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Abstract
Electrostatic spinning was investigated as a means to generate nanofibre-based
materials from lignin. Kraft, organosolv, lignosulfonate, and pyrolytic lignins were found to
be prone to electrospray, resulting in the formation of droplets instead of fibres upon
electrical charging of their solutions in most cases. It was observed that the addition of a
small amount of poly(ethylene oxide) (PEO) to the spinning solution was an effective
strategy to promote the formation of uniform fibres. Studies on the shear and elongational
rheology of the spinning solutions were conducted to understand the mechanism underlying
the improved process stability that resulted from the addition of PEO to lignin solutions. It
was found that the shear rheology was changed to a small extent upon addition of PEO to the
spinning solution, while studies using capillary breakup extensional rheometry revealed that
PEO addition induced non-Newtonian, strain hardening behaviour to lignin solutions, which
was undetectable in shear rheology studies. The concentration of lignin in solution,
concentration of PEO, and molecular weight of PEO were shown to influence the
elongational fluid properties, which displayed a strong correlation with the fibre diameter.
Once the rheology of the spinning solution was characterized, attention was focused on
oxidative thermostabilization and carbonization of electrospun nonwoven fabrics. It was
found that incorporating different amounts of Kraft lignin fractions in electrospun fibres
allowed the preparation of interesting material morphologies depending on the thermal
softening characteristics of Kraft lignin fractions. Two interesting types of materials were
prepared by controlling the composition of lignin fabrics and processing parameters. The first
was a novel stimuli-responsive film material with a reversible ability to change shape in
response to moisture. The second type was an interconnected carbon nanofibre network
which displayed interesting mechanical, surface, and electrical properties. The structure and
properties of Kraft lignin fractions were investigated by thermo-rheological analysis, nuclear
magnetic resonance spectroscopy, gel permeation chromatography, and light scattering to
understand the role of lignin structure in determining the properties of thermostabilized and
carbonized lignin fabrics. The electrospun fabrics were also characterized by atomic force
microscopy, microtensile testing, nitrogen adsorption, X-ray diffraction, and Raman
spectroscopy.
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Chapter 1. Introduction

1.1

Motivation for development of advanced lignin-based nanofibre materials:
There is currently increasing interest in replacing non-renewable petroleum-based

fuels, chemicals, and materials with products derived from renewable resources.1–6 In theory,
biorefineries of the future will be able to meet the energy and material needs of society by
producing biofuels and other products from biomass such as wood and grass. Because lignin
is an integral component of biomass, biorefineries will inevitably produce it as a coproduct.1,5,6 However, lignin is currently under-utilized in spite of the fact that it is known
that utilization of lignin in value-added applications could benefit the overall sustainability
of biorefinery processes.6,7 Lignin is also currently generated in large quantities by industrial
pulping processes (predominantly Kraft pulping)8,9 which are difficult to measure precisely,
but were estimated in 1990 at 138.5 million kg/year worldwide.10,11 Gellerstedt and
coworkers9 have more recently estimated that assuming 10% of lignin from European Kraft
pulp mills were isolated, 1.5 million tons of Kraft lignin could be made available for valueadded products. However, as of 1998, only about 1% of all lignin generated in paper
production worldwide was isolated and sold,12 mostly as lignosulfonates. Most of the lignin
generated by current industrial processes is Kraft lignin from black liquor, which plays an
important role as a fuel in the energy balance of modern Kraft pulp mills. However, the
capacity of the recovery boiler is a bottleneck in the production of pulp.8,9 Removing some
lignin from black liquor prior to burning it in the recovery boiler could potentially increase
pulp production while also producing lignin for potential value-added applications.
Current applications of industrial (or “technical”) lignins include relatively low value
dispersants, emulsion stabilizers, surfactants, and binders.11,12 However, other higher value
opportunities for lignin utilization as a feedstock for chemicals and materials exist.7,13 A
large body of research has been conducted and considerable research activity is currently
underway in the area of chemical modification of lignin for use in polymer blends,
thermoplastics, polyurethanes, stimuli-responsive materials, hydrogels, and various resin
systems.4,14–27 Despite continued research on lignin utilization, commercialization of lignin1

based materials has proven difficult.11–13 The relatively limited utilization of industrial
lignins for many applications is related to its highly complex, heterogeneous chemical
structure and variability among different types of lignin which makes processing of lignin
and control over its physical properties very challenging. However, several decades of
research has allowed improvements in properties of lignin-based materials to be achieved by
clarifying the relationships between the complex structure and macromolecular properties of
different lignins, processability, and material properties. Advances in science and
technology coupled with a growing desire to use renewable resources in place of fossil
reserves present exciting new opportunities for the development of novel advanced ligninbased materials.
Electrostatic spinning, commonly referred to as electrospinning,28–30 is hereby
proposed as a promising strategy to novel materials from technical lignins. Electrospinning
is capable of producing continuous fibres with very small diameters in the range of
nanometers to microns from an enormous variety of materials.28–30 Electrospinning is
attractive due to its ability to produce continuous fibres with diameters from 10 nm to
several micrometers (1 nm = 10-9 m) using a wide variety of materials. Some examples
include PAN,31,32 cellulose acetate,33 keratin,34,35 alginate,36 chitosan,37 bombyx mori silk38,39
poly(methyl methacrylate) (PMMA),40 poly(L-lactide) (PLLA),41 as well as inorganic
materials.42 Due to its enormous versatility for processing a wide range of polymers,
electrospinning is a promising method to produce a variety of nanofibre-based materials,
including nanocomposites,43–46 fibrous catalyst substrates,47,48 drug delivery devices,49 tissue
engineering scaffolds,50,51, and nanowires.52,53 The electrospinning technique offers unique
advantages and presents exciting opportunities for development of lignin-based materials.
However, electrospinning of lignin presents a few challenges compared to synthetic
polymers which are related to the complex, branched, heterogeneous, and widely varying
lignin structure and physical properties. Chapters 3 and 4 will be aimed at characterizing the
behaviour of lignin during electrospinning and will place an emphasis on understanding the
relationship between the rheology of the spinning solution and the formation of electrospun
fibres. From there the possibility of using electrospun lignin fibres as precursors for ligninbased materials with interesting properties will be explored.

2

One class of materials that is currently receiving widespread attention for a variety of
applications is polymeric stimuli-responsive materials (SRMs). SRMs are often referred to as
“smart” materials due to the capability of changing their properties in response to external
stimuli (e.g. chemical, light, temperature, pH, external electric and magnetic fields), based on
the dynamic rearrangement of supramolecular polymer networks. The numerous exciting
properties and applications of SRMs have been reviewed extensively.54–60 A highly
interesting sub-class of SRMs are materials capable of fixing temporarily “programmed”
shapes and returning to their original shape in response to external stimuli such as
temperature,61 light,62 electricity,63 magnetism,64 or moisture.65–76 These SRMs are
commonly referred to as shape memory materials (SMMs). Polymer SMMs have received
increasing attention in recent years due to exciting possibilities in potential biomedical
applications77 as well as in sensors78 and actuators.79 Polymers intrinsically show shape
memory on the basis of entropic elasticity, and hence a wide variety of polymer SMMs can
be designed.80–82 The shape memory effect is due to the combined action of two or more
distinct phases or segments, where one phase acts as a “switch” capable of undergoing a
transition or change in conformation or mobility in response to a stimulus, and the other
segment remains relatively immobile and allows the material to “remember” its permanent
shape. The presence of a physically and/or chemically cross-linked network structure is
another important characteristic of SMMs.80–82 Numerous SMMs based on synthetic
polymers including polyurethanes65,69–71,73–75, polyvinyl alcohol,66,67 poly(e-caprolactone),83
and others80–82 as well as polymer blends84–87 and composite systems64,72,76,88 have been
reported. The advantage of using synthetic materials in design of SMMs is the versatility in
generating materials with well-defined switching characteristics89 and the ability to memorize
multiple shapes.88,90–92 Use of bio-based materials72,76,93–95 has also been reported in the
preparation of SMMs, but has received considerably less attention. The inspiration for design
of SRMs/SMMs has grown in relation with the observation of stimuli-responsiveness in
biological systems.55 Notably, while SRMs and SMMs have emerged as an important class of
novel advanced materials, the preparation of SRMs based on lignin has not received much
attention.23 Electrospinning has also been shown to be an effective method of preparing a
variety of interesting SRMs. The high surface area to volume ratio of electrospun fibres has
been reported to be advantageous for the preparation of SRMs with high sensitivity to
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external stimuli.96 A portion of the research described in chapter 5 will therefore be devoted
to investigating the possibility of fabricating SRMs and SMMs through electrospinning of
lignin.
Carbon materials such as lignin-based carbon fibre (CF) and porous carbons such as
activated carbon (AC) and activated CF (ACF) are another particularly promising potential
application for lignin.9,97–108 The combination of high strength and stiffness coupled with
low density make high-performance CF an ideal reinforcement for high-strength, lightweight composite materials used in aerospace, automotive, marine, and sporting goods
applications.98,99,109,110 Carbon materials including CF and AC also have numerous
additional applications, including adsorbents,111 catalyst supports,112,113 biomedical
materials,114 electromagnetic shielding,115 and other electrical applications115 such as
electrochemical double-layer capacitors for energy storage or capacitive deionization,116–121
Li+-ion batteries,122–124 fuel cells,125,126 and dye-sensitized solar cells.127 Carbon nanofibres
prepared through electrospinning are being intensively investigated for potential application
in the areas listed above.128 Unfortunately, lignin is relatively difficult to process into high
strength CF, with continued research resulting in mechanical properties unsuitable for
structural composites.98–100,110 The tensile strength and modulus of lignin-based CF is still
relatively low compared to those of CF derived from synthetic poly(acrylonitrile) (PAN)based copolymers.110 On the other hand, superior mechanical strength is not required for all
applications, the relatively high cost of PAN is a limiting factor in its widespread
application,99 and there is a need to replace non-renewable petroleum-based materials such
as PAN with renewable precursors. Reduction of the fibre diameter below that of
conventional micron-sized fibres through electrospinning could improve the material
properties and expand the applications of lignin-based CFs. It is known that the mechanical
properties of carbon fibre increase with decreasing diameter.98,100,129,130 Decreasing the fibre
diameter also increases the available surface area for interaction with matrices thus
producing a composite with better shear strength.31 Furthermore, the increased specific
surface area provided by a reduction in the fibre diameter can benefit the numerous nonstructural applications of CF mentioned above. While lignin-based CF properties must be
improved further to compete with PAN and pitch-based CF in terms of mechanical
properties, combining an understanding of lignin properties with novel processing strategies
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such as electrospinning may allow further improvement of properties and expansion of the
potential applications of lignin-based CFs to the other areas listed above. CF materials
obtained from lignin are therefore a second class of materials that will be investigated in
chapter 6.
In order to effectively apply electrospinning in the fabrication of novel lignin-based
nanofibre materials, it is necessary to first understand lignin. As an introduction to the
proposed research, the structure and isolation of lignin will be discussed first in section 1.2
and 1.3, respectively. The electrospinning process will then be discussed in detail in section
1.4. SRMs and SMMs will be then discussed in section 1.5 and the prospect of using lignin in
SRM/SMM fabrication will be presented. Finally in section 1.6, a discussion of CF
processing, structure and properties and previous research on lignin-based CF will be
presented

1.2

Lignin biosynthesis and structure:
Lignins are one of the three main constituents of the cell walls and extracellular

space of arborescent gymnosperms and angiosperms. Lignins serve as structural elements in
plant stems, imparting rigidity and resistance to impact, compression, and bending. In
addition, they facilitate the transport of water, nutrients, and metabolites, and provide
resistance against degradation by microorganisms.131 Native lignins are polyaromatic
heteropolymers derived from copolymerization of mainly three p-hydroxycinnamyl alcohol
monomers, referred to as monolignols.132,133 These are p-coumaryl, coniferyl, and sinapyl
alcohols, which differ in the number of methoxyl groups at the 3 and 5 positions of the
aromatic ring. Other monomers also take part in lignification to a lesser degree.
Hydroxycinnamates are one example of monolignols other than hydroxycinnamyl
alcohols.134 This is an important distinction to accurately represent the plasticity of
lignification and the variety of possible structures, but for a general explanation of lignin
structure, consideration of the three primary monolignols is illustrative. The primary
monolignols give rise to the p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units in the
lignin polymer through a combinatorial radical coupling process. Softwood (gymnosperm)
lignins consist of mainly G units with low levels of S and H units, while hardwood
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(angiosperm) lignins consist mainly of G and S units with low levels of H units, and grasses
have comparable amounts of S and G units, with higher amount of H units compared to
hardwoods and softwoods.132,133

Figure 1.1: Lignin monomers (a,b,c) and subunits (d,e,f) (a) p-coumaryl alcohol (b) coniferyl alcohol (c)
sinapyl alcohol (d) p-hydroxyphenyl (H) subunit (e) guaiacyl (G) subunit (f) syringyl (S) subunit

The biosynthesis of lignin precursors from carbohydrates follows the shikimic acid
pathway, an essential biosynthetic pathway with phenylalanine and tyrosine as products. The
first evidence for the importance of this pathway was provided by Brown and Neish135 using
14

C-labelled shikimic acid and phenylalanine. These investigators demonstrated that these

labeled compounds were efficient precursors for lignins in wheat and maple. Numerous
subsequent studies indicate that the shikimic acid pathway is responsible for monolignol
biosynthesis.136 Phenylalanine is converted to the p-hydroxycinnamyl alcohol lignin
precursors through an enzymatically mediated series of reactions, which has been studied
intensively by many researchers.132,133,137–143 It should be noted that different pathways to the
p-hydroxycinnamyl alcohols are possible due to the fact that multiple isoforms of different
enzymes exist and are differentially expressed depending on the stage of development and
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environmental cues.132,144,145 Also, additional complexity arises from the fact that pathway
intermediates may affect synthesis or activity of enzymes involved in the pathway.132
During lignification, monolignols are coupled in an end-wise manner to form the
lignin polymer. In gymnosperms and some angiosperms, monolignols are transported to the
cell wall from the cambial tissue in the form of 4-O--D-glucosides, which are presumed to
be the storage and/or transport form.146 After transport, monolignols are oxidized to phenoxy
radicals by the action of laccases and/or peroxidases.132,133,147 Dehydrogenation of a
monolignol leads to the formation of a phenoxy radical. Due to the ability of electrondelocalized radicals to couple at various sites, different linkage structures are possible133
(Figure 1.2). The predominant linkages are the -O-4 (-aryl ethers), which account for
roughly half the linkages in lignin, but other linkages, such as the -5 (phenylcoumaran), 55’ (biphenyl), 4-O-5’ (biphenyl ether), -’ (pinoresinol), dibenzodioxocin (combination of
5-5’/-O-4/-O-4), and -1 linked structures are also present in the lignin polymer. It is
important to note that the type of monolignol affects the possible outcomes of radical
coupling reactions. For example, the aromatic C5 position is available for coupling in
coniferyl, but not sinapyl alcohol. This explains why syringyl (S) lignins have a higher
proportion of -O-4 units compared to guaiacyl (G) lignins, because the aromatic C-5
position is unavailable for coupling. Following radical coupling, re-aromatization reactions
occur. In the formation of a -O-4 linkage, nucleophilic addition of H2O to either side of the
planar quinone methide intermediate results in two distinct stereoisomers, threo- (syn-,
RR/SS), and erythro-(anti-, RS/SR), which are present in kinetically controlled amounts.133
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Figure 1.2: Characteristic linkages in lignin (a) -aryl ether (-O-4) (b) phenylcoumaran (-5) (c)
resinol (-) (d) biphenyl (5-5’) (e) biphenyl ether (4-O-5) (f) dibenzodioxocin (-O-4/-O-4/5-5’)

Much of our understanding of the mechanism of lignification comes from early
experiments on synthetic lignin-related polymers by Freudenberg.148,149 These types of
synthetic lignins are commonly referred to as dehydrogenation polymers (DHPs). The
results of DHP experiments support the hypothesis that the polymer grows by combination
of a radical at the phenolic end of a growing oligolignol with another radical of a
monolignol, most often at the monolignol  position. For example, the structure of DHPs
prepared by the dehydrogenative polymerization of coniferyl alcohol in the presence of
horseradish peroxidase (HRP) and H2O2 depended on whether the monomers were
introduced all at once (“Zulaufverfahren”) or gradually over a longer period of time
(“Zutropfverfahren”).136,148 In the first case, dehydrodimerization reactions between
monolignols are favored. In dehydrodimerization reactions the products always consist of
coupling of at least one of the monolignols at its -position. An enlightening observation
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from DHP experiments is that the frequency of -O-4 units is lower when monomers are
added in bulk all at once compared to gradual addition. Gradual addition shifts the favored
outcome from dehydrodimerization to coupling of an oligolignol with monolignol radical
and results in a greater -O-4 content. Since the -O-4 linkage is the most abundant linkage
in lignin, these results suggest that the outcome of coupling reactions may be regulated in
planta by control of the monomer supply rate. Model experiments suggest that the outcome
of coupling reactions also depends on the rate of radical generation, the presence of
polysaccharides, and the presence of the growing lignin polymer chain.150–153 Since several
coupling outcomes with different probablities of occurring are possible between
monolignols and the growing polymer based on a combination of several factors, lignin
polymerization can be viewed as a combinatorial process resulting in a non-repeating
sequence of monomer units.132,133 The result of this combinatorial process is a polymer chain
with an enormous variety of possible chain sequences and conformations.
Through the mechanism described above, plant cells are able to deposit lignins with
different structure and orientation in different areas of the cell wall (P1, S1, S2) and middle
lamella (ML). Lignification is one of the final stages of xylem cell differentiation, with
lignin deposition occurring after carbohydrate deposition. The process begins at the cell
corners in the primary wall, spreading to the middle ML and S1 region of the secondary
wall, and finally throughout the secondary wall around the lumen. When lignification is
complete, the highest lignin concentration is in the ML region, but since the ML accounts
for a relatively small volume fraction of wood, the highest total amount of lignin is in the
secondary wall.154 A notable area of ongoing research is the precise nature of the initiation
sites for lignification, which may be related to the regulation and control of lignin structure.
Davin, Lewis and coworkers have suggested that arrays of dirigent proteins play a similar
role as that observed in lignan biosynthesis, by controlling the outcome of phenoxy radical
reactions in a regio- and stereo-specific manner155–157 and paving the way for a template
polymerization where existing lignin chains act as templates.153,158,159 It has been suggested
that a template polymerization mechanism would lead to a regularly repeating sequence of
monomer units, but this hypothesis remains to be fully tested experimentally.158,159
Nevertheless, the presence of initiating sites for lignification is clear. Keller and coworkers
have suggested a close functional relationship between glycine-rich protein and lignin
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deposition during cell wall biogenesis in protoxylem cells.160 Ralph and coworkers have
demonstrated that ferulate polysaccharide esters actively participate with lignin monomers
in oxidative coupling pathways to generate lignin-ferulate-polysaccharide complexes during
cell-wall development in ryegrass.161 There is reason to speculate that such complexes might
play a role in lignin-polysaccharide crosslinking, which could also be involved in initiation
and/or control of lignification.134 In any case, the bulk of the experimental evidence points to
control of lignin deposition by spatial and temporal regulation of gene expression and
monomer supply,132,133 where lignification proceeds by a combinatorial process with
different monolignol radical coupling outcomes possible but with different corresponding
probabilities. While alternative hypotheses have been presented,158,159 the current prevailing
view of lignin structure is that of a branched, heterogenous polymer with an irregular
sequence of interunit linkages.
It is, however, quite interesting that while the complex process of lignin
polymerization and deposition appears to produce a non-repeating sequence of monomer
units which is sometimes described as random, the overall structure and orientation of lignin
in different areas of the cell wall is clearly not random. Donaldson studied lignification in
radiata pine by transmission electron microscopy (TEM) and observed that growing lignin
particles in the middle lamella and primary wall region form roughly spherical particles,
suggesting an isotropic character to the ML.162 On the other hand, lignin in the secondary
wall was observed to form elongated structures which followed the orientation of cellulose
microfibrils, showing that the architecture of the surrounding carbohydrate matrix exerts
constraints on lignin deposition which lead to an anisotropic orientation.162 Terashima and
coworkers have recently proposed a model of the nanostructural assembly of the secondary
wall163 in which bundles of cellulose microfibrils are surrounded by a lignin-carbohydrate
complex which follow the orientation of the bundle. Atalla and Agarwal showed using a
Raman microprobe that the aromatic rings are preferentially oriented parallel to the plane of
the cell wall.164 More recent studies using polarized infrared spectroscopy165,166 have shown
that lignin has a preferred orientation in the secondary wall. Polarized infrared spectra
collected with simultaneous dynamic tension applied to oriented thermomechanical pulp
sheets also showed that the orientation of lignin is related to its mechanical function.166
Interestingly, out-of-phase spectra obtained with the infrared beam polarized 90o to the
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stretching direction showed that lignin participates in viscous dissipation of energy in
response to mechanical stress.166 Studies on the lignin-carbohydrate complexes in wood and
chemical pulps have also revealed that distinctly different types of lignin are preferentially
bound with different hemicelluloses.167,168 Taken together the results of various experiments
paint a very different picture of lignin than that of a random, isotropic “glue” simply holding
fibres together in wood. In contrast, lignin has a range of architectures ranging from more
isotropic in the ML to an anisotropic structure capable of facilitating dynamic rearrangement
of the cell wall matrix in response to mechanical load. As the properties of lignin-based
materials are inextricably linked with the physical properties of lignin, increasing
understanding of the structure-property relationships of lignin in wood may open new
opportunities for design of advanced lignin-based materials.

1.3

Isolation of lignin by chemical pulping:
The ever-expanding understanding of the complex nature of lignin essentially began

as an effort to deconstruct lignified wood tissues for conversion of various biomass
components into useful products. Traditionally, most of the useful products are derived from
the carbohydrate components (i.e. pulp and paper). On the other hand, the partially degraded
lignins generated as co-products of chemical pulping are relatively under-utilized, and
therefore represent an opportunity to improve the economics of biomass utilization while
simultaneously taking better advantage of an abundant, renewable feedstock.9 However,
additional difficulty in lignin utilization results from the fact that the complex lignin structure
is further chemically altered during isolation in a process-dependent manner. A variety of
industrial and experimental processes involve delignification of biomass and produce slightly
different “technical” lignins as co-products. The chemical reactions and structures of lignins
isolated by different methods have been investigated extensively.169–176 Currently the most
commercially important processes are chemical pulping methods, especially the Kraft or
sulfate pulping process.8,9,169,173 Several other methods of biomass processing such as soda,169
acid sulfite,169,172 and organosolv pulping,174–176 and pyrolysis177,178 also have important
applications in pulp and paper and potential renewable fuel applications (cellulosic ethanol,
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bio-oil production), and generate lignin-derived co-products with different degrees of
structural modification and degradation depending on the process and conditions.
Chemical pulping processes are aimed at the selective removal of lignin in a way that
minimizes the degradation of the carbohydrate components, which are then converted to
useful products. Thorough delignification typically requires harsh conditions, such as high
temperature and pressure and high alkalinity or acidity which change the lignin structure. In
chemical pulping, lignin is dissolved by both incorporation of hydrophilic groups and
cleavage into smaller fragments. Several of the common pulping processes can be classified
as either alkaline, acidic, or neutral, with the majority of industrial chemical pulping being
alkaline. Alkaline processes include soda (where the main pulping chemical is NaOH), sodaanthraquinone (soda-AQ), and the predominant Kraft (sulfate) processes. Soda pulping is the
simplest alkaline process, but has a relatively low selectivity for lignin vs. carbohydrates.179
Delignification in the alkaline processes is carried out at temperatures ranging from 140170oC in an aqueous solution of NaOH with other additives included to favor lignin
degradation, reduce lignin condensation, improve lignin solubility, and/or reduce
carbohydrate degradation. Table 1.1 summarizes the reactive species in different pulping
processes in order of importance for each process.169

Table 1.1: Pulping processes and reactive species

Pulping Process
Soda
Kraft
Polysulfide
Alkaline sulfite
Neutral sulfite
Bisulfite
Acid sulfite

Reactive Species
OHOH , HS /S2 , S2O32-, Sn2-, CH3SOH-, HS-/S2-, Sn2-, S2O32-, CH3SOH-, SO32-, HSO3-,
OH-, HSO3-, SO32H3O+, H2SO3, HSO3H3O+, SO2, SO2.H2O, H2SO3

The reactions of lignin occurring in alkaline pulping processes include cleavage of
phenolic - and - ethers, cleavage of non-phenolic -ethers, demethylation, sulfonation, and
condensation. Quinonemethide intermediates are formed when phenolic substructures with
-carbinol or a corresponding -arylether group are heated with aqueous NaOH.169 The
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reactivity of quinonemethides is due to their tendency to form more stable aromatic
structures by reaction with nucleophiles. In the presence of different additives, corresponding
nucleophiles react preferentially with quinonemethides, increasing delignification selectivity.
Different additives have been ranked in terms of their reactivity towards quinonemethides. In
order of decreasing reactivity the ranking is: Anthrahydroquinone (AHQ) > SO32- > HSO3- >
HS- > OH-.169
In acidic pulping processes, delignification is often carried out in aqueous solutions of
sulfur dioxide (SO2) in the presence of bases such as magnesium, sodium, potassium or
ammonium hydroxide. Pulping temperatures are in the range of 130-170oC.169 Sulfite
processes are classified based on the pH and the relative percentage of SO2 combined with
base as sulfite. Major chemical reactions during sulfite pulping are sulfonation, hydrolysis,
and condensation. Other minor reactions occur including oxidation, reduction,
rearrangement, dehydration, thiosulfation, and sulfidation.172 In acid sulfite pulping, -OH
and -ether groups are readily eliminated to form electron-deficient centers, carbonium ions,
which react with hydrated SO2 or HSO3- to produce sulfonate groups, or resulting in lignin
fragmentation by cleavage of -aryl ether bonds.169 The incorporation of sulfonate groups
increases the lignin solubility in the aqueous pulping liquor, facilitating delignification.
Alternatively, carbonium ion centers undergo condensation reactions with electron rich
aromatic carbons. Condensation reactions increase in frequency with decreasing pH.
Condensation is considered undesirable in sulfite pulping (as well as in alkaline pulping)
because it results in an increase in lignin molecular weight and decreased lignin solubility.
The lignin produced from acid sulfite pulping is commonly referred to as lignosulfonate.
Lignosulfonates differ from kraft lignins in that they are higher molecular weight180–182 due
to the relative stability of the -O-4 ethers in acid sulfite pulping. Lignosulfonates, unlike
kraft lignins, are also readily soluble in water due to the incorporation of hydrophilic
sulfonate groups, which is why they find application as water-based dispersants.
In addition to traditional alkaline and acid pulping processes, delignification can be
carried out by pulping in the presence of organic solvents (organosolv pulping).174–176,183
Solvent pulping has some advantages over more conventional pulping processes, namely
lower capital costs, smaller scale for economically attractive operation, significantly lower
environmental impact, and the production of sulfur-free lignins which have interesting
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potential as value-added co-products.183 While organosolv pulps are of somewhat lower
strength than Kraft pulps, post-treatments can improve organosolv pulp properties.184
Recently, organosolv pulping has received increased attention due to its potential application
in the production of biofuel such as cellulosic ethanol.185–188 Numerous organic solvents have
been proposed for organosolv delignification (commonly in conjunction with acid or other
catalysts) either as solvents or in combination with water. These include methanol, ethanol,
n-butanol, acetic acid, ethylene glycol, and ethylene glycol methyl ether.174 Effective lignin
solvents have been characterized as having a Hildebrandt solubility parameter of 10.5-12.5
and satisfactory hydrogen bonding capacity.189 The dissolution of lignin in organosolv
processes is due mainly to the cleavage of -aryl ethers and to a lesser extent, arylglycerol-aryl ethers. The mechanism of -aryl ether hydrolysis involves a benzyl carbonium ion
intermediate which can react either with water, forming a benzyl alcohol, or with an alcohol
solvent, generating a benzyl ether. Condensation reactions can also occur, and as in Kraft and
sulfite pulping, these reactions impede delignification.174,175 Organosolv pulping was also
found to preferentially attack the middle lamella lignin in the initial stages of pulping which
explains the fact that fibre separation occurs at less than 50% delignification in organosolv
pulping.184 The order of topochemical preference for lignin removal from the middle lamella
region was given as follows:190 organosolv > acid chlorite > neutral sulfite > acid sulfite >
Kraft.
In summary, different isolation processes produce lignins with both differences and
similarities. Upon thermo-chemical treatment of biomass, carbohydrates and lignin can be
separated to varying degrees depending on the species and the type and severity of the
isolation process. The lignin that remains for potential conversion to value-added products
retains some structural features of native lignin structure such as -O-4, -', and -5
linkages, and phenolic and aliphatic hydroxyl groups. Still, the lignin structure is
considerably altered during its isolation. Lignin isolated from biomass is therefore highly
heterogeneous due to both inherent heterogeneity and additional isolation process-dependent
chemical modification. Technical lignin in its isolated state is a mixture of oligomeric and
polymeric fragments, and often contains inorganic impurities and residual carbohydrates.
Additional factors affecting conversion of lignin into value-added products are the large
range of molecular weights from 103-105 g/mol or higher180–182,191 (and high polydispersity
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index Mw/Mn) and variability in thermal properties22,98,192,193 of isolated lignin, which
complicates processing of lignin into materials by solution or thermal means. In many cases
it is important to purify lignin to make it suitable for conversion to value-added products.
Purification can involve both a process to separate ash and carbohydrate from lignin as well
as fractionation of lignin into two or more separate fractions with greater homogeneity in
terms of chemical structure and physical properties. Fractionation of lignin by membrane
filtration of pulping liquor prior to lignin isolation,8,191,194,195 selective precipitation from
liquor or other solution,196 or solvent extraction of isolated lignin197–203 has been suggested
as a way of decreasing the heterogeneity of lignin. The goal of fractionation is to isolate
fractions with specific properties better suited for specific applications. While the
advantages and disadvantages of different schemes for dividing lignin into useful fractions
can be debated, there can be no general consensus on the best method of fractionation until
acceptable performance has been demonstrated for lignin-based products for specific
applications. Solvent extraction of isolated lignin will be used in this work mainly due to
experimental convenience and because it is proven in published literature that solvent
extraction of commercially available lignin can effectively eliminate carbohydrate-rich
fractions as well as isolate lignin fractions with different chemical structure, molecular
weight distributions, and in particular, thermal properties.197,198,202 In this case the objective
is to investigate how using lignin fractions with different properties can translate into
desirable processing characteristics (solubility, thermal softening) and final product material
properties. In general, a prerequisite for selecting the optimal fractionation scheme is that a
value-added product should add enough value to offset the cost of lignin isolation and
fractionation, and ideally a single fractionation strategy could produce feedstocks for
multiple value-added products. Here we attempt to focus on the possibility of making novel
advanced materials with an established fractionation protocol and leave development of
more efficient or cost-effective fractionation schemes for future researchers. Focus will also
be placed on using fractionation to improve the processability of lignin with new techniques.
Versatile processing strategies that can be applied to lignins derived from different types of
wood and different isolation and fractionation processes could be valuable pathways to
obtaining lignin-based materials with interesting properties. Electrospinning will now be
discussed in section 1.4 as such a strategy.
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1.4

Electrospinning:
Electrostatic spinning, more commonly known as electrospinning, refers to a method

of producing fibres using electrostatic forces to process materials into fibres from solutions
or melts. Electrospinning is closely related to electrospraying, the use of electrostatic forces
to produce droplets. The first patent for electrospinning was granted in 1934,204 although
relatively few applications emerged until much more recently. The theory was developed
further in works by Taylor,205–207 and studied experimentally by Baumgarten.208 Reneker and
coworkers209,210 sparked increased interest in the technique in the 1990’s. Research in this
area has grown substantially since that time. Several reviews28–30,49,211,212 provide summaries
of the theory and research activities in the electrospinning field.
The experimental electrospinning setup is depicted schematically in Figure 1.3. The
basic apparatus consists simply of a spinneret (needle and syringe) containing the spinning
solution, a conductive collector placed at a fixed distance from the spinneret, and a voltage
source which is used to apply a potential between the spinneret and collector.
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Figure 1.3: Schematic illustration of electrospinning process

As the applied electric potential is increased, a droplet of solution at the tip of the
spinneret will charge to a high potential and the repulsion of charges accumulating on the
droplet surface will stretch the fluid into a conical shape commonly referred to as a Taylor
cone. Above a threshold voltage on the order of kilovolts, a charged fluid jet is emitted from
the droplet and stretched toward the collector. After initially following a straight path along
the electric field direction (stable jet region), the jet undergoes an extremely rapid bending
instability which causes it to follow a spiralling path as it travels toward the collector. During
the stretching and bending of the jet, the large increase in surface area of the jet results in
rapid solvent evaporation, causing solidification of the jet. The resulting nanofibre is
deposited onto the collector as a nonwoven fabric consisting of randomly oriented fibre
segments. An example of a nonwoven fabric consisting of PAN fibres with diameters of
about 300 nm is shown in the scanning electron micrograph image in Figure 1.4.
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Figure 1.4: Scanning electron micrograph of electrospun PAN nanofibre nonwoven fabric.
Scale bar = 50 m

The chaotic path of the electrospinning jets and the morphology of the resulting
nanofibres depends on the complex interplay between the electric field, which tends to
stretch the jet axially, surface tension, which tends to produce droplets to minimize surface
area, and the rheology of the solution under the stretching flow imposed on it. The different
stages of electrospinning have been studied in detail from a modeling and theoretical
perspective in several works.213–225 The small diameter of electrospun fibres results from
enormous elongational strain rates imposed by the electrospinning process estimated to be in
the 100-1000 s-1 range.213,226 The high rate of stretching also produces a high degree of
molecular orientation.32,227 As a result of this orientation, electrospun fibres are typically
birefringent.213
During electro-hydrodynamic jetting, axisymmetric instabilities (especially the
surface tension-driven “Rayleigh” instability) can cause the jet to either break into droplets as
in electrospraying, or promotes the formation of fibres with beads-on-a-string or cylindrical
morphology. Whether or not the jet breaks into droplets or forms fibres depends on the
balance between surface tension, which tends to favor droplet formation and axial stress
generated by capillary, viscoelastic, and electrostatic forces. The fibre morphology depends
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on fluid properties such as viscosity, relaxation time, conductivity, and surface tension,
operating parameters such as applied electric field, collection distance, and solution flow
rate, and environmental variables such as temperature and humidity. The effect of various
parameters on the electrospinning process has been investigated theoretically and
experimentally in several studies.40,228–236 Since the fluid properties are functions of chemical
structures and interactions between the species present in solution, and fluid properties
greatly influence electrospinning, understanding the correlations between fluid properties and
electrospinning behaviour offers insight into the relationships between polymer structure and
processability by electrospinning.
In general, fluids consisting of low molecular weight polymers have a higher
tendency to form droplets, while entangled solutions of higher molecular weight polymers
tend to form fibres. Experimental investigations on electrospinning of synthetic polymers
indicates that entanglements between polymer chains are related to electrospinning
behaviour.40,230,231 Entanglements occur above a threshold concentration, sometimes denoted
Ce,230 which marks the boundary between the semi-dilute unentangled, and semi-dilute
entangled regimes.237–239 McKee et al.230 observed that the onset of beaded fibre formation
corresponded with the transition from the semidilute-unentangled to semidilute-entangled
regimes, while uniform fibres were typically obtained at concentrations roughly 2-2.5 times
Ce for a series of linear and branched polyesters with different molecular weights and degrees
of branching. They also observed that Ce increased with decreasing molecular weight and
increased branching, and that higher normalized concentrations (C/Ce) were required to
electrospin the lowest molecular weight polymers. These results demonstrate that
entanglements promote formation of electrospun fibres, fibre formation is favored by higher
molecular weight, and that higher concentrations are required for fibre formation to occur
with branched, low molecular weight polymers. Experiments by Shenoy et al231 and Gupta et
al40 using different synthetic polymer/solvent systems have also confirmed the important role
of chain entanglements in electrospinning. However, it has also been demonstrated that other
intermolecular interactions can stabilize the electrospinning process similar to entanglement
couplings even in the case of low molecular weight species. McKee et al showed that
hydrogen bonding in a series of poly(alkyl methacrylate)s240 or association in the low
molecular weight phospholipid lecithin241 can act like entanglements which can facilitate the
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electrospinning process. Furthermore, it has been shown that entanglements are a sufficient,
but not necessary condition for fibre formation by electrospinning. Yu et al229prepared a
series of solutions containing low molecular weight poly(ethylene glycol) (PEG) and small
amounts of high molecular weight PEO in order to study the effect of elasticity on fibre
formation and morphology. The PEO-PEG solutions were prepared so that viscosity, surface
tension, and conductivity could be held constant while different degrees of elasticity could be
achieved by varying the molecular weight of the PEO component. Elasticity was
characterized by the relaxation time and steady extensional viscosity, which were measured
using a capillary breakup extensional rheometer (CaBER). It was emphasized that these
PEO-PEG electrospinning solutions behaved as Newtonian fluids in shear based on steady
shear measurements, and were considered to be un-entangled based on these observations.
Interestingly, when these fluids were subjected to electrospinning, the un-entangled solutions
could form bead-free fibres. The onset of fibre formation was related to elasticity,
characterized by the fluid relaxation time. They also showed that the elongational viscosity
increased as a function of relaxation time even though the shear viscosity remained constant.
This result emphasizes the discrepancy between different classes of polymeric liquids in
terms of the relationship between shear and elongational rheology. Thompson and
coworkers232 have also suggested that fluid relaxation time is one of the most important of 13
governing parameters in electrospinning investigated based on a theoretical model. These
results indicate that to correlate electrospinning behaviour and fluid properties for complex
systems, the relationship between shear and elongational fluid properties must be taken into
account. The results also emphasize the fact that there is a complex relationship between
molecular structure and interactions between different fluid components, viscoelastic fluid
properties, processing parameters, and the morphology of electrospun fibres.
In the studies on electrospinning of entangled, synthetic polymer solutions mentioned
above, zero-shear viscosity 0, obtained by steady shear rheometry, was the parameter used
to determine information about the extent of entanglement in different systems. This is
logical in light of the well-known scaling relationships which can be used to deduce
information about polymer chain entanglements in polymer melts and solutions. It is also
clear that fibre diameter tends to correlate with 0, and typically the transition from spray to
beaded fibre to uniform fibre correlates with increasing 0. While important correlations can
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be drawn from shear viscosity data, the rheological behavior of viscoelastic polymer
solutions in elongational flow can not be predicted from rheological measurements in shear,
particularly in the case of large, rapid deformations, in which case nonlinear viscoelasticity
must be considered.219,239 There is also a countless number of possible systems with multiple
components blended together in solution, broad molecular weight distributions, different
degrees of polymer branching, and different types and strengths of intermolecular
interactions. Extrapolation of correlations obtained for systems consisting of entangled,
linear, homopolymers to more complex systems is therefore problematic. However, given the
known fact that numerous parameters influence electrospinning it is simply not practical to
approach each electrospinning system as a process of trial and error in order to obtain the
smallest diameter fibres which are free of beads-on-string defects, and hence it is essential to
understand the rheology of the electrospinning solution in order to exert control over the fibre
diameter and morphology.
These facts must be taken into account when considering using lignin in the
formation of electrospun fibres, because it has been demonstrated that lignin is relatively
difficult to process by electrospinning compared to synthetic, linear polymers.
Electrospinning of Alcell lignin using a coaxial spinneret system has been reported.242,243 In
these investigations, a sheath layer of solvent was necessary to stabilize the electrospinning
process in order to generate uniform fibres. Below a certain sheath fluid flow rate, Alcell
lignin solutions were observed to electrospray. Other researchers have studied
electrospinning of sulfonated alkali lignin blended with nanocrystalline cellulose
(NCC)/poly(vinyl alcohol) (PVA)244 and PAN.245 The results of these experiments
demonstrate that lignin can be processed into nanofibres by electrospinning. However, there
are limitations to be addressed with respect to each of these studies. Each published study
only reported on electrospinning of a single type of lignin. Questions therefore remain on
whether the strategies will be effective for a variety of technical lignins, which vary widely in
structure and properties. Alcell lignin is the only type of lignin so far reported to be capable
of forming fibres without the addition of synthetic polymers in the spinning solution.242,243
However, no correlation of the rheological properties of Alcell lignin solutions and
electrospinning behaviour has been reported. The relationship between lignin in solution and
fluid rheology are therefore not well understood. Some shear viscosity measurements have
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been reported in the study of lignin/NCC/PVA and lignin/PAN systems, but no in-depth
study on viscoelasticity of lignin-based solutions has been reported with any rheological
characterization other than steady shear. Furthermore, while the Alcell lignin nanofibres were
processed into carbon nanofibres and the surface properties were measured, very slow
stabilization heating rates were required to stabilize the fibres before thermostabilization, and
the mechanical and electrical properties of Alcell lignin-based CNFs were not reported.
Lignin/NCC/PVA nanofibres were not carbonized, and were not characterized in terms of
their mechanical properties, hence the effect of lignin content and NCC reinforcement was
not clear.244 Lignin/PAN nanofibres cured with electron beam irradiation were carbonized
and characterized in terms of their mechanical properties, but the only mechanical properties
reported were for fibres with lignin content of 50%, thus it is difficult to ascertain the effect
of lignin on the mechanical properties of the fibres. Also, even though it is known that PANbased CNFs have promising potential for use as carbon electrodes, the electrical conductivity
of lignin-PAN CNFs was not reported. Greater investigation into the fundamental
requirements for formation of electrospun fibres from lignin as well as investigations aimed
at preparing and characterizing electrospun lignin-based fibres should be undertaken to
evaluate the potential for obtaining interesting lignin-based materials through
electrospinning.

1.5

Stimuli-responsive materials from lignin:
Shape memory materials (SMMs) are a class of stimuli-responsive materials (SRMs)

which can undergo reversible changes in shape in response to external stimuli. The shape
memory effect has been described in both metal alloys and polymers. The one-way shape
memory effect was first observed in metal alloys by Chang and Read246 for a gold-cadmium
alloy, followed in 1963 by the observation of shape memory effect in nickel-titanium alloy
by Buehler et al,247 now well-known as nitinol. The mechanism of shape memory in NiTi
alloys is a transformation between martensitic and austenitic crystalline phases upon
heating.61 Polymer shape memory was observed even earlier, described in a US patent by
Vernon in 1941.248 The commercial relevance of shape memory polymers was realized in
the 1960’s with the introduction of “heat-shrinkable” cross-linked polyethylene,249 and
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research activity expanded thereafter and increased with the introduction of shape memory
polyurethanes. Polyurethanes are the most widely studied class of polymer SMMs, first
discovered in the 1980s at Mitsubishi Heavy Industries.250
The most common SMMs are thermally activated, in that they have the remarkable
ability to remember a “programmed” shape which is determined by first heating the material
above a transition temperature, then deforming it into the desired programmed shape, and
subsequently cooling it back below the transition temperature without removing the imposed
strain. The ability to remember programmed shapes depends on the presence of at least two
distinct phases or segments which can fulfill specific roles in the shape memory property.
One is a relatively rigid, immobile component which maintains its mobility or conformation
upon application of a stimulus. The other phase acts like a molecular switch which changes
its mobility in response to an external stimulus.61 Using the example of a linear polyurethane
with a block copolymer structure and thermally induced shape memory effect, the immobile
“hard” segment would have a higher glass transition (Tg) or melting (Tm) temperature, while
the switch or “soft” segment would have a lower Tg/Tm. The chemical structure of the
different segments should also be incompatible enough so that the material displays a phase
separated morphology.61,70 Upon heating the material above the transition temperature of the
soft segment, this component would become rubbery/viscous, while the hard segment
remains elastic. Deforming the material then results in storage of elastic energy and
stretching polymer chains in the hard segment into an extended, entropically unfavorable
state, while the soft segment can effectively reorganize into an entropically favorable state to
accommodate the imposed deformation. If the imposed strain is maintained and the material
is subsequently cooled below the transition temperature of the soft segment, the soft
segment returns to an immobile glassy state, effectively freezing the hard segment in a state
of relatively low entropy due to confinement in its deformed or stretched conformation. The
elastic energy stored during deformation then remains stored in the hard segment after
cooling. Shape recovery can then be activated once the material is reheated above the soft
segment transition temperature and the imposed strain is removed, allowing the hard
segment to return to the coiled state (maximum entropy).
SMMs can also be designed to respond to a variety of stimuli, including light,62
electricity,63 magnetism,64 or moisture.65–76 The possibilities for the design of specialized
23

SRMs and SMMs are therefore very promising. In essence, stimuli-responsiveneness and
shape memory properties depend on the ability of a supramolecular polymer network to
rearrange itself on application of a stimulus and return to its original state once the stimulus
is removed.57,60 Recent advances in the field of SRMs/SMMs have taken advantage of the
variety of different physical/noncovalent and covalent cross-links that can be employed to
influence the stability of supramolecular networks.57 For example, “triple-shape” SMMs
capable of memorizing a permanent shape and two programmed shapes can be prepared by
introducing multiple segments with different transition temperatures, which is essentially an
extension of the mechanism of thermally activated “one-way” SMMs.88 Noncovalent
interactions such as self-complementary hydrogen bonding can also be exploited to prepare
advanced triple-shape SMMs.91 Hydrogen bonding has also been shown to be a key aspect
of the mechanism in many moisture-responsive SMMs. It was accidentally discovered that
shape recovery in thermally activated polyurethane SMMs could also be activated by
exposing the material to moisture.75 It was later determined that the underlying mechanism
was the disruption of the network of hydrogen bonds in the material by bound water, which
increased the mobility of the molecular chains of the switching phase and decreased the
Tg.69,70,74 Moisture-responsive composite SMMs have also been prepared using
nanocrystalline cellulose embedded in a polymer matrix.72,76 Strong hydrogen bonding
between cellulose crystals could be induced by drying or disrupted by introducing water,
resulting in a mechanically adaptive, moisture-responsive SMM.72,76
The use of cellulose in the preparation of SMMs via the reversible disruption and
formation of hydrogen bonded networks raises the interesting question of whether lignin
might also be used in preparing moisture responsive SMMs. The mechanical properties of
wood are governed by a variety of covalent cross-links between the major components,
cellulose, hemicellulose and lignin, as well as noncovalent interactions. Decades of research
have been devoted to understanding of cellulose and the network of hydrogen bonding
governing its properties.251 Wood cell walls are composites of stiff cellulose microfibrils
running along the fibre direction, embedded in a highly oriented amorphous matrix of lignin
and hemicelluloses.252,253 It has been reported that a never-dried wood cell walls have a
remarkable ability to undergo plastic deformation without serious damage to the material.
Keckes et al.254 have described this behavior as a “molecular Velcro” or “stick-slip”
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behavior similar to moving dislocations in metals. Hill and coworkers255 used proton spin
diffusion NMR to show that the stick-slip mechanism is consistent with the presence of
moisture mediating the degree of hydrogen bonding between cellulose microfibrils and the
surrounding matrix (hemicellulose and lignin). Compared to our understanding of the role of
cellulose and hemicellulose,256 the role of lignin in governing this fascinating mechanical
behaviour is not well understood. However, it is known that the molecular mobility of lignin
is strongly increased by the presence of water.22,193 It is also known that different types of
noncovalent interactions govern the physical properties of lignin, including hydrogen
bonding257 and nonbonded orbital interactions between aromatic rings.258–260 Furthermore,
studies on the lignin-carbohydrate complexes in wood and chemical pulps have also
revealed that distinctly different types of lignin are preferentially bound with different
hemicelluloses.167,168 Based on studies on wood and pulp, it appears that dynamic
reorganization of lignin and/or lignin-carbohydrate complexes on a supramolecular level in
response to the environment might be of fundamental importance in nature. Reorganization
of the lignin-hemicellulose matrix may also play a role in fibre curling in pulp-making,
referred to as latency.261 Interestingly, mechanical pulps which are typically somewhat
higher in lignin content can be uncurled by heating, similar to a temperature sensitive SMM.
Reversible reorganization of supramolecular networks is critical in determining the
behaviour of SRMs and SMMs. If different types of lignin in wood have different types and
strengths of intermolecular interactions governing their respective mobility, and these
differences in native lignin are still reflected in the properties of isolated lignin, these
intrinsically different characteristics might be useful in the design of lignin-based phase
separated SRMs or SMMs. Furthermore, it has been shown electrospinning is a highly
useful technique in the preparation of SRMs, as the interaction of materials with external
stimuli is often benefited by the high surface area to volume ratio of electrospun fibres.96
Therefore, electrospinning of lignin is a potentially promising route to novel SRMs and/or
SMMs based on lignin. This hypothesis will be further addressed in chapter 5.
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1.6

Production of carbon fibres from lignin:

As mentioned in the introduction, carbon materials such as carbon fibres (CFs) and
porous carbon materials such as activated carbon (AC) and activated CF are also promising
value-added products that can be prepared from lignin. CFs have a variety of applications in
reinforcement of composites for aerospace, transportation, sporting equipment, and marine
applications,98,99,109,110,262–264 and can also be used as adsorbents, catalyst substrates,
electrodes, and chemically resistant materials.111–127,265–272 CFs can be prepared from a
variety of precursor materials, most often PAN, petroleum pitch, or rayon109,110,273,274 but
also from other carbon rich precursors such as phenolic resin275,276 and lignin. The process
for making CF consists of fibre spinning, such as melt, wet, or dry spinning, followed by
thermal treatment under different conditions, generally low temperature oxidative
thermostabilization, which depends on the precursor, but is in the 200-400oC range.110
Stabilization cross-links and oxidizes the fibres and allows them to resist melting and
maintain the fibre shape during carbonization. Low temperature stabilization is followed by
carbonization at temperatures up to 1600oC under inert conditions, and in some cases
graphitization treatment at temperatures up to 3000oC, which increases the Young’s modulus
and electrical conductivity.109,110,263,277,278
The structure and properties of CFs depend on the precursor and spinning method,
heating temperatures and rates, as well as post-spinning steps to increase the orientation of
crystallites along the fibre axis109,110,279 or increase the surface area for applications such as
adsorbents and electrodes (activation). High modulus CFs are typically prepared from PAN
by wet or dry spinning or mesophase pitch by melt spinning and generally have an axially
oriented graphitic structure, with different transverse textures. These include onion-skin,
radial, flat-layer, and random textures observed in mesophase pitch-based CF and turbostratic
texture observed in PAN-based CFs.109,263 The excellent mechanical properties and low
density of PAN and mesophase pitch based CF make them useful for fibre-reinforced
composite materials.110 As examples of high modulus CF, Toray Industries M60J is a PANbased CF with Young’s modulus of 585 GPa,280 and several mesophase pitch based CFs are
reported263 to possess moduli over 800 GPa. High strength CFs are produced from
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copolymers of acrylonitrile with low amounts of other comonomers such as itaconic acid,
which are included to initiate cyclization of nitrile groups and control the exothermicity of
PAN stabilization.109,277–279,281–285 The tensile strength of PAN-based CF increases up to
about 1600oC, but unlike the modulus, tensile strength of PAN-based CF decreases at higher
carbonization temperatures.110,263 The high strength of PAN-based CFs may be due to
turbostratic structure, which is less prone to defect-induced failure compared to more
graphitic structures characteristic of mesophase pitch.110,263 An example of a commercially
available CF with very high tensile strength is Toray Industries T1000G, which has a tensile
strength of 6370 MPa.286
Lignin has been under investigation for its potential as CF precursor since the
1960's.287 The first commercial lignin CF, Kayacarbon, was produced by Nippon Kayaku,
Co. Subsequent attempts have produced CF from lignin,288–291 but the mechanical properties
of lignin-based CFs produced to date are generally not comparable to CFs produced from
PAN or mesophase pitch.9,99,110 The preparation and properties of a variety of lignin-based
CFs have been reviewed by Gellerstedt, Sjoholm, and Brodin, and by Kubo and Kadla.9,97 In
addition to being relatively weak, the processability of lignin into fibres depends on the
source and type of pulping process used for isolation of lignin.9,97,98 In some cases it was
necessary to introduce pretreatment steps to generate a fusible precursor material from lignin
which was capable of forming fibres by thermal extrusion.288 Dave, Prasad, Marand and
Glasser292 emphasized that in order to produce CFs with good mechanical properties, the
precursor must have the ability to form a fluid, yet organized, liquid-crystalline state when
spun into fibres in order to generate a highly oriented graphitic structure upon thermal
treatment. This type of behaviour is characteristic of mesophase pitch274 and interestingly,
was demonstrated for some lignin model compounds.292 However, technical lignins typically
form fibres with structure closer to that formed by isotropic pitch, which is presumably
related to their relatively poor mechanical properties. Impurities such as inorganic salts and
carbohydrates are also an important issue for lignin-based CF production.9,97–99 It is known
that defects must be avoided in order to produce a high strength fibre,156 as they result in
discontinuities in the carbon lattice of CF.97–99,293 In spite of difficulties in generating ligninbased CF with mechanical properties suitable for structural applications, research in this area
is ongoing.9,99,110
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Blending of lignin with synthetic polymers has been demonstrated as one promising
route for improving the processability of lignin and properties of lignin-based CF for real
applications. General grade CFs have been produced from technical lignins (hardwood Kraft,
Alcell) and blends of lignin with synthetic polymers including and poly(ethylene
terephthalate) (PET), polypropylene (PP), and poly(ethylene oxide) (PEO).98,100,102 The
polymers were first blended by thermal mixing, extruded into sticks, and subsequently
formed into fibres by a second thermal extrusion. The fibres were then subjected to a twostep thermal processing sequence, typical for CF.110 The thermal treatment sequence
consisted of oxidative thermostabilization, where fibres were heated at a slow rate of
0.5oC/min up to 250oC and held for one hour under air, and subsequent carbonization by
heating at 3oC/min to 1000oC under N2.98,100 By this method, hardwood Kraft lignin (HKL)
fibres were processed into CFs with tensile strength of 605 MPa and Young's modulus of 61
GPa, while blends of hardwood kraft lignin with 25% PET could produce fibres with strength
and modulus values of 703 MPa and 94 GPa, respectively.100 Blending with lignin with PP in
a lignin/PP ratio of 63/37 yielded a porous CF with fairly high specific surface area of ~500
m2g upon thermal degradation of the PP component.102 It is interesting to note that although
this surface area is lower than typical activated carbons, no activation process was used in
this study. On the other hand, activated carbons and activated CF have been prepared from
lignin.101,103–108 Given the numerous exciting applications for carbon materials with high
surface area mentioned above, the surface area of lignin-based CF is an important parameter
to consider for development of lignin-based CF for real applications.
Blending with PEO was observed to enhance the spinnability of lignin during thermal
extrusion.98 The processability of the blend system was reportedly enhanced by miscibility
between lignin and PEO, which was due to the formation of hydrogen bonds between the
hydroxyl groups of lignin and the ether groups in the PEO backbone.98,192,257,294–296 An
important point to note is that the degree to which blending with PEO could enhance thermal
spinning of lignin was dependent on the type of lignin. Compared to HKL and Alcell lignin
(also from hardwood), softwood Kraft lignin (SKL) was observed to require higher amounts
of PEO (more than 50%) in order to obtain a fibre at high take-up speeds, and continuous
spinning could not be achieved at PEO contents of 25% or less.294 Since the mechanical
properties decrease and thermostabilization is hindered by high PEO content,98,192 blending
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lignin with these relatively high amounts of PEO is impractical for SKL processing. The
thermal spinnability of technical lignins is strongly related to their thermal softening, which
is in turn related to their chemical structure. Hardwood lignins were previously observed to
display relatively good thermal spinnability even in the absence of PEO,98 while the
spinnability of SKL was poor due to a much lower tendency to soften and flow upon heating.
The low thermal mobility of SKL is believed to be due to a more highly cross-linked and
condensed structure.98,290 On the other hand, a disadvantage of the high thermal mobility of
hardwood lignins is that hardwood lignin fibres require slow heating rates during
thermostabilization and carbonization to prevent them from fusing together, which greatly
increases the processing times.98,99 Strategies for fibre production are therefore needed which
can be applied to different types of lignin and which overcome the inherent variability in
thermal properties between softwood and hardwood lignins.
Furthermore, the smallest diameter achievable through thermal spinning is in the
micron range. This is significant because CFs exhibit considerable diameter dependence in
their mechanical properties attributed to increased molecular order along the fibre axis,
reduced amount and size of defects, and improved uniformity of heat
treatment.129,130,277,279,32 Accordingly, increasing tensile strength has been previously
observed to increase with decreasing diameter for lignin-based CF, although the diameter
achieved using hardwood kraft lignin was in the 25-50 micron range.98,100 However, smaller
filament diameters on the order of 10 microns have been reported without any increase in
mechanical properties.99 Reduction of the fibre diameter could potentially increase the
mechanical properties of lignin-based CF, but it is still not entirely clear to what extent.
Even in the absence of increased single fibre mechanical properties, decreasing the fibre
diameter could also improve the interaction of lignin-based CF with matrices used for CFreinforced composites.31 In addition, reducing the fibre diameter could expand the
applications of lignin-CFs by increasing specific surface area. Several previously mentioned
CF applications (catalyst substrates, electrodes, adsorbents) utilize high specific surface area
or “activated” CF. There has been a surge in interest in multifunctional carbon materials for
applications related to energy storage, water treatment, and other areas.111–127 A versatile
strategy for processing of a variety of technical lignins with a range of chemical structure
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and properties into very small diameter fibres could therefore open up a host of new
opportunities for lignin-based CF utilization.
In light of the relative abundance of publications on the properties and exciting
applications of electrospun PAN-based CNFs, the relatively high cost of PAN and the fact
that it is not a renewable material, and the relatively few reports on electrospinning of lignin,
the production and characterization of lignin-based nanofibres and CNFs by electrospinning
is a very promising avenue for the fabrication of new lignin-based materials. The first
important step to realizing the potential of electrospinning in generating new ligninmaterials is to develop a versatile system which can be applied to technical lignins with a
variety of structure and properties. In addition, the rheological phenomena underlying the
balance between droplet formation and production of uniform fibres must be elucidated in
order to control the electrospinning of lignin. The key research questions to be answered in
these areas are: 1) Can a simple strategy be employed to reliably obtain electrospun fibres
from different types of technical lignin?, and 2) What rheological parameters govern fibre
formation and the fibre diameter and how can they be tuned? These first two points will be
addressed in chapters 3 and 4. Having established a robust system for the production of submicron diameter lignin fibres by electrospinning, the effect of lignin structure and properties
on thermostabilization, carbonization, and the material properties of the corresponding
thermostabilized and carbonized nanofibres must be studied. Chapter 5 will focus on
oxidative thermostabilization of electrospun Kraft lignin nonwoven fabrics and the effect of
lignin structure on thermal mobility and inter-fibre fusion. Chapter 5 will also present the
exciting finding that electrospun lignin fibres can be converted to novel SRMs with simple
heat treatment of fibres containing certain amounts of lignin fractions with different
structure and properties. Finally, chapter 6 will focus on the mechanical properties, electrical
conductivity, and surface area of carbonized Kraft lignin nanofibres, and discuss inter-fibre
bonding as a means to enhance material properties. A detailed characterization and
comparison of the structural changes occurring during carbonization of Kraft lignin and
PAN nanofibres using Raman spectroscopy will also be presented. Before discussing the
research findings in each of these areas, Chapter 2 will present a detailed explanation of the
experimental procedures used to conduct this research.
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Chapter 2. Materials and experimental methods

2.1

Materials:
Softwood kraft lignin (Indulin-AT, SKL), hardwood kraft lignin (HKL), and

sulfonated kraft lignin (Kraftsperse 25M, SL) were obtained from MeadWestvaco (Glen
Allen, VA, USA). Kraft lignins were washed with dilute HCl (pH 2) to remove water-soluble
impurities and ash. The lignin was suspended at 100 g/L stirred for 30 minutes, and filtered.
This process was repeated a total of five times. SKL and HKL were freeze-dried before
solution preparation and electrospinning in the case of electrospinning of unfractionated
lignin (Chapter 3). When additional fractionation steps were included (Chapters 4, 5, and 6),
SKL was not freeze-dried, but was instead dried under ambient conditions followed by
drying at 105 oC overnight. Hardwood organosolv lignin, Alcell (HOL) was obtained from
Aldrich (Oakville, ON) and used as received. Softwood organosolv lignin (SOL) was
prepared by a previously reported protocol.187 Pyrolytic lignin (PL) was precipitated from
bio-oil (Dynamotive Energy Systems, Vancouver, BC) and subjected to an initial heat
treatment at 160oC for 30 minutes under reduced pressure to remove volatile contaminants as
previously described.177 Lignosulfonate (Starflo dye dispersant, LS) was obtained from
Georgia Pacific (Bellingham, WA).
Poly(ethylene oxide) (PEO) with an average molecular weight of 6 x 105 g/mol was
obtained from Union Carbide (Houston, TX) and used as received. PEO with a nominal
viscosity average molecular weights Mv of 1 x 106 and 5 x 106 g/mol were obtained from
Sigma-Aldrich, and used as received. Polyacrylonitrile (PAN, Mw = 150,000) was obtained
from Scientific Polymer Products, and used as received. N,N-dimethylformamide (DMF),
methanol, and methylene chloride were all ACS Reagent grade and obtained from Fisher
Scientific (Ottawa, ON), and used as received.
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2.2

Fractionation of SKL by sequential solvent extraction:

Fractionation of commercially available softwood Kraft lignin (SKL, Indulin-AT,
Meadwestvaco, Glen Allen, VA, USA) was carried out by sequential extraction with organic
solvents, based on a modification of a published procedure.197,198 The SKL was first washed
with dilute HCl (pH 2) to remove water-soluble impurities and ash as described above. The
resultant acid-washed SKL was then extracted with methanol by vigorous stirring for 30 min
at 100 g/L. The mixture was then filtered and the insoluble fraction was air-dried overnight,
and ground with mortar and pestle; this process was repeated a total of three times. The
methanol-soluble fraction (herein denoted F1-3) was concentrated on a rotary evaporator at 20
o

C under reduced pressure; the temperature was then increased to 50 oC for 30 min to

completely remove the solvent. The isolated F1-3 was then ground with a mortar and pestle to
a fine powder and subsequently dried for another 2 hours on a Schlenk line. The remaining
insoluble material after methanol extraction was air-dried, ground, and further extracted with
a 70/30 (v/v) mixture of methanol/methylene chloride, again the insoluble material was airdried, ground, and re-extracted a total of three times. The soluble material from the 70/30
methanol/methylene chloride washing (herein denoted F4) was concentrated and dried in the
same manner as F1-3.

2.3

2.3.1

Lignin characterization:

Thermorheological analysis of F4 and F1-3:
Thermorheological analysis was performed under dynamic compressive-torsion

mode57 on a TA Instruments (Grimsby, ON) AR2000 stress controlled rheometer. Finely
ground lignin specimens were held between two parallel plates (25 mm dia.) with a normal
force of 3±0.1 N, while a small amplitude dynamic torsional shear was applied (strain: 0.1%;
frequency: 1 Hz). Specimens were heated at 3 °C/min from 25 to 230 °C. All experiments
were under dry N2 and liquid N2 was used for temperature control. The instrument was
programmed such that, prior to material softening below a critical modulus the instrument
controlled the normal force over the specimen and switched over to gap control once the
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shear moduli dropped below a critical value, to eliminate specimen compression. Electrospun
fabrics were analyzed with similar normal force and gap control. Circular discs of 25 mm
diameter were punched out and 3 such discs were stacked during the testing. To compare the
effects of heating rates, heating scans (25 to 250 C) were performed at different heating
rates, 1, 2 and 3 °C/min.

2.3.2

Acetylation of lignin:

Lignin fractions F4 and F1-3 were acetylated for NMR and GPC-MALLS
characterization; 200 mg of lignin was dissolved in 8 mL of pyridine/acetic anhydride (1:1,
v/v) and stirred for 48 h at room temperature. The reaction solution was then added dropwise
to 300 mL ice-water with stirring. The precipitated lignin was collected by filtration through
a Nylon membrane (0.45 μm, 47 mm), washed with ice-water, air-dried, and further dried on
a Schlenk line.

2.3.3

Characterization of lignin by nuclear magnetic resonance (NMR) spectroscopy:
1

H and 13C NMR were measured using a Bruker Avance 300 MHz spectrometer

equipped with a BBO probe. For quantitative 1H NMR, precisely 5 mg of acetylated lignin
was dissolved in 0.5 mL of CDCl3. 1 mg of p-nitrobenzaldehyde was also accurately weighed
and added to the NMR tube as internal standard. Phenolic and aliphatic hydroxyl group
contents were determined from the integration of acetoxyl protons located in the region 2.51.8 ppm using the internal standard aldehyde proton peak integral set to 1. The NMR spectra
were recorded at 300 K, with a 90° pulse width and a 1.3 s acquisition time. A 7 s relaxation
delay (d1) was used to ensure complete relaxation of the aldehyde protons. A total of 128
scans were collected.
Quantitative 13C NMR spectroscopy was performed using 200 mg lignin samples in
0.5 mL of DMSO-d6. Relaxation was facilitated by the addition of chromium acetylacetonate
(final concentration = 10 mM).297 Conditions for quantitative 13C analysis included a 90°
pulse width with a 1.4 s acquisition time and a 1.7 s of relaxation delay (d1). A total of 20000
scans were collected.
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2.3.4

Characterization of lignin molecular weight distribution by gel permeation

chromatography and multi-angle laser light scattering (GPC-MALLS):

The molecular weight distribution of the acetylated lignins SKL, HKL, SOL, HOL,
and PL and SKL fractions F4 and F1-3 were determined by GPC (Agilent 1100, UV and RI
detectors) connected to a multiangle laser light scattering (MALLS) detector (DAWNHELEOS, Wyatt Technologies, Santa Barbara, CA, USA). To eliminate signal contributions
from lignin fluorescence, only even-numbered detectors equipped with filters were used for
molecular weight determination. For SKL, HKL, SOL, HOL, and PL, Styragel (Waters,
Milford, MA, USA) columns HR 4 and HR 2 were used, while Styragel HR 4, HR 3, and
HR 1 were used for characterization of F4 and F1-3. Experiments were run at 35 °C with
tetrahydrofuran (HPLC grade, Fisher Scientific) as the eluting solvent (0.5 mL min-1) and
the injection volume was 100 μL. The concentration of SKL, HKL, SOL, HOL, and PL were
1 mg.mL-1 (Chapter 3), while the concentration of SKL fractions F4 and F1-3 concentration
was 1, 2 or 3 mg.mL-1 as specified in Chapter 5.

2.4

Preparation of lignin-PEO solutions for electrospinning:
Electrospinning solutions were prepared as follows with some slight variations as

stated. Solutions containing only lignin and solvent without PEO were prepared simply by
adding dry lignin powder to the solvent and heating the solution in the manner outlined
below. In chapter 3, the appropriate amounts of lignin and PEO (Mw = 6 x105 g/mol) were
weighed and the dry powders were mixed using a spatula such that the weight ratio of
lignin/PEO was held constant at 99/1 or 95/5. The appropriate volume of solvent (DMF for
SKL, HKL, HOL, SOL, PL, and water for SL, LS) was then added to the mixed powders to
reach the desired total polymer concentration, which ranged from 10-50 wt%. Vials
containing solutions were then sealed tightly, vortexed for 1 minute, and heated in an oil bath
at 80oC. The solutions were again vortexed for 2 minutes after 30 and 60 minutes of heating,
and again for 3-4 minutes after 2 hours of heating and allowed cool for 15-20 minutes at
room temperature before electrospinning.
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A slight modification of this procedure was used in preparing lignin-PEO solutions
using fractionated SKL (F4 and F1-3) in Chapters 4, 5, and 6. The powders were not mixed
with a spatula. Instead, PEO was first weighted accurately and added to the solvent, DMF.
PEO was heated in DMF at 80 °C for 10-15 minutes to dissolve it, followed by the addition
of F4 and/or F1-3 to the dilute PEO solution. The mixtures were heated at 80 °C for 2 h with
intermittent vortexing (1 – 2 min) every 30 minutes. After 2 h at 80 °C, the solutions were
allowed to incubate overnight (12-18 h) at room temperature. The solutions were then
reheated at 80 °C for 15-20 minutes, vortexed, and cooled to room temperature before
electrospinning. In Chapter 4, a range of solutions were prepared with different
concentrations of F4 and PEO as well as different molecular weights of PEO in order to study
the effect of each variable (lignin concentration, PEO concentration, and PEO molecular
weight) on the solution rheology. A list of solutions used in Chapter 4 is presented with
relevant fluid properties in Table 4.1. In Chapters 5 and 6, the PEO molecular weight and
PEO concentration were held constant at 1 x 106 g/mol and 0.2 wt%, respectively, and the
lignin concentration was varied slightly in the range 28-32 wt% in order to obtain fibres with
similar diameters but different relative amounts of the lignin fractions F4 and F1-3. The
compositions of F4/F1-3 blend solutions are presented in Table 5.1.

2.5

Electrospinning:
Electrospinning was carried out in a vertical orientation using a 1 mL syringe fitted

with a flat-tip needle as a spinneret connected to the positive terminal of a high voltage
power supply (Glassman High Voltage, Inc. High Bridge, NJ). The operating voltage was
varied from 9-15 kV in the exploratory experiments described in Chapter 3. In Chapters 4, 5,
and 6, the voltage was kept constant at 15 kV unless otherwise stated. An aluminum foil
collector was placed 20 cm below the spinneret and was connected to ground. A syringe
pump (New Era Pump Systems, Inc. Wantagh, NY) operating at a flow rate of 0.03 mL/min
supplied the polymer solution to the spinneret unless otherwise stated.
PAN nanofibres were also prepared for comparison of electrical conductivity and
Raman spectra in Chapter 6. PAN solutions were prepared by dissolving PAN powder in
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DMF at a concentration of 10 wt% in an oil bath at 80oC for three hours with constant
stirring. Electrospinning of PAN fibres were carried out as described in the literature.298

2.6

2.6.1

Rheological characterization of electrospinning solutions:

Steady shear viscosity measurements:
In chapter 3, the shear viscosity of the lignin solutions with and without added PEO

were measured as a function of shear rate over a range of 1-2000 s-1 using an AR2000 shear
rheometer (TA Instruments, Grimsby, ON) with a cone and plate configuration (60 mm
diameter geometry with a 2o cone angle). Specific viscosity was calculated using the mean
viscosity over the shear rate range of 10-100 s-1, denoted , and the relationship sp = (–
s)/s, where s is the solvent viscosity determined by capillary viscometer at 25oC (s = 8
x10-4 Pa.s for DMF). The average shear viscosity was calculated from n=2 two measurements
at a single solution composition.

2.6.2

Small amplitude oscillatory shear rheometry:
The dynamic shear moduli of F4 and F4/PEO solutions were measured in Chapter 4

using a TA Instruments AR2000 controlled stress rheometer in stress sweep (1-1000 Pa, =
10 rad/s) and frequency sweep (oscillatory stress: 2 Pa) modes. The magnitude of the
complex viscosity |*()| = √(G’2+G”2) in the range ω = 1 – 100 rad/s was used to determine
the shear viscosity, where G’ and G” are the storage and loss moduli, respectively. In some
cases inertial effects resulted in scattered data at  approaching 100 rad/s in which case the
higher  data were not included in the calculation. Raw data from dynamic shear are shown
in the Appendix, Figure A3 and A4.

2.6.3

Capillary breakup extensional rheometry:
A capillary breakup extensional rheometer (Haake CaBER 1, Thermo Scientific,

Ottawa, ON) was used to characterize the elongational fluid properties of F4 and F4/PEO
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solutions in Chapter 4. A vertical column of fluid was created by loading a sample between
two horizontal circular plates (diameter = 4 mm) and rapidly raising the upper plate from 2 to
11.5 mm in 50 ms with a linear stretch profile. The midpoint diameter of the fluid column
undergoing capillary thinning was measured after the upper plate came to a rest after the
initial step strain. The elongational properties were determined from the data as discussed in
the literature.299–302 Where applicable (for elastic solutions), the characteristic time scale of
tensile stress growth in uniaxial elongational flow λ (herein referred to as the relaxation time)
was obtained using the following equation to fit the portion of the thinning profile where
exponential thinning was observed:

(1)

Where Dmid(t) is the midpoint filament diameter as a function of time t, D1 is the initial
filament midpoint diameter just after cessation of the upper plate, G is the elastic modulus,
and σ is surface tension229,299–304 An example showing the calculation of l is shown in the
Appendix, Figure A5. An apparent transient elongational viscosity, ηe,app was estimated using
the equation:301
(2)

The denominator of equation 2 was an exponential equation calculated by differentiating the
exponential obtained by fitting equation 1 to the raw data from the CaBER in the region
corresponding to the elastocapillary balance, where a semi-logarithmic plot appeared to be
linear. This was typically observed in an intermediate period not including the early and late
portions of thinning as shown in the Appendix, Figure A5.

2.7

Thermostabilization of electrospun fabrics:

Oxidative thermostabilization was conducted on electrospun fabrics with dimensions
of 7.5 cm x 10 cm. The fabrics were carefully removed from the aluminum collector and
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clamped on their edges between four L-shaped TeflonTM-wrapped glass plates. Mounting the
fabrics in this way allowed tension to be applied and maintained on the sample edges during
heating due to sample shrinkage (see Figure 5.3). The electrospun fabrics were heated in a
gas chromatography oven (Hewlett-Packard 5890 Series II) at different rates from 0.5-5
o

C/min in air to 250 oC and held isothermally for 1 hour.98 Under these heating conditions

one group of fibres (those containing only F4) remained as non-bonded fibres and will be
herein referred to as NBF, while a second group (those containing a 70/30 wt/wt mixture of
F4/F1-3) became bonded at their intersections and will be referred to as BF. Lignin fibres
thermostabilized at 250oC will be therefore referred to as BF-250 and NBF-250.
Stabilization of PAN fibres were carried out as described in the literature.298

2.8

Carbonization of electrospun fabrics:

Carbonization of the thermostabilized lignin and PAN nonwoven fabrics (Chapter 6)
was carried out in a GSL-1100X tube furnace (MTI Corp, Richmond, CA) by clamping
strips of electrospun fabric (~0.5 cm wide x 6 cm long) at each end between two stainless
steel plates and heating at 20oC/min to 250oC, followed by heating from 250oC to 600, 800,
or 1000oC at 10 oC/min for lignin and 5 oC/min for PAN298 under a N2 gas flow. The
maximum carbonization temperature (denoted Tc) was held for one hour and thereafter
allowed to cool to room temperature overnight under flowing N2 gas. The yield (relative to
the weight of stabilized fibre) of carbonization was determined immediately after removal
from the furnace by weighing the carbonized fabrics. Carbonized NBF and BF lignin-based
fibres will be referred to as NBF-600/NBF-800/NBF-1000, or BF-600/BF-800/BF-1000
corresponding to whether the fibres were bonded at their intersections (NBF for non-bonded,
BF for bonded) and the relevant Tc (600, 800, or 1000oC) used during carbonization.
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2.9

2.9.1

Characterization of electrospun fabrics:

Optical and scanning electron microscopy of fibres obtained by electrospinning:
Fibre morphology was characterized by optical microscopy using an Olympus BX41

microscope and/or by SEM analysis (Hitachi S3000N) using gold coated samples for asspun and thermostabilized samples. No gold coating was used to image carbonized fibres.
The working distance used for SEM imaging was 10-15 cm, and the accelerating voltage
was 5 kV. Fibre and particle diameter distributions were generated from SEM images by
measuring 15-30 diameters per image using the ImageJ software package (U.S. National
Institutes of Health). Diameters are reported as the mean + standard deviation based on
measurements of 100-200 fibres.

2.9.2

Atomic force microscopy (AFM) of thermostabilized electrospun materials:

AFM images were obtained using a Veeco Instruments (Santa Barbara, CA, USA)
Mulitmode AFM using a TAP150A probe, which is mounted on a cantilever with nominal
spring constant of 5 N/m. Samples were prepared by mounting them on magnetic discs using
double-sided adhesive tape. The cantilever deflection sensitivity was calibrated on a
sapphire calibration standard and the cantilever spring constant was determined by the
thermal tune method as detailed in the instrument manual. The instrument was run in
ScanAsystTM mode with quantitative nanomechanical analysis engaged to enable
simultaneous acquisition of height vs. area and adhesion force maps over the same sample
area using a TAP150ATM probe. The applied force was fixed at 20 nN with 0.1 Hz scan rate,
30 x 30 m scan size and 512 samples/line sampling frequency. The AFM instrument
sensitivity was estimated to be on the order of ~100-200 pN under the conditions used for
imaging based on the noise of the sample traces.
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2.9.3

Characterization of mechanical properties of electrospun fabrics:

The mechanical properties of the thermostabilized and carbonized materials were
measured as described in the literature38 using a Kawabata KES-G1 microtensile testing
system on specimens measuring 0.5 cm in width and 4 cm in length mounted on paper
sample holders. The gauge length for tensile tests was 3 cm. The samples were elongated at
an extension rate of 0.01 cm/s and the load in grams was measured as a function of time with
a load sensitivity of 200 g/V and sampling frequency of 50 Hz. Time was converted to
displacement in cm by multiplying by the extension rate. The measured load in grams was
converted to specific stress (g/tex) as calculated by the equation:38
Specific Stress (g/tex) = [Load(g)/width(mm)]/[Areal density (g/m2)]

The areal density is simply the weight of the test specimen in grams divided by the
area in m2 (length x width). The specific stress in g/tex was then converted to N/tex by
multiplying by 0.0098 and further to GPa by multiplying by the bulk density of lignin which
was assumed to be 1.35 g/cm3.305 The strain was taken as the displacement divided by the
gauge length multiplied by 100 to express it as a percentage.

2.9.4

Electrical conductivity of carbonized materials:

The DC resistance R ( of carbonized samples was measured by two-point probe
using a multimeter. Samples roughly 1.5 cm in length and 0.5 cm in width were painted at
each end with silver paint (Ted Pella, Inc. Redding, CA USA) and mounted onto clean glass
slides. Conductivity  (S/cm) was calculated based on the measured R in  and the
dimensions of the sample using the equation:

S/cm = L/(w.t.R),
Where L was taken as the distance between the two probes in cm, w was the sample
width in cm, and t was the thickness of the sample measured using a calibrated optical
microscope.
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2.9.5

BET surface area measurements on carbonized electrospun materials:

The BET surface areas (SBET) of the carbonized materials were determined by N2
adsorption-desorption isotherms measured at 77oK using a Micromeritics ASAP 2020
analyzer. Samples were degassed at 523oK for 18 h under vacuum (500 m Hg) before being
analyzed. Five N2 uptake measurements made in the pressure range P(N2)/P(N2)0 of 0.05 0.30 were used to calculate the SBET values, where P(N2) and P(N2)0 are the equilibrium
pressure of N2 and saturation pressure of N2 at 77oK, respectively. The five ratios
P(N2)/P(N2)0 used in the analysis were 0.05, 0.11, 0.18, 0.24, and 0.30.
2.9.6

Characterization of carbonized materials by Raman spectroscopy:

Raman spectra of carbonized fabrics were recorded on a RM1000 Raman microscope
system (Renishaw, Gloucestershire U.K) equipped with a 785 nm diode laser. A total of 4
scans per sample at 1% laser power (9-10 mW) were collected using a 20X microscope
objective. The laser spot was approximated as an ellipse with major axis of 100 m and
minor axis of 7 m in order to estimate the power density on the sample as 1818 W/cm2.
Baseline correction by simple interpolation between the data points located at 900 and 1800
cm-1 was applied before curve fitting. The D-band at 1310 cm-1 was fitted with a Lorentzian
line shape and the G-band was fitted with a Breit-Wigner-Fano (BWF) line shape. ID/IG was
calculated as the ratio of the intensities (heights) of the D and G band.306,307 The G-band
position was calculated based on the BWF coupling coefficient Q and the G-band full-width
at half-maximum (FWHM) as reported in the literature.306

2.9.7

Wide angle X-ray diffraction:
Wide angle X-ray diffraction patterns of carbonized materials were obtained using a

Bruker D8 Focus diffractometer equipped with a LynxEye detector and a Cobalt source
(wavelength = 0.179 nm) over a range of 2 from 10o to 80o.
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Chapter 3. Electrospinning of technical lignins for the production of fibrous networks

3.1

Introduction:
Lignin has relatively poor ability to form fibres by electrospinning compared to

linear, high molecular weight polymers. The addition of poly(ethylene oxide) (PEO) has been
shown to facilitate fibre formation of other biopolymers from solution by electrospinning.
These include cellulose acetate21, keratin22,23, alginate24, and chitosan25. Furthermore, it has
been demonstrated that PEO forms a miscible blend with technical lignins including kraft
and Alcell lignins26-29, and that PEO improves the ease of fibre formation by fusion
spinning7. Therefore, it was hypothesized that incorporation of PEO would facilitate
electrospinning of technical lignin solutions. In chapter 3 the effect of lignin concentration,
PEO addition and processing parameters on electrospinning of seven (7) different technical
lignins is investigated. To explore the effect of PEO addition, the effect of shear viscosity on
electrospinning behaviour was investigated for lignin solutions with or without PEO.

3.2

Electrospinning of technical lignin solutions without PEO:
Solutions of each technical lignin in DMF (SKL, HKL, HOL, SOL, PL) or water (LS

and SL) were prepared over a range of concentrations from 10-50 wt%. Unfortunately,
attempts to electrospin the various lignin solutions failed; none were capable of uniform fibre
formation, only producing electrospray. However, the SKL/DMF system did display visible
evidence of beaded fibre formation at high SKL concentration. Figure 3.1 shows SEM
images of material produced from 40 wt% (Fig 3.1a) and 50 wt% (Fig 3.1b) SKL/DMF
solutions. Increasing the concentration of SKL from 40 – 50 wt% clearly shows the transition
from electrospray (Fig 3.1a) to electrospinning with the formation of beaded fibres (Fig
3.1b). Unfortunately, further increasing the lignin concentration above 50 wt% resulted in
highly viscous solutions which produced uneven jetting and caused large droplets to be
emitted onto the collector. Nevertheless, it is apparent that the transition to fibre formation is
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favored by increasing the polymer concentration and solution viscosity which is known to
promote fibre uniformity.40,230,231

Figure 3.1: SEM images of SKL solutions electrospun at 40 wt% (a), and 50 wt% (b). Scale bar = 100 m

It is clear that technical lignin structure and properties affect the ability to form fibres,
since one of the lignins was able to form beaded fibres and the others electrosprayed.
Interestingly, the SKL had the highest viscosity compared to the other lignins at the same
concentration dissolved in DMF. Table 3.1 shows the average steady shear viscosity for the
various lignin/DMF solutions at 30, 40 and 50 wt% concentrations.

Table 3.1: Molecular weight (n=2), polydispersity, and steady shear viscosities () of lignin solutions (n = 2) in
DMF without PEO at 30, 40, and 50 wt%. The mean + standard deviation of  at x wt% are reported as x,DMF.

Lignin

Mw
(g/mol)

Dispersity
(Mw/Mn)

30%, DMF
(mPa.s)

40%, DMF
(mPa.s)

50%, DMF
(mPa.s)

SKL
HKL
SOL
HOL
PL

3700
2500
2200
2300
2600

8.4
7.6
6.6
7.9
7.5

24 + 1.0
12 + 0.4
7 + 0.2
8 + 0.3
6 + 0.1

158 + 8.0
53 + 3.0
22 + 1.0
28 + 0.4
21 + 0.4

2341 + 58
427 + 29
94 + 1.0
178 + 4.0
127 + 2.0
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There is a clear concentration dependence on viscosity, wherein all of the lignin
solutions increase in viscosity by an order of magnitude over the range of 30 wt% (~10 mPa
s) to 50 wt% (~100 mPa s) with the exception of SKL which increased by over 2 orders of
magnitude (~20 to ~2000 mPa s). Since the lignins are of similar molecular weights (~ 22003500 Mw), the large difference in the SKL system may be a result of the differences in the
molecular structure and intermolecular interactions as compared to the other lignins.257,294

3.3

Electrospinning of lignin with addition of PEO:
It is evident from the literature that poly(ethylene oxide) (PEO) can be used to

facilitate biopolymer electrospinning.33,35–37 In the development of lignin-based carbon fibres
it was observed that PEO levels greater than 5 wt% led to fibres fusing together during
thermal processing.98 The effect of PEO addition on lignin electrospinning was therefore
evaluated at lignin/PEO mass ratios of 99/1 and 95/5 from solutions with total concentrations
of 20-50 wt%, where concentration in wt% is expressed as % weight of (lignin + PEO) with
respect to total solution mass. Figure 3.2 shows SEM images of electrospun SKL/PEO
solutions. At a lignin/PEO ratio of 95/5, the 20 wt% solution produced beaded fibres (Figure
3.2a). Increasing the solution concentration to 25 wt% resulted in nearly uniform fibres with
a few beads (Figure 3.2b), while larger diameter uniform fibres were obtained by increasing
the concentration to 30 wt% (Figure 3.2c). Decreasing the SKL:PEO ratio to 99/1, resulted in
higher concentrations being required to obtain uniform fibres, but the concentrations were
still lower than the 50 wt% required to form beaded fibres for SKL without PEO. At the 1%
PEO content, the 30 wt% solutions formed mostly beaded fibres (Figure 3.2d), the 35 wt%
solutions formed fibres with a few beads (Figure 2e), and the 40 wt% solutions formed
uniform fibres (Figure 3.2f). Further increasing the total concentration resulted in increasing
fibre diameters, and ultimately the fibres appeared fused at their points of contact, suggesting
that solvent evaporation was incomplete at these higher concentrations.
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Figure 3.2: SEM images of 95/5 and 99/1 SKL/PEO fibres electrospun from solutions at different
concentrations. (a) 95/5, 20 wt%, (b) 95/5, 25 wt%, (c) 95/5, 30 wt%, (d) 99/1, 30 wt%, (e) 99/1, 35 wt%, (f)
99/1, 40 wt%. Scale bar = 20 m (2000X magnification).

It is clear that the addition of PEO enables the continuous electrospinning of lignin
fibres; in the absence of PEO the 40 wt% solutions of SKL (Figure 3.1a) or any other lignin
in solution only electrosprayed. Moreover, increasing the PEO content reduced the total
polymer concentration required for fibre formation. Since lower polymer concentration is
typically correlated with reduced fibre diameter,40,230,231 we initially expected that lower
concentration might produce smaller fibres. However, 95/5 SKL/PEO fibres produced from
30 wt% solutions had similar diameters (1363 ± 234 nm) to those produced from 40 wt%
solutions of the 99/1 SKL/PEO mixture (1318 ± 251 nm). It seems that in this case increasing
the relative amount of PEO may counterbalance the tendency to reduce the fibre diameter
arising from lower total polymer concentration. This point will be addressed further in
Chapter 4.
Since a SKL/PEO mass ratio of 99/1 was sufficient for fibre formation, the effect of
PEO addition on the electrospinning of the other six technical lignins was carried out using
the 1% PEO content. For all technical lignins a clear transition from electrospray or beaded
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fibres to uniform fibres was observed with increasing total concentration. Figure 3.3 presents
the SEM images of all of the lignin fibres electrospun from the 99/1 lignin/PEO solutions.
All of the lignin/PEO solutions were electrospinnable at the same total polymer
concentrations where the lignin solutions without PEO only electrosprayed. Interestingly, the
concentration of PEO in the 99/1 lignin/PEO electrospinning solutions was ≤0.5 wt%,
substantially lower than the minimum PEO concentration (5 wt%) required to electrospin
PEO from water or DMF. These observations suggest that interactions between PEO and
lignin influence the ability to form fibres by electrospinning.

Figure 3.3: SEM images of lignin fibres electrospun from 99/1, lignin/PEO solutions using different technical
lignins. (a) HKL 40 wt%; (b) PL 40 wt%; (c) SL 30 wt%; (d) SOL 50 wt%; (e) HOL 40%; (f) LS 30 wt%. All
scale bars = 20 m (2000X magnification).

Table 3.2 lists the fibre diameters and standard deviations of the electrospun fibres
produced from the different 99/1 lignin/PEO solutions. For almost all of the lignin/PEO
solutions, a concentration of 40 wt% was sufficient to form uniform fibres, the exception was
the SOL/PEO solution, which required a slightly higher concentration.
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Table 3.2: Mean fibre diameters + standard deviation (n = 200) for 99/1 lignin/PEO fibres obtained from
different technical lignins

Lignin

Concentration
(wt%)

Diameter
(nm)

SKL
HKL
SOL
HOL
PL
LS
SL

40
40
50
40
40
30
30

1318 + 251
1085 + 188
1517 + 415
1135 + 171
912 + 176
1645 + 371
702 + 186

The water-based systems, LS and SL, formed uniform fibres at the lowest total
concentration of all the lignins. At 30 wt% the LS produced uniform electrospun fibres, albeit
quite large in diameter. We speculate that this is due to the higher molecular weight of
lignosulfonates as compared to other technical lignins.180,182 As expected the lower molecular
weight SL formed smaller fibres in the same solvent although with a few beads (Figure 3c).
From our experiments it was evident that while all systems formed fibres, the fibre
morphology depended on the technical lignin, as well as the operating parameters. In all of
the systems, the higher concentration solutions (DMF and H2O) required a larger collection
distance in order to allow time for fibre solidification. In some cases, average fibre diameters
differed slightly when different voltage, flow rate, and collector distance were used. The
values reported in Table 3.2, were obtained using the same operating parameters in DMF (10
kV, 0.03 mL/min, 14 cm) and water (14 kV, 0.03 mL/min, 20 cm), respectively.
It has been reported that fibre diameter scales with concentration.40,230,231 Therefore,
the relationship of fibre diameter with concentration was investigated for the various
lignin/PEO systems. Figure 3.4 shows the fibre diameter vs. concentration for the 99/1
SKL/PEO system; an essentially linear increase in fibre diameter with concentration was
observed. Fibre diameters for all the different systems were in the range of roughly 200 nm
to over 5 microns, with the largest fibres being produced from aqueous solutions at higher
concentration. Fibres with diameters around 1 micron and above were usually observed to be
relatively free of bead defects, but below 1 micron bead frequency increased with decreasing
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diameter. Although quite large relative to other electrospun nanofibres, which can be smaller
than 100 nm in diameter,28–30 the diameters of the lignin fibres produced here by
electrospinning are roughly 25-50 times smaller than those obtained by thermal spinning.98
Moreover, they were produced from 7 different technical lignins, including one (SKL) that
was shown to have poor thermal processibility in previous work.98,294
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Concentration (wt%)
Figure 3.4: Plot of fibre diameter vs. concentration for the 99/1 SKL/PEO system. Diameters are reported as
mean + standard deviation, based on 100 fibers for each solution and n=2 solutions prepared at each
concentration.

3.4

Effect of shear viscosity on fibre formation and diameter:
It is known that the morphology of electrospun fibres depends on the fluid properties

such as viscosity, relaxation time, surface tension, and conductivity.232,233 The solution
properties are functions of the polymer-solvent system, chain entanglements, and/or specific
intermolecular interactions such as hydrogen bonding240 or associative interactions.241
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Previous investigators have used steady shear viscosity data to characterize the relationship
between polymer concentration and entanglements, and reported correlations of viscosity
with fibre diameter and electrospinning behavior.40,231,240,35,37,232,233
To investigate the scaling relationship of viscosity with concentration, a logarithmic
plot of specific viscosity (sp) vs. concentration was generated for SKL and 99/1 SKL/PEO
blends (Figure 3.5). There is a clear increase in slope at approximately 25-30 wt% for both
the SKL and SKL/PEO systems. Based on the literature, this may represent a threshold
between regimes above which interactions or entanglements between chains exert a stronger
influence on the value of sp. The intersection of two extrapolated linear regressions (R2 =
0.97-0.98) over the ranges 10-25 and 30-45% for solutions with and without PEO were
calculated to compare the relative threshold of the upturn in viscosity. The intersection for
SKL alone was 28 wt%, while the intersection for SKL:PEO was 27 wt%. The observed
difference between SKL and SKL:PEO is small or negligible, but would be consistent with a
slightly lowered entanglement threshold in the presence of PEO. Clearly the concentration
must be above this threshold to form beaded fibres for SKL with or without PEO, although a
higher concentration is required for SKL alone.

Figure 3.5: Plot of specific viscosity vs. concentration for SKL and SKL/PEO systems.
∆ = SKL:PEO, ♦ = SKL. Each point represents an average of n=2 viscosity measurements.
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The shape and slope of the plots were very similar for SKL and SKL/PEO, although
the SKL/PEO had slightly higher values of specific viscosity. The calculated fits produced
dependencies of sp ~ c2.2 and c2.3 from 10-25 wt% and sp ~ c7.8 and c7.4 from 30-45 wt% for
SKL and SKL/PEO, respectively (see Appendix Figure A1 and A2 for fitting and
calculation). The calculated values are higher than values expected based on theory for linear
polymers in good or theta solvents in the semi-dilute range (1.3 in the unentangled and 3.74.7 in the entangled regime),308 although higher values than predicted have been
reported.37,230,240,241 Notably, such values have been observed in systems involving hydrogen
bonding240 and association complexes.37,241 Similarly, higher values can also be expected as
solvent quality decreases308,231 and also, depending on the branch chain length and
concentration, in the case of branched polymers.239 The higher observed values for the SKL
and SKL/PEO solutions are therefore consistent with the fact that technical lignins are
branched macromolecules which assume compact conformation in solution,305,309 and
participate in hydrogen bonding and associative interactions.310 Furthermore, based on the
Mark-Houwink-Sakurada parameter , which has been measured to be around 0.1 in DMF at
318 or 350 K,305 DMF is not a good or theta solvent for Kraft lignins. The addition of PEO
increases the viscosity by an average of 36% but doesn’t dramatically change the scaling
behavior of viscosity with concentration. These observations confirm that the specific
viscosity is primarily due to the lignin component, with PEO adding a relatively minor
contribution. This observation makes sense since lignin accounts for 99% of the solid content
in solution. Importantly for the present work, the plots for SKL with or without PEO are
similar while their electrospinning behaviors are different. This observation suggests shear
viscosity does not completely describe the differences with or without PEO in regards to the
ability to form fibres. For example, the difference in viscosity between the SKL solution at
50 wt% (which formed beaded fibres) and the 99/1 SKL/PEO solution at 40 wt% (which
formed uniform fibres) was roughly ~2 vs. 0.4 Pa.s. All other lignin/PEO systems displayed
similar trends, in that lower viscosity lignin/PEO solutions were capable of forming fibres
while higher viscosity lignin solutions electrosprayed.
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To further clarify the role of shear viscosity, electrospinning was also carried out
from solutions of the same viscosity and using the same operating parameters with different
technical lignins and PEO (lignin/PEO ratio of 99/1) to investigate the effect of different
lignins on fibre diameter. At a viscosity of 8.6 x 10-2 Pa*s, PL at 43 wt% and HOL at 42 wt%
with PEO had similar diameters (1850 nm and 1700 nm, respectively). On the other hand,
there were clear differences when comparing other lignins at the same viscosity. For
example, SKL solutions at 35 wt% with PEO at the same viscosity formed fibres with
average diameters of 750 nm, while the average diameters for the HKL solutions at 39 wt%
was 1250 nm. Another difference was that the SKL fibres had a few beads while the HKL
fibres were more uniform. In addition, LS and SL solutions with PEO at the same viscosity
(30 and 40 wt%, respectively,  = 9.0 x 10-2 Pa*s) formed fibres with very different
diameters. The LS fibres were roughly 1600 nm, while the SL fibres were much larger in
diameter, and over a wide range of 5-10 microns. As mentioned previously, LS is expected to
have higher molecular weight compared to SL, and this is confirmed by the higher
concentration of the SL/PEO solution (40 wt%) required to match the viscosity of LS/PEO at
30 wt%. These observations indicate that the fibre diameter depends on the fluid properties
at a particular concentration, which depend on polymer structure and solvent. Different
technical lignins are therefore expected to have a slightly different relationship between their
fluid properties with concentration, corresponding to slightly different diameters at a given
concentration depending on the structure of the technical lignin and solvent.
These observations are consistent with the work of Yu and coworkers, who
demonstrated no correlation of the shear viscosity with the ability to form fibres from elastic
PEG-PEO aqueous solutions.229 The authors showed that elasticity as characterized by fluid
relaxation time and steady elongational viscosity was critical in the prevention of jet breakup
during electrospinning of their system. Our lignin/PEO solutions bear a resemblance to the
aqueous Boger fluids prepared by Yu and coworkers in that both contain a relatively small
concentration of higher molecular weight PEO with another oligomeric species (0.1-0.2 vs.
0.5 wt% PEO or less in our study). The oligomeric species in the work of Yu et al was PEG,
and in the present work was replaced by technical lignins, which are generally complex,
polydisperse mixtures of branched polyaromatic oligomeric and polymeric species. It is
logical based on the report of Yu et al to hypothesize that the addition of relatively high
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molecular weight PEO to lignin in solution increases the fluid elasticity, since it was
demonstrated that small amounts of high molecular weight PEO can dramatically influence
fluid elasticity and electrospinnability without significantly altering the viscosity.229 Dilute
solutions of high molecular weight polymers in viscous solvents or in the presence of
oligomeric species are often highly elastic in elongational flow.299,300,311 Furthermore, it is
known that fluid properties in shear might not be a direct indicator of elongational fluid
properties.239 Since electrospinning is a case of strong elongational flow with high strain
rate,226 nonlinear rheological behavior (extensional thickening) would be expected to occur
with elastic fluids during electrospinning.219,222 If the addition of PEO to lignin solutions
significantly increased the fluid elasticity while only slightly affecting the viscosity, shear
viscosity measurements might not completely describe the electrospinning behavior of
lignin/PEO solutions, since these measurements provide no information on extensional
thickening. Therefore, the elongational rheology of lignin/PEO solutions will be investigated
further in Chapter 4.

3.5

Conclusion:
Seven different technical lignins were readily electrospun into fibres through the

addition of PEO (1-5 wt%). To the best of our knowledge this is the first reported system
which allows the formation of electrospun fibres from a variety of technical lignins using a
single spinneret. In the absence of PEO, none of the lignins could be processed into uniform
fibres, although beaded fibre formation was observed for the SKL system at high
concentration (>50 wt%). As with other polymer systems, a linear increase in fibre diameter
with increasing lignin concentration was observed. However, at the same concentration, the
various lignin solutions had varying viscosities and different electrospinning behavior, i.e.
fibre diameter and ability to form uniform fibres. Similar results were found using
lignin/PEO solutions with the same viscosity. Together these results suggest lignin specific
structures and intermolecular interactions are influencing solution properties and
electrospinning behavior. Further support of this was observed from the scaling exponents
calculated based on specific viscosity vs. concentration plots, which at beyond 27-28 wt%
concentration  ~ c7.4-7.8, consistent with a branched polymer participating in intermolecular
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interactions such as hydrogen bonding or association complexes. On the other hand,
lignin/PEO solutions produced uniform fibres at viscosities much lower than those of lignin
alone that only electropsprayed, suggesting shear viscosity plays one, but not the only key
role in determining electrospinnability.
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Chapter 4. Effect of elongational rheology on electrospinning of softwood Kraft
lignin

4.1

Introduction:
This study seeks to elucidate the rheological phenomena underlying the improved

stability of lignin/PEO solutions during electrospinning observed in previous studies, by
considering the elongational rheology of the spinning solution. It is known that polymeric
fluids undergoing large, rapid deformation typically exhibit nonlinear rheological behavior
(e.g. shear thinning, extensional thickening), and electrospinning is an example of a large
rapid deformation.218,219 While it is generally known that the rheological properties of
polymer solutions strongly affect the ability to form fibres and its resulting diameter in
electrospinning,218,219,222,225,229 the relationship between elongational rheology and the
electrospinning behavior of lignin solutions has not been reported in the literature. A deeper
understanding of the viscoelasticity of lignin and lignin-polymer blend solutions is of vital
importance to the optimization of lignin electrospinning, and should provide valuable insight
into the behavior of lignin with respect to other fibre spinning processes. It is hypothesized
that strain hardening may be a key factor governing the electrospinning of lignin/PEO
solutions. Here we report on the effect of lignin concentration, PEO concentration, and PEO
molecular weight on the rheological properties of electrospinning solutions using dynamic
shear and capillary breakup extensional rheometry (CaBER) and investigate the correlation
between rheology and fibre diameter. Softwood Kraft lignin (SKL) was selected for
rheological investigation from the previously investigated lignins due to its interesting ability
to form beaded fibres without PEO. Also, it was observed early on that CaBER was very
sensitive to inhomogeneities and/or incomplete lignin solubility in the solvent, DMF. In order
to improve the homogeneity of the electrospinning solutions for rheological characterization,
sequential extraction with organic solvents was performed on SKL as described in Section
2.2. The rheological and electrospinning experiments described in Chapter 4 were performed
using the F4 fraction.
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Table 4.1: Fluid compositions, viscosity , relaxation time , surface tension , and corresponding fibre
diameters. - = too small to measure, *= incomplete fibre solidification during spinning, x = no fibres formed,
n/a = not applicable. n represents the number of samples used to obtain solution properties.

F4
conc.
(%)

PEO
mol.
wt.
(g/mol)

PEO
conc.
(%)

|
(mPa*s)
n=2


(ms)
n=2

25

-

0

19

-

6

0.1

24

-

32

-

6

1x10

0.2

28

-

32

-

5x106

0.1

27

~4

32

443

65

6

5x10
-

0.2
0

32
45

11
-

32
32

641
-

79
-

1x106

0.1

61

8

33

582

84

1x106

0.2

70

12

32

702

83

6

0.1

63

24

33

821

99

6

5x10
-

0.2
0

72
116

31
-

32
34

1010
-

149
-

1x106

0.1

177

20

33

895

98

6

0.2

200

24

33

1100

138

6

5x10

0.1

168

53

33

1401

231

5x106
-

0.2
0

194
448

55
-

33
33

1551
-

338
-

1x106

0.1

546

49

34

1482

229

6

1x10

0.2

523

65

34

1890

410

5x106

0.1

539

107

34

2176

494

6

5x10
-

0.2
0

586
1598

147
-

34
35

2501

420

1x106

0.1

2023

160

35

2658

440

1x106

0.2

2082

182

35

2878

502

6

0.1

2007

326

35

3261

350

6

0.2

2023

510

35

*

*

1x10

30

5x10
35

1x10

40

45

Mean
Standard
Fibre

deviation
(mN/m) Diameter
(nm)
(nm)
n=2
n=200
n=200
32
-

5x10
5x10
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4.2

Solutions:

The solutions used for rheology and electrospinning studies are summarized in Table
4.1. F4/PEO solutions were prepared such that the range of concentrations was 25-50 wt% F4
relative to the total mass of the solution prepared in 5 wt% increments (25, 30, 35, 40, 45,
50). Four F4/PEO solutions were prepared at each F4 concentration from 25-45 wt%, where
the PEO concentration was 0.1 or 0.2 wt% and the PEO molecular weight was 1x106 or
5x106 g/mol.

4.3

Dynamic shear rheometry:
The dynamic storage (G') and loss (G") moduli were measured as a function of

oscillatory stress amplitude o ( = osin(t)) and frequency  to investigate the linear
viscoelastic regime of F4 and F4/PEO solutions. In the limit of linear viscoelasticity, all of the
solutions can be considered to be weakly elastic under shear deformation, since G" >> G' by
roughly an order of magnitude. Figure 4.1a shows representative stress sweep data for 40
wt% F4/DMF solutions with different combinations of PEO concentration and molecular
weight.

Figure 4.1: (a) Stress sweep and (b) frequency sweep data for F4 and F4/PEO solutions with F4 concentration =
40 wt%. Filled symbols are G’ (Pa), unfilled symbols are G”, and unfilled symbols connected by solid lines
represent |*()| (Pa*s). ● = F4, ♦ = PEO 0.1 wt%, 106 g/mol, ■ = PEO 0.2 wt%, 106 g/mol, ▲ = PEO 0.1 wt%,
5x106 g/mol, ▼ = PEO 0.2 wt%, 5x106 g/mol

56

In the stress sweeps shown in Figure 4.1a, G” was constant as a function of stress for
F4 without PEO, but displayed a decrease with increasing stress in F4/PEO solutions. G’
increased in F4/PEO solutions compared to F4 solutions, but G’ was always less than G”. The
stress sweeps indicate that there is a weak elastic network in the F4 solutions. This elastic
network becomes noticeably stronger with the addition of PEO. A significant increase in G’
was observed despite the small amount of PEO relative to F4: less than 0.6 - 0.8% by mass.
The increase in G’ may be due to interactions between PEO and F4, such as hydrogen
bonding192 which mutually influences molecular mobility. Regardless, it appears that the
elastic network is disrupted during shear deformation, as the value of G’ drops off above 10
Pa. From the stress sweeps, a stress of 2 Pa was considered to be within the linear
viscoelastic regime and used in the subsequent frequency sweeps.
Frequency sweep data was used to calculate the magnitude of the complex viscosity
|η*()|, shown in Table 4.1 for all of the F4 and F4/PEO solutions. The values of |η*()|
varied over nearly 3 orders of magnitude from 20 mPa*s at 25% F4 to 1600 mPa*s for 45%
F4 concentration. Figure 4.1b shows G’(), G”() and |η*()| for 40 wt% F4 solutions with
different PEO concentration and molecular weight. Interestingly, a clear dependence of G’
was observed as a function of PEO molecular weight and concentration, indicating that the
elasticity of the solutions is increased by PEO addition and depends on PEO concentration
and molecular weight. This observation was consistent with the results of stress sweeps. Here
it should be emphasized that the addition of PEO led to an increase in |η*()| of roughly 3570% when comparing F4 vs. F4/PEO solutions with the same F4 concentration. On the other
hand, solutions differing in F4 concentration by 5 wt% displayed larger differences in
|η*()|where |η*()| increased by a factor of roughly 3-4 when increasing F4 concentration
by 5 wt%. Thus, the increase in |η*()| due to increasing F4 concentration was consistently
larger than that due to PEO addition. For example, all F4/PEO solutions with F4 concentration
of 35% exhibited |η*()| of 100 – 200 mPa*s, while F4 solutions at 40% without PEO
exhibited |η*()| of 400 – 600 mPa*s. Each set of 5 solutions with a constant F4
concentration therefore represented a set within a specific range of |η*()| as shown in Table
4.1.
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Figure 4.2: Representative thinning profiles of F4 and F4/PEO solutions. a) F4 solutions without PEO and
varying F4 conc.: = F4 40 wt%, = F4 45 wt%, = F4 50 wt% , b) F4/PEO solutions with PEO conc. = 0.2
wt%, PEO Mv = 1x106 g/mol and varying F4 conc.: = F4 30 wt%, = F4 35 wt% = F4 40 wt%, =F4 45
wt%. c) F4/PEO solutions with F4 conc. = 40 wt%, PEO Mv = 1x106 g/mol and varying PEO conc.: = PEO 0.1
wt%, = PEO 0.2 wt%. d) F4/PEO solutions with F4 conc. = 40 wt%, PEO conc. = 0.1 wt%, and varying PEO
Mv; = 1x106 g/mol, = 5x106 g/mol

4.4

Elongational rheometry by CaBER:
The viscoelastocapillary thinning process was investigated with CaBER to explore

the elongational behavior of F4 and F4/PEO solutions. Figure 4.2 displays the thinning profile
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of different F4 and F4/PEO solutions. Time is on the abscissa with t = 0 corresponding to the
time at which the upper plate stopped moving, and Dmid(t) was then recorded by the laser
micrometer. The thinning profiles are plotted as the measured filament diameter Dmid(t)
normalized by the initial filament diameter D1 at t=0 just after the imposed step strain.
In general, F4 solutions at or below 35% concentration could not be measured using
the CaBER due to breakup occurring before the end of the initial step. It has been reported
that there is a limiting viscosity below which the breakup process cannot be accurately
measured with CaBER.302 Regardless of this limitation, a good qualitative picture of the
breakup of F4 solutions was obtained by measuring at higher F4 concentrations of 40, 45, and
50 wt%. It was observed that the filament thinning profiles were linear in time, consistent
with the behavior of a Newtonian fluid as shown in Figure 4.2a.304 The elongational viscosity
of these fluids is constant in time with a value that increases with increasing F4 concentration.
In theory, equation (2) (Section 2.3.6) could be used to obtain the apparent elongational
viscosity ηe,app, and the Trouton ratio, (ηe,app/ η0) where η0 denotes zero-shear viscosity. For
purely Newtonian fluids, ηe,app = 3η0 (Trouton ratio = 3). However, it proved rather difficult
to obtain reproducible CaBER data of F4 solutions compared to F4/PEO, which made it
difficult to obtain a consistent slope to obtain an apparent elongational viscosity. It was
nevertheless confirmed that the only reproducible profiles decreased linearly in time at 40,
45, and 50 wt%. Some artefacts were occasionally observed in the data at 45 and 50 wt%.
Anomalous artefacts can be interpreted by remembering that CaBER only measures the
filament diameter at a given plane which is presumed to capture the midpoint diameter of the
thinning fluid column. However, bulges, gravitational sagging, or undissolved particles
passing through the measuring plane appear in the data as increases in the value of Dmid(t).301
Sagging can be prevented by careful selection of experimental conditions, and observed by
photographing the entire fluid column as discussed elsewhere.302 We can not rule out the
possibility that some aggregates or inhomogeneity could exist in concentrated F4 solutions,
since Kraft lignin is known to display colloidal or associative behavior.260,312,313 These results
emphasize the importance of conducting parallel experiments in both shear and extension to
better understand the rheology of solutions used in electrospinning, as viscosities of F4
solutions are difficult to measure in extension but can readily be measured in shear.
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The addition of PEO generally resulted in a deviation of the thinning behavior from
linear to exponential in time. Figure 4.2b, 4.2c and 4.2d show representative thinning profiles
of F4/PEO solutions when either the F4 concentration, PEO concentration, or PEO molecular
weight, respectively, were varied independently. In contrast to the F4 solutions, it was
relatively easy to obtain CaBER measurements for the F4/PEO solutions, as their elasticity
allowed them to form stable fluid columns. F4 concentrations as low as 30 wt% with PEO
produced consistent thinning behavior. Solutions with higher F4 concentration, higher PEO
concentration, and higher PEO molecular weight produced pronounced exponential thinning
behavior, longer filament lifetimes, and higher values of λ, as reported in Table 4.1.
Exponential thinning behaviour is a characteristic of elastic fluids.301,302,304 The exponential
character of the thinning process in elastic fluids is believed to originate from elastic stress
generated by uncoiling and alignment of long, linear polymer chains into an extended
conformation due to the strong character of the elongational flow.299–304,314,315 The elastic
stress in the fluid column grows to balance the increasing capillary pressure, which increases
as the fluid filament decreases in diameter. Elasticity can be recognized macroscopically in
the laboratory and is often referred to as “spinnability.” This characteristic has been observed
as improvements in the ease of fibre formation during thermal extrusion for blends of Kraft
and Alcell lignins with PEO.98 This important quality which is clearly related to the ease with
which a fibre can be drawn has not been described in terms of measurable rheological
parameters for lignin-based systems until now.
Analyzing the CaBER data in terms of apparent elongational viscosity using equation
2, it can be seen that ηe,app increases exponentially with time during exponential thinning.
Figure 4.3a shows a comparison of e,app between four different F4/PEO solutions with the
same F4 concentration (40 wt%) and different combinations of PEO concentration and
molecular weight.
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Figure 4.3: (a) Transient elongational viscosity of F4/PEO solutions with F4 conc. = 40 wt%. (b) Semi-log plot
of thinning profiles of F4/PEO solutions with F4 conc. = 40 wt%. (c) Region of CaBER data close to filament
breakup showing data scatter at small filament diameters. = PEO 0.1 wt%, 106 g/mol, = PEO 0.2 wt%, 106
g/mol,
= PEO 0.1 wt%, 5x106 g/mol,
= PEO 0.2 wt%, 5x106 g/mol.

In order to calculate e,app equations 1 and 2 were applied to the intermediate region
of the data corresponding to elastocapillary balance.302 Figure 3a shows that the
concentration and molecular weight of PEO in solution have a strong effect on the values of
e,app even though the values of |*()| are very similar, in the range of 500-600 mPa*s
(Table 4.1). Figure 4.3a shows that the F4/PEO solution with 0.2 wt% PEO, Mv=5x106 g/mol
reaches a e,app value over 100 Pa*s during thinning, while the other solutions at F4
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concentration of 40 wt% deviate from exponential thinning at lower e,app values. However, it
is difficult to interpret the data in terms of elongational viscosities because the steady
elongational viscosity is reached at very small filament diameters where measurement by the
CaBER micrometer is less accurate. The thinning behavior does appear to deviate from
exponential thinning near breakup (Fig. 4.3b, 4.3c) as reported elsewhere,299,300 but when
focused on the region of the data near breakup a stepwise decrease in Dmid(t) was observed
(Fig. 4.3c). This data scatter could be due to instability in the fluid column and/or resolution
limitations of the detector so it is not clear if this region can be considered representative of
the actual fluid behavior. If the expected linear decrease in diameter for the steady state is
assumed, then linear regression can be employed to extract an estimate of the steady
elongational viscosity. However, the somewhat low R2 values indicate the measurement is
not quantitative. Nevertheless, a rough estimate of the steady elongational viscosity based on
linear regression demonstrated that the Trouton ratio of F4/PEO solutions exceeds 100 in
some cases, well above the Newtonian value of 3, consistent with a significant strainhardening. We suggest based on these observations that strain hardening is key in
determining the morphology of electrospun F4/PEO fibres, as shown elsewhere in
electrospinning of other systems.218,219,222,225,229
During exponential thinning we can estimate the transient value of ηe,app using
equation 2. However, Stelter et al. pointed out that the transient elongational viscosity is not a
fluid property, and is not suitable for describing elongational flow behavior.300 On the other
hand comparing the time scales of viscoelastic stress growth, λ, provides an alternative
means to compare the elastic properties of the spinning solutions.229,299,300 The values of λ
obtained from CaBER are tabulated in Table 4.1.
The values of were dependent on F4 concentration, PEO concentration, and PEO
molecular weight. This observation is consistent with the literature reports on model systems
where increasing the solvent viscosity, polymer concentration, or polymer molecular weight
increased the value of λ.229,299–304,314,315 The observation that higher molecular weight
increased  can be explained in terms of the relative contributions of different relaxation
modes to the tensile stress in the fluid. While it is known that real fluids exhibit a spectrum of
relaxation times due to polydispersity and other molecular features, it has been shown that
capillary thinning is governed by the longest relaxation time, since the tensile stress
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contributions due to all other modes relax away at earlier times during thinning.303 The
longest relaxation time corresponds to the unraveling of the longest chains in solution. The
fact that the values of λ increase as molecular weight increases is indicative of the slower
process of unraveling longer chains. A similar analogy applies to measurement of the longest
Zimm or Rouse relaxation time in shear, which can be related to the values measured in
elongational flow.301,302,314,315 However, it should be noted here that λ measured in this work
is not equivalent to the longest relaxation time as measured with small amplitude oscillatory
shear rheometry.
Increasing the concentrations of F4 or PEO also increased λ. The dependence of λ on
the concentration of the high molecular weight component in elastic liquids is presumably a
result from interaction of extended chains during elongation.299,300,302,314,315 Investigation of
dilute, elastic solutions by CaBER314 and imaging of droplet formation315 showed that λ is
dependent on polymer concentration well below the critical overlap concentration c* (i.e. in
the absence of equilibrium entanglements). This point may explain in part why
electrospinning could be carried out from un-entangled polymer solutions (as measured in
steady shear) in the work of Yu et al.229 The observed result from CaBER here suggests that
overlap of the relatively long, linear PEO chains occurs during elongational flow due to
unraveling and interaction between extended chains.
The clear dependence of λ on the F4 concentration in F4/PEO solutions is also
intriguing. It has been observed in published studies that λ increases with increasing solvent
viscosity.302 It was observed that these F4 solutions thin with Newtonian-like behaviour. In
this case increasing the F4 concentration may be analogous to increasing the solvent
viscosity, where PEO is the polymer, and the F4 and DMF together act as solvent for the
purpose of this discussion. However, most CaBER studies published in the literature use
ideal elastic “Boger” fluids. Typically consisting of a low concentration, high molecular
weight polymer dissolved in an oligomer of the same chemical constitution alone, or in the
presence of another co-solvent. On the other hand, it is also known that PEO forms a
miscible blend with Kraft lignins.192 In addition, it has been observed that miscibility and
compatibility affect the tendency of polymer blends containing high molecular weight
polymers to exhibit strain hardening.316,317 It is not currently known to what extent the
dependence of λ on the F4 concentration is due to specific intermolecular interactions such as
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hydrogen bonding or to nonspecific confinement effects or hydrodynamic interactions.
However, it is reasonable to expect that specific intermolecular interactions would slow
down the relaxation of polymer chains due to overall increased friction with surrounding
chains. The compatibility of F4 and PEO may explain in part the large change in elongational
rheology in spite of the relatively low amount of PEO added. The interesting result to
emphasize from rheological experiments is that the rheology of the blend system is tunable in
that the elongational properties can be altered by changing the PEO concentration and
molecular weight while maintaining a low PEO content relative to F4. This is an important
finding for fibre spinning of lignin-based systems, since inherent variability in technical
lignins leads to considerable variation in the shear viscosity vs. concentration relationship as
discussed in Chapter 3. In order to produce consistent spinning behavior with different
technical lignins, PEO addition at different ratios of concentration and molecular weight
could presumably be used to prepare spinning solutions with consistent elongational
rheology.

4.5

Ability of F4 and F4/PEO solutions to form fibres during electrospinning:
Electrospinning experiments were carried out using the various F4 and F4/PEO

solutions to investigate the correlation between the ability to form fibres and the rheological
parameters |η*()| and λ. Representative images of the resulting fibres are shown in Figure
4.4. F4/PEO solutions were capable of forming beaded fibres at relatively low F4
concentration, as low as 25 wt% F4, while all F4 solutions below 50 wt% only electrosprayed.
Most of the F4/PEO solutions at F4 concentrations of 30 wt% and higher formed bead-free
fibres, with the exception of the 30 wt% F4 solution containing 0.1 wt% PEO (Mv = 106
g/mol), which formed beaded fibres. Interestingly, the 25 wt% F4 solutions containing 5x106
g/mol PEO at 0.2 wt% formed nearly bead-less fibre, demonstrating that higher concentration
and molecular weight of PEO could compensate the destabilizing effect of the lower F4
concentration. The dependency of spinnability and fibre morphology on PEO molecular
weight for the F4/PEO system has not been reported in the literature, although the effect of
molecular weight on both the viscoelasticity of polymer solutions and electrospinning is
well-known. These results demonstrate that at a given F4 concentration, increasing the PEO
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molecular weight or PEO concentration above a certain threshold promotes the transition
from beaded fibre formation to uniform fibres. To connect spinnability with the rheological
characterization, we can also calculate a Deborah number, De, by dividing the measured 
values with the Rayleigh breakup time, tR.302 If we take the characteristic length scale r0 = 0.8
mm to approximate the radius of the electrified jet as reported by Yu et al.229 we see that the
transition from electrospray to beaded fibre formation corresponds to a De > 1. This result
indicates that when  exceeds the tR, breakup into droplets is suppressed by elastic stress on
the jet. In the absence of PEO, the solutions are Newtonian and the viscous stresses are
insufficient to stabilize the jet over an F4 concentration range of 25-45 wt% .

Figure 4.4: SEM images of fibres electrospun from solutions with different compositions
(F4 wt%/PEO wt%/PEO Mv g/mol) (scale bar = 10 m)

Interestingly, we were also able to obtain fibres from solutions without PEO at 50
wt% F4 using a slightly lower flow rate (0.01-0.02 mL/min) and higher applied potential (20
kV) compared to F4/PEO solutions. SEM images of the ~1200 nm diameter fibres produced
from a 50 wt% F4 solution are shown in Figure 4.5. Although we previously observed that
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fibre formation began to occur around 50 wt% for unfractionated SKL, those fibres were not
uniform, ranging in fibre diameter from less than 100 to over 1000 nm with numerous
droplets and beads. The increased uniformity of the fibres obtained in the present work is
likely a result of the fact that the Kraft lignin sample was purified by extraction with organic
solvents, whereas the SKL in previous work was unfractionated. We suggest that the
extraction improved the electrospinnability by eliminating lower molecular weight
compounds and insoluble high molecular weight fragments,197 which could destabilize the
electrospinning jet.

Figure 4.5: SEM image of fibres electrospun from 50 wt% SKL solution without PEO. a) Purified SKL fraction
F4. b) SKL without purification. (Scale bar = 20 m)

To the best of our knowledge this is the first report of stable electrospinning of Kraft
lignin without the aid of polymer blending, or a coaxial spinneret. This result is also
interesting because, as shown in Figure 4.2a, the F4 solution at 50 wt% concentration
behaved as a Newtonian fluid in capillary thinning studies. However, elasticity is often
considered to be an essential factor underlying fibre formation.225,229,318 One explanation
could simply be that even though the fluid is Newtonian in elongational flow, the viscous
stress is sufficient to suppress instabilities leading to bead formation or breakup into droplets.
Another possibility is that SKL solutions could become elastic under the high strain rates
characteristic of electrospinning. This might be investigated by using the stable jet region of
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electrospinning to measure elongational behavior at high strain rate.225,226 Another possible
explanation for the improved electrospinning performance is interfacial viscoelasticity, i.e.
the formation of an elastic skin on the jet as a result of solvent evaporation. Regev et al.
reported that solutions of bovine serum albumin which displayed Newtonian behavior in
CaBER experiments could form fibres depending on the conformation of BSA.318 The same
authors presented evidence to show that interfacial viscoelasticity at the jet-air interface
played an important role in stabilizing the jet during electrospinning. An important point to
emphasize is that multiple mechanisms could succeed in stabilizing the electrospinning jet. In
SKL/PEO solutions, elastic stresses provide additional stability while in the absence of PEO,
a higher SKL concentration is required to electrospin because stretched SKL solutions do not
appear to strain harden.

4.6

Correlation of relaxation time with fibre diameter:

Figure 4.6: Mean fibre diameter vs. relaxation time () for F4/PEO solutions

There was also a clear correlation between the fibre diameter and the measured values
of , plotted in Figure 4.6. The correlation between diameter and λ shows that increased
elasticity results in increased fibre diameter in electrospinning of F4/PEO solutions. The
diameter (d) vs  data could be fitted using an exponential of the form:
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d = A+B(1-e-kwherek=0.0091051
While the physical significance of this relationship is not yet clear since it is merely
empirical, it provides a basis for further investigation of the relationship between fibre
diameter and elongational rheology. The fitting parameters A, B, and k were obtained by
estimating A and B as the approximate diameter as   0 (~350 nm) and the asymptotic
value of d (~3200 nm) obtained at high , respectively. The parameter k was guessed and a
solver program was used to obtain the best combination of the three parameters by
minimizing the sum of the squared difference between the measured and calculated values. It
should be noted that in practice, the solutions with  0 broke into droplets instead of
forming fibres, since De < . In addition, F4SKL solutions at 50 wt% formed fibres with
diameters greater than 1 micron while their elongational rheology suggested a Newtonian
behaviour ( = 0) so the extrapolated value of the fibre diameter at  = 0 does not seem to
have a clear physical meaning in this case.
It can also be seen that the standard deviation of the measured diameters (error bars in
Figure 4.6) increases with increasing λ. Part of the explanation for this can be found in the
SEM image in Figure 4.4f. As the  of the spinning solution increases, a deviation from
fibres with cylindrical cross sections was observed. Figure 4.4f shows what appears to be a
flattened and twisted fibre instead of a round cylindrical fibre observed at lower . Flattened
morphology led to a broader diameter distribution because in analyzing the SEM images flat
fibres essentially had two dimensions corresponding to a shorter and longer radial dimension.
Flattened morphology may be due to incomplete solvent evaporation from the core of the
fibre coupled with skin formation at the jet surface and collapse of the walls of the solid
sheath around the liquid core. It should be noted that even considering only fibres with
cylindrical cross sections, the width of the diameter distribution was still larger for solutions
with higher . Although all the factors influencing the width of the diameter distribution are
not clear, the elongational rheology of the spinning solution is clearly related to the mean
fibre diameter and width of the diameter distribution.
Our results emphasize the importance of striking a balance between shear viscosity
and elasticity to generate smaller diameter fibres while preventing bead formation. The
approach presented here should provide a good basis for future studies aimed at reducing the
fibre diameter and controlling the diameter distribution as well as measuring the effect of
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fibre diameter on material properties, where precise control over the fibre diameter is needed.
Finally, it should be noted that measurements of λ using CaBER represents a rare case where
a single, rapidly measurable parameter can clearly be correlated with the processing behavior
for a lignin-based fluid undergoing a complex electro-hydrodynamical deformation.
Technical lignins have highly complex molecular structures. Structural complexity and
heterogeneity implies a general lack of predictable, reproducible processing behavior. This is
a limiting factor for the processing of lignin as a carbon fibre or other renewable material
precursor. We have shown here an example where blending relatively small amounts of PEO
can be used to overcome a lack of lignin processability, and a single rheological parameter,
, can be correlated with both the ability to form a fibre and the fibre diameter.

4.7

Conclusion:
The results obtained using CaBER illustrate clearly that F4 solutions exhibit linear

Newtonian-like behavior in capillary thinning. The addition of 0.4-0.8% PEO (relative to F4)
changed the solutions to non-Newtonian strain-hardening fluids, as indicated by exponential
thinning. λ was observed to depend on the concentrations of F4, and PEO, as well as the PEO
molecular weight in F4/PEO solutions. Solutions displaying λ above ~12 ms showed a
corresponding transition in the electrospinning behavior from beaded to bead-free fibres. The
fibre diameter increased with λ, indicating that the increased elasticity resisted thinning of the
jet, resulting in larger fibres. F4/PEO solutions with lower |η*()| produced smaller diameters
and more uniform diameter distributions. Interestingly, it was also observed that relatively
high concentration (50 wt%) F4 solutions with Newtonian elongational behavior were also
capable of forming fibres, suggesting either viscous or elastic stress can stabilize
electrospinning of lignin. To the best of our knowledge this is the first report on the
elongational fluid properties of lignin or lignin/PEO blend solutions for use in
electrospinning. Furthermore, the results of this study suggest that shear and elongational
rheometry measurements provide a good basis for further studies on controlling the
electrospinning behavior of other technical lignins.
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Chapter 5. Preparation of moisture-responsive lignin-based materials

5.1

Introduction:

In previous chapters it was shown that electrospinning of lignin can be implemented
using PEO to control the elongational rheology of the spinning solution. Having established
an understanding of the effect of lignin concentration, PEO concentration, and PEO
molecular weight on the formation of electrospun fibres, the focus of chapters 5 and 6 will be
to study the effect of lignin structure and properties on the properties of electrospun materials
during thermal processing typical for the production of lignin-based carbon fibre (CF), as
discussed in section 1.5. Previous chapters provide a basis to prepare sub-micron diameter
fibres with consistent diameters while maintaining the amount of PEO in electrospun Kraft
lignin fibres below 1%, which should minimize the effect of PEO on the fibre material
properties. In chapter 5 and 6, electrospinning of blends of lignin fractions F1-3 and F4 into
electrospun fibres will be studied in order to study the influence of the thermal mobility of
lignin on the properties of electrospun materials. It will now be demonstrated that taking
advantage of differences in the thermal flow behavior of lignin fractions during controlled
thermal treatment of electrospun fibres is a way to generate lignin-based materials which
display interesting phase-separated morphologies resembling shape memory materials
(SMMs) (section 1.4) and moisture-dependent ability to change shape, similar to a moistureresponsive SMM. Characterization of the Kraft lignin fractions by dynamic rheology, NMR,
light scattering will also be presented in an attempt to draw correlations between lignin
structure and fibre material properties.

5.2

Electrospinning of lignin fractions F4 and F1-3:
Solvent fractionation is known to influence the molecular weight distribution and

thermal properties of lignin.197,198,202,203 Fractionation was therefore carried out in order to
obtain lignins with different properties.Excluding the small amount of ash and water-soluble
components removed prior to fractionation, F4 amounted to 34% of the unfractionated SKL,
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while F1-3 was 45%. The remainder was 21% of an insoluble fraction, which was also only
partially soluble in DMF, the solvent used for electrospinning. This material was not
characterized further but is expected to consist of high molecular weight lignin as well as
carbohydrates.49,50 Excluding this insoluble high molecular weight fraction resulted in more
stable electrospinning process. The improved stability was beneficial for obtaining good
quality nonwoven fabrics (i.e. minimal spraying and droplet formation occurred during
spinning). A photograph of the as-spun fabric is shown in Figure 5.1.

Figure 5.1: Photograph of electrospun softwood Kraft lignin nonwoven fabric after electrospinning

Both the F4 and F1-3 SKL fractions readily formed nanofibres by electrospinning;
Figure 5.2 shows SEM images of F1-3 (Fig. 5.2a) and F4 (Fig. 5.2b) electrospun nanofibres
respectively.
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Figure 5.2: SEM images of electrospun fibres obtained from solutions containing (a) 32 wt% F1-3, 0.2 wt%
PEO and (b) 32 wt% F4, 0.2 wt% PEO. Scale bar = 50 m.

In order to obtain good quality nonwoven fabrics consisting of uniform fibres free of
beads and spray defects, the concentration of PEO in solution was held constant at 0.2 wt%,
(relative to the sum of the weights of the lignin and solvent), which was selected based on
rheology/electrospinning studies from previous work. The total lignin concentration (F4+F1-3)
was varied slightly in order to obtain uniform fibres from solutions containing different
amounts of the fractions. F4 could be electrospun at slightly lower concentration compared to
F1-3 due to the higher shear viscosity of F4 solutions relative to F1-3. F4 formed uniform fibres
at 28 wt% F4, 0.2 wt% PEO while F1-3 formed fibres at a concentration of 32 wt% with 0.2
wt% PEO. The total lignin concentration in F4/F1-3 blend solutions was therefore adjusted
slightly higher than 28 wt% in order to accommodate the slight destabilizing effect of the
lower F1-3 viscosity, while maintaining the PEO content in the as-spun fibres at less than 1%
relative to lignin (0.2/32.2 – 0.2/28.2 = 0.62-0.71% PEO). Table 5.1 summarizes the
electrospinning solution compositions used.
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Table 5.1: Spinning solution compositions, thermostabilization heating rates, and resulting morphology after
heating electrospun F4/F1-3 fibres

SKL conc.
(%, F4+F13)

PEO
conc.
(%)

F4/F13
ratio
(w/w)

Stabilization
heating rate
(oC/min)

Morphology*

28
28
30
30
32
32
32
32
32
32
32
32
32

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

100/0
100/0
70/30
60/40
50/50
50/50
50/50
50/50
50/50
40/60
30/70
30/70
0/100

0.5
5
5
5
0.5
1
2
3
5
5
0.5
5
0.5

fibre
fibre
bonded nonwoven
porous film
fibre
fibre
bonded nonwoven
porous film
smooth film
smooth film
porous film
smooth film
smooth film

* morphology obtained after stabilization

5.3

Thermostabilization of nonwoven fabrics:

As-spun fabrics containing different weight ratios of F4 and F1-3 were heated in air at
different heating rates up to 250oC and held at this temperature for one hour. After
thermostabilization the fabrics were darker in colour and exhibited some shrinking. Figure
5.3 shows the appearance of the electrospun fabric after thermostabilization. The slightly
darker areas around the edge of the fabric are the edges that were held clamped during
heating. The slight inward contraction at the fabric corners shows the shrinking that occurred
during thermostabilization.
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Figure 5.3: Photograph of electrospun lignin fabric after thermostabilization at 250 oC in air. Unfused fibres are
shown.

When heating fibres containing different ratios of F4/F1-3 at 5 oC/min to 250 oC,
different fusion behaviors were observed depending on the weight ratios of F4/F1-3. SEM
images are shown in Figure 5.4 to illustrate the different morphologies resulting from heating
the materials at 5 oC/min.
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Figure 5.4: SEM images of electrospun fibres containing different ratios of F4/F1-3 after thermostabilization at 5
o
C/min to 250oC, in air. (a) F4/F1-3 = 100/0, (b) 70/30, (c) 60/40, d) 50/50.
Scale bar = 10 m.

In general, four different morphologies were obtained depending on the weight ratio
of F4/F1-3 and the heating rate, which we refer to as fibre (Fig. 5.4a), bonded nonwoven (Fig.
5.4b), porous film (Fig. 5.4c), and smooth film (Fig. 5.4d). A higher relative amount of F1-3
resulted in more softening and flow of the material during heating. For example, at a constant
heating rate of 5 oC/min, an F4/F1-3 ratio of 70/30 resulted in a bonded nonwoven
morphology, while 60/40 formed a porous film and 50/50 formed a smooth film.
Furthermore, the applied heating rate also affected the degree to which the fibres fused
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during heating. It was observed that reducing the heating rate could result in a different
morphology at a constant F4/F1-3 ratio. A 50/50 F4/F1-3 fabric, for example, fused into a
smooth film morphology (Fig. 5.4d) at 5 oC/min but could form any of the aforementioned
morphologies when heated at slower rates. The resulting morphologies for different
combinations of F4/F1-3 ratios and heating rate are also shown in Table 5.1.
Fibres consisting of only F4 maintained their fibre form during heating over the entire
heating rate range studied (Fig. 5.4a). An interesting point to note is that 5 oC/min can be
considered a relatively fast heating rate for stabilization of lignin fibres. It has been reported
that thermally extruded hardwood Kraft lignin fibres must be heated at rates below 1 oC/min
in order to prevent fibre fusion during thermostabilization.98,99 During thermostabilization
lignin undergoes two thermally induced mechanisms: (1) mobility increase due to
temperature-induced polymer relaxations and (2) mobility reduction due to high-temperature
crosslinking. A faster heating rate favors the relaxation over crosslinking; consequently
higher flow occurs forming fused fibres. Conversely, a slower heating rate favors
crosslinking before relaxation, causing progressively increasing Tg and lower polymer flow,
resulting in less fibre fusion.319 Fibre fusion has normally been considered undesirable in
previous studies and heating rates were selected slow enough for preventing fusion.
Therefore it was interesting that F4 displays no fusion even when heated at high heating rates.
This observation suggests highly restricted mobility of F4 (as will be shown later with
dynamic rheology), causing little or no flow during thermostabilization. In contrast, F1-3
fibres could not maintain fibre form even when heated at 0.5 oC/min, which was the rate
previously used for stabilization of hardwood Kraft lignin fibres.98

5.4

Moisture-responsiveness, shape change, and shape recovery:

When the content of F1-3 relative to F4 in the fibres was increased, a very interesting
behavior was observed in the thermostabilized electrospun materials: reversible, moistureresponsive shape change. To illustrate the behavior of the material, frames from a video of a
material placed on a moistened paper surface are shown in Figure 5.5.
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Figure 5.5: Thermostabilized (5oC/min) 50/50 F4/F1-3 film placed on moist paper (a-d), then moved to dry paper
(e-h)

The underlying surface is a piece of paper with a drop of water spread onto it and a
50/50 film heated at 5 oC/min (smooth film, Fig. 5.4d) is placed on the wet spot, allowed to
change shape, and then moved to a dry spot on the paper. As seen in Figure 5.5, the material
appeared to choose a curling axis such that two edges pushed away from the moist surface.
This choice of curling axis may be related to the tension imposed on the material during
heating due to shrinking while the film edges were held clamped. The material began to
change shape immediately upon exposure to water and reached a maximum shape change
after 30-60 seconds. Most of the change occurred over the first 10 seconds, shown in the top
four images of Figure 5.5 (a-d). When the material was removed from the moist surface and
moved to a dry spot (Fig. 5.5e-h), it immediately began to return to its original shape. Shape
recovery was a slightly slower process, again occurring more quickly initially but requiring
60-120 seconds to completely regain the original shape. The material could also regain its
shape or curl the other direction by flipping it over so that the other face came into contact
with moisture. Interestingly, moisture-responsive behavior could also be activated by placing
it in the bare palm of the hand, breathing onto one face, placing the film on the surface of
liquid water, or even above but not in contact with liquid water. Weighing the material in the
uncurled vs. curled state provided a means to approximate the sensitivity of the material. It
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was determined that ~0.5 % moisture uptake onto one face of the materials was sufficient to
initiate the curling response. The behavior is slightly different compared to other moisturesensitive shape memory polymers, many of which are thermally-responsive SMMs that are
programmed by heating and then can be immersed completely in water to activate shape
recovery, or recover their shape gradually after exposure to humid conditions for a prolonged
period.65,67,69–71,73–75 The ability to rapidly activate changes in shape upon exposure to
humidity and the relatively rapid recovery is an interesting aspect of these materials.
The ability to display moisture-responsive behavior was related to both the
morphology and the ratio of F4/F1-3. The materials displaying bonded nonwoven, porous film,
and smooth film morphology and containing F1-3 contents of 40-70% changed shape in
response to moisture and regained their original shape when the moisture stimulus was
removed. Physical bonding of the fibres caused by the flow of the F1-3 fraction upon heating
was apparently key to inducing the interesting behavior in these materials. If no F1-3 was
included in the formulation or if the blended materials were heated such that they would
maintain un-fused fibre form, the materials did not show any moisture-responsiveness or
shape change. Heating slowly allowed too much time for chemical cross-linking to occur
prior to softening in order to allow the formation of an inter-bonded physical network, and no
moisture-responsiveness was observed.
Another interesting observation was that blending of the fractions was sufficient but
not necessary for inducing moisture-responsiveness. Moisture-responsive materials could
also be obtained by stacking a fabric consisting of F1-3 fibres on top of an F4 fabric and
heating them together. As observed previously, the F4 fibres maintained fibre form during
heating and the F1-3 softened and flowed even at slow heating rate of 0.5 oC/min, creating a
smooth layer of F1-3 coating one surface of the F4 fabric. When this stacked material was
placed with the F4 surface in contact with moisture, it curled away from the surface. A
difference compared to the blended systems was that the material did not fully regain its
original shape when the stimulus was removed in this case but remained slightly curled.
Also, the material only curled in one direction. Placing the material with the F1-3 surface in
contact with moisture did not induce any change in shape. However, if an F1-3 fabric was
placed between two F4 fabrics and heated, the material became capable of curling both ways
depending on which face was placed in contact with water. These F4/F1-3/F4 sandwich-type
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materials were also capable of recovering their original shape. These observations show that
each fraction plays a distinct role in the material behavior and that the formation of an
interfacial layer and physical network connecting the fractions was essential to induce shape
change capability. SMMs are also characterized by distinct, yet intermixed phases which take
on different roles (i.e. switching and remembering functions). It should be noted that it is not
clear whether the materials are capable of memorizing different “programmed” shapes,
therefore it is not completely accurate to describe this material as a SMM. However, the
materials are clearly stimuli-responsive, capable of changing their shape, and fully
recovering their original shape upon drying and retain their ability to do so repeatedly over
many cycles.

5.5

AFM imaging of moisture-responsive films:

In an effort to draw correlations between typical SMMs and our moisture-responsive
films, we investigated the possibility that different lignin fractions could form phaseseparated systems. Atomic force microscopy proved to be very effective in revealing the
presence of different phases in our moisture-responsive films. A 3-d height image and
corresponding 2-d adhesion force map of a 50/50 F4/F1-3 blend material heated at 5 oC/min is
shown in Figure 5.6 (produced under the same conditions as the material shown by SEM in
Figure 5.4d and Figure 5.5). The height image (Fig. 5.6a) shows that even though the
material appears smooth in SEM (Fig. 5.4d), there are still traces of the electrospun fibres
and the spaces between the fibres. The height image shows that some remnant of the network
of electrospun fibre remains after heating.
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Figure 5.6: (a) 3-dimensional AFM height image and (b) corresponding adhesion force map of a 50/50 F4/F1-3
moisture-sensitive film heated at 5 oC/min. The size of the imaged area was 30 x 30 m

Figure 5.6b shows the same sample area as the image in Fig. 5.6a but instead of the
typical height image, the adhesion force between the sample and the AFM tip is mapped as a
function of position. Brighter areas correspond to higher adhesion forces (larger force was
required to remove the tip from the surface). Comparison of sections of adhesion force maps
of the 50/50 blend material and a surface composed of only F1-3 showed that the regions with
higher adhesion correspond to the F1-3 fraction. Examples of these adhesion sections are
shown in Figure 5.7. The top portion of Figure 5.7 shows the variation of adhesion force
along a 30 micron section of the image of a moisture responsive film with a 50/50 ratio of
F4/F1-3. The variation is roughly 8-9 nN judging from the difference between the amplitude of
the positive and negative peaks, which is nearly half the applied force of 20 nN. In contrast,
the section of the adhesion map of the F1-3 surface shows an overall variation of less than 1
nN.
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Figure 5.7: Adhesion force sections from AFM images on 50/50 F4 blend materials (top) and a film containing
only F1-3.

One difficulty in interpreting the images was that the effect of sample roughness on
the adhesion map was not completely clear since it was difficult to control the roughness
while maintaining a constant F4/F1-3 ratio and moisture responsive behaviour. The images
appear to show that the adhesion is affected by the sample roughness/contour, but the phases
do not strictly correspond to the height contours. Figure 5.8 shows another AFM adhesion
force map superimposed on the corresponding height image.
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Figure 5.8: Adhesion force superimposed on a height image of a moisture responsive film with F 4/F1-3 ratio of
50/50.

It is possible that some artefacts are present in the image of Figure 5.8. For example,
the adhesion force seems to reach a higher value following the tallest features on the image.
More detailed analysis on surfaces with controlled roughness might reveal additional
information on the contributions of different factors to the adhesion force measurement.
Nevertheless, it seems that AFM was able to clearly demonstrate that two co-continuous
phases were present in the moisture-responsive F4/F1-3 films, and could distinguish between
the phases in terms of the corresponding lignin fractions. AFM showed that upon heating the
blended materials, the differences in thermal mobility and presumably some degree of
incompatibility result in a phase-separated system.
The results of AFM reflect a similarity between the lignin-based films reported here
and SMMs. Polymer SMMs such as synthetic copolymers and blends of synthetic polymers
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are characterized by the presence of two distinct phases or segments, which contribute
different aspects of stimuli-responsiveness, shape change, and shape recovery.80–82 One of the
phases is responsible for stimuli-responsiveness by acting as a switch which can be flipped
by changing its phase, conformation, or mobility. For example, a temperature-sensitive
material may recover its permanent shape upon heating through the Tg of the switching
phase. The other phase remains relatively immobile upon application of the stimulus and
allows the material to “remember” its original shape. Our experiments suggest that the
function of the F1-3 fraction is that of the moisture-sensitive “switch” and the function of the
F4 fraction is to remain immobile and allow the material to remember the original shape of
the film. To generate a better understanding of the system and the mechanism underlying
moisture-responsiveness, lignin fractions were characterized by dynamic torsional rheometry,
NMR, and GPC-MALLS.

5.6

Dynamic rheology of lignin fractions:
Figure 5.9 shows storage (G) and loss (G) moduli and tan δ for the lignin fractions

as a function of temperature.
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Figure 5.9: Thermorheological responses of lignin F1-3 and F4 fractions. Average (n = 3) first heat storage (G’)
modulus (Top), and tan δ (Bottom) are presented.

F1-3 and F4 showed significantly different thermo-rheological responses. G drastically
decreased when F1-3 specimens were heated beyond their glass-rubber transition temperature
(Tg); the G decreased more than 4 decades across the Tg. The average Tg, as defined by the
peak tan δ, is 152±2 oC for F1-3. In contrast to F1-3, the F4 fraction showed a very small
decrease in shear moduli as a function of increasing temperature. The tan  profiles for F4
showed a maxima around 230 oC. The difference between the tan intensities and the Tg
from the two fractions is also noteworthy; significantly higher intensity for F1-3 indicates that
a higher amount of polymeric chains are involved in the segmental relaxation and
significantly lower mobility is associated with F4 relaxation. These results were consistent
with the observation that F4 fibres displayed no fusion during thermostabilization while F1-3
fibres could not maintain their fibre form due to softening and flow.
Dynamic rheology showed that fractionation by solvent extraction produced two
lignin fractions with different thermal softening behavior, in agreement with previously
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reported results for solvent fractionation.198 It should be noted, however, that other
fractionation techniques can also produce lignin fractions with distinct thermal behaviour.
Nordstrom and coworkers have reported that ultrafiltration of Kraft lignin can be used to
obtain fractions with different thermal softening behavior. They showed that the portion of
Kraft lignin which passed through a 15 kD ceramic membrane could soften to a sufficient
extent in order to obtain fibres by melt spinning from either softwoods or hardwoods.320
These researchers showed in the same publication that permeate fractions from hardwood
could be blended with unfractionated softwood Kraft lignin in order to enable fibre formation
by melt spinning.
Dynamic rheology was further employed to study the balance between softening and
cross-linking underlying moisture-responsiveness by measuring the thermo-rheological
properties of electrospun fabrics consisting of 50/50 (F4/F1-3) blend fibres at different heating
rates. Figure 5.10 shows G and tan  for 50/50 fabrics heated at 1, 2 and 3 oC/min under
dynamic shear.
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Figure 5.10: Dynamic rheology of electrospun fabrics of F1-3 and F4 blend (50/50). Effects of heating rates on
storage modulus (Top) and tan  (Bottom) are presented.

Lignin fabrics underwent significant softening at a temperature range of 180 to 200
C, as observed by G profiles. Beyond 200 C, the materials showed temperature-induced
crosslinking and the G increased. However, the heating rate influenced the degree of
softening; lower heating rate caused lower softening, indicating lower heating rate allowed
more crosslinking to occur by the time a given temperature was reached. Effects of heating
rate were also observed in the tan  profiles. At 3 C/min heating rate, two major peaks were
observed, one at 180 C and another at 210 C. These two peaks were attributed to lignin
softening (Tg) and high-temperature crosslinking, respectively. However, at lower heating
rates, these two mechanisms are not resolved in the tan  profile; softening and crosslinking
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occurred relatively more concurrently, with the tan  profiles showing one broad peak.
Additionally, for the 3 C/min heating rate a weak softening was observed near 120 C,
which was less intense at 2 C/min and non-recognizable at 1 C/min. This can be attributed
to the residual solvent (c.a. 4-5 %) from the electrospinning process. With a slower heating
rate solvent has more time to gradually evaporate from the fabric, making the softening nondiscernible.
As mentioned before, 1 oC/min was slow enough to maintain a fibre form during
thermostabilization (Table 5.1) and rheology of the as-spun fabric carried out at the same
heating rate showed considerably less softening (Fig. 5.10). When heated at 3 oC/min, the
material fused into a porous film under thermostabilization conditions and when it was
heated at the same rate under dynamic shear a pronounced softening was observed. This
result suggests that slower heating allowed the material to become more chemically crosslinked by the time a given temperature was reached so that insufficient softening occurred to
allow flow and physical bonding of the fibres. At a heating rate of 1 oC/min, SEM showed
that the 50/50 fabrics do not fuse, and the materials did not display moisture-responsiveness.
On the other hand, when heated at 3 oC/min, the same 50/50 material flows, the fibres fused,
and the material became a porous film, and displayed moisture-responsiveness and shape
change capability. The results of dynamic rheology suggest that significant flow of F1-3 and
formation of an interconnected physical network is critical in inducing moisture-sensitive
shape change capability.

5.7

NMR characterization of lignin fractions:

NMR was used to characterize the chemical structure of the lignin fractions to better
understand the correlation between structure and thermal softening. 1H-NMR of acetylated
fractions was used to determine the amounts of phenolic and aliphatic hydroxyl groups.
Figure 5.11 shows the acetoxyl region of the 1H-NMR of acetylated F4 and F1-3 SKL; the
peaks at 2.5-2.2 ppm and 2.2-1.7 ppm corresponding to acetylated phenolic and aliphatic
hydroxyl groups, respectively.
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Figure 5.11: 1H-NMR of acetylated F4 (top) and F1-3 (bottom) from 2.6-1.7 ppm, showing the peaks
corresponding to acetylated phenolic (2.5-2.2 ppm) and aliphatic (2.2-2.0 ppm) hydroxyl groups

The total number of hydroxyl (-OH) groups was similar for the two fractions (7.0 vs
6.7 mmol -OH/g lignin for F4 and F1-3, respectively), but a clear difference in the relative
amounts of aliphatic and phenolic -OH groups was observed. F4 contained higher aliphatic –
OH (4.2 vs 3.0 mmol/g), but less phenolic –OH (2.8 vs 3.7 mmol/g) than F1-3.Higher
phenolic -OH content in the F1-3 fraction is consistent with a greater extent of cleavage of O-4 ethers during Kraft pulping. The differences in the relative amounts of aliphatic vs.
phenolic –OH groups is significant because the strengths of hydrogen bonding for different
hydroxyl groups are different, which in turn affects polymer physical properties. FT-IR
studies on lignin model compounds have shown that aliphatic hydroxyl groups form stronger
hydrogen bonds and are more likely to form inter- as opposed to intra- molecular hydrogen
bonds.257 The higher content of aliphatic –OH groups in the F4 fraction therefore suggests
that there should be stronger intermolecular hydrogen bonding in this fraction, in agreement
with the low thermal mobility of F4 observed during thermostabilization and in dynamic
rheology.
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Figure 5.12: 13C-NMR of acetylated F4 (top) and F1-3 (bottom) in the region 172-167 ppm, corresponding to
carbonyl carbons of acetyl groups

13

C-NMR was performed on acetylated samples to further investigate the differences

in types of hydroxyl groups between the fractions (Fig. 5.12).59 In the 13C spectrum of
acetylated lignin, the region from 172-169.6 ppm corresponds to acetylated primary aliphatic
-OH groups while the peak corresponding to secondary aliphatic -OH groups is located at
169.6-168.6 ppm.59 Setting the integral from 165-100 ppm due to aromatic 13C to 600, the
ratio of the peak integrations for primary/secondary aliphatic groups for F4 was 1.00, while
that for F1-3 was 0.64. These results show that F4 contains roughly equal amounts of primary
vs. secondary aliphatic –OH groups while F1-3 contains more secondary aliphatic –OH
groups compared to primary aliphatic –OH groups. These differences can also be expected to
have an effect on the physical properties of the fractions because the strength of hydrogen
bonding for primary vs. secondary alcohols is different. Uraki et al. recently published
studies on lignin -O-4 model polymers showing that the presence of -OH (primary) groups
strongly reduced the thermal mobility of the -O-4 model oligomers.321 Oligomers
containing both secondary -OH and primary -OH groups were shown to be infusible (did
not soften), while oligomers with only secondary –OH groups at the -position were fusible.
The higher relative proportion of primary aliphatic hydroxyl groups should also therefore
contribute to stronger intermolecular hydrogen bonding in F4 compared to F1-3.
The lignin fractions were also characterized in a non-acetylated state by 2-D NMR
(Heteronuclear Single Quantum Coherence – HSQC) to investigate differences in inter-unit
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linkages. The oxygenated aliphatic region of the HSQC spectra are shown in Figure 5.13,
with 13C-1H correlations corresponding to -O-4, -’, and -5 linkages labeled.
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F4

F1-3

Figure 5.13: Oxygenated aliphatic region (1H: 2.7-6.5 ppm, 13C: 48-95 ppm) of HSQC spectra of F4 (top) and
F1-3 (bottom). Unassigned peaks are traced in black.
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Based on a comparison of the HSQC spectra, it was clear that both fractions showed
peaks corresponding to -O-4, -’, and -5 linkages, but since the experiments were not
quantitative, it was not possible to compare the relative amounts of linkages from HSQC.
Some differences were observed in unassigned peaks in the aliphatic and aromatic regions,
shown in the Appendix Figure A6, A7, A8, and A9.

Figure 5.14: 13C-NMR of F4 (top) and F1-3 (bottom) (a) etherified C-4 in guaiacyl units (b) -O-4,13C ’, 5, 13CcC-O-4 C’; d) C-O-4, ; (e) methoxyl.

Several areas of the quantitative 13C spectra of non-acetylated fractions (Fig. 5.14)
were integrated with respect to the aromatic region (area from 165-100 ppm = 600) to
compare the structures of the fractions.297,322,323 13C-NMR showed that F4 contains a higher
amount of the typical linkages found in lignin, -O-4, -, and -5, based on the peaks in
the region 90-58 ppm,297,322,323 and more methoxyl (OMe) groups (strong peak at 58-54 ppm)
per 100 aromatic rings compared to F1-3 (93 OMe for F4 vs. 74 OMe for F1-3 per 100 aromatic
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rings). The integrations of different regions of the quantitative 13C-NMR spectra are given in
Table 5.2.

Table 5.2: Integration of quantitative 13C-NMR spectra of F1-3 and F4. The area of the aromatic region (162102 ppm) was set to 600. The reported values are expressed as quantities per 100 aromatic rings. Ar = aromatic,
Alk = alkyl.

Chemical
shift (ppm)
193-191
182-180
175-168
168-166
157-151
144.5-142.5
162-142
142-125
125-102
90-77
77-65
65-58
58-54
54-52

Assignment
Ar-CHO
spirodienone, quinone
aliphatic COOR
conjugated COOR
C3 in 5-5', C3 and
C5 in 4-O-5
C3 in -5, C4 in 5-5'
Ar-C-O
Ar-C-C
Ar-C-H
Alk-O-Ar, C-O Alk
C-O-Alk, secondary OH
Primary OH
OCH3
C in -5 and -'

Integration Integration
(F1-3)
(F4)
3.1
1.3
9.6
1.1

0
0.7
5.9
0.6

12.7

22.0

19.9
166.1
174.1
259.3
38.6
14.5
12.9
73.7
3.4

24.8
185.9
181.3
232.6
129.1
48.9
37.5
92.3
8.8

The 13C spectra also showed a higher proportion of etherified aromatic C-4 of
guaiacyl units (149.8 ppm)322 in F4.This indicates that F4 contains ether linkages that are
more resistant to degradation during Kraft delignification, such as those connected to
condensed 5-5’ groups. F4 contains a higher proportion of etherified 5-5’ type structures as
indicated by the higher intensity of the 157-151 ppm region, taking into account the amounts
of conjugated COOR structures.297 The carbonyl region (200-165 ppm) of the 13C-NMR
spectra of non-acetylated samples also showed differences between the fractions. The
spectrum of non-acetylated F1-3 shows the clear presence of aldehyde (193-191 ppm), and
aliphatic and conjugated COOR groups (175-166ppm), while F4 shows only a weak, broad
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band in the region (182-170 ppm), which was also observed in F1-3. The results of 13C-NMR
show that the fractions are somewhat different in chemical structure with respect to each
other, with F4 retaining more interunit linkages typically found in lignin.

5.8

Characterization of molecular weight by GPC-MALLS:

GPC-MALLS experiments were carried out in order to compare the molecular weight
distribution (MWD) of F4 and F1-3. Figure 5.15 shows the MWD obtained by light scattering
for the acetylated lignin fractions dissolved in THF. From light scattering, the Mw of
acetylated F1-3 was 7.1 x 103 g/mol, with polydispersity index (PDI) of 1.95. Because the
light scattering signal-to-noise was very low for acetylated F1-3 at a concentration of 1 and 2
mg.mL-1, the molecular weight was calculated from the data at 3 mg.mL-1. The Mw of F4 was
determined to be 3.8 x 104 g/mol with a PDI of 1.56 measured at 1 mg.mL-1. The results of
GPC-MALLS showed that the F4 fraction has higher molecular weight and lower
polydispersity compared to F1-3. Higher molecular weight also likely contributed to the
reduced mobility of F4 compared to F1-3.
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Figure 5.15: Light scattering data showing elution curves obtained from GPC-MALLS for acetylated fractions.
Black: F1-3, 3 mg.mL-1, red: F4, 1 mg.mL-1, green: F4, 2 mg.mL-1, blue: F4 3 mg.mL-1

In addition, concentration dependence of the apparent molecular weight revealed
further information regarding molecular interactions within F1-3 and F4. Concentration
showed significant effects on the acetylated F4 elution profiles, but not those of F1-3.
Acetylated F4 produced a peak around 20 mL elution volume and a shoulder at 22 mL at a
concentration of 1 mg.mL-1 (red curve in Fig. 5.15). At higher concentrations (2 and 3
mg.mL-1, green and blue in Fig. 5.15, respectively), the shape of the elution curve for F4
became increasingly multimodal and the apparent molecular weight shifted to higher values,
as indicated by the shift of the peak eluting at 20 mL to ~19 mL and the appearance of a new
peak eluting around 17-18 mL. Acetylated F1-3 did not show concentration-dependence (data
not shown) of the shape of the elution curve, producing only one peak at 3 mg.mL-1 (Fig.
5.15, black curve). Multimodal elution curves have been shown in numerous works to be due
to lignin association.258–260,312,313,324 Gosselink et al. also showed bimodal elution curves for
solvent fractionated Indulin-AT measured in aqueous NaOH,202 but association was not
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discussed in their study. Morck et al. also mentioned unexplained high molecular weight
“tails” in their GPC data of acetylated lignin fractions in THF.197 The mechanism of lignin
association appears to depend on several factors and is still not completely understood.
Hydrogen bonding313 and non-bonded orbital interactions between aromatic rings258–260 have
both been suggested as driving forces for lignin association. The relative contribution of
different driving forces depends strongly on the lignin structure259 and the solvent system.
Since acetylation disrupts the tendency of lignin to form inter- and intramolecular hydrogen
bonds, its contribution to the association observed in GPC-MALLS experiments should be
diminished. Therefore, the association of F4 observed in light scattering is likely a reflection
of increased non-bonded orbital interactions between aromatic rings as suggested by
Sarkanen260 and recently studied by Deng et al.258 The results of GPC-MALLS
characterization show that both the molecular weights and the types of intermolecular
interactions expected to govern the physical properties of the fractions are different. An
increased degree of non-bonded orbital interactions between aromatic rings is another
potential explanation for the reduced thermal mobility of F4, and provides an important
perspective for understanding the mechanism of moisture-responsiveness.
The mechanism of moisture-induced shape recovery in SMMs has been attributed to
disruption of hydrogen bonds by adsorbed or “bound” water.65,66,69,70,72–75 Both lignin
fractions should display intra- and intermolecular hydrogen bonding as both contain hydroxyl
groups and ethers, and oxidative thermostabilization is expected to result in the formation of
carbonyl groups, which can also participate in hydrogen bonds.257,319 It is reasonable to
suggest that moisture can interact with these polar groups. It is also known that the thermal
mobility of lignin is strongly affected by water.22,193 Therefore the mobility of F1-3 might be
increased when hydrogen bonds are disrupted. F4 also has polar groups that can interact with
water, but since the intermolecular hydrogen bonding is stronger and the molecular weight is
higher, the network of hydrogen bonds might not be disrupted enough to increase its
mobility. A smaller fraction of disrupted hydrogen bonds could play a role in “remembering”
the original shape of the film by storing elastic energy. F4 also displayed pronounced
association under conditions where hydrogen bonding could not explain the association,
suggesting that interactions between aromatic rings also play an important role in
determining the physical properties of F4. It is reasonable to suggest that these hydrophobic
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interactions should be much less susceptible to being disrupted by the presence of water
compared to hydrogen bonds and could therefore also contribute to the reversibility of the
shape change. F4 can act as an immobile segment due to a stronger network of intermolecular
interactions which can store elastic energy and restore the films to an uncurled state upon
drying. Since an interface between the fractions also appears to be important, the strength of
the interactions between the fractions as well as within may also be involved in moistureresponsiveness.

5.9

Conclusion:

It has been shown that solvent fractionation can be used to obtain distinct fractions
from commercially available Kraft lignin such that the different structure and properties of
the fractions can be exploited in the preparation of novel electrospun, moisture-responsive
lignin-based materials. Heating electrospun materials containing different ratios of the
fractions at different heating rates provided a means to control the morphology and properties
of lignin films. AFM also revealed that the differences in thermal flow behavior led to a
phase separated system reminiscent of SMMs. The structure of the lignin fractions was
shown to be different in terms of hydroxyl groups, interunit linkages, and molecular weight.
Our results suggest that Kraft lignin fractions may be employed to act as switch and rigid
phases in stimuli-responsive materials by taking advantage of the intrinsic differences in the
types and strengths of intermolecular interactions governing molecular mobility and the
supramolecular organization of lignin.
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Chapter 6. Preparation and characterization of interconnected lignin-based
carbon nanofibre materials

6.1

Introduction:

In previous work we observed that thermostabilization of electrospun fibres
containing different amounts of F4 and F1-3 resulted in materials with different morphologies.
F4 had a very low thermal mobility and fibres containing only F4 maintained their shape after
thermostabilization. In contrast, F1-3 had a high thermal mobility and fibres containing F1-3
tended to soften and flow during thermostabilization, causing fibres to bond at their
intersections. It is hypothesized that a controlled degree of inter-fibre bonding might enable
enhancements in relevant material properties of electrospun lignin nonwoven fabrics
subjected to carbonization. In this study the effect of carbonization on the mechanical,
electrical, and surface properties of electrospun Kraft lignin-based fibres was investigated.
The properties of non-bonded (NBF) and bonded fibres (BF) were compared to determine if
inter-fibre bonding could be effective in enhancing the material properties of
thermostabilized and carbonized fabrics. Raman spectroscopy was also used to understand
the transformation occurring during carbonization treatment and also to compare the
carbonization processes of Kraft lignin and PAN in the temperature range 600-1000oC.

6.2

Carbonization of thermostabilized electrospun nonwovens:

The thermal softening of the fibres was previously observed in chapter 5 to depend on
the different thermal mobilities of the lignin fractions F4 and F1-3, the relative amount of each
fraction in the fibres, and the heating rate. In this study, thermostabilization at a temperature
of 250oC was carried out on electrospun fibres containing F4 to prepare NBF-250 materials
and thermostabilization of fibres containing a 70/30 wt/wt composition of F4/F1-3 was used to
prepare BF-250 materials. The same heating rate (5oC/min) was used during
thermostabilization for both materials. An SEM of the NBF-250 and BF-250 materials is
shown in Figure 6.1a and b, respectively.
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Figure 6.1: (a) Non-bonded F4 fibres (NBF-250) and (b) Bonded 70/30 (w/w) F4/F1-3 fibres (BF-250) after
thermostabilization at 250oC. Scale bar = 20 m.

BF and NBF materials were subjected to further heat treatment under N2 at
temperatures (Tc) of 600, 800, or 1000oC in order to obtain carbonized materials. Figure 6.2
shows an SEM image of NBF and BF after carbonization to 1000oC. Similar appearances
were also observed for materials carbonized at 600 and 800oC (not shown). SEM confirmed
that the morphology obtained during thermostabilization was maintained after heating the
materials to 600, 800, or 1000oC and holding isothermally for 1 hour. The yield of
carbonization (based on the weight of thermostabilized fibres) was 48-52%, in agreement
with previous work on carbonization of Kraft lignin,98 and the yield values were identical for
carbonization at 600, 800, and 1000oC. No differences were observed in the yield when
comparing carbonization of the BF and NBF materials.
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Figure 6.2: (a) Non-bonded lignin-based carbon fibres (NBF-1000) and (b) Bonded (w/w) F4/F1-3 carbon fibres
(BF-1000) after carbonization at 1000oC. Scale bar = 5 m.

SEM was used to measure the diameters of as-spun, thermostabilized, and carbonized
fibres, reported in Table 6.1. Since the BF materials were more difficult to measure
accurately in terms of fibre diameters due to slight alteration of the shapes due to inter-fibre
bonding, the values for only the NBF materials are reported. It should be noted that the asspun fibres had very similar diameters after electrospinning for the solution containing 28
wt% F4 compared to fibre electrospun from the solution containing 70/30 F4/F1-3 dissolved at
30 wt%. Also, the diameters of NBF-600, NBF-800, and NBF-1000 showed no significant
differences so the values for carbonized NBF materials can be considered representative of
all the different values of Tc. SEM showed that the fibre diameter decreased as a function of
heat treatment by a total of about 28% from 875 nm for the as-spun fibres to 634 nm for
carbonized fibres. Since it is known that smaller fibre diameters can be achieved through
electrospinning, goals of future studies should be to reduce the fibre diameter further and
evaluating any size effects in the mechanical properties. However, it should be noted that the
aim of the present study was to achieve good stability in the electrospinning process and
ensure that the fibres were free of beads and spray, and it was observed that there is a tradeoff between stability during electrospinning and fibre diameter. Parameters were selected to
achieve good quality fabrics to avoid complications in the interpretation of the mechanical
and electrical property characterization due to weak points or discontinuity in the fabrics that
could be caused by defects.
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Table 6.1: Diameters of as-spun, thermostabilized, and carbonized lignin NBF materials.
Values are expressed as mean + one standard deviation. n = 200 fibres for each condition, 100 each for 2
different solutions

Sample
As-spun
Thermostabilized
Carbonized

6.3

Mean Fibre
Diameter (nm)
875 + 111
774 + 85
634 + 87

Effect of inter-fibre bonding on mechanical properties:

The mechanical properties of the NBF-250, BF-250, NBF-1000, and the carbonized
BF materials were measured in order to determine the effect of inter-fibre bonding on the
tensile properties before and after carbonization. The results of mechanical testing are
summarized in Table 6.2.
Table 6.2: Mechanical properties of bonded and non-bonded fabrics before and after carbonization at 1000 oC.
Values are expressed as mean + one standard deviation based on measurements on N samples.

Sample
NBF-1000
BF-1000
BF-800
BF-600
NBF-250
BF-250

Tensile
Strength
(MPa)
32.0 + 9.0
74.1 + 14.6
76.3 + 19.1
58.1 + 14.4
17.2 + 3.4
31.4 + 6.4

Elastic
modulus
(GPa)
4.8 + 0.6
4.1 + 1.4
2.4 + 0.5
2.0 + 0.5
0.8 + 0.06
1.3 + 0.09

% strain
at break

N

0.9 + 0.3
3.0 + 1.1
3.3 + 1.1
2.7 + 1.0
2.3 + 0.5
3.9 + 1.4

16
19
9
10
12
10

Mechanical testing showed that inter-fibre bonding significantly altered the
mechanical properties of the electrospun fabrics. NBF materials displayed rather low
mechanical performance, which was not unexpected due to the known fact that the
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mechanical performance of lignin-based carbon fibres and precursors is considerably lower
than corresponding fibres derived from PAN.31 It is important to identify strategies to
improve the mechanical properties of lignin-based materials, and inter-fibre bonding was an
effective means to accomplish some improvements. BF materials had both a higher ultimate
tensile strength and higher elongation at break compared to NBF in the case of both
thermostabilized and carbonized fibres (Table 6.2). The elastic modulus values of the BF-250
materials were also higher than that for NBF-250 materials. Interestingly, this trend was
reversed after carbonization. NBF-1000 had a higher elastic modulus compared to BF-1000,
although there was considerable variability in the modulus values for the BF-1000 materials.
It should be mentioned that a difficulty in stabilization and carbonization of the materials was
their tendency to shrink, which sometimes caused the samples to slip out from between the
clamps holding them in place or break. This is an important point to consider in future
studies because maintaining tension without breaking the fibre during thermal treatment is
known to be critical for producing CF with good mechanical properties from PAN.110 Future
optimization studies to improve the dimensional stability of the materials during thermal
treatment are necessary. Nevertheless, the differences in BF vs. NBF materials were still
clear and noteworthy. It should also be noted that there was some difference between the
mechanical properties as a function of Tc (Table 6.2), but these differences were not as
pronounced as the differences observed between NBF and BF materials. A slight increase in
strength was observed comparing the properties of BF-600 to BF-800 and the strength
remained essentially unchanged comparing BF-800 to BF-1000.
Perhaps the most promising result in terms of mechanical properties was the clear
increase in the ductility of the BF materials as indicated by the higher strain at break. It is
well-known that brittleness is a shortcoming of lignin-based materials with high lignin
contents,325,326 and the flexibility of the thermostabilized BF materials was therefore
surprising. The fact that the ductility and flexibility of the BF materials was retained after
carbonization was also very interesting. Figure 6.3 shows photographs which demonstrate the
differences in flexibility between the carbonized NBF and BF materials. Fig. 6.3a shows the
result of applying only slight bending to the NBF-600 material, which resulted in breakage.
The BF-600 (Fig. 6.3b) was relatively more flexible, and the same trends were observed for
all values of Tc.
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Figure 6.3: Photographs demonstrating the differences in flexibility between (a) NBF and (b) BF after
carbonization (Tc = 600oC). Slight bending resulted in breaking of the NBF material (a) while BF materials
were relatively flexible (b).

Tensile testing showed that BF-1000 materials could be stretched to strains averaging
3% before breaking, while the average strain at break value for BF-250 was 3.9%. In contrast
to the BF materials, the NBF-250 materials displayed an average strain at break of 2.3%,
while the NBF-1000 materials broke at strains below 1%. The results showed that
carbonization resulted in increased strength and modulus but decreased ductility for the NBF
and BF materials. However, inter-fibre bonding clearly increased ductility, especially in the
carbonized materials. For comparison, Kraft lignin-based carbon fibre single filaments were
reported to break around 1% strain,98 and thermally extruded Kraft lignin/PEO fibres
containing 25% or less PEO broke at 0.8% or lower strain, while 50/50 Kraft lignin/PEO
fibres could be elongated to 3.5% strain at the expense of tensile strength.192
Other researchers have also reported improvements in the mechanical properties of
electrospun fabrics through inter-fibre bonding.327,328 The mechanical property enhancement
in bonded fabrics may be due to improved load distribution among the fibre segments as
suggested for thermally point-bonded polypropylene nonwovens,329 though interestingly the
effect of bonding is known to vary depending on the strength of the fibres, and is strongly
dependent on bonding conditions.329,330 The different behaviors displayed by the lignin-based
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BF and NBF materials may be due to different relative contributions of fibre stretching,
bending, and friction between sliding fibres, and the tendency of fibres to become oriented in
the stretching direction in accommodating imposed load.331 These factors are known to
influence the mechanical properties of electrospun nonwoven fabrics.332 While it is not
entirely clear what is the relationship between single fibre properties and the corresponding
NBF and BF materials, the differences in the BF and NBF are likely related to the single
fibre properties and how they respond to different types of loads. NBF materials consist of
much longer fibre segments and therefore experience a greater degree of sliding, bending,
and re-orientation. BF materials consisted of shorter interconnected segments that are not
capable of sliding with respect to one another and probably experience different degrees of
different types of stress compared to long fibre segments. The observed improvement in the
BF materials suggests that further optimization of thermal point bonding of electrospun
lignin fibres may be a promising route for further improvements in mechanical
performance.329,330 While the single fibre mechanical properties must be studied in more
detail to achieve further mechanical property improvements at the level of individual
filaments, it was clearly demonstrated that inter-fibre bonding enhanced the overall bulk
mechanical behavior of the electrospun fabrics.

6.4

Electrical conductivity of carbonized fabrics:

The electrical properties of CNFs are important for potential applications as
electrodes in batteries, solar cells, and supercapacitors. Inter-fibre bonding has also been
shown to lead to improvements in supercapacitor electrode performance using PAN-based
electrodes.120 The electrical conductivity () was therefore measured for BF and NBF
materials carbonized at Tc’s of 600, 800, and 1000oC and the values were compared to PANbased CNFs carbonized at 1000oC. The conductivity data is summarized in Table 6.3.
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Table 6.3: Electrical conductivity  (S/cm) of carbonized samples. Values are expressed as mean + one
standard deviation. n = 10 for each condition

Sample

 (S/cm)

BF-1000
BF-800
BF-600
NBF-1000
NBF-800
NBF-600
PAN-1000

19.6 + 3.0
7.0 + 1.1
8.3 x 10-4 + 1.9 x10-4
2.3 + 0.4
0.6 + 0.1
1.2 x 10-4 + 4.7 x 10-5
9.6 + 1.7

NBF-600 and BF-600 materials had a very low  below 10-3 S/cm. In contrast, a
dramatic increase in  of more than 3 orders of magnitude was observed when the materials
were heated to 800 or 1000oC. The average  for NBF-800 and NBF-1000 were 0.6 and 2.3
S/cm, respectively, which was increased in the corresponding BF materials to 7 and 19.6
S/cm for BF-800 and BF-1000, respectively. The increase in  in the BF vs. NBF materials
may be due to the increased network connectivity in the BF materials allowing a greater
number of pathways for charge transport. For comparison, PAN-based nanofibres carbonized
at 1000oC were prepared and were observed to have an average  = 9.6 S/cm. SEM showed
that these PAN-based CNFs were not bonded at their intersections (image not shown), but it
has been reported that inter-fibre bonding increased  for bi-component
PAN/poly(vinylpyrrolidone)-based nanofibres.120 The  values of the lignin-based NBF-1000
and BF-1000 were also comparable to values reported for electrospun CNFs based on
phenolic resin = 5.96 S/cm)333 carbonized at 900oC, but lower than reported  values for
electrospun CNFs prepared from isotropic pitch ( = 63 S/cm for fibres carbonized at
1000oC).334 The results showed that  similar to that of other precursors can be achieved in
Kraft lignin-based CNFs and that inter-fibre bonding can increase the conductivity. The
electrical properties of lignin-based CNFs should therefore be studied in greater detail in
future work for possible application as electrodes.
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6.5

BET surface area of carbonized fibres:

Since the surface area of carbon electrodes is also a very important parameter for
various applications, the surface area of the materials carbonized at different temperatures
was measured by the BET method. Generally, the SBET decreased slightly with increasing
cabonization temperature (Tc), but the values all fell in the range of 370-456 m2/g. The BF600, BF-800, and BF-1000 materials had SBET values of 456, 435, and 411 m2/g,
respectively, while the NBF-600, NBF-800, and NBF-1000 materials had SBET values of 450,
410, and 374 m2/g, respectively. These values are promising despite being slightly lower than
values reported for electrospun Alcell lignin-based CNFs243 and considerably lower than SBET
for porous carbon materials such as activated carbons, which can reach surface area values of
2000 m2/g.103 Given the slightly larger fibre diameters compared to previous reports242,243 and
the known fact that lignin is amenable to activation to increase its surface area,103,104,106–108
the surface areas reported here are a promising starting point for future studies.

6.6

Raman spectroscopy of carbonized fibres:

Raman spectroscopy is a powerful technique for the characterization of various forms
of disordered carbon.306,307,335–337 X-ray diffraction was initially used to characterize the
structure of electrospun fabrics after carbonization, but only a broad peak was observed (see
Appendix Figure A10), revealing little information regarding the effect of heat treatment on
fibre structure. Raman spectroscopy was instead used as a means to understand the structural
changes occurring during the carbonization process as a function of increasing Tc. Raman
spectra were recorded in the range 900-1800 cm-1 in order to compare the characteristic Dand G-bands typical of carbon materials for the different Tc values. The D-band corresponds
to the breathing modes of 6-carbon aromatic rings, while the G-band corresponds to in-plane
bond stretching motion of pairs of C sp2atoms in both rings and chains.306 A typical Raman
spectrum of carbonized lignin-based fibres is shown in Figure 6.4.
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Figure 6.4: Typical Raman spectrum of carbonized lignin-based fibres in the wavenumber region 900-1800 cm1
. The D-band (~1310 cm-1) is fitted with a Lorentzian line shape and the G-band (1580 cm-1) is fitted with a
Breit-Wigner-Fano (BWF) lineshape, both shown in black, and the cumulative spectrum based on fitting is
shown in red.

In general the Raman spectra appeared fairly similar for the NBF and BF carbonized
at different Tc, consisting of a broad D-band around 1310 cm-1 partially overlapping with a
lower intensity G band around 1580 cm-1, typical of a disordered carbon material.306,307,335–337
Curve fitting with Lorentzian and Breit-Wigner-Fano (BWF) line shapes for the D- and Gbands, respectively, was used to extract information on peak heights to calculate the intensity
ratio (ID/IG), as well as width (FWHM), and position.306 Line plots of the ID/IG ratio, FWHM,
and band positions are shown in Figures 6.5, 6.6, and 6.7, respectively.
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Figure 6.5: ID/IG from Raman spectra as a function of carbonization temperature for PAN, NBF, and BF. Error
bars represent plus/minus one standard deviation. PAN =

♦, NBF = ■, BF = ▲.

Figure 6.6: Full-width at half-maximum (FWHM, cm-1) of the (a) D-band and (b) G-band as a function of

♦

carbonization temperature from Raman spectra of PAN, NBF, and BF. PAN = , NBF =
bars represent plus/minus one standard deviation.

■, BF = ▲. Error
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Figure 6.7: Positions (cm-1) of (a) D-band and (b) G-band as a function of carbonization temperature from

♦

■

Raman spectra of PAN, NBF, and BF. PAN = , NBF = , BF = ▲. Error bars represent plus/minus one
standard deviation.

At a given Tc, no significant differences in the ID/IG were observed between NBF and
BF, indicating that any differences in carbon structure due to the different lignin fractions is
indiscernible based solely on ID/IG (Fig. 6.5). Clear trends in the Raman spectra were
observed as a function of Tc. The ID/IG values for carbonized BF and NBF were identical and
clearly increased with increasing Tc, from 1.5 to 1.7 and 1.9 at Tc = 600, 800, and 1000oC,
respectively. This observation was in contrast with studies on PAN-derived fibres,122,298,338,339
where it reported that the ID/IG ratio decreases with increasing Tc in a similar temperature
range. Therefore, Raman spectra were also recorded for PAN nanofibres carbonized at 600,
800, and 1000oC and the spectra were processed in exactly the same manner as those for the
lignin-based nanofibres. The data for PAN is also shown graphically for ease of comparison
with lignin-based BF and NBF in Figure 6.5, 6.6, and 6.7.
The previously reported trend for ID/IG of PAN-based CNFs was also reproduced
when the spectra for PAN were processed in the same manner as those for the lignin-based
NBF and BF materials. PAN-based CNFs carbonized at 600oC had an ID/IG around 2.5, and
this value decreased with increasing Tc to 1.7 at 1000oC (Fig. 6.5). Furthermore, comparing
the trends in D and G band FWHM and peak positions also showed differences for PAN and
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lignin-based CNFs. The FWHM of the D-band (Fig. 6.6a) increased from 600-800oC for
PAN and showed a slight but insignificant decrease from 800-1000oC. The D-band FWHM
decreased for the lignin-based BF and NBF as Tc increased. Interestingly, the D-band
FWHM started higher at 600oC for the BF material compared to that of the NBF material,
and the values converged to the same value after carbonization at 1000oC. The G-band
FWHM (Fig. 6.6b) also showed reversed trends as a function of Tc for PAN vs. lignin. The
G-band FWHM decreased with increasing Tc for PAN, but increased for BF and NBF. Also,
the G-band FWHM was higher in NBF vs. BF materials at all values of Tc.
In terms of peak position, increasing Tc resulted in a D-band shift to higher frequency
for PAN (Fig. 6.7a), whereas for NBF and BF, the D-band shifted to lower frequency
between 600-800oC and remained relatively constant from 800-1000oC. The G-band position
of PAN shifted to lower frequency from 600-800oC and shifted back to slightly higher
frequency from 800-1000oC (Fig. 6.7b). The G-band position for the BF and NBF also
displayed a curious difference whereby the BF G-band appeared to clearly shift to higher
frequency while the NBF G-band appeared to remain constant, although there was a
relatively high amount of variability in the G-band position of the NBF materials, indicated
by the relatively large error bars in Figure 6.7b.
Taken together, the results from Raman spectroscopy illustrate very clear differences
between the carbonization of PAN and Kraft lignin in the temperature range 600-1000oC.
There also appeared to be some differences between the NBF and BF materials. The threestage model developed by Ferrari and Robertson306,307 for describing Raman spectra of
amorphous and disordered carbon proved helpful in interpreting these differences. These
authors discussed a variety of published Raman data of disordered carbons in terms of an
“amorphization trajectory.” A key point from their publications was that the trends for the
ID/IG ratio for graphitic vs. amorphous carbons depend upon where along this amorphization
trajectory a particular carbon falls depending on its degree of graphitization or
amorphization. Based on the three-stage model, starting at a perfect graphite crystal, the
introduction of defects will increase the ID/IG ratio and initially shift the G-band to higher
frequency.306 However, upon transitioning from a graphite single crystal to a polycrystalline
material with very small nanographite crystals and further to a truly amorphous carbon, the
three-stage model predicts that this trend reverses and the ID/IG ratio will begin to decrease
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with increasing amorphization due to a decrease in the number of ordered rings, while the Gband will shift to lower frequency.306 In the carbonization process it is reasonable to propose
that the carbon structures of lignin and PAN-based fibres essentially travel in reverse along
the amorphization trajectory as Tc increased and that lignin begins in a more amorphous state
relative to PAN, which exists as a semicrystalline material even before carbonization. PAN
may already exist as a nanocrystalline graphite at much lower carbonization temperature,
which explains why its ID/IG decreases to lower values. Lee et al. reported that the ID/IG ratio
of PAN fibres decreases as a function of increasing Tc from 400oC upward.339 The increase
of the ID/IG ratio observed for lignin-based fibres is therefore consistent with a different type
of transformation, from an amorphous carbon to a nanocrystalline graphite due to nucleation,
growth and clustering of aromatic rings (increased ordering of an amorphous carbon).306 The
dramatic increase in electrical conductivity of the materials comparing those processed at 600
and 800oC was also consistent with this type of transformation. The trends in ID/IG ratio
observed by Raman therefore identified a key difference in the carbonization behavior of
lignin and PAN.
The above hypothesis is also supported by the decrease in the FWHM of the D-band
for the lignin-based BF and NBF with increasing Tc (Fig. 6.6a). A decrease in the FWHM of
the D-band with increasing temperature was also reported for carbonization of wood,
cellulose, and organosolv lignin.340 Broadening of the D-band indicates a broader distribution
of clusters and rings other than 6-C aromatic rings.306 A decrease in D-band FWHM would
therefore be correlated with an increased number of 6-carbon aromatic rings in lignin-based
carbon as Tc increases from 600-1000oC. It is interesting that the PAN fibres showed the
opposite trend in the D-band FWHM between 600-800oC (Fig 6.6a) because that would
indicate that a broader distribution of rings with different numbers of C atoms forming for
PAN in this temperature range. The shifts in the D-band (Fig 6.7a) were also different for
lignin vs. PAN, indicating different processes are occurring during carbonization at the same
temperature.
The different trends in the G-band FWHM (Fig. 6.6b) and position (Fig 6.7b) are also
interesting but more difficult to interpret. The decreasing FWHM of the G-band for PAN
with increasing Tc seems to suggest a narrower distribution of sp2 hybridized carbon, but the
error associated with the determination of the G-band FWHM for PAN is large enough that
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the G-band FWHM is arguably remaining fairly unchanged in the Tc range 600-1000oC. The
opposite trend in G-band FWHM was observed for lignin (Fig. 6.6b), and G-band FWHM
increased significantly by ~15 cm-1. The increase in G-band FWHM for lignin with
increasing may reflect an increase in the distribution of non-aromatic conjugated structures in
the lignin-based fibres, which may also be related to the observed increase in electrical
conductivity with increasing Tc. The three-stage model would also predict a shift to lower
frequency for the G-band of PAN and a shift to higher frequency for the G-band of lignin
based on the presumed location along the amorphization trajectory.306 G-band shifting to
higher frequency with increasing Tc would also be in agreement with clustering and sp2
carbon in chains. The predicted G-band shift to higher frequency was observed for BF but
curiously not for NBF, possibly indicating that the different structures of the two lignin
fractions incorporated into the BF materials have an effect on the formation of sp2 chains
and/or clusters. For PAN the shift to lower frequency was only observed between 600-800oC
but not from 800-1000oC. Future work using different laser energies and other
complementary techniques could be of use in elucidating these discrepancies. Nevertheless,
Raman spectroscopy proved to be extremely useful in interpreting and differentiating
between the structural changes occurring during carbonization of lignin and PAN-based
nanofibres, and should be considered a valuable tool for developing a better understanding of
the molecular level transformations occurring during the carbonization process.

6.7

Conclusion:

In this study, thermally induced inter-fibre bonding was found to be an effective
strategy for increasing the tensile strength, ductility, and electrical conductivity of Kraft
lignin-based carbon fibres obtained by electrospinning. While the mechanical properties were
still rather low compared to reported properties for PAN nanofibres, the ductility of the interbonded thermostabilized and carbonized materials was superior to single filament carbon
based on Kraft lignin. Further optimization of inter-fibre bonding conditions could
potentially allow further improvements in the mechanical properties of lignin-based
electrospun fibres. The electrical conductivity of the inter-bonded lignin-based fibres
carbonized at 1000oC was found to exceed that of non-bonded PAN-based carbon nanofibres
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treated at the same carbonization temperature, suggesting that further study of the electrical
properties of lignin-based carbon nanofibre electrodes is warranted. The BET specific surface
area was slightly lower than previously reported values for Alcell lignin-based carbon
nanofibres, but can be considered a good starting point for future studies. Taken together the
material property characterizations suggest that lignin should be considered a candidate as a
precursor for flexible carbon electrode applications. A detailed analysis of Raman spectra
also shed new light on the differences in the carbonization behavior between lignin and PAN
in the temperature range of 600-1000oC. Interpretation of the trends in ID/IG ratio suggested
that lignin begins as a more amorphous carbon at 600oC and transforms to a nanocrystalline
graphite at temperatures of 800-1000oC, while PAN fibres have already formed a
nanocrystalline graphite structure at 600oC.
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Chapter 7. Concluding Remarks

In these studies electrospinning of technical lignin was investigated for its potential to
spur the development of novel advanced lignin-based materials. Electrospinning has received
an enormous amount of attention in the research community in recent years, but
electrospinning of lignin, in contrast with synthetic polymers such as PAN, has been reported
by only a few research groups in peer-reviewed journals.242–245,341 The studies described in
the preceding chapters represent significant advancements in applying the fascinating
technique of electrospinning to processing of lignin. On the other hand, there is undoubtedly
room for further research on electrospinning of lignin with regard to each of the areas
discussed herein and new directions which have yet to be realized.
Chapter 3 began by presenting the finding that technical lignins dissolved in solution
have a strong tendency to resist the formation of uniform electrospun fibres and instead form
droplets. It is clear that extra steps must be taken in order to promote fibre formation during
electrospinning of lignin compared to synthetic polymers. The compact, branched structure
and the relatively low molecular weight of many technical lignins appears to hinder its ability
to form an entangled network of polymer chains in solution, which is known to facilitate
electrospinning of synthetic polymers. The studies presented in Chapters 3 suggest that a
relatively small amount of PEO added to the spinning solution is an effective strategy to
promote and control fibre formationduring electrospinning of technical lignins from
different sources.While thermal extrusion of softwood Kraft lignin was shown to be
relatively difficult compared to hardwood Kraft lignin in previous studies,98,294
electrospinning proved to be amenable to both types of lignin as well as other technical
lignins. This is an important point because preparation of lignin-based materials is
complicated by the fact that lignin is a naturally variable substance and bears modification
based on isolation processes as discussed in chapter 1.
Chapter 4 also showed that lignin can be purified in such a way as to allow it to form
fibres without the addition of synthetic polymers (section 4.5). This finding showed that
fractionation and purification of lignin strongly affects its processability by electrospinning.
The ability of the F4 fraction to form fibres may be related to its higher molecular weight and
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strong intermolecular interactions governing the behaviour of this fraction, as studied in
Chapter 5. It was evident in the quality of the fibres obtained that fractionation strongly
improved the stability of the fibre formation process during electrospinning. These findings
suggest that heterogeneity in solubility and flow behaviours of oligomeric species of different
size and structure contributes to poor processing behaviour. Incorporating steps to obtain
more homogeneous lignin fractions during their isolation will provide new opportunities to
tune the processability of lignin.
The diameters achieved in these studies (~500-700 nm) are still somewhat large
compared to other electrospun fibres, which can reach diameters below 100 nm, even though
they are considerably smaller than thermally extruded lignin fibres. The diameters achieved
in these studies are probably still too large to observe mechanical property improvements
with decreasing diameter as has been reported for other materials.342,343,344 Smaller diameters
have been reported for lignin nanofibres, but the mechanical properties were not
characterized.242,243 The results of these studies are promising in that a tunable system was
developed to control the fibre diameter in the range > 500 nm, but it is critical to understand
the mechanism of instability leading to bead formation vs. fibre formation to optimize the
electrospinning process of lignin to achieve smaller fibre diameters, and to study the effect of
diameter on the internal fibre structure and material properties.
Another important question moving forward to future studies is: What is the most
practical way to implement electrospinning of lignin for real applications? Some well-known
limitations of the basic electrospinning apparatus for the production of commercially viable
products are the relatively low nanofibre production rate associated with using spinnerets,
inhomogeneous electric fields, and issues with spinneret clogging.345–348 Recent studies on
new variations of the basic electrospinning apparatus address these limitations by eliminating
the spinneret altogether. Instead of using spinnerets, “needleless” approaches for the
production of multiple electrospinning jets from the free surface of polymer solutions are
being explored.345–348 The first system for lignin electrospinning reported in published
literature was a coaxial spinneret approach employing a sheath fluid to stabilize the
electrospinning of Alcell lignin.242 Without the sheath fluid flowing at the proper flow rate,
Alcell lignin was observed to electrospray, as was also reported in chapter 3. A strong case
can be made that blending small amounts of synthetic polymer such as PEO or purifying
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lignin so that it has the capacity to form fibres without the addition of other polymers is a
more practical strategy for lignin electrospinning compared to coaxial spinnerets. The
blending and purification studies reported herein are arguably much more likely to be
amenable to free-surface “needleless” electrospinning, and therefore could potentially allow
a higher rate of lignin nanofibre production. Whether or not free-surface electrospinning of
lignin can be implemented remains to be explored by future researchers, but should be
considered as an important area for future study.
The effect of the rheology of the spinning solution on the formation of electrospun
lignin fibres was also studied in detail with in chapter 4. This study represents a significant
step in generating an understanding of the elongational rheology of lignin and lignin/PEO
blends in electrospinning and other elongational flows. The results confirmed that polymer
blending is an effective strategy to modify the viscoelastic properties determining
processability of lignin. Understanding the elongational flow properties of lignin in solutions
and melt may prove helpful in guiding future attempts to modify the processability of lignin
into fibrous materials. Rheological studies showed that while adding a relatively small
amount of PEO to the spinning solution resulted in some minor change in the shear viscosity,
the effect of PEO addition on the elongational rheology of the spinning solution was
pronounced, even when only a small amount (less than 1%) of high molecular weight PEO
was added to the solution. CaBER provided a rapid means to characterize the elongational
fluid properties of lignin solutions, and a strong correlation between  and fibre diameter was
observed. CaBER should prove to be a valuable tool in the characterization of lignin and
lignin-polymer blend-based fluids for processing in electrospinning.
There are also many other possibilities for further exploration of elongational
rheology that were not addressed in these studies. Given that it is known that lignin and PEO
form a miscible polymer blend, the results suggest that specific intermolecular interactions
with small amounts of added polymers can be exploited to dramatically alter the processing
behaviour of lignin in elongational flow. However, a systematic study to explore the effect of
specific intermolecular interactions on elongational rheology was not performed in this work.
This represents an area which could be studied in more detail in future studies. It has also
been reported that the electrospinning jet itself can be used as an elongational rheometer for
studying elongational flow of polymer solutions under enormous strain rates which are
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difficult or impossible to realize in other experiments.225,226 Electrospinning itself therefore
offers a unique opportunity to reveal new knowledge on the behavior of lignin and ligninpolymer blends undergoing strong stretching deformation, which could be beneficial both
from a theoretical and an applied perspective. For example, CaBER showed that lignin
solutions show Newtonian-like thinning behavior, but F4 was able to form fibres. It is
currently not known to what extent F4 solutions might become elastic under the strong
stretching characteristic of electrospinning. Using the jet itself as an elongational rheometer
could provide new insight into what happens to lignin macromolecules and whether they
behave in a Newtonian manner in a strongly stretched, electrified jet.
It was demonstrated in Chapter 5 that the versatility of electrospinning and the
lignin/PEO blend system allows the processing of combinations of lignin fractions with
different structure and properties into sub-micron diameter fibres. Fractionation of lignin by
solvent extraction and subsequent recombination of lignin fractions enabled the preparation
of a variety of interesting material morphologies including fibres, bonded nonwoven fibrous
networks, porous films, and smooth films which each might find interesting applications yet
to be explored. For example, a recent journal submission from G. Gao in our research group
demonstrated that thermostabilized electrospun fibres could be used as a substrate for
grafting new chemical functionalities onto lignin-based nanofibres. The findings in Chapter 5
underline the need to better understand and completely explore the possibilities of generating
lignin with desirable properties through fractionation. Much work remains to be done to
identify a scalable, inexpensive way to obtain fractionated lignin from pulping process
liquors, and understand how fractionation could help produce lignins more suited for
conversion to value-added products. Membrane filtration of lignin in black liquor can
apparently strongly influence the thermal processability of Kraft lignin320 in a similar way as
shown for solvent extraction, and it will be interesting to see to what extent membrane
filtration can be tuned and combined with innovative isolation strategies to generate pure,
homogeneous lignin fractions with special properties.
Chapter 5 also showed that using certain compositions of lignin fractions and proper
processing conditions, electrospun F4/F1-3 blend materials were shown to exist as novel
phase-separated systems which display reversible moisture-responsive shape change
capability. Fractionation of lignin was apparently a critical step in preparing these interesting
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materials. Distinct properties of each of the two fractions as well as establishing an interface
between the two fractions were evidently key for achieving a reversible stimuliresponsiveness in electrospun materials. The potential applications for this new material
remain to be explored in future work, but a promising possibility is to design a humidity
sensor based on moisture-responsive lignin-based materials. In order to assess the viability of
this application, a more comprehensive study on the adsorption and desorption of water on
surface of these lignin-based SRM materials is needed to accurately describe the sensitivity
and kinetics of the moisture-responsive property and effect of cyclic adsorption and
desorption of moisture over the lifetime of the material.
In addition, the phase separation in moisture-responsive SRMs detected by AFM is in
itself a rather interesting phenomenon which raises new questions about the intrinsic
heterogeneity of lignin. D. Goring, a pioneer in the study of lignin’s chemistry and physical
properties, wrote in 1989 that the “properties of [lignin] macromolecules made soluble reflect
the properties of the network from which they are derived.”349 Recent findings that distinctly
different lignins are preferentially bound with different hemicelluloses167,168 show that lignin
may exist in distinctly different phases in wood. The finding presented in Chapter 5 that
lignin fractions extracted from a single commercially available Kraft lignin may act as
“switch” and “rigid” phases in an SRMs may indicate that the intrinsic heterogeneity of
lignin has a yet-to-be-explored function in the interesting mechanical properties of neverdried wood, and might be exploited further in the design of new lignin-based materials.254–256
The relative effects of the native structure vs. the changes resulting from isolation during
Kraft pulping remain to be elucidated to determine to what extent the moisture-responsive
property might be, as Goring suggested, a reflection of the supramacromolecular network
from which these lignin fractions are derived vs. a result of the changes imposed on lignin by
its isolation under the harsh conditions of Kraft delignification. While SRMs and SMMs are
highly active fields of research in advanced materials,58,81 lignin-based SRMs are a relatively
new.23 Incorporating other fractionation schemes, new processing strategies, and chemical
modification of lignin may open up new opportunities for design of advanced lignin-based
electrospun SRMs which can respond to a variety of different stimuli. The study described in
chapter 5 lays a foundation for the development of other types of advanced SRMs based on
phase-separated lignin systems, and potentially also for the development of true shape
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memory materials which can be programmed into remembering two or more shapes. The
wide range of possibilities for design of new lignin-based SRMs and development of SRM
applications remain to be imagined and examined by future generations of researchers.
Chapter 6 showed that electrospinning is also an effective route to Kraft-lignin based
carbon nanofibres (CNFs). A somewhat disappointing result was that the mechanical
properties of these materials are likely unsuitable for reinforcement of structural composites,
but to put this finding in perspective, no lignin-based CFs have been reported to date which
can be considered suitable for structural applications.9,98,99 Future research must be conducted
to better understand the effect of the processing parameters and fibre diameter on the internal
fibre structure and single fibre properties. Nonetheless, the bonded nonwoven fibres prepared
in Chapter 5 were shown to maintain the BF morphology after carbonization at Tc up 1000oC
in Chapter 6, and inter-fibre bonding was shown to enhance both the mechanical and
electrical properties of lignin-based CNFs. These results suggest that further optimization of
fibre bonding conditions could further improve the properties of carbonized lignin-based BF
materials, given that it is known that the properties of bonded nonwoven materials are
sensitive to the bonding conditions, and the studies conducted in chapter 6 were not
optimized.329,330
The potential for preparation of electrospun, high surface area CNF electrodes for use
has been studied extensively.128 A combination of desirable surface and electrical properties
and suitable mechanical properties to prevent damage and deterioration of the electrodes are
critical to their performance, but will likely depend on the specific application. The BET
surface area (SBET) of the lignin-based CNFs reported in chapter 6 (~400 m2/g) are promising
given the fact that no activation process was used and the surface of the fibres appeared fairly
smooth under SEM (Fig. 6.2). Investigation of different physical and chemical activation
processes on the surface area, mechanical, and electrical properties is an important step to
advance these materials toward real applications. The study presented in Chapter 6 also
represents one of the first reports of the electrical conductivity of lignin-based CNFs
produced by electrospinning. Inter-fibre bonding of the lignin-based CNFs was shown to
enhance the bulk material’s electrical conductivity to values roughly twice the value for PAN
nanofibres, although they were compared to non-bonded PAN nanofibres. This result was
promising given the fact that PAN-based CNFs have been reported in numerous publications
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for potential electrode applications, among others, which have been recently summarized in a
review by Inagaki and coworkers.128 Raman spectroscopy was also shown to be a powerful
technique for the comparison of the carbonization of lignin and PAN. Raman spectroscopy is
an essential tool for characterizing disorder in carbon materials,306,307,335 and future studies
using Raman to understand the evolution of order from disorder during thermal processing of
lignin could prove to be invaluable in understanding the structure-property relationships
governing the performance of lignin-based carbon materials. An interesting next step would
be to use Raman excitation at multiple wavelengths307 and also to explore the effect of
specific chemical characteristics on the carbonization process using model compounds or
different types of lignin.
Another essential next step is to evaluate the effect of the processing parameters for
lignin-based CNF preparation and the CNF material properties on the performance in specific
applications. The prospects for using the bonded CNF materials prepared in Chapter 6 are
very good. For comparison, Niu et al. recently investigated interconnected CNF networks
prepared by electrospinning combinations of PAN and polyvinylpyrrolidone for their
performance as supercapacitor electrodes and reported high specific capacitance of 221
F/g.120 Interestingly, they also reported that the highest capacitance was achieved with
materials having SBET of 531 m2/g, only slightly higher than the values reported in Chapter 6.
Interestingly, Niu and coworkers also found that materials with higher surface area had lower
capacitance, even though theory would suggest that the capacitance should be proportional to
the surface area accessible to ions.350 The slightly lower SBET values of the materials reported
in chapter 6 should not be considered a deterrent for investigating their potential as electrodes
in supercapacitors. Wang et al recently reported on capacitive deionization of NaCl solutions
using electrospun PAN-based CNF electrodes activated by simple CO2 activation (SBET =
712 m2/g) and demonstrated high electrosorption capacities of 4.64 mg Na+ per gram of
electrode material, which were higher than values reported for activated carbon and other
carbon materials.121 This exciting report suggests that high surface area carbon electrodes
produced by electrospinning could be useful in desalination of seawater. Potential
applications for interconnected lignin-based CNFs are therefore real and relevant and should
be investigated immediately.
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The overriding question for utilization of lignin in value-added applications is
whether or not lignin-based materials can exhibit suitable, reliable performance that equals or
exceeds that of standard materials. In the case of mechanical performance, it is difficult to
envision lignin-based CNFs outperforming the mechanical properties of PAN. However,
electrospun lignin-based CNFs should absolutely be considered a promising replacement for
electrospun PAN-based CNFs in carbon electrode applications. A great deal of work remains
to be done, but it appears that further investigation of the electrospinning process for
development of lignin-based CNF materials is a promising avenue for the realization of
increased fundamental knowledge as well as commercial applications of lignin.
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Appendix:

Viscosity (mPa*s)
concentration
SKL run
blend run
(wt%)
log(conc.)
1
run 2
1
10
1.000
2.3
2.3
2.6
15
1.176
3.7
3.7
4.5
20
1.301
6.7
6.7
7.7
25
1.398
12.1
12
15.9
30
1.477
24.6
25
38.5
35
1.544
56.4
55
83.2
37
1.568
83.3
84 147.9
39
1.591
126.3 127 204.3
40
1.602
172.4 184 291.3
43
1.633
327.4 356 472.4
45
1.653
585.1 536 760.2

blend
run 2
2.6
4.5
7.7
15.9
38.5
88.9
138.8
229.5
294.9
410.2
672.4

Specific Viscosity (h-hsolvent)/hsolvent (unitless)
SKL
blend blend run
run 1 run 2 Avg run 1
2
Avg
1.9
1.9
1.9
2.3
2.3
2.3
3.6
3.6
3.6
4.6
4.6
4.6
7.4
7.4
7.4
8.6
8.6
8.6
14.1 14.1 14.1
18.9
18.9
18.9
29.8 29.8 29.8
47.1
47.1
47.1
69.5 67.1 68.3 103.0 110.1 106.6
103.1 104.0 103.6 183.9 172.5 178.2
156.9 157.5 157.2 254.4 285.9 270.1
214.5 228.9 221.7 363.1 367.6 365.4
408.3 443.9 426.1 589.5 511.8 550.6
730.4 669.3 699.8 949.3 839.5 894.4

Log(specific viscosity)
SKL
blend
run 1 run 2 run 1
0.273 0.273 0.352
0.559 0.559 0.665
0.868 0.868 0.936
1.150 1.150 1.276
1.473 1.473 1.673
1.842 1.827 2.013
2.013 2.017 2.265
2.196 2.197 2.405
2.331 2.360 2.560
2.611 2.647 2.770
2.864 2.826 2.977

blend
run 2
0.352
0.665
0.936
1.276
1.673
2.042
2.237
2.456
2.565
2.709
2.924

Figure A1: Raw data for plot of specific viscosity vs. concentration (Figure 3.5)
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Figure A2: Fitting to obtain slopes of specific viscosity vs. concentration (Figure 3.5)
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Shear
Stress
(Pa)

F4, 40 wt%

G'
(Pa)
1.00
0.071
1.26
0.074
1.59
0.074
2.00
0.077
2.51
0.074
3.16
0.072
3.98
0.070
5.01
0.066
6.31
0.057
7.94
0.047
10.00 0.042
12.59 0.037
15.85 0.033
19.95 0.031
25.12 0.028
31.62 0.025
39.81 0.023
50.12 0.021
63.10 0.019
79.43 0.015
100.00 0.008
125.90 0.002
158.50 0.0001
199.50
251.20
316.20
398.10
501.20
631.00
794.30
1000.00

G"
(Pa)
4.752
4.759
4.761
4.763
4.768
4.769
4.774
4.779
4.788
4.799
4.804
4.806
4.807
4.808
4.809
4.809
4.815
4.816
4.818
4.821
4.829
4.833
4.835
4.833
4.835
4.836
4.836
4.841
4.845
4.851
4.859

F4, 40 wt%
PEO1M, 0.1
wt%

F4, 40 wt%
PEO1M, 0.2
wt%

F4, 40 wt%
PEO5M, 0.1
wt%

F4, 40 wt%
PEO5M, 0.2
wt%

G'
(Pa)
0.300
0.319
0.317
0.316
0.314
0.308
0.300
0.290
0.269
0.240
0.215
0.186
0.154
0.129
0.108
0.090
0.077
0.066
0.055
0.042
0.028
0.015
0.005

G'
(Pa)
0.303
0.307
0.305
0.308
0.304
0.300
0.296
0.290
0.276
0.259
0.243
0.227
0.209
0.191
0.172
0.152
0.135
0.119
0.105
0.089
0.073
0.058
0.048
0.039
0.032
0.025
0.018
0.010
0.002

G'
(Pa)
0.386
0.387
0.386
0.384
0.376
0.370
0.362
0.353
0.334
0.318
0.300
0.281
0.258
0.237
0.213
0.189
0.169
0.153
0.137
0.120
0.102
0.086
0.074
0.063
0.054
0.046
0.039
0.036
0.036
0.030
0.018

G'
(Pa)
0.590
0.561
0.571
0.561
0.546
0.546
0.535
0.523
0.508
0.489
0.470
0.443
0.417
0.387
0.356
0.322
0.291
0.262
0.235
0.209
0.184
0.163
0.147
0.134
0.123
0.110
0.101
0.103
0.095
0.065
0.022

G"
(Pa)
5.445
5.447
5.446
5.447
5.449
5.452
5.454
5.459
5.470
5.481
5.483
5.480
5.473
5.462
5.447
5.432
5.419
5.403
5.387
5.371
5.357
5.333
5.308
5.284
5.265
5.241
5.218
5.196
5.178
5.167
5.152

G"
(Pa)
5.344
5.339
5.343
5.346
5.350
5.355
5.359
5.361
5.372
5.378
5.379
5.376
5.370
5.360
5.346
5.330
5.308
5.284
5.257
5.229
5.200
5.169
5.135
5.097
5.060
5.023
4.983
4.947
4.917
4.899
4.895

G"
(Pa)
5.371
5.370
5.369
5.371
5.372
5.372
5.374
5.373
5.381
5.383
5.382
5.377
5.367
5.356
5.338
5.320
5.298
5.274
5.248
5.224
5.201
5.174
5.146
5.116
5.085
5.055
5.030
5.017
5.021
5.037
5.043

G"
(Pa)
5.484
5.481
5.488
5.492
5.488
5.493
5.495
5.499
5.504
5.511
5.513
5.505
5.497
5.482
5.460
5.433
5.400
5.366
5.324
5.285
5.245
5.202
5.158
5.110
5.065
5.026
5.001
4.993
4.987
4.971
4.946

Figure A3: Raw data for stress sweep (Figure 4.1a)
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F4, 40 wt%

F4 40 wt%
PEO1M 0.1 wt%

F4 40 wt%
PEO1M 0.2 wt%

F4 40 wt%
PEO5M 0.1 wt%

F4 40 wt%
PEO5M 0.2 wt%

151G 40% 0.2% 5M
frequency
(rad/s)
1.00
1.26
1.59
2.00
2.51
3.16
3.98
5.01
6.31
7.94
10.00
12.59
15.84
19.95
25.12
31.63
39.81
50.11
63.09
79.43
100.00
125.90
158.50
199.50
251.20
316.20
398.10
501.20
627.80

G'
(Pa)
0.00
0.00
0.00
0.00
0.01
0.01
0.02
0.03
0.04
0.06
0.09
0.13
0.18
0.30
0.37
0.57
0.03

complex
complex
complex
complex
complex
G" viscosity G'
G'' viscosity
G'
G'' viscosity G'
G''
viscosity
G'
G'' viscosity
(Pa) (Pa*s) (Pa) (Pa)
(Pa*s)
(Pa) (Pa) (Pa*s) (Pa) (Pa)
(Pa*s)
(Pa) (Pa) (Pa*s)
0.51
0.51
0.00 0.57
0.57
0.00 0.57
0.57
0.01 0.57
0.57
0.02 0.62
0.62
0.65
0.52
0.01 0.72
0.57
0.01 0.72
0.57
0.01 0.71
0.57
0.02 0.77
0.61
0.82
0.52
0.01 0.90
0.57
0.01 0.90
0.57
0.02 0.90
0.57
0.03 0.97
0.61
1.03
0.52
0.01 1.14
0.57
0.02 1.14
0.57
0.02 1.13
0.56
0.05 1.22
0.61
1.30
0.52
0.02 1.43
0.57
0.03 1.43
0.57
0.04 1.42
0.56
0.08 1.53
0.61
1.64
0.52
0.03 1.80
0.57
0.05 1.80
0.57
0.05 1.78
0.56
0.11 1.91
0.60
2.07
0.52
0.05 2.26
0.57
0.07 2.25
0.57
0.08 2.23
0.56
0.16 2.38
0.60
2.60
0.52
0.07 2.84
0.57
0.11 2.83
0.56
0.12 2.79
0.56
0.23 2.97
0.59
3.28
0.52
0.10 3.57
0.57
0.15 3.55
0.56
0.17 3.50
0.56
0.31 3.69
0.59
4.13
0.52
0.14 4.49
0.56
0.22 4.44
0.56
0.23 4.38
0.55
0.42 4.58
0.58
5.19
0.52
0.19 5.63
0.56
0.30 5.57
0.56
0.33 5.47
0.55
0.56 5.69
0.57
6.54
0.52
0.26 7.05
0.56
0.42 6.96
0.55
0.44 6.83
0.54
0.75 7.06
0.56
8.24
0.52
0.36 8.85
0.56
0.60 8.69
0.55
0.60 8.53
0.54
0.97 8.75
0.56
10.36
0.52
0.51 11.08
0.56
0.79 10.87
0.55
0.82 10.64
0.53
1.32 10.83
0.55
13.08
0.52
0.54 13.95
0.56
1.29 13.48
0.54
1.19 13.23
0.53
1.42 13.57
0.54
16.51
0.52
0.84 17.42
0.55
1.37 16.97
0.54
1.42 16.57
0.53
2.27 16.64
0.53
21.02
0.53
0.18 22.09
0.55
1.42 21.28
0.54
1.35 20.82
0.52
4.63 20.18
0.52
26.60
0.53
27.83
0.56
2.19 26.45
0.53
2.16 25.93
0.52
7.87 24.71
0.52
33.74
0.53
34.28
0.54
10.90 31.61
0.53
4.25 32.17
0.51
11.42 30.84
0.52
43.31
0.55
43.37
0.55
26.26 38.14
0.58
10.46 39.84
0.52
15.66 38.53
0.52
54.52
0.55
54.58
0.55
23.48 48.93
0.54
17.91 49.93
0.53
27.31 49.05
0.56
70.20
0.56
70.66
0.56
3.38 65.13
0.52
25.78 63.29
0.54
46.57 56.93
0.58
84.78
0.53
89.08
0.56
83.01
0.52
41.87 80.52
0.57
76.72 75.03
0.68
109.20 0.55
111.60
0.56
108.1
0.54
18.88 102.70
0.52
63.09 99.19
0.59
148.70 0.59
132.40
0.53
138.4
0.55
146.30
0.58
38.90 133.5
0.55
192.70 0.61
211.00
0.67
120.2
0.38
191.60
0.61
29.15 164.9
0.53
244.10 0.61
206.60
0.52
212.5
0.53
203.10
0.51
213.0
0.54
367.60 0.73
225.30
0.45
303.8
0.61
236.30
0.47
239.9
0.48
383.70 0.61
165.60
0.26
160.1
0.26
188.20
0.30
306.3
0.49

Figure A4: Raw data for frequency sweep (Figure 4.2b)
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Figure A5: Example of CaBER data to obtain relaxation times (Chapter 4). (a) Linear scale plot of D mid(t)/D1
vs. time. (b) Semi-log plot of data depicted in (a). (c) Fitting of an exponential decay to the region
corresponding to elastocapillary thinning (t = 0.02- 0.1 s), on the semi-log plot shown in (b). Using the fitting
data and equation (1) from Section 2.6.3: 13.32 = (1/3)   = 0.025 s.
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Figure A6: Aliphatic region from HSQC of F4SKL in DMSO-d6. Peaks in this region were not assigned to
specific linkage structures.
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Figure A7: Aromatic region from HSQC of F4SKL in DMSO-d6. Peaks in this region were not assigned to
specific linkage structures.
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Figure A8: Aliphatic region from HSQC of F1-3SKL in DMSO-d6. Peaks in this region were not assigned to
specific linkage structures.
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Figure A9: Aromatic region from HSQC of F1-3SKL in DMSO-d6. Peaks in this region were not assigned to
specific linkage structures.
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Figure A10: Wide angle X-ray diffraction patterns of BF (top) and NBF (bottom) carbonized at different
temperatures, 600 (black), 800, (red), and 1000 oC (blue).
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