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Abstract

Polyacrylonitrile (PAN) continues to be the primary precursor that is used for the production of
carbon fibres. However, PAN is derived from petroleum and it is not a sustainable precursor in
the long-term. This current research was focused on identifying bio-based precursors that could
be used as an alternative for the production of fibrous preforms that could subsequently be

carbonised.

In the first instance, lignin was purchased from Domtar PC sales centre (Germany) and it is
referred to as softwood Kraft lignin (BioChoice®) in the thesis. Lignin was chosen because of its
high aromatic content, availability and it is known to cross-link. The as-received lignin was
characterised using a range of analytical techniques. The analyses indicated the presence of
impurities such as small concentrations of carbohydrates and inorganics. The carbohydrates and

inorganic content in the BioChoice® lignin were found to be 4.4% and 1.3%.

Two methods were considered to reduce the carbohydrate and inorganic contents in the as-
received and these were acid-washing and solvent fractionation. The acid-washing was carried
out using nitric acid. The solvent fractionation of as-received lignin was carried out using acetone;
this was extended to include ethanol and propanol. The inorganic content in the BioChoice® lignin
was reduced from 1.3% to 0.1% after solvent fractionation in acetone. However, the inorganic
content after acid-washing was 0.34%. Solvent fractionation was found to be simpler and time-
efficient for removing the inorganic content in lignin when compared with acid-washing and

hence, it was adopted as a preferred method to purify the lignin prior to electro-spinning.

The majority of the initial electro-spinning experiments were undertaken using acetone-
fractionated lignin using a binary solvent of acetone and dimethyl sulfoxide but the
reproducibility was not consistent. The majority of the studies in the literature with regard to
producing fibres with lignin have involved the use of synthetic polymer blends. For example,

polyvinyl alcohol, polyvinyl acetate, polyethylene oxide and PAN. In the current study, a novel
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approach of electro-spinning with a 100% blend of acetone-soluble and ethanol-soluble lignin was
demonstrated for the first time. These fractions were electro-spun using a mixture (2:1) of
acetone and dimethyl sulfoxide. The electro-spun fibres inspected in this study were found to be
void-free with a relatively uniform and circular cross-section. From the numerous micrographs

that were inspected, there was no evidence to suggest the presence of fused fibres.

The above-mentioned electro-spun fibres had a random orientation, as is the case with
conventional electro-spinning using a ground conductor. In this study, a new ground electrode
made from graphite was designed to enable the electro-spinning of aligned fibres. A series of
detailed experiments were undertaken to derive the heat-treatment regime for the as-spun fibres.
This was necessary to prevent fibre fusion during subsequent oxidative and carbonisation

treatments.

The optimum heat treatment for the as-spun 100% lignin fibres was found to be drying at 140 °C
in a vacuum oven for 6 hours prior to thermo-stabilisation at 250 °C in air and carbonisation in
nitrogen. The sp2 graphitic content in the carbonised fibres, as inferred by Raman spectroscopy,

was found to be in the order 1000 °C < 1200 °C < 1500 °C.

The BioChoice® lignin was obtained from a commercial source and the decision was made to
extract lignin from coir. Coir was chosen because it has the highest lignin content of all plant
matter. The procedures and protocols for the extraction were developed and the lignin was
characterised as mentioned previously. The lignin was electro-spun using a binary solvent of
acetone and dimethylsulfoxide. It is proposed that coir with its high lignin content (32%) can be
used as a renewable and sustainable precursor for the production of preforms for the production

of carbon fibres.
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Chapter 1 Introduction and Motivation

1.1 Carbon Fibre

Carbon fibre is an attractive engineering material mainly due to its specific tensile strength &
stiffness, low thermal expansion, high electrical and thermal conductivity, good chemical
resistance, elevated temperature tolerance and fatigue resistance (1-4). Its low density and high
strength offers a wide range of applications as a reinforcement in composites for automotive,
aerospace, military, energy and sporting goods industries (5-7). Carbon fibres (CFs) by definition
have to contain more than 90 wt% of carbon and other heteroatoms whilst graphite fibres
constitute 99 wt% of carbon (8, 9). The importance and significance of carbon fibre-based
materials can be appreciated by comparing their mechanical properties with conventional
engineering metal alloys as shown in Table 1.1. These values show that carbon fibres have

superior mechanical properties as compared to the metal alloys (10).

Table 1.1 Comparison of properties of reinforcing fibres and typical metal alloys (9-12).

Material Tensile Young’s Density Thermal Electrical
strength modulus conductivity resistivity
(GPa) (GPa) (kg/m3) (W/mK) (nQ-m)
PAN-based CF 3.5-6.4 200-500 1.70-1.80 14-45 11-18
Pitch-based CF 1.3-3.1 150-965 1.80-2.20 36-1000 1.1-12.1
Rayon-based CF 0.5-1.2 40-100 1.40-1.50 - 1-15
Lyocell Based CF 0.9-1.1 90-100 - - -
E-glass fibre 35 70 2.54 13 1018-1019
Aramid fibre 2-3 127-135 1.47 0.04 -
(Kevlar 49)
Steel alloy 1-1.5 200 7.80 50 0.72
Aluminium alloy 0.5-0.8 72-76 2.70 205 0.003



1.2 Carbon Fibre Precursors

Carbon fibres are manufactured by carbonising suitable precursor fibres at temperatures ranging
from 1000-2000 °C while the use of temperatures above 2000 °C results in graphitised fibres.
Polymeric materials yielding a carbon residue without degrading during pyrolysis are generally
considered to be potential precursors for the production of carbon fibres (11). The conventional

precursors for the carbon fibres are as follows;

» Polyacrylonitrile (PAN)
» Pitch-based CFs
e mesophase pitch
e [sotropic pitch
» Cellulose-based CFs
e Rayon
e Lyocell

» Phenolic resin-based CFs

Carbon fibres produced from these precursors can be classified into various types depending on
the processing parameters during carbonisation. These include processing temperature, the type
of precursor used and the intended application. Carbon fibres with low strength and modulus
typically 1-100 GPa are produced at a processing temperature of 300-1000 °C. These fibres are
used as general-purpose grade. The high strength and intermediate to high modulus (200-450
GPa) carbon fibres are manufactured at higher temperatures 1000-2000 °C. The graphitised
carbon fibres yielding a higher modulus (>450 GPa), carbon content and higher electrical
conductivity but with reduced tensile and compressive strengths are obtained at processing
temperatures above 2000 °C. These fibres are termed ultra-high modulus fibre (12-14). PAN is the
most commonly used precursor among the conventional precursors, in fact 90% of the carbon

fibres produced worldwide are manufactured from PAN (12).



1.2.1 Carbon Fibre from Polyacrylonitrile (PAN)

Carbon fibres from PAN were first produced in 1950s (15, 16). PAN consists of a theoretical yield
of 67% by weight and gives high carbon content of approximately 55% upon pyrolysis (17). A
general process used for manufacturing carbon fibres from PAN is summarised in Figure 1.1. The
polymer solution is shaped into a fibre precursor form by extruding the solution directly into a
coagulation bath (wet-spinning process) or by introducing an air gap between the spinneret and
the bath (dry-spinning process). The fibres are washed, dried and stretched before commencing
heat treatment. The fibres are thermo-stabilised during heat treatment followed by the
conversion into carbon or graphitised fibres. Thermo-stabilisation is an exothermic oxidation
process carried out in air typically in a temperature range of 200-300 °C which is below the
polymer’s degradation temperature. During this process, the polymer undergoes cross-linking
reactions which enhance its capability to remain in a fibre form. The oxidised fibres are then
converted into carbon and graphitised fibres in an inert atmosphere over a temperature range of
1000-3000 °C. During the whole process, the fibre experiences stretching and tensioning to
increase the molecular orientation which enhances the mechanical properties of the carbon fibres
produced. During the heat treatment process, the polymer goes through significant reactions
including the evolution of gases leading to change in molecular structure and physico-chemical
properties. The changes in the structure of PAN during the heat treatment regime and the effect

of tensioning will be discussed in Section 1.2.3.

Fibre spinning processes  Oxidation Carbonisation Graphitisation Surface treatment Spooling carbon fibre

Coagulation bath Washing and drying < in air > <in aninert gas >

PAN

doped solution

200-300 °C  1000-2000 °C  2000-3000 °C

Figure 1.1 Schematic illustration of the production of PAN-based carbon fibres (18).



Polyacrylonitrile is an aliphatic polymer which is derived from radical co-polymerisation of at
least 85% of its main monomer acrylonitrile along with other co-monomers (17). PAN derived
from 100% acrylonitrile is generally not used for manufacturing carbon fibres due to its higher
melting point which is close to its degradation temperature. The nitrile groups in the PAN
homopolymer have strong intermolecular interactions leading to chain entanglement and high
solvent resistance, thus hindering its spinnability (17). Therefore, acrylonitrile is co-polymerised
with other linear chain co-monomers to improve its spinnability and processability at lower
melting temperatures. PAN derived from co-monomers aid in the stabilisation steps with a lower
residence time and in achieving increased molecular orientation. The co-monomers with acidic
groups also act as catalyst and assistin cyclisation reaction during thermo-stabilisation. Increased
molecular orientation improves the tensile strength and modulus of carbon fibres. Some of the co-

monomers used for PAN polymerisation along with acrylonitrile are shown in Figure 1.2.
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Figure 1.2 Co-monomers typically used in the polymerisation of acrylonitrile (17).



1.2.2 Heat Treatment

1.2.2.1 Thermo-stabilisation

Thermo-stabilisation is a critical step in the manufacturing of high-quality carbon fibres. During
this process, the precursor fibre undergoes physico-chemical changes via exothermic oxidation,
cyclisation reactions, dehydrogenation and cross-linking reactions (9). Thermo-stabilisation is
carried out at a slow heating rate in air because the heat generated during cyclisation and
oxidation reactions can lead to overheating and chain scission causing fibres to fuse and
introduction of defects (19). The runaway reactions during thermo-stabilisation step are
prevented by employing a slow heating rate and with the inclusion of co-monomers which have
lower activation energy than the cyclisation reaction (12). The structure of polyacrylonitrile is
shown in Figure 1.3. The nitrile groups are responsible for strong intermolecular interaction and

the ladder-type structure formed during stabilisation (20).

Figure 1.3 Chemical structure of Polyacrylonitrile and its repeat unit.

The mechanisms involved in thermo-stabilisation have been explained by several researchers
(21-28). However, these explanations continue to be a subject of debate. One of the widely
reported mechanism found in literature is shown in Figure 1.4 (28-30). It is believed that the
nitrile (CN) groups in the polyacrylonitrile are responsible for exothermic cyclisation reaction
forming a ladder-type structure (28). It is still unclear whether dehydrogenation or cyclisation
occurs. These reactions covert the PAN into hexagonal cyclised C-N rings. The dehydration of C-C
bonds during cyclisation takes place and contributes to the weight loss of PAN fibre. The cyclised

rings are oxidised by the incorporation of several oxygen moieties including carbonyl groups



(C=0), hydroxyl (OH) groups with inclusion of bridging ether groups and carboxylic groups (27-
29). This oxidation step promotes the intermolecular rearrangement cross-linking reactions
which aid in the thermal stability of the precursor fibre and prevents the fibres from fusing (28).
The formation of carbon dioxide (COz), carbon monoxide (CO) and water (H20) occurs during

oxidative thermo-stabilisation (20).

The stabilisation steps are critical in rendering the precursor fibres suitable to withstand high
temperature treatment during carbonisation and graphitisation steps (14, 20). During thermo-
stabilisation, fibres remain under tension and their diameter is reduced. The stretching increasing
the molecular orientation. This process results in high strength and modulus of carbon fibres (14).
The precursor fibres undergo a colour change during stabilisation from white to pale yellow and

reddish brown at the end of stabilisation and eventually turn black during carbonisation (28).

Polyacrylonitrile
Cyelisation Dehydrogenation
\\\ \x \\ +0,, -H,0
/ / / c c C
SR NN
Dehydrogenation . Cyclisation
/ / /
+0,, -H,0
l Oxidation
0 o] OH
40% 30% 20% 10%
Stabilised PAN

Figure 1.4 Proposed mechanism for the thermo-stabilisation of PAN (27-30).



1.2.2.2 Carbonisation

The stabilised fibres are carbonised in nitrogen or argon atmosphere under tension. The fibres
lose weight upon dehydrogenation and evolution of gases, shrink and undergo structural changes
during carbonisation (20). The stretching of fibres during carbonisation reduces the shrinkage
and aids in maintaining the fibres orientation along its length (19). The carbonisation temperature
depends on the intended application. The fibres carbonised at 1500-1600 °C usually have high
strength with a well orientated carbon with a turbostratic structure (19). Upon graphitisation, the
crystallinity increases in the fibre direction and the defects in the turbostratic structure are healed
(19). The graphitised fibres are formed by the conversion of defects and disordered carbon

structure into a crystalline graphitised structure via high temperature treatment (19, 20, 28).

The structural changes that occur during the conversion of stabilised PAN fibres to carbon fibres
is shown in Figure 1.5. At a temperature below 700 °C, the evolution of toxic gases such as
hydrogen cyanide (HCN), CO and ammonia (NH3) occur (19, 29). At temperatures above 700 °C,
denitrogenation takes place with the evolution of volatiles gases such as methane (CH4), water,

hydrogen, CO and CO: (8, 20, 29, 30).

Stabilised PAN

PE PN R XN, ~

NN N N

+ nHCN - CarCa~Cxr” e Xt X7+ N,
T> 500 °C LIRSS A XX, T>T700°C

Carbonisation

Carbonised fibre Graphitised fibre

Figure 1.5 Conversion of stabilised PAN fibres to carbon fibres (8, 18, 27-30).



1.3 Carbon Fibres from Lignin

Several factors are involved in reducing the dependence on petroleum-based precursors for the
production of carbon fibres that needs to be addressed. These issues are mainly related to the
cost, need to find a renewable source and the toxicity of gases released during carbonisation (2,
5). The main cost associated with production of carbon fibres is attributed to the PAN precursor
as shown in Figure 1.6. The cost distribution presented in Figure 1.6 is for wet-spinning of PAN
precursor and the melt-spinning of lignin. However, the total cost distribution estimated by Baker
et al,, (2) reported a significantly higher cost for the production of PAN-based carbon fibre
($25.14/kg for wet-spinning and $17.40/kg for melt-spinning). The cost for the production of
lignin-based carbon fibres using melt-spinning was estimated to $4/kg. Hence there is an
increased interest in engineering industries to look for cost-effective alternative precursors for
the production of carbon fibres. Lignin is currently produced in large quantities, approximately
50 million tonnes per year by paper and pulp industry alone (31, 32). Currently, the full potential
of lignin is not realised and only a small portion is being used commercially for products such as
adhesives, binding agents and raw materials for chemicals (32, 33). Only 1-2% lignin in the world
is utilised and the remainder is burned as fuel for energy generation (31, 34, 35). Lignin has been

long considered to be a potential low-cost alternative precursor for carbon fibres (5, 7, 36, 37).
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Figure 1.6 Estimated production costs per kg for production of carbon fibres from lignin and PAN-

based precursors (2, 38).



1.4 Aims and Objectives

The aims and objectives of this proposed research project are as follows:

(i) To quantify impurities in industrially produced lignin (softwood Kraft lignin) and
purify lignin via dilute acid treatment.

(ii) To perform solvent fractionation of softwood Kraft lignin to aid electro-spinning.
This was conducted using organic solvents to inspect the effect of solvent
fractionation on reducing impurities and the resulting changes to the physico-
chemical properties.

(iii) To investigate a novel approach based on the lignin/lignin blending and to determine
optimum conditions for electro-spinning lignin without any synthetic polymer blend,
in a non-toxic solvent system.

This study evaluated the production of lignin fibres in random and unidirectional
alignment through a modified electro-spinning setup.

(iv) To investigate heat-treatment of electro-spun lignin fibres.

This included a detailed study of heat-treatment regime of lignin-based fibres to
evaluate the effect of atmospheric and temperature conditions on the fibre
morphology. These effects were correlated with the changes in their thermal and
structural properties. A methodology was developed for the thermo-stabilisation of
lignin fibres.

The influence of carbonisation temperature on their properties were also explored.

(v) To evaluate the viability of lab-based extraction of lignin from coir to produce electro-
spun fibre.

This included research on determining the composition of lignin-rich coir and the
quantification of lignin in coir. The lignin was extracted, characterised and used for

electro-spinning.



1.5 Structure of the Thesis

Chapter 2

Chapter 2 represents the literature review which summarises a range of topics that are
relevant to this research. This includes the sources of lignin, composition of biomass and
various extraction procedures used in biorefinery (pulp and paper) and laboratory-scale. The
effect of these extraction procedures on the structure of lignin and its physico-chemical
properties is also discussed in detail. This chapter also gives an insight into the fractionation
of lignin to improve its processability as a precursor for spinning fibres. The properties of
lignin-based carbon fibre produced using various fibre spinning processes are also
presented. This is followed by a review on fibre spinning techniques including electro-
spinning which is a prime focus in this study. The structural changes in lignin during heat

treatment are also discussed in this chapter.

Chapter 3

Chapter 3 provides a detailed experimental methodology for the research undertaken. This
includes quantification of impurities and dilute acid treatment for the purification of lignin,
solvent fractionation and techniques used for the characterisation of industrially produced
lignin (softwood Kraft lignin). This chapter also includes the methodologies for electro-
spinning and the investigation of heat-treatment regimes for producing lignin-based carbon
fibre. The methods used for the characterising the physico-chemical properties of lignin-
based fibres are also presented. This chapters includes the procedure for determining the
biomass composition, lab-based extraction of lignin from biomass (coir), characterisation

and electro-spinning of the extracted lignin.

Chapter 4

Chapter 4 represents the results and discussion and it provides an insight into the impurities

in softwood Kraft lignin and the effect of acid treatment in reducing such impurities. This
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chapter discusses the impact of solvent fractionation in the purification of lignin and its

physico-chemical properties which plays an important role in the fibre spinning processes.

Chapter 5

Chapter 5 presents a novel approach for the electro-spinning of 100% solvent fractionated
lignin without any non-lignin polymer blends. The optimum conditions required to electro-
spin lignin are discussed. This chapter also reports on the conditions required for thermo-
stabilisation which are important for producing lignin-based carbon fibres with smooth and
circular morphology. The properties of the carbonised lignin fibres are discussed in this

chapter.

Chapter 6

Chapter 6 includes the results of the quantification and composition of biomass (coir fibre
and coir pith). The extraction, characterisation and electro-spinning of lignin from coir fibre

are summarised in this chapter.

Chapter 7

Chapter 7 provides the conclusion reached from the results generated in this research. This
chapter also presents pathways to expand on the current research and recommendations for

future work.

Appendices

Appendices (A-E) are included and these represent small but focused aspects of the research
undertaken. List of chemical structures which are discussed in this study are shown in

Appendix C.
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Chapter 2 Literature Review

This chapter presents an overview of the literature in the context of the current research
undertaken on the production of carbon fibres from lignin. This includes ligno-cellulosic
biomass composition, the postulated structure of lignin and the extraction procedures used
globally for the extraction of lignin from biomass. The impact of the various extraction
procedures on the physico-chemical properties of lignin, characterisation techniques utilised
for elucidating the structure are reviewed along with the need for pre-treatment procedures
for fibre formation. This chapter also presents a review on the fractionation of lignin to
facilitate fibre spinning methods including electro-spinning. The structural changes during

heat-treatment for the conversion of lignin-based fibre into carbon fibres are also discussed.

2.1 Ligno-cellulosic Biomass

Ligno-cellulosic biomass is mainly composed of lignin and polysaccharides. It is the most
abundant renewable source of carbon in the world. Ligno-cellulosic biomass is primarily used in
the paper and pulp industries as a renewable resource. It is also used in production of value-added
chemicals such as sugars, bioethanol, vanillin, carboxylic acids and hydrocarbons (39, 40). Lignin
is a naturally occurring bio-polymer found in the plant kingdom as a major component of plants
along with cellulose and hemicellulose (41, 42). Lignin is an integral part of cell walls existing in
the vascular system of plants including arborescent plants, herbaceous and agricultural biomass
(43). There are two main types of cell walls that exist in plants. They are termed as primary and
secondary cell walls. The primary cell walls are relatively thin and consist of growing cells and are
mainly composed of cellulose, hemicellulose, pectins and proteins. The secondary cell walls are
thicker, stronger and comprised of cellulose, hemicellulose and lignin (39). The lignin that is

present in the cell walls is responsible for three primary functions (43):

e [treduces the permeation of water across the cell wall in the xylems and thus plays a vital

role in the internal transport of water, nutrients and metabolites.
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e [t provides rigidity and hydrophobicity to the cell wall making it resistant to impact,
bending and compression.
e Itactsasa protectinglayer to the cell wall by resisting an attack from the enzymes released

by microorganisms.

Lignin is of great interest due to its properties and abundance (41). The presence of lignin has
been verified in leaves, roots, foliage and tissues associated with the stem. The lignin content and
its chemical composition can vary from the type of tree, growing conditions, species and the
location within a tree, with high content in wood and low in juvenile shoots (41, 42, 44, 45). The
lignin content in selected plants species is compiled in Table 2.1. The content is known to vary
from hardwood (angiosperms), softwood biomass (gymnosperms) and agricultural residues. The

average lignin composition in biomass is typically estimated to be between 10-25 wt% (39).
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Table 2.1 Approximate compositions of specified biomass materials; the data are reported in

weight %.

Cellulose = Hemicellulose Lignin Extractives Ash  Ref.
Softwood biomass
Pine 321 14.2 31.2 15.6 2.4 (46)
Spruce 45.6 20.0 28.2 5.9 0.3 (47)
Japanese cypress 44.9 14.9 33.0 - - (48)
Fir 55.6 12.7 25.1 - - (49)
Lodgepole pine 45.0 23.6 28.1 5.0 0.3 (50)
Japanese cedar 38.6 23.1 33.8 4.0 0.3 (47
Eastern red cedar 40.3 17.9 359 - 0.3 (51)
Harwood biomass
Poplar 42.6 16.6 25.6 - - (52)
French oak 22-50 17-30 17-30 2-10 0.2 (53)
English oak 41.1 22.2 29.6 3.8-6.1 0.3 (53)
Agricultural waste
Rice Straw 30.3-38.2  19.8-31.6 7-12.8 - 8-15.6 (54)
Wheat straw 33.7 19.1 19.8 - 9.7 (55)
Coir 24.7 12.3 40.1 - 2.6 (56)
Banana skin 13.2 14.8 14 - - (57)
Sugarcane bagasse 38.6 27.9 17.8 2.7 8.8 (58)

With reference to Table 2.1, it is seen that coir has the highest lignin content.
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2.2 Composition and Structure of Lignin

Lignin is a complex biopolymer which is made up of three main precursors as shown in Figure 2.1.
These are referred to as phenylpropanoid units or Co units; p-coumaryl alcohol, coniferyl alcohol
and sinapyl alcohol. They differ from each other at the C-3 and C-5 positions due to the
substitution of the methoxyl group (OCH3). The numbering around the ring follows the rule that
if there is only one OCH3 attached to the aromatic ring, it will be on the C-3 position but not C-5
(42). As shown in Figure 2.1 (i), the aliphatic groups (side chain) are attached at the C-1 position,
whilst the phenolic hydroxy (OH) group is attached at the C-4 position (para-position). The side
chain is classified as a, B, and y, with C-a being the one connected to the C-1 position of the
aromatic (aryl) ring. These three alcohols are also termed as monolignols which undergo
oxidative polymerisation in the biosynthesis of lignin and subsequently classified into three main
monomeric units which constitutes the structure of lignin. The unit which is formed from p-
coumaryl alcohol is known as p-hydroxyphenyl (H) lignin and it has no methoxyl group attached
to it. The lignin unit which is formed from coniferyl alcohol is known as guaiacyl (G) unit having
one methoxyl group. The lignin unit which is formed from sinapyl alcohol is referred to as syringyl

(S) lignin with two methoxyl groups (43).
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Figure 2.1 Chemical structures on the: top row - the main building blocks/precursors of lignin and
they are referred as monolignols; and bottom row - the corresponding polymeric units found in

structure of lignin (59-62).

The biosynthesis of lignin polymerisation proceeds via an oxidative radical coupling through a
mechanism of dehydrogenative polymerisation. This hypothesis is also referred to as a
lignification process and it is reported widely in the literature (40, 41). The process is initiated via
a hydrogen abstraction from the hydroxyl group on the para-position leading to a phenoxy free-
radical. This free-radical is delocalised over the aromatic ring and the aliphatic side chain leading

to resonance stabilisation. The resonance stabilised structure of the lignin unit is shown in Figure

OH OH OH OH
V4 J 7

OCH, OCH; OCH, OCH,
o 0 0 0

Figure 2.2 Resonance stabilisation of radicals over delocalised aromatic ring and aliphatic side

2.2.

chain to form interunit linkages (63).
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The most stable free-radical structure couple together to form a linkage and this accounts for the
growth of the lignin network. As aforementioned, these linkages are formed via the oxidative free-
radical coupling of monomers and more importantly, with an end unit of the polymer, resulting in
a condensed lignin structure (42). There are mainly two types of linkages in lignin, ether bonds
(C-0-C) and carbon-carbon bonds (C-C) (41, 42). The common linkages found in softwood lignin

are shown in Figure 2.3 and their approximate weight-percentage presented in Table 2.2.

HO
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Figure 2.3 Structure of softwood lignin consisting of phenyl propanoid units and common lignin

interunit linkages (35).

The structure of the softwood lignin is shown in Figure 2.3. Its shows the phenylpropanoids (lignin
monomeric units) which are linked together by ether (C-O-C) or carbon (C-C) linkages. Guaiacyl
(G) units (~95%) are largely present in softwood lignin with low concentration of p-
hydroxyphenyl (H) and syringyl (S) units (41, 42, 62, 64, 65). The existence of the lignin dimeric
units with defined linkages has been verified using techniques such as NMR, FTIR spectroscopy

and pyrolysis-GC-MS. The presence of the functional groups and linkages shown in Figure 2.3
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accounts for its complex heterogenous structures and it also makes it an attractive material

suitable for various applications, including the production of carbon fibres (66, 67).

Table 2.2 Approximate weight-percentage of lignin interunit linkages and their corresponding

dimer structures in softwood lignin(68, 69).

Linkage type Dimer structure Approximate weight
(%)

B-0-4 Phenylpropane (-aryl ether 45-50

5-5 Biphenyl and dibenzodioxocin 18-25

B-5 Phenylcoumaran 9-12

B-1 1,2-Diaryl ether 7-10

a-0-4 Phenylpropane a-aryl ether 6-8

4-0-5 Diaryl ether 4-8

B-B8 -B-linked structures (pinoresinol) 3
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2.3 Isolation of Lignin from Biomass

Lignin can be isolated from ligno-cellulosic biomass via chemical (65), physical (70) and
biochemical (62) treatments. The origin of the biomass source, extraction methods used, as well
as the pulping process has a major influence on the purity, final structure, functional groups and
corresponding physico-chemical properties of lignin (62, 71). The procedure for the extraction of
lignin can be classified in two categories: (a) the dissolution of lignin leaving behind the other
constituents as an insoluble residue; and (b) the dissolution of components such as cellulose and
extractives (via hydrolysis) leaving the lignin as an insoluble residue. Figure 2.4 shows the
common processes used for the isolation of lignin and the subsequent impact on the

compositional modifications (72).

OH
Klason lignin Sulfite lignin
OH
SO;H(M)
SH ’3\ o
Kraft lignin Alkali lignin
o
N
/
(o]
OH
significant structural modification ; ignificant structural modification
mild structural modification & mild structural modification
Organic solvent
extraction
(EtOHM,0)
Organosolv Cellulolytic enzyme
lignin lignin (CEL)
ILs treatment
Milled-wood lignin lonic liquid
(MWL, Bjérkman process) lignin

Figure 2.4 A summary of common procedures including by ionic liquids treatments (ILs) that are

used for the isolation of lignin from ligno-cellulose (72).
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Lignin that is extracted from the pulping industries is generally classified into two main
categories: (i) sulfur-included; and (ii) sulfur-free processes. With reference to Figure 2.5, these
two processes are further sub-classified into four main pulping procedures depending on the
isolation conditions employed; primarily based on the pH, chemical composition of the reagents

and the temperature (62, 65).

Isolation of lignin from wood

! |

Sulfur processes Sulfur-free processes

4 A l \ 4

Sulfite Kraft Solvent Soda pulping

pulping

150-200 °C |

pH=1,2 B
P =13 * * pH=11,13
140 °C, HSO 140-180 °C, Acetic acid/ Ethanol & .
® NaOH +Na S Formic other 140-180 °C,
: acid/ Water organic NaOH
solvents

v A I \ 4

Lignosulfonate lignin

Kraft lignin Organosolv lignin Soda lignin

Figure 2.5 The main extraction methods used for the isolation of lignin from biomass (62, 73).

The lignin extracted using the Kraft, sulfite and soda pulping processes are also termed as
technical lignins (62). These are used in pulping procedures worldwide. The procedures adopted
using these pulping processes and the resulting change in the physico-chemical properties are

discussed in the following section.
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Kraft pulping process is the most generally used method for the isolation of lignin from wood.
Currently, the annual Kraft pulp production is estimated to be around 130-150 million tons (74-
76). However only 75,000 tonnes (6%) lignin is recovered from the Kraft pulp and the rest is
utilised as a fuel for energy generation. The estimated production of lignin in the world from
various extraction procedures for the year 2015 is shown in Figure 2.6 (76). The total production
of lignin is estimated to be 1.2 million tonnes in 2015 from a potential source of 141 million
tonnes. Currently, the lignosulfonate process predominates the production of lignin with an
estimation of 1 million tonne per year (93%). The biorefinery industries are responsible for
producing lignin (such as organosolv lignin, steam explosion lignin, etc.) and other components
such as vanillin, cellulose, hemicellulose, bioethanol and nano-cellulose. Lignin produced from
biorefinery in 2015 is minute and estimated to be only 3000 tonnes (0.25%). This large source of
lignin extraction from biorefinery remains untapped. However, due to the emergence of new
technologies and advancements in pulp processes such as Lignoboost technology in 2013
(Plymouth, USA), 2015 (Kotka, Finland), and LignoForce in 2016 (Hilton, Canada) for recovering
lignin; Kraft process is forecasted to overtake lignosulfonate process as a preferred method of

extraction procedure by 2025 (76).

Lignosulfonate
92.98%

Soda Lignin
in (Organosoly, Steam 0.42%

Figure 2.6 Estimated production of lignin from extraction procedures in 2015; the total is 1.2

million tonnes (76).
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2.3.1 Kraft Lignin

The Kraft manufacturing process begins with the treatment of wood chips in a solution of sodium
hydroxide (NaOH) and sodium sulfide (Na.S) between 150-180 °C for 1-2 hours. This method is
able to dissolve 90-95% lignin present in wood (35, 77). A solution containing lignin and other
extractives including hemicellulose is called black liquor - a complex mixture of dissolved organics
and fibrous materials (78). Lignin is isolated from the black liquor through a modified process
known as Lignoboost (62, 73, 79-81). The lignoboost process involves the precipitation of black
liquor using carbon dioxide (CO-) as an acid and subsequently washing with sulfuric acid (H2S04)

to obtain a high-purity lignin (73).

During Kraft pulping, two main reactions occur: (a) depolymerisation including the cleavage of
lignin-hemicellulose bonds; and (b) condensation reactions (82). In Kraft pulping, delignification
proceeds through depolymerisation via cleavage of a and [-ether bonds which results in
increased solubility of the resulting fragments (73). The cleavages of ether bonds lead to the
formation of quinone methide, a reactive intermediate responsible for the repolymerisation
reactions. The condensation reaction proceeds with addition of hydroxy (OH-) and sulfide (HS-)
anions and carbanions (from phenolic structures) to quinone methide or formaldehyde (77, 83).
This type of reaction leads to the introduction of new functional groups in softwood lignin
including thiol groups with the existence of lignin-carbohydrate linkages also been reported in

Kraft lignin as shown in Figure 2.7 (35).
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thiol groups

Figure 2.7 Typical functional groups present in the structure in Kraft lignin (35).

2.3.2 Soda Lignin (Alkali Lignin)

Soda pulping is primarily used for the extraction of lignin from non-woody plant matter such as
wheat straw, sugarcane bagasse, kenaf, sisal and flax (77, 82). This process is carried out in an
aqueous alkaline medium of NaOH (or lime and calcium hydroxide) between 140-180 °C under
high pressure (10 psi). The lignin is recovered through precipitation at pH 11-13. During the
pulping process, delignification proceeds through the depolymerisation of lignin which involves
the cleavage of a and B-ether linkages as shown in Figure 2.8. The depolymerisation of lignin via
the cleavage of ether bonds and intermolecular cross-links between lignin and hemicellulose leads
to an increase in the solubility and formation of quinone methide. This contributes to further
depolymerisation of lignin and it results in the formation of stilbene or styryl moieties by

condensation reactions (77, 82).

HO,

HO,
Ho O{/ %é
HO OH ; >
H3CO “OH . Ho %
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OCH;,
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>

HaCO
OCHj
0,

>

Figure 2.8 Cleavage of the a-ether bond in lignin during the soda process (82).
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2.3.3 Sulfite Pulping (Lignosulfonate)

In sulfite pulping, the lignin is isolated from the biomass by reaction with sulfur dioxide (SO2)
which reacts with water to form sulfonic acids. The sulfurous acids such as sulfites or bisulfites
typically contain calcium or magnesium sulfite in acidic, netural or alkaline media (84). The
pulping is carried out between 125-175 °C with pH ranging from 1-5 for 3-7 hours (61, 74, 82).
The process cleaves the o and (3-ether linkages leading to the formation benzylium cations (o-
cation) followed by sulfonation as shown in Figure 2.9. These cations trap sulfonic acids resulting
in the formation of ligno-sulfonic acid. The lignin is extracted from the liquor by addition of excess
lime followed by treatment with alkylamines. This process is called Howard’s process and itis the
mostly widely used extraction method for ligno-sulfites providing a yield of 90-95% (74). The
ligno-sulfite lignin has quite a distinct physico-chemical property compared to Kraft lignin. This
includes its solubility in water unlike Kraft lignin and contains a high percentage of sulfur groups

ranging from 4-8%.
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Figure 2.9 The sulfonation of softwood lignin using the acidic sulfite process (84).

There are several other procedures employed in the extraction of lignin from ligno-cellulosic

biomass and these are summarised in Table 2.3. These procedures are described briefly:
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Table 2.3 A summary of conditions used for the extraction of lignin (74, 77, 82, 85-88).

Extraction process

Acid hydrolysis of
Polysaccharides

Kraft
Sulfite

Soda

Enzymatic
treatment

Hydrothermal
Process

Aqueous Alkaline

Extensive
mechanical
disintegration with
solvents treatment

Liquid hot water
Dilute acid
hydrolysis

Ionic liquid
treatment

Solvent/Reagents

Conditions

Lignin quantitative analysis

H2S04

72 wt. % H,S04
(dilution to 3% boil at
100 °C for 3 hours)

Extraction procedures

NaOH/Na,S
Mg or Ca and HSOz
NaOH

Cellulolytic enzymes
digestion (followed
by solvents
extraction (EtOH or
dixoane/ H20)

Steam /acetic acid

NaOH, Ca (OH);

Dioxane/H,0
Dioxane with NaOH

H-0 followed by
enzymatic hydrolysis

H2S04
(HCI, HsPO,,

Ethyl-
methylimidazolium
acetate [EMIM][OAc]
1-Butyl-3-
methylimidazolium
bromide [BMIM][Br]

140-170 °C
125-170°C
160-170 °C
Temperature

depending on the
solvent system used

1380-20,000 Pa, 180-
280 °C for 1-20 minutes

40-160 °C

~175°C

160-240 °C with
optimum pressure

0.5-1.4 %, 165-195 °C
for 3-12 minutes

~170-190 °C
for 1-3 hours

25

Classification

Klason lignin (Acid
Insoluble lignin)

Kraft lignin
Lignosulfite
Soda lignin

Cellulolytic enzyme
lignin

Steam Explosion
lignin

Alkaline lignin

Milled wood lignin
(MWL)

Liquid hot water
lignin

Dilute acid lignin

Ionic liquid lignin



2.3.4 Milled Wood Lignin

The milled wood lignin extraction method was developed by Bjorkman (74), where biomass was
subjected to extensive grinding and milling followed by solvent extraction. The solvent extraction
of lignin is generally achieved using a dioxane/water mixture. The lignin is dissolved in acetic

acid/water mixture followed by precipitation in deionised water (89-91).

2.3.5 Cellulolytic Enzyme Lignin

Enzymes such as cellulysin cellulase, celluclast and spezyme derived from Trichoderma are used
to treat milled biomass to hydrolyse polysaccharides. The residual biomass is treated
subsequently by solvent extraction typically composed of a dioxane and water mixture. This is

followed by precipitation and purification in water and acid media (74, 77, 89, 92, 93).

2.3.6 Steam Explosion Lignin

Steam explosion lignin is obtained from hydrothermal processing of biomass at temperatures
between180-280 °C under pressure in the range 1380-20,000 Pa for a set time. This process
results in producing acetic acid which leads to the solubilisation of hemicellulose. In some cases,
ethanol and acid (H2S04) is used in steam explosion. The lignin is separated from cellulose in the
wood residue by using alkali (NaOH) or organic solvents such as ethanol followed by precipitation

and purification (74, 77, 82, 89, 94, 95).

2.3.7 Organosolv Lignin
The production of organosolv lignin involves the extraction of lignin directly from biomass using
arange of organic solvents including low and high-boiling point solvent mixtures. The low boiling

point solvents used are generally alcohols and carboxylic acids. These include ethanol, methanol,

acetone, solvent/water mixtures, acetic and formic acids. Examples of typical high-boiling point
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solvents used for the isolation of lignin includes 1,4-butane-di-ol, tetrahydrofurfuryl alcohol and

ethylene glycol (74, 82, 88).

The use of catalysts (acids or base) with organic solvents produced lignin of high yield and purity.
The delignified biomass solution is subjected to precipitation followed by evaporation of organic
solvents and further purification to produce organosolv lignin. The main factors that influence the
delignification of biomass in the organosolv processes are the composition of the solvents,

duration of the extraction procedure and the processing temperature (89).

2.3.8 Ionic Liquid Treatment

Tonic liquids (ILs) such as molten salt hydrates have been used to treat ligno-cellulosic biomass to
dissolve lignin. The ILs have good thermal stability, miscibility and can solubilise cellulose, lignin
and other extractives depending on parameters such as the processing temperature, extraction
time, biomass type, particle size including the cation and anion pair in the ILs used. The lignin and
hemicellulose were also found to be solubilised by treatment with ILs in a process known as
Ionosolv (74). This process involve the precipitation of lignin and its separation by the addition of

water leaving cellulose as an insoluble residue (74).

Lee et al. (96) found that lignin can be isolated selectively from wood using ethyl-
methylimidazolium acetate [EMIM][OAc]. Fort et al. (97) observed that 1-butyl-3-
methylimidazolium chloride [EMIM][CI] was able to dissolve both cellulose and lignin, from which
cellulose could be separated from the other components by means of precipitation and treatment
with solvents. ILs can also be used for the fractionation of lignin to solubilise Kraft lignin. Pu et al.
(98) observed that the solubility of lignin using ILs is governed by the presence of the anion in the
IL. They suggested that the imidazolium cations are largely responsible for the dissolution of
cellulose. The solubility of softwood lignin using ILs is influenced by anion present in the order:

MeSO4 > Cl- ~ Br- >> PFe(77, 98).
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2.4 Fractionation of Lignin

The main drivers for the fractionation of lignin include: (i) to purify or refine lignin by solvent
extraction followed by drying under vacuum to remove volatile contaminants (3, 99); (ii) to
improve the miscibility and compatibility of lignin in common solvents and other polymers (iii)
to obtain high and low-molar mass fractions (100, 101); and (iv) to modify the chemical and

structural properties of lignin in a more controlled manner (101).

The fractionation of lignin involves three main steps: (i) extraction with organic solvents (31,
101-103); (ii) selective precipitation at reduced pH values (31, 101, 102, 104); and (ii) membrane
ultrafiltration (31, 101, 102, 105). Fractionation of lignin by solvent extraction is a commonly used
method to alter the lignin properties for desired needs (100, 103, 106-111). Lignin is partially

soluble in most of the common solvents as shown in Table 2.4 (81, 101, 102, 112, 113).
2.4.1 Lignin Solubility

The solubility of a polymer in a solvent is governed by factors such as the molecular weight,
polydispersity, chemical structure, composition, conformation, processing conditions and the
type of solvent (114). The Hildebrand solubility parameter (8) of a polymer in a solvent is
expressed as the square root of the total cohesive energy density (115) according to Equation 1:
6= (5)1/2: (AH”T_RT)UZ Equation 1

where E is its measurable energy of vaporisation, V is the molar volume of the pure solvent, AH,
refers to the enthalpy of vaporisation, R is the universal gas constant and T is the absolute
temperature (115). It has been reported that the ability of a solvent to swell or dissolve different
types of isolated lignins increases as the hydrogen bonding capacities of the solvents increase
(116, 117). The solubility of lignin increases as the Hildebrand solubility parameter approach a
value of around 11 MPal/2(117, 118). Some of the solvents with their ability to dissolve lignin are

shown in Table 2.4. The polarity index is generally defined as the dielectric constant or dipole
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moment of the solvent. The polarity indices of the solvents are relative to that of water (10.2),

hence the solvents with indices value closer to that of water are considered polar solvents (119).

For instance, hexane and petroleum ether are considered non-polar solvents with a polarity index

value of 0.1 (119, 120).

Table 2.4 Examples of the solvents used commonly for the dissolution of lignin along with their

Hildebrand solubility parameters and polarity indices (119-126).

Solvents

Acetone
n-Butanol
Chloroform
Dichloromethane
Dimethyl

sulfoxide
(DMSO0)

Dimethyl
formamide
(DMF)
1,4-Dioxane

Ethanol

Ethyl acetate

Methanol

n-propanol

Tetrahydrofuran

Chemical
Formula
(functional

groups)
H3CCOCH;3;

C4HsOH

CHCl3

CH:Cl;

H3CSOCH3

(CH3).NCH

C4HgO

CH3CH.0H

C4HsgO2

CH;O0H

CH3CH,CH,0H

C4HsO

Boiling
points

(°C)
56.3

117.7

61.2

39.8

189

152.8

101.2

78.3

77.1

64.7

95

66

29

Solubility

Partially
soluble
Partially
soluble
Partially
soluble
Partially
soluble
Completely

soluble

Completely
soluble

Partially
soluble

Partially
soluble
Partially
soluble
Partially
soluble
Partially
soluble
Partially

soluble

Hildebrand
Solubility
Parameter
(MPa)*/2
19.7

28.7

18.7

20.2

26.4

249

20.5

26.2

18.2

29.7

249

18.5

Polarity
Index

5.1

3.9

41

3.1

7.2

6.4

4.8

5.2

4.4

5.1

4.0

4.0



2.5 Characterisation of Lignin for Structural Analysis

2.5.1 Pyrolysis

This section is concerned with the characterisation of lignin with regards to the elucidation of its
chemical structure. Pyrolysis can be classified into three types: fast pyrolysis, intermediate and
slow pyrolysis, depending on the processing conditions as shown in Table 2.5. Fast pyrolysis is at
heating rate of approximately 200-2000 °C/seconds with dwell times in the region of 1-10 seconds
(127-130). This is said to result in higher yield of pyrolysis liquids, also referred to as bio-oil with
evolution of gases and a lower char content. The slow pyrolysis is carried out at heating rates
between 1-20 °C/seconds with longer residence time, resulting in a higher char content and the

production of non-condensable gases (128, 129, 131-134).

Table 2.5 The pyrolysis types based upon processing parameters and the respective yields (129,

131).

Pyrolysis Dwell time  Temperature Yield %

°C Bio-oil  Char Gas
Fast 1-2s 500 75 12 13
Intermediate 10-30s 500 50 25 25
Slow Hours/Days 400 30 35 35

The bio-oil which is a liquid fraction from biomass after pyrolysis and it is also termed as tar. The
composition of bio-oil depends on the source and the pyrolysis conditions. It is used as feedstock
for the synthesis of chemicals such as adhesives, resins, polymers and it is also utilised as a biofuel
for renewable energy generation (135). The gaseous products that are generated include CO, CO,
CH4 and Ha. The char can be used as fuel, bitumen additive, asphalt binder/modifier and as
activated carbon including the production of carbon fibres, carbon nanotubes and carbon black

(61,128,131, 136-142).
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2.5.1.1 Pyrolysis-Gas Chromatography-Mass Spectrometry (Py-GC-MS)

Pyrolysis combined with analytical techniques such as FTIR spectroscopy (Py-FTIR) and/or gas-
chromatography and mass spectrometry (PY-GC-MS) has been used to study the evolved
gases and products during the heat treatment of lignin. The thermochemical decomposition
of materials in pyrolysis is analysed using hyphenated techniques where an inert gas is used
to transfer the released products or gases into the GC. These products are separated by the
GC based on their retention times and the molecular weight of the fragments detected by MS
(127, 143-145).

Kim et al. (146) studied the decomposition products of milled wood lignin at 150 °C, 200 °C,
250 °C and 300 °C using Py-GC-MS; the output of their study is shown in Figure 2.10. The
liberation of decomposed products was initially detected at 250 °C. At 300 °C, the
decomposition of lignin accelerated, and this is reflected by a significant increase in
concentration of products released. The depolymerised products identified by MS were
shown to be phenolic G, S and H mono-lignol units (144, 147).

The pyrolysis of lignin between 200-400 °C gives rise to primary pyrolysis products such as G,
S, H-lignin units and coniferyl alcohol due to ether linkages cleaving (147). It is believed that
the increase in the release products between 250-300 °C is attributed to the cleavage of dominant
[-0-4 linkages. The 3-0-4 linkages are thermally labile above 200 °C and tend to cleave at the
terminal ends. This cleavage could lead to chain scission including the cleavage of aliphatic side
chain and functional groups. This is said to responsible for the evolution of various phenolic

products at 300 °C, which are originally from derived from lignin monomeric units (146, 147).
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Figure 2.10 GC chromatogram of volatile products released during the pyrolysis of lignin at 150
°C,200°C, 250°C and 300 °C (146).

Kim et al. (148) also studied the effect of pyrolysis products at 400 °C, 500 °C, 600 °C and 700 °C
on the yield of products released. Above 400 °C, the secondary pyrolysis reactions occur where
G-lignin units are converted into catechols, o-cresols and phenols (149). They reported a
gradual increase in the yield of pyrolysis products between 400-700 °C for Kraft lignin. This was
attributed to increased decomposition of pyrolysed products and the evolution of non-
condensable gases. Therefore, the pyrolysis procedure generates phenolic monomers, oligomers
along with the release of CO2, CO, CHs and H20 through demethoxylation, demethylation and
dehydrogenation (128, 147, 150). The mechanisms associated with the structural changes during

lignin heat-treatment is discussed in Section 2.7.
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2.5.2 Nuclear Magnetic Resonance Spectroscopy (NMR)

The structural elucidation of complex macromolecules such as lignin is possible through NMR
techniques. In comparison to the others structural characterisation techniques such as Infrared
(IR), UV (ultraviolet visible) and Raman spectroscopy, NMR offers a more detailed insight into the
identification and structural evaluation of lignin with the quantification of lignin moieties. The
most widely used NMR techniques for the structural elucidation of lignin are 1D homonuclear
NMR which includes Proton NMR (1H NMR), Carbon NMR (13C NMR) and Phosphorous NMR (31P
NMR) (103, 151-156). Among these, 'H NMR is the reliable and an efficient method for the
structural characterisation of lignin because of the proton isotopic natural abundance (100%) and
it offers better sensitivity and resolution in the resultant spectrum. However, the complete
identification and quantification of lignin by 'H NMR is hindered due to the limited chemical shift
range (0-13 ppm) along with extensive overlapping of the signals and proton-coupling effects

(157-159).

The evaluation of the structure of lignin by 13C NMR offers detection of signals at a wider chemical
range (0-200 ppm) with no coupling effects. However, it is not sensitive as compared to proton
NMR owning to the low 13C isotopic natural abundance (1.1%). Therefore, to acquire 13C NMR
spectra of lignin with an improved resolution, a sample with a higher lignin concentration is
required along with longer acquisition time. Typically, 20,000-30,000 scans with scan intervals of
1-2 seconds is used (103, 152, 160, 161). It has been well established that upon derivatisation of
lignin via acetylation, the 13C NMR shows better spectral resolution to distinguish and determine
the structural moieties present in lignin. It also enables the quantification of specific lignin
moieties including lignin-rich hydroxyl (OH) groups and it is capable of differentiating aliphatic
and aromatic hydroxyl groups. Nevertheless, the 13C NMR of lignin is insufficient for a complete
structural elucidation due to signal overlapping of peaks specifically in the region designated to

lignin interunit linkages, side chain and lignin-carbohydrates complexes. This overlapping of the
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signals also hinders the integration of the peaks and subsequent quantification of the structural

units of lignin (151, 152, 162-164).

31P NMR provides a method for the quantification of lignin monomeric units and condensed C-5
substituted moieties including various other functional groups such as aliphatic hydroxyl and
carboxylic groups. The hydroxyl groups in are phosphorylated upon derivatisation allowing 31P

NMR to detect the phosphorous nucleus (100%) and generate a spectrum (154, 155, 165).

As stated previously, the limitations of 1D NMR do not allow for the comprehensive structural
elucidation of lignin. Hence, 2D NMR techniques are used as they can overcome the
overlapping of resonances when seen using 1D NMR. The most commonly used 2D NMR
techniques for the structural evaluation of lignin are heteronuclear single-quantum
coherence (HSQC) (152, 163, 166-172), heteronuclear multiple bond coherence (HMBC)
(173), heteronuclear multiple-quantum coherence (HMQC) (164, 174) and total correlation
spectroscopy (TOCSY) (175). Among these techniques, 2D HSQC NMR is widely reported
technique used for the structural evaluation of lignin in combination with 1D NMR (1H NMR,
13C NMR and 31P NMR). It allows for an accurate assignment of various structural moieties
including the identification of lignin interunit-linkages, side chain and lignin-carbohydrate
complexes. It also facilitates the quantification of distinct structural features and the moieties

of lignin (152,163,171, 172).

The 2D HSQC NMR of softwood Kraft lignin reported by Crestini et al., (163) is shown in
Figure 2.11. The y-axis represents the signal for !3C nuclei and x-axis shows the signals
corresponding to the 'H nuclei. This can also be considered as a 'H-13C spectrum where the
peak for a specific proton is considered as being attached to the corresponding 13C nuclei.
Figure 2.11 (a) corresponds to the aliphatic region with chemical shift ranging from 0-6 ppm
for the 'H and 10-90 ppm for 13C nuclei respectively. The signals allow for distinct

assignments to the corresponding structures denoted by symbols a, f and Y are attributed to
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signals due to specific carbon or hydrogen in the aliphatic side chain. Hence 2D HSQC NMR
enables the elucidation of the structure of lignin by overcoming effects of overlapping signals
and it allows for a distinct assignment of aliphatic side chain, interunit linkages and lignin-

carbohydrates complexes (162, 176). The signal for methoxyl group is denoted as OMe.
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Figure 2.11 HSQC spectrum of softwood Kraft lignin with the assignment of structural features for

the: (a) aliphatic; region and (b) aromatic region (163).
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Figure 2.11 (b) shows the aromatic region with chemical shift ranging from 6-8.5 ppm for the
1H nucleus and 90-140 ppm for the 13C nucleus. This allows the identification of specific
aromatic units with different functional groups (such as aldehydes) including classification

of conjugated side chain and lignin interunit linkages.

2.6 Carbon Fibres Derived from Lignin

Lignin-based carbon fibres (LCFs) or lignin-based carbon nanofibres (LCNFs) are manufactured
using fibre spinning techniques as summarised in Figure 2.12. The lignin is first purified by
washing it with an acid to reduce the carbohydrates content, inorganic impurities and volatile
contaminants (89, 151, 177, 178). These impurities affect the fibre spinnability and influence its
physico-chemical properties (177,179, 180). The lignin is fractionated or chemically modified and
blended with co-polymers to aid in the fibre spinning processes and to improve the desired
properties (158, 181-183). The source, type of lignin and extraction procedures greatly influence
the processability during fibre spinning (67, 184). The precursor fibres are then subjected to

prolonged heat-treatment to convert them into carbon fibres.

Industrial or Lab-based
Lignin

Fibre Spinning

—_— Oxidative Thermo-stabilisation Carbonisation or Graphitisation
¢ Purification Melt-spinning
B * Low heating rate in air or oxygen * Inaninert atmosphere (N, or
e Chemical modification Dry-spinning
Wet-spinning e Generally below onset of thermal Ar)
e Polymer blending iot- inni
plyletwetspinning decomposition (250 -280 °C) e 1000-3000 °C

Electro-spinning

Surface treatment

Figure 2.12 Schematic illustration of a manufacturing process for lignin based-carbon fibres (3,

Spooling /winding

567,112,177, 184-193).
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Common fibre spinning techniques are used to produce lignin-based fibres with diameters
ranging from few micrometres to tens of nanometres (184, 194). These techniques include melt-
spinning (5, 179, 187, 195), wet-spinning (189, 190, 194, 196), dry jet-wet spinning (181, 191,
192), dry-spinning (188, 197) and electro-spinning (67, 182, 184, 198-200). The mechanical
properties of lignin fibres produced using specified spinning processes are summarised in Table
2.6. The mechanical properties of electro-spun lignin fibres that are subsequently carbonised is

also presented in Table 2.6.
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Table 2.6 Properties of lignin-based carbon fibres obtained using specified spinning techniques and heat treatments.

Material Fibre spinning  Thermo-oxidative Carbonisation Tensile Young’s Diameter Ref.
method stabilisation under an inert strength modulus
atmosphere (MPa) (GPa) (um)
Softwood & Hardwood Melt-spinning 0.2 °C/minute 250 1°C/minute to 600  233-377 25-33 36-78 (187,
Kraft lignin blends °C for 1 hour °C -3 °C/minute to 201)
1000 °C
Softwood Kraft Lignin Dry-spinning 250 °C for 1 hour 1000 °C 1040 +£100 5242 6.0+1 (188,
(Acetylation) 197)
Hardwood kraft lignin Melt-spinning 12-180 °C/hour 180 °C/hour 422 £ 80 40+ 11 46+ 8 (202)
250 °C for 1 hour 1000 °C for 1 hour
Hardwood kraft lignin/ Melt-spinning 12-180 °C/hour 180 °C/hour 458 + 97 590+8 33+2 (202)
PEO 250 °C for 1 hour 1000 °C for 1 hour
Alcell Organosolv lignin Melt-spinning 12-180 °C/hour 180 °C/hour 388+ 123 40 + 14 31+3 (202)
250 °C for 1 hour 1000 °C for 1 hour
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Organosolv hardwood
lignin from birch wood
(acetylation)

Steam Exploded hardwood
lignin

Hardwood pyrolytic lignin

Softwood kraft lignin

(Esterification)

Organoslov

Hardwood (yellow poplar)
and switchgrass lignin
Softwood kraft lignin and
Cellulose (Ionic liquids
solvation)

Harwood kraft lignin

Melt-spinning

Melt-spinning

Melt-spinning

Melt-spinning

Melt-spinning

Dry/Jet-Wet

Spinning

Melt-spinning

0.5 °C/minute

250 °C for 1 hour

0.5-2 °C/minute

0.3 °C/minute
280 °C for 1 hour
0.25 °C/minute

250 °C for 1 hour

0.05-0.5 °C/minute
250 °C for 30
minutes

0.2 °C/minute

200 °C, 1 °C/minute
250 °C for 1 hour

12-180 °C/hour

3 °C/minute

1000 °C for 1 hour

5 °C/minute to

1000 °C

3 °C/minute for
1000 °Cfor1h

10 °C/minute

1000-2200 °C

5 °C/minute

1000 °C for 15
minutes

1 °C/minute

600 °C, 3 °C/minute
1000 °C

180 °C/hour

39

355+53

660 + 230

855 £+ 159

400-750

229 -747

810 + 160

605

39.1 £133

40.7 £ 6.3

31.7-41.1

33.2-41.8

641+ 4.6

61

14+1

7.6 £ 2.7

29-50

11.2-18.5

17-32

14+ 0.9

(203)

(204)

(150)

(179)

(186)

(191)
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Harwood kraft lignin/SPP

Harwood Kraft lignin/PET

Hardwood acetic lignin

Softwood acetic lignin

Softwood Kraft lignin
(Fractionation with
successive organic solvents,
methanol/dichloromethane

fraction)

Melt-spinning

Melt-spinning

Melt-spinning

Melt-spinning

Electrospinning

(26% lignin in

DMF with 1 wt%

PEO)

250 °C for 1 hour

12-180 °C/hour
250 °C for 1 hour
12-180 °C/hour
250 °C for 1 hour
30 °C/hour

250 °C for 1 hour

30 °C/hour

250 °C for 1 hour

0.2 °C/min 250 °C

for 1 hour

1000 °C

180 °C/hour
1000 °C
180 °C/hour
1000 °C
180 °C/hour

1000 °C

180 °C/hour

1000 °C

1°C/minto 600 -3

°C/min to 1000 °C

40

167-332

669-703

58117

264+ 3.1

53.0 £ 22

28-57

61-94

0.84 +0.29

3.59+043

69+1

47-63

31-45

2612

0.32 £0.03

(37)

(37)

(205)

(205)

(182)



Softwood Kraft lignin
(Fractionation with
successive organic

solvents)

Alkali lignin extracted from
Corn stalk by dissolution
with NaOH followed by
successive precipitation
using HCl at pH 2, pH 4, pH

6, pH 8 and pH 10

Electrospinning
(25% lignin in
DMF with 1 wt%
PEO, 5 wt% with
NCCQ)
Electro-spinning
(50% Lignin in
DMF with 50%

PAN)

0.2 °C/minute 250

°C for 1 hour

0.5 °C/minute

220°C for 12 hours

1 °C/minute to 600
- 3 °C/minute to

1000 °C

4 °C/minute to
1000 °C for 240

minutes

41

33.7t6

13243
(pH 2)
14942
(pH 4)
15.6 + 3

(pH 6)
17342
(pH 8)
21.1+3

(pH 10)

8.0+t14

26 +04
(pH 2)
3.1+0.2
(pH 4)
3.8 £04

(pH 6)

3.8 +0.1
(pH 8)
45+ 0.1

(pH 10)

0.4140.05 (182)

0.42+0.04 (177)
(pH 2)

0.34+ 0.04

(pH 4)

0.4 +0.03

(pH 6)

0.23+ 0.03
(pH 8)
0.19 +0.02

(pH 10)



Softwood Kraft lignin
(Fractionation with
successive organic solvents,
methanol/dichloromethane
fraction resulted in low (Fi-
3) and high-molecular
weight (F4) soluble

fractions

Electro-spinning 5 °C/minute to 250

(28 wt% of Fa
lignin in DMF
with 0.2 wt%
PEO or a 70/30
wt% ratio of Fs/
Fi3 dissolved at
30 wt% lignin in
DMF with 0.2

wt% PEO

°C for 1 hour

20°C/minute to 250 74.1 + 14.6
°C -10 °C/minute to

600,800 or 1000 °C

41+14

0.63+0.09

(184)
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2.6.1 Fibre Spinning

2.6.1.1 Melt-spinning and Dry-spinning

Melt-spinning is a spinning technique to manufacture fibres which does not require the use of
solvents. This process generally initiates with the melting of polymer granules or powder in the
extruder. The polymer is melted and homogenised in the extruder and it flow through narrow
channels into a filter. The molten polymer is transported to the melt-spinning unit under pressure
which is equipped with spinneret. It is extruded using a controlled feed rate through a spinneret
and is solidified in a quenching chamber with air cooling. The filaments are drawn at high-speeds
typically in the range between 50-4000 m/minute by passing through multiple rollers and
collecting them on a winding unit (195, 204). Figure 2.13 (a) shows a schematic illustration for a

conventional setup for melt-spinning (206).

There are several parameters which can influence continuous melt-spinning. These includes; the
nature of the polymer material, extrusion rate and temperature, the residence time of the fluid in
the heater chamber, diameter of spinneret holes, spinning path length, take-up velocity and

cooling conditions (206).

Ziabicki (207) proposed that certain conditions are needed to be fulfilled for the continuous
spinning without fibre breakage. These conditions were said to depend on the continuity of flow
and the tensile stress on the melt-stream which should not exceed the tensile strength of the

filament.

There are other factors which needs to be considered not only for melt-spinning but also for
solution spinning techniques. These factors relate with fluid flow behaviour (e.g. shear flow and
elongational flow), spinnability and flow instabilities. A fluid is considered to be spinnable if stead-
state, continuous elongation of the fluid jet proceeds without breakage under given deformation

conditions (208).
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Figure 2.13 Schematic illustration for fibre spinning: (a) melt-spinning (206, 209); and (b) dry-

spinning (188).

For melt-spinning of lignin, it is reported that it needs to become fusible (an ability of material to
flow) without undergoing thermal degradation or condensation reactions (187). Thermal
degradation or depolymerisation can produce volatiles which can lead to defects and have an
adverse effect on the fibre morphology and its properties. Whilst condensation reaction can limit

lignin’s thermal mobility and affect its melt flow characteristics during fibre spinning (186).

In order to improve the thermal mobility and spinnability of lignin, it is chemically modified (179,
197, 204, 210-212) and/or blended with other polymers (213-215) and plasticisers (186, 202).
Blending with other polymers is a straightforward method to improve the processing of lignin.
However, the miscibility between the polymer blends play an important role in the spinnability
and fibre properties. For example, if the blend is immiscible it can result in unfavourable fibre

properties such as hollow or porous carbon fibre (37, 216). In the past, PEO has been used to
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blend with lignin as it forms a miscible blend. However, the difficulty associated with the thermo-
stabilisation of lignin-PEO fibres needs to addressed (202). In recent years, PEO has been
extensively used as a plasticiser with lignin where between 0.2-1 % PEO is used to facilitate fibre

spinning (182, 184). The role of PEO in the aiding fibre spinning is discussed in Section 2.6.1.3.

Fibres formed by melt-spinning from lignin/lignin blends have also been reported where infusible
softwood lignin is blended with a fusible hardwood lignin. Examples of this include: blending of
softwood Kraft lignin and hardwood Kraft lignin by Nordstrom et al. (187); Hosseinaei et al.
reported organosolv hardwood lignin blended with switchgrass lignin (186); and Yue et al. (217)
made carbon fibres from organosolv switchgrass and hardwood lignin blend. It is believed that
hardwood lignin plasticises softwood lignin which in turn helps with thermal mobility and fibre
spinnability. Hardwood lignins are found to be easily spinnable in comparison to the softwood
lignin which are difficult to process (179). However, hardwood lignins are difficult to thermo-
stabilise and takes a much longer time (218, 219). The higher concentration of G-units in softwood
lignin and its highly condensed structure leads to an increase in the rate of thermo-stabilisation
and a decrease in the time for conversion to carbon fibres (220). This is thought to be due to C-5
position in the G-units of lignin which promotes cross-linking and condensation reactions (180).
Similarly, in previous years, Kraft lignin was considered unsuitable as a precursor for spinning
because of the presence of inorganic impurities and the high concentration of carbohydrates (89,
178). However, different approaches have been reported over the years for the removal of
impurities in Kraft lignin and to improve its spinnability (187). Therefore, it is important to find
the solutions for overcoming these difficulties with regard to spinning softwood lignin. It is worth
noting that the Kraft process can provide an abundant and economical source of technical lignin

(180).

Mainka et al., (221) reported on the production of carbon fibres made from pelletised hardwood

lignin. The lignin fibres were made using melt-spinning and thermo-stabilised with residence
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times of approximately 100-150 hours between 200-300 °C, prior to carbonisation. Figure 2.14
(a-b) shows micrographs of carbon fibres reported by Hosseinaei et al., (186) where the fibres
were made from melt-spinning of a blend of organosolv hardwood and switchgrass lignin. The
lignin fibres were thermo-stabilised at 250 °C with heating rate of 0.05 °C/minute and holding
time of 30 minutes before carbonisation. Hardwood lignins are also considered to be melt-
spinnable due to their relatively low glass transition temperature (T,) and melt viscosity in
comparison to softwood lignin (201). It was reported that the slow heating is required during
thermo-stabilisation for hardwood lignin to achieve cross-linking and it was necessary to
maintain the temperature below the T (1, 201, 222). If the operating temperature is above the T,
during thermo-stabilisation, it causes the fibres to fuse and affect its properties. It was also

observed that the slow heating results in an increase in the Ty (1, 188, 202, 223). The mechanical

properties of melt-spun lignin fibres are reported in Section 2.6.

_—— . &

2014/07110 N D44 x120 500um 2014/05/15 x500 200 um

Figure 2.14 SEM micrographs of carbon fibres from organosolv hardwood from yellow poplar

(YP)/switchgrass (SG) lignin blends: (a) 50% YP: 50% SG, and (b) 85% YP:15% SG

The dry-spinning is another fibre spinning technique which was explored for the production of
lignin-based carbon fibres. Figure 2.13 (b) shows a conventional setup for the dry-spinning

process. It can also be classified as a solution spinning technique. A high concentration of polymer
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is dissolved in a solvent. The viscous solution dope is extruded vertically from a syringe or barrel
through a spinneret to the heating cabinet. The skin on the filaments are formed by the
evaporation of solvents from the viscous dope. Commercially, for the production of PAN fibres by
dry-spinning, a hot primary inert gas at approximately 350-400 °C is used to remove the solvent.
A secondary inert gas is used to cool the filament and recover the solvent. The solventis recovered
using condensation and itis recycled. The parameters that can influence the dry-spinning of lignin
are the dope temperature, dope concentration, winding speed, feed rate and the temperature of

the heated cabinet (209, 224).

Zhang et al., (188) reported on the production of carbon fibres made from chemically modified
softwood Kraft lignin using a custom-designed dry-spinning unit. Figure 2.15 shows SEM
micrographs of the lignin fibres they produced. The lignin was acetylated and dissolved in acetone
to prepare a 75 wt% lignin solution and transported to a spinning barrel equipped with spinneret
(12-hole die, with an orifice diameter of 75 um each). Dry-spinning was carried out at
temperatures ranging from 25-52 °C. However, the procedure for the chemical modification of
lignin is expensive and it is not clear if this method is capable of producing lignin fibres in a

continuous manner (186, 220).

S4800 10.0kV 8.2mm x2.50k SE(U) 2/2/2015

Figure 2.15 (a-b) SEM micrographs of carbon fibres produced from acetylated softwood Kraft

lignin by dry-spinning (188).
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2.6.1.2 Wet-spinning and Dry Jet-Wet spinning

The wet-spinning process is a conventional method that is used for producing PAN fibres where
a polymer solution is extruded into a non-solvent (194). The polymer solution is prepared by
dissolving it in a solvent. The optimum concentration of the polymer is dictated by its solubility in
the solvent and the required viscosity for fibre spinning (225, 226). The process consists of
pumping a polymer solution, controlled by a motorised feeding unit, through a spinneret and into
a coagulation bath. The filaments are solidified in a bath with the removal of solvent to form
continuous fibres which are washed, dried and stretched and spooled. Figure 2.16 shows a

schematic illustration of wet-spinning setup (194, 227).

Polymer solution

Washing, drying and stretching Spooling

Coagulation bath

Spinneret ‘ ‘

Figure 2.16 Schematic illustration of a conventional setup for wet-spinning (194, 227).

With reference to Figure 2.16, the polymer solution is filtered and degassed to homogenise it and
to remove air bubbles which allows continuous fibre spinning. The conversion of the polymer
solution into fibres in the coagulation bath is governed by several parameters. These include, the
composition of the coagulation bath, temperature, extrusion rate and winding speed (228-230).
Fibre formation from a polymer solution is a result of diffusional interchange between the
filament and the non-solvent in the coagulant bath (231). This diffusion results in mass transfer
by the removal of the solvent from the polymer solution into the coagulant bath (208). The effect
of paraments such as the diffusion coefficient of the solvent and the nature of the non-solvent in

the coagulant bath, on the fibre morphology, has been explored extensively in the literature. In
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some cases, simulations and experiments were used to study the diffusion mechanisms and fibre

properties (231, 232).

Jin et al., (189) reported on the wet-spinning of lignin/PAN polymer solutions in a DMSO-water
coagulation bath. They observed voids in the fibre cross-section. These voids were said to increase
in size with an increase in the lignin content. The presence of these voids in the spun fibres is
highly undesirable as it has a detrimental effect on the properties of the lignin fibres (194).
However, with the addition of low concentration (0.2%) of lignin in the coagulation bath, it
resulted in the elimination of the voids. This addition of lignin in low concentrations is thought to
counter balance the diffusion of lignin from the fibres. Figure 2.17 (a-b) shows micrographs from

the wet-spinning of lignin/ PAN blends without and with lignin concentration in the coagulation

bath respectively.

Figure 2.17 (a-b) SEM micrographs of lignin/PAN blends: (a) without lignin; and (b) with 0.2%

lignin in the coagulation bath (189).

The washing, drying and stretching of the fibres aids in removing the impurities and to enhance
orientation of molecular chains in the fibre axis. This orientation of the molecular chains lead to

an increase in the mechanical properties of the spun fibres (233).
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Figure 2.18 shows a conventional setup for dry jet-wet spinning. This setup for solution spinning
is similar to the wet-spinning process but with a distinct difference in that, an air-gap is present
between the spinneret and the coagulation bath (181). The gap length for producing lignin fibres
is typically between 10-30 mm (181, 191, 192). Liu et al., (192) reported the dry jet-wet spinning
of PAN/lignin solutions into a methanol coagulant bath at -50 °C. The fibres produced when lignin
was present in the coagulation bath showed improved mechanical properties. In addition, the
incorporation of lignin was found to promote cross-linking and lead to shorter time for fibre

thermo-stabilisation.

Polymer solution

Spinneret
P Coagulation bath

Air gap

Winding roller

Figure 2.18 Conventional setup for dry jet-wet spinning (181).

Dry jet-wet spinning is known to produce fibres with Young’s moduli 2-4 times greater than those
fibres prepared by the wet spinning process (234). Bengtsson et al., (191) reported on the dry jet-
wet spinning of softwood Kraft lignin/cellulose dissolved in 1-ethyl-3-methylimidazolium.
Figure 2.19 (a-d) shows micrographs of surface and transverse sections they obtained: (a-b) neat
cellulose carbon fibre; and (c-d) softwood Kraft lignin/cellulose carbon fibre. Previous studies
have reported that lignin fibres produced using dry jet-wet spinning largely show void-free fibres

in comparison to wet-spinning (181, 191, 192).
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Figure 2.19 (a-d) SEM micrographs of softwood Kraft lignin/cellulose fibres made using dry jet-

wet spinning (191).
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2.6.1.3 Electro-spinning

Electro-spinning is another cost-effective solution (or melt) spinning method to produce
nano-fibres preforms that are subsequently carbonised to produce carbon nano-fibres
(CNFs) (235-238). The applications of lignin-based CNFs include nano-composites (239),
tissue scaffolds for biomedical applications (240), sensors (241), filtration (180), lithium ion
batteries (242), sodium ion batteries (243), fuels cells (244), double layer capacitors (245)
and dye-sensitized solar cells for energy storage and batteries related applications (246).

The basic setup for electrospinning is illustrated in Figure 2.20 where the syringe contains a
polymer solution (or melt) which is driven to the tip of the needle typically using a
controllable dispensing unit (syringe pump). A high-voltage source is used to electrically
charge the polymer solution of an appropriate viscosity. As the applied voltage is increased,
the intensity of the electric field increases, a charged fluid of hemispherical shape droplet
emerges at the tip of the needle which is held by its surface tension (235). This induces
charges on the surface of the droplet. The pendant droplet transforms into a conical shape,
known as the Taylor cone upon stretching due to the increase in the electrostatic field (247).
At an appropriate applied voltage, the electrostatic forces increase the repulsion between the
mutual charges and overcome the surface tension of the polymer solution, and a jet of the
polymer solution is ejected from the surface of the Taylor cone. Firstly, this jet is linear for
2-3 cm and it is also termed as the jet length (straight jet) as shown in Figure 2.20 (248, 249).
The jet then experiences instability due to a combination of forces such as a viscoelastic force,
Coulomb force, a surface tension force, an air drag force, a gravitational force and an electric
force exerted by the externally applied electric field (250). The bending instability causes the
jet (solution) to follow a spiral loop. This is also known as whipping. The bending instability
stretches the jet to become thin and long. During this stage, the solvent is evaporated leaving
a solidified, continuous and randomly-oriented fibres on the grounded or negatively charged

collector (180, 235, 251, 252).
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Figure 2.20 Schematic illustration of a typical electro-spinning setup for producing randomly

orientated micro-to-nano diameter fibres (249, 253-255).

There are several parameters involved in the electro-spinning process as shown in Table 2.7.
The electro-spinning of specific polymers solution is generally possible at appropriate viscosities
as governed by the molecular weight distribution. The resulting fibre diameter increases with
increasing molecular weight (256). Generally, the viscosity of the polymers solution increases
with increasing molecular weight (67). The fibre diameter is also found to be increased with the
polymer concentration (257). Dallmeyer et al. (2010) reported the fabrication of several technical

lignins via polymer blending with 1 wt% polyethylene oxide (PEO) in dimethylformamide (DMF).
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The molecular weights of these lignins were between 2200-3700 g/mol with that of softwood and
hardwood Kraft lignins were 3700 g/mol and 2500 g/mol respectively (67). They reported a
linear correlation between an increase in the fibre diameter with increasing lignin concentration.
They also observed that different lignins with the same concentration lead to varying viscosities.
This can be attributed to the lignins having different molecular weight distributions. This also
suggest that lignins with different structures and composition greatly influence the properties of

the solution and the parameters for electro-spinning (67).

Chang et al,, (255) investigated the effect of the electro-spinning processing parameters on the
formation of ligno-sulfonate fibres. They observed that the solution concentration was the most
significant contributor towards electro-spinning. In addition, the concentration of the electro-
spinning solution was also found to have the strongest effect on the fibre diameter distribution.
Furthermore, they found a moderate effect from the applied voltage, syringe-to-collector
(working distance) distance and flow rate on electro-spinning. The gauge of the needle had a

minor effect on the fibre diameter.

The electrical conductivity, viscosity, volatility (solvents) and surface tension of lignin solutions
have also been found to influence the electro-spinning process, including the morphology and
diameter of the electro-spun fibres (258-260). Lallave et al., (260) demonstrated the use of coaxial
electro-spinning when using low volatile solvents such as ethanol for dissolving lignin. In this
instance, the primary needle contained the lignin solution with ethanol whilst the secondary
needle contained only ethanol. The coaxial needle can compensate the evaporation of the solvents
from the solution during electro-spinning. The ambient temperature and humidity are also
influential variables. Humidity is known to induce porosity and alter the morphology of the spun
fibres (254). Controlling the parameters cited in Table 2.7 can aid in generating conditions which

favour the production of nano-fibres of uniform size distribution, composition and morphology.
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Table 2.7 Processing parameters influencing the electro-spinning process.

Processing Parameters

Polymer solution properties Processing variables Ambient Parameters
Molecular weight (67, 256) Flow Rate (255) Temperature (261)
Viscosity (258, 259) Applied Voltage (255) Humidity (254)
Surface tension (258, 259) Working distance (separation

Electrical conductivity (258, 259) | between the charged tip and the
Polymer concentration (67, 257) | collector) (255, 261)
Volatility (evaporation) of the Needle gauge size (255)

solvent/solution (260) Type of collector (261)

The nature of bending instabilities during the formation of fibres using electro-spinning is
inherently complex and still not established (249, 262, 263). Hohman et al, (262) discussed the
whipping process and proposed a mechanism for it. They said that the charge density of the
solution jet interacts with the externally applied electric field to produce the instability. Figure
2.21 (a-f) shows the several types of jets which can emanate from the Taylor cone depending
on the magnitude of the applied electrical field. Figure 2.21 (a) shows the dripping mode, this
is represented by the emergence of spherical droplets from the Taylor cone and (b) shows
the spindle mode, where the jet is stretched and elongates to form thin fibres before breaking
into droplets. Figure 2.21 (c) shows an oscillating mode where the jet is twisted and breaks
into drops, and (d) represents the precession mode where the solution-jet loops. Figure 2.21
(e) shows the cone-jet mode which is generally required for electro-spinning and (f) shows

the multi-jets emerging from the needle (249, 262).
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Figure 2.21 Schematic illustration of several types of charged jets that can be ejected from the

Taylor cone (249, 262).

The electrostatic repulsion between the fibre due to the presence of residual charge influences
the alignment and the orientation of the fibres. According to the desired application and
properties, there are several reported techniques to control the orientation of fibres (235, 251,
257,264-267). These techniques are based on mechanical methods or by controlling the electrical
and magnetic field lines assisted by modifying the grounded or negatively charged collector
electrode. Some of the techniques employed for controlling the alignment of electro-spun fibres

are summarised in the next section.

A rotating drum-based ground electrode has been used for producing uniaxially aligned fibres is
shown in Figure 2.22. This method can cause fibre elongation resulting in reduced diameter via
mechanical drawing as governed by the rotational speed of the mandrel (264). A balance between
the rotational speed of the mandrel and fibre haul-off rate is essential to achieve good alignment
without fibre breakage. In another approach, a rotating disk with a chamfered circumference was

shown to improve the alignment of the electro-spun fibres. This was attributed to the electrostatic
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attraction due to higher charge density at the circumferential edge (266). However, the
dimensions required for the aligned fibres is limited due to the constrained spun area on the edge
of the disk (235, 266). Kim et al., (265) modified a ground mandrel collector by placing cellophane
tapes horizontally and vertically on top of horizontally placed copper wire as shown in Figure
2.22(a-b) (265). The direction in which the cellophane tape was placed greatly influenced the
orientation of the aligned fibres. This method resulted in highly aligned fibres which were used as
a scaffold for biomedical application (265). Figure 2.22 (a-c) shows schematic illustrations of
some of the techniques used for the electrospinning setup including collector modifications to

enhance the alignment of the electro-spun fibres.

Lei et al.,, (267) reported the use of an insulated hollow PET cylinder with gratings of conductive
electrodes inside the cylinder to produce aligned electro-spun fibres as shown in Figure 2.22 (c-
d). The needle and the collector were connected to positive and grounds terminals of the power
supply. The whipping jet is concentrated inside the cylinder and enables the fibre to align across
the electrode gap (267). However, it presents a challenge in collecting the continuous fibres
deposited on the drum without disturbing the alignment and to produce these fibres in large scale

(235).
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Figure 2.22 (a-c) Schematic illustrations of electro-spinning setups with modified collector used

for the fabrication of uniaxially aligned fibres: (a-b) shows the influence of rotating drum with
cellophane tapes and conductive copper wire (265); (c) shows the effect of introducing conductive
strips inside the rotating cylinder (267); and (d) represents SEM micrographs of the aligned fibres

from (c).

Li at el.,, (2003) used parallel conductive strips with small separation to guide the electro-spun
fibre to align perpendicular to the length of two electrodes (251). Figure 2.23 shows a schematic
illustration of some the techniques used for modifying the collector to improve the alignment of
fibres, along with the corresponding morphologies of the spun fibres. The alignment was achieved
by placing two conductive strips such as metals or highly-doped silicon parallel to each other with
a defined gap in between. The width of the gap can be from hundreds of micrometres to several
centimetres. Beachley et al., (257) reported fibre lengths between 35-55 cm for electro-spun
polycaprolactone fibres . The mechanism involved in the alignment of electro-spun fibres across
the gap of two electrodes was explained using a detailed study of the electric field strength (251).
They reported that the electric field is concentrated in proximity to the two electrodes which splits

in two directions that is between the opposite edges of the gap. The positively charged as-spun
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fibre experiences electrostatic force of attraction towards the charges induced on the grounded
electrodes. This electrostatic force of attraction is in line with electric field and it pulls the fibres
towards the electrodes, placing it in perpendicular to the edge of two electrodes. The fibres in the
gap region can remain highly charged even after deposition. The electrostatic repulsion due to the
retained charges on the deposited fibre and on the upcoming fibre during electro-spinning can
lead to further enhancement in alignment. There are several other techniques aimed at improving
the alignment of electrospinning reported in the literature. For example, by changing the
geometry and arrangement of electrodes such as the use of step-based aluminium strips as a
collector (268). Another such technique is based on using an electrode with parallel serrated-

edges to align the fibres (241).

(@) (d)
needle
Power
\Y
[:I supply
fiber

Collector fofo el

Figure 2.23 Schematic illustration of collector modifications used for fabrication of uniaxially
aligned fibres with the corresponding fibre micrographs; (a-c) shows use of silicon (Si) conductive
strips with the corresponding SEM images (251); and (d-g) shows the use of step-based

aluminium conductive strips with the associated SEM images (268).



Dallmeyer et al., (2014) observed that softwood Kraft lignin fractionated using successive solvent
treatments resulted in low (LW) and higher (HW) molecular weight lignin fractions (184). Lignin
fractions were blended with 0.2 wt% of PEO in DMF. The role of the PEO was classified as a
plasticiser which was said to felicitate the electro-spinning of lignin by intermolecular
interactions. These interactions were attributed to hydrogen bonding with hydroxyl groups of
lignin which was reported to result in a miscible lignin-PEO blend (5, 112, 184, 187). Figure 2.24
(a) shows a SEM micrograph of a HW/PEO blend which resulted in un-fused and circular fibres
morphology. Whilst the mixture of 70% HW-30% LW lignin fractions and 0.2% wt PEO resulted
in fused fibres as seen in Figure 2.24 (b) . These fibres were thermo-stabilised in air at 250 °C for

1 hour at 5 °C/minute followed by carbonisation at 10 °C/minute in nitrogen to 1000 °C for 1 hour.

Figure 2.25 shows the morphology of carbonised lignin/PEO fibres at higher magnification.

Figure 2.24 (a-b) SEM micrographs oflignin/PEO electro-spun and thermo-stabilised fibres at 250
°C in air for 1 hour: (a) unfused fibre morphology from HW/PEO blend; and (b) fused fibres from

a mixture HW/LW with PEO (184).

Figure 2.24 and Figure 2.25 show the effect of molecular weight fractions and heating rate on the
morphology of thermo-stabilised lignin/PEO fibres. The formation of fused fibres from low and
high-molecular weight lignin/PEO mixture is linked to the higher heating rates employed during

thermo-stabilisation. It was reported that the higher heating rates can cause thermal softening of
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the materials with the operating temperature (T) being greater than the T, (T > T,). This can result
in fibres becoming tacky and fusing together (183, 184, 269). The high-molecular weight lignin
fraction has a higher thermal softening point which prevents the fibres from fusing even at higher
heating rates (5, 184, 187, 269). The role of the Tgon the thermo-stabilisation and maintaining the

fibre morphology is also discussed in Section 2.6.1.1.

(a) (b)

WD10.6mm 5.00KV xi0Kk

Figure 2.25 SEM micrographs of lignin/PEO electro-spun fibres that were carbonised at 1000 °C
in nitrogen for 1 hour: (a) unfused fibre morphology from HW/PEO blend; and (b) fused fibres

from a HW/LW blend with PEO (184).

Similarly, Cho et al., (183) investigated the conversion of softwood Kraft lignin/PEO fibres into
carbon fibres by skipping oxidative thermal stabilisation step. The as-spun fibres mats were
carbonised directly at 1000 °C for 6 minutes with a heating rate of 5 °C/minute under a nitrogen
flow (100 ml/minute). They observed significant fibre fusion in the carbonised fibre mat as shown
in Figure 2.26 (a-b). However, the degree of fibre fusion decreased, and fibre morphology
improved noticeably from fused to interconnected fibres with the addition of small amount (1-5
%) of NCC and by employing a slower heating rate (1-3 °C/minute). This demonstrates the
important role of the thermo-stabilisation step in maintaining the fibre structure prior to

carbonisation. However, it was reported that the fused fibre morphology tends to improve the
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mechanical properties of both thermo-stabilised and carbonised fibres and it also result in the

improvement of electrical conductivity of the carbonised fibres (183, 184).

Figure 2.26 (a-b) SEM micrographs show the morphology of softwood Kraft lignin/PEO fibres

mat carbonised directly at 1000 °C without a thermo-stabilisation step (183).

A wide range of polymers (PEO, PVA, PAN and cellulose) have been blended with lignin including
the reinforcing materials such as carbon nanotubes (CNT), cellulose nanocrystal (CNC or NCC),
nanoparticles, nanosheets, active reagents and other binders for the production of CNFs for many
applications targeting tailored characteristics such as enhancement in mechanical and electrical
properties (180, 183, 246, 270-275). It is believed that the reason for blending lignin with other
polymers is to improve its viscoelastic property which in turn aid electro-spinning (186, 215,
276). The difficulty in electro-spinning lignin is linked to its molecular weight distribution, cross-
linked structure and intermolecular interaction within the lignin framework. Blending lignin with
polymers or plasticisers is thought to facilitate polymer entanglement by disrupting the
intermolecular interactions altering lignins viscoelastic properties and in turn improving the
electro-spinnability (215, 216, 276, 277). Different solvent systems have been used for
electrospinning lignin fibres but DMF is the most commonly used solvent reported in the

literature (67, 182, 184).

62



In recent publications, the research outlook was primarily focused on finding attractive
applications for lignin-derived CNFs in the field of energy storage (dye-sensitised solar cells,
batteries, capacitors and supercapacitors) and electronic devices. This is due to their
aforementioned properties including their porous structure, electrical conductivity and chemical

stability (200, 246, 252, 273, 278-284).

2.7 Structural Changes During the Heat Treatment of Lignin

The as-spun lignin fibres are converted to carbon fibres through heat treatment regimes that are
generally referred to as thermo-stabilisation and carbonisation. The thermally-initiated chemical
changes involve the cleavages of linkages mainly ether bonds (Figure 2.27), demethylation (Figure
2.28), demethoxylation (Figure 2.29), rearrangement of free-radicals via radical coupling or
condensation reactions (Figure 2.31), depolymerisation with liberation of gases and
carbonisation including formation of new C-C bonds (5, 146, 180, 219, 222, 285, 286). These
reactions are detrimental to the composition and structure of lignin fibres during heat treatment.
Only a handful of papers have reported and proposed the effect of thermo-stabilisation on the
structure of lignin let alone for lignin fibres. Therefore, the effect of heating on powdered lignin
samples is also discussed in this section. At time of writing, the author was notaware of any papers
or reports on the structural changes in lignin during graphitisation.

2.7.1 Thermo-stabilisation

There are several plausible mechanisms suggested in the literature during thermo-stabilisation
but due to the heterogeneity and complex structure of lignin, the suggested mechanisms are still
unclear and open for debate (5, 180, 285, 286). These structural changes in lignin during heat
treatment along with plausible mechanisms are discussed in the following section.

Cho et al., (285) investigated the elemental composition of lignin fibres during thermal oxidative
stabilisation at various temperature intervals up to 350 °C. They reported a gradual decrease in

the carbon (62.5% to 58.6%) and hydrogen (5.8% to 2.10%) contents as the lignin fibre were
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heated in gas chromatography oven to 350 °C at 1-5 °C/minute; the fibre were held at selected
temperature for 30-60 minutes in a ramp-hold heat treatment experiment. The oxygen content
was observed to increase from 31.7% to 38.9%. The hydrogen content in the lignin fibres was
observed to decrease from 5.82% to 2.10% at 350 °C. This can be attributed to the cleavage of
hydrogen from C-H or O-H bonds to form free-radical structures that can lead to a cross-linked
structure. Solid state 13C NMR spectra showed a significant decrease in the methoxyl (OMe)
content at 280 °C with the complete disappearance of the methoxyl peak at 350 °C. The FTIR
spectroscopy results showed a significant decrease in the intensities of the hydroxyl (0-H) and C-

H groups whilst the intensity of the carbonyl group increased gradually from 230-350 °C.

Lietal, (287) also studied the structural changes of soda lignin during thermo-stabilisation using
an air-circulating muffle furnace. They also reported a gradual reduction in the hydrogen content
from 5.6% to 3.5%, when the lignin samples were heated at 30 °C/minute from 170 °C to 350 °C
and held for 20 minutes at each selected temperature. The oxygen content was observed to
increase marginally from 27.7% to 28.7% when heated up to 260 °C. However, it decreased to
27.3% at 350 °C. The hydrogen content decreases gradually from 5.64% to 3.49% between 170-
350 °C. They also studied thermal degradation of lignin using TGA-MS from 30-500 °C under an
air atmosphere. Their study revealed the evolution of volatiles products such as H,0, CO;, CH;0H
and CHa. The reduction in the hydrogen content during heat-treatment, which was also observed
by Cho et al, (285)could be attributed to the evolution of H,0, CH30H and CHs. The increase in the
oxygen content up to 260 °C indicates the occurrence of oxidation reactions to form oxygen-
containing functional groups. The gradual drop in the oxygen content from 260 °C to 350 °C can
be explained by the evolution of carbon dioxide and carbon monoxide. 13C NMR spectra showed a
similar trend to the results reported by Cho et al., (285) where a significant decrease in the
methoxyl (OMe) content was observed between 170 °C to 280 °C, and the complete disappearance

of this peak at 350 °C. This implies that demethoxylation is one the major reactions involved
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during the heat treatment process. The demethoxylation reaction results in the release and the

formation of formaldehyde (see Figure 2.29) (219, 288).

Kim et al., (146) also reported on the elemental composition of milled wood lignin powder during
heat treatmentin an inertatmosphere up to 300 °C. They reported a gradual increase in the carbon
content from 57.4% to 64.3% whilst the oxygen content was reduced from 36.6% to 29.8%. They
observed a reduction in the 13C NMR spectral intensities for the propane side chain and B-0-4
peak. This was said to be indicative of the cleavage of the propane side chain (Cs-Cg-Cy) and p-0-4
ether linkages. This shows that the atmospheric conditions play an important role in the

elemental composition of lignin during heat treatment.

Based on their results, Kim et al,, (146) proposed several possible reactions which might occur

during heat treatment of lignin. These include:

e cleavage of methoxyl group (OMe) in the G/S lignin units;

e the cleavage of side chain being initiated above 150 °C;

e the cleavage of ether linkages such as a-0-4 and -0-4 at 250 °C leading to the production
of monomeric phenols;

e the generation of free-radical via the homolytic cleavage of the ($-0-4 linkage leading to
condensation and/or cross-linking reaction which results in the formation of a more
condensed structure; and

e hydrogen abstraction reactions involving C-H and O-H functional groups.

The mechanisms associated with the homolytic cleavage of B-0-4 linkages during heat treatment
is widely accepted in literature (5, 146, 222, 286). Norberg et al., (5) reported a possible reaction
of softwood kraft lignin (shown in Figure 2.27) during the heat treatment process with the

cleavage of B-0-4 linkages. This cleavage of B-0-4 results in the formation of free-radicals which
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undergoes rearrangement reaction leading to the formation of stilbene type structure with loss of

water molecules.
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Figure 2.27 Mechanism proposed by Norberg et al,, to demonstrate homolytic cleavage of the (3-
0-4 linkage in softwood Kraft lignin followed by rearrangement leading to the formation of

stilbene when heated in an air atmosphere to 250 °C (5).

Faravelli et al, (289) developed a kinetic modelling for the thermal degradation of softwood lignin
at temperature above 200 °C. They also proposed the cleavage of B-0-4 as a possible initiation
reaction during the pyrolysis of lignin due to their low bond dissociation energy (BDE). This also
supports the observation made by Wikberg et al., (286). The BDEs can vary depending on the
substituents and the neighbouring atoms. Therefore, chemical reaction schemes shown in Figure
2.28 have been proposed on the basis of the relevant BDEs. The methoxy group (0-CHs) has
similar BDE to -O-4 and is thought to be cleaved at temperature above 200 °C; this was also
apparent in the 13 C NMR spectra (285). Examples of other authors who support the mentioned
mechanism for homolytic cleavage of the 3-0-4 linkage and methoxy group via demethylation can

be found in reference (146, 222, 285).
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Figure 2.28 Homolytic cleavage of the C-O ($-0-4) and O-C

of softwood lignin up to 350 °C (285, 286, 289).

The cleavage of carbon-carbon bonds are also reported in the literature and to account for the
release of formaldehyde during the thermal degradation of lignin as shown in Figure 2.29. The

release of formaldehyde takes place in two ways; either by homolytic cleavage of C-O bonds or by

hydrogen abstraction (222).

(OMe) linkages during heat treatment
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Figure 2.29 The mechanism involving the cleavage of a C-C bond in a dimeric lignin unit and the

release of formaldehyde via hydrogen abstraction (222).
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Figure 2.30 shows the oxidation reaction which takes place during the heat treatment of Kraft
lignin between 200-250 °C in air (222). This type of reaction is also evident through elemental
analysis where the increase in oxygen content at temperature below of 260 °C is observed (285,
287). The reaction suggests that oxidation reactions can give rise to the formation of carbonyl,

carboxyl and ketone groups in the aliphatic side chain of lignin structure as reported by Braun et

al., (222).

(R*) (ROO")

ROO' + R ——> R*+ ROOH
ROO + RH——> R + ROOH
ROOH ——> RO + HO
HO + R —> R + HOH
R* + RO —= ROR

ROOH — > R=0 + HOH

Oxygenation reactions

Figure 2.30 The oxidation reactions occurring during the heat treatment of Kraft lignin in air at

200-250 °C (222).

2.7.2 Carbonisation

With reference to the heat treatment of lignin, beyond 250 °C, the oxygen content is reduced, and
condensation reactions takes place involving carboxylic acids which leads to the formation of
esters or anhydride groups (285, 287). Figure 2.31 shows the proposed mechanism for the
formation of condensed structure during heat treatment. The condensation of aromatic groups
predominates at temperatures above 400 °C which leads to formation of new thermo-stable C-C

linkages and conjugated bonds (147, 180).
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Figure 2.31 The proposed mechanism for the formation of condensed structures in lignin at

elevated temperatures (180).

At 200-300 °C, the existence of polyaromatic hydrocarbons such as phenanthrene, naphthalene

and anthracene was reported which confirms the formation of condensed aromatic and cyclic

structures (218, 219). The structures of these products are shown in Appendix C. During

carbonisation, the oxygen and hydrogen content is reduced significantly whilst the carbon content

reaches to approximately 97% at 500-1500 °C in nitrogen for 5-10 minutes (218, 219). The

oxygen moieties such as carbonyl and carboxyl groups formed at the thermo-stabilisation step are

converted to aryl type condensed structures (290). The existence of a turbostratic graphitic

structure as shown in Figure 2.32 or highly condensed aromatic structure of carbonised fibres is

generally observed through Raman spectroscopy (180, 287).

Figure 2.32 Model of turbostratic carbon (30).
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Chapter 3 Materials and Methods
3.1 Lignin

3.1.1 Softwood Kraft (BioChoice®) Lignin

Softwood Kraft lignin was purchased from Domtar PC sales centre (Germany). This material was
said to originate from Domtar Plymouth Mill (USA) with tradename of BioChoice® lignin and it is

understood that it was extracted from Southern pine trees.
3.1.2 Lignin from Coir

Lignin was extracted from coir fibre which were obtained from Hayleys PLC (Colombo, Sri Lanka).
The coir was obtained in two forms which are discussed later on in this chapter.

3.1.3 Lignin Blending with Tannic Acid

The tannic acid with a molecular weight of 1701 g/mol was purchased from Sigma-Aldrich (UK),
ACS reagent grade, and it was used as a blend with lignin for electro-spinning of lignin.

3.2 Chemicals and Solvents

3.2.1 Sulphuric acid

Sulphuric acid (72 w/w%) was purchased from Fisher Scientific (UK) and it was used for

estimating the relative concentration of the lignin in softwood Kraft (BioChoice®) and the

quantification of lignin.

3.2.2 Nitric acid

This was purchased from Sigma-Aldrich (UK), 70% ACS reagent grade, and it was used for washing

the softwood Kraft lignin to remove inorganic impurities.

3.2.3 Solvents

The solvents used for the fractionation of softwood Kraft lignin were:

(i) acetone (Sigma-Aldrich, UK, 99.5% ACS reagent grade);

(ii) ethanol (Fischer Scientific, UK, 99.8% ACS reagent grade); and
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(iii) 1-propanol (Sigma-Aldrich, UK, 99.5% ACS reagent grade).
Dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich (UK), 99.9% ACS reagent grade,
and it was used for estimating the solubility of softwood Kraft lignin. It was also used to dissolve
lignin for purity analysis where the material was characterised by UV /Visible spectroscopy. DMSO

was also combined with acetone to form a binary solvent for electro-spinning lignin.

Dimethylformamide (DMF) was purchased from Sigma-Aldrich (UK), 99.9% ACS reagent grade,

and it was used for evaluating the solubility of softwood Kraft lignin.

Chloroform (99.8%) and diethyl ether (99.5%) were purchased from Fisher Scientific (UK), ACS

reagent grade and they were used for the purification of acetylated lignin.

Deuterated dimethyl sulfoxide (DMSO-ds) and chloroform-d (CDCl;) were purchased from Sigma-
Aldrich (UK), 99.9% ACS reagent grade for preparing lignin solutions for characterisation by
nuclear magnetic resonance spectroscopy.

3.2.4 Chemicals

The reagents for that were used for the acetylation and phosphorylation of lignin were acetic
anhydride (99.5%), anhydrous pyridine (99.8%) and 2-chloro-4,4,55-tetramethyl-1,3,2-
dioxaphospholane. These chemicals were purchased from Sigma-Aldrich and Fischer Scientific

(UK).
Tetramethylsilane (TMS) was purchased from Sigma-Aldrich, 99.9% ACS reagent NMR grade,

and it was used as an internal standard for 'H NMR where it shows a signal at 0 ppm.

Chromium (III) acetylacetonate (99.99%) was used as a relaxation agent whilst 1,3,5-
Trioxane (99%) and N-hydroxy-5-norbornene-2,3-dicarboximide (97%) were used as an internal
standard for 13C NMR and 31P NMR respectively. These chemicals were purchased from Sigma-

Aldrich (UK).
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The preparation of lignin samples for transmission mode FTIR spectroscopy involved the use of
dried potassium bromide (Sigma-Aldrich, UK). The pre-dried KBr powder was mixed and ground

with lignin and compressed into 13 mm disks.

3.3 The Characterisation of Softwood Kraft Lignin using TAPPI Standards

Softwood Kraft lignin is known to contain a range of impurities including carbohydrates (151),
moisture and inorganic minerals (89). The relative concentration of these materials including the
lignin content were quantified using the methods specified by the Technical Association of the
Pulp and Paper Industry (TAPPI). The following section presents details of the experimental
procedure that were used to determine the moisture ash, acid soluble and acid insoluble lignin

contents.

3.3.1 Moisture Content and Sample Preparation

Before the quantification of the lignin, the sample was prepared according to the specified
methods (291). The samples are sieved to less than <400 um which is in accordance with TAPPI
T257 (291). The moisture content was determined at 105 °C to achieve constant weight in

accordance with TAPPI T264 (292).The moisture content was estimated using the Equation 2:

Initial mass —final mass after drying

Moisture content (%) = x 100 Equation 2

Initial mass of the sample

3.3.2 Ash Content

The ash content in the pre-dried (moisture-free) Kraft lignin was determined in accordance with
TAPPIT211 om-02 (293). The procedure involved pre-heating alumina crucibles to 525 °C for 60
minutes and cooling them in a desiccator. Approximately 1 gram of lignin was transferred to the
pre-dried and pre-weighed crucibles. Alumina lids were placed on the crucibles and they were
positioned in a muffle furnace and heated from ambient temperature to 525 °C to carbonise the
lignin samples without causing it to ignite. Once the samples had charred, the lid was removed to
oxidise lignin samples at 525 °C for 4 hours. Upon cooling to room temperature, it was observed

that samples had been converted from a black char to white powdery ash. The mass was recorded
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to the nearest 0.001 g using an analytical balance and the ash content was determined using

Equation 3:

Mass of ash

Ash content (%) = Equation 3

Initial mass of moisture—free sample

3.3.3 Acid Insoluble Lignin (Klason Lignin)

The acid insoluble lignin content was determined from the extractive-free biomass subjected to
acid hydrolysis with 72% w/w H;S04 according to TAPPI T222 om-02 (294, 295). The
carbohydrates were hydrolysed during this process leaving the lignin as an insoluble residue. The
procedure involved treatment of 1 gram of moisture free lignin with 20 ml of 72% w/w H>SO, for
2 hours to hydrolyse the carbohydrates. The mixture was diluted with deionised water to 3%
H>S04 and boiled for 4 hours under reflux. The mixture was cooled to room temperature, filtered,
and the insoluble residue is referred as Klason lignin whilst the filtrate contains acid-soluble

lignin.

3.3.4 Acid Soluble Lignin

Depending on the type of lignin, a small amount of lignin is known to be hydrolysed during 72%
w/w acid. The amount of acid soluble lignin was quantified using UV /Visible spectroscopy in
accordance with TAPPI method (UM 250) (294, 296). The filtrate (acid soluble) from Klason lignin

method (in Section 3.3.3) was analysed and compared to a reference of neat 3% H2SO..

A Camspec M550 Double Beam Scanning Spectrophotometer was used to acquire ultraviolet
spectra of the acid soluble lignin. Approximately 3 ml was transferred to a quartz cuvette (6030-
UV, Hellma UK LTD) with a path length of 1 cm. A reference spectrum was obtained using neat 3%
H,S04 which was acquired prior to the sample. The scanning range was from 190-500 nm with a
scan interval of 0.5 nm. The acid soluble lignin was then estimated with absorbance at 205 nm

(294, 296).
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3.4 Design of Experiments for the Diluted Acid Treatment of Lignin

The acid-washing of lignin was carried out using nitric (HNO3) acid. The parameters that can affect
the end product including the type of the acid are as follows: the pH of an acid; lignin to acid
solution ratio; duration of the cycle and the number of cycles. In literature, one can often find the
use of sulfuric acid and hydrochloric acids for washing lignin to reduce impurities. The pH 2 was

used as lowest pH level because more concentrated acid was found to degrade lignin (297).

A Taguchi-based design of experiments (DoE) method was used to identify the optimum
parameters for acid washing the lignin. It consisted of nine experiments also referred to as a Lo
DoE orthogonal array. The initial step in the Taguchi method is to design an experimental matrix
to evaluate the number of factors, level of design and the interaction of these factors. Table 3.1

shows the factors and level used for the design of experiments.

Table 3.1 Factors and level of factors involved in the Taguchi (DoE) study for the acid-washing of

lignin.
Symbol Factor description Level
1 2 3
A pH 2 4 6
B Weight of lignin to liquid ratio 5 50 100
(g/ml)
C Duration of the cycle(s) 15 30 60
D Number of cycles 1 3 5

The full factorial DoE consisting of similar factors and the number of design level will consist 81
experiments (34) which can be time-intensive. Therefore, the Taguchi DoE trials are more

applicable as compared to a set of full-factorial experiments. This is due to the reduced number of
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experiments which are significantly more economical in terms of experimental time. In this
current study fours factors were selected and each factor with three levels of design high, medium,
and low were considered. This resulted in nine experiments which are summarised in Table 3.2
detailing the parameters used for acid washing with nitric acid. The selection of the orthogonal
array was completed using Minitab-18 software. In this study, the objective was to determine
significant factors or optimum combination of factors to reduce the ash content after the
combustion of lignin. Approximately 1 g, to the nearest 0.001 g, of moisture-free lignin was
transferred into a 500 ml beaker with desired volume of acidified water. The mixture of lignin and
acidified water was stirred using overhead stirrer (Pro 40, SciQuip, UK) at 400 rpm for a specified

duration. The temperature was between 20 and 25 °C.

Table 3.2 The factors involved in the Taguchi (DoE) method for the acid washing of lignin.

Experiment Factors
No.
A=pH  B=Weightto liquid ratio C = Cycle D = Number of
(g/ml) duration (s) cycles
1 2 5 15 1
2 2 50 30 3
3 2 100 60 5
4 4 5 30 5
5 4 50 60 1
6 4 100 15 3
7 6 5 60 3
8 6 50 15 5
9 6 100 30 1
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The robustness and performance of Taguchi method was measured using Taguchi Analysis to
identify the controllable and uncountable factors (noise factors) through mean effects and signal-
to-noise (S/N) ratio. The S/N ratio is a measurable value and it is used instead of the standard

deviation to reduce the variability in the data set.

3.4.1 Signal to noise ratio (S/N) of minimising the ash content

The S/N ratio identifies and determines the significant factors that cause variability in response
to the target value. A ‘smaller is better’ characteristic has been used to determine the significant

factors in reducing the ash content in lignin according to Equation 4:

S/N = -10log (%Z?ﬂyf) Equation 4
where n refers to the number of measurements or repetitions, and y; is ith observation of the
quality performance which in this case is ash content of lignin. Generally, a greater value of S/N

represents a smaller ash content.

3.4.2 Analysis of Variance

The results of the Taguchi DoE method with nine sets of experiments were analysed using the
analysis of variance (ANOVA). ANOVA is used to analyse the output of the experiment trails in
determining the effect of significant factors and combination of factors, to determine the data
variance and analyse the extent of variation that each factor has contributed. The procedure for
the ANOVA involves the calculation of the sum of squares, mean squares (variance) and associated
F-ratio of significance. In the ANOVA, the total variation (St), the sum of squares of each factor
(Sv), the percentage contribution and the signal-to-noise ratio (S/N) ratio in achieving the reduced
ash content are calculated. The ANOVA was analysed with a confidence level of 95%. This means

the significance level was adjusted to 5% which represent the data variance.
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3.4.2.1 Degrees of Freedom

In order to design the number of experimental trials using an orthogonal array, the Taguchi design
uses the degrees of freedom (DoF) criteria to determine the total number of experiments. The
degree of freedom for each factor is defined by number of levels minus one (DoF = No. of levels -
1) whereas the total number of experiments is determined using the sum of degree of factors plus

1 and it is calculated using Equation 5:

Total number of experiments, Tgxperiments = 1 + Yk_,(S¢ —1) Equation5

3.4.2.2 Total Variation (St)

The total variation (St) refers to the sum of squares of all nine experiments which is expressed

according to Equation 6:

N ) 2
Sr =[N V2] - [%] Equation 6
where Y; is the mean ash content and N is the number of experiments in Taguchi DoE study

3.4.2.3 Percentage Contribution (%)

The percentage contribution of four factors is calculated using the Equation 7:

P, = — Equation 7
where i refers to the number of factors which in this study is equal to 4, S; and St represents the

ratio of total variance each factor to total variation (St) respectively.

The effect of the significant factors is analysed through main effects and S/N ratio plots for the

response from the Taguchi method.

3.5 Sample Preparation and Solvent Fractionation of Lignin

Prior to solvent fractionation, the Kraft lignin was dried in a vacuum oven (Gallenkamp OUA031,
Fistreem, UK) at 80 °C for 6 hours under a reduced pressure of 1 bar to remove moisture and low-

molecular weight volatiles. The pre-dried lignin was refluxed with the desired solvent (acetone,
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ethanol or n-propanol) for 6 hours under constant agitation by bubbling argon gas at 30
ml/minute. The temperature of the solution was maintained close to the boiling points of acetone,
ethanol or n-propanol (56 °C, 75 °C and 95 °C, respectively). The lignin-to-solvent ratio was
maintained at 1 gram per 15 ml. After refluxing, the solution was cooled to room temperature and
filtered under reduced pressure. The filter paper used was Whatman binder-free glass microfilter
paper with pore size of 1.2 um (Sigma-Aldrich, UK). The solvent from soluble lignin fraction was
evaporated using a rotary evaporator (RV3, IKA, UK) under a reduced pressure of 200 mbar. The
insoluble fraction was deposited on the filter paper. The fractionated lignin including the soluble
and the insoluble fractions were dried in a vacuum oven at 80 °C for 6 hours and stored in air-

tight container until required.

The ash content of soluble and insoluble lignin fractions was measured in accordance with TAPPI

T257 sp-14 (291), T264 cm-07 (292) and TAPPI T211 om-02 (295) methods respectively.

3.6 Characterisation of Lignin Using Conventional Techniques

3.6.1 Particle Size Distribution

A Malvern Mastersizer 2000 (Malvern Panalytical, UK) laser particle size analyser was used to
determine the particle size distribution of the lignin samples. Sample with concentration of 2.5 %
(w/v) was prepared using 0.25 g of pre-dried lignin in 10 mL of deionised water. The mixture was
sonicated for 3 minutes using an ultrasonic bath (Scientific Laboratory Supplies, Ltd, UK). The
sample was transferred to the compartment of the particle size analyser that was housed with a
stirrer. The stirrer was operated at 2250 rpm. The particle size analyser consisted of an array of
detectors where each detector acquired the light scattered from a range of angles. The
measurement was made by the detector acquiring 2000 data points for each measurement when
the particles passing through the analyser-beam at a particular time. Background data were

obtained where the instrument was operated without the dispersed lignin sample. Five
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measurements were obtained for each sample. The experiments were carried out approximately

at 25 °C.

3.6.2 Elemental Analysis

Elemental analysis of lignin was carried out using a CHNS elemental analyser (model EA111 Carlo
Erba Instruments, UK). The samples were freeze-dried for a week prior to conducting the analysis.

The oxygen content was determined by subtracting the contribution from C, H, N and S.

3.6.3 Density Measurement

A gas pycnometer (AccuPyc II 1340, Micromeritics, USA) was used to measure the density of the
as-received softwood Kraft lignin. The principle of this instrument is based on the gas
displacement method to determine volume. Helium was used as a displacement medium. The
sample with a mass of approximately 0.4 grams was placed inside the chamber of a known volume.
Helium gas was purged into this compartment. The instrument measures the volume required to
fill up the chamber and it calculates the density of the sample by dividing the sample mass by its

volume. Five measurements were made for each sample.

3.6.4 Scanning Electron Microscopy

A TM3030 PLUS (Hitachi, Japan) scanning electron microscope was used to study the morphology
of the lignins and ash. The instrument was operated using an acceleration voltage of 15 kV. The
sample was mounted on a SEM stub using an adhesive-backed carbon tape. The samples were
coated with gold/palladium alloy for 3 minutes using Emscope SC500 (Quorum Technologies,
USA). The instrument was operated at 25 mA under a vacuum of 1 mtorr. The instrument
contained a built-in silicon drift detector to enable energy dispersive X-ray (EDX) data to be
acquired and to assign the elements present. In this instance, the samples were not sputter-coated
with the gold/palladium alloy. A total of 5 measurements were taken at different locations on the

sample.
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3.6.5 Differential Scanning Calorimetry

The differential scanning calorimetry (DSC) experiments were performed on a power
compensated Diamond DSC (Perkin Elmer, UK) and DSC 1 (Mettler Toledo, UK). The instruments
were calibrated using indium, tin and gallium. Approximately 10 mg of the lignin was transferred
to an aluminium pan and crimped with a lid. A crimped pan without the lignin was used as the
reference. The sample and the reference lids were pierced with two holes to permit the release of
volatiles during the heating cycle. The DSC 1 (Mettler Toledo) was operated in a nitrogen
atmosphere where the flow rate of 50 cm3/minute. The samples were cooled from 25 °C to -80 °C
at 10 K/minute and this was followed by heating from the sample -80 to 200 °C at 10 K/minute.
Two successive cooling and heating cycles were conducted. With reference to determine the
efficient method as a drying procedure to remove moisture and low-molecular weight volatiles
from as-received (BioChoice®) lignin, two methods were investigated: a freeze-drying method;

and drying lignin in a vacuum oven.

With respect to freeze-drying, the as-received (BioChoice®) lignin powder was placed inside the
round bottom flask. The flask was dipped in liquid nitrogen for approximately two minutes before
placing it under vacuum for 7 days. For drying in a vacuum oven (Gallenkamp OUA031, Fistreem,

UK), the sample was dried at 80 °C for 6 hours under a reduced pressure of 1 bar.

Diamond DSC (Perkin Elmer, UK) was used to determine the glass transition temperature (Tg) of
soluble and insoluble lignin fractions. These experiments were conducted in a nitrogen
atmosphere where the flow rate was maintained at 50 cm3/minute. The samples were heated
from 25-250 °C at 10 K/minute. The samples were cooled to 10 °C at 10 K/minute and two

successive heating/cooling cycles were performed.
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3.6.6 Dynamic Vapor Sorption

A dynamic vapor sorption (DVS) instrument (DVS Resolution, Surface Measurement Systems Ltd,
UK) was used to determine the moisture sorption-desorption isotherm curve for lignin. The DVS
consists of a dual vapor gravimetric analyser to control, maintain and monitor temperature and
relative humidity. It recorded the changes in the mass of the sample relative to a change in the
humidity at the desired temperature. The DVS apparatus used a controlled flow of dry nitrogen as
the carrier gas. The relative humidity was controlled digitally by mixing dry and saturated gas in
desired ratio. Approximately 20 mg of the as-received lignin sample was transferred to sample
container that was located in a humidity-controlled chamber. The lignin was heated to 80 °C at
0% humidity for 6 hours. The dried lignin was cooled to 25 °C in a closed chamber. The sample
was subjected to a change in the relative humidity (RH) from 0% to 95% with increment of 5%.
The relative humidity was reduced from 95% to 0% in steps of 5%: the temperature was
maintained at 25 °C. The relative change in humidity to monitor the moisture ingress and egress

in lignin at a constant temperature.

3.6.7 Gel Permeation Chromatography

The molecular weight distribution of the lignin was carried out using gel permeation
chromatography (GPC) by Dr Daniel Lester at the University of Warwick. The samples, including
the standards, were dissolved in dimethylformamide (DMF) containing 5 mmol of NH4BF4. The
instrument was calibrated using polymethylmethacrylate (PMMA) standards with molecular
weights in the range of 550-955,000. NH4BF4 was used in conjunction with the polar solvents that
were used in this study to prevent artificial shoulder appearing on the high-molecular weight
region of the distribution (298). This is due to the interaction between the polar groups of the

solvent and the polymer.

The molecular weight distribution was obtained using GPC (Agilent 1260 Infinity II-MDS). This

instrument was equipped with refractive index detector and UV wavelength of 280 nm). DMF was
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used as the mobile phase eluent with a flow rate of 1 ml/minute at 50 °C. A 100 uL of dissolved
lignin sample, in DMF, with a concentration of 1 mg/mL was injected into the column. The

analysis of the GPC results was carried out by the author at the University of Birmingham.

3.6.8 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) experiments were performed on a Netzsch STA 449 (Netzsch,
UK). Approximately 10 mg of the sample was placed in a platinum pan and transferred into the
sample chamber. The sample was heated from 25 to 900 °C at10 K/minute under an argon
atmosphere. The gas flow rate was maintained at 50 cm3/minute throughout the experiment.
3.6.9 Pyrolysis-Gas Chromatography-Mass Spectrometry

A CDS 5000 Pyroprobe (Analytix Ltd, USA) was used to heat the samples in two stages. These
experiments were conducted by Dr Karen Sam at Analytix Ltd (Bolden, UK). Two heating
sequences were used. In the first instance, the sample was heated from 50 °C to 320 °C at 10
K/minute and maintained for 5 minutes at 320 °C. This was followed by heating from 320 °C to
1000 °C at 10 K/minute with a dwell for 5 minutes at 1000 °C. The Pyroprobe was connected to
the GC oven at the injector position with a heated transfer line that was maintained at 300 °C to
the transfer volatiles released during pyrolysis using a carrier gas. The GC-MS (1310 ISQ GC-MS
from Thermo Fischer Scientific, UK) parameters were as follows: helium was used as a carrier gas
with split ratio of 75:1 whilst the heated injector of the GC was set to 350 °C. The GC oven was
programmed to heat from 40 °C to 325 °C at 10 K/minute with initial hold of 2 minutes at 40 °C
and a final hold for 15 minutes at 325 °C. The MSD scan was used with lon Mode of EI+ with mass
ranging from 35 to 600 amu. A NIST 17 mass spectral library was used to assign the peaks
observed in the chromatogram. The analysis of the Py-GC-MS results was carried out by the

author at the University of Birmingham.
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3.6.10 Fourier Transform Infrared Spectroscopy

The Fourier transform infrared (FTIR) spectroscopy experiments were performed on a Nicolet
6700 spectrometer (Thermo Fisher Scientific, UK). Samples for FTIR spectroscopy were prepared
by grinding 200 mg of pre-dried KBr with 2 mg of the sample. The ground mixture was transferred
to a 13 mm diameter compression mould die (GS03000, Specac, UK) and compressed at 10 bar. A
blank disk containing only the pre-dried KBr was also produced as described above. Transmission
spectra were obtained from 400-4000 cm-1, with a resolution of 4 cm-t and 100 scans. The blank

KBr disk was used to obtain the reference spectra before obtaining that of the sample.

3.6.11 UV /Visible Spectroscopy

A Camspec M550 Double Beam Scanning Spectrophotometer was used to acquire ultraviolet
spectra of lignin solutions. Approximately 0.5 mg of lignin was dissolved in 20 ml of DMSO at 20
°C. Approximately 3 ml of the liquid was transferred to a quartz cuvette (6030-UV, Hellma UK
LTD) with a path length of 1 cm. A reference spectrum was obtained using neat DMSO prior to

evaluating the sample. The scanning range was from 190-500 nm with a scan interval of 0.5 nm.

The Beer-Lambert law was applied to obtain the extinction coefficient (g) at a given wavelength

(~280 nm) as shown in Equation 8:

Absorbance (A) =logio(Ip/])=cxcx L Equation 8

Where Iy is the intensity of incident light at given wavelength and I is that of the light transmitted,

L is the path length of the quartz cuvette (10 mm) and c is the concentration of lignin used.

3.6.12 Proton Nuclear Magnetic Resonance Spectroscopy

Proton nuclear magnetic resonance (H NMR) spectroscopy of lignin was obtained using Bruker
NEO 500 MHz spectrometer (Bruker, USA) equipped with a liquid nitrogen cooled cryoprobe.

Approximately 10 mg of lignin was dissolved in 0.6 ml of d¢-DMSO. The sample was transferred
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from the sample vial to NMR tube. Tetramethylsilane (TMS) was used as the internal standard. 'H

NMR spectra of lignin was acquired using 64 scans at 25 °C with relaxation delay of 4 seconds.

3.6.13 Quantitative Carbon Nuclear Magnetic Resonance Spectroscopy

The acetylation of lignin was completed prior to conducting carbon nuclear magnetic resonance
(13C NMR) analyses. The reaction scheme for the acetylation of lignin is shown in Figure 3.1 (299).
The lignin was acetylated by using the following procedure. Firstly, the lignin was dried in a
vacuum oven as described previously. Approximately 2 grams of lignin was transferred to a 250
ml three-neck round bottom flask. 40 ml each of pyridine and acetic anhydride (1:1, v/v) were
added drop wise to the flask. The solution was agitated by bubbling nitrogen gas. In addition, the
mixture was stirred continuously using a magnetic stirrer. The solution was refluxed at room
temperature (22 °C) for 24 hours. 500 mL of ethanol was added at the end of the refluxing period.
The ethanol was subsequently removed using a rotary evaporator under reduced pressure. This
procedure was repeated at least five times to ensure that the by-product, acetic acid and any
unreacted reagents were removed from the mixture. The acetylated lignin was purified by
dissolving it in 40 ml of chloroform and precipitating with diethyl ether. The acetylated product
was washed up to five times with diethyl ether (157). Finally, the acetylated lignin was dried in a
vacuum oven at 80 °C for 6 hours and it was stored in airtight container and placed in a desiccator

until required.
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R3 = OCH3, H or Lignin unit

Acetlc anhydrlde , Pyrldlne R \\R
.- . Ry 3
Ry R3 Reflux, 24 hours
OH 0 0
R, = Aliphatic Side with OH group
R, = OCHj3, H or Lignin unit CH;

R4 = Aliphatic Side with acetate group
R, = OCH3, H or Lignin unit
R3 = OCHj3, H or Lignin unit

Figure 3.1 Reaction scheme for the acetylation of lignin (299).

The quantitative 13C NMR spectra of lignin was obtained using pre-dried lignin (without
acetylation) and acetylated lignin. Approximately 120 mg of the lignin was dissolved in 500 pL of
DMSO-dg, and 60 pL of the relaxation agent and 40 pL of the internal standard, 1,3,5 trioxane were
added. The total concentration of lignin was 20% (w/v). The integration of the carbon moieties
was based on the aromatic region (163-102), which was used as reference of 6.12 carbon atoms

assuming that it contains 6 aromatic carbon atoms with 0.12 of vinylic carbon atoms (103).

Therefore, the results are reported as aromatics per Co lignin.

Quantitative and qualitative 13C NMR spectra were obtained using a Bruker NEO 500 MHz

spectrometer with respect to 1H and it was equipped with nitrogen cooled cryoprobe. A total of

28000 scans were acquired at 25 °C with a relaxation delay of 2 second (300, 301).
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3.6.14 Quantitative Phosphorous Nuclear Magnetic Resonance Spectroscopy
Quantitative phosphorous nuclear magnetic resonance (3!P NMR) spectroscopy of as-received
and lignin fractions was undertaken using established methods (165, 302-305). 3P NMR spectra
were obtained using a Bruker NEO console with an operating frequency of 500 MHz and equipped
with nitrogen-cooled cryoprobe. A total of 256 scans were acquired at 25 °C with relaxation delay
of 25 seconds. Approximately 40 mg of the pre-dried lignin was added to specimen vial followed
by a 1 mL of mixture of anhydrous pyridine and deuterated chloroform (1.6:1, v/v respectively)
at room temperature. 50 pL of a relaxation agent, chromium (III) acetylacetonate was added
followed by the addition of 100 pL of the internal standard, N-hydroxy-5-norbornene-2,3-
dicarboximide. 100 pL of the phosphorylating reagent, 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane (TMDP) was added to the mixture and stirred manually and transferred to an

NMR tube. The reaction scheme for the phosphorylation reaction is shown in Figure 3.2 (165).

( N
Ry
R, = :
) \
0] N
CDCl; , Pyridine
+ /P—Cl 3 Y (20=C) . .-
- . Room temperature ° R R
Ry "R, 0 2 3
(0]
OH O\P/

R, = Aliphatic Side with OH group
R, = OCH3, H or Lignin unit
Rz = OCH3, H or Lignin unit
R, = Aliphatic Side with phosphorylated
group
R, = OCH3, H or Lignin unit
R3 = OCH3, H or Lignin unit

Figure 3.2 Reaction scheme for the phosphorylation of lignin (165).
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3.7 Preparation of Lignin Solutions for Electro-spinning

Solutions of fractionated acetone soluble (ASL) and ethanol soluble (ESL) lignin were made using
a 2:1 (v/v) ratio of acetone and DMSO. Four different concentrations of lignin were prepared: 48.2
wt%; 50.4 wt%; 52.8 wt%; and 55.4 wt% in order to identify the optimum concentration for
electro-spinning. The acetone soluble lignin fraction (ASL) concentration was kept at 95 wt.%
with ESL making up the remainder. The solution was homogenised using a magnetic stirrer for 6
hours and then stored in an airtight container until required.

3.7.1 Viscosity of Lignin Solutions

A HR-1 discovery hybrid rheometer (TA instruments, USA) was used to determine the viscosity of
the lignin solutions using a 40 mm diameter parallel-plate geometry. The viscosity was
determined by subjecting the polymer solution to a shear rate in the range of 0.1 to 100 s at 25

°C. A solvent trap was used to minimise evaporation of the solvents.

3.7.2 Electrical Conductivity of Lignin Solutions

AJenway 4510 (Cole-Parmer, UK) conductivity meter was used to measure the conductivity of the
polymer solutions. The conductivity meter was calibrated at 25 °C using a standard solution of
sodium chloride supplied by Hannah instruments (USA). Ten measurements of lignin solutions

were obtained and averaged.

3.7.3 Electro-spinning of Lignin Solutions

The electro-spinning of lignin solutions was carried out using a custom-built electro-spinner
consisting of disposable syringe and needle assembly (Teflon tube with Luer lock adapter, Cole
Parmer, UK) a controllable feed liquid dispenser (AL1010, World Precision Instruments, UK ) and
a flat-tip needle of 25G (0.254 mm diameter, Adhesive Dispensing Ltd, UK). Figure 3.3 (a-b) shows
a schematic illustration and a photograph of a custom-designed electro-spinning unit that was
used to produce lignin fibres. The needle was connected to the positive terminal of a high-voltage

power supply (Laboratory bench power supply, Genvolt, UK). The electro-spun fibres were
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collected on an aluminium foil placed on top of a grounded copper plate (10 x 10 x 0.5 cm). The
distance from the tip of the needle to the collector plate was kept at 12 cm and the applied voltage
was 12 kV. The polymer solution was dispensed at 0.1 pl/minute. The temperature of the chamber
was maintained between 25-30 °C with a relative humidity of 30-35%. The electro-spinning

operation was carried for 3 minutes.

(a)

Syringe containing
polymer solution

PTFE tube connected with syringe and
needle tip using luer lock adapters

Positively charged (+)
needle tip

Grounded flat plate
(copper, 10 x 10 cm)
electrode (collector)

High-voltage power supply

(b)

Figure 3.3 (a) Shows schematic illustration of electro-spinning setup with a flat plate ground-
electrode for collecting randomly oriented lignin fibres; and (b) shows photograph of the electro-

spinning unit.

Figure 3.4 shows the electrode assembly that was used for producing uniaxially aligned electro-

spun fibres. This modified setup is based on the parallel-electrode method which was reported
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previously by Li et al, (251). The two conductive graphite electrodes with a knife-edged type
profile, 3.5 cm distance in between them, were used to align the fibres. The previously mentioned
electro-spinning parameters were used to obtain the aligned fibres.

Exposed region of the graphite rod

/ \‘ <+—— Knife-edge profiled graphite tip

|

Distance = (3.5 cm)

Insulated graphiterod —»

PTFE (10 x 10 x 0.5 cm)

Figure 3.4 Schematic illustration of collector-plate used for electro-spinning of aligned fibres.

The electro-spun fibres including the random and aligned fibres were characterised using the
TM3030 Plus SEM. The same procedures were used to study the fibre morphology as
described previously in Section 3.6.4. The degree of orientation and fibre diameter
distribution was determined using Image ] software. Three separate SEM micrographs were
used, and the diameter distribution was determined using sixty individual measurements from
each image. The orientation distribution of the aligned fibres was also determined using Image ]

software.

3.8 Thermo-stabilisation of Electro-spun Lignin Fibres in Air or Nitrogen

After conducting a series of preliminary experiments, it was found that electro-spun fibre where
the total polymer concentration of 52.8 wt.% of 95ASL-5ESL, produced smooth and circular fibres.
Therefore, this concentration was selected for the heat treatment studies in air and nitrogen. Prior
to thermo-stabilisation, a method for drying was developed to identify the optimum condition for
the removal of excess solvent from the electro-spun fibres. The electro-spun lignin fibres were

dried in vacuum oven at 100 °C, 120 °C, 140 °C, 160 °C, 180 °C and 200 °C for 6 hours. The optimum
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temperature for vacuum drying the electro-spun fibres was found to be at 140 °C. This was
determined by the effect of the vacuum drying temperature on the morphology of the lignin
samples. Therefore, treating the lignin fibre at 140 °C in a vacuum oven was selected as the

procedure for drying prior to thermo-stabilisation.

The thermo-stabilsation of the pre-dried (140 °C) electro-spun lignin fibre was investigated at 150
°C, 180 °C, 200 °C, 220 °C and 250 °C in air or nitrogen. Table 3.3 shows the five sets of
experiments that were used for the thermo-stabilisation investigation. The pre-dried lignin fibres,
on aluminium foil, were transferred into a tube furnace (Pyrotherm, UK) using a graphite crucible
and heated from 25 °C to 100 °C and held for 1 hour. The fibres were then heated to 150 °C and
held for 1 hour. The electro-spun fibres for experiment 1 were removed from the furnace at this
stage. Experiment 2 follows the same heating regime but with the final temperature selected as
180 °C. The sequential heating of the remaining samples to 200 °C, 220 °C and 250 °C is
summarised in Table 3.3. In all the experiments, the fibres were heated at heating rate of 0.5

K/minute with a gas (nitrogen or air) flow rate of 50 ml/minute.

Table 3.3 Summary of the heating regimes that were used to identify the optimum conditions

for the thermo-stabilisation of electro-spun lignin fibres in air or nitrogen.

Experiment Thermo-stabilisation temperature sequence (°C). The samples were pre-dried at
140 °C in a vacuum oven for 6 hours. The samples were then heated to 100 °C

before subjecting them to the following thermal treatment in air or nitrogen.

1 150 for 1 hour

2 150 for 1 hour 180

3 150 for 1 hour 180 200

4 150 for 1 hour 180 200 220

5 150 for 1 hour 180 200 220 250 for 1 hour
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The thermo-stabilised fibres were characterised using a range of techniques to investigate the
physico-chemical properties with a view to study the chemical changes in lignin involved in the

control of the morphology of these fibres.

3.8.1 Characterisation of the Thermo-stabilised Electro-spun Lignin Fibres

The morphology of the thermo-stabilised fibres was inspected using scanning electron

microscopy as described previously in Section 3.6.4.

Elemental analysis of the thermo-stabilised lignin fibres was carried out as detailed

previously in Section 3.6.2.

Thermal analysis of thermo-stabilised electro-spun fibres carried out using DSC (Section 3.6.5)

and TGA (Section 3.68).
Sample preparation for FTIR spectroscopy was conducted as outlined in Section 3.6.10.

Solid-state NMR cross-polarisation magic-angle spinning spectra (13C CP/MAS NMR) of the
vacuum dried (140 °C) and thermo-stabilised electro-spun lignin fibres at 250 °C in air and
nitrogen was acquired using Bruker Avance III HD (Bruker, US) instrument. These
experiments were conducted by Dr David Apperley at Durham University. Solid-state 13C NMR
spectra were obtained using 3600 scans with a relaxation delay of 1 second and a spin rate
of 10 kHz. The chemical shift of neat TMS was used as a reference for solid-state 13C NMR.
The analysis of the NMR results was carried out by the author at the University of

Birmingham.

3.9 Carbonisation of Thermo-stabilised Lignin Fibres

The electro-spun lignin fibres that were thermo-stabilised at 250 °C in air showed smooth and
circular cross-sections. Therefore, the lignin fibres that were thermo-stabilised at 250 °C was used
for the carbonisation studies. The carbonisation of the fibres was studied at 1000 °C, 1200 °C and

1500 °C. These samples were heated at 5 K/minute under a nitrogen flow of 50 ml/minute. The
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fibres were held isothermally at each temperature for one hour before cooling to room

temperature.

Figure 3.5 shows the tube furnace used for the heat treatment of lignin fibres.

Figure 3.5 The furnace assembly used for the heat treatment of lignin fibres.
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3.9.1 Characterisation of Carbonised Lignin Fibres

3.9.1.1 Fibre Morphology

The surface and transverse fibre morphologies of the carbonised fibres were inspected using
scanning electron microscopy as described in Section 3.6.4. A TM3030 PLUS (Hitachi, Japan) SEM
was used to characterise the surface and cross-section morphology of lignin carbonised samples
at 1000 °C, 1200 °C and 1500 °C with an acceleration voltage of 15 kV. The sample was mounted
on SEM stub using an adhesive carbon tape. The samples were coated with gold/palladium for 3

minutes using a current of 25 mA and a vacuum of 1 mtorr.

3.9.1.2 Fibre Diameter Distribution

The fibres diameter distribution of the lignin fibres, before and after carbonisation, was acquired
using Image] analysis software. Three micrographs with a magnification of 2500 were selected for
each sample and the diameter distribution was determined using sixty individual measurements

for each image.

3.9.1.3 Electrical Conductivity

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

the Equation 9 (198, 306):
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p= RIA Equation 9
where p is the resistivity and L is the distance between the probe (0.1 cm) and R is the electrical

resistance; A is the cross-sectional area of the sample.

3.9.1.4 Raman Spectroscopy

An inVia confocal Raman Microscopy (Renishaw, UK) equipped with a 488 nm laser diode was
used to observe the graphitic structure of the carbonised electro-spun fibres. The samples were
mounted on the glass microslide. Raman spectra were acquired over a spectral range of 320-3200
cm-! using 100 scans per sample at 10 % laser power. The band intensities including peak area
intensity (A) and the peak height intensity (I) were determined from the peaks. The ratio of
intensities of D to G are represented by Ip/Ic whilst Ap/Ag shows the area integrated of D to G peak

(285, 307).

3.9.1.5 X-ray Diffraction

X-ray diffraction (XRD) of the carbonised lignin fibres was carried out on a Proto AXRD (Proto
Manufacturing Inc., US) benchtop diffractometer (CuKa radiation with A = 1.541 A). The diffraction
intensities were obtained with 20 ranging from 10 to 110 ° using a step-scan mode with increment

of 0.2° per step and the intensities were measured for 3 s in each step.
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3.10 Electro-spinning of Lignin-Tannic Acid Solution

Solutions of fractionated acetone-soluble (ASL) and tannic acid (TA) lignin were made using a 2:1
(v/v) ratio of acetone and DMSO solvents. The acetone soluble lignin fraction (ASL) concentration
was kept at 95 wt% with tannic acid making up the remainder. The total concentration of the
polymer solution was kept at 52.8 wt%. The solution was homogenised using a magnetic stirrer
for 6 hours and then stored in an airtight container until required.

The viscosity and conductivity of the ASL-TA solution was measured in accordance with the
procedure listed in Sections 3.7.1 and 3.7.2 respectively.

The electro-spinning of 95% ASL-5% TA solution was carried out in a similar fashion as discussed
in Section 3.7.3 where the distance from the needle to collector was kept at 12 cm and the applied
voltage was 11.8 kV. The polymer solution was dispensed at 0.1 pl/minute. The temperature of
the chamber was maintained between 25-30 °C with a relative humidity in the range of 30-35%.
The electro-spinning operation was carried for 3 minutes.

3.10.1 Thermo-stabilisation and Carbonisation of Lignin-Tannic Acid Fibres

Prior to thermo-stabilisation, the electro-spun ASL-TA lignin fibres were dried in vacuum oven at
140 °C for 6 hours. The pre-dried lignin fibres (140 °C), on an aluminium foil, were transferred
into a tube furnace (Pyrotherm) using a graphite crucible and heated from 25 °C to 100 °C and
held for 1 hour. The fibres were then heated to 150 °C, held for 1 hour followed by heating to final
temperature of 250 °C where they were held for another 1 hour. During the thermo-stabilisation

steps, a heating rate of 0.5 K/minute was used under an air gas flow of 50 ml/minute.

The thermo-stabilised ASL-TA lignin fibres at 250 °C were carbonised at 1500 °C. These samples
were heated at 5 K/minute under a nitrogen flow of 50 ml/minute. The fibres were held
isothermally at each temperature for one hour before cooling to room temperature. The samples

morphology was characterised using SEM.
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3.11 Coir Fibre and Coir Pith

The coir used in this research was obtained from Hayleys PLC (Colombo, Sri Lanka). The coir was
supplied in two forms; coir bundle consisting of fibres with average length from 15-20 cm and
briquettes comprising of compressed coir dust. The fibres were mechanically extracted from the
coconut husk whilst the dust was the residual powder which falls off upon the handling of coir
fibres and coconut husk. This residual powder which also consist of some short length fibres is
compressed into briquettes and is referred here as coir pith. Figure 3.6 (a-c) shows the coconut
husk drying and extraction of coir fibre and coir pith. Figure 3.6 (d-e) shows the as-received coir

fibre bundle and coir pith briquette.

Figure 3.6 (a-e) Images of coir with (a-c) showing soaking of coconut husk in water and extracted

coir fibres and coir pith; (d-e) shows the as-received coir fibre bundle and coir briquette.
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3.11.1 Cryo-milling of Coir Fibre and Pith

Cryo-milling process was used to grind coir fibre and coir pith to reduce the particle size and to
increase the surface area. Figure 3.7 shows the illustration of cryo-milling procedure for coir fibre
and coir pith. Coir fibre was cut into short-fibres (20-30 mm) using a guillotine and in a separate
procedure lumps of coir pith was removed from coir pith briquette. Coir fibre and coir pith were
independently subjected to freeze milling using Freezer/Mill 6750 (Spex SamplePrep, USA). The
coir was placed into a hollow Perspex tube along with a steel impactor and tube was closed at both
ends with steel end-plugs. Liquid nitrogen was used as cryogenic agent to freeze the sample. The

following parameters were used for the cryo-milling process: pre-cooling time of 5 minutes

followed by one minute of single cycle with milling frequency of 10 Hz.

| Cryo-milled coir |

Coir pith briquette | | Coir pith |

Figure 3.7 Illustration of the steps that were taken for reducing the particles size for coir fibre and

coir pith using cryo-milling.

3.11.2 Quantification of the Lignin Content in Coir Fibres and Pith
The composition of the coir fibre and coir pith including the lignin content was determined in
accordance with TAPPI standards as described in Section 3.3. In addition, the following TAPPI

standard were used to characterise the coir fibres and pith.
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e T257 sp-14 Sampling and Preparing Wood for Chemical Analysis (291).

e T264 cm-07 Preparation of wood for chemical analysis (292).

e T204 cm-97 Solvent extractives of wood and pulp (308).

e T211 om-02 Ash in wood, pulp, paper and paperboard combustion at 525 °C (293).

e T222 om-02 Acid Insoluble lignin (Klason lignin) in wood and pulp (295).

e TAPPI Method UM 250 Acid soluble lignin (294).
The moisture, ash, acid insoluble and acid soluble lignin contents in the biomass were carried out
using the procedure outlined in Section 3.3.1, 3.3.2, 3.3.3 and 3.3.4 respectively. Prior to the
quantification of the composition of the biomass, the sample was sieved as described in Section
3.3.1(291). Subsequent to this, the samples were subjected to Soxhlet extraction with acetone for
6-8 hours and the residue was washed with boiled deionised water to remove acetone in
accordance with TAPPI T264 (292). The acetone-soluble filtrate, also referred as the extractives
content, comprises of mainly fatty and resin acids, sterols, waxes and fats. The extractive content
was determined from acetone soluble filtrate in accordance with TAPPI T204 (308). The residue
was boiled with de-ionised water for 1 hour, filtered to remove the soluble part and the residue
was washed again with boiled with de-ionised water. The water-soluble filtrate mainly comprises
of tannins, gums, sugars, starches and colouring matter. The residue was defined as extractive-
free biomass and the moisture content was determined at 105 °C to achieve constant weight

according to the procedure TAPPI T264.

3.11.3 Extraction of Lignin from Coir Fibre

The initial set of experiments showed that the lignin quantified from coir fibres was found to have
a higher content (31.6%) than that from coir pith (23.5%). Hence coir fibres were used to extract
the lignin. Approximately 60 g of cryo-milled coir fibre was refluxed with 900 mL acetone for 6
hours at 20 °C. The mixture was filtered, and the residue was washed with boiled (100 °C) de-
ionised water using a silicon oil bath. The residue was then treated with 1 litre of boiled de-ionised

water for 1 hour and after filtration, washed with 1 litre of hot de-ionised water. The purpose of
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these treatments was to generate an extractive-free biomass prior to the extraction of lignin. The
residue was refluxed with 1.5 M of NaOH (Sigma-Aldrich, UK) for 6 hours at 80 °C. The mixture
was agitated by bubbling nitrogen throughout the experiment. The black liquor solution formed
during this process was separated from the insoluble residue by filtration under reduced
pressure. The filtrate which was composed of lignin and hemicellulose was washed with ethanol
five times to separate the hemicellulose from lignin. Upon treating the hemicellulose with ethanol,
it precipitated from the black liquor and the mixture was filtered. The filtrate was concentrated
using rotary evaporator under reduced pressure. The lignin was precipitated with 20 % H,SO4 at
pH 2 and dried in vacuum oven at 40 °C for 6 hours. The lignin extracted from the coir fibre was

named as “alkali lignin”.

3.11.4 Characterisation of Lignin from Coir Fibre

The characterisation of the lignin that extracted from the coir fibres was characterised using the
procedures outlined previous in Sections SEM (3.6.4), particle size distribution (3.6.1), elemental
analysis and GPC (3.6.2 and 3.6.7), DSC (3.6.5), TGA (3.6.8) , UV/Visible and FTIR spectroscopy

(3.6.11 and 3.6.10) , 'H NMR (3.6.12), 13C NMR (3.6.13) and 3'P NMR (3.6.14).

3.11.5 Electro-spinning of Lignin Extracted from Coir Fibres

The coir lignin was blended with cellulose acetate (M, = 30000, Sigma-Aldrich, UK) using a
binary solvent consisting of acetone/DMSO (2/1, v/v). The total polymer concentration was
30 wt% with the lignin concentration being maintained at 12 wt%. The solution was
homogenised using a magnetic stirrer for 6 hours and it was stored in an airtight container until
required. The electro-spinning of coir-lignin was carried using the same equipment and
electrospinning unit as previously mentioned in Section 3.7.3. However, the solution was
dispensed at 0.2 pl/minutes. The SEM of electro-spun fibres was carried out as described in

Section 3.6.4.
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Results and Discussion

Chapter 4 Solvent Fractionation and Characterisation of Softwood Kraft lignin

4.1 Softwood Kraft Lignin

The as-received (BioChoice®) lignin was characterised to determine the moisture, ash, lignin and
carbohydrates content in accordance with the relevant TAPPI methods as described in Section 3.3
and the results are summarised in Table 4.1. The carbohydrates content was calculated by
subtracting the sum of the Klason lignin, ash and acid soluble lignin from 100%. The as-received
lignin contained 28% moisture. The total lignin and ash contents were approximately 94% and

1.26%, respectively for pre-dried lignin.

Table 4.1 The composition of the softwood Kraft lignin used in this study (BioChoice® lignin) and

characterised in accordance with TAPPI211 and TAPPI222 (for pre-dried lignin).

Moisture  Ash Content Acid insoluble Acid soluble Carbohydrates

Content ‘Klason’ lignin lignin
(%) (%) (%) (%) (%)
ARL 28.35 1.26 91.20 3.12 4.42

Softwood Kraft lignin is known to contain a small percentage of carbohydrates which are mainly
of sugars (1.98%) such as arabinan(0.26%), glucan (0.12%), galactan (0.76%), and xylan (0.84%)
(89, 151, 178). The composition of these sugars has been determined using high-performance
liquid chromatography (151, 309). With reference to Table 4.1, the Klason lignin, free of
impurities, cannot be dissolved in common organic solvents (acetone, ethanol, DMSO and DMF)
and it is primarily only used for quantification purposes (310). This solubility issue has been
attributed to the degradation of lignin caused by the use of concentrated inorganic acids used for
the hydrolysis of carbohydrates. In order to minimise the degradation of lignin caused by the

strength of the acid, and to remove the impurities, a series of experiments were designed to
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determine the relative pH values that could be used to “wash” lignin. The term washing is taken

to represent the number of times the lignin is treated with an acid at a particular pH.

The Taguchi method described in Section 3.4 was designed to determine the parameters such as
pH, lignin-to-acid ratio (g/ml), duration of the washing cycle and the number of cycles. The overall
aim of these Taguchi experiments was to minimise the ash content. An indication of the optimum
parameters to achieve the lowest ash content was determined by plotting the means and the
signal-to-noise ratio as shown in Figure 4.1(a and b). The mean effect plot shows the effect of the
parameters that were selected on the response and it identifies the dependant variables. Figure
4.1(a) illustrates that the pH (factor A) has a significant effect on lowering the ash content. The
number of cycles used for acid washing has a negligible effect on reducing the ash content. In
Figure 4.1(b), a higher signal-to-noise (S/N) ratio implies the parameters that will contribute to
obtain a low ash content. This indicates the significant parameters that can reduce the variability
with regard to acid washing experiment with a view to minimising the effect of uncontrollable
factors. In these analyses, the ‘smaller is better’ criterion is used. With reference to Figure 4.1(b),
pH 2 and pH 4 are seen to be the most significant contributors towards lowering the ash content.
The horizontal dotted line in Figure 4.1(b) represents the mean target for minimising the ash
content. This is seen by a higher difference in the variability between the data sets for a pH factor
to the mean target. Whereas, the other parameters such as the volume of acidified water-to-lignin
ratio (B), duration of mixing (C) and the number of cycles (D) have marginal or no significant effect

in minimising the ash content.
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Main Effects Plot for Means Main Effects Plot for SN ratios
(a) Data Means (b) Data Means
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Figure 4.1 (a-b)The Taguchi analysis of parameters involved with the plots for (a) means and (b)

S/N ratios for the performance measure.

4.2 ANOVA Analysis

The analysis of variance with the contribution each factor is tabulated in Table 4.2. The ANOVA
analysis uses a hypothesis test where the means are equal with a confidence level of 95% for each
interval. The F-value is a statistical term that represents the ratio of two variances. This value is
determined by the ratio of the means square to the variation within the samples (error mean
square) for each factor. The larger value represents a greater dispersion to the mean. On
inspecting Table 4.2, it is seen that factor-A (pH), due to its higher value, is responsible for the
variation from the mean. The p-value is used to justify the hypothesis test based on the
significance level. If the p-value for a specific factor is less than or equal to the significance level,
which is denoted by a = 0.05, then the null hypothesis is rejected. The p-value for factor-A is less
than 0.05, and this suggests it will have a significant contribution in reducing the ash content. The
percentage contribution for each factor is determined by the sum of square (SS) divided by the
total sum of squares. The percentage contribution confirms that the pH has an important role in

reducing the ash content.
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Table 4.2 ANOVA analysis of the ash content for as-received softwood Kraft lignin.

Factors DoF  Adjusted
Sum of

squares (SS)

A 2 0.030587
B 2 0.000360
C 2 0.002332
D 2 0.002986

Error 9 0.016271

Total 17 0.052537

Adjusted

Mean

value

square (MS)

0.015294

0.000180

0.001166

0.001493

0.001808

F-

8.46

0.10

0.64

0.83

P-

value

0.009

0.906

0.547

0.468

Significance = Percentage

contribution
High 58.22
No 0.69
No 4.44
No 5.68
30.97
100

The residuals plots shown in Figure 4.2 (a-d) illustrate the data distribution and its fitted linear

regression based on ANOVA. A residual is defined as the difference between an observed value

and its corresponding fitted value. The residuals can aid in determining the applicability of a

model to justify and explain the variations in the observed data. Figure 4.2 (a) shows that the

residuals have a normal distribution, and that regression is closely fitted with the majority of the

observed data. In Figure 4.2 (b), the histogram shows that the residuals are evenly distributed

through the range and are not skewed. The residual against fitted value and observation order

plots in Figure 4.2 (c and d) shows a pattern of distribution with a constant variance with some

outliers in the data set. The Figure 4.2 (d) also suggests that residuals are uncorrelated with each

other.
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Residual Plots for Ash Content
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Figure 4.2 (a-d) Residual plots for the ash content.

The ANOVA analysis using a Tukey confidence interval plot depicts the significant levels of a factor
as shown in Figure 4.3. The levels which do not share a zero value implies that the corresponding
means are significantly different. This indicates that pH 2 and 4 are similar and are the most
significant levels for reducing the ash content. Whereas the pH 2 and 6, and pH 4 and 6 are

significantly different. Hence, pH 6 has the lowest contribution in minimising the ash content.

Tukey Simultaneous 95% Cls
Differences for Ash Content
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If an interval does not contain zero, the corresponding means are significantly different.

Figure 4.3 Tukey confidence interval plot of pH factors.
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4.3 The Composition of the Ash in Softwood Kraft Lignin

Figure 4.4 shows the elemental composition of the ash from as-received BioChoice® lignin
obtained using SEM-EDS. The oxygen content is seen to be the highest and this is because lignin is
pyrolysed in air (as detailed in Section 3.6.4). This is in agreement that reported in literature (311,
312). The other elements that were detected in relatively higher concentrations were sodium and
sulphur with trace amounts of K, Si, Al, Mg, Fe, Ca, Mn, and P. The reasons for the presence of
inorganic elements in lignin was discussed in publications (311, 312) where it was reported that
the ash may be attributed to the presence of inorganic matter or procedures used during Kraft

pulping for the extraction of lignin.

45

40
35
30
25
20

Weight (%)

15

10

- - - - - e e em Em Em R e m Em Em e e e e,

Figure 4.4 The elemental composition of the ash in oxidised as-received lignin.

The physico-chemical properties of the as-received BioChoice® (softwood Kraft) lignin are
summarised in Table 4.3. The experimental procedure for determining the particle size
distribution, elemental composition and density were outlined in Section 3.6.1, 3.6.2 and 3.6.3
respectively. The particle size distribution of the lignin was measured to be in the range 0.03-158

um. The standard percentile, d=0.9, indicated that 90% of the lignin is below 52.5 pm. The
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elemental composition of the lignin was 65% of carbon which is typical for lignin (151, 313, 314).
The density for the lignin used in this study was 1.38 g/cm3 (313, 315). Relevant physico-chemical
data for softwood Kraft lignin are also included in Table 4.3. It is seen that data obtained in the

current study agreed with those reported in the literature (315, 316).

Table 4.3 Physico-chemical properties of as-received (BioChoice®) lignin.

Particle size distribution (um) Elemental composition Density
d(0.1) d(0.5) d(0.9) Size range C H S 0 kg/m3
(%) (%) (%) (%)

ARL 1.38 8.75 52.47 0.03-15849 64.60 5.73 140 28.30 1380

4.4 Analysis of Moisture Content in Lignin using DSC

With reference to the structure of lignin illustrated previously in Figure 2.3 (Section 2.2), it is
moisture sensitive due to the presence of polar functional groups and its amorphous nature (317).
A number of previous studies reported in the literature have commented on the effects of
moisture on the thermal properties of lignin. Most of these studies have tended to cite the Tgs for
the second scan of the DSC thermogram, ignoring the characteristics of the first scan (101, 318,
319). The following drying condition were investigated in this current study: (i) freeze drying in
liquid nitrogen; and (ii) vacuum drying at 80 °C for 6 hours. As presented previously in Table 4.1,
the moisture content in the as-received lignin was found to be approximately 28.3%. The DSC
traces for lignin are presented in Figure 4.5 (a-b) where (a) shows the first cooling scan of as-
received lignin (ARL), vacuum dried (Vac 80 °C) and freeze-dried lignin. In the ARL cooling scan,
three exothermic peaks are observed at -14.2 °C, -22.1 °C and -39.2 °C. An expanded view of the
peaks at -22.1 °C and -39.2 °C are shown in the insert. These peaks could be related to water
and/or the solvents and chemicals used during isolation of the commercially supplied (as-

received) lignin. Previously, three of forms of water have been reported in the ligno-cellulosic
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materials: freezing bound water, non-bound free-water and free-water (317, 320-322). The phase
change between -10 to -20 °C and -40 was attributed to the free-water and freezing bound water
respectively (322). Hatakeyama et al, (321) and Nakamura et al.,, (317) also reported the effects
of absorbed water in dioxane lignin and ligno-cellulosic materials relative to that of pure water.
They observed that the crystallisation cooling peak at approximately -40 °C in the first scan was
due to the freezing of bound water. The bound water was is strongly attracted to hydroxyl groups
of lignin via hydrogen bonding. However, it has been suggested that the phase change between -
10 to -20 °C may also be attributed to the freezing of bound water (322). Whereas for non-freezing
bound water which does not form ice upon cooling and hence no peak is detected in the DSC traces
(317, 321). The polar groups such as hydroxyl groups and carboxyl groups are responsible for the
attraction of water molecules. It is apparent in Figure 4.5 (a) that vacuum and freeze-dried lignin
does not show any freezing peak for water. Thus, it can be assumed that these drying procedures

remove the moisture or other volatiles chemical species.

The first heating scan for ARL is shown in Figure 4.5 (b) and it exhibits two peaks centred at
approximately 2.8 °C and 116.8 °C respectively. The peak at 2.80 °C is the melting endothermic
peak associated with the melting of free-water. This observation was also made by Hatakeyama
etal., and Nakamura et al, where endothermic peak corresponding to free-water is observed close

to 0 °C (317, 321).
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Figure 4.5 The first cooling and heating DSC thermograms for as-received lignin (ARL), vacuum

dried (Vac 80 °C) and freeze-dried lignin: (a) cooling; and (b) heating.
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The lignin being an amorphous polymer exhibits a distinct glass transition temperature (Tg). The
first heating scan with a broad endothermic peak of lignin and Ty is widely ignored in literature
(323). The reason for bypassing the first heating scan in literature is that it erases the influential
thermal history of the polymer in its glassy state (318, 324). It is also observed that the presence
of moisture in polymers can plasticise the material resulting in a reduced Tg. Thus, Ty is widely
reported and accepted for the second heating scan (323, 325, 326). This method however
presents a challenge and obstacle in determination of the initial state of the material, as lignin goes
through morphological changes during the first heating cycle (325). The broad endothermic peak
could be due to the evaporation of absorbed water or due to the presence of low molecular weight
volatiles in lignin including a possibility of cleavable sulphur (thiol groups) containing species
(318, 323, 325). In some cases, such as that for ARL as shown in Figure 4.5 (b), the broad
endothermic volatilisation hinders the clear visibility of the sigmoidal variation of heat capacity
making it difficult to determine the glass transition temperature in the first heating scan. The first
heating scan for freeze dried and vacuum dried lignin shows an endothermic peak and a clear Ty.
The reasons for the presence of endothermic peak centred at approximately 100 °C even after
drying could be due the evaporation of low-molecular weight volatiles and/or may be attributed
to the absorption of moisture during the storage of the sample or whilst preparing it for

characterisation.

The second cooling and heating scans are shown in Figure 4.6 (a-b). The crystallisation exothermic
peaks are not observed in ARL 2nd cooling scan suggesting that the water and/or other volatiles
have been removed. In Figure 4.6 (b), the calculation of the T, is illustrated for ARL where
intersection of two tangent lines are considered for the midpoint-based determination of the T,.
Figure 4.6 (b) shows the second heating scan for ARL where a distinct Tgat approximately 151 °C
is seen. This confirms that the sample was relatively free of volatiles and completely dry after the

first heating cycle where it was heated to 200 °C hence no endothermic peaks are observed.
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Figure 4.6 Second cooling and heating DSC thermograms for as-received lignin (ARL), vacuum

dried (Vac 80 °C) and freeze-dried lignin: (a) cooling; and (b) heating.

110



A summary of the DSC-1 data are presented in Table 4.4. The effectiveness of the drying
procedures on reducing the magnitude of the endothermic peak during the first heating scan, as
infered by the integration of the area under the peak gave a value of 487.8] g! for the heat of
vapourisation. The water content is found to be approximately 22 wt%. This was estimated by

dividing the intergrated area with the heat of vaporisation of water (2256.8 ] g'1).

Table 4.4 The enthalpy of vaporisation including the peak area (J/g) and the T; of as-received

lignin.
Samples Cooling Scan 1 Heating scan 1 Heating scan 2
Peak PeakArea | Peak Peak Glass Glass
(°Q) (/g (°Q) area transition transition
(/g temperature, | temperature,
Tg (°C) Tg (°C)
ARL -14.2 -40.3 2.8 36.4 120.1 153.4
-22.1 -1.13 116.8 487.8
-39.2 -7.12
Vacuum- - - 92.2 79.2 150.1 150.8
dried at 80
°Cfor 6
hours
Freeze-dried - - 100.8 85.4 152.8 150.5
lignin
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4.5 Moisture Sorption Characteristics of As-received (BioChoice®) Lignin

As-received lignin was dried at 80 °C for 6 hours in the DVS sample chamber as described in
Section 3.6.6. Figure 4.7 (a) shows the mass-loss during the drying cycle. A mass-loss of
approximately 21% was observed due to the moisture which correlates well with the mass-loss
observed by DSC. The moisture sorption and desorption isotherm curves relative to the change
in relative humidity (RH), at a constant temperature, are shown in Figure 4.7 (b). The sorption
curve initially shows a linear relationship in the moisture uptake from 20-50% RH. The actual
mechanism of water sorption is still not understood clearly. During the ingress of water vapor, the
water molecules are known to be attracted to sorption sites. As mentioned previously, the
hygroscopic nature of lignin is attributed to the presence of polar groups. The hygroscopicity is
related to the high affinity of binding sites, such as hydroxyl, carbonyl, carboxyl and sulfonic acid
groups, in forming hydrogen bonds with water molecules (320, 322, 327, 328). In particular,
hydroxyl groups (-OH) are claimed to be a significant contributor towards hygroscopic behaviour

(317,320, 324, 329).

The sudden upward trend could coincide with onset of clustering of water molecules (327, 330).
The moisture regain in lignin was found to be 11% at 95% humidity. With reference to Figure 4.7
(b), the water is diffused out at a slower rate in desorption isotherm resulting in a hysteresis. The
hysteresis is defined as the difference between desorption and sorption of equilibrium moisture
contents at the same humidity. The hysteresis is at a maximum level between 50-70 % RH. Above
70% RH, the sorption isotherm follows an upward trend. The desorption curves show the

retention of moisture even at zero relative humidity and at 25 °C.

Moisture can be absorbed by lignin during storage or processing. Water is also known to remain

in the polymer matrix even after drying at 100 °C (324). Therefore, lignin needs to be stored

appropriately to exclude moisture. Moreover, it can also absorb moisture from the atmosphere.
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Figure 4.7 Moisture uptake experiment for as-received lignin: (a) drying cycle at 80 °C for 6 hours;

and (b) followed by moisture sorption-desorption isotherm with respect to change in relative

humidity at 25 °C.
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4.6 Solvent Fractionation of Lignin

The effect of treating lignin with a range of solvents on the solubility, yield and ash content is
present in Table 4.5. Lignin dissolved completely in DMSO and DMF. It was found to be partially
soluble in acetone, ethanol and 1-propanol. The highest yield attained, when fractionating lignin
with these three solvents was with acetone. Approximately 56% was recovered as the soluble
fraction whilst 1-propanol had the lowest yield. This shows that the affinity between the polymer
and solvent not only depends on the solubility parameter but also on the chemical nature of the
solvent used. The chemical structure of acetone consists of ketone as a functional group whereas
the hydroxyl groups are found in ethanol and n-propanol. The only difference between n-
propanol and ethanol is that the n-propanol has an extended carbon chain and hence a lower
polarity compared to ethanol. As the structure of lignin consists of polar and non-polar functional
groups, the fractionated lignin yields suggest that it has better solubility in polar solvents as

compared to non-polar solvents.

As seen in Table 4.5, the ash content for the soluble fraction were in the range 0.1-0.12% whereas
that for the as-received lignin and acid-washed lignin were 1.24% and 0.34% respectively. This
shows that solvent fractionation can reduce the inorganic impurities as inferred by the ash
content in the soluble fractions. The ash content for the insoluble fraction was found to be higher
than that of as-received lignin. Hence, it can be concluded that the ash content can be effectively

reduced from lignin via solvent fractionation without the need for acid-washing.
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Table 4.5 Solubility and solvent fractionation yields with their respective ash contents for each

fraction.

Solvents Fractionation Yields Ash Content
(%) (%)

Soluble Fraction Insoluble Fraction

Dimethylsulfoxide (DMSO) Completely soluble - -
Dimethylformamide (DMF) Completely soluble - -

Fractionation Solvents

Acetone 56 0.10 2.17
Ethanol 38 0.11 1.99
1-propanol 29 0.12 3.03

4.7 Characterisation of Lignin using Gel Permeation Chromatography

The effect of solvent fraction on the molecular weight distribution of the fractionated samples
including the as-received material using size exclusion chromatography (SEC) is shown in Figure
4.8. The samples were dissolved in DMF containing NH4BF, in accordance with the sample
preparation method described in Section 3.6.7. The molecular weight distribution data for the
samples largely show a mono-modal distribution with minor shoulders appearing on left side of
the curve which is indicative of lower molecular weight fractions within the sample. Saito et al.,
(331) explained the differences observed in the molecular weight distribution of lignin when the
GPC analysis was carried out using neat DMF and DMF with a salt such as LiBr. Neat DMF showed
a bi-modal peak whilst DMF with LiBr showed a monomodal peak. This observation was
attributed to the heterogeneity in the structure of lignin. Neat DMF could also be responsible for
both single and aggregated lignin molecules which could result in a high M,,/M, ratio (PDI). The

weight average molecular weight (Mw), number average molecular weight (M,) and
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polydispersity index (PDI) which is the ratio of Mw/M, for each lignin fraction is calculated and

summarised in Table 4.6.
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Figure 4.8 Molecular weight distribution traces for as-received lignin: (a) soluble; and (b)

insoluble lignin fractions.
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The ARL has a molecular weight of approximately 7400 g/mol. The soluble fractions show a
narrower distribution with lower molecular weights and longer retention time compared to as-
received lignin (ARL). The molecular weight distribution for the soluble fractions was observed
in the order of n-PSL<ESL<ASL<ARL. The 1-PSL has the highest intensity with narrower
distribution among all the soluble fractions. This indicates that 1-propanol can extract a higher
ratio of lowest molecular weight components present in the parent lignin. These low molecular
weight fragments are generally comprised of oligomers and chain sections (101, 103, 332). Such
low molecular weight fragments are not produced as a result of fractionation but are generally
found in parent lignin and their concentration is seemed to be higher in lignin soluble fractions
(103). As the polarity of the solvent increases an increase in molecular weight of the soluble
fractions was observed. This suggests that more polar solvents like acetone and ethanol have
stronger ability in making hydrogen bonds with hydroxyl groups of lignin. Therefore, these
solvents tend to extract a larger amount of phenolic-lignin chains in higher proportion as
compared to other solvent upon solvent treatment (99, 101).

Table 4.6 Molecular weights of BioChoice® lignin samples.

Samples M. M, PDI
(g/mol) (g/mol) (Mw/Mn)
As-received lignin (ARL) 7367 3413 2.16
Acetone soluble lignin (ASL) 6700 3357 2.00
Acetone insoluble lignin residue (ALR) 17665 7499 2.36
Ethanol soluble lignin (ESL) 5370 3121 1.72
Ethanol insoluble lignin residue (ELR) 16203 5738 2.82
n-Propanol soluble lignin (1-PSL) 3848 2509 1.53
n-Propanol insoluble lignin residue (1-PLR) 19381 8560 2.26
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The insoluble fractions showed a broader distribution with significantly higher molecular
weights, shorter retention time and higher polydispersity as compared to as-received lignin. The
molecular weight distribution for the insoluble lignin fraction was observed in the order; n-
PLR>ELR>ALR>ARL. This trend for the insoluble fractions could be an indication that certain
solvents have difficulty in penetrating longer macromolecular chains of the bulky and branched
structure of lignin. This hindrance caused could be due to the limited hydrogen bonding and
intermolecular interaction between the solvent and the hydroxyl groups of macromolecule chains
which play an important role in the solubilisation of lignin (99, 101). The significantly higher
molecular weight for the lignin insoluble fractions may also be attributed to the formation of
aggregation, since it is known that aggregation can occur in lignin solutions (103, 332). The
mechanism proposed for the formation of aggregation is linked to the -7 stacking of aromatic
groups (333, 334). The n-PLR had the highest molecular weight of approximately 20000 g/mol.
Similar results were reported in the literature where the soluble fraction comprised of low
molecular weight whilst high molecular weights were obtained in the insoluble fractions (100,

101, 121, 332, 335, 336).
4.8 Differential Scanning Calorimetry of Fractionated Lignins

In order to study the effect of solvent treatments on the thermal properties of the fractionated
lignin samples, DSC experiments were performed on the soluble and insoluble lignin samples.
Three ramped heating experiments were performed on each sample in the temperature range,
20-250 °C. DSC trace for the first heating scan of fractionated lignin is shown in Figure 4.9 (a-b).
The first scan follows up the same trend as previously mentioned by exhibiting an endothermic
peak corresponding to evaporation of water or evaporation of solvents used for fractionation. This
endothermic peak is followed by the glass transition which is observed in each scan. In Figure 4.9
(a-b), the method for defining the Ty for the lignin samples in the first heating scan is illustrated
for ARL and 1-PLR. The intersection points of the tangent lines are considered for the onset and

end-set for the T, whilst the midpoint of the intersection is reported as the Tg. The same procedure
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is followed to determine the T of all the other sample. The soluble fractions exhibit a lower Ty and

the insoluble fractions show a higher Tgyin contrast to as-received lignin.
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Figure 4.9 DSC traces for first heating scan of as-received lignin: (a) soluble; and (b) insoluble

fractions using acetone, ethanol and 1-propanol.
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The DSC traces from the second heating scan for the ARL, soluble and insoluble lignin fractions is
shown in Figure 4.10. In the second heating scan, only the Ty is detected without the presence of
an endothermic peak suggesting that the sample is free of moisture and low-molecular weight
components. This is reasonable as in the first scan, the sample was heated to 250 °C. All the
solvent soluble lignin (ASL, ESL and 1-PSL) exhibit a lower T, when compared to the as-received

(ARL) lignin whilst insoluble lignin fractions exhibit higher Tygs.

The T, of lignin can be affected by various factor including the following: molecular weight (101,
108); thermal histories (337, 338); species (softwood, hardwood or agricultural residues) (220);
the existence of lower molecular weights contaminants including water /solvents (339, 340) and
chemical functional groups (122, 325, 341, 342). Hence, the typical value of T, for lignin is

generally found to be in the region between 140-180 °C (343-345).
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The second heating scan showed that the Ty of the as-received lignin, after heating to 250 °C in the
first scan, is approximately 155 °C. The glass transitions temperatures of fractionated lignin
consisting of soluble fractions in second heating scans are as follows:, acetone-soluble lignin (ASL)
showed the highest Ty of 146 °C; the T, for ethanol-soluble lignin (ESL) is around 134 °C whereas
the lowest Ty of approximately 122 °C was observed for the soluble lignin fraction with 1-

propanol (1-PSL).

The lignin residues (insoluble solvent fractions), ALR, ELR, and 1-PLR exhibit substantially higher
Tgs when compared to the as-received (ARL) lignin. The glass transitions temperature of the lignin
insoluble fractions are as follows: acetone lignin residue (ALR) exhibits the lowest Ty of all the
solvents involved ~181 °C; the T, for the ethanol lignin residue (ELR) is ~187 °C whilst the highest
Tg values were found for lignin insoluble fraction with 1-propanol (1-PLR) which is ~211 °C.

Generally, high T, values are expected of higher molecular weight fractions (101, 122, 346).

The Tgs for the lignin fractions including that of the as-received lignin obtained in the 3rd heating
scan are shown in Figure 4.11. There is gradual increase in the Tg for each sample after each
sequential heating. This shift in the T, after each scan could be due to the sequential heating of
lignin to 250 °C (T > Tg) causing a structural change and thus resulting in a higher Ty in the
subsequent scan. At temperature higher than the T, the molecular motion is restricted due to
thermally induced cross-linking and rigid groups in the macromolecular chains within the lignin
framework leading to an increase in the T, (347, 348). This structural change could be attributed
to a plausible non-reversible thermal event such as condensation reactions occurring between
160-250 °C causing an increase in molecular weight (325). This trend can be assigned due to
irreversible cross-linking via a free-radical cross coupling of lignin leading to a cross-linked
structure (286, 348). Thus through rearrangement/free-radical coupling, lignin forms new bonds

which can result in irreversible changes in the Ty (349-351). These results are found to be in
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accordance with the literature where GPC analysis was performed to determine the molecular

weight of the heat-treated samples (101, 103, 349).
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Figure 4.11 DSC traces for the 3rd heating scan of as-received lignin: (a) soluble; and (b) insoluble

fractions.
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The T, for the soluble and insoluble lignin fractions of lignin are summarised in Table 4.7. Figure
4.12 shows histogram plot for Ty variation between as-received, soluble and insoluble lignin
fractions. The observed trend in the glass transition temperature could be attributed to the lignin
fractions having different molecular weight distributions and this is in agreement with that
reported in the literature (101, 122, 346). It is also reported that the soluble fractions with lower
molecular weights and reduced T,s are attributed to the larger excess free-volume of chains-ends
(101, 103). This shows that solvent extraction represents an efficient and convenient way to
obtain low-molecular weight lignin with a low T without any chemical modifications of the as-

received (ARL) lignin.
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Table 4.7 The T, of as-received lignin and fractionated samples.

Samples Heating Scan 1 Heating Scan 2 Heating Scan 3
Peak Peakarea T, T, T,
Q) /8 Q) Q) Q)
ARL 88.8 161.0 153.6 154.7 156.6
ASL 71.1 35.9 115.2 146.7 154.4
ALR 86.1 43.4 158.5 181.2 186.9
ESL 81.3 271 112.5 134.2 140.0
ELR 106.5 54.5 176.1 187.3 190.9
1PSL 71.7 29.7 107.9 122.3 130.5
1PLR 89.2 49.4 176.1 210.8 216.1

4.9 The Effect of Molecular weight on the Glass Transition Temperature

The lignin being an amorphous polymer undergoes a transition from glassy to a rubbery state
upon heating passing at a particular temperature range. The temperature range where this
transition occurs is referred to as the T, The molecular chains of a polymer experience increased
segmental mobility at T, (352). As mentioned previously, the T, value can be influenced by several
factors including molecular weight of a polymer and the presence of moisture. The effect of
polymers molecular weight on T, can be described using the Fox-Flory as expressed in Equation

10:

T, =T, + Mi Equation 10

where T, refers to the glass transition temperature and M, is the number average molecular

weight of the polymer; T;’ refers to the glass transition temperature of polymer with infinite
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number-average molecular weight in which the effect of chain-ends is considered to be negligible;
and K is an empirical parameter that represents the free-volume in the polymer.

The Fox-Flory model exhibiting the dependence of the T on the molecular weight of soluble and
insoluble lignin fractions is shown in Figure 4.13. The experimental data for the Ty from each
heating scan is plotted against the reciprocal of number average molecular weight (M,). The data

are fitted with a linear regression equation.
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Figure 4.13 The application of the Fox-Flory model where the T, (reported for each heating scan)
is plotted against the reciprocal of number average of molecular weight (Mn) for the fractionated

lignin (soluble and insoluble lignin fractions) including the parent lignin.

The relationship between the molecular weight of lignin fractions and the glass transition
temperatures shows a better linear regression fit for the second and third heating scans when
compared to the first heating scan. This is because, as discussed previously, the Ty is influenced

by the presence of the endotherm and the difficulties in defining the baselines for determining the
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beginning and end of the endotherm for the determination of Tg. The presence of residual solvent
or low-molecular weight lignin chains, and their effect on the Ty was discussed previously. The
empirical constant K and T:; give an indication of the free-volume of chain-ends and the polymer
stiffness corresponding to the crosslink density (101, 318). The values for K was found to increase
after each successive heating scan (25.1, 27.9 and 28.7). The higher K values are taken to represent
higher stiffness due to an increased cross-link density in the polymer after each subsequent

heating scan.
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4.10 Thermogravimetric Analysis of Fractionated Lignins

TGA was used to study the mass-loss characteristics in the lignin sample as a function of
temperature in argon. The thermal decomposition of lignin is known to occur in different stages
over a broad temperature range of 160-900 °C (144, 353, 354). On the other hand, components in
wood such as cellulose and hemicellulose are known to degrade over 315-400 °C and 220-315 °C,

respectively (353, 354).

The mass-loss data (TGA) and its derivative (DTG) for as-received lignin is shown in Figure 4.14.
The mass-loss curve can be divided into three regions; in zone A (i) the mass-loss is likely to be

due to the loss of absorbed water as suggested by DSC and moisture adsorption isotherm results.

1007 —i 1/} -8

i : —TGA i

904 (i) (ii); iii) . — DTG 15

80 - ' 1

] 16
g 1 1, =
» 60 15 €
L 504 , : 4 =
4 y Max DTG 4 S
8 497 ' (vil) 13 ©
30 - s ©

20 - ]

1 11

ON;E'I'I'I':'I'I'O
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure 4.14 Mass loss (TGA) and DTG data for as-received lignin.

The initial mass loss of 2% in zone A: (i) may be linked to the moisture in the as-received lignin
(ARL) and this may also be due to the processing conditions used isolating the lignin from wood

(355). In zone A (ii) the 1% mass loss at approximately 150 °C, as the T is approached could be
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linked to the loss of chemisorbed and/or hydrogen bonded water (144, 355). In zone B (iii) at
approximately 160 °C may be attributed to the loss of low-molecular weight fragments from
lignin. Zone B (iv to vi) shows maximum mass loss around 25-30% and this occurs between 250-
500 °C. This region corresponds to the (e¢) maximum degradation (DTG max) as observed in the
first derivative of the TGA data. In this region, most of the degradation products and gases are
released. In zone C, the rate of mass loss slows down as only ~15% of the mass is lost between
500-885 °C. This could be attributed to the dehydrogenation (142, 144, 356) along with the
evolution of condensable (acetaldehyde and acetic acid) and non-condensable (CO and CO>) gases

and finally the gradual decomposition to yield char (128, 357).

The TGA and DTG traces for soluble and insoluble lignin fractions including that for as-received
lignin is shown in Figure 4.15 (a-b). The initial mass loss for the lignin fractions exhibit different
thermal stabilities for the solvents used in the fractionation of lignin. The TGA traces are relatively
stable until ~110 °C with minimal mass-loss due to the evaporation of absorbed water. Above this
temperature, the TGA curves for soluble and insoluble lignin fractions show significant mass-loss
which is also indicated by the DTG peaks between 100-150 °C. This mass loss could be due to the
evaporation of solvents trapped inside the samples after fractionation. The maximum degradation
(DTG) temperatures for the different lignin fractions is summarised in Table 4.8. The DTG traces
for the insoluble lignin fractions show that the peak mass-loss occurs between 700-800 °C. This
could be attributed to the presence of the high ash content in the insoluble lignin. The inorganic
impurities especially metal oxides (CaO, MgO) (358-361) and cations such as sodium (Na+*) and
calcium (Ca?*) can strongly affect the degradation of lignin (362, 363). The influence of metal
elements are linked to the enhancement in the catalyses of scission reactions and the accelerated

formation of gaseous products (358, 359, 362, 364).
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It is seen in Table 4.8 that the soluble fractions have a lower residue at 900 °C when compared to
the as-received lignin and insoluble fractions. The char content at 900 °C can be used as a
screening method to assess protentional precursors, including lignin, for the productions of
carbon fibre. It is important to control the amount of char residue which is highly influenced by
the heating rate and environmental conditions (355, 365, 366). For the soluble fractions, ASL has
the highest char content (35.9%) at 900 °C. This could be due to the ability of the solvent to extract
higher ratio of high molecular weight fractions within the parent lignin and thus resulting in
higher fractionation char yield in comparison to other solvents. In the case of the insoluble lignin
fractions, 1-PLR has the highest residue (42.4%) at 900 °C.

Table 4.8 Char content (%) at 900 °C including the peak mass-loss of lignin at specific

temperatures for as-received lignin including the soluble and insoluble lignin fraction.

Samples Char at 900 °C DTG max Mass loss of 50% at Temperature
(%) (°C) A
ARL 43.4 390.9 556.2
ASL 35.9 388.3 438.9
ALR 37.4 377.4 564.0
ESL 33.9 380.1 438.7
ELR 38.6 382.7 558.7
1-PSL 32.4 394.2 430.8
1-PLR 42.4 387.8 581.4

Some important observations can be made from the soluble fraction char yield at 900 °C as shown
in Figure 4.16 and from the data presented in Table 4.8. These observations are as follows: (i) the
soluble fractions exhibit a decrease in the char yield in the order: 1-PSL < ESL< ASL which
correlates well with their fractionation yields. (ii) In contrast, the insoluble lignin fractions show

an increase in char residue in the order: 1-PLR > ELR > ALR. (iii) The soluble lignin fractions have
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low thermal stability as indicated by their 50% mass-loss which occurs at temperatures much
lower than those of ARL. This indicates that the soluble fraction contains high proportions of low
molecular weight lignin chains which decompose at relatively low temperatures (103). These
points reaffirm the discussion in the earlier sections which stated that solvent such as 1-propanol
find it harder to penetrate the lignin structural framework. Thus, the insoluble fractions with
higher molecular weight and with potentially higher ratio of branched aromatic segments showed
higher char residue which decomposes slowly over a broader temperature range (101, 103). The
soluble fractions comprised of lower molecular weight fragments decompose at a relatively low
temperature and yield lower char residue. Therefore the 1-propanol insoluble lignin (1-PLR)
fraction has a higher residue (42.4 %) which is close to that in parent lignin (43.4 %). Its
counterpart, the soluble fraction, 1-PSL has a relatively lower char yield (32.4 %) which could be

attributed to its fractionation yield.
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Figure 4.16 Plot showing the char residue at 900 °C as function of the Mw for soluble lignin

fractions.
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4.11 Pyrolysis-Gas Chromatography-Mass Spectrometry

The chromatograms for pyrolysed lignin at 320 °C and 1000 °C are shown in Figure 4.17. The
pyrolytic lignin products depend on the composition and type of lignin, processing conditions
including heating rate, final temperature, residence time of the pyrolysis vapours and the particle
size (131, 144, 353, 354). The pyrolysed phenolic lignin products for ARL, ASL and ALR are
compiled in Table 4.9 with approximately 70% or above matching quality with mass spectral

reference fragments.
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Figure 4.17 PY-GC-MS chromatogram for as-received lignin (ARL) with acetone soluble (ASL) and

acetone insoluble (ALR) fractions pyrolysed at (a) 320 °C and (b) 1000 °C.
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The pyrolysis products for lignin shown in Table 4.9 are mostly depolymerised components
arising from the dominated G-lignin monomer unit. Dimeric and trimeric products from the
pyrolysis of lignin were also observed. These include retene, naphthalene, phenanthrene, stilbene
(trans), aliphatic acids such as hexadecanoic acid and octadecanoic acid, and resin acids such as
dehydroabietic acid with retention time ranging from 20-30 minutes (see the chemical
structures in Appendix C).

The pyrolysis products obtained are in good agreement with those reported in literature (100,
127,136, 139, 367-370). However, the as-received lignin (ARL) and the acetone lignin residues
(ARL) showed a trace of depolymerised cellulose, namely 1,6-anhydro-beta-D-glucopyranos also
known as Levoglucosan. It also suggests that upon fractionation, not only is the inorganic minerals
contributing to the ash content reduced, but it can also influence other impurities which can
reduce the cost of separation of products from waste streams in biorefineries. The ash content has
a major influence on the pyrolysis process. The higher ash content in ligno-cellulose materials can
catalyse the reactions resulting in the increased formation of water and gas (144, 354, 371, 372).
This in turn also adversely affects the char yield (312). The presence of metals such as potassium
in inorganic impurities has a strongest affect in catalysing the reaction. Therefore, it is detrimental
to the char yield including the product quality (371, 373).

As mentioned previously, softwood Kraft lignin is considered not suitable as a precursor for
carbon fibre due to the presence of impurities (89, 178, 187). However, Py-GC-MS, ash content
and UV/Visible spectroscopy results in Sections 4.6 and 4.14 shows that single-solvent

fractionation is a cost-effective and suitable treatment method to reduce impurities.
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Table 4.9 Main phenolic products from the pyrolysis of lignin at 320 °C and 1000 °C.

Retention Phenolic Compounds M+ Monomer Area Percentange
time type (%)
(minutes) (m/z) ARL ASL ALR
Pyrolysed to 320 °C
11.97 4-Methylguaiacol 138 G 04 06 -
13.18 4-Ethylguaicol 152 G 0.7 1.6 1.1
13.67 4-vinylguaiacol 150 G 04 05 0.5
14.37 Levoglucosan 162 2.7 - 7.1
14.73 2-Methoxy-1,4 benzenediol 140 G 1.0 1.3 1.3
14.84 Vanillin 152 G 06 06 1.1
15.43 Isoeugenol (trans)/4-propenylguaicol 163 G 0.7 05 1.0
15.59 4-propylguaiacol/ Dihydroeugenol 166 G 2.1 0.7 0.8
15.94 Acetovanillone/ Acetoguaiacone 166 G 1.0 1.0 4.8
16.47 Guaiacyl acetone 180 G 2.0 2.0 3.4
16.78 Vanillic acid 168 G 0.5 1.7 1.3
17.00 Eugenol 180 G 36 56 83
17.71 Homovanillic acid 182 G 55 0.7 7.8
17.83 4-hydroxy-3-methoxy-benzene 182 G 7.9 6.0 10.3
propanol
18.72 Methyl vanillate 196 G 1.8 1.7 1.9
18.81 Coniferyl aldehyde 178 G 34 1.9 4.8
19.71 3,5-Dimethoxy-4-methyl-benzoic acid 196 S 1.8 1.9 7.9
Pyrolysed to 1000 °C
8.69 Phenol 94 G 04 08 1.9
10.42 Guaiacol 124 G 08 05 05
11.91 Catechol 110 G 36 24 39
12.83 3-Methyl catechol 124 G 1.3 0.7 1.0
13.22 4-Methyl catechol 124 G 2.5 1.8 13.2
14.50 4-Ethyl catechol 138 G 09 07 24
14.84 Vanillin 152 G 0.7 0.5 1.0
15.43 4-Propenylguaiacol /Isoeugenol (trans) 164 G 1.1 2.1 0.91
15.94 Acetoguaiacone/Acetovanillone 166 G 1.3 1.1 21
16.47 Guaiacyl acetone 180 G 1.2 1.1 2.1
16.79 4-Hydroxy-3-methoxy-benzoic acid 168 G 0.9 0.7 0.3
17.08 Propiovanillone/Propioguaiacone 180 G 0.8 0.7 1.1
17.72 4-Hydroxy-3-methoxy-benzeneacetic 182 G 2.2 1.1 0.6
acid/ Homovanillic acid
17.83 4-hydroxy-3-methoxy-benzene 182 G 114 121 9.7
propanol
18.79 Coniferyl aldehyde 178 G 4.0 3.8 2.9
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4.12 Scanning Electron Microscopy

Image analysis was performed using a scanning electronic microscope (SEM) to investigate the

effect of solvent extraction on the morphology of lignin samples as shown in Figure 4.18 (a-h).
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Figure 4.18 Morphology of as-received (ARL), soluble and insoluble lignin fractions.
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The as-received lignin (ARL) appeared to have globular morphology with particle size between
~2-90 pum. The particles in ARL with different diameters are clustered to form agglomerates. The
arrangement of particles in such a fashion is also termed as ‘grape bunch’ (374, 375). The
distinguishable features are illustrated in the morphologies of soluble and insoluble lignin
fractions upon solvent treatment. The appearance of the soluble lignin fractions (ASL, ESL and 1-
PSL) resembles flaky structures whilst fused-particles are seen for insoluble lignin fractions (ALR,
ELR and 1-PLR). The concentration of large diameter particle is increased in the insoluble lignin
fraction. The most noticeable difference among the insoluble lignin fractions is that the 1-propanol
insoluble lignin (1-PLR) showed large spherical pores and air bubbles in relatively large sized
particles unlike acetone (ALR) and ethanol (ELR) insoluble lignin fractions. These results suggest
that the solvent fractionation does not only alters the physico-chemical composition, but it can

introduce significant changes to the morphology of the lignin particles.
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4.13 Fourier Transform Infrared Spectroscopy

The FTIR spectral characterisation was performed on the lignin samples including the solvent
soluble, insoluble and as-received lignin. According to the spectra presented in Figure 4.19, there
were no differences in the absorbance characteristics for the different lignin samples. This
indicates that the functional groups in the lignin samples were unaltered during fractionation. The
spectral assignments for the functional groups present in lignin are given in Table 4.10. These

correlate well with those reported in the literature (100, 101, 346, 376).
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Figure 4.19 FTIR spectra of as-received lignin: (a) solvent soluble, and (b) insoluble fractions.
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The lignin fractions including the as-received lignin exhibit a broad absorption peak centred
at ~3400 cm-! with a variable intensity which is assigned to the stretching vibration band of
hydroxyl groups (0-H). These are found commonly in aliphatic and phenolic moieties. The
triplet peaks in the region between 3050-2800 cm-! are features of typical C-H stretching
vibrations that are common to methyl (CH3) and methylene (=CH:) groups. The peak at
~1700 cm-! is assigned to the stretching vibration of carbonyl bonds (C=0) in conjugated
ketones, aldehydes and esters groups including carboxylic acids. The unconjugated carbonyl
bands show vibrations at higher wavenumber typically in the range 1710-1740 cm-t. The
region with medium to strong absorbance bands at wavenumber 1600 cm-! and 1500 cm-!
are representative of vibrations associated with aromatic skeleton (C=C-C) in lignin. The
peak at 1460 cm-! is attributed to the asymmetric C-H bending in the methyl and methylene

groups.

The characteristic peaks at 1270 cm! and 1218 cm! are indicative of Guaiacol (G-lignin)
moieties associated with the combination of C-O and C=0 vibrations with C-C, C-O and C=0
stretching vibrations, respectively. Interestingly, the absorption bands at 1700 cm-and 1270
cm-! are noticeably higher in the acetone soluble lignin (ASL) fraction as compared to the
parent lignin. This implies that the solvent treatment leads to an increase in the
concentration of C=0 groups or it may be attributed to the solvent used for fractionation. The
noticeable peak with weak absorption band at 1150 cm-! is assigned to C=0 deformation
corresponding to conjugated ester groups in G/S/H-type lignin units. This weak absorbance
band suggests that only a small concentration of the S and H lignin moieties are ascribed to
the as-received lignin. The distinctive bands at 855 cm-! and 816 cm-! are indicative of C-H
out of plane deformation typical to G-lignin units. The absence of the peak at 835 cm-!
accounts for the reduced concentration of S and H lignin units (377). The noticeable peak at

623 cm-! can be assigned to C-S bond arising from the Kraft process used to isolate lignin.
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Table 4.10 FTIR spectral assignments for specific functional groups for lignin samples compiled

from the reported literature (100, 101, 346, 376).

Wavelength Literature

(cm?)

3411

2936

1703

1597

1513

1463

1428

1365
1270

1218

1150

1082

1032

855
816

wavelength

(cm?)

3411-3390

3050-2800

1710-1700

1600-1500

1600-1500

1460-1450

1428-1420

1365-1370
1270-1260

1226-1216

1155

1085-1081

1035-1029

854-852
817-814

Signal

strength

Strong
Broad
Medium
Medium
Medium
Strong
Medium

Weak

Weak
Strong

Medium

Weak

Weak

Weak

Weak
Weak

Functional group assignments

0-H stretch, phenolic and aliphatic O-H group stretch

C-H stretch methyl and methylene groups, C-H
vibrations of methyl or methoxyl group

CO stretching (in conjugated aldehydes, ketones and
carboxylic acids)

Aromatic skeletal vibration

Aromatic skeletal vibration

Asymmetric bending C-H in plane deformation

of methyl, methylene and methoxyl (O-CH3) groups
Aromatic skeletal (ring) vibration combined with C-H in
plane deformation

C-H deformation in methyl, methoxyl (0-CHz) group
Aromatic ring (Guaiacyl moieties) breathing with CO
stretch

C-C, C-0 and CO of ester stretching vibrations

CO deformations in conjugated ester in G, S, H units of
lignin combined with aromatic C-H in plane
deformation

C-O deformation in secondary aliphatic alcohols and
aliphatic ether

C-O deformation in primary aliphatic alcohols
combined with aromatic C-H in plane deformation

C-H deformation out of the plane in G aromatic units

C-H deformation out of the plane in G aromatic units
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There are some hidden spectral features which can be seen upon the derivatisation of as-received

lignin. For example, after acetylation of lignin, the hydroxyl group of lignin at 3400 cm-

disappears. The appearance of carbonyl peaks can be used to determine the phenolic-to-aliphatic

hydroxyl group ratio. The carbonyl region of acetylated lignin (Ace-ARL) can be deconvoluted as

shown in Figure 4.20. These peaks are assigned as aromatic acetoxy carbonyl C=0 (peak) centred

at 1765 cm-! and the aliphati

¢ acetoxy carbonyl C=0 (peak) centred at 1743 cm-! (100, 378, 379).

The calculated phenolic-to-aliphatic hydroxyl ratio is 1.15 and it can be seen from the

deconvoluted spectra of the

carbonyl groups that the aromatic group has a higher absorbance

than aliphatic carbonyl group.
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(a) as-received lignin (ARL) and acetylated lignin (Ace-ARL); and (b)
for Ace-ARL sample.
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4.14 Ultraviolet/Visible Spectroscopy

Ultraviolet/visible spectroscopy has been used widely for the quantitative determination of acid
soluble lignin and semiquantitative analysis to establish the purity of lignin based on the Beer-
Lambert law (380-383). UV /visible absorption spectroscopy of lignin is also used to undertake
qualitative studies on aromatic structures, conjugated aliphatic bonds in side chain and carbonyl
groups for qualitative analysis (89, 380). The Beer-Lambert law was applied to obtain the
extinction coefficient (g) at a given wavelength (~280 nm) as listed in Section 3.6.11. Figure 4.21

(a-b) shows the UV /visible spectra of soluble and insoluble lignin fractions.
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Figure 4.21 UV /vis spectra of (a) soluble and (b) insoluble lignin fractions including as-received

lignin.
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The structural moieties of lignin give different absorption maxima and extinction coefficients. The
conjugated aromatic (non-condensed phenolic units) groups exhibit n-n* electronic transitions at
a given wavelength. For the G-lignin (guaiacyl) unit this transition occurs at ~280 nm and its
extinction coefficient is found to be three times higher than that of the S-lignin (syringyl) unit. In
the case of the S-lignin (syringyl) unit, this transition is seen at a lower wavelength due to the
additional substitution of the methoxyl (OMe) groups at the C-5 position; this shifts the absorption
maxima to between 270-273 nm (89, 101, 151, 384-386). Since softwood Kraft lignin is mainly

comprised of G-lignin units, the absorption maxima are observed at approximately 280 nm.

The absorption maximum at ~320 nm is ascribable to the n-n* electronic transition assigned to
the conjugated carbon (C=C) bonds (89, 383). Another absorption maximum for the lignin
samples is observed at 340 nm. This absorption corresponds to a-carbonyl groups and esters of
hydroxycinnamic acids (e.g., ferulic acid). The calculated maximum absorption coefficients at
given wavelength are shown in Table 4.11. The higher extinction coefficients are indicative of a
higher lignin content (385). All the soluble fractions specifically acetone soluble lignin fraction
(ASL) exhibit higher extinction coefficient in comparison to the as-received lignin (ARL). The
extinction coefficients for the insoluble lignin fractions are relatively similar or slightly lower as
compared to the parent lignin. The higher absorbance and extinction values for the soluble
fraction could be related to the lower concentration of impurities (89, 382, 383), this assumption
correlates well with the reduced ash content upon fractionation as shown in Table 4.5. This
provides further evidence to support the view that the solvent fractionation can be used to refine

and purify lignin before undertaking secondary operations such as fibre spinning.
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Table 4.11 Extinction coefficients for as received (BioChoice ® lignin) and fractionated lignin

samples at 280 nm.

Samples Extinction coefficient
(Igiem?)
ARL 27.5
ASL 36.1
ALR 25.5
ESL 30.8
ELR 28.5
1-PSL 29.7
1-PLR 26.9
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4.15 Proton Nuclear Magnetic Resonance Spectroscopy (1H NMR)

The H NMR spectrum for as-received lignin (ARL) is shown in Figure 4.22. The 1H NMR was
used to identify hydrogen-rich lignin moieties. The proton spectrum of lignin shows
extensive overlapping of hydrogen signals due to the high hydrogen content with influence
of cross-coupling, proton spin-spin splitting and numerous proton moieties at closely packed

chemical shifts within the lignin structure.
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Figure 4.22 1H NMR of as-received (ARL) lignin.

The main chemicals shift in the 'H NMR spectra for the ARL with the corresponding proton
assignments are illustrated in Figure 4.22 and Table 4.12 . The assignment of these chemical
shifts is based on the literature (89, 151, 163, 164, 174, 386, 387). The tetramethylsilane
(TMS) is used as an internal standard with signal at 0 ppm. The chemical shift between 0-2.5

is assigned to aliphatic and phenolic hydroxy group protons with some contribution from
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side chain and hydrocarbon contaminants. The signal at 1.9 ppm is attributed to C-Hg due to
secoisolariciresinols type moieties in the lignin (see the structure in Section 4.19). The signal
at 2.5 ppm corresponds to a solvent peak of DMSO with a characteristic quintet splitting as
showed in (ii) zoomed region of Figure 4.22. The signal at 3.4 ppm is ascribed to methoxy

(OCH3) groups with some overlapping signals of side chain.

Table 4.12 The assignments of chemical shifts in the 1H NMR spectra for as-received lignin (ARL).

Chemical shift, 6 Assignment of hydrogen-1 nuclei
(ppm)
0.0 Tetramethylsilane (TMS) internal standard
0.0-24 Hydrocarbon contaminants

Aliphatic and phenolic hydroxyl (OH) groups

2.5 Dimethylsulfoxide (DMSO) solvent peak
3.4-4.0 Methoxyl (OCH3) group
4.0-5.0 Aliphatics (Hy in several structures including in 3-0-4 and (-5), Hg

in 3-0-4, H of xylan residue (carbohydrates)

5.0-6.0 Hqin B-0-4, B-5 and -1

6.0-7.0 Aromatic protons in guaiacyl and syringyl ring

7.0-8.0 Stilbenes, aromatic protons ortho to carbonyl groups (C=0)

8.0-10.0 Aromatics and Aldehydes (Benzaldehydes and Cinnamaldehydes)
12.0 Carboxylic acids (hydroxycinnamic acids)

The chemical shifts in the region of 4.0-6.0 ppm are mainly attributable to the lignin linkages
including the aliphatic region. This includes Hy from 4.0-4.5 region in mainly -0-4 and -5
linkages that are present in the structure of resinol. The signal at 4.4 ppm is assigned to the

Hq of guaiacyl hydroxy acetic acid. The chemical shift at 4.6 ppm is assigned to Hg in -0-4
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linkages including CH; of cinnamyl alcohol. The chemical shift at 4.7 ppm is attributed Hq of
-B linkages in pinoresinols structures including CH: of cinnamyl alcohol. The chemical shift
at 4.8 ppm could be attributed to Hq of $-0-4 linkages to structure of arylgylcerol-B-aryl
ethers. The signal at 4.9 ppm is assigned to Hq of 3-0-4 linkage in dibenzodioxocin structure.
The chemical shift between 4.9-5.1 ppm could also be linked to carbohydrates proton
specifically of xylan residues. The signals at 5.4 ppm and 5.5 ppm are assigned to Hq of Bs
linkage including phenylcoumaran structures. The signal at 5.6-5.7 ppm is assigned to Hq of

aryl enol ethers.

The chemical shifts from 8.0-10.0 is attributable to aromatic hydrogens. The chemical shift
between 9.0-10.0 ppm is assigned to hydrogen corresponding to aldehydes structures
indicating the presence of benzaldehyde and cinnamaldehydes. The signal from 12.0-13.0 is
indicative of hydrogen contributing to existence of carboxylic acids within lignin structure.
These carboxylic acids could be derivates of hydroxycinnamic acid as indicated by the results

obtained using UV /Visible spectroscopy.
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4.16 Carbon Nuclear Magnetic Resonance Spectroscopy

13C NMR spectroscopy was used to identify and quantify certain carbon lignin moieties in as-
received lignin (ARL). The 13C NMR spectra showed better signal resolution upon the
derivatisation (acetylation) of lignin. The 13C NMR spectra for as-received lignin and its
acetylated counterpart (Ace-ARL) are shown in Figure 4.23. The 13C NMR spectra show lignin
signals over broad chemical shift range with no coupling effects but it still suffers from

overlapping of signals specifically in the lignin side chain and aromatic region.
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Figure 4.23 13C NMR of (a) as-received (ARL) and (b) acetylated lignin.

The spectrum for acetylated (Ace-ARL) lignin shows that upon derivatisation, it uncovers hidden
features such as hydroxyl groups; these can be assigned and used for the quantification of aliphatic
and phenolic hydroxyl (OH) groups. The assignments with integration of certain carbon moieties

in the structure of lignin are shown in Figure 4.23 and Table 4.13. The chemical shift at 20 ppm is
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attributed to the carbon in the methyl group (CH3) which is directly attached to the carbonyl of
the acetate group. The signal at 39.52 ppm corresponds to the solvent peak (DMSO). The chemical
shift at 56 ppm is ascribed to the methoxyl (OMe) peak. The chemical shifts from 60-102 ppm is
linked to aliphatic side chain including the signals corresponding to possible existence of low
traces of polysaccharides. The weak signal close to 60 ppm is associated with Y-CH; in aliphatic
side region of structures that are linked with carbohydrates including hexoses and xylan (174).
The chemical shift at 60 ppm could also be linked to the presence of coniferyl alcohol and
dihydroconiferyl alcohol (387). The signal at 79-80 ppm region is linked to Cg-(Hg) of
spirodienone structures in lignin (152). The chemical shift at 92 ppm corresponds to the internal
standard (1,3,5- trioxane) which can be used for the quantification of lignin carbon moieties.
There are signals with weak intensities between 102-98 ppm and this could be indicative of the
presence of carbohydrates. This correlates well with the composition of BioChoice® lignin.
Previously, researchers have reported the presence of small impurities of sugars in technical
lignins (151, 155). The chemical shifts between 102-160 ppm are attributed to aromatic carbon
moieties within the lignin structure. The characteristic peaks in acetylated lignin trace from 165-

172 ppm are assigned to hydroxyl groups in lignin.
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Table 4.13 Integration and assignment of 13C NMR chemical shifts for acetylated as-received

lignin (Ace-ALR).

Chemical Assignment Number of carbon atoms per
Shift, 8 (ppm) aromatic group
Ace-ARL

171.8-165.6 Total OH groups 1.29
171.8-169.6 Primary Aliphatic 0.34
169.6-168.9 Secondary Aliphatic 0.20
168.9-165.6 Phenolic 0.75
163.0-102.0 Aromatic carbons 6.12

90.0-58.5 Aliphatic carbon side chain 0.46

or C-0
58.0-54.0 Methoxyl (OMe) group 0.80

The most noticeable difference is in the ratio of hydroxyl groups in phenolic and aliphatic region.
This ratio correlates well with the FTIR spectroscopy results for acetylated lignin which also

shows high ratio of phenolic-to-aliphatic hydroxyl groups.

4.17 Derivation of the Empirical Formula for Lignin

The elemental analysis of as-received lignin (ARL) was used to derive the empirical formula for
lignin as shown in Table 4.14. The empirical formula was calculated based on Co lignin units which
means that lignin contains nine carbons per methoxylated phenylpropane lignin unit. The
methoxy content was determined through quantitative 13C per aromatic ring assuming that the
majority of the lignin units in softwood Kraft lignin are guaiacyl (G) lignin units. Therefore, one
methoxy group per Co lignin unit, as estimated through 13C NMR is 0.8. The empirical formula is

then calculated on the basis of each elemental atomic mass ratio and then eventually normalised
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to Co lignin unit. The double bond equivalence (DBE) was calculated according to the relation in

Equation 11;

(2a+2) -b

DBE = Equation 11

where “a” refers to carbon atom ratio and “b” corresponds to hydrogen atom ratio in the C9-
formula. The DBE value yields the number of double bonds and reveals the presence of aromatic
rings with the extent of interunit linkages in the lignin phenylpropanoid units. The DBE also refer
to the degree of unsaturation which in this case suggests that Kraft lignin contains a moderate
level of unsaturated bonds. The empirical formula for BioChoice ® lignin corresponds well with
that reported in the literature (316, 388-390). The small discrepancies in elemental composition
such as for hydrogen may be attributed to the presence of impurities such as polysaccharides.

Table 4.14 Empirical formula for Colignin unit derived from elemental composition and methoxyl

content as inferred via 13C NMR.

Element Average Atomic Mw OMe Empirical Formula M., per DBE
(Co) Co unit
(%) Mass ratio (g/mol)
(per
(M)
Co)
C 64.70 12.01 5.38 0.80 C9H9:550.070296(0OCH3)0s 192.17  4.85
H 5.73 1.01 5.67
S 1.40 32.06 0.044
0 28.30 15.99 1.77
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4.18 Phosphorous Nuclear Magnetic Resonance Spectroscopy (*'P NMR) of Lignin

31P NMR was used to quantify the OH moieties in the structure of lignin upon derivatisation via
phosphorylation. The advantage of using 3!P NMR is that it allows better spacing of the chemical
shifts for the quantification and identification of each of lignin-OH moiety including the lignin
monomeric units. The internal standard, N-hydroxy-5-norbornene-2,3-dicarboximide, was used
for the quantification of lignin moieties in as-received and fractionated lignin samples. The 31P

NMR spectra of ARL with specific lignin moieties is shown in Figure 4.24.

TMDP hydrolysis product

Internal standard with water (sample moisture)
Guaiacyl OH \\\\\\s
(G unit)

Condensed phenolic units
(C5 substituted)
/\

| I
Aliphatic OH

A Syringyl OH
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p-Hydroxypheny
(H unit)

1

Carboxylic acid
(COOH)

"

T
152 151 150 149 148 147 146 145 144 143 142 141 140 139 138 137 136 135 134 133 ppm

SO

Figure 4.24 31P NMR of as-received lignin (ARL).

The OH moieties of each lignin unit (G, H and S) including the carboxylic acid, aliphatic (OH) and
condensed phenolic units are labelled along with their respective chemical shifts (6) are shown in
Figure 4.24 and Table 4.15. The interunit ether linkages are not observed in the 31P NMR spectra.
The signal at 132.2 ppm is due the phosphorylating agent (TMDP) reacting with the moisture in
the sample. The lignin OH moieties in the 31P NMR spectra are in the range 134 -150 ppm. The

chemical shifts between 136.4-133.6 ppm are related to the carboxylic acids. The signal at 134.8
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ppm corresponds to the unconjugated carboxylic acids such as fatty acids. The signal at 135.06
ppm could be attributed to the conjugated carboxylic acids groups including benzoic acids or
hydroxycinnamic acids and the derivates such as p-coumaric acid, ferulic acids, sinapic acids and
vanillic acids (378). The chemical shift ranging from 138.5-137.6 ppm is ascribed to the presence
of H-lignin units. The chemical shift ranging from 140.5-138.6 ppm is attributed to G-lignin
moieties. The composition of H-lignin unit is reported to be comparatively low in-comparison to
the G-lignin units in softwood Kraft lignin (103, 156, 163). This is found to be the case in the 31P
NMR spectra for as-received lignin. The chemical shift between 139-138 is attributed to the
presence of catechol types structures (391). The peaks within 145.0-140.5 ppm are attributed to
condensed C-5 substituted phenolic units including S-lignin units with their methoxylated
substitution at the C-3 and C-5 positions. The peak signals with chemical shifts at 150.0-143.3
ppm and 151.9 ppm correspond to aliphatic hydroxyl groups and internal standard. In addition
to the aliphatic moieties in lignin, some impurities such as sugar containing hydroxyl groups can
also be derivatised upon phosphorylation and they exhibit signals in this chemical shift region

(165, 309).

The integration of the internal standard (IS), N-hydroxy-5-norbornene-2,3-dicarboximide, was
set at 1 because it has one hydroxyl group which was modified upon derivatisation. The
concentration of the specific hydroxyl lignin moiety was measured relative to the peak area of the
modified internal standard. The integration ranges with the associated peak assignments and the
content of OH groups, con (mmol/g in lignin) is listed in Table 4.15. These OH moieties were

calculated using the Equation 12 (165, 304, 309);

_ AC15V15P

CoH
Mismy,

Equation 12

where A is peak area of the certain lignin moiety to be determined, the peak for IS is set as 1, cis

refers to the concentration of the IS solution (21.5 mg/mL), V is volume of IS solution (0.1 mL), P
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is the purity of IS (0.97), Misthe molar mass of IS (179.19 g/mol) and my refers to the dried weight

of lignin used (40 mg).

Table 4.15 Hydroxyl group content for lignin (mmol/g) calculated from the 31P NMR spectra.

Chemical Assignment OH (mmol/g)
Shift, &
(ppm)
ARL ASL ALR ESL ELR 1PSL 1PLR

150.0-143.3 Total aliphatic 146 1.08 151 0.64 0.88 0.58 0.88
145.0-140.5 Condensed  phenolic 0.54 1.3 1.14 121 0.13 0.54 0.19
units
(C-5 substituted)
143.0-142.0 Syringyl (S) OH 0.07 026 0.27 0.04 0.02 0.06 0.01
140.5-138.6 Guaiacyl (G) OH 1.23 188 059 097 051 0.82 0.41
138.5-137.6 p-Hydroxyphenyl (H) 0.09 0.15 0.14 0.05 0.02 0.06 0.01
unit

136.4-133.6 Carboxylic acid (COOH) 0.52 0.61 0.37 0.25 0.13 0.34 0.07
- Total phenolic units 1.86 333 187 223 066 142 0.61

- Phenolic to aliphatic 1.27 3.08 1.15 339 0.75 245 0.69
ratio

The higher composition of phenolic units as comparted to the aliphatic groups in ARL correlates
well with the FTIR and 13C NMR results. The carboxylic acids content is found to be higher in
soluble fractions compared to the insoluble lignin fractions. This is in agreement with data
reported in the literature (102, 103, 332). The soluble fractions have noticeably higher
composition of phenolic units, particularly of the predominant softwood G-lignin (guaiacyl)
moieties, when compared to the insoluble lignin fractions. The composition of the G-lignin in the
lignin fractions is found to be an influential factor in the char content as indicated in Figure 4.25
(103). With reference to Table 4.8 and Table 4.15, the soluble fractions with a higher G-lignin unit
show a lower char content. This observed trend of decrease in the char content with increasing

concentration of G-lignin moieties could be attributed to the decomposition of the methoxyl group
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in G-lignin units at higher temperatures (144, 146). The decomposition process is said to yield
catechol-type structures and this assumption is supported by the Py-GC-MS results discussed in
Section 4.11 (392). It is evident through the Py-GC-MS results that the methoxylated G-lignin
moieties start to decompose at high temperatures to yield phenolic and catechol-type structures
(144, 146). Conversely, the insoluble lignin fractions possess a low concentration of G-lignin
moieties, yet, they exhibit a higher char content as shown in Figure 4.25. This suggests that the
higher number of G-lignin moieties are more susceptible to thermal devolatisation at high

temperatures during heat-treatment (103).

The hydroxyl groups represent an important functional groups within the lignin structure (393).
The hydroxyl content in lignin is thought to contribute to its reactivity and affects its physical
properties, including the T4 (349, 394, 395). Soluble lignin fractions have a low concentration of
aliphatic hydroxyl groups in comparison with the insoluble lignin fractions as seen in Table 4.15.
The reduction in aliphatic hydroxyl groups and increase in phenolic hydroxyl groups correlates
with data presented in the literature (102, 103, 332, 396). Conversely, Passoni et al., reported a
high aliphatic hydroxyl group and low phenolic hydroxyl groups in the soluble fraction (101).
However, as in the current study, the decreased aliphatic hydroxyl groups in the soluble fractions
could aid in reducing the intermolecular hydrogen bonding interactions (103, 348). This in turn
could increase molecular motion leading to a lower T, systems (103, 347). It is also reported that
the introduction of Cy-hydroxyl groups in the aliphatic side chain significantly increases the T, of
lignin (397). Therefore, the insoluble fractions and as-received lignin show higher aliphatic
hydroxyl groups with increased Tgs in comparison to soluble fractions. This implies that the
functional groups in lignin and their composition play a critical role in its thermal properties and

its viability to act as a potential precursor for the production of carbon fibre (186).
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Figure 4.25 Plot the guaiacyl (G) lignin moieties concentration against the char content for the
soluble and insoluble lignin fractions. The linear regression equations have been included for the

two classes of materials.
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4.19 Structural Evaluation of Lignin

The chemical structures for softwood Kraft lignin (ARL) are shown in Figure 4.26. These lignin
moieties are confirmed through Py-GC-MS analysis and some of the structural features were
also be detected through 31P NMR, 'H NMR and UV/Vis spectroscopy in the current study. For
example, the catechol structures which are noticeable though Py-GC-MS analysis are also
detected via 31P NMR spectroscopy. Similarly, stilbene is detected by Py-GC-MS was also
observed as small peaks using 'H NMR spectroscopy. The presence of vanillic acid is seen
clearly in the Py-GC-MS data and also by UV/Vis and 31P NMR analysis. The presence of trace
concentrations of hydroxycinnamic acids derivatives was also observed using these

analytical techniques.

HO

X _~CHz
(((Q\O/Q/\/ OMe OMe OH
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Figure 4.26 The structural components of lignin moieties as identified by PY-GC-MS, 31P NMR, 1H

NMR and UV/Vis.
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The structural elucidation of macro-molecules like lignin using 1D-nuclear magnetic
spectroscopic resonance analysis is difficult due to the aforementioned reasons of cross-
coupling, overlapping of signals at short chemical shift range and proton splitting. 2D-NMR
techniques are employed to overcome these challenges of signal assignment for the specific
lignin moieties specifically for lignin interunit linkages and side chain. The structure of the
moieties in lignin shown in Figure 4.27 were compiled from the literature using 1H NMR and 13C
NMR in relation to the 2-D NMR used for structural elucidation (151, 152, 163, 164, 174, 386,

387).
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Figure 4.27 The structural moieties in lignin compiled from the literature where 'H NMR and 13C

NMR in relation with 2-D NMR was used (151, 152, 163, 164, 174, 386, 387).
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The assignment of the structural moieties in lignin is presented in Figure 4.27 which also indicates
the presence of dominant (3-0-4 linkages in softwood Kraft lignin. The presence of carbohydrates
(sugars) was confirmed in the earlier sections and their possible structural configuration with

benzol enol ether is ascribed according to the data reported in the literature (163).

The structural features of the monomeric units in lignin including derivatives of hydroxycinnamic
acid and C-5 substituted condensed structures are shown in Figure 4.28. These were largely
identified by 31P NMR. The presence of carboxylic structural moieties was also detected using 13C
NMR, tH NMR and UV/Vis spectroscopy. The monomeric structural units of lignin (S, G and H-
lignin units) exhibit distinctive peaks in the 3P NMR spectra along with the presence of
hydroxycinnamic acid derivatives and C-5 structure condensed structures. The 13C NMR spectra
shows the presence of G-lignin and H-lignin units. UV /Vis spectroscopy clearly indicates the
presence of G-lignin moieties and hydroxycinnamic acid derivatives. The G-lignin and S-lignin
units are characteristics peaks which originate from the depolymerised of lignin during pyrolysis

as observed in the Py-GC-MS results.
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Figure 4.28 The structural moieties in the lignin as identified by 3P NMR spectroscopy including

13CNMR, tH NMR and UV/Vis.
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4.20 Summary

The findings reported in this chapter signifies that the pre-treatment of lignin using acid
washing and solvent fractionation can reduce the inorganic content. The influence of solvents
fractionation on the thermal and structural properties of lignin were also discussed. The
soluble fractions were found to exhibit lower molecular weight distributions with a lower T
(122-146 °C) and reduced char content (32-36%) when compared to the insoluble fractions
where the Tgs and char content were in the range 181-210 °C and 37-42% respectively. The
soluble fractions tend to have higher phenolic-to-aliphatic lignin moieties where the
concentrations of G-lignin units were prominent. The structural characteristics of as-
received lignin revealed the presence of impurities such as polysaccharides which could be
separated upon solvent fractionation. The conclusions reached in this chapter were
instrumental in developing the processing conditions for electro-spinning and carbonising

lignin fibres. Aspects of electro-spinning and carbonisation are discussed in Chapter 5.
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Chapter 5 Electro-spinning and Carbonisation of Lignin Fibres

5.1 Optimising the Electro-spinning Parameters

The electro-spinning of a polymer solution, the resulting fibre morphology and the diameter are
greatly influenced by a number of process parameters. For example, molecular weight of the
polymer, viscosity of the solution, concentration, volatility of solvents/solution, electrical
conductivity and surface tension. Electro-spinning parameter include the applied voltage,
spinneret/needle diameter, distance between the spinneret and the collector and the flow rate of
the polymer solution in conjunction with the ambient temperature and humidity (67, 254, 255,
258-260, 398, 399). A detailed insight into the electro-spinning processing conditions is presented
in the literature review (Section 2.6). In order to facilitate the electro-spinning of lignin solutions,
a host of polymer additives or polymer blends have been used with lignin (67, 182-184, 270, 271,
273,276, 281, 285). Low molecular-weight additives act as plasticiser and high molecular-weight
polymer blends aid in controlling the elasticity of the polymeric solution during electro-spinning

(67,277,399, 400).

In the current research, a novel approach was adopted for electro-spinning lignin without the use
of any synthetic polymer solutions. Instead, solvent-soluble fractions of lignin with different
molecular weights were utilised for electro-spinning. A combination of high and low-molecular
weight components of the soluble lignin fraction was used. In other words, an acetone-soluble
fraction (ASL) and ethanol-soluble fraction (ESL) were solvent-blended with a composition of
95% ASL and 5% ESL (95 ASL-5 ESL) in an acetone/DMSO binary solvent. In order to identify the
optimum conditions for electro-spinning, the concentration of the lignin solutions was varied as
summarised in Table 5.1. The viscosity and electrical conductivity of different lignin solution
concentrations (95AFL-5ESL) are also compiled in Table 5.1. The viscosity and electrical

conductivity of the solution was observed to increase with the total concentration of the polymer.
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Table 5.1 The viscosity and electrical conductivity of the concentrations of lignin solutions (ASL-

ESL) used in the electrospinning experiments.

Experiment Total polymer concentration  Viscosity Electrical conductivity

number (wt%) (Pa.s) (Sm-1) x 104
1 48.2 (2.5gin3ml) 0.17 1.71
2 50.4 (2.5gin 2.75 ml) 0.22 1.97
3 52.8 (2.5 gin 2.5 ml) 0.42 2.46
4 55.4 (2.5 gin 2.25 ml) 1.13 3.31

The results presented in Figure 5.1 indicate that the solution concentration is an influential
parameter in controlling the fibre morphology. The SEM micrographs for experiment 1 and 2 are
listed as (a-b) and (c-d), respectively in Figure 5.1 (a-d). It was observed that in experiments 1
and 2, non-continuous fibres were produced. This was mainly attributed to the low viscosity of
the polymer solution which caused an intermittent spraying of the solution alongside with the
production of fibres during electro-spinning. Figure 5.1 (a-b) also show the effect of low polymer
concentration on the fibre morphology where large patches of solvent are observed along with
beaded electro-spun fibres. Figure 5.1 (c-d) shows SEM micrographs of the beaded fibre
morphology with considerably fewer solvent patches; this correspond to an increase in the
polymer concentration. It was reported that viscoelastic property and the surface tension of the

solution are the main factors responsible for the formation of beaded lignin fibres (277, 401).

Continuous fibre production was observed in the case of experiments 3 and 4 during electro-
spinning where the polymer solution concentrations were 52.8% and 55.4 respectively. Figure
5.1(e-f) shows the fibre morphology resulting from experiment 3 where a smooth surface is seen
with a relatively circular fibre cross-section. The diameter of the electro-spun fibre was in the

range of 1-2 pm. Increasing the concentration of the polymer solution from 52.8% to 55.4%
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resulted in a much higher viscosity which in turn lead to fibre fusion as shown in Figure 5.1 (g-h).
This may be attributed to incomplete solvent evaporation from their fibre core or the formation
of a skin at the fibre surface (401). The fibre diameter distribution and mean fibre diameter was

also seen to increase with an increasing concentration from 52.8% to 55.4%.
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Figure 5.1 (a-g) SEM micrographs of electro-spun lignin fibres: (a-b) shows solvent rich
morphology for experiment 1 (Table 5.1) with the lowest polymer concentration; (c-d) shows
morphology of beaded-fibres emanating from experiment 2; (e-f) shows smooth and circular fibre
morphology and this corresponds to experiment 3 with a viscosity of 0.42 Pa.s; and (c-d) shows

morphology of fused fibres from experiment 4.
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On inspecting Figure 5.1 (e-f) and Figure 5.2 (a-f), these suggest that a concentration of 52.8 wt%
(experiment 3) produces fibres with smooth, circular and void-free morphology. This conclusion
was reached after inspecting the surface and transverse sections of several individual SEM
micrographs. Transverse sections of the fibres electro-spun from the 52.8 wt% total polymer
concentration are shown in Figure 5.2 (a-f). With reference to the transverse sections, the
maximum and minimum lengths of the cross-section were measured, and the data suggests that

the majority of the fibres are circular.

In the above-mentioned experiments, the fibres were spun on to a flat plate collector and a
schematic illustration of electro-spinning setup was shown in Section 3.7.3. A macroscopic image
of the deposition area of the electro-spun lignin is shown in Figure 5.2 where the distance between
the tip of the needle and the ground collector plate was 12 cm, and the applied voltage was 12 kV.
The pale brownish fibres were deposited over a diameter of 3-4 cm. The fibres within this area
were orientated randomly. Figure 5.2 (b-f) show representative micrographs for the 52.8% total
polymer concentration where the fibres are unfused and orientated randomly. Figure 5.2 (e-f)
shows high-magnification SEM micrographs for the transverse section where it can be seen the

fibres void-free and with a smooth surface.
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Figure 5.2 (a-f) Electro-spun lignin fibres using 95ASL-5ESL in acetone/DMSO: (a) macroscopic
appearance of the deposition area (randomly oriented fibres); and (b-f) magnified SEM

micrograph of fibres produced using the 52.8 wt% total polymer solution concentration.
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The electro-spinning setup for obtaining unidirectional alignment of the fibres was illustrated in
Section 3.7.3 where a modified parallel-edged electrode method was used. A macroscopic image
of the parallel-edge electrode setup showing the aligned fibres is shown in Figure 5.3 (a). In
contrast to Figure 5.2 (a) the fibres appear parallel. It is clear from Figure 5.3 (a) that there is
considerable fibre deposition around the electrode and the top of graphite surface. This implies
that the whipping of the polymer jet during electro-spinning results in significant deposition of
the nano-fibres at the electrodes with intermittent deposition between the electrodes. Although
this observation needs further investigation, it was not possible to pursue this in the current

study.
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Figure 5.3 (a-d) Modified (a) parallel plate collector for alignment with SEM images (b) x500, (c)

x2500 and (d) x5000 magnifications.

167



Higher magnification images of the electro-spun fibres from Figure 5.3 (a) are presented in Figure
5.3 (b-d). Figure 5.3 (b) indicates that the fibres are aligned within 0-10 degrees. The distribution
of orientation for aligned electro-spun fibre is shown in Figure 5.4. On inspecting Figure 5.3 (b)
there is a fair volume of meandering fibres in the plane of the paper and in the through-thickness
directions. This is probably due to the nature of the whipping action within and between the two
graphite electrodes. Nevertheless, the micrographs shown in Figure 5.3 (c-d) shown that fibres

diameters are in the range 0.9-1.6 pm and that the fibres are not fused.
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Figure 5.4 Orientation of the aligned 95ASL-5ESL electro-spun lignin fibres.
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The DSC traces for the as-spun ASL-ESL lignin fibre and those dried in a vacuum oven at 140 °C
for 6 hours are shown in Figure 5.5 (a-b). With reference to Figure 5.5 (a), the first heating scan
shows a broad endothermic peak which could be due to the evaporation of solvents used for
blending (acetone/DMSO0) and absorbed moisture from the atmosphere or due to the presence of
low-molecular weight volatiles in the lignin (318, 323, 325). The endothermic peak area in first
heating of as-spun fibre was 58.5 ] /g which was reduced to 23.8 ] /g upon drying under vacuum at
140 °C for 6 hours. The presence of endothermic peak as shown in Figure 5.5 (b) for vacuum dried
lignin fibre even after dying at 140 °C could be attributed the residual solvent (DMSO) which has
a boiling point of approximately 189 °C or may be due to absorbed moisture. The noise on the first
heating scan for vacuum-dried lignin could be due to the fact that the holes on crimped DSC top-
lid may have been blocked and this may have resulted in movement in the sample holder when
the trapped gases escaped. In Figure 5.5 (a), heating scan 2 shows a single Ty which is indicative
of a miscible polymer blend of 95ASL-5ESL (37, 186). In general, the glass transition of a fully-
miscible blend is dependent on the composition of each material present in the binary blend. The
glass transition temperatures for as-spun fibre in the 1st, 2nd and 3rd heating scans are 118.5 °C,
156 °C and 162.4 °C respectively. The glass transition temperature of the vacuum dried lignin
fibres in 1st,2nd and 3rd heating scans are 132.7 °C, 152.4 °C and 157.7 °C respectively. The ASL-
ESL electro-spun lignin fibre dried under vacuum at 140 °C for 6 hours were analysed by SEM to

observe the morphology.
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Figure 5.5 (a-b) DSC traces for electro-spun ASL-ESL lignin fibres: (a) as-spun, and (b) vacuum

dried at 140 °C.
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Figure 5.6 (a-b) shows SEM micrographs for vacuum-dried electro-spun ASL-ESL lignin fibre. The
SEM micrographs showed an unfused and circular fibre morphology. The diameter distribution of
the vacuum-dried fibres is in the range of 0.6-2.8 um. This indicates that drying lignin fibre in
vacuum oven at 140 °C have no effect on the fibre diameter. The histogram plots for fibre diameter
distribution are discussed in Section 5.3.1. Figure 5.6 (a-b) suggests that ASL-ESL lignin fibres
dried close to the glass transition temperature in a vacuum oven, could maintained their form and
shape. This preliminary result gave a good starting point for drying electro-spun lignin fibres

under vacuum prior to thermo-stabilisation and carbonisation. However, this assumption was

investigated in detail in the Section 5.2.

HMMD10.0 x1.0k 100 um HMMD10.0 x1.5k 50 um

Figure 5.6 (a-b) SEM micrographs of electro-spun ASL-ESL lignin fibres that were dried under

vacuum at 140 °C for 6 hours.
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5.2 Thermo-stabilisation of BioChoice® Electro-Spun Lignin (95ASL-5ESL) Fibres

The electro-spun fibres contain solvents (acetone/DMSO) that needed to be removed and dried
prior to thermal stabilisation in air. In order to investigate the conditions for the initial drying
procedure and its effect on the fibre morphology, the electro-spun lignin fibres were dried in a
vacuum oven at 100 °C, 120 °C, 140 °C, 160 °C, 180 °C and 200 °C for 6 hours. The solvent system
used in the electro-spinning experiments was acetone and DMSO and the relevant properties for
these solvents were presented in Section 2.4 (Table 2.4) including their boiling points. The
selected drying temperatures lie below and above T, of the ASL-ESL fibre (see DSC traces in Figure

5.5).

The experiments in the following section were carried out using the ASL-ESL lignin in
acetone/DMSO. The total polymer concentration was 52.8%. The macroscopic appearance of the
as-spun was shown previously in Figure 5.2 (a-f). The effect of the initial drying temperature on
the macroscopic morphology of the electro-spun fibre are presented in two sets; namely, Figure

5.7 (a-f) and Figure 5.8 (a-f).

Figure 5.7 (a-f) represent micrographs of the electro-spun fibres after treatment in the vacuum
ovenat 100 °C, 120 °Cand 140 °C for 6 hours. On comparing the morphology of the as-spun (Figure
5.2 a-f) and the fibres shown in Figure 5.7 (a-f), no prominent differences were observed visually.
[t can be concluded that for the initial drying at 100 °C, 120 °C and 140 °C for 6 hours, the observed
changes in the morphology and diameter distribution was not obvious. This is possibly because

the boiling point of DMSO is 189 °C. There was no obvious evidence to indicate fibre fusion.
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Figure 5.7 (a-f) Micrographs showing the macroscopic morphology of the electro-spun ASL-ESL
lignin fibre where the initial drying was carried out in a vacuum oven at: (a-b) 100 °C; (c-d) 120

°C; and (e-f) 140 °C respectively.
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The electro-spun fibres dried at 160 °C, 180 °C and 200 °C show a distinct change in fibre
morphology as shown in Figure 5.8 (a-f) where significant fibre fusion is observed at 160 °C and
180 °C (see Figure 5.8 (a-b and c-d)). However, as seen in Figure 5.8 (e-f), on when the electro-

spun fibres were treated at 200 °C, the fibres were fused completely.
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Figure 5.8 (a-f) Micrographs of electro-spun lignin fibres (95 ASL-5 ESL)- that were subjected to

drying in a vacuum oven for 6 hours at: (a-b) 160 °C; (c-d) 180 °C; and (e-f) 200 °C respectively.

In the context of fibre formation and the conversion of lignin fibres to graphitic reinforcements,
fibre fusion is an undesirable feature. Fibre fusion can be brought about by a number of factors

including the following:
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(D)

(i)

Solvent-rich preforms: Solution-based electro-spinning dictates the need for a solvent. If
during electrospinning, the solvent is incapable of evaporating from the jet, the formation of
“skin” on the fibre will not be possible. In the current case, acetone/DMSO was used and it is
reasonable to assume that some of the acetone would have evaporated partially before the
fibre is deposited on the ground collector-plate. This can account for the circular and unfused
profile of the as-spun (ASL-ESL) lignin fibre. However, DMSO has a boiling point of 189 °C and
since the polymer content is approximately 52.8%, a significant volume of the DMSO is likely
to be retained in the fibre. This may lead to the sagging of the fibres as function of storage
time, fibre diameter (weight of the fibre resting on the substrate) and temperature. If a skin
is present on the fibre and depending on its thickness, the retention of the shape of the fibre
is likely. It is not known if the surface energy of the substrate (aluminium foil in the current
case) can have an influence on the sagging or spreading of a solvent-rich fibre. In other word,
further studies should be undertaken on if storing the preforms on a low surface energy
substrate would be advantageous.

The heating rate and the environment: When dealing with solvent-rich fibres, rapid heating
can lead to collapse of the fibres and fusion. It can also result in void formation and disruption
of the smooth surface texture. Although a relatively slow heating is preferred to enable the
controlled evaporation of the solvent, it may not be practical or economical. It has been
reported that a slow heating rate of approximately 0.06-2 °C/minute should be adopted to
avoid fibre fusion (186, 222). The effect of heating rate on the glass transition and fibre
morphology was discussed in Sections 2.6.1.1 and 2.6.1.3. With reference to the environment
and heating to remove the solvents, it is proposed that the environment (vacuum, air, inert
gas) can lead to different outcomes with regard to the fibre morphology and the retention of
its circular cross-section. In the case of heating under a vacuum, the rate of application of the
vacuum can have an effect. A rapid evacuation of the chamber can cause the fibres to sag if

the solvent is volatilised rapidly. It can also create porosity in the fibres. Heating the as-spun
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fibre in air or an inert gas can have consequences with regard to the fibre morphology. It is
proposed that if the environment (air or an inert gas) can assist the heat transfer rate (a
function of the thermal conductivity of the gas), it will assist in the growth of the skin-layer,
then the extent of fibre fusion can be minimised. This aspect is discussed in detail in the next

section.

(iii) Inter-related parameters: In general, the heating rate and the rate of evacuation of the

(iv)

chamber of the vacuum oven are interrelated and so are the other parameters mentioned
above. The parameters that are used for electro-spinning can also have a major influence on
the fusion of fibres. For example, the temperature of the chamber, the relative humidity, the
polymer concentration at the tip of the needle as a function of the electro-spinning time, the
distance between the tip of the needle and the ground collector-plate, air turbulence, etc can
contribute to the nature of the surface morphology and the properties and the solvent
concentration in the fibres. Hence, it is difficult to attribute any parameter to the occurrence
of fusion in electro-spun fibres because a number of the parameter are interrelated. Aspects
relating to the surface energy and surface tension of the polymer/solvent system also need
to be considered.

The glass transition temperature: The increase in the specific volume as polymer approaches
and passes the Ty is a well-known phenomenon. Therefore, this volumetric expansion can
lead to the fusion of fibres for a number of reasons, especially at cross-over points or where
there is fibre-to-fibre contact. The increased segmental mobility in the fibre can enable inter-
diffusion at the fibre-to-fibre contact points. This is readily apparent on inspecting Figure 5.8
(a-b, c-d and e-f) where increasing the initial drying temperature above 140 °C resulted in
significant fibre fusion up to 180 °C and total fusion of the electro-spun fibres at 200 °C. This
inter-diffusion will be influenced by the volume of solvent within the fibres and the T, of the
polymer, at the corresponding concentration of the solvent; the T, will increase as the

solvents are removed. The thickness of the skin of the fibres in this instance may not be a
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factor because as the temperature is increased, the fibres will be dissolved by the solvent,
primarily DMSO in this instance as the acetone would have evaporated. On the other hand, if
the integrity and thickness of the skin on the fibre can be retained or increased as a function
of temperature, for example by a cross-linking mechanism, then the probability of the circular
cross-section of the fibres being retained is high.
The relative fibres diameter for heat treatments between 100 °C, 120 °C and 140 °C showed a
negligible change in fibre diameter distribution. It can be seen that for the lignin fibres that were
dried at 140 °C in the vacuum oven, showed no obvious change in fibre morphology. Therefore,

140 °C was chosen for drying the as-spun lignin fibre prior to thermo-stabilisation.

The thermo-stabilisation of pre-dried lignin fibres at 140 °C was investigated at 150 °C, 180 °C,
200 °C, 220 °C and 250 °C using compressed air or moisture-free nitrogen gas. These experiments

were carried out in a tube furnace as described in Section 3.8.

Micrographs of the electro-spun lignin fibres, after drying at 140 °C, and subsequently heated to
150 °C, 180 °C and 200 °C in air and nitrogen are shown in Figure 5.9 (a-f). The relative fibre
diameter of Figure 5.9, Figure 5.10 and Figure 5.25 shows that oxidative thermo-stabilisation led
to a negligible change in fibre diameter and morphology (Figure 5.9 a-f) when temperature was
increased from 150 °C to 200 °C. Conversely, the thermo-stabilisation in a nitrogen atmosphere
resulted in fused fibres. The degree of the fibre fusion was observed to increase when the thermo-

stabilisation in nitrogen was increased from 150 °C to 200 °C.
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Figure 5.9 (a-f) Micrographs of electro-spun lignin fibres (95ASL-5ESL) that were previously dried
at 140 °C in a vacuum oven and then thermo-stabilised in air or nitrogen at 150 °C, 180 °C and 200

°C.
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Micrographs of the thermo-stabilised and dried lignin fibres at 220 °C and 250 °C in air and in
nitrogen are shown in Figure 5.10 (a-d). It is clear from Figure 5.10 (a and c) and Figure 5.25 that
the fibres were not fused when they were heated in air. Conversely, extensive fibre fusion and a
deterioration in the desired fibre morphology is observed when the fibre were heated in nitrogen
at 220 °C (see Figure 5.10 b); leading to near complete fusion of the fibres and a merger of the
fibres to a flat mat at 250 °C (see Figure 5.10 d). Figure 5.10 (a and c) show that the fibres that
were thermo-stabilised in air which retained their general shape and form up to 250 °C. Sections
5.2.1, 5.2.2, 5.2.3 and 5.2.4 presents a discussion on the characterisation techniques that were
used to gain an insight into the observed change in the morphology of the electro-spun fibres

when heat treated to 250 °C in an air or nitrogen atmosphere.

(220 °Cin air) (b) )

'NL D86 x1.5k 50 um

(250 °C in Na)

AL D63 x15k  50um NL D50 x1.5k 50 pm

Figure 5.10 (a-d) Micrographs of thermo-stabilised electro-spun lignin fibres (95ASL-5ESL) in air

or nitrogen at: (a and b) 220 °C; and (c and d) 250 °C respectively.
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5.2.1 Elemental Analysis of Electro-spun Fibres from 95ASL-5ESL

The elemental analysis of as-spun, vacuum dried (140 °C) and thermo-stabilised lignin fibres at
250 °Cin air or nitrogen is shown in Figure 5.11 and Table 5.2. Considering as-spun versus to 140
°C vacuum-dried fibres, the carbon content is seen to decrease. This is presumably due to the
evaporation of solvents (acetone/DMSO) upon drying in a vacuum oven at 140 °C or it may be
attributed to the loss of low-molecular weight volatiles components from the as-spun fibre. The
hydrogen content was unchanged, however, the oxygen content showed a marginal increase and

this is within the error of the measurement.

The most noticeable changes are observed during the thermo-stabilisation step in the following
discussion, the comments are with reference to the vacuum dried fibres at 140 °C. The carbon
content has increased significantly to 72% for the fibres that were heated in a nitrogen
environment at 250 °C. A reduction in the carbon content is noticed upon thermo-stabilisation in
air (59.9%) when compared to lignin fibre that were treated in nitrogen at 250 °C (72%). This is
in agreement with that reported in the literature which are also discussed in Section 2.8 (146, 219,

285, 287).
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Figure 5.11 Elemental composition (carbon, hydrogen and oxygen) for electro-spun lignin fibres

from 95ASL-5ESL.
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A significant decrease in the hydrogen content is observed for the lignin fibres that were thermo-
stabilised at 250 °C in air. This may be due to the cleavage of C-H or O-H bonds leading to the
formation of free-radicals (146, 285). The increase in the oxygen content during thermo-
stabilisation at 250 °C in air suggests that this promotes oxidation reactions which increase
oxygen moieties in lignin and these could include carbonyl or carboxyl groups (269, 285, 287, 402,

403).

Table 5.2 Elemental analysis of 95ASL-5ESL electro-spun lignin fibres.

Samples Elemental analysis

C H 0
As-spun 67.4 5.7 26.6
Vacuum dried 140 °C 65.8 5.9 28.2
Thermo-stabilisation in N, at 250 °C 72 5.4 22.3
Thermo-stabilisation in air at 250 °C 59.9 2.63 37.3
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5.2.2 Thermal Analysis of 95ASL-5ESL Electro-spun Lignin Fibres

5.2.2.1 Differential Scanning Calorimetry

DSC traces for the first heating scan for 95ASL-5ESL lignin fibres that were thermo-stabilised in
air and nitrogen are shown in Figure 5.12 (a-b). This dataset represents the pre-dried (140 °C)
lignin fibres that were subsequently thermo-stabilised at 150 °C, 180 °C, 200 °C, 220 °C and 250
°C. The first heating scan for the air and nitrogen thermo-stabilised lignin fibres in Figure 5.12 (a-
b) shows an endothermic peak which is seen in every sample in this data set. The presence of the
endothermic peak even after heat-treatment at temperatures above 150 °C could be due to
desorption of the absorbed water. On inspecting the Figure 5.12 and Table 5.3, the peak area for
lignin fibres thermo-stabilised in air decreases initially from 23.76 ]J/g to 14.55 ]J/g after which
there was a significant increase in the endothermic peak area to 144.69 |/g for the heat-treated
temperature up to 250 °C. This initial decrease could be related to the thermally induced cleavage
of specific chemical linkages in lignin. However, the significant increase in the endothermic peak
could relate to an increase in the hygroscopicity of lignin. This may be attributed to the
introduction of new polar groups such as carbonyl and carboxyl groups during cross-linking
reactions. The polar groups are known to have intermolecular interactions via hydrogen bonding
with the moisture as discussed previously in the Section 4.5 (317, 320, 321, 324, 404) . This data
also correlates with oxygen content reported for elemental analysis in the previous Section 5.2.1
and the data reported in literature (222, 285, 287, 402, 403). Conversely, the lignin fibres thermo-

stabilised in nitrogen showed small endothermic peak area for the heat treatment up to 250 °C.
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Figure 5.12 (a-b) DSC traces for the first heating scan for 95ASL-5ESL lignin fibres thermo-

stabilised at 150 °C, 180 °C, 200 °C, 220 °C and 250°C: (a) in air; and (b) in nitrogen.
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DSC traces of the first, second and third heating scans for ASL-ESL lignin fibres that were thermo-
stabilised in air and nitrogen are shown in Figure 5.12 (a-b), Figure 5.13 (a-b) and Figure 5.14 (a-
b) respectively. The Tgs for the first, second and third heating scans were observed only for lignin
fibres that were thermo-stabilised in air at 150 °C and 180 °C. Whilst the T, was not detected for
temperatures at 200 °C, 220 °C and 250 °C. Similarly, Conversely, in the first, second and third
heating scans, all lignin fibres that were thermo-stabilised in nitrogen show a distinct T, except
the fibres heated at 250 °C. where Tgis not detected. The disappearance for the T, and the trend

in the Tgs value is discussed later.

It is observed that the detected Tgs of lignin fibres increased gradually after each heating scan.
This gradual increase in the T, is related to the repeat heating of lignin samples to 250 °C which

in turn leads to increase in molecular weight via radical cross-coupling reactions (341, 349, 405).

Table 5.3 The glass transition temperatures for 95ASL-5ESL electro-spun lignin fibres thermo-
stabilised in air and nitrogen.

Samples Heating scan 1 Heating scan 2 Heating scan 3
Peak Area Glass transition Glass transition Glass transition
/g temperature, T, temperature, T, temperature, T,
9 Q) (Y]
Thermo-stabilisation in air
150 °C 23.8 160.5 166.0 174.9
180 °C 14.6 163.1 183.4 187.1
200°C 43.0 - - -
220°C 67.8 - - -
250°C 144.7 - - -
Thermo-stabilisation in nitrogen
150 °C 26.6 148.0 153.5 156.6
180 °C 11.1 147.7 154.5 158.7
200 °C 18.9 149.6 157.8 162.2
220°C 20.3 157.3 165.2 166.9
250°C 25.8 - - -
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Figure 5.13 (a-b) DSC traces for the second heating scan for 95ASL-5ESL lignin fibres thermo-

stabilised at 150 °C, 180 °C, 200 °C, 220 °C and 250°C: (a) in air; and (b) in nitrogen.
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Inspecting the glass transition data for each heating scan, summarised in Table 5.3, the observed
T for the lignin fibre that were thermo-stabilised in air at 150 °C and 180 °C is significantly higher
when compared to pre-dried (vacuum 140 °C) lignin fibres and the lignin fibres thermo-stabilised
in nitrogen. This implies that thermo-stabilisation in air which promotes cross-linking reactions

leads to an increase in the molecular weights of lignin samples (186, 222, 349, 406).

Norberg et al., (5) also observed the disappearance of T, of lignin fibres that were thermo-
stabilised in air. The difficulty of detecting the Ty was assumed to prevent the fibres from fusing
together (222). The T; was difficult to detect in highly cross-linked lignin fibres which is also
linked to the slow heating rates employed at the thermo-stabilisation stage which allows glass
transition temperature of a polymer to be higher than the processing temperature (T;>T) (1, 201,
222). The glass transition temperature increases during slow heating rate and goes above its
processing temperature which maintains the material in a glassy state (Tg>T) and this inhibits the
fibres fusion (188, 202, 222, 223). The appearance of Ty in air thermo-stabilisation at low
temperature such as 150 °C and 180 °C, where a significant increase in the T; is observed but the
stabilisation is incomplete. In contrast, thermo-stabilisation in nitrogen lead to a marginal
increase in T, At 250 °C in nitrogen, the Ty is not detected but it still leads to fibre fusion because
T>T, during thermo-stabilisation processing at lower temperatures. Thus, the heating rate, the
stabilisation final temperature and the atmospheric conditions play an important role in the
stabilisation of lignin fibres and prevent them from fibre fusion. In general, softwood Kraft lignin
is considered to be difficult for fibre spinning processes but comparatively easy to thermo-
stabilise at moderate heating rates as compared to hardwood lignin (112). This is potentially due
to its high Ty and ability to undergo cross-linking at a faster rate due to its composition (G-lignin
units) and condensed structure which facilitates the thermo-stabilisation step and decrease the
processing time for converting lignin to carbon fibre (180, 186). Therefore, 250 °C was selected
for thermo-stabilisation as indicated by TGA results because above this temperature, the 95ASL-

5ESL lignin (blend) starts to degrade.
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Figure 5.14 (a-b) DSC traces for the third heating scan for 95ASL-5ESL electro-spun lignin fibre

thermo-stabilised at 150 °C, 180 °C, 200 °C, 220 °C and 250°C: (a) in air; and (b) in nitrogen.
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5.2.2.2 Thermogravimetric Analysis of 95ASL-ESL Electro-spun Lignin Fibres

The thermogravimetric analysis (TGA) and the derivative (DTG) curves for the as-spun,
vacuum dried at 140 °C and thermo-stabilised ASL-ESL lignin fibres in nitrogen or air at 250
°C are shown in Figure 5.15 (a and b) respectively. A summary of the relevant parameters are

summarised in Table 5.4.

With reference to Figure 5.15 (a), the initial rapid mass-loss at between 70-110 °C for the as-
spun fibre is attributed to the evaporation of solvents and absorbed moisture. The as-spun
lignin fibres show a second mass-loss peak in Figure 5.15 (b) between 50-180 °C and this is
attributed primarily to the DMSO being volatilised. Figure 5.15 (b) shows a high rate of mass-
loss approximately between 260-450 °C. Inspecting the data for the vacuum-dried lignin at
140 °C, the peak that was assigned to absorbed moisture and residual solvent is not observed.
This is reasonable as the sample was previously heated past the boiling points of acetone and
water. A significantly smaller peak is observed for the loss of DMSO. The maximum value for
the third peak is similar to that observed for the as-spun lignin fibres, this is at approximately
390 °C. The sample that was heat treated in a nitrogen atmosphere does not show any
evidence for the presence of moisture or DMSO (as implied by the flat baseline). The sample
that was treated at 250 °C in air indicates the presence of moisture and a small quantity of
DMSO as indicated by the small peak but positive gradient of the baseline. The reasons for
the presence of this peak is not known but it may have been due to the unintentional and
unauthorised opening of the desiccator where the samples were stored. It is known that
DMSO and polar groups present in lignin have an affinity for water; this affinity increases due
to the increased oxygen moieties which may be due to the formation of carbonyl or carboxyl
groups in air thermo-stabilised lignin fibres as indicated by elemental analysis in Section
5.2.1. Hence, with prolonged storage and intermittent exposure to the atmosphere (opening
and closing of the desiccator) may have resulted in the sorption of moisture. The position of

the third peak for the air-oxidised samples is observed to have shifted from 390 °C, as
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observed for the other three samples, to 440 °C. Furthermore, the rate of mass-loss is

significantly lower, and it is spread over a larger temperature range.

Comparing the DTG trace for the lignin fibres that were heat-treated in air and nitrogen, the

following conclusion can be made:

(1)

(ii)

Since the rate of mass-loss for the air-oxidised lignin samples is lower and the fact
that it is spread over a larger temperature range, it is likely that oxygen reacts
with free-radicals produced after thermal cleavage of lignin interunit linkages.
This introduces new oxygen moieties in lignin which are thermally stable at
higher temperature (~250 °C); this is supported by the C, H and N analysis
discussed in Section 5.2.1 where the oxygen content for the samples treated in
nitrogen and air were 22.3% and 37.3% respectively. This is also supported by
the data gained from FTIR and NMR spectroscopy (discussed in Section 5.2.3 and
5.2.4 respectively. The heating rates can also have an effect on the formation of
products, with low heating rates favouring the formation of compounds containing
oxygen along with a high char content (354, 355).

The broadening and the reduced gradient of the DTG trace suggest that the
thermal stability has increased. The most likely reason for this is cross-linking of
the lignin. Indirect evidence for this is found in the DSC traces where the change
in the heat capacity becomes more diffuse as the sample is subjected to three
successive heating regimes to 250 °C. Moreover, it is seen in Table 5.3 that the T,
also increased with successive heating. Possible mechanism for the proposed

cross-linking reactions are discussed in Sections 2.7 and 5.2.5.
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Figure 5.15 (a-b) Thermal analysis of ASL-ESL electro-spun lignin fibres that were thermo-

stabilised in air or nitrogen: (a) TGA; and (b) DTG curves.
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In the context of converting biomass to graphite, in the current study, the mass of the material
that was retained at 900 °C was used as the guide to their suitability. In the current case,
fractionated lignin was used where the inorganic content at 525 °C was 0.1% as discussed in
Section 4.6. With reference to the data presented in Figure 5.15 and Table 5.4, the char content at
900 °C for the electro-spun lignin fibres that were thermo-stabilised in air and nitrogen were
50.6 and 49.2 respectively. The corresponding data for the as-spun and vacuum-dried samples
are 34.3 and 37.9 respectively. The relatively higher char content for the air-oxidised lignin fibres
supports the assumption that the polymer may have undergone cross-linking thus reducing the
rate of thermo-oxidative degradation and enabling a higher proportion of its original mass to be

retained (285, 287).

Table 5.4 Char content of lignin fibres at 900 °C, DTG max peak and the mass loss of 50% at

specific temperatures.

Sample Temperature at 50% DTG Char content
mass-loss maximum at 900 °C
(Y] (Y] (%)
As-spun 416.7 385.3 34.3
Vacuum dried at 140 °C 476.6 390.6 37.9
Thermostabilised in N, at 250 °C 801.8 3933 49.2
Thermostabilised in air at 250 °C 900 438.5 50.6
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5.2.3 Fourier Transform Infrared Spectroscopy of Electro-spun Lignin Fibres

FTIR spectra of the 95ASL-5ESL electro-spun lignin samples that were thermo-stabilised in
air and nitrogen including those vacuum dried at 140 °C are shown in Figure 5.16 (a-b). The
assignment of the absorption bands was discussed in Section 4.13 (Table 4.10). The

noticeable changes during thermo-stabilised are summarised in this section.

The broad O-H stretching band at 3400 cm-! decreases initially from 150-200 °C in the case of
the air thermo-stabilised fibres. This can be attributed to the formation of formaldehyde via the
loss of hydroxylated (OH) groups attached to the Cy position(222, 285). The mechanism for
the release of formaldehyde is shown in Sections 2.7.1 and 5.2.5. A slight increase in the OH
groups is observed for thermo-oxidative treatment between 220-250 °C. This increase in
the OH functional groups can be attributed to the H-atom transfer and formation of hydroxyl
groups from the phenoxy radicals formed by the homolytic cleavage of B-0-4 ether bond
linkages (222). The most significant difference observed between air and nitrogen
atmosphere thermo-stabilisation steps are in concentrations of the C-H and C=0. In the air
thermo-oxidised samples, the C-H absorbance bands between 3200-2800 cm-! decreases as
the temperature is increased and at 250 °C, this band disappears completely. When heated in
air, the aliphatic side chains (alkyl groups) are believed to undergo oxidation reaction to create
oxygen containing functional groups such as enol ethers and ketone products (222, 285). The
carbonyl absorbance band at 1703 cm'! is seen to increases significantly with heat treatment
temperature which indicates the formation of new carbonyl moieties. This could be due to the
formation of unconjugated carbonyl (1703 cm-1), unconjugated carboxyl groups or esters (1735
cm) (112, 407, 408). Appearance of small peak at approximately 1770 cm! is indicative of the
formation of anhydride linkages (287). The increase in the oxygen content from the elemental
analysis data and the formation of esters and carbonyl groups is also indicated by 13C NMR and

FTIR spectroscopy data.
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When the electro-spun lignin fibres were thermo-stabilised in nitrogen, the relative concentration
of the carbonyl groups was observed to be constant. However, in contrast, the C-H bonds remains
unchanged for the lignin that was thermo-stabilised in nitrogen which indicates that only air

thermo-stabilisation facilitates hydrogen abstraction reactions.

The peak at 1218 cm-! which is attributed to the stretching vibrations of C-C, C-O and C=0 bonds
decreases slightly when the heat-treatment temperature was increased. In the samples that were
thermo-stabilised in air at 250 °C, the peaks from ~1500-1000 cm! became broader making it

difficult to identify and assign them to specific functional groups.
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Figure 5.16 (a-b) FTIR spectra of ASL-ESL electro-spun lignin fibres that were heat-treated at

selected temperature: (a) in air; and (b) nitrogen.
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5.2.4 Solid State NMR ("C CP/MAS NMR) Spectra of Lignin (95ASL-5ESL) Fibres

Solid state (13C CP/MAS) NMR spectroscopy was used to study the structural changes in the
lignin samples as a function of heat-treatment. It was observed that the electro-spun lignin
ASL-ESL fibres exhibited a progressively lower solubility in DMSO as the heat-treatment
temperature was increased from 140°C to 250 °C. This trend indicates an increase in
molecular weight and/or cross-linking in the lignin samples; this was specifically relevant
for the lignin fibres that were thermo-stabilised in air. Solid-state NMR spectra of vacuum
dried (140 °C) and lignin fibres treated in nitrogen or air at 250 °C are shown in Figure 5.17.
The intensity of the methoxyl (OCH3) peak at 56 ppm for the lignin fibres oxidised in air is
reduced to almost half in comparison to vacuum dried lignin (140 °C). This indicates that the
cleavage of methoxyl group attributed to demethoxylation (222, 285, 287) is one of the
reaction, when the treatment temperature is increased from 140 °C to 250 °C. The chemical
shifts between 60-90 ppm and 20-50 ppm for the aliphatic side chain (aliphatic C-C) and
interunit linkages (aliphatic C-0) disappear completely for the lignin fibre that were treated

in air at 250 °C.

250 Air
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Figure 5.17 Solid state 13C CP/MAS NMR spectra for the ASL-ESL electro-spun lignin fibres that

were heat-treated in nitrogen and air at 250 °C.
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The chemical shift between 102-160 ppm show the presence of aromaticity together with sp?2
carbon in the aliphatic side chain and interunit linkages. The increase in signal from 120-140
ppm (protonated aromatic C-C) for the lignin fibres treated in air indicates the conversion of
aliphatic sp3 to sp? carbons. This could be due to the formation of new oxygen moieties. The
region with peaks from 160-220 ppm is attributed to the oxygen related structures. The
chemical shift in between160-170 ppm shows the appearance of a new peak for the sample
that was treated in air and this corresponds to the presence of esters and anhydrides (222,
285, 287).This suggests that the cross-linking reactions may lead to the formation of ester
and anhydrides structure in the lignin fibres that were thermo-stabilised in air (222, 285,
287). The chemical shift in the region from 170-190 ppm shows the presence of carbonyl and
carboxylic acids structures, and this is seen to increase with thermal treatment in air. This
region (170-190 ppm) indicates an increase in the formation of ketone groups. In general,
ketone groups appear at higher chemical shifts than carboxylic groups. This data are
consistent with the increase in carbonyl (C=0) groups and increase in oxygen content as
presented in earlier sections of FTIR spectroscopy and elementals analysis. The nitrogen

thermostabilised lignin shows no significant change from vacuum dried lignin.
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5.2.5 Evaluation of Chemical Structure of Lignin Fibres During Thermo-stabilisation in
Air

As mentioned previously, the structural composition of lignin is complex, and it consists of
several linkages of carbon-carbon and ether bonds with the presence of dimeric lignin units
(see Figure 2.3 in Section 2.2). The composition of the BioChoice® lignin was discussed in
Chapter 4. During thermo-stabilisation, the ether bonds in lignin are susceptible to thermally
induced scission because of their low bond dissociation energies. The dimeric lignin units of
softwood lignin undergo homolytic bond scission and one such example is the cleavage of
dibenzodioxocin as shown in Figure 5.18. This homolytic cleavage could also take place in
other structures such phenylcoumaran, resinol and B-aryl ethers (see Section 4.9 for the

structures of lignin).
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Figure 5.18 Homolytic cleavage of a-0-4 and 3-0-4 in dibenzodioxocin; the numerical values of

the bond dissociation energies (k] /mol) are indicated (147).

The reduction in the hydrogen content (determined via C, H and N analysis) during thermo-

stabilisation in air could be attributed to the release of formaldehyde in phenylcoumaran or
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B-aryl ether type structures. An example of this reaction is shown in Figure 5.19 for
phenylcoumaran with bond dissociation energies for the a-0-4 linkage which is susceptible to
cleavage (147). This results in the loss of hydroxyl group from C-y position which is also

indicated by the FTIR spectral results discussed in Section 5.2.3.

OMe

Figure 5.19 Postulated mechanism for the release of formaldehyde from a phenylcoumaran

structural unit (147).

Figure 5.20 shows a thermo-oxidative reaction of a 3-aryl structural unit (112). The homolytic
cleavage results in the formation of free-radicals. The free-radical is delocalised over the aromatic
ring which can lead to radical stabilisation as shown in Figure 5.20. The coupling of free-radicals
can lead to the formation of new carbon-carbon bonds and a dimer structure. The oxidation
reactions can lead to the release of volatiles such as carbon dioxide and water along with heat
(112, 286). The new oxygen moieties are related to increase in carbonyl content observed in the
13C NMR and FTIR spectra and the elemental composition data. This could be attributed to the
formation of ketone, aldehyde or carboxylic acid as shown in Figure 5.20. Generally, aldehydes
and carboxylic acids are formed from primary alcohols whilst ketones are formed from secondary

alcohols.

The formation of esters and anhydride was also indicated in the thermo-stabilisation results
obtained from 13C NMR and FTIR spectra. These structures are believed to be formed from the

aldehydes and carboxylic acids groups in lignin units (222, 285, 287, 407).
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Figure 5.20 Postulated reaction of B-aryl structure with bond dissociation energies for 3-0-4

(kJ/mol) (112).

It has been reported that during carbonisation at elevated temperatures the oxygen content is
reduced. This may be related to the formation of condensed structures and the elimination of
oxygen structural moieties (246). The evolution of such structures is revealed by the PY-GC-MS
results where the evolution of phenanthrene and naphthalene is observed; these structures are

shown in Figure 5.21.

Phenanthrene Napthalene

Figure 5.21 Structure of phenanthrene and naphthalene.
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5.3 Carbonisation of the Electro-Spun ASL-ESL Lignin Fibres

It was discussed in Section 5.2 that the electro-spun ASL-ESL lignin fibres that were dried in
avacuum oven at 140 °C and then subsequently thermo-stabilised in air at 250 °C, maintained
their form and structural shape. Therefore, the above-mentioned processing condition was
adopted as the pre-treatment prior to carbonisation. The thermo-stabilised lignin fibres were
carbonised in a tube furnace using a nitrogen gas flow rate of 50 ml/minute; these
experiments were carried out at 1000 °C, 1200 °C and 1500 °C. The colour change observed
before and after the specified heat-treatment of the electro-spun lignin fibres is shown in
Figure 5.22. The as-spun fibres turn from pale yellow/brown to dark brown and eventually

turned black upon carbonisation.
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Figure 5.22 Colour changes in the electro-spun ASL-ESL lignin fibres before and after heat

treatment at specified temperatures.

SEM micrographs of the carbonised lignin fibres (ASL-ESL) at 1000 °C, 1200 °C and 1500 °C
are shown in Figure 5.23 (a-f). The surface morphology the fibre the fibres is seen to be
smooth, circular and unfused. This demonstrates conclusively that electro-spun lignin fibres
can be obtained without the use of any processing aids or synthetic polymer blends. In other
words, this represents the production of electro-spun fibres using 100% lignin. At the time
of writing, the author was not aware of any previous studies that reported the production of

electro-spun lignin fibres from fractionated blends of lignin.
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Figure 5.23 Electro-spun and carbonised (ASL-ESL) lignin fibres after carbonisation at 1000 °C,

1200 °C and 1500 °C with magnifications of x1000 and x2500.

Transverse section of the electro-spun (ASL-ESL) lignin fibres that were carbonised at 1000
°C, 1200 and 1500 °C is shown in Figure 5.24 (a-c). These micrographs demonstrate that the

fibres are not fused and that their cross-section is circular. Figure 5.24 (a-c) and Figure 5.25
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shows that the fibre diameter decreases as a function of the carbonisation temperature. This
is expected due to shrinkage and mass-loss during carbonisation. The chemical changes and
mass and the mechanism associated with the carbonisation were discussed in Sections 2.5,
5.2 and 5.2.5. Figure 5.24 (a-c) show the presence of fractured fibres. This was possibly
caused when the electro-spun preform was fractured in liquid nitrogen to obtain transverse

sections. However, fracture caused by fibre shrinkage during carbonised cannot be ruled out.

/,’

— —
(a-1000 °C) B (b-1200 °C) I
| .—// } :

ABEV Magn Det
100KV 5000x  SE

Figure 5.24 Micrographs showing transverse sections of electro-spun (ASL-ESL) lignin fibres

after carbonisation at 1000 °C, 1200 °C and 1500 °C.

5.3.1 Fibre diameter distribution

The fibre diameter distribution for the electro-spun ASL-ESL lignin fibres in the as-spun and
after specified heat treatments are shown in Figure 5.25 (a-f). The data sets are represented
as histograms plots with an overlaid normal distribution curve per plot. The diameters for
the electro-spun samples represented in Figure 5.25 are as follows: (a) as-spun = 0.6-2.8 pm;
(b) vacuum-dried = 0.6-2.8 um; (c) thermo-stabilised lignin fibre in air at 250 °C = 0.6-2.4
um; (d) carbonised lignin fibres in nitrogen at 1000 °C = 0.6-1.4 um; (e) 1200 °C = 0.6-1.4 pm
and (f)1500 = 0.6-1.2 pm. The as-spun and vacuum dried lignin fibres showed the widest
distributions ranging between 0.6-2.8 um. There is a noticeable change in the reduction for
the air thermo-stabilised lignin fibre diameter at 250 °C. The most significant change in the

diameter distribution for the electro-spun fibres was observed during the carbonisation stage.
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The narrowest diameter distribution (0.4-1.2 pm) was obtained from the lignin fibres that were

carbonised at 1500 °C.
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Figure 5.25 (a-f) Histogram plots for the diameter distribution for the electro-spun (ASL-ESL)

lignin fibres: (a) as-spun; (b) vacuum-heated at 140 °C; (c) thermo-oxidative stabilised at 250 °C;

and carbonised at (d) 1000 °C; (e) 1200 °C and (f) 1500 °C in nitrogen. The histograms have been

overlaid with a normal diameter distribution curve for each data set.

The average diameter of the electro-spun ASL-ESL lignin fibre including the heat-treated samples

is shown in Figure 5.26. The mean diameter of the lignin fibre is reduced noticeably during

thermo-stabilisation and significantly after carbonisation. The lignin sample carbonised at 1500

°C show a mean diameter of 0.8 um. This shrinkage in the diameter during heat-treatment which
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includes thermo-stabilisation and carbonisation steps could be the result of increased mass-loss

occurring at elevated temperatures.

Mean diameter (um)

As-spun 140 Vac 250 Air 1000 1200 1500
Samples

Figure 5.26 Average fibre diameter distribution for the electro-spun ASL-ESL lignin samples

including the carbonised sample.
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5.3.2 Electrical Conductivity of Electro-spun ASL-ESL Carbonised Lignin Fibres

The electrical properties of the carbonised lignin samples are shown in Table 5.5. The
experimental details for determining the electrical conductivity of the carbonised fibres are
listed in Section 3.9.1.3. The electrical properties of the solid carbonised lignin fibres are
important for determining their suitability for energy storage applications such as electrodes
for dye-sensitised solar cells, batteries, fuel cells, capacitors and super capacitors. As seen in
Table 5.5, the electrical conductivity of the lignin fibres increased with carbonisation
temperature from 1000 to 1200 and 1500 °C. The lignin fibres that were carbonised at 1500
°C show comparable electrical conductivity to those reported in literature for softwood Kraft
lignin (230 S/m) (184, 285). This suggests that the carbon fibre produced from 100% lignin,

without any binder as in the current case, are of comparable to those reported in literature.

Table 5.5 Electrical properties of the carbonised ASL-ESL lignin fibres that were carbonised in

nitrogen at 1000, 1200 and 1500 °C for 1 hour.

Samples Resistivity Electrical conductivity
(Q.cm) (S/m)

1000 °C 0.96 +0.14 105.64 + 14.86

1200 °C 0.51+ 0.05 197.18 £ 20.40

1500 °C 0.49 £ 0.06 205.80 + 24.33
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5.3.3 Raman Spectroscopy of Electro-spun ASL-ESL Carbonised Lignin Fibres

Raman spectroscopy was used to evaluate the structural changes in the lignin samples as a
result of carbonisation. Raman spectra of the lignin fibres that were carbonised at 1000 °C,
1200 °C and 1500 °C are shown in Figure 5.27. There are two distinct peaks present in the
Raman spectra for the carbonised lignin fibres. These are characteristic peaks correspond to
D and G-bands which are typical of lignin and PAN-based carbon fibres. The D-band which
appears at approximately 1350 cm-! is attributed to the breathing modes of carbon atoms in
aromatic rings. The G-band which appears at approximately 1600 cm-! is ascribed to the in
plane stretching of sp2 carbon hybridized bonds (C=C) in the aromatic rings (184, 307).
Therefore, in general, the D-band indicates disorder or defects in the graphitic structure and

the G-band represents sp2 ordered graphitic carbon.

Intensity (a.u.)

400 800 1200 1600 2000 2400 2800 3200
Raman shift (cm'1)

Figure 5.27 Raman spectra of electro-spun and randomly orientated lignin fibre mats that were

carbonised at 1000 °C, 1200 °C and 1500 °C in nitrogen for 1 hour.
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The small peak between 1000-1200 cm-! could be attributed to sp3 hybridised carbon (409).
The emergence of a significant new peaks at approximately 2700 cm-! is observed as the
carbonisation temperature was increased from 1000 °C to 1500 °C. This band is a result of
second order resonance from the D-band and it is normally referred to as the G’, 2D or D*
band. This 2D band is a characteristic feature of m-bonds in the layered graphitic sheets (410).
This suggests that the lignin samples that were carbonised at 1500 °C show increased

graphitisation.

The relative position of the D and G-bands in the Raman spectra with an analysis of the ratios
of two peaks is shown in Table 5.6. The intensity of the D and G-bands increases with the
processing temperature with the intensity (In/Ic) and area (Ap/Ac) ratios of the two bands.
This suggest that more disorder is introduced in the graphitic structure upon increasing the
carbonisation temperature from 1000 to 1500 °C. This is said to indicate the existence of
turbostratic graphite which is thought to be composed of high condensed aromatic structure
between the amorphous carbon and graphite (287, 307). The increase in the ratio of Ip/I¢is
directly in contrast to carbon fibres made from PAN where this ratio is seen to decline with
the increasing carbonisation temperature (411-413). However, it is reported that the higher
molecular weight of lignin enhances the graphitic structure and mechanical performance

(414).
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Table 5.6 Analysis of the position of the D and G-band in the Raman spectra for the carbonised

lignin fibres and the FWHM for these bands along with their intensity and area ratios.

Sample D band G band Width (FWHM) (cm-1) In/Ig Ap/A¢
(cm-1) (cm-1) D band G band

1000 °C 1352.91 1597.02 164.52 135.18 0.82 0.96

1200 °C 1348.61 1597.02 146.19 89.85 0.91 1.07

1500 °C 1342.88 1583.11 107.59 77.97 1.04 1.13

The full width at half maximum (FWHM) of the D and G- bands is attributed to the degree of
structural disorder. It is seen in Table 5.6 that the D and G-bands experience a decrease in the
FWHM values, but G-band shows more a narrower line width as the carbonisation
temperature is increased. This indicates the lignin sample carbonised at higher temperature

start to attain a graphitic structure (415).
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5.3.4 X-ray Diffraction of Electro-spun ASL-ESL Carbonised Lignin Fibres

X-ray diffraction (XRD) was used to obtained preliminary results for the lignin fibres that
were carbonised at 1000 °C, 1200 °C and 1500 °C. The XRD patterns for the carbonised lignin
samples are shown in Figure 5.28. Two main diffraction peaks are observed at 22° and 44° in
each of the carbonised lignin samples which correspond to (0 0 2) and (1 0 0 and 1 0 1)
crystallographic planes in nano-crystallite graphitic structure, respectively (246, 307, 414,
416). The intensity of these diffraction peaks increases gradually which implies that the
degree of graphitisation increases with increasing carbonisation temperature. This
correlates well with Raman results where the line width of the G-band becomes narrower
with the emergence of new peak (2D) at 2700 cm-! for the lignin fibres that were carbonised
at 1500 °C. The appearance of a new diffraction peak for lignin carbonised at 1500 °C

corresponding to the (1 1 0) plane also indicates the increase in graphitic content (307, 414).
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Figure 5.28 X-ray diffraction results for ASL-ESL lignin fibres carbonised at 1000 °C, 1200 °C and

1500 °C in nitrogen for 1 hour.
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5.4 Electro-spinning of Lignin with Tannic Acid

As part of the initial screening of additives to aid the electro-spinning of lignin, a shortlist of
possible bio-based materials was compiled (see Appendix E). The selection criteria for the
processing aid was: (i) the structure of the processing aid had to be similar to that of lignin; (ii)
the molecular weight was chosen to be lower than that of lignin such that it could potentially serve
as a plasticiser; (iii) the char content upon pyrolysis had to be similar to that of lignin at 900 °C;
(iv) its cost had to be reasonable; (v) it had to be soluble in organic solvents; and (vi) its electrical

properties had to be conductive for electro-spinning.

The processing aids that proved to be the effective in terms of fibres formation via electro-
spinning were Daemonorops draco resin, benzoin (Styrax) resin and tannic acid. Of these, tannic
acid (TA), a derivative of tannin which exist in lignocellulosic biomass could be electro-spun in a
repeatable and consistent manner. As with the 95ASL-5ESL blend, the total polymer
concentration was maintained 52.8 wt% where the composition was 95% ASL and 5% TA (coded
as 95 ASL-5 TA) in an acetone/DMSO solvent mixture. The conductivity and viscosity of the
polymer solution were 2.68 x 10-4 (Sm-1) and 0.43 Pa.s respectively. The conductivity and viscosity
of the ASL-TA polymer solution is similar to that of 100% lignin (ASL-ESL) blend presented in

Table 5.1.

SEM micrographs of the electro-spun lignin fibres are shown in Figure 5.29 (a-b). This is an
exciting proposition because it opens up a whole library of naturally occurring compounds which

could be utilised to produce bio-based fibres.
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Figure 5.29 (a-b) SEM images of electro-spun lignin-based fibres (95 ASL-5 TA).

Figure 5.30 (a-b) shows transverse section of carbonised ASL-TA fibres that were thermo-
stabilised at 250 °C in air followed by carbonisation at 1500 °C in nitrogen. The carbonised
fibres show a smooth, circular and void-free morphology with diameter ranging from 280-

790 nm.
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Figure 5.30 Micrographs showing transverse sections of electro-spun (ASL-ESL) lignin fibres

after carbonisation at 1500 °C.

212



5.5 Summary

A novel production method for the production of carbonised fibres from 100% lignin was
developed. The carbonised fibres had a smooth surface morphology and a circular cross-
section. The presence of voids was not detected in the SEM micrographs. The experimental
conditions required for maintaining the structural form and morphology of the fibres were
established and the production method was reproducible. Increased in carbonisation
temperature for electro-spun lignin fibres produced carbon fibres with higher graphitic
content. The physical and electrical properties of 100% lignin-based carbon fibres were

determined.
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Chapter 6 Quantification, Extraction, Characterisation and Electro-spinning of
Lignin from Coir

The electro-spinning a blend of ASL-ESL lignin was demonstrated in the previous chapter where
the lignin was purchased. In the current chapter, the lignin was extracted from coir fibres and
“coir dust”. With reference to Table 2.1 (Section 2.1) it seen that coir fibres contain the highest
lignin content for the plant-based materials cited. The fibres are extracted from the coconut husk
and in general, they can be purchased in three forms: (i) “three-tie”; (ii) “two-tie”; and (iii) loose
fibres of variable length. The three-ties fibres are sold as bundles and they represent the premium
grade. The term tie is used because the bundle is secured by three bands of coir fibres (see Section
3.11,1). During the extraction of fibres from the husk, a significant volume of coir dust and short
fibre 10-40 mm is generated, and this generally referred to as coir pith. The coir pith is
compressed into briquettes of dimensions 220 x 80 x 50 mm. This chapter reports on the
extraction and characterisation of coir pith and coir fibre. The extracted lignin was blended with
cellulose acetate and electro-spun to produce fibres with diameter in the range between 300-600

nm.

6.1 Characterisation of Coir Pith and Fibres

6.1.1 Scanning Electron Microscopy

SEM micrographs of coir pith is presented in Figure 6.1 (a-d) which shows two distinct and
contrasting morphologies. Figure 6.1 (a-b) show the flaky morphology of coir pith. The
morphology in Figure 6.1 (b) is attributed to the cellulose microfibrils (374). The micrographs
presented in Figure 6.1 (c-d) are most likely compressed sections of coir pith, possibly formed as
a consequence of the production of the briquettes via hydraulic compaction in a mould. However,
the morphology in Figure 6.1 (c-d) may be attributed to the agglomerates of cellulose microfibrils

and lignin particles (374, 417).
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Figure 6.1(a-d) SEM micrographs of as-received coir pith showing: (a-b) a flaky morphology
attributed to the cellulose microfibrils (374); and (c-d) a compacted version of the flaky
morphology which is thought to be comprised of agglomerates of cellulose microfibrils and lignin

particles (374, 417).

A representative transverse cross-section of a coir fibre is shown in Figure 6.2 (a-d). The diameter
of the coir fibre was variable as a function along its length. The average diameter of the coir fibre
was between 200-300 um. The key structural features of the coir fibre are indicated in Figure 6.2
(a-b). Coir fibre is comprised of several elementary fibres that surround the lumen. Each
elementary fibre is composed of a cell wall and microfibrils (418). The feature at the centre of the
fibre in Figure 6.2 (a) is called a Lacuna (419). Figure 6.2 (c-d) shows the surface morphology of
a coir fibre that contains globular protrusions on the surface called tylose. This is comprised of

fatty acids (420).
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Figure 6.2 (a-d) SEM micrographs of as-received coir fibres: (a-b) transverse section; and (c-d)

surface morphology.

The coir pith and fibres were subjected to cryo-milling as described in Section 3.11.1. In the case
of the coir fibres, they were guillotined to produce short fibres of length between 20-30 mm. The
cryo-milling was carried out to reduce the particle size distribution of the samples. SEM
micrographs of the cryo-milled coir pith and fibres after processing are shown in Figure 6.3 (a-d)
to enable comparison. On comparing the figures of as-received and cryo-milled coir it is seen that
the cryo-milling reduces the particles size. In the case of the coir fibres, cryo-milling was seen to

crush and fracture of the material in the longitudinal and transverse directions.

216



Figure 6.3 (a-d) SEM micrographs showing morphologies of: (a-b) cryo-milled coir pith; and (c-

d) cryo-milled coir fibres.

6.1.2 Particle Size Distributions for Cryo-milled Coir Pith and Fibres
The particle size distribution curves for cryo-milled coir pith and fibres are shown in Figure 6.4
(a-b) respectively. The particle size distribution curves for the cryo-milled coir pith shows a

relatively high volume of smaller particles when compared to the cryo-milled coir fibres.
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Figure 6.4 (a-b) Particle size distribution for: (a) cryo-milled coir pith; and (b) cryo-milled coir

fibre.

The analysis for particle size distribution for two classes of materials after cryo-milling is

summarised in Table 6.1 where a difference is observed between the particle size range. This
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suggests that cryo-milling was effective in reducing the particle size. The standard percentiles d

(0.1),d (0.5) and d (0.9) for the coir pith are smaller than those obtained for coir fibre.

Table 6.1 Particle size distribution analysis for cryo-milled coir pith and cryo-milled coir fibre.

Coir material Particle size distribution (um)

d (0.1) d (0.5) d (0.9) Particle size range
Cryo-milled coir pith 14.4 191.2 579.5 1.3-1096
Cryo-milled coir fibre 28.6 223.9 583.7 1.6-1096

6.1.3 The Compositions of Coir Pith and Coir Fibre

The composition of the coir pith and fibre including the lignin content were determined in
accordance with TAPPI methods as discussed in Section 3.11.2 and the results are summarised in
Table 6.2. It is seen that coir pith contained a relatively higher moisture content and ash content
when compared to coir fibre. However, the total lignin content was found to be significantly higher
in the coir fibre. Different concentrations for lignin and carbohydrates in coir are reported in the
literature (421). However, the values presented in Table 6.2 correlate well with the composition
of coir (422, 423). The ash content in coir pith is also reported to be higher than that of coir fibre
(424,425). Itis observed that the maturity of the nut may influence the composition of the coconut
husk including the coir pith and fibre (424, 426). For instance, it is known that upon ripening of
the nut, the extractives content is significantly reduced whilst lignin and polysaccharides
(carbohydrates) content are increased (424, 426). Given the higher lignin content in the coir fibre,

it was used as a preferred material to extract the lignin.
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Table 6.2 The composition of coir pith and coir fibre in accordance with TAPPI methods.

Biomass Moisture Ash  Acetone Acid Acid Total Carbohydrates

soluble insoluble soluble lignin

extractive ‘Klason’ lignin content
lignin
Coir pith 21.7 9.6 2.6 20.5 3.1 23.5 42.6
Coir fibre 8.6 1.2 1.9 29.8 1.8 31.6 56.7

Figure 6.5 shows the elemental composition of the ash from coir pith and coir fibre obtained using
SEM-EDS. The observed minerals composition of ash in coir pith and fibre correlates with the data
reported in literature where potassium and silicon are the key elements (425,427). The reasons
for the absence of chlorine in the coir fibres is not known. The presence of chlorine content is
common in herbaceous and agricultural residues (428). The existence of alkali/alkaline metals in
biomass is mainly in the form of inorganics salts and they generally also exist as the corresponding

oxides, nitrates and chlorides (429).
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Figure 6.5 Elemental composition of the ash in oxidised coir pith and fibres.
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6.2 Elemental Composition of Alkali Lignin from Coir and its Molecular Weight
Distribution

Lignin was extracted from the coir fibres using the procedures outlined in Section 3.11.3. Figure
6.6 shows the appearance of the pale brownish alkali lignin that was extracted from coir fibre.
SEM micrographs of the lignin that was extracted from coir fibres are presented in Figure 6.7 (a-
b). The alkali lignin yield recovered from the coir fibre was 16.7%. The low yield for alkali lignin
can be attributed to a lower concentration of sodium hydroxide and processing temperature used
for the extraction of lignin. It is reported that the lignin yield is greatly affected by the processing
temperature and the concentration of sodium hydroxide (430-432). Nevertheless, use of high
temperature and high concentration can increase the yield but alters the lignin structure during

delignification (430).

Figure 6.6 Alkali lignin extracted from coir fibre.

SEM micrographs of the alkali lignin extracted from the coir fibre is shown in Figure 6.7 (a-b). The
morphology of lignin alkali shows globular morphology which is typical characteristic for lignin

morphology (374). Figure 6.7 (a-b) shows that these globules are agglomerated.
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Figure 6.7 (a-b) SEM micrographs alkali lignin extracted from coir fibre.

The elemental composition and molecular weight distribution of the alkali lignin from coir fibres
is summarised in Table 6.3. The elemental composition correlates well when compared with
industrial softwood Kraft (BioChoice®) lignin as shown in Section 4.3. However, alkali lignin
shows no sulphur content when compared to BioChoice® lignin. This is expected as Kraft pulping
process for BioChoice® lignin employs sodium hydroxide and sodium sulphide (Na.S) as a
chemical solution for the extraction of lignin from softwood. The weight-average molecular
weight (Mw) of alkali lignin that was extracted from the coir fibres is 5925 g/mol with a
polydispersity index (PDI) of 11.7. This implies that alkali lignin has wider molecular weight
distribution compared to BioChoice® lignin. This may be attributed to the presence of branched
polymer chains in high concentration. This suggest that the lignin from coir has a branched
structure. This is supported by the high aliphatic-to-phenolic ratio in the 3P NMR spectra (see
Table 6.3). The lignin from coir was further characterised using a range of techniques to determine

the thermal and structural properties.
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Table 6.3 Elemental composition and molecular weight of alkali lignin.

Lignin C,H, N, S and O content Molecular weight distribution
(GPC)
C H N 0 S M, (g/mol) Mw PDI
(%) (%) (%) (%) (%) (g/mol)  (Mw/M.)
Alkali lignin (coir) 58.8 5.5 03 354 0 515 5925 11.7
BioChoice ® lignin 64.7 5.7 0 283 14 3413 7367 2.16

6.3 Thermal Analysis of Alkali Lignin Extracted from Coir Fibres

TGA and DTG traces for coir pith, coir fibre, alkali and Klason lignins are shown in Figure 6.8 (a

and b) respectively and the following conclusion can be drawn:

The Klason and alkali lignin showed a higher thermal stability when heated in argon when
compared to that of coir pith and fibres. These samples also have a higher char content after
pyrolysis at 900 °C. A contributing reason for this may be due to the higher ash and carbohydrates
concentration (see Table 6.2). The higher char content in the pyrolysed coir fibre when compared
to the pith indicates that the former has higher lignin content, and this also correlates well with
the results determined using the TAPPI methods. Figure 6.8 (b) shows the DTG curves which
indicates that the coir pith and fibres samples start to decompose at lower temperature whilst the
lignin samples decompose significantly slower over a broader temperature range. This is because
the coir pith and fibres contain a relatively higher concentration of carbohydrates (cellulose and
hemicellulose) which decompose at lower temperatures (<400 °C) yielding a lower char residue
(353, 354). This is exhibited by the high intensity DTG (maximum) peak of coir pith and fibre
between 200-400 °C. The Klason lignin samples from coir fibre and coir pith yielded a char of
43.3% and 37.2% respectively whereas the char yield for the alkali lignin that was extracted from

coir fibres was 34.2%.
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Figure 6.8 (a) TGA and (b) DTG data for coir fibre, coir pith, Klason and alkali lignin.
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A summary of the char content after pyrolysis in argon at 900 °C and the DTG peak temperatures
for coir pith, coir fibre, Klason, alkali and BioChoice® lignins are presented in Table 6.4. On
comparing lignin samples, alkali lignin extracted from coir fibre show the lower char content. This
may be attributed to the higher mass loss between 250-400 °C which is indicated by the intensity
of DTG peak. Nevertheless, the char content achieved at 900°C of alkali lignin from coir is higher

than those reported in the literature (433, 434).

Table 6.4 Char residue at 900 °C and maximum DTG peak temperature of biomass including

Klason and alkali lignin.

Samples Char at 900 °C DTG max
(%) O

Coir pith 25.1 338.5
Coir fibre 27.3 349.7
Klason lignin (coir pith) 37.2 361.6
Klason lignin (coir fibre) 43.3 381.0
Alkali lignin 34.2 366.0
BioChoice ® lignin 43.4 566.2

The DSC traces for three successive heating scans in nitrogen for alkali lignin that was extracted
from coir fibres are shown in Figure 6.9. As discussed previously, the Ty was calculated using the
midpoint method (see Section 4.4). The T, for alkali lignin in the 1st, 2nd and 3rd heating scans are
140.8, 155.8 and 160.2 °C respectively. Whilst the T, for BioChoice® lignin heated to 200 °C in the
1st and 2nd heating scan were 120.1 and 153.4. Thus, the glass transition temperature of alkali
lignin is comparable to the BioChoice® lignin. However, T, for alkali lignin is significantly higher
than those reported after fractionation in Sections 4.7 and 4.8 where the variation in the T,

correlates with molecular weight of the lignin samples.
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Klason lignins were used for quantification purposes in accordance with TAPPI methods.
However, the T; was not detected for the Klason lignin. This may due to the treatment of coir fibre

with a strong acid during quantification of lignin.
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Figure 6.9 DSC traces of heating scans of alkali lignin.

6.4 Spectral Analysis of Alkali Lignin Extracted from Coir Fibres

6.4.1 Ultraviolet/Visible Spectroscopy

A representative UV /Vis spectrum for BioChoice® and alkali lignin extracted from coir fibres is
shown in Figure 6.10. Alkali lignin shows an absorption peak at ~280 nm due to n-n" electronic
transition of the conjugated aromatic G-lignin unit (380, 381). Assuming the absence of any
contamination in the form of aromatic macromolecules, the presence of this peak suggests the
presence of lignin as only it exhibits such electronic transitions whilst cellulose and hemicellulose

does not contain aromatic groups. The absorption at ~320 nm is attributed to the electronic
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transition of n-m*along with n-n* transition. This is due to the conjugated carbon (C=C) bonds in
the aromatic ring and carbonyl groups (C=0) on the aromatic ring. The absorption at ~340 nm is
due to electronic transitions of n-m" attributed to the o-carbonyl groups and esters of

hydroxycinnamic acids (e.g., ferulic acid and p-coumaric acid) (89, 101, 386).

As mentioned previously, that the purity of lignin can be determined through UV/Visible
spectroscopy which is based on Beer-Lambert’s law (89, 383). The method for the calculation of
extinction coefficient is discussed in Section 3.6.11. The extinction coefficients at 280 nm for alkali
and BioChoice® lignin are 26.7 and 27.5 respectively. There is a marginal difference in the
extinction coefficients which suggests that the alkali lignin is of a comparable quality to that of

BioChoice® lignin.
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Figure 6.10 UV /Visible spectra of BioChoice® and alkali lignin that was extracted from coir fibres.

6.4.2 Fourier Transform Infrared Spectroscopy of Alkali Lignin Extracted from Coir Fibre
FTIR spectra of BioChoice® lignin (discussed in Sections 4.13) was presented in Figure 4.19 (a-
b) and Table 4.10 where the major peaks were labelled and the assignments for each of the

absorbance band was stated. The same assignment procedure has been used in Figure 6.11 (a-b)
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where (a) represents coir pith and fibre and (b) represents the FTIR spectra for alkali, BioChoice®
and Klason lignins. Table 6.5 has been reproduced here and the associated peak assignments have

been extended.
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Figure 6.11 (a-b) FTIR spectra of: (a) coir pith and fibre; and (b) alkali, BioChoice® and Klason

lignin.
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Figure 6.11 (a) shows the fingerprint region between 1000-1200 cm'! in coir pith and coir fibre
which is attributed to C-O-C stretching vibration of pyranose (carbohydrates) ring skeletal
vibration (353). Figure 6.11 (b) shows the FTIR spectra for alkali, BioChoice® and Klason lignin
with distinct fingerprints for the structural moieties present in lignin. The quality of alkali lignin
from coir and the corresponding spectrum produced is finer than those reported in the literature.
The strong peak at ~1120 cm'! could be attributed to secondary alcohol present in alkali lignin.
The noticeable difference between the alkali and BioChoice® lignins are the absorbance peaks at
1460 cm and 1270 cm. The peak intensity at 1460 cm for alkali lignin is higher that for
BioChoice® lignin. This peak corresponds to C-H bending in O-CH3 which may be attributed to
higher concentration of methoxyl group in alkali lignin. The peak intensity at 1270 cm-
corresponds to aromatic G-unit breathing. This peak intensity is reduced in alkali lignin when
compared to that of BioChoice® lignin. This suggests that alkali lignin contains higher proportion
of syringyl (S)-unit than gauiacyl (G)-unit lignin structures. This data correlates well with S/G
ratios determine by 31P NMR in Section 6.4.5 and the literature where a high S/G ratio is reported

for alkali lignin when compared to the BioChoice® lignin (435).
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Table 6.5 FTIR spectral assignments for specific functional groups for lignin samples compiled

from the reported literature (100, 101, 346, 376).

Wavelength Literature

(cm)

3411

2936

1703

1597

1513

1463

1428

1365
1270

1218

1150

1120

1082

1032

855
816

values

(cm1)

3411-3390
3050-2800
1710-1700
1600-1500
1600-1500
1460-1450

1428-1420

1365-1370
1270-1260

1226-1216
1155

1085-1081

1035-1029

854-852
817-814

Signal Functional group assignments

strength

Strong 0-H stretch, phenolic and aliphatic O-H group stretch

Broad

Medium  C-H stretch methyl and methylene groups, C-H
vibrations of methyl or methoxyl group

Medium  CO stretching (in conjugated aldehydes, ketones and
carboxylic acids)

Medium  Aromatic skeletal vibration

Strong Aromatic skeletal vibration

Strong Asymmetric bending C-H in plane deformation
of methyl, methylene and methoxyl (O-CHs) groups

Weak Aromatic skeletal (ring) vibration combined with C-H in
plane deformation

Weak C-H deformation in methyl, methoxyl (O-CH3) group

Strong Aromatic ring (Guaiacyl moieties) breathing with CO
stretch

Medium  C-C, C-O and CO of ester stretching vibrations

weak CO deformations in conjugated ester in G, S, H units of

lignin combined with aromatic C-H in plane

deformation
Strong C-O stretching in secondary alcohol
Weak C-O deformation in secondary aliphatic alcohols and

aliphatic ether
Weak C-O deformation in primary aliphatic alcohols
combined with aromatic C-H in plane deformation
Weak C-H deformation out of the plane in G aromatic units

Weak C-H deformation out of the plane in G aromatic units

230



6.4.3 Proton Nuclear Magnetic Resonance Spectroscopy of Alkali Lignin from Coir Fibre
The 'H NMR spectra of alkali lignin is shown in Figure 6.12 for the fingerprint region of the
aliphatic and aromatic lignin structural moieties. The assignment of the complete structural
moieties in lignin is discussed in the previous Section 4.15. The chemical shifts for the 1H NMR
spectra are assigned according to the database in the literature (152, 378, 435). The prominent
structures in alkali lignin (coir fibre) are found to be -O-4 aryl ethers (arylgylcerol-§-aryl
ethers), phenylcoumarans, resinol and dibenzodioxocins. The chemical shift at 10.2 ppm
could be attributed to cinnamaldehyde (435). The peak intensity of cinnamaldehyde is

significantly higher when compared to that of BioChoice® lignin.
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Figure 6.12 1H NMR of alkali lignin from coir fibres.
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6.4.4 "Carbon Nuclear Magnetic Resonance Spectroscopy of Alkali Lignin from Coir Fibre
13C NMR spectra of alkali lignin from coir fibre is shown in Figure 6.13. The chemical shift between
90-102 ppm suggests the absence of carbohydrates in alkali lignin (153, 301). The aromatic region
shows increased concentration of peaks compared to softwood Kraft (BioChoice®) lignin. These
peaks correspond to the presence of S, G, H-lignin units along with cinnamyl alcohol and
cinnamaldehyde end-groups. The peak assignments are based on that reported literature (152,
435). The increased number of peaks in the aromatic region could be also due to the increased
ratio and presence of hydroxycinnamates (p-Coumarate, ferulate and sinapate) lignin units (378).
The chemical shiftat 161 and 167 ppm could be due to the presence of methyl ester and carboxylic

acids groups. The complete chemical shift assignment for lignin is listed in Section 4.16.
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Figure 6.13 13C NMR of alkali lignin that was extracted from coir fibre.
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6.4.5 *'Phosphorous Nuclear Magnetic Resonance Spectroscopy of Alkali Lignin Extracted
from Coir Fibre

31P NMR spectra of alkali lignin from coir fibre and the structural assignment of the moieties is
shown in Figure 6.14. The 31P NMR spectra shows distinctively higher concentrations of carboxylic

acids and aliphatic groups compared to the other lignin moieties.
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Figure 6.14 31P NMR of alkali lignin extracted from coir fibre.

The lignin structural moieties show significantly higher ratio of aliphatic-to-phenolic lignin
groups as shown in Table 6.6. This suggests that alkali lignin has a highly branched structure
which was also indicated by its higher polydispesity index (103). The carboxylic acid
concentration was relatively higher, and it correlates well with the 13C NMR spectral results. The
high concentration of carboxylic acid is due to the presence of hydroxycinnamic acid derivates
which was also indicated in the UV /Visible spectrum. The guaiacyl (G) lignin unit predominates

in the phenolic structural units of coir lignin. The ratio of G/H/S was found to be 51/35/14. This
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was in agreement with the reported S/G lignin ratio in coir (435). However, the ratio of S/G lignin

unit is significantly higher when compared to that of BioChoice® lignin (Section 4.17).

Table 6.6 Hydroxyl group content in alkali lignin from coir fibre (mmol g-1) moieties using 31P

NMR.
Chemical Assignment AlKkali lignin coir
Shift, 8 (ppm)

150.0-143.3 Total aliphatic 4.42
145.0-140.5 Condensed phenolic units (C-5 substituted) 0.22
143.0-142.0 Syringyl (S) 0.14
140.5-138.6 Guaiacyl (G) 0.52
138.5-137.6 p-Hydroxyphenyl (H) unit 0.36
136.4-133.6 Carboxylic acid (COOH) 0.89

- Total phenolic units 1.10

- Phenolic to aliphatic ratio 0.25
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6.5 Electro-spinning of Alkali Lignin Extracted from Coir Fibres

In the previous section on electro-spinning, a novel approach was used for electro-spinning
lignin blends. In the current case, the electro-spinning of alkali lignin from coir was carried
out with cellulose acetate in acetone/DMSO. The reasons for this is the yield obtained for the
alkali lignin and the electro-spinning was carried out without the lignin being fractionated.
This was because the mass of coir (alkali) lignin that was available. The experimental details
of alkali lignin blending with cellulose acetate and the electro-spinning procedure is
discussed in Section 3.11.5. SEM micrographs of the electro-spun alkali lignin and cellulose
acetate blends are shown in Figure 6.15. The morphology of the electro-spun fibre shows
production of bead-free smooth and circular fibres with diameter ranging from 300-600 nm.
The fibre spinning of alkali lignin without the need of solvent fractionation may be facilitated
by higher S-lignin compared to softwood Kraft (BioChoice®) lignin (180). As mentioned
previously in Section 2.6.1.1, the higher concentration of S-lignin units in hardwood lignin
facilitates fibre spinning (179, 186). However, hardwood lignin takes a longer time to
thermo-stabilise (178, 186, 218, 219). Therefore, alkali lignin from coir fibre presents a

suitable alternative with a lower concentration of S-lignin units than hardwood lignin but

higher concentration when compared to BioChoice® (softwood Kraft) lignin.
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Figure 6.15 SEM micrographs of electro-spun fibres from lignin extracted from coir.
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The production of electro-spun fibres confirms that lignin can be extracted from waste coconut
husk and it can be used to manufacture preforms and can subsequently be converted to carbon
fibres. This is the first time where lignin that was extracted from coir fibres has been used for

producing electro-spun fibres.
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Chapter 7 - Conclusions and Future Work
7.1 Conclusions

The focus of this research was to improve lignin processability and make 100 % lignin-based
carbon fibres. The production of carbon fibres from 100 % lignin was demonstrated. The
study demonstrated a pre-treatment methodology of lignin followed by an optimised thermo-

stabilisation procedure for the conversion of precursor fibres into carbon fibres.
The measure of the performance can be evaluated by the comparison of aim and objectives
outlined in Chapter 1 with the achieved output of results presented in previous chapters.

This chapter provides a conclusive summary of the main results obtained in each chapter. It

also presents the recommendations for future work.

7.1.1 Solvent Fractionation and Characterisation of Softwood Kraft lignin

This chapter demonstrated that solvent fractionation can effectively reduce inorganic impurities
down to 0.1% in comparison to the dilute acid treatment (0.34%). The fractionation also results
in the removal of levoglucosan-a depolymerised product of cellulose. This implies that the solvent
fractionation can be used to purify lignin by reducing the ash content which in turn can play an
important role in the char content. A high inorganic or ash content can catalyse the reactions at
elevated temperatures leading to the generation of water and gasification. The reduction of ash
content by fractionation also facilitates the fibre spinning of lignin as discussed in Chapter 5 and
Section 7.1.2. The as-received lignin was also found to be hygroscopic which was attributed due

to the presence of hydroxyl groups in lignin structural framework.

The solvent fractionation with acetone, ethanol and 1-propanol leads to reduction of the

molecular weight average (7367 to 3848 g/mol) and glass transition temperature (155 to 122 °C).

The glass transition temperature of lignin fractions was found to be highly dependent on the

molecular weight. It was also found that the soluble fractions have less branched structure with
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higher phenolic to aliphatic ratio in comparison to the insoluble lignin fractions. The phenolic-to-

aliphatic ratio was found to be a highly influential factor in the char yield.

7.1.2 Electro-spinning and Carbonisation of Lignin-based Fibres

The electrospinning of 100% precursor lignin without any additives was successfully
demonstrated by using non-toxic solvents (acetone/DMSO). The lignin-based fibres thus
produced were subjected to a series of experiment to optimise thermo-stabilisation process.
The nitrogen thermostabilised fibres were found to fuse whilst the air thermo-stabilisation
facilitated structural integrity of lignin fibres. The characterisation of lignin fibre revealed
that the fibre undergoes significant structural changes during air thermo-stabilisation. The
oxygen content was found to increase due to the formation of carbonyl and carboxyl groups
whilst the hydrogen content decreased in air thermostabilised lignin fibres. The air
thermostabilised lignin fibres were found to decompose slowly over a broader temperature
range (250-900 °C) in comparison to nitrogen thermostabilised fibres. The disappearance of
Tg associated with the structural changes were found to be hugely important to the successful

completion of the thermo-stabilisation step.

The lignin-based carbon fibres showed a smooth and circular fibre morphology with
electrical conductivity comparable to those reported in the literature. An increase in
carbonisation temperature lead to an increase in the graphitic structure and the crystallinity
of the lignin fibres. The surface roughness was also found to increase with carbonisation
temperature (see Appendix Section A and B). All carbonised lignin samples showed good
hydrophobicity with contact angle greater than 90° (see Appendix Section A and B). This
correlates well with the general concept that the roughness is proportional to the contact
angle for non-wettable surfaces (436). The diameter of lignin-based fibre was found to
reduce with the increase in carbonisation temperature due to the apparent mass loss. The

mean fibre diameter observed after carbonisation at 1500 °C was found to be 0.8 um.
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7.1.3 Quantification, Extraction and Electrospinning of Lignin from Coir

The determination of coconut coir composition (coir pith and coir fibre) showed the presence
of relatively high lignin content (32 wt%). The lignin produced from coir fibre showed a T
of 156 °C and char content of 34%. The alkali lignin has a branched structure due to the
relatively high polydispersity index (11.7) with molecular weight average of 5925 g/mol. The
aliphatic-to-phenolic ratio (4.42:1.10) of alkali lignin was found to be relatively high and is also
an indicative of a branched structure. The concentration of S-lignin units was found to be higher
than that of softwood Kraft lignin. It is reported that higher ratio of S-lignin unit facilitates in the
formation of fibres. The electro-spun coir alkali lignin showed that the waste coconut coir can be

a potential raw material for the production of carbon fibres.
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7.2 Future Work

In this research, the softwood Kraft lignin was treated with a single solvent fractionation using
acetone, ethanol and 1-propanol. Thus, to increase the yield of soluble fraction, the softwood Kraft
lignin can be sequentially fractionated using acetone, ethanol and 1-propanol. This will increase
the yield for lignin soluble fractions and reduce the content of insoluble residue. These soluble
lignin fractions could contain a higher phenolic-to-aliphatic ratio with less branched structure
which was demonstrated by soluble lignin fractions obtained using single solvent fractionation.
The sequentially fractionated soluble lignin can be combined and used for electrospinning
process. This will not only increase the soluble fraction yield but could also improve lignin char

content.

It is reported that the interconnected fibres have much higher electrical conductivity than the
non-fused (non-bonded) fibres (183). In this research, the investigations of thermo-stabilisation
showed that atmospheric conditions influence the fibre morphology of lignin-based fibres. The
thermo-stabilisation in nitrogen at a specific temperature results in fibre fusion (interconnected
fibres) and the degree of fusion can be controlled by the processing temperature. This suggest that
the electrical properties of lignin-based carbon fibre can be improved by introducing a controlled
degree of fibre fusion. The mechanical properties of lignin electro-spun fibre also need to be

explored.

The lignin-based carbon fibres showed good electrical conductivity and hydrophobicity. These
properties including the surface area and porosity which can be tailored via surface activation and
control of carbonisation temperature. The carbon fibres thus produced can be tested for their
electrochemical, photovoltaic and capacitance performance which can determine their suitability

for energy storage devices such as electrode materials for supercapacitor, solar and fuels cells.

High carbonisation temperature can also increase the crystallinity and graphitic structural

domain. The mechanical properties of carbon fibre can also be improved using high carbonisation
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temperature and reinforcement additives such as nanocrystalline cellulose (NCC) and carbon

nanotubes (CNTSs).

The successful electrospinning of 100 % lignin and other biomass derivatives such as tannic acid
was demonstrated. This shows that carbon fibres can be made from a range of renewable
precursors and thus opens up a library of new materials which can be utilised to produce bio-

based carbon fibres.

The lignin fibres produced from coconut coir via electrospinning can be converted into carbon
fibres. For future work, the properties of carbon fibre produced from coir lignin can also be

compared with those produced from other lignin sources.
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Appendices

Appendix A: Experimental Method for Atomic Force Microscopy and Surface
Wettability

This section presents the experimental methods used for the analysis of electro-spun ASL-ESL

lignin fibre using atomic force microscopy (AFM) and surface wettability (contact angle).

Appendix Al: Atomic Force Microscopy

A JPK NanoWizard II AFM (USA) was used to observe the surface morphology including the
surface roughness of the electro-spun lignin fibres. The basic AFM setup is shown in Figure A.1
(437). In general, the setup consists of a mountable probe near to the end of a flexible Si based
cantilever (with a reflective upper surface). The cantilever is mounted on a piezocrystal which
allows the detection movement of the probe in relation to the surface of the sample. The cantilever
moves vertically in the Z-direction pressing the fibre downwards and in turn gets deflected
upwards. The deflection of the cantilever is observed by a photodetector through the change in
the path of a laser light beam which is deflected by the top surface of the end of the cantilever. The
controllable movement of piezocrystal allows the tip to come into the contact with the sample
surface which results in the deflection of the laser light. This deflection can be used to generate
topographic features and by calculating the interaction forces between the probe and the surface
of the sample. The surface topography of randomly orientated lignin electro-spun fibres was
monitored using tapping-mode. A Bruker RTESPA-300 probe (thickness: 3.4 pm; length =125 pm
and width: 40 pm) was used to study the surface topography. The electro-spun fibres were
mounted on silicon wafer using double-sided tape attached to both ends of the fibre mat. The
following parameters were used in the tapping-mode experiments: resonance frequency = 325
kHz; and the force constant was = 40 N/m. The surface area considered to investigate the sample
surface roughness was 20 x 20 um. The surface roughness of the lignin fibres that was vacuum

dried at 140 °C, thermostabilised at 250 °C in air and carbonised at 1000 °C, 1200 °C and 1500 °C
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was determined using a line scan along the longitudinal fibre axis. The Ra values which represents
the average roughness across the scan line were recorded (438). Total of five-line scans was
obtained at different locations of the fibre to measure the roughness. The average roughness from

five measurements for each sample is reported.

Light source

@

Light path | X

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fibre

Photodetector

Substrate

Figure A.1 Schematic illustration of the basic AFM setup to characterise the topography imaging

of the electro-spun and carbonised lignin fibres.

Appendix A2: Surface Wettability

The surface wettability of the electro-spun fibres that were carbonised at 1000 °C, 1200 °C and
1500 °C was evaluated using an Opti-Tekscope (DirctNine, UK). This was achieved by obtaining
high-resolution images (1600 x 1200 pixels) of water droplet on the surface of the carbonised
electro-spun lignin fibre mat. A glass slide was used to mount the lignin samples. A 1 uL droplet
of deionised water was deposited on the surface of the carbonised lignin fibre mate using an
adjustable pipette. Three images were captured for each of the carbonised lignin fibre. A new
sample was used for the acquisition of each image. The static contact angles were measured by

processing the image through Image] software to find theta (0) (see Figure A.2).
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Water drop

Carbon fibre mat

Substrate (glass slide)
\ Theta(6) /

Figure A.2 Schematic illustration of the contact angle measurement involving a drop of deionised

water of the surface of an electro-spun and carbonised lignin fibre mat.

Appendix B: Results and Discussion for AFM and Surface Wettability

This section presents the results of ASL-ESL electro-spun lignin fibres obtained using AFM and

contact angle.

Appendix B1: Atomic Force Microscopy of Electro-spun ASL-ESL Lignin Fibres

The preliminary results for the topography of randomly orientated electro-spun ASL-ESL
lignin samples using AFM in the contact mode are shown in Figure B.1 (a-e). Figure B.1 (a-b)
shows the topography of vacuum dried lignin and the line scan which is obtained across the

fibres to highlight the profile height of the sample in a specified dimension (20 x 20 pm).

Figure B.1 (c) shows the 3-D profile of the electro-spun fibre topography over a 20 x 20 pm
scan area. The experimental details for obtaining the topography and the calculation of surface
roughness is listed in Section Appendix A1l. Figure B.1 (d) represents the topography image of
electro-spun fibre using a line scan along the fibre axis to determine the average roughness. The
surface roughness was averaged from the five line scan measurements which along with the
standard deviation for the heat treated lignin samples is shown in Figure B.1 (f). The average
roughness of vacuum dried lignin is 1.31 + 0.29 nm. Figure B.1 (f) shows a gradual increase in the
average roughness of the electro-spun lignin fibre upon heat treatment. This moderate increase

in the roughness of lignin electro-spun fibre could be attributed to the mass-loss and shrinkage in
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the fibre diameter during heat treatment. The roughness for the carbonised lignin fibre at 1500

°C was found to be the highest when compared to the other heat-treated samples.
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Figure B.1 Topography of lignin samples with (a-b) shows the topography and the profile of
randomly orientated vacuum dried lignin electro-spun; (c) shows 3-D profile of electro-spun
profile; (d) shows the calculation of surface roughness (f) show the comparison of surface

roughness for different heat treated lignin samples measured along the fibre axis.
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The surface topography of an aligned electro-spun lignin fibre using AFM in tapping mode is
shown in Figure B.2 (a-c). Figure B.2 (a) shows the topography of an aligned single fibre with
a line scan to show the profile height of scan region as shown in Figure B.2 (b). The 3D image
of the single electro-spun fibre is shown in Figure B.2 (c). The surface roughness of vacuum
dried aligned lignin sample was found to be 1.78 nm which is comparable to that of randomly

oriented fibres.
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Figure B.2 Topography of (a) aligned singled electro-spun fibre with (b) its profile height and 3D

image of electro-spun fibre.
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Appendix B2: Wettability of Electro-spun ASL-ESL Carbonised Lignin Fibres

Surface wettability is another important factor in determining potential applications for
carbon fibre derived from carbonised lignin. Surface wettability can give the measure of
hydrophilic or hydrophobic nature of carbonised electro-spun lignin carbon fibre. The
contact angle measurement gives an indication of the surface wettability of the carbonised
fibre mat. The experimental method to measure the contact angle is presented in Section
Appendix A2. Figure B.3 (a-b) shows images of a de-ionised water drop placed on a carbonised

lignin fibre mat and the measurement of the contact angle using Image] software.

(a) (b)

Figure B.3 Contact angle measurement with (a) showing a water droplet on carbonised electro-
spun lignin fibre mat and (b) shows the processing of image for theta (8) measurement using

Image] software.

The measured contact angle for carbonised lignin samples is summarised in Table B.1. The
material is said to be hydrophobic if it does not wet the surface making a contact angle that
is greater than 90° (439). All the carbonised lignin samples show a hydrophobic nature with
contact angle greater than 90°. The contact angle was found to increase with carbonisation
temperature. The contact angle measured for the carbonised lignin samples is comparable to
those reported in literature where a polymer blend was used (440). The variation in the

contact angle among the carbonised lignin samples can be attributed to sample variations
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and the loss of polar groups. The wettability of surface depends on the surface free energy
and the surface roughness (441). As mentioned in the previous section, the surface roughness
was found to be increased with the carbonisation temperature. Therefore, the contact angles
for electro-spun carbonised lignin fibres correlates well with the general concept that the

roughness is proportional to the contact angle for non-wettable surfaces (436).

Table B.1 Contact angle of electro-spun and carbonised lignin fibres.

Sample Theta (0) Contact angle

1000 °C 70.90° +3.69° 109.10° £ 3.69°
1200 °C 62.53°+1.27° 117.47°+1.27°
1500 °C 59.07°+£2.53° 120.93°+£2.53°
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Appendix C: List of Structures

This section shows the structures of materials discussed in the previous chapters specifically
in results and discussion section. Figure C.1 shows the structures of carbohydrates (cellulose
and hemicellulose) which were present in coir and softwood Kraft lignin as impurities. It also
shows the structure of quinone methide intermediate formed during Kraft pulping process

as discussed in Chapter 2.

HO,
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Figure C.1 Structures of carbohydrates (cellulose and hemicellulose), tannic acid and

daemonorops (dragons’ blood) resin.
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Figure C.1 also shows the structure of tannic acid which was blended with lignin to electro-spun
lignin-based fibres as shown in Chapter 5. Daemonorops resin was also used for initial screening
as a potential bio-based material for the production of carbon fibres. Figure C.2 and Figure C.3
shows the structures of products released during lignin pyrolysis (PY-GC-MS) as discussed in

Chapter 4.

HO CH3
]
Dehydroabietic acid Retene
Phenanthrene naphthalene

0

WOH

Hexadecanoic acid

0

AAAMOH

Octadecanoic acid

Figure C.2 Structures of pyrolysis products (Py-GC-MS) discussed in Chapter 4.
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Figure C.3 Structures of pyrolysis products (Py-GC-MS) discussed in Chapter 4.



Figure C.4 and Figure C.5 shows the structural moieties present in lignin that were discussed
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Figure C.4 Structures of products discussed in results and discussion section (Chapter 4 and

Chapter 6).
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Figure C.5 Structures of products discussed in results and discussion section (Chapter 4 and

Chapter 6).

253



Appendix D: Chemical Structure and Solubility of Bio-based Precursors

This section shows the list of chemical structure and solubility of bio-based precursors screened including lignin in Table D.1.

Table D.1 Chemical structure and solubility of bio-based precursors including lignin.

Bio-based Precursors Solubility Structure
Daemonorops draco Soluble in acetone, ethanol and See structure in Appendix C
DMSO
Black storax resin (liquidambar Non-soluble in acetone, ethanol
Hy

orientalis)

Liqourice
(glycyrrhiza glabra)

and DMSO

Soluble in DMSO
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H H

Cinnamein
(Benzyl Cinnamate)

Glycrrhizin



Tannic acid (tannin)

Benzoin Resin (styrax benzoin)

Myrrh resin
(commiphora myrrha)

Elemi resin (canarium luzonicum)

Lignin

Cellulose acetate

Soluble in water, acetone, ethanol

and DMSO

Non-soluble in acetone, ethanol
and DMSO

Non-soluble in acetone, ethanol
and DMSO

Soluble in ethanol

Soluble in DMSO and DMF

Soluble in acetone and DMSO

See structure in Appendix C

OH
Benzoin

Mixture of various compounds(442)

OCH,

H,CO

HsCO
Elemicin

See structure in Appendix C

See structure in Appendix C

255



Appendix E: Thermogravimetric Analysis and Properties of Bio-based
Precursors

Figure E.1 shows the TGA data for bio-based precursors including lignin. The char and inorganic

content as shown in Table E.1 were influential paraments in the investigation of bio-based

precursors.
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é 60 - -._'.:‘\ Wl N e Myrrh resin
é 1 —— Elemi resin
2 50-
n |
g 40 .
= | R | MRS -
<i - | T T e
S [ | e
10 -
0 v T v T v T ' T T ' T v T LA B 1
0 100 200 300 400 500 600 700 800 900

Temperature (°C)

Figure E.1 TGA data of bio-based precursors including lignin.
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Table E.1 Char and ash content of bio-based precursors including lignin.

Bio-based precursors Char at 900 Moisture Ash at 525 °C
°C (%) (%)
Daemonorops draco 27.1 1.4 1.5
Black storax resin (liquidambar 32.1 2.4 3.9
orientalis)
Glycyrrhiza glabra 29.4 9.2 9.9
Tannic acid (tannin) 249 59 0.1
Benzoin resin (styrax benzoin) 22.2 3.0 0.4
Myrrh resin (commiphora myrrha) 219 8.4 9.4
Elemi resin (canarium luzonicum) 0.9 - -
Lignin 43.4 28 1.3
Cellulose acetate 12.1 - -
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