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Abstract

With an ever-increasing attention on the climate change and the growing amount of plastic wastes
generated, the search for an alternative to the petroleum-based plastics has never been as
imperative. Inspired by the structure of natural wood, we aim to reproduce artificial equivalent
using modified lignin and cellulose acetate. As natural wood are made up of an aggregation of
fibres, electrospinning was used to produce the fibre component. Besides exploring the influence
of various polymers on the properties of the eventual fibres, its properties were also examined in
terms of its orientation — random and aligned. The addition of lignin copolymers was shown to
remarkably improve the tensile strength and the Young’s modulus of cellulose acetate fibres up to
500 % and 7000 % respectively. In contrast to the random fibres, the aligned fibres demonstrated
better tensile strength and Young’s modulus which could be attributed to the higher crystallinity.
Among the fibres, the longitudinal aligned C.A. + Lig-PHB fibres exhibited the best tensile

strength and Young’s modulus which could be explored for load bearing applications.
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Introduction

Naturally occurring wood that are commonly obtained from trees are made up of an aggregation
of fibres. Within each fibre strand, there exist smaller structures known as fibrils, which are crucial
in providing mechanical stability and functioning as transport channels for water and minerals.
These fibrillar structures in wood primarily consist of cellulose (38-50%), hemicellulose (23-32%)

and lignin (15-25%), aptly illustrated in Figure 1 below.
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Figure 1 Schematic of modifying lignin extracted from wood with various monomers and

subsequently blended with cellulose acetate to generate random and aligned fibres



With the fundamental structure of wood in mind, it is the aim of this study to reconstruct a similar
structure using similar components (cellulose and lignin) via artificial means, to create a renewable
alternative to the widely available petroleum-based plastics. Cellulose acetate is a modified natural
polymer with tailorable properties depending on the degrees of substitution . The most common
type has good solubility in common solvents and melting properties . Its applications are pretty
widespread ranging from textiles, films to plastics and cigarette filters *. Lignin is currently
being considered as industrial byproducts from paper and pulp industries but it exhibits various
valuable traits such as high thermal stability, high carbon content, favorable stiffness and
antioxidant activity 23, Coupled the desirable properties with the high availability at low cost
accentuates the alluring side of lignin, thereby highlighting it as a material worth exploring. The
technique employed to construct the artificial wood fibres is electrospinning. In addition to being
simple in process, it is also cost-effective in the generation of ultrafine polymeric micro/nanofibres
4. Following the structure of the natural wood, cellulose acetate will thus be the main component

of the fibre matrix, while lignin serves as structural reinforcement similar to its organic function.

However, lignin is widely reported to be incompatible with many polymer matrices *° which limits
its use. Chemical modification is a method that was found capable of overcoming this weakness.
Specifically, grafting polymers onto lignin could improve its miscibility with other systems > 19,
Over the years, many techniques have been developed to graft polymers onto lignin which include
atom transfer radical polymerization, polyurethane synthesis, ring-opening polymerization and
reversible addition-fragmentation chain transfer 2. For example, Qiu and team grafted
functionalized polyethylene glycol onto alkali lignin via etherification to improve the reactivity of
lignin . Tang et al. performed atom radical polymerization to prepare rosin polymer-grafted lignin

composites with excellent water resistance 4. Si et al. demonstrated that the lignin-graft-polylactic



acid copolymers synthesized via ring-opening polymerization was capable of forming film with

outstanding properties *°.

In this study, we synthesized a series of lignin copolymers via ring opening polymerization of e-
caprolactone or B-butyrolactone or trimethylene carbonate onto the lignin to improve its miscibility
with cellulose acetate. For the examination of the polymer influence on the properties of the
eventual fibres, the selected polymers differ in the stiffness with the toughest being poly(3-
hydroxybutyrate) (PHB) follows by poly(e-caprolactone) (PCL) and poly(trimethylene carbonate)
(PTMC) #1618 The Young’s modulus and the tensile strength of bulk PHB was reported to be 3.0
GPa and 37.6 MPa respectively ° (Supplementary Information). In comparison, PCL possesses a
tensile modulus of 0.4 GPa and a tensile strength of 12.5 MPa % (Supplementary Information).
PTMC has the weakest mechanical properties with the Young modulus and the ultimate tensile
strength being 10.0 MPa and 0.8 MPa respectively 2! (Supplementary Information). In addition,
the polymers have distinctive thermal, crystalline and mechanical properties. PHB has relatively
high melting point in the range of 160 — 180 °C and it can crystalize rapidly . On the contrary,
PCL melts near 60 °C 22 while PTMC has a melting temperature at about 38 °C . In order to
reconstruct the structure of natural wood, the lignin copolymers were blended with cellulose
acetate and electrospun into random and aligned fibres. Various characterizations were performed
to examine the thermal stability and the mechanical properties of the fibres, thereby assessing its

suitability as a replacement for petroleum based materials.

Materials and Characterizations

Materials



All chemicals were purchased from Sigma-Aldrich Chemicals except 1,3-dioxan-2-one which was
obtained from TCI Chemicals. The chemicals were used as received unless noted otherwise. Kraft

lignin (Mn = 1975 g mol, Mw= 9599 g mol™) was dried at 110°C overnight before use.

Grafting of polymers onto lignin

The lignin copolymers were synthesized using solvent free ring-opening polymerization. Each
monomer (B-butyrolactone or g-caprolactone or 1,3-dioxan-2-one) and the lignin in the mass ratio
of 8 : 2 were weighed in a round bottom flask and purged with nitrogen at 105 °C. After purging
for 30 minutes, 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) catalyst (1 % molar ratio of monomer)
was added. The mixture was stirred at 300 — 350 rpm overnight at 130 °C under an atmosphere of
nitrogen gas. The reaction was allowed to cool down before it was quenched with dichloromethane
and acetic acid. The unreacted monomers were segregated using precipitation with diethyl ether-

methanol at the volume ratio of 2 to 1. The purified lignin copolymers were collected after drying.

Characterization of lignin copolymers

The successful chemical modification of lignin was verified with the use of fourier-transform
infrared spectroscopy (FTIR) and proton nuclear magnetic resonance (*H NMR) spectrometer. The
FTIR spectra of the lignin copolymers were recorded for 128 scans from 4000 to 400 cm™ with 1.0
cm* resolution whereas the *H NMR spectra of the copolymers dissolved in deuterated chloroform
(CDCl3) was obtained using JEOL 500MHz NMR spectrometer. The molecular weight and the

polydispersity index (PDI) of polymer samples were acquired using the gel permeation



chromatography (GPC, Waters GPC system equipped with a 515 HPLC pump, Waters Styragel
columns and a Waters 2414 refractive index detector). The eluent used for the test was
tetrahydrofuran which was set at a flow rate of 1 ml/min at 40°C. Monodispersed polystyrene
standards were used to obtain the calibration curve. The thermal properties of the lignin
copolymers were also investigated. The thermal stability of lignin copolymers was examined using
the thermogravimetric analyser TGA Q500 by TA Instruments. The copolymers were heated up
to 700 °C at a rate of 20 °C min™ under dynamic nitrogen atmosphere (flow rate = 60 ml min™).
Differential scanning calorimeter (DSC) thermal analysis was performed on a DSC (Q100, TA
Instruments, USA) equipped with an autocool accessory and calibrated using indium. The
following protocol was used for each sample: heating from room temperature to + 180 °C at 20 °C
min’t, holding at +180 °C for 5 min, cooling from +180 °C to -20 °C at 20 °C min, and finally
reheating from -20 to +180 °C at 20 °C min. Melting temperature and enthalpy change were

determined from the peak maxima and the endothermic melting peak respectively.

Electrospinning of fibres

A mixture of cellulose acetate and lignin copolymers was dissolved in 4:1 (v/v) chloroform-
methanol to achieve 10% (w/v) solution. The mass ratio of cellulose acetate and lignin copolymers
used for the electrospinning was 95:5. The solution was loaded into a syringe and collected onto
an aluminum foil covered platform (20 cm away from the needle tip). The collected fibres were
dried overnight under vacuum for future use. The random fibres were obtained with a set voltage
12 kV and a solution ejection rate 1 ml/h whereas higher set voltage and solution ejection rate (15
kV, 1.5 ml/h) were necessary to achieve aligned fibres. In addition, the aligned fibers were

collected on the rotating drum (2000 rpm/min).



Characterization of fibres

The electrospun fibres were prepared into dog-bone shape and subjected to tensile tests using
Instron 5569 Table Universal testing machine. Measurements were carried out at ambient
temperature, with 10 N load cell and loading rate of 10 mm/min. Triplicate was tested for each
type of lignin copolymers. Tensile stress, elongation and Young’s modulus of the fibres were
calculated from the stress-strain curve of each sample. The thermal properties of the electrospun
fibres were studied with DSC and TGA using the aforementioned protocols and parameters. The
surface topographies of the fibres were shown with the aid of scanning electron microscopy (SEM,
JSM6700F, JEOL, Japan). The fibre diameters were determined from 50 random measurements

per SEM image using image analysis software (Image J).

Results and Discussion
Synthesis of lignin copolymers

With the well-known fact that lignin has poor compatibility with most polymeric systems, various
biodegradable polymers PCL, PHB and PTMC were sought with the aim to improve the miscibility
of lignin with cellulose acetate. In this study, lignin was grafted with the polymers via the ring
opening polymerization (Figure 2). *H NMR and FTIR were used to verify if the grafting was
successful. The presence of lignin was identified by the peaks at 3.85 — 3.86 ppm which was
associated to the methoxyl protons (Figure 2) * 24, Characterized peaks of the PCL were also

detectable at 2.29 ppm, 1.64 ppm, 1.37 ppm and 4.05 ppm which were attributed to a-, -, y- and



&- methylene protons respectively 1724, The chemical shifts noted at 1.26 ppm, 2.47 ppm and 5.23
ppm were assigned to the protons of —-CHs, -CH, and —CH in PHB chains respectively . The
peaks observed at 4.21 — 4.23 ppm and 2.02 — 2.05 ppm were accountable to the lateral and middle
CH: proton in PTMC whereas the peak at 3.71 ppm was associated with the terminal hydroxy

group %. Hence, the NMR results was indicative that the grafting was successful for all three

copolymers.
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Figure 2 Ring opening polymerization of (top) trimethylene carbonate, (middle) e-caprolactone
and (bottom) B-butyrolactone on lignin using 1,5,7-Triazabicyclo[4.4.0]dec-5-ene as catalyst. The

NMR spectra were displayed at the right.



With reference to FTIR spectrogram (Figure 3a) of Lig-PTMC, there were two distinct and intense
peaks at 1747cm™and 1252 cm™ that were not exhibited in the lignin spectrogram. Specifically,
the 1747cm™ peak was ascribed to the stretching frequency of carbonyl groups while the 1252 cm-
! peak proved the existence of a significant number of C-O bonds. These two intense peaks
indicated that ester linkages were presented in the Lig-PTMC. Furthermore, the hydroxyl band at
~3400cm™ was noted to be significantly reduced for Lig-PTMC as compared to lignin, with the
C-H stretching peak at 2900 cm™ being slightly more intense. Thus, the results signaled that the
PTMC chains were successfully grafted onto lignin molecules. While there was no visible
difference in the intensities of the hydroxyl bands between lignin and lignin copolymers (Lig-PHB
and Lig-PCL), Lig-PHB had marginally more carbonyl stretching and Lig-PCL exhibited higher
amount of C-H stretching at 2900 cm™. Therefore, Lig-PCL and Lig-PHB were also considered to
have been synthesized successfully. However, the insignificant reduction in the intensities of the
hydroxyl bands suggests that there were either fewer grafted sites or shorter chains in Lig-PCL
and Lig-PHB as compared to Lig-PTMC. This hypothesis was validated by the molecular weight
of the polymers as shown in Table 1. The molecular weight of Lig-PTMC was found to be 10,900
g mol, which was much higher than Lig-PCL (2500 g mol™?) and Lig- PHB (2600 g mol?). A
possible explanation for the different grafting efficiency could be accounted to the catalyst used in
the study. It is likely that TBD is more suitable for the ring opening polymerization of PTMC onto
lignin. TBD is often used as a catalyst in the ring opening polymerization. Its efficiency as a
catalyst was visible through the successful grafting of lactide onto lignin and the resultant lignin-
g-poly(lactide acid) copolymer achieved a number-average molecular weight up to 11 kDa 2%, In
another study, TBD catalyzed the ring opening reactions leading to a series of ethylene brassylate

- e-caprolactone copolymers with molecular weights ranging between 6.2 — 10.2 kDa 2. However,
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a better alternative to catalyze the grafting of PCL and PHB onto lignin might be Tin (Il) 2-
ethylhexanoate. Previously, our team demonstrated that it delivered high grafting of PCL and PHB

onto lignin with molecular weights of the lignin copolymers found within 15.2 — 19.8 kDa *’.

The thermal properties of the lignin copolymers were characterized by TGA and DSC. Lig-PTMC
demonstrated the best thermal stability as it experienced negligible weight loss up to around 220
°C (Figure 3b). While the other two lignin copolymers were less thermally stable as compared to
lignin, it is noteworthy that all the lignin copolymers could withstand high temperature up to
approximately 200 °C with minimal weight loss. This operating temperature range is sufficient for
most applications. Hence, the larger decomposition at high temperature above 200 °C exhibited by
the lignin copolymers should not undermine its uses. Different temperatures were required to cause
the initial 5 wt% degradation for lignin copolymers as compared to lignin control (Table 1), which
further indicated that the grafting of polymers onto the lignin was successful. It was noted that the
temperature for Lig-PCL to experience 5 wt% degradation was pretty close to that of the lignin
control. This observation could be explained by the possibility of fewer polymer chains were
successfully grafted or the grafted polymer chains were short. If there were more occurrences of
grafting or longer polymer chains, the temperatures recorded at 5 wt% decomposition of lignin
copolymers should have been significantly higher than that of lignin 28, The residue values
obtained from the TGA test provide an indication of the degree of polymerization. From the results
in Table 1, it could be interpreted that Lig-PCL had the lowest degree of polymerization given that
its residue (52.6 wt%) measured at 600 “C was the closest to that of lignin control (54.3 wt%). In
contrast, Lig-PTMC exhibited the greatest residue difference at 600 °C as compared to the lignin
control suggesting that it had the highest degree of polymerization among the different lignin

copolymers. The results was in good agreement with the FTIR results proposing that Lig-PTMC
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had more grafted sites or longer polymer chains as compared to Lig-PCL and Lig-PHB. DSC

results suggest that all copolymers are amorphous without any melting point (Figure 3c). This

further proposes that the grafted polymer chains are not long enough to pack together in ordered

regions to form the crystallites.
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Figure 3 (a) FTIR spectra (b) TGA plots and (c) DSC thermograms of lignin and its copolymers

Table 1: Molecular characteristics and thermal properties of lignin and copolymers
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Polymers Lignin Lig-PTMC Lig-PCL Lig-PHB

Feed ratio [Lig]:[Polymer] 100:0 95:5 95:5 95:5
Mn (g mol ™) 1975 10900 2500 2600
PDI 4.86 1.60 2.57 1.83
Ty (°C) 164 8.17 - 6.60 106
Tosn (CC) 230 239 261 224
Residue g0 (Wt%) 54.3 29.7 52.6 43.1

Electrospinning of CA/lignin fibres

Lignin copolymers combined with cellulose acetate was engineered into composite fibres via
electrospinning to recreate wood. In addition to the use of various polymers for the modification
of lignin, the fibres were also electrospun into two orientations (random and aligned) to examine
any possible difference in morphology and diameter of the collected fibres. The results were
summarized in Figure 4. Uniform fibres were achieved without bead formation which indicated
that the lignin had been successfully modified with the polymers and was miscible with cellulose
acetate. With regards to the randomly oriented fibres, the incorporation of lignin copolymers into
cellulose acetate fibres was found to have thinner diameter as compared to the cellulose acetate
control (1.97 + 0.68 um). The difference in the diameter was noted to be as much as 60 % with the
thinnest fibre being C.A. + Lig-PTMC which had a diameter of 0.76 + 0.28 um follows by C.A. +
Lig-PHB (0.80 + 0.12 um) and C.A. + Lig-PCL (1.24 + 0.62 um). The trend observed could be
explained by various factors such as the difference in the degree of polymerization, the viscosity
and the conductivity of the solutions. The degree of grafting is closely related to the viscosity of
the solution which was previously disclosed to exert an influence over the fibre diameter 2. In
fact, Frollini et al. demonstrated that the addition of lignin to recycled poly(ethylene terephthalate)
(PET) increased the fibre diameter when the PET and lignin were left to stir in the trifluoroacetic

acid for 72 hours 3°. When the preparation time was shortened to 48 hours, the electrospinning
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solution was less viscous and insignificant difference in the fibre diameter was observed as
compared to the PET control *. Another study revealed that the fibre diameter (m), h, could be

estimated using the following equation:

3 1 1
Eql h=(2%pi.z7
211'2 ﬁ

where Z, p, Q, U and R represent the distance from the nozzle to the collector (m), the density
(kg/m?), the flow rate (m3/s), the applied voltage (V) and the electrical resistance of the jet (Q)
respectively 3!. According to the equation, a polymeric solution with higher conductivity,
represented by 1/RZ, would generate thinner fibres. Hence, the fibre diameter is a function of many

parameters and the resulting diameter would depend on the weightage of each variable.

Surprisingly, an opposite trend was observed when lignin copolymers and cellulose acetate were
used together to produce aligned fibres. The blended aligned fibres were found with greater
diameters than the cellulose acetate control with as much as 110 %, which was associated with
C.A. + Lig-PTMC fibres (2.48 £ 0.75 um). The diameters of aligned C.A. + Lig-PHB fibres and
aligned C.A. + Lig-PCL fibres were measured to be 1.94 + 0.88 um and 1.86 + 1.12 um
respectively. A possible explanation could be that the increment in the applied voltage used during
the production of the aligned fibres amplified the effect caused by the conductivity. Considering
the different conductivities of the solutions, the solution which had the greatest conductivity would
therefore have the thinnest fibres. Hence, the thinnest fibres belonged to the cellulose acetate

fibres. The least grafted C.A. + Lig-PCL based on the obtained results, that contained the highest
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lignin content, exhibited the greatest conductivity among the different blended fibres. Hence, it

had the thinnest fibres among the lignin copolymers fibres.

In order to achieve a certain degree of fibre alignment, the mandrel was optimized to rotate at a
speed of at least 2000 rpm. A too high rotating speed was undesirable as it could lead to fibre
breakage 32. While it was noted that the rotating drums was far from ideal in collecting aligned
fibres 33, the histograms in Figure 4 suggest that acceptably aligned cellulose acetate and C.A.+
Lig-PCL fibres were achieved in general direction of 0.51°. In comparison, C.A. + Lig-PTMC and
C.A.+ Lig-PHB fibres, collected in the general direction of -0.90° and 4.92° respectively, displayed
less ideal fibre alignment. The phenomenon could be attributed to the disparity in the solution
conductivities. Study revealed that a higher concentration of conducting polymer used in the
electrospinning led to a better alignment of fibres observed 3. Correspondingly, a solution that
exhibits a higher conductivity would be expected to produce good fibre alignment as well. It was
reported that introducing organic salt, such as benzyltriethylammonium chloride, improved the
conductivity of the electrospinning solution and the fibre alignment . This result could possibly
be explained by the influence of solution conductivity on the shape of the electrostatic field, which
eventually affects the alignment of the fibres . Thus, this method could be explored to promote

the alignment for C.A. + Lig-PTMC and C.A. + Lig-PHB fibres in the future.
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Figure 4 (top) SEM images of 10 % (w/v) electrospun fibres in 4:1(v/v) chloroform-methanol

solvent. Scale bars = 10 um. (bottom) Histograms which illustrate the distribution of fibres.

Mechanical properties of CA/lignin fibres

The tensile test results of the fibres were summarized in Table 2. The incorporation of lignin
copolymers into the randomly aligned cellulose acetate fibres was generally found to enhance the
Young’s modulus and the tensile strength of the material but reduce its maximum strain. The
results were not surprising as previous studies had shown that engineering lignin with cellulose
generated material with better mechanical properties. For instance, Peng et al. discovered that the
presence of lignin made a difference in the tensile strength and the toughness of cellulose
nanopaper by 76 MPa and 6.9 MJ m™ respectively 3. Hu et al. successfully achieved lignin-
cellulose composite with an exceptional isotropic tensile strength of 200 MPa using successive

infiltration and mechanical hot-pressing treatments 3. The latter study highlights that the
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modification of lignin exposed more hydroxyl groups which promoted better interaction and
compatibility 3" between the polymers and could be accounted for the higher tensile strength
achieved. In another study, Kaewtatip et al. revealed that the esterification made lignin less densely
interconnected and had a rougher surface, which together conferred it with better interaction with
other polymers and improved mechanical properties 3. The decline in the maximum strain of fibres
due to the addition of the lignin copolymers was likely to be caused by stiffener function of the
lignin . It was also observed that the highest Young’s modulus (11.9 + 1.3 MPa) and tensile
strength (1.1 £ 0.1 MPa) belong to C.A. + Lig-PTMC fibres follow by C.A. + Lig-PHB and C.A.
+ Lig-PCL fibres. The trend could be explained by the grafting degree. The grafting degree could
be viewed as an indicator of the number of bonds present. Hence, the fibres with more grafting are
expected to perform better mechanically. In addition, a higher degree of grafting suggests that
there were more hydroxyl groups exposed for interaction which in turn, proposes enhanced
compatibility and mechanical properties. Thus, C.A. + Lig-PTMC fibres, which were shown to
have the most grafting, performed the best among the fibres. C.A. + Lig-PCL fibres exhibited the
best strain follows by C.A. + Lig-PTMC fibres and C.A. + Lig-PHB fibres. The observed trend
could be attributed to the combined effects of grafting degree and intrinsic property of the grafted
polymer used. As aforementioned, a higher degree of grafting could be viewed as an indicator of
the number of bonds present. The existence of more bonds implies that stronger force is needed to
overcome the sum of bonds strength to stretch the fibres. Therefore, the fibres with more bonds
are less stretchable given the same applied force. Another factor identified to have an influence
over the maximum strain attainable by the fibres is the intrinsic property of the polymer. The
selected polymers for the lignin modification differ in the stiffness with the toughest being PHB

follows by PCL and PTMC. It is possible that this difference gets translated into the final fibres.
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The illustrations in Figure 5 depict the orientation of fibres samples with reference to the vertical
axis of the machine. When the tensile test was conducted in parallel with the fibres collection
direction, on a rotating mandrel, the sample was described as aligned in the longitudinal direction
(L). When the fibres was perpendicular to the collection direction, the collected fibres was known
to be transversely aligned (T). Regardless of the alignment, the aligned fibres showed the same
trends as the random fibres. All CA/lignin fibres achieved better tensile strength and Young’s
modulus but were weaker in the maximum strain attainable as compared to the CA fibres. In
comparison, the aligned fibres performed differently to its random counterpart. The best fibres
identified in terms of tensile strength and Young’s modulus was C.A. + Lig-PHB fibres (A(L) 8.9
+ 2.4 MPaand 471.0 £ 56.4 MPa; A(T) 2.6 = 0.4 MPa and 250.0 + 18.8 MPa). The weakest fibres
was C.A. + Lig-PTMC fibres (A(L) 5.9 + 1.2 MPa and 238.0 + 16.3 MPa; A(T) 0.5+ 0.1 MPa and
14.5 + 3.7 MPa). This could possibly be attributed to the intrinsic property being a more dominant
factor for the aligned fibres. On the contrary, transversely aligned fibres displayed a different strain
trend from the random fibres. The transversely aligned C.A. + Lig-PTMC fibres demonstrated the
best elongation (12.2 %) whereas C.A. + Lig-PHB fibres performed the worst (1.51%). This is
likely to be influenced heavily by the intrinsic property of the chosen polymers. It was noted that
aligned fibres performed better quantitatively in tensile strength and Young’s modulus as
compared to the random fibres. A possible explanation could be the higher crystallinity of the
aligned fibres as suggested by the data obtained from the thermal test. In contrast, the random

fibres were noticed to be more flexible than the aligned counterpart.

Another finding was that the longitudinally aligned fibres achieved better tensile strength and
Young’s modulus as compared to transversely aligned fibres. The results were in good agreement

with the work done by Staiger et al. 3°. They found that the tensile strength and the Young’s
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modulus of the cellulose composite were greater in the fibre direction by 87 MPa and 7.1 GPa
respectively in relative to the fibre in the transverse direction . The reason for the difference is
probably due to the anisotropic characteristics *° of the cellulose acetate fibres. There were
different results for the strain to failure. The reason for the observed phenomenon is unclear.
Among the fibres, longitudinally aligned C.A. + Lig-PHB fibres achieved the highest tensile
strength (8.9 = 2.4 MPa) and Young’s modulus (471.0 + 56.4 MPa) whereas random C.A. + Lig-
PCL fibres attained the best strain (31.1 = 6.9 %). It is worth noting that the increment of the tensile
strength and the Young’s modulus demonstrated by longitudinally aligned fibres exceeded 100%
of that of the cellulose acetate fibres despite the inclusion of only 5 % of the lignin copolymers. In
fact, some of the fibres even experienced an improvement of up to approximately 500 % and 7000
% for the tensile strength and the Young’s modulus respectively. While the random C.A. + Lig-
PCL fibres exhibited the best strain to failure among the fibres, it was still worse off than the

cellulose acetate control but this decline was unavoidable due to the stiffener function of lignin.

It was reported that the strength and the modulus of radially cut nature wood were 4.46 MPa and
0.19 GPa respectively #°. In contrast, nature wood cut in the longitudinal direction was found with
strength of 42.72 MPa and a modulus of 5.78 GPa “°. A comparison of the data indicates that the
strength of several attained fibres was comparable to that of the radially cut nature wood but was
lower than the longitudinally cut nature wood. The same observation was noted for the Young’s
modulus. This could be attributed to the current inability to reconstruct the exact chemical bonds

that are present in nature wood.
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Figure 5 (top) Stress-strain curves of cellulose acetate fibres and its blended counterparts (bottom)

Graphical comparison of the various mechanical properties of the fibres

Table 2: Mechanical properties of electrospun fibres (R, A(L) and A(T) represent random,

longitudinally aligned and transversely aligned respectively)

Cellulose

CA+

Fibres Samples Acetate (C.A) Lig-PTMC C.A.+Lig-PCL  C.A.+Lig-PHB
E (MPa)

R 3.7+0.3 119+13 6.3+1.3 11.3+29
A(L) 105.0 £ 20.7 238.0+16.3 323.0+£ 346 471.0 £56.4
A(T) 3.4+0.3 145+ 3.7 56.5+9.0 250.0 £18.8
o (MPa)

R 04+0.1 11+0.1 03+0.1 08+0.2
A(L) 43+0.9 59+1.2 89+0.8 89+24
A(T) 04+0.1 05+0.1 1.3+0.3 26+04

£ (%)

R 40.1+7.3 246+1.3 31.1+6.9 159+13
A(L) 11.9+0.6 6.7+1.0 73116 48+1.4
A(T) 320+94 122+2.3 6.4+1.0 1.5+0.2
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Thermal properties of electrospun fibres

TGA result shows that the incorporation of lignin copolymers into cellulose acetate fibres did not
significantly reduced the thermal stability of cellulose acetate. In fact, the fibres were applicable
for usage up to around 300 °C (Supplementary Information, Figure S1). Among the three lignin
copolymers used with cellulose acetate, C.A.+ Lig-PTMC fibres performed the best with slightly

better thermal stability (Table 3).

The crystalline properties of the fibre were characterized by DSC. Melting temperatures of the
electrospun fibres were obtained from the 1% heating cycle (Figure 6a and 6b). In general, the
aligned fibres had lower melting points and higher enthalpy (AH) of fusion as compared to the
random fibres of the same composition. The higher enthalpy of fusion exhibited by the aligned
fibres suggests that it had a higher degree of crystallinity as more energy was required to melt it.
Similar finding was acquired by Focarete et al.. They reported that the aligned poly(ethylene oxide)
fibres had a greater degree of crystallinity than its random counterparts 4. In their study, Li et al.
revealed that the alignment process by means of rotating mandrel could boost the degree of
crystallization for the aligned fibres #2. These results corroborated well with the mechanical results
obtained. The greater tensile strength and Young’s modulus achieved for the aligned fibres could
be explained by the higher crystallinity >4, For the second heating cycle, the T4 of cellulose
acetate fibres was identified to be 187 °C which coincided well with the range reported in the
literature review (~185.85 - 246.85°C) “°. There was no significant difference noted between the
Tg of the cellulose fibres and the cellulose acetate-lignin copolymer fibres except for C.A. + Lig-
PTMC fibres. Its Tg was identified to be slightly lower and it could be attributed to the combination
effect of intrinsic property of PTMC and its grafting degree. PTMC has a glass transition

temperature that is lower than the room temperature at about -14 °C ¢ while lignin has a higher
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glass transition temperature between 130 °C and 150 °C depending on the source *'. As
aforementioned, Lig-PTMC had the greatest grafting degree among the polymers which in turn,
means that more PTMC was presented in a given amount as compared to the PCL and PHB.
Considering high PTMC and low lignin content in the C.A. + Lig-PTMC fibres, the observed

difference in the T4 could be understood.
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Figure 6 (a) and (b) illustrate the first heating cycle of random and aligned fibres respectively

whereas (c) and (d) show the second heating cycle of random and aligned fibres respectively.

Table 3: Thermal properties of electrospun fibres (R and A represent random and aligned

respectively)

Fibres Cellulose _C.A.+ Q.A.+ _C.A.+

Acetate (C.A)) Lig-PTMC Lig-PCL Lig-PHB
Tos (C) 335 319 293 290
Residue eoo ¢ (WL%) 13.9 113 5.0 135
Orientation R A R A R A R A
Melting Points (C) 160 124 161 157 131 123 162 109
AH (J/g) 375 677 298 385 507 678 545 831
Tg (C) from 2" 187 190 179 179 186 188 185 193
heating run
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Conclusion

In this work, we develop a facile method to use lignin, the industrial byproducts from paper and
pulp industries, to add value to the cellulose acetate fibres. It was shown that the addition of a mere
5 % lignin copolymers led to the observation of up to 500 % fold increment in the tensile strength
and up to 7000 % fold enhancement in the Young’s modulus of the cellulose acetate fibres. Among
the different fibres investigated, it was found that C.A. + Lig-PHB fibres generally achieved the
best mechanical properties especially the longitudinal aligned ones. It attained 8.9 + 2.4 MPa and
471.0 £ 56.4 MPa for tensile strength and Young’s modulus respectively which highlights its
potential to be further examined for load bearing applications. The remarkable improvement in the
mechanical properties could be attributed to both the intrinsic property being a more dominant

factor and the high crystallinity that was likely to be promoted during the alignment process.
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