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Abstract

Our dependence on petroleum-based materials comes with significant environmental challenges
such as environmental pollution, including oil spills and air pollution. Furthermore, the utilization
of petroleum-based products leads to the emission of greenhouse gases, which contributes to
climate change. Additionally, many petroleum-based products, such as plastics, are not
biodegradable and accumulate in the environment, causing harm to wildlife and ecosystems. For
these reasons, researchers continue to seek out sustainable alternatives to petroleum-based
materials. Lignin is a promising starting material for producing sustainable and environmentally
compatible chemistries. Lignin is an abundant and sustainable resource. Organic synthesis and
polymerization reactions are utilized as effective methods for derivatizing lignin and tailoring it
for application in various industries. After synthesis and purification, drying is a crucial final step.
Generally drying conditions should be carefully selected to introduce minimal changes to the
properties of the synthesized products. Furthermore, there have been reports of lignin’s sensitivity
to heat, stimulating condensation reactions which alter the properties of the sample. There are no
comprehensive studies that investigate the topic of drying of lignin derivatives.

In this work, the objectives were to derivatize lignin in two ways via: 1) grafting reaction to create
a low molecular weight cationic lignin derivative and 2) polymerization to create a high molecular
weight cationic lignin derivative. Subsequently, unmodified kraft lignin and the derivatized lignin
samples were freeze-dried and oven-dried. The samples were then characterized using advanced
techniques, such as XPS, NMR, DSC, TGA and GPC.

It was found that the kraft lignin sample experienced condensation reactions during oven-drying.
This resulted in condensed, etherified structures at temperatures as low as 80 and 105°C.

Meanwhile, at 130°C it was found that degradation reactions predominated. Additionally, it was



found that molecular weight and glass transition temperature increased significantly after drying
at 105°C. This is thought to be a result of the condensation reactions occurring during the drying
process.

The cationic grafted lignin derivative underwent degradation to produce secondary amine
structures at 105 and 130°C, but not at 80°C. Furthermore, it was found that the samples undergo
condensation as well, at 80 and 105°C, which was seen to analogously affect the molecular weight
and glass transition temperature.

For the cationic polymerized lignin derivative, it was found that drying at 55°C resulted in more
chain interactions due to electrostatic interactions amongst the cationic polymer chains with the
electronegative atoms present in kraft lignin. At 80, 105 and 130°C drying temperatures, it was
found that hydrolysis reactions predominated, resulting in lower molecular weight. Meanwhile, at
105 and 130°C, a quaternary ammonium group and an aldehyde group were detected.

Overall, this work showed that there is a complex relationship between chemical and physical
phenomena occurring during the drying of lignin derivatizes. There are key considerations that
should be taken into account, such as chain interactions, hydrolysis, and thermal degradation, when

selecting the drying temperatures of lignin.
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Chapter 1 — Introduction

1.1 Background

Drying is often a crucial step in recovering any polymer product after synthesis and purification
[1]. During the drying step, the polymer is treated as two phases, solid and liquid, while the gas
streams become less of a consideration [1]. Although drying is the oldest and most common unit
operation in chemical engineering, it is still the most complex and least understood [1]. The
selection of drying conditions for a polymer product depends on the synthesis step of the polymer
under consideration [1]. Oven-drying is still the most convenient, cost-effective and facile method
for drying polymers. However, it has been documented that biomass undergoes certain changes as
a result of heating, even at moderately low temperatures [2-4]. Such changes have been shown to
affect the properties of polymers, which may be undesirable for the intended final application.

In this work, inspiration was taken from the food industry, in which food quality and nutrient
content are highly affected by the mode of drying [5, 6]. In the food industry, it is well understood
that the functional properties of food components are affected by the drying process, which
subsequently affects the food product quality [7]. Functional properties dictate the behaviour of
the polymer during production and use [7]. During the drying process, there exists simultaneous
heat and mass transfer, along with physicochemical transformations of polymers [7, 8]. Drying a
biopolymer is a fine balance between process efficiency and conserving the quality of the final
product [7]. Drying occurs in two distinct stages, the first is the constant rate drying and the second
is the falling rate period [1, 7, 8]. During the first stage, water removal occurs, as internal moisture
of the product is transported to the surface [1, 7, 8]. During the second stage, the phase change of

the product occurs, and this may manifest in several rates occurring. Once the critical moisture

1



level is reached, drying occurs at a slower rate [1, 7, 8]. This critical moisture level is a unique
property of the polymer product [1, 7, 8]. The scope of the present work revolves around the
physical process of drying, which may induce chemical events as well, both of which are theorized
to affect the final physical and chemical properties of lignin.

Lignin, a complex, polyphenolic biopolymer is the largest natural source of aromatic carbon, and
as such it has continued to be extensively researched for its potential to replace chemicals and
materials derived from petroleum sources, as countries around the world endeavour to mitigate
climate change [9]. From wound dressings to pharmaceutical drugs, to battery applications to 3D
printing, the potential applications for lignin-based products are numerous and diverse [10-14].
Derivatizing lignin with quaternary substituted nitrogen, possessing a positive charge, creating
cationic lignin, is a promising lignin derivative with potential applications in wastewater treatment,
ion exchange resins, and dye and textile manufacturing [15-18]. Yet another way to derivatize
lignin is through sulfo-ethylation, which results in a charged anionic lignin derivative that can also
be utilized as a dispersant [19-21]. Another promising application for sulfo-functionalized lignin
is as a flame-retardant material [22, 23]. Despite its potential, the drying process of lignin has not
been studied comprehensively.

Lignin is classified as a polyphenolic compound, which is pervasively found in the food industry
as it lends the valuable antioxidant properties to certain berries and other citrus fruits [24, 25]. The
effect of heat on the stability of polyphenolic compounds in food has been studied [24, 25]. It is
well-accepted that freeze-drying has the least detrimental effect on the properties and quality of
the final product [8, 24, 25]. However, due to the high cost of energy consumption required for
freeze-drying on a large scale, it is not always the ideal approach [25]. For these two reasons,

throughout this work, freeze-dried samples were compared to oven-dried samples, as a point of



reference, understanding that the ultimate goal is to find the ideal condition for drying of the
samples.

Historically, lignin has been treated as a waste product, to be separated from valuable wood fibres
of the pulp and paper industry and burned as a low-value fuel [9]. Due to the abrasive conditions
during pulping, unstable intermediates are formed on the lignin backbone via the elimination of
water molecules. It is theorized that these intermediates may be the source of solubility reduction
post-heat treatment, even at lower drying temperatures [26-28]. In this thesis, the overall objective
was to investigate the effect of drying temperature during the drying of kraft lignin and its

derivatives.

1.2 Objectives
The objectives of this work were:
1. To study the effect of drying temperature on kraft lignin.
2. To study the effect of drying temperature on aminated and cationically polymerized kraft
lignin.
1.3 Novelty
To the best of our knowledge, at the time of writing this thesis, the following aspects have not been
previously reported in the existing literature:
1. Characterizing the effect of drying temperature on KL derivatives.
2. Proposing drying induced chemical structures.
The following chapters are presented in this thesis to address the targeted objectives and novelty
of this work:
Chapter 1: In chapter one, the context for the work is provided, as well as a summary of each

chapter.



Chapter 2: In chapter two, a literature review is provided on the background of lignin drying.
Possible drying induced reactions for derivatized lignin are discussed, based on the functional
group grafted to lignin.

Chapter 3: Chapter three presents the key findings of the drying study that was conducted on the
lower molecular weight cationic kraft lignin samples synthesized in this work.

Chapter 4: Chapter four presents the key findings of the drying study on the higher molecular
weight kraft lignin cationic polymer synthesized in this work.

Chapter 5: Chapter five discusses the overall conclusions of the work.
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Chapter 2 — Literature Review

2.1 Introduction

Kraft pulping conditions are known to affect the resultant lignin and the properties conferred by
this pulping process [1]. Lignin is a by-product of the pulp and paper process, which has the target
of isolating the valuable cellulosic components for further processing to ultimately make paper
products. As such, the pulp and paper industry is the dominant producer of lignin [1]. The kraft
process facilitates the separation of lignin from the cellulosic components through the use of highly
alkaline solutions, along with high temperatures and high pressures, which invariably results in a
highly condensed and chemically modified lignin biopolymer [2]. Due to these abrasive cooking
conditions, unstable intermediates are formed on the lignin backbone via the elimination of water
molecules. As a result, these intermediates undergo condensation reactions through intra or
intermolecular reactions with other lignin oligomers, producing new, highly stable carbon-carbon
linkages on the lignin structure [2]. These intermediates can also react with other species that may
be present in the reaction medium [3]. As stated by Bertella et al., these side reactions may limit
the formation of functional lignin polymers and ultimately their industrial uses [3]. Perhaps it is
this very view that exemplifies the necessity of further investigation into controlling these side
reactions as they may also hamper the successful industrial-scale modification of lignin.

During the kraft process, lignin is broken down into oligomers that differ completely from their
original structure, natively found in its biomass of origin. These resulting oligomers are then
soluble at pH values greater than 11 because of the deprotonation of the phenolic hydroxyl groups
[4]. While the pulp comes out in a slurry, the solubilized lignin (along with other components such

as hemicellulose, soaps, and inorganic compounds) exits the process as black liquor. This black
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liquor is then dried through the use of a series of evaporators and then the lignin is typically
combusted in a recovery boiler of the plant to recover inorganic salts, while simultaneously
utilizing the liberated thermal energy to fulfill the heat demand of the pulp mill.

Interestingly, as long as pulping continues, there will be production of lignin, yet the challenge of
utilizing such a non-uniform material (i.e., kraft lignin) remains. When compared to other
feedstock chemicals, kraft lignin is non-uniform due to the nature of the kraft pulping process
conditions, wood species type, and growing conditions. Because of its functionality, lignin tends
to depolymerize and re-polymerize with itself under different conditions [5, 6]. This leads to a
higher concentration of carbon-carbon linkages, which are very stable and serve to decrease the
linear structural components of the oligomers and increase the overall molecular weight of lignin,
which may also cause a reduction in the aqueous solubility of lignin [7]. As a result, the increase
in newly formed carbon-carbon linkages may increase the risk of losing the ability to further
functionalize lignin for value-added applications [8]. In the same vein, these newly formed carbon-
carbon linkages are very difficult to break and the oligomers tend to form various inter and intra-
molecular noncovalent interactions, such as hydrogen bonds, carbon-hydrogen-pi bonds, and pi-
pi stacking, to name a few [9]. These non-covalent interactions are thought to impede the solubility
of lignin with many common solvents and polymers [10].

On the other hand, functionalization of lignin to overcome the heterogeneity of lignin via facile
and effective chemical modification pathways has been studied comprehensively. Yet a topic that
has not been fully addressed in the literature is how this phenomenon of lignin re-polymerizing
and depolymerization may or may not play a role during the drying process of lignin. It seems a

valid concern that if kraft lignin tends to undergo condensation or other reactions, the presence of
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other functional groups on lignin’s structure may affect the reactions during drying as well, which
has not been studied fully.

Derivatizing lignin through chemical modification is one of the techniques used to confer
functional properties for its application in various industries to replace conventional petroleum-
based products that are commonly used in wastewater treatment, cosmetics, plastics, electronics,
biomedical applications, energy storage and building materials, to name a few [11, 12]. Of
particular interest are quaternary ammonium, sulfo-alkyl and carboxy alkyl functionalized lignin
derivatives as these reactions are exceptionally promising in terms of their performance and facile
preparation [13-15]. Aminated lignin was found to be efficient in the removal of textile dyes from
wastewater [13]. One of the gaps in the current literature on lignin derivatization is the lack of
information on the effect of drying temperature on derivatized lignin. As drying can significantly
affect the properties of lignin [16, 17], it may affect the characteristics of derivatized lignin as well.
The present chapter reviews the thermal stability of kraft lignin and derivatized lignin as well as
the thermal stability of the reagents used in the modification reactions.

Figure 2-1 depicts the molecular structures of lignin derivatives studied in this thesis work. In
assessing the thermal stability of these derivatives, it is important to note the unique chemical
modification environments that are present during reactions and how they may contribute to any

drying of the lignin products.
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Figure 2-1: Molecular structures of lignin derivatives: amination (A) and high molecular

weight cationic lignin polymer (B).
Table 2-1 summarizes the key properties that enable each derivative to be used for the stated target
application. Properties, such as water solubility, charge density and molecular weight, are a few of
the key parameters that should be conserved after the drying process. It can be seen in Table 2-1
that kraft lignin is not soluble in water, however, after derivatization lignin becomes water-soluble
due to the highly electronegative functional groups that may be grafted to the lignin core structure
[15, 18]. Additionally, kraft lignin does not bear a significant charge, but after derivatization, it

can be made to possess a charge.
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Table 2-1: Properties of kraft lignin and some select derivatives such as cationic kraft lignin

(CKL), and radically polymerized kraft lignin-METAC (KLM).

Property KL CKL KLM Reference
[19], [20], [14],
Application - Flocculant Flocculant
[21]
[20],[14], [19],
Water Solubility (g/L) 1.8 9.0 9.3
[21]
Charge Density
- +1.0 +2.5 [13], [14], [21]
(meq/g)
[17], [10], [11],
Mw (g/mol) 1,500 -25,000 9,980 824,000

[21]

2.1.1 Impact of drying temperature on biomass properties

Biomass drying has been shown to cause property changes [22]. Specifically, this phenomenon
has been documented to occur in biomass, such as cellulose, in which the formation of cross-linked
structures happens during drying [22]. Such structures reduce the water-holding capacity of the
material [22]. Cellulose has been reported to undergo changes to its water-holding capacity due to
drying, which in turn becomes one of the main bottlenecks for industrial processing of this material
[23, 24]. Moreover, polyphenolic compounds such as those found in fruits and vegetables are
known to undergo a process of, autooxidation, in the presence of oxygen [25, 26]. This process
involves the phenolic hydroxyl groups reacting with oxygen, forming peroxides and carbonyl
groups [25, 26]. Hydroxyl groups are directly involved in autooxidation so the higher the
concentration of -OH groups, the higher the instability they exhibit [25, 26]. After the process of

autooxidation has occurred, the concentration of polyphenols is lower and oxidative
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polymerization, or degradation sets in [25, 26]. It has been reported that exposure to temperatures
as low as 70°C for 30 minutes, can decrease the total phenolic content within a polyphenol by as
much as 20% [26]. Analogously, similar changes may occur in lignin and lignin derivatives during
drying. It has been reported that drying is an important consideration for lignin production [27-
29]. Gordobil, et al. [27] reported that drying at lower temperatures (i.e., 25°C instead of 55°C)
would preserve the colour and structure of lignin more effectively [7]. Another study compared
freeze-drying, oven-drying and vacuum-drying of lignin and reported that freeze-drying resulted
in significantly less agglomeration of surface particles of lignin while oven-drying and vacuum-
drying at a low temperature (40°C) resulted in large clumps forming at the surface of lignin as well
as a darker colour [28]. A more recent study also investigated oven-drying, freeze-drying and
vacuum-drying and found that freeze-drying resulted in the highest and most stable hydroxyl
content [30]. Furthermore they found that oven-drying at 105°C resulted in a reduction of hydroxyl
content by over 50%, as compared to freeze-drying [30].

2.1.2 Kraft Lignin properties

Kraft lignin has an increased concentration of phenolics, as a result of the cleavage of the B-aryl
bonds and the condensed C-C bonds during pulping [9, 31]. Additionally, it is insoluble in water
at neutral pH; polydisperse in its molecular weight; amorphous in its structure and a rich
polyphenol [32]. In terms of decomposition, under an air atmosphere, lignin decomposes to carbon
dioxide and water, and under a nitrogen atmosphere, it decomposes to carbon dioxide, water and
compounds containing ethers, ketones and methine groups [32]. Regarding thermal properties,
lignin can be considered both as a thermoplastic due to its structure and the presence of hydrogen-
bonding, and a thermoset due to the formation of cross-linked structures at raised temperatures

[27]. It has been reported that kraft lignin begins to decompose at temperatures as low as 120 and
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125°C [27, 28]. Other studies have reported that lignin decomposes slowly over a broad
temperature range of 100 to 180°C [29]. It was also reported that at elevated temperatures,
softwood kraft lignin participates in radical initiated “self-polymerization,” resulting in a large
increase in its molecular weight [28]. This phenomenon was also reported when lignin was heated
under a nitrogen atmosphere at 153°C, for 20 minutes [29]. The researchers attributed this
phenomenon to the creation of three-dimensional cross-linked structures that formed during
heating. In another study, the thermal heating of lignin from 60 to 200°C increased its glass
transition temperature due to a loss of chain flexibility, which was in turn caused by cross-linking
under heating [27].

2.1.3 Reactivity of polyphenolic compounds

Lignin is known to be composed primarily of phenylpropane units linked together by a-O-4 and
B-O-4 linkages. During the pulping process, the a-O-4 linkages in the phenolic units are the most
reactive, while the aliphatic units are the most stable [33]. Polyphenolic compounds exhibit high
reactivity towards oxygen [28]. This reactivity is ameliorated under alkaline conditions, as alkaline
pH levels are electrochemically favourable for electron-shuttling characteristics of polyphenolic
compounds [28].

An additional consideration in the reactivity of lignin during the drying process is the impact of
the solvent, in this context, water. Water is known to have an important catalytic effect as it
behaves both as a proton donor and a proton acceptor and thus plays a key role in mediating proton
transfer during reactions [33]. It has been shown that water, as a solvent, has a unique catalytic
role in aromatic carbon-hydrogen activation, at neutral pH and low ambient temperatures for small

phenolic compounds like catechin, resorcinol and phloroglucinol [29].
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2.2 Known Hydrothermal Reactions
In this section, the chemical modifications of lignin in the presence of water and heating will be
discussed. This will help to predict the behavior of modified lignin under various drying

temperatures when it is suspended in high concentrations of water for drying purposes.

2.2.1 Kraft Lignin Self-Condensation

The phenomenon of kraft lignin self-condensing has been well documented in the literature [34,
35]. It typically occurs during the delignification process [34, 36]. In delignification, various types
of condensation reactions can occur, including aldol condensation, dehydrogenative coupling and
quinone methide formation. Aldol condensation occurs when two lignin units react to form a -
aryl ether bond. Dehydrogenative coupling is a reaction where two lignin units are linked together
by a C-C bond. Quinone methide formation is the reaction between a lignin unit and a nucleophile
[34, 36]. This leads to the formation of an ether bond. It has also been described in the literature
that the thermal treatment of lignin results in condensation [34, 36].

Previous literature has shown that high temperatures induce condensation of lignin structures [37].
It is worth mentioning that, as kraft lignin tends to self-condense, there have been some attempts
to control or minimize this phenomenon by modifying lignin with certain aldehyde compounds,
such as formaldehyde [34, 37]. One such study investigated the acid-catalyzed condensation of
lignin and reported the stabilizing effects of formaldehyde as a means of preventing condensation
reactions from occurring [35]. It has been shown that it may be possible to block the reactive
benzylic positions, with a “protecting” agent, such as formaldehyde [37-39]. However, this
solution may not be ideal due to the toxic nature of formaldehyde. Yet it is a topic that has drawn
a considerable amount of attention. Mu et al., have shown that it is possible to swap out

formaldehyde for other types of aldehyde compounds [37]. The authors showed that when
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compared to aromatic aldehydes, aliphatic aldehydes are much better at protecting against the
undesired lignin condensation process [38]. The explanation as to why aldehydes can be used for
this purpose is that they stimulate the formation of an intermediate structure that readily breaks
down, facilitating further depolymerization of lignin [37].

It was also reported that lignin condensation reactions occur as a result of the harsh reaction
conditions during biomass pre-treatment, i.e., a common first step for lignin depolymerization
processes [33]. This condensation poses a problem for such processes because the end goal is to
break apart the very linkages that lend lignin its recalcitrant nature. However, the process
conditions seem to induce more condensation, hindering the depolymerization process. Possible
products that can be formed during condensation reactions under acidic conditions were proposed
by Shimada et al. [28]. They have reported that, under acidic conditions, the benzylic carbons on
the side chains and the electron-rich carbons on the aromatic nuclei are mainly involved in
condensation reactions. In this reaction either a guaiacyl unit or a syringyl unit may be the cationic
site and the electron-rich aromatic carbon site facilitates the condensation linkage formation [35].
Additionally, they found that the guaiacol compounds showed higher reactivity for condensation
linkages due to the carbonium ions [5]. They also found that particular factors, such as reaction
time and acidity of the reaction media, can affect the condensation reaction [36]. Interestingly,
they report that although both guaiacyl and syringyl units may take part in condensation reactions,
the resulting product of the guaiacyl condensation is much more stable and resistant to heat
treatment and acidic conditions [39]. More recent studies have also been conducted on the topic of
condensation.

The tendency of kraft lignin to condense with itself may not always be undesirable. Lv, et al. [37]

found a pattern of temperature affecting the linkages of lignin during various treatments of
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hydrothermal treatments. They investigated hydrothermal treatment of lignin between 40-190°C.
In their work, they assert that during hydrothermal treatment demethylation, dealkylation and
cleavage of B-O-4 ether linkages progressively increased. While the aromatic skeleton was
preserved [37]. Specifically, increasing the temperature from 70 to 190°C increased the
demethylation of lignin [37]. The authors found that there was a reduction in the methoxy group
content as temperature increased. Additionally, they found an initial rise in concentration of
carboxyl and or carbonyl groups as temperature increased from 70 to 160°C. This was followed
by a decrease in carboxyl and or carbonyl groups as temperature was increased beyond 160°C [40].
The authors assert that there is competition between the cleavage of bonds and the self-
condensation of free radicals during the heating process [41]. They go on to explain that at lower
temperatures (below 160°C) the bonds possess a lower bond dissociation energy. As such, methoxy
and B-O-4 ether linkages predominate over other hydrothermal reactions [20]. Then, at high
temperatures (above 160°C), free monomers like alkanes and monomeric phenolic structures are
concurrently produced [16]. They also showed that as the temperature increased to 160°C the
methyl and -O-4 bond concentration incrementally decreased from 59 atom % to 44 atom % and
14 atom % to 11 atom % respectively. They explain this as a result of dehydration reactions. These
reactions eliminate the functional groups that contain carbon and increase the oxygen content [35].
Furthermore, as the temperature increased up to 190°C the carboxyl content was reduced as a result
of the formation of a three-dimensional network structure of covalently cross-linked lignin
structures due to self-condensation.

Lv et al. utilized lignin self-condensing to their advantage to minimize the amount of crosslinker
required for the process of generating lignin hydrogels [36]. Lv et al. produced 100% lignin

hydrogels at various reaction temperatures between 40 to 190°C by making use of the hydrothermal
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treatment method. They found that conducting hydrothermal treatment at lower temperatures,
between 40 to 100°C, before the hydrogel synthesis, caused the methoxy and -O-4 ether bonds,
which have lower dissociation energy interactions, mainly, to break down [15]. This process
produces monomeric phenolic subunits and alkanes from lignin [15]. However, at elevated
temperatures, like 160°C, they found that the self-condensation was accompanied by splitting of
low bond dissociation energy interactions [15]. The authors confirmed a significant increase in the
concentration of C-OH and C=0 linkages when they compared the samples that reacted at 40°C to
the samples that reacted at 160°C. They attributed this change to the dehydration reaction of
hydroxyl groups [42]. Upon increasing the temperature to 190°C, they noticed that the carboxyl
content decreased with the formation of self-crosslinked structures of lignin [43]. The authors
explain that the process of self-condensation results in the elimination of a certain amount of
oxygen groups, which in turn results in an increase of the carbon content and a reduction in oxygen
content [44]. Furthermore, they concluded that conducting hydrothermal treatment at high
temperatures, causes -O-4 ether, Co-Cp and other low energy linkages to be broken, which
generates free radicals and chemical cross-linking via covalent bonds such as a-5, B-5, B-p’
linkages [45]. They explained that these new cross-linked structures actually would work to
ameliorate the mechanical properties of their lignin-based hydrogels [22].

2.2.2 Thermal stability of Quaternary Ammonium derivatives of lignin

Generally, quaternary ammonium compounds are known for their thermal and chemical stability,
as well as their low price. As such, they are commonly utilized in various industries, such as
biomedical applications, wastewater treatment, papermaking, textile dyeing and solar cell
technology [27-29]. They can also be used in high-temperature applications as coatings for

electronics [28]. Modifying lignin with trimethylammonium-carrying epoxide reagents, as is
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commonly conducted, imparts a permanent cationic charge to the lignin structure [29]. This
strategy is particularly beneficial when compared to other types of modifications, such as amine
or carboxyl groups, which are either charged or neutral, depending on the pH of the solution [32].
The resulting quaternary amine structure is not subject to changes in pH. Furthermore, quaternary
ammonium compounds are also known as zwitterion molecules, which are a class of molecules
that are conferred with particular stability in the realm of thermomechanical properties and
moisture stability as compared to primary ammonium compounds [32]. Within the context of
interlayer material fabrication for the protection of solar cells to increase their lifetime, Hou et al.
investigated how introducing an aryl quaternary ammonium group would be affected by
environmental factors, like corrosion and moisture [32]. The authors synthesized the aryl
quaternary ammonium compound and used it to create a film that was deposited on the surface of
perovskite film via spin coating [32]. They found that, with the addition of the aryl quaternary
compound to the perovskite layer, it successfully protected against corrosion and other
environmental factors, like humidity, oxygen, and greatly reduced the degradation of the
perovskite [32].

A recent study investigated the thermal stability of a quaternary ammonium compounds, in ionic
liquids [46]. The compounds contained an aliphatic hydroxyl group but with different types of
alkyl chains attached to the cationic nitrogen atom [32]. It was found that the compounds were
stable only up to 80°C, but began to degrade rapidly between 80 to 180°C [32]. The authors propose
that the thermal degradation takes place in two stages. In the first stage, the cationic nitrogen atom
is cleaved from the alkyl group. Then, in the second stage, one of two reaction pathways may
occur, either a B-Ez-elimination or a nucleophilic substitution at the cationic nitrogen. The

elimination pathway is affected by factors like the steric environment of the ammonium ion and
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temperature. This pathway for thermal decomposition of quaternary ammonium salts with alkyl
groups proceeds through the E; bimolecular mechanism and is accompanied by the formation of
an alkene (given that there is at least one carbon in the B-position to the electrophilic centre), along
with a tertiary amine and a hydrogen halide [32]. Alternatively, the inductive effects of the cationic
nitrogen group increase the ability of the B-position hydrogen atoms to protonation and stimulate
the formation of terminal alkenes [47].

2.2.3 Thermal Stability of Cationically Radically Polymerized Kraft Lignin

The strategy of radical polymerization to synthesize polymer products is a common method used
in polymer chemistry via successive addition of free radicals [48]. This process occurs in three
main steps, namely, initiation, propagation and termination [48].

The initiation phase marks the commencement of the polymerization process. In this stage, an
active center is formed, which serves as the starting point for the generation of a polymer chain
[49]. The initiator molecules undergo heating until a bond is homolytically cleaved, leading to the
production of two radicals. Then during propagation, the polymer expands its chain length [49].
The active species for polymerization is a carbon-centred radical known as the propagating radical,
which is produced by the additions of an initiating radical during initiation and of the propagating
radical during propagation to the monomer [49]. Finally, radical reactions undergo termination,
where two radicals combine in such a way that neither remains radical. The most straightforward
scenario for this to occur is when two growing chains meet head-to-head, with two benzylic
radicals connecting to form a bond [49]. There are certain advantages conferred on the final
product via the use of this technique such as high molecular weight, regioselectivity and chain
growth [49]. When this method of synthesis is compared to the simpler reactions discussed

previously in this chapter, the advantage of radical polymerization is that the resultant product will
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carry a higher charger density due to the repeating chains of charged groups. This in turn could
improve the performance of the polymer product in its intended application.

Quaternary ammonium compounds (QAC) have long been utilized for their disinfectant properties,
serving as the active ingredient in over 200 disinfectants currently recommended by the American
EPA, for their effective deactivation of the COVID-19 virus [50]. QACs began to be researched
as early as 1915 [51, 52], shortly after that, by 1935, QACs started to see broader use as a
disinfectant [50]. Presently, QACs are some of the most widely used classes of cleaners in various
industries [50]. From this, it can be seen that this compound is a well-researched candidate for
hybridizing with lignin.

Synthesizing such a polymer, whereby two materials are combined, a completely organic
component, with a component that is inorganic and hybridizing them in this way via radical
polymerization enables the product to have several applications such as biological engineering [53,
54], sustainable battery design [53, 55] and wastewater treatment products [56, 57]. Lignin-based
polymers are currently being studied for their application in wastewater treatment as a more
environmentally friendly and sustainable option to conventionally used chemicals [58]. Currently,
this industry relies on commercial flocculants that are composed mostly of non-biodegradable
synthetic polymers [58]. The suitability of polymers for this application depends on their molecular
weight and charge density [56]. As such the radical polymerization of lignin with cationic
functionality is desired for this application [58].

Drying conditions of such compounds should be carefully considered since they have a high
reactivity as a result of having unpaired electrons in the radical species, which itself may participate

in further chemical reactions [49]. Additionally, during the drying process of cationic polymers,

23



certain molecular interactions can occur like electrostatic interactions, hydrogen bonding, Van der

Waals interactions and hydrophobic interactions [49].

2.3 Conclusions

Based on the literature reviewed, it is clear that oven-drying may induce certain reactions that have
been documented to occur at fairly mild conditions. Furthermore, due to the tendency of lignin to
condense with itself, the drying temperature of derivatized lignin should be carefully considered
to take into account the kinetics of the potential reactions that may occur during drying and whether
they will cause any particular issues for the final desired product. Currently, there are no
comprehensive studies available on this particular topic. There is a clear need for future

experimental studies to be conducted on this topic.
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Chapter 3 — Structural changes of cationic grafted lignin at different

drying temperatures

3.1 Abstract

The reaction of glycidyl-trimethylammonium chloride (GTMAC) with lignin is promising since it
generates a cationic lignin derivative with potential applications in various fields, such as
wastewater treatment, ion exchange resins, dye, and textile manufacturing. Drying is an important
step of polymer fabrication. This work investigates the effect of drying temperatures (-55, 80, 105,
and 130°C) on the properties of kraft lignin (KL) and cationic kraft lignin (CKL). For KL,
condensation products were detected after oven-drying, along with an increase in molecular weight
and glass transition temperature at 105°C. Meanwhile, nitrogen-containing groups were degraded
in addition to condensation for CKL. Additionally, the molecular weight of the CKL samples was
more temperature-sensitive than KL. The CKL samples exhibited lower glass transition
temperatures than KL after drying. This work demonstrates that the drying temperature of
cationically grafted lignin is an important consideration in conserving the desired properties of the

material.

3.2 Introduction

Lignin is the most abundant source of aromatic carbon on Earth. As such, it has great potential to
be utilized for the sustainable production of green products [1-6]. The pulp and paper industry
generates a substantial amount of lignin, of which only a fraction is sold as technical lignin [2, 3,
7]. Meanwhile, the majority of lignin is combusted for energy generation [2, 3, 7]. Kraft lignin is

still the most pervasive type of lignin on the market [8]. Generally, kraft lignin is known for its
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insolubility in water [9]. To widen its application, it is important to modify or chemically derivatize
kraft lignin in order to confer the desired properties [10, 11]. Derivatizing lignin is particularly
important as a strategy to tune lignin’s solubility [12, 13]. Currently, cationic lignin is a promising
lignin derivative with potential applications in wastewater treatment, ion exchange resin, as well
as dye and textile manufacturing [10-12, 14]. Despite progress in its reaction chemistry, the process
of producing this material has not been fully developed, and drying is an important step, towards
this.

Drying of biomass is known to affect its physicochemical characteristics [15]. For example,
cellulose has been reported to change its water-holding capacity due to drying, which in turn
becomes one of the main bottlenecks for the industrial processing of this material [16, 17].
Moreover, polyphenolic compounds, such as those found in fruits and vegetables, are known to
undergo a process of autooxidation in the presence of oxygen [5, 18]. This process involves the
phenolic hydroxyl groups reacting with oxygen, forming peroxides and carbonyl groups [5, 18].
Hydroxyl groups are directly involved in autooxidation in air, and the higher the concentration of
-OH groups, the higher the instability they exhibit [5, 18]. In this regard, exposure to temperatures
as low as 70°C could decrease the total phenolic content by as much as 20% [18]. This is important
because the phenolic content of the biomass may be an important feature of the product. Such
observations can be important in the consideration of lignin, as it is rife with polyphenolic
structures.

It has been shown that drying conditions should be carefully considered, as they affect the final
properties of this biopolymeric substance [19-21]. It has been previously documented that drying
of KL causes both optical and chemical structural changes as a result of the depolymerization and

re-polymerization [19, 21-23]. Gordobil, et al. [19] showed that drying at 55°C could better
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preserve the colour and structure of lignin. In a different study, researchers compared freeze-
drying, oven-drying, and vacuum-drying of lignin. They reported that freeze-drying caused less
agglomeration of lignin particles while oven-drying and vacuum-drying at 40°C resulted in large
clumps of lignin particles as well as a darker colouration of lignin [20]. Recent work by Mazar and
Paleologou [24] has shown that drying condition plays an important role in the hydroxyl content
of KL. It was found that the total hydroxyl content of KL decreased by over 50% after oven-drying
at 105°C when compared to freeze-drying [24]. It was also found that freeze-drying provided the
highest and most stable hydroxyl content, as compared to oven-drying, vacuum-drying, and freeze-
drying [24]. However, no information is available on how chemically modifying lignin with an
altered hydroxyl group would respond to drying temperature. Additionally, no comprehensive
chemical characterization, utilizing XPS and HSQC NMR, was conducted in the literature on KL
after drying to understand the details of structural changes of KL in drying.

The focus of this work was to understand the influence of drying temperature on the properties of
cationic kraft lignin (CKL). CKL was synthesized using a facile water-based technique. This
technique utilizes nucleophilic substitution of the phenolic group of lignin under alkaline
conditions to graft a cationic nitrogen group to the lignin structure [10, 11, 13]. Samples of lignin
derivatives were dried under various temperatures. Afterward, the properties of the polymers were
investigated, and they were related to drying temperature. The results of this work provide valuable

information about the influence of drying temperature on the properties of cationic lignin products.
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3.3 Materials and Methods

3.3.1 Materials

Softwood kraft lignin (KL) was sourced from a mill located in Hinton, Alberta. Glycidyl-
trimethylammonium chloride (GTMAC), sodium hydroxide (NaOH), sulfuric acid (H2SOs),
deuterated dimethyl sulfoxide (DMSO-ds), 3-2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane (CDP), (trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt tetramethylsilane
(TSP), cyclohexanol (99%), and chromium (III) acetylacetonate were all obtained from Sigma,
Oakville, Canada. Potassium polyvinyl sulfate (PVSK) was obtained from Wako Pure Chem. Ltd.,
Osaka, Japan. Dialysis membranes (1,000 g/mol cut off) were obtained from Spectrum Labs.
3.3.2 CKL Synthesis and drying

A 500 mL 3-neck round bottom flask was pre-heated in a 70°C water bath. A 20 wt.% solution of
KL in water was prepared and adjusted to pH 11.5 using 5 M NaOH. Then, the KL solution was
transferred to the 3-neck flask. The temperature was allowed to equilibrate, then the GTMAC was
added, and the reaction was allowed to proceed for 1 hour. Subsequently, the flask was submerged
in a cold-water bath for 15 minutes. Then, the product was neutralized using 1.5 mol/L sulfuric
acid. Finally, it was dialyzed for 48 hours, and the product was denoted as cationic kraft lignin
(CKL). A quantity of the purified product was freeze-dried, and the remaining was oven-dried at
80, 105, and 130°C for 48 hours. The KL control sample was prepared by following the same steps

listed above in the absence of GTMAC.

3.3.3 Water Solubility and Charge Density
The water solubility and charge density of the samples were measured, as described by Konduri et
al. [25]. The samples were prepared by making a 1% concentration of the lignin derivative sample

in water, and then it was shaken for one hour at 30°C in a shaker bath. After that, a portion was
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taken for water solubility [25]. The other portion was titrated against PVSK (for cationic samples)
and PDADMAC (for anionic samples) to determine the charge density using a PCD-04+Titrator

from Miitek, Germany, charge titrator.

3.3.4 Differential scanning calorimetry (DSC)

The glass transition temperature, Tg, of the samples, was determined by a DSC. 10-15 mg samples
were placed in hermetic Tzero aluminum pans and ran in a DSC Q2000, TA instrument, DE, USA.
The tests were run under a nitrogen atmosphere. A heating and cooling cycle was employed at a
rate of 5°C/min in the range of 20 to 230°C. Another heating cycle from 20 to 230°C at a rate of
10°C/min was then applied to determine the Ts.

3.3.5 Gel permeation chromatography (GPC)

The molecular weight of the samples was determined through GPC. The preparation of each
sample involved dissolving 5 mg of the samples in 10 mL of a solution containing 5 wt.% acetic
acid (for cationic samples) and sodium nitrate (for anionic samples), which acted as the mobile
phase. These samples were stirred at a speed of 300 rpm at room temperature throughout the night
and subsequently filtered through a nylon filter with a pore size of 0.2 um. Then, the analysis of
molecular weight was conducted by injecting the solution into a gel permeation chromatography
instrument. The Malvern GPCmax VE2001 Module and Viscotek TDA305 with multidetectors
(UV, RI, viscometer, low angle, and right angle laser detectors) were used. The mobile phase had
a flow rate of 0.50 mL/min. For the CKL samples, the mobile phase was acetic acid, and the laser
detector was used. For the KL samples, the mobile phase was sodium nitrate, and the UV detector

was used.
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3.3.6 'H and HSQC nuclear magnetic resonance spectroscopy (NMR)

The chemical compositions of the samples were examined using hydrogen proton nuclear
magnetic resonance ('"H NMR) and two-dimensional heteronuclear single quantum coherence
(HSQC NMR). For each test, a sample of 70-75 mg and an internal standard of 6-10 mg of TSP
were dissolved in 1 mL of DMSO-de. These samples were stirred at room temperature overnight
before the analysis. The spectra were collected using a nuclear magnetic resonance spectroscopy
with a Bruker AVANCE NEO 500 MHz instrument, Switzerland, at a temperature of 25°C. The
"H NMR spectra acquisition settings included 64 scans, a relaxation delay of 2 seconds, an
acquisition time of 3.28 seconds, and a pulse of 30°. The HSQC spectra were acquired using the
Bruker pulse program hsqcetgpsisp, with a spectra width of 13 ppm in the F2 (*H) dimension with
2048 data points (155 microseconds acquisition time), a spectra width of 165 ppm in the F1 ('3C)
dimension with 256 data points (6.2 microseconds acquisition time), a pulse delay of 2 seconds,

and 16 scans. The NMR spectra were processed using TopSpin 4.1.9 software.

3.3.73"P NMR

The hydroxyl concentration of the different types of hydroxyl groups was quantified using the 'P
NMR method as described in the past [13]. The solvent workup consisted of a 1:1.6 v/v solution
of chloroform-d (CDCL3) and pyridine. 70-75 mg of each sample was dissolved in 1 mL of the
solvent. 2.5 mg/mL of chromium (IIT) acetylacetonate was added as a relaxation agent. The sample
was allowed to be stirred overnight. Then, it was reacted with 200 uL of phosphitylating reagent,
CDP. The *'P NMR spectra were acquired using the AVANCE NEO 500 MHz, Bruker instrument,
at 25°C. Also, 256 scans, a 0.6-second acquisition time, a 90° pulse, and a 5-second relaxation
delay were adjusted for each sample. The spectra were processed using TopSpin 4.1.9 from

Bruker.

39



3.3.8 X-Ray Photoelectron Spectroscopy (XPS)

Samples were characterized using an XPS instrument from Kratos AXIS Supra, Shimadzu Group
Company, Japan, which was equipped with a dual anode Al/Ag monochromatic X-ray source
(1486.7 eV). The settings were 15kV in fixed analyzer transmission mode, with a pass energy of
40eV for the region of interest and 80eV for the survey region. The XPS spectra were processed

and quantified using CASAXPS software by Casa Software Ltd., UK.

3.3.9 Organic Element Analysis

The organic elements of the samples, carbon, hydrogen, nitrogen, and sulfur were determined by
combusting 2 mg of each sample at 1200°C. The elemental analyzer from Vario EL cube,
(Elementar Analyse Systeme GmbH, Germany) was used in this experiment. The oxygen content

was found by mass balance.
3.4 Results & Discussion

3.4.1 Water solubility, charge density, and elemental composition

Table 3-1 shows the water solubility, charge density, and elemental compositions of KL-0 and
CKL-0. It can be seen that the control sample, KL-0, has a charge density of -1.0 meq/g and a
water solubility of 90.5 wt.%. The organic elemental content of the KL-0 sample was found to be
62.5% carbon, 7.2% hydrogen, 30.3% oxygen and no nitrogen nor sulfur. The CKL-0 sample

possessed a charge density of +1.5 meq/g and was completely water-soluble.
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Table 3-1: Water solubility, charge density, and elemental composition of freeze-dried kraft

lignin (KL-0) and freeze-dried cationic kraft lignin (CKL-0).

Sample KL-0 CKL-0
Water solubility (%) 90.5 100
Charge density (meq/g) -1.0 +1.5
C (%) 62.5 60.6
H (%) 7.2 9.9
N (%) 0.0 2.2
S (%) 0.0 0.0
0O (%) 30.3 27.3

By comparing the elemental composition of KL-0 and CKL-0, it can be seen that the reaction of
KL with GTMAC increased the nitrogen content of the sample to 2.2%. The increase in nitrogen
content, along with the improved water solubility, indicates the success of the reaction. These
results were further confirmed by NMR and XPS (Figures 3-1, 3-2, and 3-3), which will be

discussed later.

3.4.2 '"H NMR analysis

Figure 3-1 shows the 'H NMR of KL-0 and CKL-0. It can be seen that there are four distinct
regions for the KL-0 spectra. The region between 6 and 7.8 ppm was assigned to the protons in the
aromatic rings of lignin [26-28]. The region between 4.2 and 5.6 ppm was assigned to the
oxygenated aliphatic protons groups [26-28]. The region between 3 and 4 ppm was assigned to the

methoxy groups [26-28]. Finally, the region between 0.5 and 2.3 ppm was assigned to the aliphatic
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protons of the B-1 linkages of lignin [26-28]. The peak at 2.5 ppm was assigned to the solvent,
DMSO-ds. For the CKL-0 sample, the same regions as KL-0 were present, but with the addition
of a distinct and new peak between 3.2-3.6 ppm, which corresponds to the protons of the methyl

groups attached to the cationic nitrogen atom [1].
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Figure 3-1: '"H NMR spectra of the freeze-dried kraft lignin control sample (KL-0) along with the
freeze-dried cationic kraft lignin (CKL-0).

3.4.3 HSQC NMR analysis

Due to the broad, overlapping signals in the proton NMR spectra, HSQC was utilized to derive
further chemical structural information for the CKL-0 sample. Figure 3-2 shows the HSQC spectra

of the aliphatic and oxygenated aliphatic regions of KL-0 (A) and CKL-0 (B). For the HSQC of
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KL-0, the gamma-carbon, denoted as Cy in the figure, which is adjacent to the B-O-4 linkages,
was assigned to the signal appearing at Hs/Cs = 3.6/61 ppm [8]. Another characteristic functional
group of KL-0 is the methoxy group, whose signal was attributed to the contour occurring at Hs/Cs
= 3.2-4/57-60 ppm [8]. Other smaller signals in the aliphatic region were attributed to the protons
and carbons involved in the aliphatic chains of KL [8].

For CKL-0, along with methoxy and aliphatic signals, new signals appeared and were attributed
to the reaction of GTMAC with KL. The signal Ca at Hs/Cs = 4.1/72 ppm was attributed to the
-CHa- group adjacent to the formerly phenolic oxygen atom of KL [10, 11]. The signal Cb at Hs/Cs
=4.5/64 ppm was attributed to the -OH group of the GTMAC [10, 11]. The signal Cc at Hs/Cs =
3.5/60 ppm was attributed to the -CH»- group adjacent to the cationic nitrogen atom of GTMAC
[10, 11]. The signal Cq was attributed to the -CH3 groups bound to the cationic nitrogen atom of

GTMAC [10, 11].
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Figure 3-2: HSQC NMR characteristic signals KL-0 (A) and CKL-0 (B).
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3.4.4 XPS analysis

XPS was used to study the elemental and chemical bonds of the samples as a result of the reaction.
Figure 3-3 shows the XPS survey spectra (A), along with the Cls (B) and O1s (C) scans of KL-0
and CKL-0, along with the N1s scan of the CKL-0 sample (D). In the survey spectra of CKL-0,
the smaller peak at 400 eV was attributed to N1s and the absence of this peak in the KL-0 spectra
was interpreted as the confirmation of the reaction of GTMAC with KL. Deconvolution of the Cls
spectra for KL-0 resulted in two major peaks. These peaks were attributed to the aliphatic C-C/C-
H (284.5 eV) and C-OH (286 eV). For the CKL-0 Cl1s spectra, two peaks were found. These were
attributed to C-C/C-H/ (284.5 eV) and C-OH (286 eV) [29, 30]. Deconvolution of the Ols spectra
for KL-0 resulted in two peaks. These peaks were attributed to C=0O (532 eV), and C-O-C /
phenolic-OH (533 eV) [31, 32].

For the CKL-0 samples, the same peaks were found. In the N1s scans, two major peaks were found.
These peaks were attributed to the cationic nitrogen C-N+ (402 e¢V) and then a smaller peak was
attributed to C-N (399 eV) [33, 34]. The presence of the second smaller peak indicates that a side
reaction may have occurred during the synthesis reaction of CKL. There is existing literature that
points to the susceptibility of quaternary ammonium groups breaking down to form tertiary amide
groups as a result of being exposed to higher temperatures (i.e., 70°C) and alkaline conditions (i.e.,

pH 11) [35].
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Figure 3-3: XPS spectra for KL-0 and CKL-0 samples. Survey spectra (A), Cls scan (B), Ols
scan (C) and N1s scan (D).

3.4.5 Quantitative 3'P NMR analysis
The concentration of the hydroxyl groups in KL.-0 and CKL-0 was measured quantitatively using
3P NMR. Figure 3-4A shows the 3'P NMR spectra, where it can be seen that the total phenolic

hydroxyl content of CKL-0 was relatively lower than KL-0. Figure 3-4B shows the quantification
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values of hydroxyl groups in the samples. The aliphatic hydroxyl content of CKL-0 was higher
than that of KL-0 due to the presence of the extra -OH group on the GTMAC. The total phenolic
hydroxyl content of CKL-0 was significantly lower than KL-0, indicating that the reaction with
GTMAC was selective for the phenolic position of KL. For carboxylic acid hydroxyl content,
KL-0 possessed almost three times as much as that of CKL-0. This may be explained by an
esterification reaction that could occur during the reaction process whereby an aliphatic hydroxyl
group would react with carboxylic acid to create esters [24]. This can be seen from the reduction
in carboxylic acid groups shown in Figure 3-4B, while the relative increase in C-O-C structures in
the CKL-0 sample of Figure 3-3C. This shows that as carboxylic acid is being consumed, C-O-C

structures may be produced.
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Figure 3-4: Quantitative *'P NMR spectra of CKL-0 and KL-0 (A) and the quantification values

for each sample in mmol/g (B). Reaction scheme (C), showing the target (i) and side (ii) product.
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3.4.6 Drying Effect

The effect of drying temperature on the KL samples was investigated using XPS and 'H NMR.
Figure 3-5 shows the XPS Cls scans (A) and the Ols scans (B). The KL-130 sample showed a
peak for C=O structures in the Cls scan that was absent in the other samples dried at lower
temperatures. This peak can be explained by oxidation reactions, which can cause the cleavage of
lignin side chains, thereby producing aldehydes and carboxylic acids [36, 37]. This observation
was also further supported by the O1s scan, which shows a relatively larger C=0O peak for the KL-
130 sample, as compared to the other samples. It is known that at higher temperatures, the
oxidation reaction can be accelerated [36, 37]. This may be the reason, why the C=O structures
were more prevalent in KL-130 and KL-105.

A broadening of the C=O peak also occurs, showing that oxidation reactions may take place at all
drying temperatures [36, 37]. After the oxidation reaction, there are more C=O structures which
may cause the broadening of the overall signal. It can also be seen that C-O groups are present
across all drying temperatures, indicating the presence of ether structures.

2D HSQC was conducted to investigate the changes in the chemical structure of the samples as a
result of drying. Figure 3-6 shows the proton NMR spectra for KL (A), the oxygenated aliphatic
regions of the HSQC spectra for the oven-dried samples of the freeze-dried sample, KL-0 (B), the
oven-dried samples, KL-80 (C), KL-105 (D), KL-130 (E) and possible condensation products that
formed after drying (F). "TH NMR corroborated the presence of ether structures with a new peak at
3.3 ppm in all of the oven-dried samples. The HSQC spectra showed that KL-80 and KL.-105 have
benzodioxane structures, which was attributed to the cross peak at Hs/Cs = 4.8/71 ppm [22, 23,

38]. Previous studies have shown that such structures represent uncondensed groups [22, 23, 38].
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KL-80 and KL-105 also show the appearance of new cross peaks at Hs/Cs = 3.3/50 ppm
(highlighted in yellow). KL-80 shows a cross peak, which was attributed to the condensation
product, CP-I, which is a diphenylmethane-type structure [22, 23, 38]. KL-80 also shows a pair of
cross peaks occurring at Hs/Cs = 3.7/70 ppm and 4.2/70 ppm, which was attributed to CP-1I and
is a phenyldihydrobenzofuran type structure [22, 23, 38]. These same cross-peaks were also
present in KL-105. Notably, only the signal for CP-I remains in KL-130. This may be explained
by the CP-I structure having relatively more stability than CP-II. The benzodioxane signal was
also completely absent from the KL-130 spectra. This temperature seems to impart a higher degree

of condensation due to the complete absence of the uncondensed, benzodioxane signal.
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Figure 3-5: High-resolution XPS scans for Cls (A) and Ols (B)
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Figure 3-6: Proton NMR spectra for KL (A), the oxygenated aliphatic regions of the HSQC spectra

for the oven-dried samples of the freeze-dried sample, KL-0 (B), the oven-dried samples, KL-80
(C), KL-105 (D), KL-130 (E) and possible condensation products that formed after drying (F).

Figure 3-7 shows the XPS scans of CKL, Cls (A), Ols (B) and N1s (C). The CKL-105 sample

showed a strong peak for C=0, which was not present in the other samples. This may indicate a

higher degree of oxidation reactions occurring during the drying process at 105°C. When

examining the O1s scans, it appears that there is a presence of C=0 in all samples. As for the N1s

scans, it seems that both the cationic quaternary ammonium, as well as the tertiary amide group,

remain at all drying conditions.
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Figure 3-7: High-resolution XPS scans for Cls (A), Ols (B) and N1s (C) of CKL samples.

To investigate the chemical changes during the drying of CKL, "TH NMR and HSQC NMR of CKL
samples were conducted. Figure 3-8 shows the '"H NMR spectra (A) for CKL after drying, along
with the HSQC of CKL-0 (B), CKL-80 (C), CKL-105 (D) and CKL-130 (E). Expanded spectral
regions showing changes in the nitrogen group of CKL-0 (F), CKL-80 (G), CKL-105 (H), CKL-
130 (I) and proposed nitrogen structures (J). No new signals could be observed in the proton
spectra, except CKL-130. It showed a new signal at 3.5 ppm. This peak was attributed to
degradation products from the cationic nitrogen degradation as a result of drying at 130°C.
Additionally, when examining the HSQC spectra, it can be seen that there are changes in the KL-
105 and KL-130 spectra. Upon expanding the regions showing the cationic nitrogen group signal
(Figures 3-8F to 3-8I), it becomes apparent that CKL-105 and CKL-130 experienced changes to
the nitrogen-containing group. As stated previously, the cationic nitrogen group of CKL is inferred

by the appearance of the strong signal occurring at Hs/Cs = 3.3/55 ppm. This chemical structure is
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denoted as N-I in Figure 3-8. The second structure shown is that of N-II, which is the tertiary
amide, as a result of a side reaction during synthesis (Figure 3-3D). Figures 3-8H and 3-81 show
that CKL-105 and CKL-130 have new chemical structures (highlighted in purple) that are not
shown in the other samples. These signals were attributed to the formation of secondary amine
groups [39], as shown by structure N-III. Additionally, all CKL samples had the cross peak at
Hs/Cs = 3.3/50 ppm, which was also present in KL samples after drying, attributing to CP-I

structures.
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Figure 3-8: 'TH NMR (A) HSQC NMR for CKL-0 (B), CKL-80 (C), CKL-105 (D), CKL-130 (E).
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105 (H), CKL-130 (I) and proposed nitrogen structures (J).

3.4.7 Impact on hydroxyl groups of lignin derivatives

To understand the impact of drying on the hydroxyl group of lignin derivatives, quantitative 3'P
NMR was conducted for both CKL and KL samples. Figure 3-9 shows the quantification of
hydroxyl groups for KL (A) and CKL (B) samples after freeze-drying and oven-drying. KL-0
showed the highest overall hydroxyl content, while the oven-dried samples showed relatively

lower hydroxyl concentrations. This reduction in overall hydroxyl content is in line with the
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observation of ether structures shown in XPS and NMR spectra (Figures 3-6 and 3-7) that
condensation reactions occur during the oven-drying process. As the hydroxyl groups are
consumed by the condensation reaction, ether structures are produced. C5 hydroxyl groups
remained approximately the same across all the oven-drying temperatures, but overall, their
content was less than that in KL-0. This may indicate that C5 structures are more susceptible to
condensation reactions during the oven-drying process. Guaiacyl (G) type hydroxyl structures
seemed to be relatively constant across all drying temperatures.

CKL samples showed an apparent reduction in overall hydroxyl content as the drying temperature
increased. The majority of the hydroxyl content in all CKL samples was attributed to aliphatic
hydroxyl structures, which is related to the introduction of the aliphatic -OH group on the GTMAC
structure. The depletion of these aliphatic hydroxyl groups may be attributed to the aforementioned

condensation reaction.
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Figure 3-9: Hydroxyl group concentration of KL (A) and CKL (B)
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3.4.8 Impact on molecular weight

Figure 3-10 shows the effect of temperature on the molecular weight, both weight-average and
number-average (Mw and Mn) of KL (A) and CKL (B). It should be noted that there is an obvious
difference in the molecular weight, Mw, values of the two samples, and the results cannot be
compared. This large discrepancy between the two samples is due to the different detectors utilized
for GPC analysis [10]. For cationic samples, the IR detector of the GPC is typically used, while
for anionic samples, the UV detector is used [10]. Currently, no GPC system can be utilized to
measure the molecular weight of cationic and anionic lignin samples following the same
procedure, and research on this topic is ongoing internationally. However, the current GPC
analysis can provide a comparative assessment of the drying temperature of each sample
independently.

For KL samples, the KL-105 showed the highest MW. The MW trends, along with the concurrence
of ether signals observed in the HSQC spectra of KL-105 (Figure 3-6D) seem to indicate that
condensation reactions are more prevalent at 105°C. KL-130 exhibited the lowest MW. This
finding was expected, as the degradation of KL has been reported to start as low as 120°C [21, 27].
For CKL, it appears that as drying temperature increased, the MW increased as well, with the
exception of the CKL-130 sample which showed the lowest MW. This seems to indicate that

derivatizing KLL with GTMAC may change the MW behaviour in response to drying.
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Figure 3-10: Weight average and number average molecular weights of KL (A) and CKL (B) dried
at -55, 80, 105, and 130°C.

3.4.9 Impact on Ty

Figure 3-11 shows the effect of drying temperature on the glass transition temperature, Ty, of the
samples. For KL, T, increased directly with drying temperature, except KL-130. It has been
reported that a higher Ty is associated with a higher degree of condensed structures within the
sample [27, 40]. This is also in line with the ether structures seen in the HSQC spectra of KL-105
(Figure 3-6D) and also the Mw change of this sample (Figure 3-10A). Together these observations
may indicate that drying of KL at 105°C may be conducive to a higher occurrence of condensation.
For CKL samples, the trend is very similar to KL. CKL-105 showed the highest relative T, of the
CKL samples, which was also in line with the Mw result (Figure 3-10B). However, the KL samples
exhibited higher T than CKL samples. This result may be due to the overall less available phenolic
-OH groups to partake in the condensation reactions, as they were already occupied by the
nitrogen-containing structures; therefore they could not participate in as many condensation
reactions to create ether structures which would allow it to have higher T, values. Another

explanation could be that the introduction of the aliphatic chain on GTMAC could play a role.
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Figure 3-11: Glass transition temperature, Tg, for KL and CKL samples dried -55, 80, 105 and
130°C.

It has been reported that branching on the main chain of cationic nitrogen groups lowers the glass
transition temperature significantly [41]. Branching, like that of the methyl groups attached to the
cationic nitrogen atom, presents a barrier to the internal rotation that is necessary for the molecular
movement or flexion needed for higher glass transition temperatures [41].

3.4.10 Proposed drying induced reactions

Based on the results obtained in this work, there were three main drying induced events proposed,
as shown in Figure 3-12. For KL, there were two main condensation products, as seen from NMR
(Figure 3-6). Drying at all temperatures (80, 105 and 130°C) seemed to result in the formation of
a diphenylmethane-type condensation structure (CP-I). While drying at 80 and 105°C, resulted in

phenyldihydrobenzofuran type condensation structure (CP-II), in addition to CP-1.
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For CKL, in addition to the formation of CP-I structures, the degradation of the nitrogen groups
occurred at 105 and 130°C. The quaternary substituted nitrogen groups seem to be prone to
degeneration to tertiary nitrogen groups (as seen from the increase in C-NH bonds in Figure 3-8D)
along with degeneration of those tertiary nitrogen groups to secondary amines (as seen from the

new signals found in the HSQC in Figure 3-8H and 3-8I).
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Figure 3-12: Proposed drying induced condensation for KL (A) and CKL (B) occurring at 80,

105, and 130°C.

58



3.5 Conclusions

XPS and NMR results revealed that the KL experienced condensation during oven-drying,
resulting in  condensed, etherified  structures, namely diphenylmethane and
phenyldihydrobenzofuran structures. In particular, the diphenylmethane structure was identified at
all oven-drying temperatures, while the phenyldihydrobenzofuran was only present at lower
temperatures (80 and 105°C). At 130°C, it seems that degradation reactions were more prevalent
than condensation reactions. This, combined with the results for My, and T, shows that drying KL
at 105°C, yields increased My and increased Tg, likely due to the increase in ether structures.

As for CKL, XPS and HSQC NMR revealed that one or both of the products of the cationic
synthesis reaction undergo degradation to produce secondary amine structures at 105 and 130°C.
The quaternary substituted nitrogen groups seem to be prone to degeneration to tertiary nitrogen
groups along with degeneration of those tertiary nitrogen groups to secondary amines.
Furthermore, it was found that the CKL samples undergo condensation, analogously affecting the
My and Tg. Specifically, it was found that CKL was more susceptible to reductions in -OH groups,
which were directly proportional to increasing drying temperature. This was also found to
concurrently result in higher molecular weight values. These higher molecular weight values were
attributed to the presence of ether structures, observed from XPS and NMR, as a result of -OH
groups condensing during drying. Yet the T values were overall lower for CKL than KL. This is
thought to occur for two reasons. First, the KL phenolic groups that would normally condense
more readily are taken up by the GTMAC cationic groups. Second, the introduction of more
branched groups such as the three methyl groups attached to the cationic nitrogen atom, reduces
the molecular mobility of the structure in response to heating. This makes the structure more rigid

in response to heating, causing the Ty values to be lower.
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The results of this work demonstrate that cationically modifying KL with GTMAC, not only
confers cationic charge to KL but also effectively changes the response of KL to drying conditions.
This work provides previously unknown insights into drying conditions for cationically

derivatized KL.
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Chapter 4 — Drying of Cationic polymerized Lignin

4.1 Abstract

In the development of polymers, drying is a crucial step after synthesis. Generally, drying
conditions should be carefully selected to introduce minimal undesired changes to the
characteristics of synthesized products. The cationic polymer resulting from radically
polymerizing softwood kraft lignin (KL) with [2-(methacryloyloxy)ethyl] trimethylammonium
chloride (METAC) is a promising new material that has been researched for its potential as a
sustainable, competitive alternative to petroleum-based products. In this work, the effects of drying
temperature (55 to 130°C) on the properties of kraft lignin polymerized with METAC (KLM) was
investigated. It was found that KLM exhibited a 3-fold drop in charge density, which was also
accompanied by a 10% reduction in water-solubility when dried at 55°C for 48 hours. These
changes were found to be associated with both chemical and physical changes determined by NMR
and XPS analyses. At 55°C chain interactions were predominant due to electrostatic interactions
amongst the pMETAC chains with the electronegative atoms present in KL. At 80, 105 and 130°C
drying temperatures, it was found that hydrolysis reactions predominated. Additionally, the
thermal degradation resistance was measured after drying, and it was found that KL exhibited more
robust resistance to thermal degradation than KLM polymer. TGA and DSC revealed that drying
temperature may also affect the thermal behaviour of KL and KLM samples. TGA showed that
drying KL at low temperatures (55 and 80°C) did not have a significant effect on thermal
degradation resistance. However, drying KL at 105°C significantly increased the resistance to
thermal degradation, as seen from the 50% degradation temperature, Tsow, rising to 727°C.

Meanwhile, the Tso, of all other dried samples ranged between 504 to 638°C. The KLM polymer
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possessed, comparatively, a lesser resistance to thermal degradation than KL post drying and the
KLM polymer had a more uniform thermal degradation behaviour, across the drying conditions.
Glass transition temperature, Ty, was shown to be comparable for KL post drying across the
various drying temperatures. KLM, however, showed an increasing trend as drying temperature
increased, up to 130°C, at which point Ty dropped due to KL degradation. This work investigates
the effect of drying condition on the properties of both kraft lignin and cationically polymerized
kraft lignin, showing that drying condition must be carefully considered in order to conserve the

properties of such polymers.

4.2 Introduction

As the most abundant source of aromatic carbon in the world, lignin has great potential to be a raw
material for the sustainable production of green chemicals and value-added products [1-4].
Presently, the pulping industry predominantly utilizes the kraft process to produce pulp [5].
However, lignin extracted in this process is burned and thus under-utilized. As of 2018, the kraft
process accounted for 98% of all pulping operations in the world [5]. Thus, the availability and
sustainability of utilizing kraft lignin make it an attractive resource in the endeavour to produce
green products on a larger scale.

Drying of biomass has shown to result in material property alternations [6]. Specifically, this
phenomenon has been documented to occur in biomass, such as cellulose, in which the formation
of cross-linked structures happens during drying [6]. Such structures reduce the water-holding
capacity of cellulose [6]. Analogously, similar changes may occur in lignin and lignin derivatives
during drying. It has been reported that drying is an important consideration for lignin production
[7-9]. Gordobil, et al. [7] reported that drying at lower temperature (i.e., 25 instead of 55°C) would

preserve the color and structure of lignin more effectively [7]. Another study compared freeze-
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drying, oven-drying and vacuum-drying of lignin and reported that freeze-drying resulted in
significantly less agglomeration of surface particles of lignin, while oven-drying and vacuum-
drying at a low temperature (40°C) resulted in large clumps forming at the surface of lignin as well
as a darker colour [8].

Previous studies have shown both chemical and physical changes occurring within kraft lignin as
a result of heat treatment [7-11]. In another study, heating kraft lignin for 30 minutes at
temperatures of 130 and 140°C resulted in 16-fold and 44-fold increases in its molecular weight,
respectively, as compared to pristine kraft lignin [9]. This increase in molecular weight was
correlated with the increase in the concentration of 5-5” carbon-carbon structures and 4-O-5 ether
linkages [9]. Similarly, Duong, et al. [11] found that heating lignin above 100°C resulted in cross-
linked structures, which would cause a significant reduction in solubility of kraft lignin.

The aforementioned research work suggests that lignin may undergo chemical changes, i.e.,
condensation resulting in more carbon-carbon structures, during drying [12]. These changes are
known to impact the thermal, acidic and alkaline stability of lignin [12]. Carbon-carbon linkages
have a tendency to form various inter and intra molecular noncovalent interactions, such as
hydrogen bonds, carbon-hydrogen-m bonds and m-mr stacking [13]. These interactions are thought
to impede the solubility of lignin with many common solvents and polymers [14]. This, in turn,
would increase the overall molecular weight of lignin, which may also impair its water solubility
[15].

Currently, the wastewater treatment industry relies on flocculants composed mostly of synthetic
non-biodegradable polymers [23]. Lignin-based polymers are currently studied for their
application in wastewater treatment as a competitive option to conventionally used chemicals [16-

18]. Wang, et al. [19] demonstrated that kraft lignin polymerized with METAC (KLM) could
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outperform pMETAC, on its own, in its ability to flocculate clay particles from wastewater.
Sabaghi and Fatehi [17] compared the polymerization of KL with METAC and [2-
(acryloyloxy)ethyl]trimethylammonium chloride (ATAC). They found that lignin-METAC
outperformed lignin-ATAC polymers in flocculating clay particles in wastewater due to the extra
methyl group on the METAC structure. Salaghi, et al. [16] further showed that combining cationic
lignin with anionic lignin polymeric flocculants could improve their flocculating performance.
Despite the extensive progress on the production of cationic lignin polymers, the drying process
of such materials has not been studied. As drying may have a great impact on the properties of the
generated material, one objective of this work was to understand the drying performance of
cationic lignin polymers.

Radical polymerization has been used as a means of producing lignin polymers [20, 21], as it was
proven to be a simple and scalable process. As a promising cationic agent with many uses in
wastewater treatment [16, 17], anti-microbial resin-based sealants [22], and drug delivery [23],
METAC was selected for conferring a cationic character to the lignin polymer in this work. The
primary focus of this work was on the understanding of the impact of drying temperature on the
characteristics of cationic kraft lignin-METAC polymer (KLM). KLM polymer was synthesized
following the free radical polymerization technique, and the produced lignin derivatives were then
dried under various temperatures. Afterwards, the properties of the polymers were studied
comprehensively and related to drying conditions. The outcomes of this work provided insights

into the drying process of cationic lignin polymers.
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4.3 Materials and methods

4.3.1 Materials

The lignin used in this work was sourced from a Canadian mill located in Alberta, Canada, where
softwood kraft lignin (KL) was produced using LignoForce technology. Acrylic acid (AA), [2-
(methacryloyloxy) ethyl] trimethyl ammonium chloride solution (METAC) (80 wt.% in H>0),
sodium persulfate (Na»S»0s), poly (diallyldimethylammonium chloride) (PDADMAC, 100-200
kg/mol), sodium hydroxide (NaOH, 97%), sulfuric acid (H2SO4, 98%), sodium trimethylsilyl-
[2,2,3,3-2H4]-propionate (TSP), glacial acetic acid, deuterated dimethyl sulfoxide (DMSO-ds) and
deuterium oxide (D20) were all obtained from Sigma-Aldrich Company. Ethanol (95 vol.%) was
supplied by Fisher Scientific. Potassium polyvinyl sulfate (PVSK, 100,000-200,000 g/mol, 97.7
wt.% esterified) was procured from Wako Pure Chem. Ltd., Osaka, Japan. Spectrum Labs provided
a dialysis membrane with a cut-off of 1000 g/mol.

4.3.2 Kraft lignin-METAC (KLM) synthesis and drying method

The polymerization was carried out in a semidry manner (40 wt.% water content) [19, 24-28]. A
hot water bath was pre-heated to 80°C. A pre-determined amount of kraft lignin, METAC and
deionized water were added to a heat-resistant plastic bag. The reaction medium was pre-heated
in the bath to allow proper mixing of the reagents. Periodically, the bag was removed from the
bath to adjust the pH to 3 using a 0.1 mol/L NaOH solution. Once the pH was stable at 3, the
reaction medium was deoxygenated using nitrogen gas for 20 minutes. Next, a certain volume of
5 wt.% potassium persulphate solution was added to the medium to ensure a ratio of 0.015 g/g
initiator to lignin. The reaction was allowed to proceed for 3 hours, periodically removing the bag
to mix by hand. Subsequently, the reaction medium was washed with 80 vol.% ethanol to

precipitate the cationic lignin, KLM, from any unreacted components. Finally, it was neutralized
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and then dialyzed for 48 hours. A quantity of the purified product was freeze-dried, and the
remaining was oven-dried at various temperatures and time intervals in a conventional oven.
Throughout this work, the freeze-dried sample was considered as an ideal drying condition that
would not induce any detrimental effects on the properties of the KLM polymer as this drying
method is known to conserve the properties of biomaterials while removing water [29-31]. It
should be noted that the KL used as the control underwent the same reaction conditions, pH
adjustments, heating conditions and dialysis as the KLM. The freeze-dried kraft lignin control is
defined as KL-0. The KL dried at 55°C, 80°C, 105°C, and 130°C for 48 hours are referred to as
KL-55, KL-80, KL-105, and KL-130, respectively. Similarly, the KLM that was freeze-dried, is
denoted as KLM-0. The KLLM dried at 55°C, 80°C, 105°C, and 130°C for 48 hours are referred to
as KLM-55, KLM-80, KLM-105 and KLM-130, respectively.

4.3.3 '"H and HSQC nuclear magnetic resonance spectroscopy

The chemical structures of KL and KLLM samples dried under different conditions were analyzed
using hydrogen proton nuclear magnetic resonance ('"H NMR) and two-dimensional heteronuclear
single quantum coherence (HSQC NMR). For each analysis, 70-75 mg of the sample and 6-10 mg
of TSP, as an internal standard, were dissolved in 1 mL of DMSO-d¢ for KL and D,O for KLM,
respectively. The samples were stirred overnight at room temperature before analysis. The spectra
were obtained using a nuclear magnetic resonance spectroscopy with an AVANCE NEO 1.2 GHz
machine from Bruker at a temperature of 25°C. The acquisition settings for the '"H NMR spectra
included 64 scans, a relaxation delay of 2 seconds, an acquisition time of 3.28 seconds, and a pulse
of 30°. The Bruker pulse program hsqcetgpsisp was used for the acquisition of the HSQC spectra,
with a spectra width of 13 ppm in the F2 ('"H) dimension with 2048 data points (155 microseconds

acquisition time), a spectra width of 165 ppm in the F1 (}*C) dimension with 256 data points (6.2
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microseconds acquisition time), a pulse delay of 2 seconds, and 16 scans. The NMR spectra were

processed using TopSpin 4.1.9 software.

4.3.4 Gel permeation chromatography

The molecular weight distribution of KLM samples was measured using a gel permeation
chromatography. Each sample was prepared by dissolving 5 mg of the sample in 10 mL of a 5
wt.% acetic acid solution, which served as the mobile phase. The samples were stirred at 300 rpm
overnight at room temperature and then passed through a nylon filter with a pore size of 0.2 pm.
The molecular weight analysis was performed on each sample using a Malvern GPCmax VE2001
Module + Viscotek system equipped with viscometer and RI detectors. PolyAnalytic columns were

used at a temperature of 35°C for this analysis.

4.3.5 Differential scanning calorimetry & thermal gravimetric analysis

The glass transition temperature (Tg) of KLM samples was determined using a differential
scanning calorimetry (DSC). Samples weighing between 10 and 15 mg were placed in a hermetic
Tzero aluminum pan and placed in the chamber of a DSC Q2000, TA instrument, DE, USA. The
measurements were taken under a nitrogen atmosphere with a heating and cooling rate of 5°C/min.
The analysis involved several heating/cooling cycles. The chamber was first heated from 20 to
230°C to erase the thermal history of the sample. It was then cooled from 230 to 20°C at a rate of
5°C/min. A second heating cycle from 20 to 230°C at a rate of 10°C/min was then applied to
determine the T, of the samples. Each sample was tested in duplicate, and the average and standard
deviation were calculated.

The thermal stability of KLM samples was characterized using thermogravimetric analysis (TGA)

with a TGA analyzer, 11000, Instrument Specialist. In this experiment, the temperature was
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increased from room temperature to 800°C at a rate of 10°C/min and with a heat flow rate of

10°C/min and a nitrogen flow rate of 100 mL/min.

4.3.6 Water solubility and charge density

The water solubility and particle charge density of the KLM samples were measured using a PCD-
04+Titrator from Miitek, Germany, following the method described by Konduri et al. [32]. The
samples were prepared by dissolving them to a concentration of 1% in water and then shaken for
one hour in a shaker bath at 30°C. After the samples were completely suspended in water, a portion
was taken for solubility analysis and another portion was titrated against PVSK (0.005 mol/g) to

determine the charge density of the samples.
4.4 Results and Discussion

4.4.1 Water solubility, charge density and elemental composition

Table 4-1 shows the water solubility, charge density and elemental compositions of KL and KLM.
As seen, KL-0 has a charge of -1.1 meq/g and water solubility of 87.5 wt.%. The organic element
content of the KL-0 sample was found to be 59.4% carbon, 7.4% hydrogen, 0.0% nitrogen, 1.6%
sulphur, and 31.6% oxygen. The KL-0 sample served as the control for this study. Also, KLM-0

possessed a charge density of 4.8 meq/g and was completely water-soluble.

Table 4-1: Water solubility, charge density and elemental composition of freeze-dried kraft lignin

(KL-0) and freeze-dried kraft lignin-METAC (KLM-0).

Sample KL-0 KLM-0
Solubility (%) 87.5 100
Charge Density (meq/g) -1.1 4.8
C (%) 59.4 42.0
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H (%) 7.4 7.5

N (%) 0.0 5.0
S (%) 1.6 0.3
0 (%) 31.6 45.2

By comparing the elemental composition of KL-0 and KLM-0, it can be seen that the
polymerization reaction of KL with METAC, increased the nitrogen content of the sample from
0.0% to 5.0%. The increase in nitrogen content, combined with the improved water solubility,
were interpreted as an indication that the polymerization reaction was successful. These
observations were further confirmed by NMR data in Figure 4-3, which will be discussed later.

Figure 4-1A shows the water solubility and charge density of KL as a function of drying
temperature. It can be seen that oven-drying at 55 and 80°C does not significantly affect KL’s
water solubility, when comparing to the freeze-dried sample (-55°C). Yet the KL samples dried at
105 and 130°C possessed a significantly lower water solubility. All oven-dried samples showed a
decrease in charge density as drying temperature increased. Figure 4-1B shows the water solubility
and charge density of the KLM samples oven-dried at the various temperatures, 55°C (KLM-55),
80°C (KLM-80), 105°C (KLM-105) and at 130°C (KLM-130). It can be seen that the water
solubility and charge density were both affected by the drying temperature. Overall, it seems that

oven-drying at all temperatures results in a stark reduction in both solubility and charge density.
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Figure 4-1: Water solubility and charge density for KL (A) and KLM (B), as a function of drying

temperature.

4.4.2 "H NMR analysis

Figure 4-2 shows the 'TH NMR of KL-0 and KLM-0. It can be seen that there are five distinct
regions. The region between 8 and 10 ppm represents the protons in the unsubstituted phenolic
hydroxyl groups [33-35]. The region between 6 and 7.7 ppm represents the protons in the aromatic
rings of lignin [33-35]. The region between 4.3 and 5.5 ppm represents the aliphatic protons,
specifically the Ho & Hp protons [33-35]. The methoxy protons are represented by the large broad
peak between 3 and 4 ppm, and the aliphatic protons participating in the -1 linkages of lignin are
shown between 0.7 and 2.3 ppm [33-35]. The peak at 2.5 ppm belongs to DMSO-ds. For the KLM-
0 sample, there is an obvious absence of the phenolic -OH group signal (Figure 4-2). Salaghi et al.
[20] explained that the absence of this signal was due to the successful participation of the phenolic
-OH group of KL in the cationic polymerization reaction [16]. Thus, the absence of signal between

8 and 9 ppm is indicative of successful polymerization [16-18].
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Figure 4-2: '"H NMR spectra of KL-0 (black) and KLM-0 polymer (blue).

The signal (a) at 1.2 ppm was attributed to the methylene protons adjacent to the phenolic oxygen
atom of KL. The signal (b) at 2.1 ppm was attributed to the methyl protons adjacent to the -COO
group. The signal (c) at 4.6 ppm was attributed to the methylene protons adjacent to the ether
linkage of the -COO group. The signal (d) at 4 ppm was attributed to the methylene protons
adjacent to the cationic nitrogen atom. The signal (e) at 3.3 ppm was attributed to the cationic
methyl protons. These signal assignments were cross-referenced using previous studies published
on this polymerization reaction [16, 18].

4.4.3 HSQC NMR analysis

Figure 4-3 shows the HSQC spectra of the aliphatic and oxygenated aliphatic regions of KL-0 (A)
and KLM-0 (B). Literature on the linkages identified via HSQC NMR analysis for softwood kraft
lignin is well documented. For the HSQC of KL-0, it can be seen that the gamma-carbon, denoted

as Cy in the figure, which is adjacent to the B-O-4 linkages was assigned to the signal appearing

77



at Hs/Cs = 3.6/61 ppm [5]. Another characteristic functional group of KL is the methoxy group,
whose signal was attributed to the contour occurring at Hs/Cs = 3.2-4/57-60 ppm [5]. Other smaller
signals in the aliphatic region were attributed to the protons and carbons involved in the aliphatic
chains of KL [5].

For the HSQC of KLM-0, the signal (a) at Hs/Cs = 1.2/21 ppm was attributed to the -CH»- adjacent
to the formerly phenolic oxygen atom of KL. The signal (b) at Hs/Cs = 2.1/57 ppm was attributed
to the methyl groups adjacent to the -COO group [16, 20]. The signal (c) at Hs/Cs = 4.6/60 ppm
was assigned to the -CH>-group adjacent to the oxygen atom, participating in the ether linkage of
the -COO group [16, 20]. The signal (d) at Hs/Cs = 4/64 ppm was attributed to the -CHa- group
attached to the cationic nitrogen atom [16, 20]. The signal (e) at Hs/Cs = 3.3/58 ppm was attributed
to the methyl groups of the cationic nitrogen atom [16, 20]. Based on these results, it can be
concluded that the polymerization reaction was successful in polymerizing chains of METAC to

the KL core structure to produce KLM.
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Figure 4-3: HSQC NMR characteristic signals of KL-0 (A) and KLM-0 (B). Reaction scheme
(©).
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4.4.4 XPS analysis

XPS was used to study the elemental and chemical bonds of the samples as a result of
polymerization. Figure 4-4 shows the XPS survey spectra, along with the Cls and Ols scans of
KL-0 and KLM-0. Figure 4-4A shows a large sharp peak at 284.5 eV, which was attributed to Cls
and another sharp peak at 532 eV, which was attributed to Ols, in both the KL-0 and KLM-0
samples. The smaller peak at 400 eV was attributed to N1s and so confirms that the KLM-0 sample
contains nitrogen atoms after the polymerization reaction. By contrast, the N1s peak is absent in
the KL-0 sample, as expected. Figures 4-4B and C represent the Cls and O1s spectra fitted for the
peaks related to carbon and oxygen structures shown in the figures. Deconvolution of the Cls
spectra for KL-0 resulted in two major peaks. These peaks were attributed to C-C/C-H (284.5 eV)
and also C-O (286 eV). Meanwhile, for the KLM-0 Cls spectra, three peaks were found. These
peaks were attributed to C-C/C-H/C-N+ (284.5 eV); C-O (286 eV) and C=0 (288 eV) [36, 37].
The distinct peak at 288 eV can be attributed to the -COO structures that make up the pMETAC

structure [36, 37]. The deconvolution of the Ols spectra for KL-0 resulted in three peaks.
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Figure 4-4: XPS spectra for KL-0 and KLM-0 samples. Survey spectra (A), Cls scan (B) and Ols
scan (C).
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These peaks were attributed to C=0/0-C=0 (530 e¢V), C-OH/O=C-0O-C (532 eV) and phenolic C-
O-C (533 eV) [8]. For KLM-0, the same set of peaks was found as in KL-0, however, the relative
concentration of phenolic C-O-C was more pronounced.

4.4.5 Drying Effect

The effect of drying temperature on the KLM was also investigated by using XPS. Figure 4-5A
shows the Cls spectra of KL samples. Notably, KL-130 and KL-105 show a peak for C=0
structures, not present in the other lower drying temperatures. The appearance of the C=0 peak at
higher temperatures is indicative of oxidation reactions, which can cause the cleavage of side
chains, producing phenolic aldehydes and acids [38, 39]. This assertion was also further supported
by the Ols spectra shown in Figure 4-6A for KL. From this figure, it can be seen that KL.-0 did
not possess a high relative concentration of C=O structures. Comparatively, the oven-dried
samples show a higher relative concentration of C=O structures. This may indicate that some level
of oxidation occurs at all the oven-dried temperatures. Further to that, at higher temperatures, the
oxidation reaction is known to be accelerated, which can explain why KL-105 and KL-130 show
particularly higher concentrations of such structures [38, 39]. Additionally, C-O structures seem
prevalent across all temperatures, indicating the presence of ether structures. Figure 4-5B shows
the Cls spectra of KLM samples. The overall trend indicates that, as drying temperature increases,
the concentration of C-O bonds in the sample increases, except for the KLM-130 sample, where
the concentration of C-O bonds is comparable to that of aliphatic bonds.

Figure 4-6 shows the Ols spectra of the KL and KLM samples. The overall trend indicates that as
drying temperature increases, the concentration of C=0 and O-C=0O bonds increase for KLM-55
and KLM-80. This supports the assertion that carboxylic acid production is stimulated during

oven-drying, as a result of oxidation.
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Figure 4-5: XPS binding energy of the KL and KLM samples dried at different temperatures,
Cls spectrum of KL-0, KL-55, KL-80, KL-105, KL-130 (A) and Cls spectrum of KLM-0,
KLM-55, KLM-80, KLM-105, KLM-130 (B).

This can be seen from the broadening of the binding energy for these samples [38, 39]. However,
there is a drop in the concentration of these bonds for KLM-105. Then, there is an increase again
for KLM-130, supporting the NMR results, showing the presence of aldehyde structures in the
sample (Figure 4-6), which would increase the C=0O content. The presence of aldehyde structures
could be the result of the hydrolysis of the pMETAC chains [40]. Similarly, an increase in C=0
content was observed in the KLM-130 sample '"H NMR depicted in Figure 4-7D. Upon drying at
different temperatures, the most significant changes were observed in the -1 and the Ha aliphatic
structures of KL (Figure 4-7A). It seems that after oven-drying, there was a significant reduction

in the aliphatic structures of KL.
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Figure 4-6: XPS binding energy of the KL and KLM samples dried at different temperatures,
Ols spectrum of KL-0, KL-55, KL-80, KL-105, KL-130 (A) and O1s spectrum of KLM-0,
KLM-55, KLM-80, KLM-105, KLM-130 (B).

It was reported that the aliphatic structural degradation of polyphenolic compounds can occur at
temperatures as low as 80°C [38, 39]. Additionally, another explanation for the observed reduction
of aliphatic structures could be attributed to the acceleration of oxidation reactions [38, 39]. Such
reactions are known to be accelerated at higher temperatures, i.e., 50°C [38, 39]. This assertion is
supported by the results of the XPS (Figures 4-5 and 4-6) and NMR (Figures 4-7). Furthermore,
the appearance of the new signal at 3.2 ppm is indicative of the presence of ether structures [41]
within the KLL samples after oven-drying. Additionally, Figure 4-7B shows the effect of drying

temperature on the chemical structure of KL, by quantification of the proton NMR spectra shown
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in Figure 4-7A. Oven-drying as compared to freeze-drying appears to induce chemical structural
changes that reduce the concentration of aliphatic structures. Moreover, the oven-dried samples
showed the same concentration of the new signal, attributed to ether structures. This seems to
imply that the drying of KL has a finite effect on the formation of new structures.

The effect of temperature on the chemical structure of the KLM is also shown in Figure 4-7C and
4-7D. Across all the temperatures, the signals (a) and (b) remain present. KLM-80 showed the
same signals that appeared for KLM-55 and also an additional new signal in the proton spectra,
that appeared as a 1:3:3:1 quartet centred at 3.6 ppm. Such a signal indicates the presence of a
methyl group adjacent to a -CH- group [41]. The position of the signal indicates that it is adjacent
to a hydroxyl group, participating in a carboxylic acid functional group [41].

Based on the appearance of these new signals, it seems that drying at 55 and 80°C results in an
increase in carboxylic acid concentration within the sample. This suggests that the pMETAC
structures begin to degrade even at lower temperatures, at the c-carbon of the pMETAC structure.
This theory was further confirmed by the XPS and NMR results shown in Figures 4-5 and 4-7.
Two new signals appeared at 2.7 ppm and 3 ppm in KLM-105 and KLM-130.

These signals can be attributed to the degradation of the pMETAC structure. The signal at 2.7 ppm
can be attributed to CH3-CO-R and the signal at 3 ppm can be attributed to R-N-CH3 [41].

The oxygenated aliphatic regions of the HSQC NMR spectra of KL and KLLM are shown in Figure
4-8. Based on the NMR spectra, Figure 4-8A to 4-8E, no significant changes were seen in KL, as
all spectra of KL, dried at various temperatures, other than the appearance of the signal at Hs/Cs =

3.2/50ppm, which was attributed to -C-O-C- ether structure formation [41].
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Figure 4-7: '"H NMR spectra of KL dried at different temperatures (A) and concentrations of
chemical groups of KL extracted from 'H NMR spectra (B).

However new peaks appeared on the spectra of the oven-dried KLM samples, Figure 4-81 and 4-
8J. A new signal at Hs/Cs = 4.4/52 ppm [41] is attributed to a carboxylic acid group. A second new
signal appeared in the HSQC of the KLM-55 sample at Hs/Cs = 3.6/58 ppm. This signal was

attributed to the second product that may result from a hydrolysis reaction [10]. This would be
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quaternary substituted nitrogen, having three methyl groups and an ethyl group attached to the
nitrogen atom, as shown in Figure 4-8B. These same signals also appear in KLM-105 and KLM-
130. Additionally, KLM-130 showed a signal at Hs/Cs = 3.5/70 ppm, which was attributed to the

presence of the resultant aldehyde structure from the hydrolysis of pMETAC groups [41].
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Figure 4-8: HSQC NMR spectra of KL and KLM samples dried at different temperatures, KL-0
(A), KL-55 (B), KL-80 (C), KL-105 (D), KL-130 (E), KLM-0 (F), KLM-55 (G), KLM-80 (H),
KLM-105 (1), KLM-130 (J).

4.4.6 KLM molecular weight - GPC

In Figure 4-9, the effect of temperature on the weight-average molecular weight and polydispersity
of KL (A) and KLLM (C) samples dried for 48 hours, along with molecular weight distribution of
KLM samples (B). The PDI of KLM was observed to have a direct relationship with increasing
temperature until 80°C where the PDI seems to plateau. The changes in polydispersity may indicate
the existence of multiple reactions occurring during the drying process, causing these observed

fluctuations over time; such as hydrolysis of the alkyl chains and also the formation of crosslinked
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structures [9, 11]. Overall, it can be seen that drying temperatures higher than 55°C may result in
increasing Mw while drying at temperatures beyond 55°C results in lower Mw of KLM. The reason
for this could be more interactions between the pMETAC chains bound to the KL core structure,
causing the appearance of larger molecular weight fragments within the sample [42]. This assertion
can be supported by the molecular structural changes as confirmed by NMR (Figure 4-8) and XPS
(Figures 4-5 and 4-6). These figures show that KLM-55 did not have any increased ether linkages
or increased aliphatic concentration, yet it had the greatest Mw. This supports the assertion that
chain interactions like chain entanglement interactions, are more prevalent at this drying
temperature. As expected, KLM-130 has the narrowest retention time distribution and also the
sample eluted fastest from the column at 25 minutes. This is in line with the postulation that the
degradation of the KL structure would play more of a role at a drying temperature of 130°C, as the
degradation temperature of KL is known to begin at 120°C [9, 34]. All other samples exhibited
similar trends in terms of breadth of retention, as well as a similar peak retention time of 28
minutes. The observation that KLM-130 had a narrower retention distribution suggests that the
sample had a more uniform range of molecular weights as compared to the others [42]. This may
be attributed to the fact that the higher drying temperature causes more chemical structural
degradation to the KL core structure. Meanwhile, at the lower temperatures, the broader retention
time suggests that the sample contained a wider range of molecular weights, as various sizes of
molecular chains will elute at different times [42]. The PDI of KL was observed to decrease as the

drying temperature increased. Mw also showed an analogous trend.
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Figure 4-9: Weight-average molecular weight and polydispersity of KL (A) and KLM (C)
samples dried for 48 hours, along with molecular weight distribution of KLM samples (B).

4.4.7 Thermal stability analysis

It should be noted that the data in this section for the KL control samples was reported after a
smoothing process was applied to the data from thermogravimetric analysis. All of the oven-dried
samples showed some amount of noise in their TGA curves, even after repeating the samples. It
has been reported that due to reactions within biomass samples during the process of TGA analysis,
there can be significant noise in the data [43-46]. However, the literature has shown that this noise
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can be reduced in order to derive meaningful information, by applying an appropriate smoothing
technique [43-46]. Details on this can be found in appendix A2. Table 4-2 presents the onset
degradation temperature, T,, the 50% degradation, Tse» and the maximum degradation
temperature, Tmax for the KL control samples, which were freeze-dried and oven-dried. It can be
seen from these results that low-temperature drying (KL-55 and KL-80) have similar T, values.
Analogously, higher temperature drying (KL-105 and KL-130) share similar T, values. When
examining the Tsov, it can be seen that as oven-drying temperature increases, the resistance to
thermal degradation increases up to 105°C drying temperature. However, Tsoy decreases for KL-
130. The Tmax did not exhibit any discernable trend. KL-105 sample showed the highest weight
percent remaining at the Tmax. This result suggests that drying at 105°C imparts considerable
thermal resistance to KL.

Table 4-2: Thermal degradation temperatures and weight percentages for KL control samples

and KILM dried for 48 hours.

Weight % at Tg,"C
Sample To,’C T s0% ,°C Tmax ,’C
Tmax,’C

KL-0 316 582 372 50 167
KL-55 343 504 504 52 195
KL-80 342 594 610 45 199
KL-105 335 727 433 74 204
KL-130 336 638 635 54 199
KLM-0 270 281 270 61 174

88



KLM-55 316 315 316 50 163

KLM-80 271 309 315 47 178
KLM-105 270 316 317 49 178
KLM-130 273 290 273 63 172

It can be seen from Table 4-2 that as drying temperature increases, so too does the value of glass
transition temperature, Ty KL samples. This trend can be explained by the phenolic -OH groups of
KL being free to participate in self-condensation reactions to form ether structures (Figure 4-5A,
4-6A, 4-7A), which results in an increased Ty [47].

The thermal stability of the KLM samples dried at various temperatures was investigated by TGA
and DSC. The initial peak in all DTG curves that occurs around 100°C can be attributed to the
removal of adsorbed and bound water [21]. All KLM samples, irrespective of drying conditions,
exhibit similar thermal degradation responses. Thermal degradation onset occurred between 270
to 273°C, with the exception of KLM-55 which was slightly higher at 316°C. This range was
attributed to the thermal degradation of the quaternary ammonium groups in pMETAC [19]. The
Tsov, fluctuated between 281 to 316°C with no discernable trend. This range was attributed to the
degradation of B-O-4 structure as well as the oxidation of aliphatic hydroxyl groups and also the
cleavage of alkyl side chains such as CB-Cy linked to -CH2OH groups [48, 49]. The Tmax occurred
between 270 to 317°C for all KLM samples. Beyond the Tmax, the samples exhibited smaller peaks
around 400 and 450°C, which was attributed to the degradation of aromatic rings, B-f and carbon-
carbon structures of KL [21, 50] and the complete breakdown of aromatic linkages and methoxy

groups of KL appeared [50].
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The To, Ts0% and Tmax initially showed an increase for KLM-55, compared to KLM-0. However,
the values decreased for the rest of the samples, as drying temperature increased. This improved
thermal stability of KLM-55, compared to the other samples, is attributed to increased chain
interactions between long aliphatic pMETAC chains on the core structure of KL that will limit
molecular mobility of the macromolecular structure, thus, improving thermal stability [51-53].
Additionally, it should be noted that the samples at higher drying temperatures did not exhibit the
same trend, as degradation began to play more of a significant role (Figure 4-7). Overall, these
results indicate that the temperature of drying has an effect on the thermal degradation of the
samples. Specifically, it seems that drying at lower temperatures may cause crosslinking to be the
prevalent drying induced reaction, such that it improves the resistance of the KLM polymer to
thermal degradation. This was shown in Figures 4-7 and 4-8, by the increased concentration of C-
C structures in the KLM-55 sample. However, increasing the drying temperature to 80°C may
allow for hydrolysis reactions to prevail. This was indicated by the two similar peaks, separated
by a plateau. Meanwhile drying beyond those temperatures seems to favour degradation reactions
during the drying process, as indicated by the reduced TGA temperatures. This is also further
supported by the presence of aldehyde structures, as shown in Figures 4-5, 4-6, 4-7 and 4-8.

All the KLM samples had Ty between 172 to 178°C as can be seen from Table 4-2, with the
exception of the KLM-55, having a Tg of 163°C. This may be indicative of higher chain lengths of
pMETAC within the KL structure, resulting in inter-chain interactions, and thus in KLM-55 having
a higher Mw (Figure 4-9A). For KLM-80, KLM-105 and KLM-130 samples, the higher T values
can be attributed to the protons in the carboxylic acid group participating in hydrogen bond

interactions with other more electronegative atoms.
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The abundance of electronegative atoms, such as oxygen and nitrogen, makes this highly probable
to cause structural rearrangement of the polymer chains during heating [51-53]. This is because as
the sample is dried some hydrolysis may occur, as seen in the NMR analysis in Figure 4-8. The
products of the hydrolysis reactions are highly electronegative and would interact with the polymer
chains to cause structural rearrangement [51-53]. Another interesting result was the lower T, of
the KLM-55 sample, whereby this sample exhibited the highest molecular weight (Table 4-2), yet
it had the lowest T, It is well understood that increasing molecular weight correlates with
increasing Tg, as higher molecular weight means a higher number of chains [54-56]. However as
discussed in the previous section, this result could be due to more chain interactions between the
pMETAC chains bound to the KL core structure. This in turn would cause the appearance of
having larger molecular weight fragments within the sample [42]. This can be supported by the
molecular structural changes as confirmed by NMR (Figure 4-8) and XPS (Figures 4-5 and 4-6).
These figures show that KLM-55 did not have any increased ether linkages or increased aliphatic
concentration, yet it had the greatest Mw. This supports the assertion that chain interactions, like
chain entanglement, are more prevalent at this drying temperature.

By comparing the results in Table 4-2, it becomes apparent that KLM was less thermally stable
than KL, implying that the polymerization of KL with METAC reduced the thermal stability of
the product. Further to that, it provides a product that is more uniform in its thermal degradation
response, based on the TGA results (Table 4-2). This result makes sense as pMETAC chains are
composed of single and double bonds that are known to be much less thermally stable than
aromatic rings [48]. Meanwhile, the KL dried under various conditions displayed more variability
in its thermal degradation response (Table 4-2). When examining Tmax, it can be seen that drying

KL at 105°C conferred increased thermal degradation resistance.
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Additionally, it can be seen that freeze-drying resulted in comparable Ty in both KL and KLM.
However, oven-drying across all temperatures resulted in higher Ty for all the KLM samples than
its KL counterpart dried in the same way. The overall conclusion that can be made is that
polymerizing pMETAC with KL hampers the thermal degradation resistance that may be innately
possessed by KL on its own. It has been reported that the thermal behaviour of the lignin product
would depend on the degree to which the phenolic or aliphatic hydroxyl groups are masked with
grafted structures [47]. As it pertains to this present work, the pMETAC chains are bound to the
phenolic position of lignin, resulting in lesser formation of etherified structures in the KLM
samples during drying. However, the KL samples clearly formed more etherified structures during
drying, as shown by NMR results (Figure 4-7). The TGA and DSC results suggest that
polymerizing METAC and KL would reduce the effect of crosslinking, but drying condition still

affects the thermal response of the KLM polymer.

4.4.8 Drying induced events

Based on the results obtained from this work, four main drying induced events are proposed, as is
shown in Figure 4-11. For KL, the main drying induced event appears to be condensation reaction,
by which hydroxyl groups react with each other during the drying process to form ether structures
(Figure 4-11A). At a drying temperature of 55°C, chain interactions predominate due to
electrostatic forces, which was shown by the KLM-55 sample having the highest molecular weight
results from GPC (Figure 4-9A). Yet it had the lowest T, (Table 4-2) and low residual weight
percent at Tmax (Table 4-2). Additionally, at 80°C, hydrolysis seems to predominate, whereby the
cationic structure becomes severed, as was shown from the '"H NMR (Figure 4-7C) and XPS
signals (Figures 4-5 and 4-6), resulting in a carboxylic acid structure and a quaternary ammonium

group (Figure 4-11B). Finally, at 105 and 130°C another hydrolysis reaction predominates,
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demonstrated by the formation of aldehyde structures detected both by HSQC NMR (Figure 4-8)

and XPS signals (Figures 4-5 and 4-6).
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Figure 4-11: Proposed drying induced condensation in KL (A). Proposed drying induced events
for KLM (B): electrostatic chain interactions at 55°C; low-temperature hydrolysis of cationic

structures from lignin at 80°C; and high-temperature hydrolysis of cationic structure.

4.5 Conclusions

It was found that oven-drying at 55 and 80°C does not significantly affect KL’s water solubility,
when comparing to the freeze-dried sample. Yet the KL samples dried at 105 and 130°C possessed
a significantly lower water solubility. All oven-dried KL samples showed a decrease in charge
density as drying temperature increased. NMR results indicated that, during drying, aliphatic
structures of softwood kraft lignin seem prone to self-condensing. As a result, etherified structures

were formed in KL samples during drying. This assertion was also supported by the TGA and DSC
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results, which indicated that increasing drying temperature to 105°C yielded KL with robust
resistance to thermal degradation. However, upon drying at 130°C, the degradation of the KL
structures was more prevalent as there was a drop in the thermal degradation response of KL as
confirmed by the changes in the NMR results.

As for the cationically polymerized KLM polymer, it was found that oven-drying resulted in a
significant reduction in water solubility and charge density of KLM samples, when compared to
the freeze-dried sample. It was found that low temperature drying at 55°C results in more chain
interactions due to electrostatic interactions amongst the pMETAC chains with the electronegative
atoms present in KL. It is theorized that these interactions caused the pMETAC chains to become
entangled and form larger chain fragments, causing the My, values to appear higher. This resulted
in larger molecular weight results for the KLM-55 sample. At 80, 105 and 130°C drying
temperatures, it was found that hydrolysis reactions predominated, resulting in lower molecular
weight for KLM samples and an increase in C-O structures (as shown in NMR and XPS results).
Specifically, at 80°C, hydrolysis resulted in a quaternary ammonium group and a carboxylic acid
group. Meanwhile, at 105 and 130°C, a quaternary ammonium group and an aldehyde group was
detected. Further to this, KLM had lower resistance to thermal degradation than KL control
samples which were oven-dried under the same conditions. This finding was expected, as
pMETAC chains are mainly aliphatic, and as such, less thermally stable than aromatic rings.
Additionally, the pMETAC chains occupy the phenolic position of the KL core structure,
effectively preventing self-condensation that is characteristic of KL and contributes to thermal
stability of KL [47]. Thus, the KLM polymer was less resistant to thermal degradation, as it did

not undergo as much self-condensing as KL does during drying.
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This study revealed that there is a complex interplay of chemical and physical phenomena
occurring during the drying of KL and KLM. There are key considerations that should be taken
into account, such as chain interactions, hydrolysis, and thermal degradation, when selecting the

drying conditions.
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Chapter 5 — Conclusions

In this thesis, the overall objective was to investigate the effect of drying temperature during the
drying of kraft lignin and its cationic derivatives. Freeze-drying and oven-drying were used to
study the effect of drying on kraft lignin and two different derivatives.

It was discovered that KL experienced condensation during oven-drying, resulting in etherified
structures, namely diphenylmethane and phenyldihydrobenzofuran. In particular, the
diphenylmethane structure was identified at all oven-drying temperatures, while the
phenyldihydrobenzofuran was only present at lower temperatures (80 and 105°C). At 130°C, it
seems that degradation reactions were more prevalent than condensation reactions. This, combined
with the results of My and T, showed that drying KL at 105°C would yield increased My and Tg,
likely due to the increase in ether structures.

Additionally, oven-drying at 55 and 80°C did not significantly affect KL.’s water solubility when
compared to the freeze-dried sample. Yet, the KL samples dried at 105 and 130°C possessed a
significantly lower water solubility. All oven-dried KL samples showed a decrease in charge
density as the drying temperature increased. The results indicated that, during drying, aliphatic
structures of kraft lignin seem prone to self-condensing. As a result, etherified structures were
formed in KL samples during drying. This assertion was also supported by the TGA and DSC
results, which indicated that increasing the drying temperature to 105°C yielded KL with robust
resistance to thermal degradation. However, upon drying at 130°C, the degradation of the KL
structures was more prevalent as there was a drop in the thermal degradation response of KL as

confirmed by the changes in the NMR results.
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For CKL, the results revealed that the cationic products underwent degradation to produce
secondary amine structures at 105 and 130°C. The quaternary substituted nitrogen groups seemed
to be prone to degeneration to tertiary nitrogen groups along with the degeneration of those tertiary
nitrogen groups to secondary amines. Furthermore, it was found that the CKL samples underwent
condensation, was associated with an increase in My, and Tg. Specifically, it was found that CKL
was more susceptible to reductions in -OH groups, which were directly proportional to increasing
drying temperature. This was also found to concurrently result in higher molecular weight values
as a result of -OH groups condensing during drying. Yet the T, values were overall lower for
cationic lignin than KL due to reduced phenolic content and more branched groups reducing the
molecular mobility of the structure in response to heating.

For the cationic polymerized lignin, it was found that oven-drying resulted in a significant
reduction in water solubility and charge density of KLM samples, when compared to the freeze-
dried sample. It was found that the low-temperature drying at 55°C results in more chain
interactions due to electrostatic interactions amongst the pMETAC chains with the electronegative
atoms present in KL. At 80, 105 and 130°C drying temperatures, it was found that hydrolysis
reactions predominated, resulting in lower molecular weight for the samples and an increase in C-
O structures. At 80°C, hydrolysis resulted in a quaternary ammonium group and a carboxylic acid
group. Meanwhile, at 105 and 130°C, a quaternary ammonium group and an aldehyde group was
detected. Further to this, the cationic lignin had lower resistance to thermal degradation than KL
control samples. Thus, the cationic lignin polymer was less resistant to thermal degradation, as it
did not undergo as much self-condensing as KL does during drying. This was due to the phenolic
hydroxyl groups being occupied by pMETAC chains, preventing the self-condensation reaction of

KL.
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Overall, this study revealed that there is a complex interplay of chemical and physical phenomena
occurring during the drying of KL and its cationic derivatives. There are key considerations that
should be taken into account, such as chain interactions, hydrolysis, thermal degradation, and
alkylation when selecting the drying conditions. The results of this work show for the first time
that when derivatizing lignin, drying temperature should be carefully selected to conserve the
properties of the sample.

Future studies

In this study, the focus was to investigate the drying temperature of cationically derivatized lignin.
However, future studies on the effect of drying time and drying rate would be needed to discern
more industrially attractive methodology to dry lignin derivatives. As seen from this work, the
drying temperature can play an important role in the chemical structural properties of KL and KL
derivatives. A comprehensive understanding of how drying time and drying rate affects these
materials can lead to optimal production process, ensuring the end-products retain their target
properties, while minimizing waste and energy consumption. Furthermore, as the demand for
sustainable materials continues, evaluating drying time and drying rate can pave the way for the
production of innovative materials that meet the environmental requirements, without
compromising on quality or functionality.

Additionally, future studies on drying of other types of lignin derivatives would be beneficial.
While this study focused on cationic derivatization, another important grafting strategy is anionic
derivatization and polymerization. This can be accomplished through sulfo and carboxy grafting,
as well as poly acrylic acid polymerization. These are also promising lignin products that would

also require drying studies to ascertain the optimal drying conditions for their productions.
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Appendix A1 — Time and temperature effect on CKL

The effect of time and temperature on the water solubility and charge density of CKL samples was
investigated. Figure A1-1 shows the solubility (A) and charge density (B) for CKL samples over
time. From this figure it can be seen that the water solubility remained constant over time. While
the charge density experienced some fluctuation. In particular CKL-105 and CKL-130 experienced
the most fluctuation in charge density. However, it can be seen that the cationic charge remained
largely intact. These fluctuations may be explained by the findings presented in Chapter 3,
regarding the degradation of the quaternary substituted nitrogen groups to tertiary and secondary

substituted nitrogen groups.
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Figure A1-1: Water solubility (A) and charge density (B) for CKL samples dried at -55°C (CKL-
0), 80, 105 and 130°C for 12, 24 and 48 hours.

The effect of time and temperature was tested on particle size, as measured by differential light
scattering (DLS) and molecular weight as measured by gel permeation chromatography (GPC).
The results are shown in figure A1-2. The sample CKL-105 dried at 48 hours showed the highest
particle size. This may be explained by the chemical structural changes found in Chapter 3. It is
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known that increased particle size is correlated with increased molecular weight. In Chapter 3,
CKL-105, dried at 48 hours, was shown to have the highest molecular weight. Additionally, the
chemical analysis showed that this was a result of condensation reactions occurring during the
105°C drying process. The molecular weight of the samples did not appear to have a significant
time effect, but there was a clear temperature effect. Whereby the CKL-105 samples showed
overall the highest molecular weights, followed by the CKL-130 and CKL-80. This finding is also
in line with the findings in Chapter 3. CKL-105 having the highest molecular weight indicates that
condensation may be the most dominant reaction at this temperature. While for CKL-130,
degradation seems to predominate over condensation, as found by the chemical analysis in Chapter
3 and as seen from it having a relatively lower molecular weight trend. CKL-80 showed the lowest

molecular weight trend
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Figure A1-1: Particle size (A) as measured by differential light scattering (DLS) and molecular
weight (B) as measured by gel permeation chromatography (GPC) of CKL samples.
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Appendix A2 — Smoothing of KLL. TGA Curves

It was found that the oven-dried samples of the KL control samples resulted in spectral noise in
the form of step-like signals in the weight percent curves (figure A2-1) and thus broad step-like
signals in the TGA derivatives curves (figure A2-1B). It has been reported that due to reactions
within biomass samples during the process of TGA analysis, there can be significant noise in the
data [1-4]. In order to derive meaningful information from such curves, smoothing of the data
points can be performed by applying an appropriate technique [1-4]. In this work, adjacent-
averaging method was applied. Each value of g; represents the average of the data points of the
moving window, of the data set. For the window having a centre of i, the weight of the j point is

given by:

2

w=1- (7o)

Where N represents the number of data points in the window, in this case, 100. After performing
smoothing, it can be seen that the curves became clearer and easier to read the degradation

temperatures.
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Figure A2-1: As found plots for TGA (A and B) compared to plots after smoothing (C and D).
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