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Abstract: Sugarcane bagasse (SB) is an agricultural waste
with massive potential as a source of lignin for the produc-
tion of renewable materials. In this study, acetosolv lignin
from SB was extracted efficiently and sustainably via micro-
wave (MW)-assisted extraction within 10min. Subsequently,
acetosolv lignin was subjected to electrospinning into lignin
nanofibres (LNFs) for carbon fibre production using an 85/15%
w/w lignin/poly(ethylene oxide) blend ratio in a DMF solution
after optimisation of suitable electrospinning parameters. The
structural characterisation of lignin was accomplished via
pyrolysis-gas chromatographywithmass spectrometry, hetero-
nuclear single quantum coherence, Fourier-transform infrared
spectroscopy, size-exclusion chromatography, and thermogra-
vimetric analysis while the electrospun LNFs were charac-
terised by transmission electron microscope as randomly
arranged fibres with diameters ∼15 nm. SB is a readily avail-
able and valuable source of lignin for facile MW extraction
using acetic acid, while electrospinning was a fast and efficient
method for the fabrication of LNFs.

Keywords: microwave-assisted, delignification, electrospin-
ning, lignin nanofibres, sugarcane bagasse

1 Introduction

Carbon fibres (CF) are highly versatile materials widely
used in several sectors of the economy, including aero-
space, construction, automotive, and energy [1]. However,

at least 50% of the cost of CF production is due to the
expensive petroleum-derived polyacrylonitrile (PAN) precursor.
Cheaper and renewable PAN alternatives are required to
enable the cheaper production of CFs [2,3]. In particular, sus-
tainable lignin carbon fibre (LCF) production using lignin
derived from agricultural lignocellulosic wastes such as corn
stover, wheat husks, corn cobs, and sugarcane bagasse (SB) are
advantageous since they do not compete with food security
[4–6]. SB from sugar processing is a good biomass precursor
for LCF production; as a material, it has a reasonably steady
supply (annual global production is about 500 million tonnes)
[5,7], has a centralised source, can easily be collected and trans-
ported relatively cheaply, and it has a generally homogenous
material composition [8,9].

Although biomass-derived LCFs have been successfully
fabricated [10], they tend to be unsuitable for structural
applications due to their numerous defects [11]. The voids
resulting from the volatilisation of side chains in lignin,
carbohydrate impurities, and plasticisers used in lignin
blends during the carbonisation process [12]. Nevertheless,
LCFs have found important applications in energy storage
devices, including supercapacitors [13–15], sodium-ion bat-
teries [15,16], and lithium-ion batteries [17–19], where their
voids are beneficial as they enable a greater intercalation
volume for ions used in energy storage [20,21]. LCFs have
also been successfully used as adsorbents for water puri-
fication and remediation [22,23] and as catalyst support in
heterogeneous catalysis [24,25].

The most common techniques used in the fractiona-
tion/extraction of the lignin, the LCF precursor, from biomass,
such as the Kraft, soda, and sulphite processes, generally use
environmentally harmful chemicals while also being energy-
intensive and time-consuming [26,27]. In addition, impure
lignin by-product contaminated by inorganic contaminants,
with limited application downstream, is often produced, rele-
gating copious amounts of lignin by-product to underutilisa-
tion as boiler fuel in the biorefinery [21,28–31]. Efficient and
environmentally benign lignin extraction processes produ-
cing lignin with fewer inorganic contaminants are critical
for lignin valorisation [4,32–34]. In this regard, organic solvents
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such as formic acid, acetic acid (AA), methanol, and ethanol have
been touted as crucial solvents in lignin extraction [35]; in
addition, these solvents can be produced on-site by the bio-
refineries from the holocellulose components (hemicellulose
and cellulose) of the same biomass, encouraging a circular
bio-economy overall [35–40].

By following sound circular economy principles, including
biomass fractionation and subsequent LCF production, several
techniques have been developed. To enable efficient lignin
extraction, organic solvents have been coupled with external
non-ionising radiation such as microwaves (MW), dramatically
reducing extraction time and efficiently extracting the lignin
[41,42]. MW-assisted heating has higher heating rates com-
pared to conventional heating, whose vessels are slower to
warm up. In MW-assisted heating, the energy is transferred
more efficiently to the material electromagnetically, rather
than via a thermal heat flux down a thermal gradient, as
with traditional heating methods [43–49].

The efficiency of MW irradiation derives from the
rapid volumetric heating [43–49], which is generated by
the swift migration of ions and rotation of dipoles in mole-
cules, resulting in molecular friction and heat generation.

Successful MW lignin extractions from biomass using organic
solvents have been achieved using bamboo in a formic acid/
AA/water solution with 6% HCl [50], birch in formic acid [31],
and SB in 90% (v/v) AA and 2% HCl [42].

After extracting the lignin precursor, efficient and eco-
nomical lignin nanofibre (LNF) production is also vital, and
can be achieved using electrospinning [21,51,52]. Electrospin-
ning is a well-established technique that uses electrostatic
forces to fabricate non-woven fibre mats with typically ran-
domly oriented fibres spanning the submicron to micron
range in diameter [19,53,54].

Electrospinning is achieved by applying a high voltage
to a fluid polymer, inducing an electric charge in the fluid.
Once a critical charge is reached, a fluid jet will be formed
from the droplet at the needle’s tip and travel towards the
region of lower potential (grounded collector) where the
fibres will be collected [55]. The electrospinning setup can
be horizontally or vertically oriented, or even be a rotating
drum to allow for the formation of aligned fibres (Figure 1)
[56–58]. The overall fibre morphology produced via elec-
trospinning depends on several variables, such as the
lignin type, solvent, binder polymer, viscosity of lignin

Figure 1: Common electrospinning configurations. (a) Horizontal, (b) top-down, (c) bottom-up, and (d) rotating drum.
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solution, the concentration of lignin solution, electrospin-
ning voltage, electrospinner configuration, feed rate, and
the distance between nozzle and collector [20,56–60].

This study aimed to extract lignin sustainably and effi-
ciently from SB and subsequently fabricate LNFs for the
fabrication of LCFs. This was achieved via acetosolv MW-
assisted lignin extraction from SB. The LNFs were then
fabricated in a facile and efficient manner using electro-
spinning. To the best of our knowledge, this is the first time
lignin from SB has been extracted using a fully acetosolv MW-
assisted heating method. Avelino et al. extracted lignin from
SB using 90% (v/v) AA and 2% HCl in 30min using an open
configuration [42]. In this study, a closed vessel setup was
utilised and we managed to achieve extraction within
10min without using HCl as a catalyst. In addition, we utilised
the extracted lignin to make LNFs via an electrospinning
process, which is rare for lignin derived from SB. As part of
the study, being aware of structural differences between
lignin sources (as a result of lignin source and extraction
methods used), we sought to determine the virtually unique
optimum parameters that would allow the extracted aceto-
solv lignin from SB to be electrospun into LNF without
causing electrosprays. In this regard, we were able to deter-
mine the flow rate, voltage, distance between poles and lignin
to plasticiser ratio required to successfully achieve the elec-
trospinning of acetosolv lignin from SB into LNFs.

2 Materials and methods

All chemicals were purchased from commercial sources
and were used as received without further purification at
analytical grade. SB was procured from the Council for
Scientific and Industrial Research in Durban, South Africa.

2.1 MW-assisted acetosolv extraction of
lignin from SB

Sugarcane bagasse (SB) was dried overnight at 105°C in a
convection oven and sieved with a 1 mm sieve. The powder
was collected into a zip-lock bag and stored in a desiccator.
The MW-assisted extraction of lignin from SB was carried
out in triplicate.

About 1.0 g of SB was weighed into a 35 mL glass MW
vial and 20mL of pure AA (99.5% v/v) was added; after that,
a stirrer bar was dropped in. The vial was placed in an MW
synthesiser (CEM discover SP model number 909155) set at
120°C for 10 min with a ramp time of 3 min.

Upon completion, a dark brown solution with a residue
at the bottom was observed. The residue was filtered using a
Buchner funnel. After that, the residue in the Buchner funnel
was washed three times using 10mL of AA. The dark brown
filtrate was transferred to a 100mL round bottom flask and
placed in a rotary evaporator to remove the AA solvent to
approximately 5mL. About 40mL of distilled water was
added dropwise while stirring, resulting in the precipitation
of dark brown lignin solid. The mixture was centrifuged at
4,000 rpm for 10min. The brown SB-derived lignin (SBL) was
then filtered on a Buchner funnel, washed five times with
10mL of water, and subsequently dried under vacuum over-
night, weighed, and stored in a glass vial.

2.2 Conventional acetosolv extraction of
lignin from SB

The conventional extraction of lignin from SB was con-
ducted in an autoclave. The extraction was carried out in
triplicate. The reaction conditions were set at a tempera-
ture of 120°C for 10 min, with a ramp time of 10 min. After
the reaction, the vessel was left to cool down naturally to
reach room temperature.

Upon completion, a dark brown solution with some
residue was observed. The mixture was separated using
a Buchner funnel. The residue in the funnel was washed
three times using 10 mL of AA. The dark brown filtrate was
transferred to a 100mL round bottom flask and placed in a
rotary evaporator to reduce the AA solvent to approxi-
mately 5 mL. After that, 40 mL of distilled water was added
dropwise while stirring, resulting in the precipitation of a
dark brown solid (lignin). The mixture was centrifuged at
4,000 rpm for 10 min. The brown SBL was then filtered on a
Buchner funnel, washed five times with 10 mL of water,
dried under vacuum overnight, weighed, and stored in a
glass vial.

2.3 Electrospinning of LNFs

A 10% (w/w) solution of an 85/15% w/w lignin/poly(ethylene
oxide) (PEO) blend was made by dissolving 170 mg of SBL
and 30mg of PEO (200,000 g·mol−1) in 1.8 g of DMF. After dissolu-
tion, the mixture was magnetically stirred for 2 h and then left
to stand for another 2 h. Electrospinning was conducted using
a Nanospinner-1 (Basic System) Single Nozzle Electrospinning
Machine (Turkey) with a voltage range of 0–40 kV. A 1mL syr-
inge of 4mm diameter was used at a flow rate of 0.3mL·h−1,

Microwave-assisted extraction of acetosolv lignin from SB  3



20 kV voltage, and a distance of 10 cm from the negative plate.
Nanofibres were collected on an aluminium foil placed on the
negative plate. The nanofibres were placed in a vial, sealed, and
subjected to transmission electron microscopy (TEM) analysis.

2.4 Characterisation

For pyrolysis gas chromatography with mass spectrometry
(Py-GC/MS), approximately 100–150 μg of the sample were
pyrolysed at 550°C for 20 s and the interface temperature to
the analytical column was set at 350°C. The samples were
analysed by Py-GC/MS detection using a multi-shot pyro-
liser, EGA/PY-3030 D (Frontier Lab, Japan) attached to a
Shimadzu gas chromatograph/mass spectrometer (QP2010
SE). The chromatographic separation of the pyrolysis pro-
ducts was performed using an ultra-alloy capillary column
(Frontier Lab, Japan) (30 m × 0.25 mm, 0.25 μm). The injec-
tion temperature was set to 280°C and the column flow rate
was set to 1.0 mL·min−1 with helium used as a carrier gas.
The GC temperature programme used was as follows: (i)
held at 50°C for 2 min, (ii) ramped from 50°C to 200°C at a
rate of 5°C·min−1, and (iii) then held for a further 18 min.
The ion source and interface temperatures in the mass
spectrometer were set to 200°C and 300°C, respectively.
The scan range used for the mass selective detector was
from m/z 40 to 650. The pyrolysis products were identified
by comparing their mass spectra with the mass spectra in
NIST 14 and Wiley 10 databases.

For thermogravimetric analysis (TGA), about 12.6 mg
of the respective lignin sample was weighed in the pan for
the analysis. The oven was programmed from 30°C to 900°C
at a constant heating rate of 10°C·min−1, then held at 900°C
for 5 min. Nitrogen (N2) at a 20mL·min−1 flow was used to
prevent any probable air combustion of the lignin sample.
TGA data were collected on a Perkin Elmer STA 6000
machine (USA).

Heteronuclear single quantum coherence nuclear
magnetic resonance HSQC NMR data were collected on
a Bruker Avance 400MHz spectrometer (Germany). HSQC
NMR spectra were obtained under ambient conditions in
DMSO-d6 deuterated solvent. NMR data are expressed in parts
per million (ppm).

A JEOL 1010 (Japan) transmission electron microscope
(TEM) was used to characterise the morphology and size of
the produced LNFs.

Infrared spectra were obtained at ambient tempera-
ture on a Fourier transform infrared (FTIR) spectroscope
(Perkin Elmer Spectrometer, Model 100, USA) equipped
with a universal ATR sampling accessory. All characteristic

peaks are reported in wavenumbers (cm−1) in the range of
4,000–400 cm−1.

For size exclusion chromatography (SEC), the DMAc
system consisted of a Shimadzu LC-10AD pump, a Waters
in-line degasser AF, and a Waters 717plus autosampler
(Japan). A Waters 2487 dual wavelength UV and a Waters
410 differential refractive index were connected in series as
detection systems. Dimethyl acetamide (DMAc, HPLC grade,
stabilised with 0.05% BHT and 0.03% LiCl) was used as mobile
phase at 40°C and a flow rate of 1mL·min−1, and the system
was calibrated using narrow poly(methylmethacrylate) stan-
dards ranging from 634 to 1.944 × 106 g·mol−1. The column set
included a 50mm × 8mm guard column in series with three
300mm × 8mm, 10 μmparticle size GRAM columns (two 3,000Å
and a 100 Å) obtained from Polymer Standards Service.
Concentration in DMAc was set at 1,000 g·L−1.

The polydispersity index (PDI) was calculated using
the following formula:

=
M

M
PDI

w

n

(1)

3 Results and discussion

3.1 Extraction

The MW extraction of lignin from SB required no special
preparation. In this study, lignin was extracted using 100%
(v/v) AA at 120°C in a sealed MW vial after 10 min, without
the need for a mineral acid catalyst. This setup was more
efficient compared to a similar extraction of lignin by
others from SB, which used 90% v/v AA and 2% v/v of
HCl at 110°C in 30 min in an open reflux system [42]. The
sealed vial used here encouraged the build-up of pressure
in the vessel, which aided in the rupture of cell walls to
release the lignin [61]. To improve sustainability, the AA
used in SBL extractions was recycled and used in other
extractions once removed using a rotary evaporator. The
hydrophobic nature of the acetosolv SBL produced enabled
easy separation from the residual AA solution, as precipi-
tation was readily achieved by simply adding water. This
ensured a green extraction of lignin from SB without the
use of toxic chemicals or needless wastage of solvents.

AA was chosen due to several factors: it has a high
solubility of lignin, which allowed for lignin’s easy extrac-
tion and separation from the AA insoluble cellulose in the
SB [62]. In addition, AA is an MW-responsive solvent due to
its polar nature, ensuring adequate MW absorption during
MW extraction of lignin from SB. AA is also a relatively
cheap organic acid that is environmentally benign,

4  Emmanuel Mkumbuzi et al.



especially compared to mineral acids such as sulphuric
acid [63]. Additionally, AA can be produced from the oxida-
tion of ethanol derived from biomass [37], which can, in turn,
encourage a circular economy at potential bio-refineries.

Several factors were optimised during lignin extrac-
tion (Figure 2), such as temperature, reaction duration,
and AA concentration. These were optimised to an AA con-
centration of 100% v/v, at a temperature of 120°C for 10min.
The optimised MW conditions were then used in a conven-
tional heating method using an autoclave for comparison.
The MW-assisted method took approximately 20min in total
for the ramp-up time, the actual reaction, and the cooling
period combined. However, the autoclave required approxi-
mately 1 h in total due to its slower heating rate and extended
cooling period. The MW-assisted method had an average
lignin yield of 205mg, while the conventional method had
an average yield of 183mg.

MW-assisted heating is generally known to be more time,
energy, and process efficient compared to conventional
heating due to its volumetric heating [64–67]. Because fossil

fuels that are often used for energy production have adverse
environmental effects [68], MW-assisted heating is, therefore,
inherently more environmentally friendly by being energy
efficient [69]. MW-assisted heating can also be turned on
and off instantaneously, allowing for better process control.
The shorter reaction time due to increased processing effi-
ciency allows for a smaller vessel that takes less space to be
used to produce the same amount of products as a larger
conventional heated vessel would [70].

While MW-assisted heating proved to be an energy and
time-efficient technology useful in process intensification
because of its rapid volumetric heating when compared to
conventional heating, it has not been implemented in the
chemical industry on a larger scale. The capital-intensive
nature of retrofittingMW reactors onto existing bio-refineries
can perhaps not be economically justified by the improve-
ment in efficiency due to MW. In addition to health and
safety, concerns regarding MW radiation exposure and also
explosion risks are associated with the fast heating rates and
the rapid build-up of pressure in vessels.

Figure 2: Effect of different parameters on the extraction yield of lignin from sugarcane bagasse using MW-assisted heating. (a) MW at 160°C, 12 min
and AA concentration 0%, 25%, 50%, 75%, and 100% (v/v). (b) MW at 160°C, AA concentration 100% (v/v), 2–14 min. (c) MW at AA concentration 100%
(v/v), 10 min, 80–160°C. (d) MW versus conventional heating, 120°C, 10 min, 100% (v/v).
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The proper techno-economic analysis of the economic
viability of the extraction of MW lignin requires quantita-
tive scale-up models, which can be used to predict the
behaviour of MW heating at a larger scale. A computational
study of general MW-assisted heating by Goyal et al. predicted
an eventual decrease in the energy absorbed as the vessel size
increased [71]. Penetration limitations of MW radiation could
produce coldspots and hotspots within larger vessels, and
multiple MW generators (magnetrons) could be fitted to stra-
tegic positions to ensure even heating within the vessel if
technically feasible. It would be interesting to investigate
using a computational study howmultiple magnetrons would
improve the challenges identified.

3.2 Electrospinning of lignin fibres

Attempts to replicate the experimental electrospinning
conditions set by Wang and co-workers [72] using organo-
solv (Alcell) lignin were unsuccessful, likely due to struc-
tural differences between the different lignin sources used,
a result of different lignin extraction methods used that
inadvertently altered the lignin structure [27,73] and differ-
ences in monolignol composition (H/G/S ratio) [74]. These
differences, in turn, altered the rheological properties of
the spinning solution used, even though both lignins used
were organosolv lignins. New parameters had to be deter-
mined to enable the SBL to be electrospun without sput-
tering and producing electrosprays [75] by optimising the
lignin/PEO ratio, the distance from the collecting plate and
the voltage, among other parameters. This highlights the
need to investigate the optimal electrospinning parameters
for each unique lignin source to enable various lignin
sources to be efficiently electrospun into LNFs.

The starting parameters used for this electrospinning
were replicated from the work done by Wang and co-
workers [72] using organosolv (Alcell) lignin. Initially, a
90/10% w/w lignin/PEO in DMF solution at a flow rate of
0.3 mL·h−1 at 6.5−7.0 kV and a needle tip-to-plate substrate
distance of 10 cm was used. The voltage was increased in
1 kV increments until 20 kV, which induced a Taylor cone, a
polymer jet, and the resultant electrospray of the polymer
solution onto the collecting plate. This formation of dro-
plets instead of fibres implied that the solution lacked
enough plasticity to be spun into fibres. The concentration
of the PEO plasticiser was therefore increased from 10%
w/w to 15% w/w before jets of the polymer solution began
to form electrospun fibres on the collecting plate. The con-
ditions that enabled electrospinning to occur were deter-
mined as an 85%/15% w/w lignin/PEO solution in DMF at
20 kV, 10 cm distance, and flow rate of 0.3 mL·h−1.

Electrospinning LNFs from neat lignin alone is challen-
ging, attributable to molecular weight distribution, cross-
linking and intermolecular interaction within the lignin
framework. Ideally, narrower molar mass distributions
to obtain viscous flow and fibre formation when dissolved
in solvents are desirable [19]. Small amounts of a second high
MW polymer acting as a plasticiser are often required for
electrospinning to occur, as pure lignin solutions typically
produce electrosprays rather than be drawn into fibres.
Common plasticisers include PAN [76], poly(vinyl alcohol),
or PEO [72]. The inclusion of these synthetic polymers is often
necessary to improve the lignin solution’s rheological proper-
ties and promote fibre formation. The addition of a plasticiser
is believed to cause the formation of hydrogen bonds with the
hydroxyl groups of the lignin [77], which provides the neces-
sary chain entanglement (Figure 3) [78,79]. Incorporation
of renewable natural biopolymers such as poly(lactic acid)
[80,81], cellulose [82], and poly(hydroxybutyrate [80] for

Figure 3: The formation of hydrogen bonds between PEO and lignin molecules to improve plasticity and promote fibre formation during
electrospinning.
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greener fibre formation is ultimately imperative for more
sustainable production of electrospun LNFs.

Good reproducibility in electrospun fibre characteris-
tics across batches could be affected by variations in rela-
tive humidity and ambient temperature in response to
prevailing weather conditions [83], necessitating the need
for air-conditioned rooms. Slight variations in lignin structure
can also be anticipated when using lignin from different
sugarcane varieties, and different breeds and hybrids are
grown depending on the region. These differences may alter
the electrospinning conditions that are optimal for particular
LNF characteristics [84].

3.3 Characterisation of lignin and LNFs

3.3.1 SEC

SBL was characterised using SEC to determine the average
molecular weight (Mw) and the number average molecular
weight (Mn) of the lignin and its fragments to determine its
molecular size using the average molecular weight and
evaluate the distribution of its fragments [85]. An Mw of
12,124 g·mol−1 andMn of 5,655 g·mol−1 were determined and
a PDI of 2.14 was calculated. Figure 4 shows the molar mass
distribution curve of SBL.

3.3.2 FTIR spectroscopy

Lignin is a complex amorphous polymer, and the theore-
tical data assignment is inherently challenging because of

the overlap of multiple vibration modes from numerous
different functional groups within lignin, particularly below
1,400 cm−1. The band assignments in lignin were accom-
plished based on the characteristic absorption bands of moi-
eties in the lignin skeleton using data from various lignin
model compounds and lignins published in previous reports
[27,86–92]. Figure 5 shows the FTIR spectrum for SBL, and
Table 1 shows selected absorption bands. Absorptions attrib-
uted to the lignin’s three common monolignol units were
observed and anticipated, given the herbaceous nature of
SB [88]. The bands at 1,604, 1,510, and 1,427 cm−1 were assigned
to the aromatic ring stretching mode [87,88,90–92], suggesting
that the aromatic structures of the selected lignins remained
reasonably unaffected by the MW-assisted AA extraction pro-
cess. In particular, the bands at 1,322 and 1,113 cm−1 were
assigned to characteristic syringyl (S) units [87,91,92], while
the band at 1,026 cm−1 was attributed to the presence of
guaiacyl (G) units [91], and the C–H out of a plane in the p-
hydroxyphenyl propane units (H) were at 836 cm−1. The band
at 3,396 cm−1 was ascribed to the O–H stretching signal of
hydrogen-bonded hydroxyl groups in the aliphatic and aro-
matic sections of lignin’s structure, respectively [92]. The C–H
stretch in methyl and methylene groups was at 2,934 cm−1

[91,92]. The bands at 2,854 cm−1 also corresponded to the
C–H stretching in methylene, methyl, and methoxy groups.

3.3.3 HSQC NMR

The macromolecular structure of the SBL was studied
further using HSQC; this important tool was used to estab-
lish the structure of lignin by providing detailed informa-
tion on the various types of hydrogen and carbon atoms,

Figure 4: Molar mass distribution curves of SBL.
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confirming the presence of functional groups and types of
linkages in the lignin sample used for analysis [92]. Notable
chemical functionalities were assigned based on the various
lignin model compounds from a variety of reports and data-
bases [27,42,92–95]. Figure 6 shows the HSQC spectrum for SBL.

In lignin studies using HSQC, particular moieties are
found in certain regions. The aliphatic side chain is at
chemical shift (δ) = 0.5–2.8 ppm, aliphatic oxygenated
side chain δ = 2.5–5.8 ppm, the aromatic groups δ = 5–8.5
ppm, and the aldehyde functional group δ = 9–10 ppm. The
signals at 0.83, 1.22, 1.45, and 1.94 ppm were assigned to
aliphatic groups of lignin. The DMSO-d6 solvent residual
signal was at 2.5 ppm [95]. The significant peak overlap
from an intense broad peak from 2.80 to 3.85 ppm was
attributed to the presence of lignin carbohydrate com-
plexes (LCCs) in the form of cellulose and hemicellulose
derivatives in the SBL sample [96]. The presence of signals
associated with the 3 main monolignols (H/G/S) corrobo-
rated the FT-IR data. The signals at δC/δH 103.2/6.65, 116.3/
6.27, and 116.3/6.77 were attributed to G and/or S units of
lignin, and the presence of either G or S units was also
substantiated by the cross-peak at δC/δH 55.8/3.7 associated
with the methoxy group (–OCH3), which can be found on 3/
5 positions on G or S units. The correlations at δC/δH 145.3/
7.42, 145.8/7.34, and 131.78/7.50 were associated with the p-
hydroxyphenyl (H) unit, which was the furthest downfield
signal observed in the HSQC spectrum.

3.3.4 Py-GC-MS

Py-GC-MS was used to elucidate the structure of lignin in
more detail, and the phenolic compounds were determined
based on their retention times and compared to a database.

Figure 5: FTIR spectrum of SBL.

Table 1: Selected FTIR signals and band assignments

Peak
(cm−1)

Band assignment

3,396 Phenolic and aliphatic O–H stretching
2,934 C–H stretching in methyl, methylene, or methane

group
2,854 C–H stretching in methyl, methylene, or methoxy

group
1,706 C]O stretch in unconjugated carbonyl groups,

carbonyl and ester groups, or LCC
1,634 C–O stretch in conjugated ketone
1,604 C–C stretching (aromatic skeleton)
1,510 C]C stretching (aromatic skeleton)
1,462 C–H deformation (asymmetric in CH3 and CH2)
1,427 C–C stretching (aromatic skeleton) with C–H in plane

deformation
1,373 Aliphatic C–H stretch in CH3

1,322 Syringyl ring breathing with C–O stretching
1,221 Aromatic C–O stretching
1,160 C–O stretch in ester groups
1,113 Aromatic C–H in-plane deformation for syringyl type
1,026 Aromatic C–H in-plane deformation for guaiacyl type
836 C–H out of plane in the p-hydroxyphenyl propane

units
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This analysis confirmed lignin markers derived from H, S,
and G phenylpropanoid units in SB and gave an insight into
SBL’s monolignol composition, as suggested by FT-IR and
NMR data, although we did not go into greater detail
regarding the H:G:S ratio. The py-GC-MS spectrum is shown
in Figure S1. From the compounds observed in the spec-
trum, they maintained their ring substitution patterns
from the lignin polymer and could be identified and
grouped as being derived from the p-hydroxyphenyl (H),
guaiacyl (G), or syringyl (S) units [88].

Table 2 shows the ten most abundant aromatics assigned
to their perceived monolignol origin in descending order of
their abundance. Most of the compounds were predomi-
nantly H type, followed by G-type compounds, while there
was only one S-type compound. The data can be interpreted
as a measure of the dominance of H-type monolignols in the
lignin, as inferred by Klein et al. [88]. Alternatively, the

thermally induced fragmentation of S-type fragments could
have been demethoxylated into G and Hmonolignols, while G
types were converted into H types, resulting in H-type mono-
lignol units’ perceived dominance, as depicted in Figure 7.

3.3.5 TGA

The thermal properties of the extracted lignin were inves-
tigated using TGA, and they provided useful information
regarding suitable temperature parameters when applying
lignin in the carbonisation of lignin for the fabrication of
CFs. The thermal stability of lignin is greatly dependent on
its macromolecular structure, molecular weight, inherent
chemical linkages, crosslinking degree, and carbohydrate
impurity content (as a result of LCCs) [75,97], among other
variables, mainly due to the source of lignin and/or its
extraction process [98–100].

The thermograms of SBL are shown in Figure 8. The
thermogravimetric (TG) thermogram shows the tempera-
ture ranges as degradation ensued, the corresponding per-
centage weight loss, maximum thermal decomposition
temperature (DTGmax), and percentage residual carbon of
the SBL, while the DTG curve signified the rate of weight

Figure 6: HSQC spectrum of SBL displaying chemical shifts and suggested assignments.

Table 2: Primary aromatic compounds based on pyr-GC-MS analysis

Percentage area Compound

6.64* Benzaldehyde, 2-methyl-
2.97* 2-Propenoic acid, 3-(4-hydroxyphenyl)-, methyl

ester
2.33# 1,2-Benzenediol, 4-methyl-
1.9* Phenol, 4-ethyl-
1.65# Vanillin
1.57# 2-Methoxy-4-vinylphenol
1.4* Phenol
1.24* Benzaldehyde, 4-hydroxy-
1.11& Benzaldehyde, 4-hydroxy-3,5-dimethoxy-
0.99# Phenol, 2-methoxy-

Key: *H-type compounds, #G-type compounds, &S-type compounds. Figure 7: Demethoxylation of S-unit to G-unit and then to H unit.
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loss with temperature. The thermograms displayed three
significant thermal events of weight loss as the decomposition
of various bonds proceeded, at 60°C, 350°C, and ∼600°C, as
observed from the decrease in the DTG.

The first stage from ∼60°C involves the elimination of
solvent/moisture and low molecular weight volatiles in the
SBL sample [87,101–103]. Stage 2 occurs around 180–350°C.
This is the greatest weight loss, as shown by the DTG curve,
which shows the greatest decrease in this region. Decom-
position in this stage involves the fragmentation of inter-
unit monolignol ether linkages, aliphatic chains, and
decarboxylation reactions, transferring monomers and other
aromatic derivatives into the vapour phase, partly depending
on the differences in the content of C–C [104,105]. The major
products of this stage are gaseous products, organic and phe-
nolic products, and coke [87]. The degradation of carbohy-
drate impurities in lignin samples also occurs, converting
them into volatile gases such as CO, CO2, and CH4 [27,106].

The third significant degradation occurs after ∼600°C, and the
process is associated with the decomposition of the stable
aromatic rings [107]. The lignin samples are pyrolysed into
a highly condensed carbonaceous residue of non-volatilised
char [27], with a resultant residual weight of ∼10%.

3.3.6 TEM

After the fabrication of LNFs via electrospinning, they
were analysed using TEM to determine their general pat-
tern and size (Figure 9). Electrospun LNFs were observed as
haphazardly arranged fibres of diameters ∼15 nm, forming a
mat-like material. The LNFs generated in this study had sig-
nificantly smaller diameters of about 20 nm compared to
∼500 nm collected by Wang et al. using a similar method
[72]. The differences in the structure of the lignin (and mono-
lignol proportion) could play a role in this disparity, as well as
the differences in the lignin/PEO ratio and the voltage.

4 Conclusions

The MW-assisted extraction of lignin from SB, an underuti-
lised agrowaste, was sustainably and efficiently achieved
using AA, within 10min, without the addition of a mineral
acid catalyst. The lignin was subsequently utilised to fabricate
LNFs using an electrospinning method, an easy, cheap, and
fast production method of fibres, with the ultimate goal of
carbonising the LNFs to produce non-structural CFs from SB-
derived lignin for application in lithium ion or sodium ion
batteries. This displayed the immense potential of SB in the
production of more valuable sustainable materials, especially
when process intensification methods such as MW-assisted

Figure 8: TG, derivative TG, and DSC thermograms of SBL.

Figure 9: TEM images of the synthesised lignin-PEO blend nanofibres.
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heating are used for process efficiency, which can contribute
positively to the circular economy and the process economics
of typical sugarcane processing biorefineries

During electrospinning, neat acetosolv lignin alone
was not electrospinnable; instead, it produced electro-
sprays. This necessitated the addition of a PEO plasticiser
to encourage spinning. An 85/15% w/w lignin/PEO solution
in DMF was sufficient to induce electrospinning of the
lignin/PEO solution to form a mat of randomly woven
nanofibres. We also observed differences in conducive
electrospinning parameters to those used by researchers
previously in terms of voltage, which necessitated the
adoption of new electrospinning parameters after trial
and error. The structural differences between the lignin
sources were likely responsible for the parameter differ-
ences that were conducive for electrospinning.

The application of MW-assisted heating was important
in this study as an efficient process intensification tech-
nique within industrial, educational, and research spaces.
Scaling up of MW processing has been slow despite con-
siderable research output over the years. This could be a
result of high equipment cost, which outweigh potential
financial gains, after considering the long-term effects
on operations and the cost of ownership; an inadequate
understanding of the processing limitations involved in
MW penetration, health and safety aspects regarding the
exposure to large amounts of MW radiation, explosion
risks associated with the rapid temperature increase
and pressure build-up. The development of safe, robust,
and scalable MW-assisted reaction vessels calls for an
intimate alliance among multidisciplinary researchers
and equipment manufacturers.
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