the third to the third

degradation of SCL. In comparing the degradation curve of

the 2.0L-W fibres to the 2.0L fibres, it can be seen that the

second degradation peak is greatly diminished while the

third peak disappears. The diminishment of the second

peak supports the removal of PEO from the fibres with

water soaking. As the PEO used was of an extremely high

molecular weight, it is expected that the smaller fractions

diffused out of the fibres first and the larger fractions may

require more time to diffuse out completely. The removal

of PEO from the fibres is desirable as PEO has a low

melting point (66–70 �C), which makes it an undesirable

component in the thermal stabilization and carbonization

process. The disappearance of the third peak supports that

the peak was caused by the sodium ions as the EDS data

revealed large amounts of sodium to be removed from the

fibres upon water soaking. Though EDS only characterised

the surface of the fibres, the disappearance of this TG peak

indicates that the sodium was also removed from the bulk

as well. The first peak also appears to have been slightly

shifted to a higher onset of degradation indicating some

enhanced thermal stability.

Fig. 4 a,b SEM images of the

2.0L-W fibres. c EDS spectra of

the 2.0L (solid line) and 2.0L-W

(dotted line) fibres

Fig. 5 TGA thermograms of

a PEO, SCL and CS b the 2.0L

fibres and the 2.0L-W fibres
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Fluorescence characterization

Lignin, due to its aromatic structure is well known to

fluoresce; the fluorescence most likely arising from groups

such as stilbene, biphenyl and phenylcoumarin [50]. In

their pure forms, CS and PEO do not fluoresce. However,

fluorescent impurities can exist in unpurified samples,

which give them fluorescent peaks. The fluorescence

emission spectra of PEO, SCL, CS, the 2.0L fibres and the

2.0L-W fibres are shown in Fig. 6a. Both CS and PEO

share a peak emission at the wavelength of 544 nm; indi-

cating the presence of a similar impurity. SCL has a broad

peak emission between 583–598 nm, a shoulder at 558 nm

and another slight shoulder at 647 nm. The 2.0L fibres

before and after being soaked in water possess nearly

identical emission spectra. The first peak occurs at 549 nm

and is slightly shifted compared to the emission due to CS

and PEO. The remaining emission peaks on the fibres are

due to lignin. The peak at 563 nm matches one shoulder

from SCL and is quite prominent. A peak and a shoulder

appear at 583 nm and 598 nm, respectively, and arise from

the extremes of the broad peak on SCL. The final shoulder

occurs at 661 nm and is greatly shifted from the slight peak

on lignin at 647 nm.

The slight and large red-shift in the peaks at 549 nm and

647 nm, respectively, in the spectra of the 2.0L fibres

compared to the spectra of the constituent materials is

indicative of some conformational changes occurring in the

polymers upon PEC formation and electrospinning. With a

conformational change, the degree of p–p interactions

between aromatic rings on the SCL can change [51]—a

red-shift indicating closer packing of the polymers [52].

Thus, upon PEC formation between SCL and CS during the

electrospinning process, the constituent polymers could be

thought to pack much closer together than in their raw

states. The linear structures of PEO and CS prevent much

changes to their packing, and thus no shifts are visible in

peaks corresponding to the fluorescence of either PEO or

CS. SCL on the other hand is branched and through PEC

formation, it would be expected to align somewhat with the

linear CS chains, which is supported by the the large shift

in one of the SCL peaks.

Fig. 6 a Fluorescence spectra

of PEO, CS, SCL, the 2.0L

fibres and the 2.0L-W fibres.

Topographical fluorescence

microscopy images of the 2.0L

fibre mat imaged between

b 570–620 nm and

c 520–560 nm. d Cross-

sectional fluorescence

microscopy image of the 2.0L

fibre mat
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The fibres were imaged through confocal fluorescent

microscopy in order to investigate the distribution of the

component polymers throughout the fibres (Fig. 6b–d).

Two fluorescence channels were used: one channel oper-

ated between 520–560 nm (coloured red) and another

channel operated between 570–620 nm (coloured green)

corresponding to the peak fluorescence emissions of CS

and SCL, respectively. Topographical images of the fibre

imaged using the SCL and CS peak emissions are shown in

Fig. 6b and c, respectively. From these images, it can be

observed that the two components are evenly distributed

throughout the fibres. However, a cross- sectional image of

a fibre mat (Fig. 6d) reveals some inhomogeneity in the

polymer distribution through the fibre mat. The bottom of

the fibre mat contains more CS while the top more SCL.

This inhomogeneity may arise from the charges applied

during the electrospinning process. Initially, the collector is

negatively charged with respect to the needle, causing the

positively charged CS to be more attracted to it then SCL,

resulting in the deposition of PECs with a higher CS to

SCL ratio. As the fibres continue to be deposited, an

insulating layer develops over the collector; reducing the

voltage bias and allowing more SCL to compose the

deposited PEC fibres. Thus, during the deposition of the

fibres, the PEC composition may vary slightly.

FTIR characterization

The FTIR spectra of PEO, CS, SCL and the 2.0L and 2.0L-

W fibres are shown in Fig. 7. It can be observed that the

spectrum of the 2.0L fibres is quite close to that of the SCL.

No noticeable variation was observed between the FTIR

spectra of the electrospun fibre mats produced from the

various solutions (data not shown); as would be expected

from simple variations in polymer composition. The effects

of the PEO signal are minimal in the fibre spectrum as PEO

is the smallest constituent of the fibre. The CS curve is also

similar to and not as intense as the SCL signals and so are

not very distinct in the 2.0L spectrum. Comparing the SCL

curve to the 2.0L curve, some slight shifting is observed

from 1570 and 1410 cm-1 in SCL to 1540 cm-1 and

1400 cm-1 in the fibres, respectively (C = O stretching of

carbonyl groups, circled in Fig. 7). Thus, there is some

change in the structure of SCL during PEC formation as

expected.

A surprising result was the dramatic change in the

spectra between the 2.0L and 2.0L-W fibres. The two peaks

due to the C = O stretching of carbonyl groups disappear

at 1540 and 1400 cm-1 and a new peak, unobserved in any

of the constituent materials, appears at 1620 cm-1. Further

studies will be required to elucidate the exact mechanism

of this change but it can be speculated that the removal of

the associated counterions and PEO from the fibres upon

water soaking allowed the ionic PEC bonds to become

much stronger. Thus, the stretching of the carbonyl groups

could be largely extinguished, while the stretching of the

aromatic diene bonds become much more prominent.

Thus, based on the increased thermal stability as seen

from the TGA studies and the significant structural changes

as seen from FTIR studies, it was revealed that soaking the

PEC fibres in water significantly enhanced the stability of

the SCL-CS-PEC structures.

Conclusion

Polyelectrolyte complex (PEC) fibres of SCL and CS were

successfully produced by manipulating the rapid solvent

evaporation that takes place during the electrospinning

process to change the solution pH and induce PEC for-

mation as the fibres are being formed. SCL-CS-PEO blend

solutions with varying SCL contents were electrospun. The

solution containing a 4:3 SCL:CS ratio (2.0L solution)

produced the best fibre morphologies due to the charges on

SCL and CS being stoichiometrically balanced. Through

soaking the fibres in water, the PEC composition of the

fibres was confirmed and the ability to remove PEO and

sodium ions present in the fibres was demonstrated. Fur-

ther, it was revealed that soaking the fibres in water

increased the strength of the PEC bonds leading to an

enhanced thermal stability. Thus, a novel method of pro-

ducing pure-biopolymer electrospun fibres with green sol-

vents was demonstrated. Future works are required to

explore the thermal stabilization and carbonization of these

PEC fibres.
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