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ABSTRACT: Polylactide (PLA) is a biodegradable polymer with low elongation which limits its use in some
applications. The incorporation of biowaste particles has been employed to improve its properties. This work thus
examines the impact of lignin particles reinforced on electrospun PLA fibre mats. Acid hydrolysis (1M of HCI at 60
and 100 °C for 2 and 4 h was used to extract lignin from Cocos nucifera L (CNHL) and Zea Mays Chaff (CCL).
Lignin particles were added to molten PLA, stirred, and electrospun at 26 kV, using a static aluminum collector plate
placed at 121mm from the spinneret tip. Morphological examination reveals that fibre diameter of neat PLA (9.7 um)
increased from 107 — 285 % with the additions of reinforcements. Maximum tensile strength of 1.03 MPa is recorded
for PLA/CNHL 60 °C /2 h. This composite maintains the highest elongation of 0.069 % compared to neat PLA (0.046
%). X-Ray diffractometer (XRD) result informs that the crystallinity of neat PLA (67.6 %) improves by 3%, with the
use of CNHL 60 °C/ 2 h. Thermo gravimetric analysis (TGA) result shows that both fibre composites possess better
thermal stability (380 °C) compared to reinforcing PLA fibre (319°C).
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I INTRODUCTION polymer can be used as an implant (Adeosun et al., 2014) and

The global mass from agricultural waste is approximately
over 150 billion/years, with about 10% used for energy
production (Morganti, 2015). Lignocellulose is the major
structural component of woody and non-woody plants. A huge
amount of these wastes is generated through forestry,
agricultural practices, timber industries, bioethanol fuel
production, pulp and paper industry (Obielodan et al., 2019;
Wang et al., 2019). As a global practice, majority of them are
disposed via burning and this causes environmental pollution.
These wastes, however, can be converted into value-added
products such as biofuel, energy source for fermentation, and
precursors for carbon fibre (Howard, et al., 2003). Lignin
makes up to 10-25 % of lignocellulosic biomass. It is the
second most abundant natural polymer after cellulose (Hu, et
al.,, 2011; Min et al., 2013). Lignin is made up of three
dimensional highly cross-linked macromolecules consisting
of pCoumaryl, cniferyl and sinapyl alcohols (Morganti and
Stroller, 2017).

The structure possessed by lignin has facilitated its use as
reinforcements in composite materials; when in particle form,
it can improve mechanical and thermal stabilities of polymers
(Hilburg et al., 2014). One of such polymers is PLA — a
hydrophobic biodegradable biopolymer that can be obtained
from sugarcane and corn starch (Vink et al., 2004). This
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wound dressers (Akpan et al., 2019). Hydrophobicity of PLA
has been reduced with the use of palm kernel shell (Gbenebor
et al., 2018) and bagasse particles (Akpan et al., 2019).
Polylactide is highly brittle (elongation is less than 10 %) with
very low toughness (Auras et al., 2004); therefore, there is a
need to improve on its tensile properties through the use of
plant-based reinforcement like coconut husk (CNHL) and
corn chaff lignin (CCL). Spiridon and Tanase (2018) blended
PLA pellets with soft wood lignin at 175 °C to form bio-
composites of desired shapes via compression molding. It was
observed that beyond 7 wt. % lignin reinforcement, the tensile
strength of PLA was significantly improved owing to
plasticizing effect of lignin. Pirani et al. (2013) electrospun
PLA/Nanocrystalline cellulose (NCC) based composites and
showed that at 1% NCC, the percentage elongation at fracture
of the composite slightly improved to 4.23% relative to
unreinforced PLA (4.19%). Obielodan et al. (2019)
characterized PLA/Lignin for 3D printing and the results
revealed that the initial percentage elongation of PLA (4.24
%) was increased to 6.85 % with the addition of 15wt. % lignin
to PLA matrix. One of the techniques used in producing
Polymer-lignin composite is electrospinning, which offers a
quick and fast way of producing fibrous scaffold. It is also
known as systematic method of fabricating fibres into nano
and micro scale (Ruiz-Rosas et al., 2010). Investigations have
reported the influence of lignin (from various sources) on the
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mechanical properties of PLA via different production routes.
To the best of our knowledge, there is little or no work on the
use of CNHL and CCL to improve the tensile properties of
electrospun PLA. Therefore, this work examines the
morphology, crystallinity, thermal and tensile characteristics
of the PLA/Lignin spun fibre mats.

OH OH OH

OH OH OH
a b C

Figure 1 : (a) pCoumaryl (b) Cniferyl and (c) sinapyl alcohols
(Stanley et al., 2013)

Il. MATERIALS AND METHODS

A. Materials

Polylactide of 250,000 g/mol average molecular weight
was purchased from Nature Works, China. Dichloromethane
(DCM) 95% purity and HCI 37% purity with a specific gravity
of 1.18) were obtained from Sigma-Aldrich, USA. Distilled
water was obtained from the distiller in Metallurgical and
Materials Engineering, Laboratory, University of Lagos,
Lagos, Nigeria.

B. Lignin extraction

The corn chaff used for this study was the waste obtained
from the sieving of soaked and ground corn seeds. The corn
seeds were softened by soaking for 5 days at room
temperature, washed, and blended to fine particles with the use
of an electric blending machine. The blended corn was sieved
to separate the chaff from the starch. The coconut husk (Cocos
nucifera L) used was obtained from coconut fruit. The corn
chaff and coconut husk were washed with distilled water to
eliminate impurities; they were sun-dried for 2 days at ambient
temperature. Fibres from the coconut husk were removed, ball
milled, and sieved to 150 um particle size. Forty grams of corn
chaff and coconut husk were weighed and soaked in 1M HCI
solution. The delignification process was carried out in a water
bath at 60 and 100° C for 2 and 4 h at each extraction
temperature. The solution was filtered to neutrality and the
residue (lignin) was oven dried at 80 °C for 5 h. Lignin sourced
from coconut husk and corn chaff are designated CNHL and
CCL respectively in this study.

C. PLAdissolution and Electrospinning Process
Polylactide pellets (6.5 g) was dissolved in 0.5 ml DCM
at room temperature. After complete dissolution, 0.5 g each of
CNHL and CCL particles were separately added to the PLA
solution and continuously stirred to achieve a uniform

distribution of particles in the PLA matrix. The solution was
withdrawn into a 20 mL syringe (used as a spinneret in this
study) which was connected to a 26 kV voltage source. The
spinneret was positioned upright at 90° to a stationary
aluminum collector plate placed at 121mm from its (spinneret)

tip.

D. Tensile test

Tensile strength characteristics of the neat PLA and the
composites mats (30mm x 50mm) were determined using
Instron model 313 Tensometer, bluehillTM version 1.00
software located at Centre for Energy Research and
Development, Obafemi Awolowo University, Ile-Ife, Nigeria.
Each of the samples was fixed and held firmly at both ends by
the gauge as the load was applied until the sample finally
fractured. Generally, PLA reinforced with CNHL and CCL
extracted at 60 and 100 °C for 2 h displayed good response
under tensile loading than those obtained at 4 h. Fibre mat of
PLA/CCL and PLA/CNHL extracted at 60 and 100 °C for 2 h
was thus selected for further characterizations due to enhanced
mechanical performance.

E. Scanning Electron Microscopy (SEM) analysis

The samples’ micrographs were produced via a scanning
electron microscopy model Phenom Eindhoven, Netherlands
situated at Ahmadu Bello University, Zaria, Nigeria. It
operated with an electron intensity beam of 15 kV while the
samples were mounted on a conductive carbon imprint left by
the adhesive. Samples were placed on a circular holder and
coated for 5 min to enable it to conduct electricity. Free online
software, Image J was used to determine the pore size and
fibre diameter of electrospun mats.

F. X-Ray Diffraction (XRD) analysis

The X-ray diffractometry measurements were
performed using an EMPYERN diffractometer model XRD-
600, at the National Geosciences Research Laboratory,
Kaduna. The facility used CuKa radiation (1=1.540598nm,
Ni-filter) at 40kv, 30mA. Without any preferred orientation,
the samples were scanned in steps of 0.026261 in the 20 in
the range of 4.99 - 75 using a count time of 29.7s per step.
The crystallinity index (Crl) for the neat PLA and the
composites mats were calculated using Segal method (Tian
etal., 2014).

Cri(%) = [%] x 100 )

Where lgo2 and lam represent the maximum intensities of
approximately 16.7° and the minimum intensity respectively.

G. Thermogravimetric Analysis (TGA)

Analysis of samples was carried out on TGA Q500
instrument, where 2 mg of samples were heated to 750 °C at
10 °C/ minute. The temperature for the onset of thermal
decomposition  (Tonset), temperature at the end of
decomposition (Trinisn) and the temperature at which
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decomposition was maximum (Tmax) were deduced from the
thermograms.

M. RESULTS AND DISCUSSION

A. Tensile test result

The tensile performance of the electrospun PLA/lignin
fibre mat is shown in Figure 2. The tensile strength of PLA is
enhanced by the addition of lignin to the polymer mix. The
tensile strength of neat PLA (0.19 MPa) improves to 0.3 and
1.03 MPa on reinforcement with CCL/60 °C/ 2 h and
CNHL/60 °C/ 2 h respectively. The findings in this work is in
agreement with Spiridon and Tanase, (2018) and Wang et al.,
(2012) where an increase in the tensile properties of PLA
reinforced with lignin was reported; the improvement was
attributed to the plasticizing effect of lignin. Polylactide
reinforced with CNHL/60 °C/ 4 h and CCL/60 °C/ 4 h show
poor tensile performance with a tensile strength of 0.12 MPa
for CCL and 0.025 MPa for CNHL recorded. Singla et al.,
(2016) observed the tensile strength of PLA-reinforced lignin
to decrease with an increase in lignin content. The decrease
was attributed to the formation of hydrogen bonding between
the hydroxyl group of lignin and the carboxyl group of the
PLA matrix, which could contribute to matrix immobilization
in the interlayer. The tensile strength reported in this work is
within the range (0.99 - 1.35 MPa) reported by Salami et al.,
(2017) for randomised polycaprolactone (PCL) and lignin
composite fibre mat. They also reported that the tensile
strength of PCL reduced with an increase in the weight
fraction of lignin. In this present study, it is observed that the
tensile strength of PLA is enhanced on reinforcing with CNHL
and CCL, which may be ascribed to better interfacial
interaction between the lignin and PLA matrix. Similarly, Kai
et al. (2015) reported an increase in the tensile strength of
electrospun PCL/Lignin-PMMA (polymethyl methacrylate).
It was reported that the improvement in the grafted PMMA
chains on the lignin surface, which facilitated better interfacial
bonding between lignin particles and the PCL matrix, was
responsible for the tensile strength improvement.
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Figure 2: Tensile strength of electrospun PLA/lignin fibre mats

The fracture stress of PLA and its composites is shown in
Figure 3, where the fracture stress of PLA is 0.018 MPa.
Maximum fracture stress of 0.51 MPa was attained with
PLA/CNHL/60 °C/2 h. There is a 44-344 % improvement in
fracture stress of neat PLA (0.018 MPa) when reinforced with
lignin. The enhanced fracture stress could be attributed to the
control interfacial bond between lignin reinforcement and
PLA matrix as stated in Ogunbiyi et al., (2022).
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Figure 3: Fracture stress of electrospun PLA and PLA/lignin fibre
mats

Elongation at the break for the composites in comparison
with the unreinforced PLA (0.046 %) prior to fracture is
shown in Figure 4. The composite shows 0.043, 0.069, 0.030,
0.028, 0.018, 0.029, 0.018 and 0.028 % for PLA/CCL 60 °C/2
h, PLA/CNHL60 °C/2 h, PLA/CCL60 °C/4 h, PLA/CNHL60
°C/4 h, PLA/CCL100 °C/2 h, PLA/CNHL100 °C/2 h,
PLA/CCL100 °C/4 h) and PLA/CNHL100 °C4 h respectively.
The highest elongation (0.069 %) is attained with
PLA/CNHL/60 °C/2 h. Gordobil et al., (2015) reported
improvement in PLA/lignin composite elongation after
extrusion as the unreinforced PLA (2.2%) improved to about
3.2 and 4 % when reinforced with 0.5 and 5wt. % of acetylated
kraft lignin (AKL).

However, at a higher percentage of AKL, the ductility
decreased. The improvement was attributed to the
esterification of esters which acted as a plasticizer. The
reduced elongation at the break of composites compared to
unreinforced PLA in this study may be due to the
inhomogeneous distribution of lignin within which will
restrict the movement of the PLA chain the PLA matrix, which
will restrict the movement of the PLA chain. The mobility of
the polymer’s molecular chain was restricted and this made
the material stiff.

The elastic modulus of PLA, PLA/CCL60 °C/2 h,
PLA/CNHLG60 °C/2 h, PLA/CCL (60 °C/ 4 h, PLA/CNHL60
°C/4 h, PLA/CCL100 °C/2 h, PLA/CNHL100 °C/2 h,
PLA/CCL100 °C/4 h and PLA/CNHL100 °C/4 h are 5.7, 9.5,
49,3.7,5.2,27.2,36.9, 23.1 and 2.9 MPa respectively (Figure
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5). Composites PLA/CCL60 °C/4 h (3.7 MPa), PLA/CNHL60
%C/4 h (5.2 MPa), and PLA/CNHL100 °C/4 h (2.9 MPa) show
low modulus of elasticity compared to unreinforced PLA (5.7
MPa).
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Figure 4: Elongation of PLA/Lignin electrospun fibre mats
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Figure 5: Young’ Modulus of PLA/Lignin electrospun fibre mats

B. Scanning Electron Microscopy result

The morphology of the neat PLA electrospun fibre mat
(Figure. 6a) shows a randomly oriented fibre without a bead.
Composite PLA/CCL60 °C/ 2 h. (Figure 6b) shows a good
fibrous network, resembling that of an extracellular cell matrix
(ECM) with pores that can facilitate tissue ingrowth. Figure
6¢ reveals encapsulated lignin fibre while Figure 6d shows a
poor fibre formation. The average fibre diameter (Figure 7) of
a neat PLA mat is 9.7 um. On reinforcement with CCL and
CNHL, the fibre diameter increases to 20.1 and 23 pm
respectively for 60 °C/2 h, while at 100 °C/2 h, it increases to

37 and 34 um respectively. The fibre r diameter of the mat
increases with an increase in the processing temperature of
lignin used in reinforcing PLA. In general, PLA/CCL60 °C/2
h has the smallest diameter. The average pore size (Figure 8)
of neat PLA measures 43 um upon the addition of lignin
treated at 60°C/2 h; the average pore sizes of 69 and 22 um are
measured for PLA/CCL and PLA/CNHL respectively at 100
°C/ 2 h. Composites PLA/CCL and PLA/CNHL have average
pore sizes of 23 and 25 pum, respectively. It is important to
note that pore size requirements for scaffolds vary according
to tissues and transplanted cells. Composites PLA/CNHL 60
°C/2 h, PLA/CCL, and PLA/CNHL both at 100 °C/2 h are
suitable for endothelial cells, whose pore size ranges between
10-25 pum (Wang et al., 2016); cells less than 38 um are
affirmed to be the best for microvascular epithelial cells. In
addition, neat PLA and PLA/CCL 60 °C/2 h with 20-100 um
pore size, could also serve as a scaffold for nerve cells (Wang
et al., 2016). It can thus be deduced that CCL-reinforced PLA
has a better average than PLA/CNHL variant. It can be
suggested that PLA/CCL would make a better scaffold than
PLA/CNHL. Furthermore, CCL and CNHL extracted at 60
C/2hr are good reinforcements for PLA/lignin fibre.
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Figure 6: Morphology of electrospun fibre mats (a) neat PLA (b)
PLA/CCL60 °C/ 2 h (c) PLA/CCL100 °C/ 2 h (d) PLA/CNHL both
at 60 °C/2 h (e) PLA/CNHL both at 100 °C/2 h

C. X-Ray Diffraction

The XRD patterns of neat PLA, and PLA/lignin fibre
mats (PLA reinforced with CCL and CNHL at 60°C/ 2 h and
100 °C/ 2 h) are shown in Figures 9 and 10 respectively. Two
strong peaks are observed at 20 = 16.2 and 20.1° which
represent the crystalline peaks of PLA and lignin respectively.
Fibre mat of PLA /CCL shows higher intensity compared to
PLA /CNHL fibre mat extracted at 60 °C/ 2 h. A similar
diffractogram (Figure 10) is also observed for the lignin
extracted at 100 °C/ 2 h. A broader peak at the same 20
position (16.2 and 20.1°) is, however, observed. Comparing
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Figure 7: Fibre diameter of electrospun fibre mats
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Figure 8: Pore sizes of electrospun fibre mats.
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Figure 9: XRD of electrospun PLA/Lignin fibre mat at 60 °C/ 2 h

the crystallinity of PLA/lignin fibre mat extracted at 60 and
100 °C/ 2 h (Table 1), the crystallinity of PLA /CCL/60 °C/ 2
h and PLA /CNHL/60 °C/ 2 h are 69.8 and 70 %, respectively.
Similarly, the fibre mat of lignin extracted at 100 °C/ 2 h
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exhibits crystallinity of 66 and 65 % for PLA /CCL/100 °C/ 2
h and PLA /CNHL100 °C/ 2 h respectively.
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Figure 10: XRD of electrospun PLA/lignin fibre mat at 100 °C/ 2 h

Table 1: Crystallinity of the electrospun PLA/lignin fibre

Crystallinity (%)

Fibre mat 60°C/ 2 hr 100°C/ 2 hr.
Neat PLA 67.6 67.6
PLA/CCL 69.8 66.0
PLA/CNHL 70.0 65.0

D. Thermogravifibermetric Analysis

The thermograms of electrospun PLA /CCL and PLA
/CNHL fibre mats at 60 °C/ 2 h and 100 °C/ 2 h are shown in
Figures 11 and 12, respectively. The thermogram of
electrospun PLA/lignin fibre mat at 60 °C/ 2 h, shows three
stages of decomposition. The first weight loss occurred around
140 °C, which is attributed to the loss of volatile materials such
as moisture (Bernabe et al., 2013). The second degradation
that occured between 210 and 380 °C is the degradation of
lignin. The weight loss at this stage is due to the thermal
degradation of carbohydrate and aliphatic groups present in
the lignin, which leads to the formation of CO, CO, and CHa,

At this point, there is degradation of lignin complex
structure such as fragmentation of inter unit linkage between
phenolic hydroxyl (OH), carbonyl (C=0) and phenolic groups
(CsHs0), releasing monomeric phenols into the vapour phase
(Sun et al., 2001). The final stage is between 380 and 460 °C,
which represents the temperatures of commencement and end
of PLA decomposition. Beyond this temperature, there exists
disintegration’7s’/ of volatile products from lignin such as
aldehydes, alcohols and acids degrade and are separated (Attia
et al., 2021). The degradation temperature of PLA is noted to
be within 320- 331 °C as reported by Ainali et al., (2021) and
Nur et al., (2019). Information from the thermogram also
reveals that the thermal stability of PLA is improved by
reinforcing it with lignin (336 °C).

This result was also ratified by Khoo et al., (2015), where
they used nanocellulose to improve the thermal stability of
PLA. The improvement on thermal property of PLA/lignin
composite can be attributed to the presence of OH and
aromatic phenyl group (Spiridon et al., 2015). The DTG of

PLA/CCL and PLA/CNHL show a maximum decomposition
temperature of 416 and 369 °C, respectively for lignin
extracted at 60 °C for 2 h. Similarly, electrospun fibre mat
extracted at 100 °C for 2 h show 398 and 446 °C for PLA/CCL
and PLA/CNHL, respectively. Comparing electrospun fibres
mats with neat PLA (Figure 13), a single stage PLA
decomposition with no lignin evidence was observed to
commence from 319 °C. The reduced temperature of onset of
decomposition implies that the thermal stability of neat
electrospun PLA fibre is lower than the lignin-reinforced
fibres.
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Figure 11: TGA/DTG of electrospun PLA/Lignin fibre mat 60°C/ 2 h
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Figure 13: TGA/DTG of electrospun PLA fibre mat

IV.CONCLUSION

Electrospun PLA/lignin fibre mats have been produced
and characterised in this study. Morphological examination of
PLA/CCL60 °C/ 2 h spun fibre mat shows superior fibre
network and pore space resembling that of extracellular matrix
(ECM). This makes it potentially useful for tissue engineering
applications. The pore space of PLA (43um) is improved by
60 %, when reinforced with CCL processed at 60 °C for 2 h
(PLA/CCL60 °C/2 h). The pore spaces will allow tissue
ingrowth and cell proliferation. The pore space reported here
is within the range of scaffold for nerve cells (20-100 pum).
Furthermore, the crystallinity of PLA/CCL and PLA/CNHL
fiore mat is approximately the same (70 %). Both
reinforcements have played a major role in improving the
tensile properties of the electrospun PLA fibre mats.
Reinforcing PLA with CNHL and CCL can thus be considered
as bio-composites for tissue engineering due to the enhanced
pore space with improved ductility they have displayed.
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