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Abstract
In general, the electro-spinning of lignin requires it to be functionalised and/or blended with synthetic or natural polymers. This paper
reports on the use of solvent fractionated lignin-lignin blend to electro-spin BioChoice® softwood Kraft lignin. The blend consisted of
acetone-soluble and ethanol-soluble lignin in a binary solvent of acetone and DMSO. Solvent fractionation was used to purify lignin
where the ash content was reduced in the soluble lignin fractions from 1.24% to ~0.1%. The corresponding value for conventional acid-
washing in sulphuric acid was 0.34%. A custom-made electro-spinning apparatus was used to produce the nano-�bres. Heat treatment
procedures were developed for drying the electro-spun �bres prior to oxidation and carbonisation; this was done to prevent �bre fusion.
The lignin �bres were oxidised at 250 C, carbonised at 1000 C and 1500 C. The cross-section of the �bres was circular and they were
observed to be void-free. The longitudinal sections showed that the �bres were not fused. Thus, this procedure demonstrated that
solvent fractionated lignin can be electro-spun without using plasticisers or polymer blends using common laboratory solvents and
subsequently carbonised to produce carbon �bres with a circular cross-section.

Introduction
Over the past decade, the use of naturally occurring biomaterials such as lignin and cellulose as an alternative precursor to
polyacrylonitrile (PAN) for the production of carbon �bres has been studied extensively.1-5 PAN continues to be the primary precursor
for the production of carbon �bres. However, PAN is derived from petroleum and it is not a sustainable precursor in the long-term6,7.
There is signi�cant ongoing global interest in identifying and using sustainable, low-cost and environmentally-friendly precursors for
the production of carbonised �bres8-10.  Due to its chemical structure, abundance and high carbon content, lignin has been considered
to be a potential low-cost alternative precursor for the production of carbon �bres7,11-13. Approximately 50 million tonnes of lignin is
produced per year by the paper and pulp industry8,14. However, only 1-2% of the lignin produced is used in other industries whilst the
rest is burned as fuel for energy generation14,15.

Generally, lignin is initially puri�ed by washing it with an acid to reduce the carbohydrate content, inorganic impurities and other
contaminants16-19. These impurities effect the ability of the lignin/solvent solution to be spun into �bres16,20,21. The acid-washed lignin
is fractionated, chemically modi�ed or blended with co-polymers to aid �bre spinning and to improve the desired properties22-25. The
source, type of lignin and the extraction procedures used in�uence its processability during �bre spinning2,26. Finally, the �bres are
subjected to prolonged heat-treatment to carbonise them.  

Electro-spinning is a cost-effective method to produce nano-�bre preforms that can subsequently be carbonised27-30.  The applications
of carbonised lignin �bres include nano-composites31, tissue scaffolds for biomedical applications32, sensors33, �ltration
technologies21, lithium ion batteries34, sodium ion batteries35, fuels cells36, double layer capacitors37 and dye-sensitized solar cells for
energy storage and batteries related applications38.

Polymers such as polyethylene oxide, polyvinyl alcohol, polyacrylonitrile and cellulose have been blended with lignin25,38-43. One of the
reasons for blending lignin with other polymers is to improve its viscoelastic properties which in turn aids electro-spinning44-46. The
di�culty in electro-spinning lignin is attributed to its molecular weight distribution, cross-linking during processing and intermolecular
interaction within the lignin framework. Blending lignin with polymers or plasticisers is thought to facilitate polymer entanglement by
disrupting the intermolecular interactions and altering its viscoelastic properties which in turn is said to improve its ability to be electro-
spun44,46-48. Solvents that have been used frequently for dissolving and electro-spinning lignin �bres include dimethyl formamide and
dimethyacetamide2,24,26.

This paper reports on the development of a method for electro-spinning a lignin/lignin blend, without using any additives. Lignin was
fractionated using acetone and ethanol. The fractionated lignins, with different molecular weights, were dissolved in a 2:1 mixture of
acetone and dimethyl sulfoxide prior to electro-spinning. The electros-spun �bres were thermo-oxidised, carbonised and characterised. 
The carbonised �bres were void-free, unfused and they had a circular cross-section.  The �bres were characterised and compared with
data reported in literature.

Methods
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Prior to solvent fractionation, the softwood Kraft (BioChoice ®) lignin was dried in a vacuum oven at 80°C for 6 h under a reduced
pressure of 1 bar to remove moisture and low-molecular weight volatiles. The pre-dried lignin was re�uxed with the desired solvent
(acetone or ethanol) for 6 h under constant agitation by bubbling argon gas at 30 mL min-1. The temperature of the solution was
maintained at 56°C and 75°C for acetone and ethanol, respectively. The lignin-to-solvent ratio was maintained at 1 g per 15 mL. After
re�uxing, the solution was cooled to room temperature and �ltered under reduced pressure. The solvent from the soluble lignin fraction
was evaporated using a rotary evaporator under reduced pressure. The fractionated lignin including the soluble and the insoluble
fractions were dried in a vacuum oven at 80°C for 6 hours and stored in air-tight container until required.

Ash content of fractionated lignins

The ash content in the pre-dried (moisture-free) lignins was determined using the following procedure. The procedure involved pre-
heating alumina crucibles with lids to 525 °C for 60 minutes and cooling them in a desiccator. Approximately 1 gram of lignin was
transferred to the pre-dried and pre-weighed crucibles. Alumina lids were placed on the crucibles and they were positioned in a mu�e
furnace and heated from ambient temperature to 525 °C to carbonise the lignin samples without causing it to ignite. Once the samples
had charred, the lid was removed to oxidise lignin samples at 525 °C for 4 hours. Upon cooling to room temperature, it was observed
that samples had been converted from a black char to white powdery ash. The mass was recorded to the nearest 0.001 g using an
analytical balance and the ash content was determined.

Preparation of lignin solution for electro-spinning

Solutions of fractionated acetone-soluble (ASL) and ethanol-soluble (ESL) lignin was made using a 2:1 (v/v) ratio of acetone and
DMSO. A concentration of 52.8 wt% lignin was identi�ed as an optimum total polymer concentration for electro-spinning (see
supplementary Table S3 and Figure S5). The ASL concentration was kept at 95 wt% with ESL making up the remainder. The solution
was homogenised in a nitrogen atmosphere using a magnetic stirrer for 6 h and then stored in an airtight container until required.

Electro-spinning of lignin solutions

The electro-spinning of lignin solutions was carried out using a custom-built electro-spinner consisting of a disposable syringe and
needle assembly (Te�on tube with Luer lock adapter, Cole Parmer), a controllable feed liquid dispenser (AL1010, World Precision
Instruments) and a �at-tip needle of 25 G (0.254 mm diameter, Adhesive Dispensing). A schematic illustration of the electro-spinning
unit that was used to produce lignin �bres is shown in Figure 1. The needle was connected to the positive terminal of a high-voltage
power supply (Laboratory bench power supply, Genvolt). The electro-spun �bres were collected on an aluminium foil placed on top of a
grounded copper plate (10 x 10 x 0.5 cm). The distance from the tip of the needle to the collector plate was kept at 12 cm and the
applied voltage was 12 kV. The polymer solution was dispensed at 0.1 µl min-1. The temperature of the chamber was maintained
between 25-30 °C with a relative humidity of 30-35%. The electro-spinning operation was carried for 3 min.

Thermo-stabilisation and carbonisation of lignin electro-spun �bres

Prior to thermo-stabilisation, the electro-spun ASL-ESL lignin �bres were dried in vacuum oven at 140°C for 6 h to remove excess
solvent from the electro-spun �bres. The pre-dried lignin �bres were transferred into a tube furnace (Pyrotherm) in a graphite crucible
and heated to 100°C and held for 1 h. The �bres were then heated to 150°C, held for 1 h followed by heating to a �nal temperature of
250°C where they were held for another 1 h. During the thermo-stabilisation step, a heating rate of 0.5 K min-1 was used under an air
gas �ow of 50 mL min-1.

The thermo-stabilised ASL-ESL lignin �bres at 250°C were carbonised at 1500°C. These samples were heated at 5 K min-1 under a
nitrogen �ow of 50 mL min-1. The �bres were held isothermally at each temperature for one hour before cooling to room temperature.
The sample morphology was characterised using SEM.

Fibre morphology

A TM3030 PLUS (Hitachi, Japan) SEM was used to characterise the surface and cross-section morphology of the lignin samples that
were carbonised at 1000°C, 1200°C and 1500°C. The SEM was operated with an acceleration voltage of 15 kV. The sample was
mounted on SEM stub using an adhesive carbon tape and coated with Au/Pd for 3 mins using a current of 25 mA and a vacuum of 1
mTorr.
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Fibre diameter distribution

The �bre diameter distribution of the lignin �bres, before and after carbonisation, was acquired using ImageJ analysis software. Three
representative micrographs at a magni�cation of 2500 were selected for each sample and the diameter distribution was determined
using one hundred individual measurements for each image.

Electrical conductivity

The electrical properties of the carbonised electro-spun lignin �bres were measured using a 4-point probe of RM3000 (Jandel
Engineering Limited). Prior to measuring the electrical resistivity, the equipment was calibrated using a Jandel resistivity standard
(Serial no. 74452, Jandel Engineering Limited). The carbonised lignin �bre with a width of 0.5 cm were mounted on a clean glass slide.
The sheet or surface resistance of �bres that were carbonised at 1000°C, 1200°C and 1500°C was measured. The sample thickness of
electro-spun carbonised mat was averaged from �ve individual measurements. The spacing or distance between the probes was set at
0.1 cm and the sample measurements were carried out at 24-25°C and with a relative humidity of 38-40%. Five measurements of the
surface resistance (R) were made at different locations on the samples. The resistivity (Ω-cm) using four-point probe method can be
measured according to the Equation 1:

where ρ is the resistivity and L is the distance between the probes (0.1 cm) and R is the electrical resistance; A is the cross-sectional
area of the sample.

Raman spectroscopy

An inVia confocal Raman Microscopy (Renishaw, UK) equipped with a 488 nm laser diode was used to observe the graphitic structure
of the carbonised electro-spun �bres. The samples were mounted on the glass microslide. Raman spectra were acquired over a
spectral range of 320-3200 cm-1 using 100 scans per sample at 10% laser power. The band intensities including the peak area (A) and
the peak height (I) were determined. The ratio of intensities of D to G are represented by ID/IG whilst AD/AG shows the ratio of areas.51,52

Results And Discussion
The effect of treating lignin with acetone and ethanol on the solubility, yield and ash content is presented in Table 1. It was found to be
partially soluble in acetone and ethanol. The highest yield attained was with acetone. Approximately 56% was recovered as the soluble
fraction. As seen in Table 1, the ash content for the soluble fraction were in the range 0.1–0.11% whereas that for the as-received lignin
was 1.24%. This shows that solvent fractionation can reduce the inorganic impurities as inferred by the ash content in the soluble
fractions. The ash content for the insoluble lignin fraction was 1.99–2.17%. The conventional approach to remove the inorganic
content in lignin is to treat it with acids. This was carried out with the as-received lignin and the ash content was 0.34%.

Table 1
Solvent fractionation yields with their respective ash contents for each lignin

fraction.
Solvents Fractionation Yields (%) Ash Content

(%)

Soluble Fraction Insoluble Fraction

Acetone 56 0.10 2.17

Ethanol 38 0.11 1.99

Electro-spinning of ASL-ESL

The �bres were spun on to a �at plate collector and a schematic illustration of electro-spinning setup was shown in the experimental
method section. A macroscopic image of the deposition area of the electro-spun lignin is shown in Fig. 2a-f. Pale brownish �bres were
deposited over a diameter of 3–4 cm. The �bres within this area were orientated randomly. Figure 2b-f show representative
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micrographs for the 52.8% total polymer concentration where the �bres are unfused and orientated randomly. Figure 2e-f shows high-
magni�cation SEM micrographs for the transverse section where it can be seen the �bres are void-free and with a smooth surface.

Electro-spinning of fractionated lignin without any additives was successfully demonstrated for the �rst time (Fig. 2). This is
signi�cant as Softwood Kraft lignin was found to be unsuitable for the production of carbon �bres and for use in biore�neries due to
its higher content of impurities18,19. The electro-spun ASL-ESL lignin �bres were dried in a vacuum oven at 140°C and then
subsequently thermo-stabilised in air at 250°C. The thermo-stabilised �bres maintained their form and structural shape. The change in
structural and physical properties during thermo-stabilisation will be discussed in subsequent publication. The thermo-stabilised lignin
�bres were carbonised in a tube furnace at 1000°C, 1200°C and 1500°C. The colour change observed before and after the speci�ed
heat-treatment of the electro-spun lignin �bres is shown in Fig. 3. The as-spun �bres turn from pale yellow/brown to dark brown and
eventually to black upon carbonisation.

SEM micrographs of the carbonised lignin �bres (ASL-ESL) at 1000°C, 1200°C and 1500°C are shown in Fig. 4 (a-f). The surface
morphology of the �bres is seen to be smooth, circular in cross-section and unfused. This demonstrates conclusively that electro-spun
lignin �bres can be obtained without the use of any processing aids or synthetic polymer blends. In other words, this represents the
production of electro-spun �bres using 100% lignin.

Transverse section of the electro-spun (ASL-ESL) lignin �bres that were carbonised at 1000°C, 1200°C and 1500°C is shown in Fig. 5.
These micrographs demonstrate that the �bres are not fused and that their cross-section is circular. Figure 5 (a-c) and Fig. 6 (a-f) show
that the �bre diameter decreases as a function of the carbonisation temperature. This is expected due to shrinkage and mass-loss
during carbonisation. Figure 5 (a-c) show the presence of fractured �bres. This was possibly caused when the electro-spun preform
was fractured in liquid nitrogen to obtain transverse sections. However, fracture caused by �bre shrinkage during carbonised cannot be
ruled out.

Fibre diameter distribution
The �bre diameter distribution for the electro-spun ASL-ESL lignin �bres in the as-spun and after speci�ed heat treatments are shown
in Fig. 6 (a-f). The data sets are represented as histogram plots with an overlaid normal distribution curve. The diameters for the
electro-spun samples represented in Fig. 6 are as follows: (a) as-spun 0.6–2.8 µm; (b) vacuum-dried 0.6–2.8 µm; (c) thermo-stabilised
lignin �bre in air at 250°C: 0.6–2.4 µm; (d) carbonised lignin �bres in nitrogen at 1000°C 0.6–1.4 µm; (e) 1200°C: 0.6–1.4 µm and
(f)1500°C: 0.6–1.2 µm. The as-spun and vacuum dried lignin �bres showed the widest distributions ranging between 0.6–2.8 µm.
There is a noticeable change in diameter for the air thermo-stabilised lignin �bre diameter at 250°C. The most signi�cant change in the
diameter distribution for the electro-spun �bres was observed during the carbonisation stage. The narrowest diameter distribution
(0.4–1.2 µm) was obtained for the lignin �bres that were carbonised at 1500°C.

Electrical conductivity of electro-spun ASL-ESL carbonised lignin �bres

The electrical properties of the carbonised lignin samples are shown in Table 2. The electrical properties of the solid carbonised lignin
�bres are important for determining their suitability for energy storage applications such as electrodes for dye-sensitised solar cells,
batteries, fuel cells, capacitors and super capacitors. As seen in Table 2, the electrical conductivity of the lignin �bres increased with
carbonisation temperature from 1000°C to 1200°C and 1500°C. The lignin �bres that were carbonised at 1500°C show electrical
conductivity comparable to those reported in literature for softwood Kraft lignin (230 S m− 1)2,52. This suggests that the carbon �bre
produced from 100% lignin, without any binder as in the current case, are of comparable quality to those reported in literature.
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Table 2
Electrical properties of the carbonised ASL-ESL
lignin �bres that were carbonised in nitrogen at

1000°C, 1200°C and 1500°C for 1 h.
Samples Resistivity

(Ω m)

Electrical conductivity

(S m− 1)

1000°C 0.96 ± 0.14 105.64 ± 14.86

1200°C 0.51 ± 0.05 197.18 ± 20.40

1500°C 0.49 ± 0.06 205.80 ± 24.33

Raman spectroscopy of electro-spun ASL-ESL carbonised lignin �bres
Raman spectroscopy was used to evaluate the structural changes in the lignin samples as a result of carbonisation. Raman spectra of
the lignin �bres that were carbonised at 1000°C, 1200°C and 1500°C are shown in Fig. 7. There are two distinct peaks present in the
Raman spectra for the carbonised lignin �bres. These characteristic peaks correspond to D and G-bands which are typical of lignin and
PAN-based carbon �bres. The D-band which appears at ∼1350 cm− 1 is attributed to the breathing modes of carbon atoms in aromatic
rings. The G-band which appears at ∼1600 cm− 1 is ascribed to the in plane stretching of sp2 carbon hybridized bonds (C = C) in the
aromatic rings2,51. Therefore, in general, the D-band indicates disorder or defects in the graphitic structure and the G-band represents
sp2 ordered graphitic carbon.

The small peak between 1000–1200 cm− 1 could be attributed to sp3 hybridised carbon53. The emergence of signi�cant new peaks at
approximately 2700 and 2900 cm− 1 is observed as the carbonisation temperature was increased from 1000°C to 1500°C. This band is
a result of second order resonance from the D-band and it is normally referred to as 2D band. This 2D band is a characteristic feature
of increased stacking in the layered graphitic sheets4,54.

The relative positions of the D and G-bands in the Raman spectra with an analysis of the ratios of two peaks is shown in Table 3. The
intensity of the D and G-bands increases with the processing temperature. The intensity (ID/IG) and area (AD/AG) ratios of the two
bands increase with temperature. This suggests that more disorder is introduced in the graphitic structure with increasing
carbonisation temperature from 1000°C to 1500°C. This is said to indicate the existence of turbostratic graphite which is thought to be
composed of highly condensed aromatic structure between the amorphous carbon and graphite51,55. The increase in the ratio of ID/IG
is directly in contrast to carbon �bres made from PAN where this ratio is seen to decline with the increasing carbonisation
temperature56–58. However, these �ndings are in complete agreement with reported Raman results on the carbon �bres obtained from
lignin4,20. Moreover, it is reported that the higher molecular weight of lignin enhances the graphitic structure and mechanical
performance59.

Table 3
Analysis of the position of the D and G-band in the Raman spectra for the
carbonised lignin �bres and the full width at high maximum (FWHM) for

these bands along with their intensity and area ratios.
Sample D-band

(cm− 1)

G-band

(cm− 1)

Width (FWHM) (cm− 1) ID/IG AD/AG

D-band G-band

1000°C 1352.91 1597.02 164.52 135.18 0.82 0.96

1200°C 1348.61 1597.02 146.19 89.85 0.91 1.07

1500°C 1342.88 1583.11 107.59 77.97 1.04 1.13

The FWHM of the D and G- bands is attributed to the degree of structural disorder. It is seen in Table 3 that the D and G-bands
experience a decrease in the FWHM values, but G-band shows more narrower line width as the carbonisation temperature is increased.
This indicates the lignin sample carbonised at higher temperature start to attain a crystallite graphitic structure4,60.

Conclusions
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The solvent fractionation with acetone and ethanol lead to the reduction in ash content (1.24 to 0.1%), average molecular weight (7367
to 5370 g/mol) and glass transition temperature (155 to 134°C) as determined using molecular weight distribution curves and
differential scanning calorimetry (shown in supplementary Figure S2-S5 and Table S2). The electrospinning of 100% lignin without any
additives was demonstrated successfully for the �rst time by using non-toxic green solvents (acetone/DMSO). The procedures reported
in this study will enable the sustainable production of carbon �bres using lignin and green solvents. The electro-spun and carbonised
lignin �bres were void-free with a circular cross-section. The electrical conductivity was comparable to those reported in the literature.
An increase in the carbonisation temperature lead to an increase in the graphitic structure as indicated by a narrower FWHM for the G-
band in the Raman spectra. The diameter of the lignin �bre was found to reduce with the increase in carbonisation temperature. The
mean �bre diameter observed after carbonisation at 1500°C was 0.8 µm ± 0.4.
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Figures

Figure 1

Schematic illustration of electro-spinning setup with a �at plate ground-electrode for collecting randomly oriented lignin �bres.
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Figure 2

(a-f) Electro-spun lignin �bres using 95ASL–5ESL in acetone/DMSO: (a) macroscopic appearance of the deposition area (randomly
oriented �bres); and (b-f) magni�ed SEM micrograph of �bres produced using the 52.8 wt% total polymer solution concentration.

Figure 3

Colour changes in the electro-spun ASL-ESL lignin �bres before and after heat treatment at speci�ed temperatures.
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Figure 4

Electro-spun and carbonised (ASL-ESL) lignin �bres after carbonisation at 1000°C (a, b), 1200°C (c, d) and 1500°C (e, f) with
magni�cations of x1000 and x2500.

Figure 5

(a-c) Micrographs showing transverse sections of electro-spun (ASL-ESL) lignin �bres after carbonisation at 1000°C, 1200°C and
1500°C respectively.
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Figure 6

Histogram plots for the diameter distribution for the electro-spun (ASL-ESL) lignin �bres: as-spun (a), vacuum-heated at 140°C (b),
thermo-oxidative stabilised at 250°C (c), and carbonised at 1000°C (d), 1200°C (e) and 1500°C in nitrogen (f). The histograms have
been overlaid with a normal diameter distribution curve for each data set.
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Figure 7

Raman spectra of electro-spun and randomly orientated lignin �bre mats that were carbonised at 1000°C, 1200°C and 1500°C in
nitrogen for 1 hour.
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