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Abstract

The purpose of this thesis is to study the dissolution of flax fibres in imidazolium
based ionic liquids and anti-solvent mixtures. This is an important area of study,
helping to understand the mechanism of cellulose solvation and the ways in which
the properties of ILs (in particular different anion and cation combinations) can
influence their ability to dissolve cellulose at the micro- and macro level, and how

different IL features affect the dissolution process.

This study investigates the dissolution behaviour of flax yarns in three distinct
imidazolium based ILs:1-ethyl-3-methylimidazolium acetate ([C2mim]*[OAc]),1-
butyl-3-methylimidazolium acetate ([C4mim]*[OAC]), and 1-ethyl-3-
methylimidazolium octanoate ([C2mim]*[Oct]). The first two of these had the same
anion ([OAc]) but a different cation, while the third had the same cation ([C2mim]*),
as the first but a different anion. This work was able to reveal the role of the cation
and the anion on the dynamics of cellulosic yarn dissolution. The dissolution process
involved submerging the yarns in the pure ILs for a range of temperatures and times,
followed by coagulation in water. The coagulated material called coagulated fraction
(CF) produced an outer ring that surrounded the centre yarn fibre. Optical microscopy
was used to follow the growth of this
behaviour, enabling the determination of the dissolution activation energy from this
simple measurement. The dissolution activation energies of the ILs [C2mim][OAc],
[C4mim][OAc] and [C2mim] [Oct] were found to be 64 + 5 kJ/mol, 67 + 1 kJ/mol and
79 + 1 kJ/mol, respectively. In addition, the growth of the outer coagulated ring's
thickness of the coagulated material was investigated, enabling the IL's diffusion
coefficients to be determined. NMR study (pulsed- field gradient self- diffusion
measurements), viscosity, density, and Stokes-Einstein analysis provided further
understanding of the properties of the pure ILs. The calculated diffusion activation
energies of the ILs [C2mim][OAc], [C4mim][OAc] and [C2mim][Oct], were found to
be 64 £ 5 kJ/mol, 69 5 kJ/moland, 77 3 kJ/mol, respectively. The resultant data
shows that the dissolution rate goes from fastest to slowest in the order
[C2mim][OAc] >[C4mim][OAc] >[C2mim][Oct]. Our key result is that the dissolution
of the flax yarns (in all three ILs) is controlled by the diffusion of the IL, through a
region of swollen cellulose/IL solution around each fibre as the thickness of the
dissolved and coagulated layer increases with the square root of time and so is

diffusion controlled.

The effect of adding small amount of water on the activation energy and dissolution

speed of ionic liquids ILs [C2mim][OAc] and [C4mim][OAc] was investigated
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separately. For the IL [C2mim][OAc], three different water contents have been used
1%, 2% and 4% by weight and for the IL [C4mim][OAc], four different water
concentration have been used 1%, 2%, 4%, and 8% by weight. The resultant data
has also been compared to the results from chapter 3 (the pure IL [C2mim][OAc] was
found to consist of 0.2% water), and chapter 4 (the pure IL [C4mim][OAc] was found
to consist of 0% water). As expected, the coagulated outer layer was seen to form
around the undissolved core fibre for the water systems of 1%, 2%, and 4%.
However, there was no sign of dissolution showed by the IL [C4mim][OAc]-water
system of 8%. For the IL[C2mim][OACc], the activation energies were found to be 77
+ 5 kd/mol, 97 + 3 kd/mol and 116 + 6 kJ/mol for the system containing 1%, 2% and
4% water respectively. For the IL [C4mim][OAc], the activation energies were found
to be 78 = 7 kd/mol, 83 + 7 kd/mol and 110 + 6 kJ/mol for the system containing 1%,
2% and 4% water respectively. The dissolution rate was found to exponentially
decrease as a function of water content for [C2mim][OAc]; however, the dissolution
rate at 1% water was found to be higher than that of 0% water for [C4mim][OAc]. This
shows a level of effectiveness at 1% water could make it a viable option for both

research and industrial use.
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Chapter 1

Introduction and literature review

1.1 Introduction

Biopolymer carbohydrates attract much attention as renewable materials of biomass
based on products and applications, such as food, agriculture, material, and medicine
[1-6]. The most common biopolymer is cellulose. It is the most abundant polymer on
earth [7, 8], and is a key component of plant cell walls found in plants and algae.
Cellulose provides researchers with fascinating alternatives to fossil fuel products.
Lignocellulose, which includes cellulose, hemicellulose, and lignin from plants has
great potential due to its huge annual production of around 10** tons [9]. The interest
in these naturally occurring biopolymers comes from their unique nanostructures
composed of glucose units with amorphous and crystalline regions in their fibres [10].
Cellulose is an environmentally friendly and biocompatible material, known to be an
almost inexhaustible source for raw materials. Nevertheless, several industrial pre-
treatment methods require harsh chemical treatments and/or hazardous conditions,
which raise environmental concerns and reduce the potential use of cellulosic
materials [11]. Most of the solvents presently used in cellulose processing provide
notable environmental difficulties. For example, the viscose process, which involves
the production of by- products such as carbon disulfide. The use of N-
methylmorpholine N-oxide (NMMO) as a direct dissolution solvent has increased in
importance as it does not require any pre chemical reaction and does not produce
unfriendly environmental by-products [12]. However, this process cannot fully replace
the viscose process due to the reduction of the product performance and unstable
thermal properties [13, 14]. Researchers are currently facing challenges in
developing solvents that are both highly efficient and sustainable for the environment.
Recently, the use of ILs as a direct solvent, which does not require any pre-treatment
for dissolving cellulose has become a potential promising development. However, the
high cost of the ILs due to their production is currently limiting scale up from laboratory
scale processes. Therefore, understanding how cellulose is dissolved and how the
properties of ILs affect this process at the microscopic level is essential. Furthermore,

it is essential to conduct a study of new cellulose solvents that have the potential to
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reduce the cost of using ILs by enhancing the dissolution time and temperature for
cellulose dissolution, which is required for industrial purposes.

Currently, there are many waste products causing environmental difficulties cross the
globe such as textile industry and plastic waste. In 2015, the textile waste disposal
was 92 million tonnes around the world, with an estimated increase of 60% by 2030
[15]. Plastic waste also contributes to several environmental problems. Around
250,000 tonnes of plastic waste are drifting in the oceans [16], which causes a
serious problem for wildlife. Most textiles, like other polymer composites, are made
from petroleum-based materials and depend on fossil fuels, which are expected to
run out within the next 100 years. At the end of their life cycle, textiles are rarely
recycled efficiently. Instead, they are commonly disposed of in landfills or incinerated,
releasing the carbon stored in these materials into the atmosphere and contributing
to environmental harm. For these reasons, so called green composites are a class to
create new materials that can replace the conventional materials and have less
environmental impact as being derived from sustainable sources and also
biodegrade over time. Hence the study of the dissolution process of cellulose is
important to understand the transformation of natural materials into cellulose based
composites [17]. Moreover, the dissolution of cellulose-based fibres in an ionic liquid
is a highly dependable process, with the dissolution rate being influenced by variables
such as time, temperature, and anti-solvent concentration in a predictable and
controllable method. In contrast, traditional methods like using harsh chemical
solvents (e.g., carbon disulfide in the viscose process) are more toxic, less
environmentally friendly, and harder to control, often leading to greater environmental

and health hazards.

1.1.1 Project aims and objectives

The purpose of this study is to investigate the dissolution of flax fibres in three
different imidazolium-based ionic liquids. The ionic liquids were chosen such that two
had the same acetate anion ([OAc]) but a different cation, either ethyl [C2mim]* or
butyl [C4mim]*. The third ionic liquid had the same ethyl cation [C2mim]* but a
different anion, an octanoate [Oct]". These different combinations allowed the role of
the anion and cation in cellulose dissolution to be investigated. The three ILs studied
in this work ([C2mim][OAc], [C4mim]][OAc] and [C2mim][Oct]) are summarised in
Table 1.1.



IL type Cation Anion
1-ethyl-3-methylimidazolium acetate [C2mim]+ [OACc]-
1- butyl-3-methylimidazolium acetate [C4mim]+ [OACc]-
1-ethyl-3-methylimidazolium octanoate | [C2mim]+ [Oct]-

Tablel.1: The three ILs used on dissolving flax yarns in this study.

A range of experimental techniques were used to follow the dissolution of the chosen
flax fibres in the three different ILs for a range of processing temperatures and times.
Measurements were done using a combination of optical microscopy (OM), rheology,
and nuclear magnetic resonance (NMR) and together these represent most of the
collected experimental data. They provide the basis for further discussions and
different chemical and physical insights. The effect of water on dissolution was also
investigated (for ILs [C2mim][OAc] and [C4mim][OAc]) and Karl Fischer titration was
used to measure water content of ILs both before and after any experiments. The
study has also identified the importance of the presence of water on both the speed
of dissolution of flax fibres and the activation energy for dissolution. For this reason,
we are investigating the effect of water on these two important parameters for
dissolution. This became apparent at the start of the project, when it was found that
the ILs [C2mim][OAc] from two different suppliers, (Proionic GmbH, Grambach (0.2%
water)), and Sigma- Aldrich (0.5%water)) contained different base amounts of water,
which significantly change the speed of dissolution and the activation energy. For this
reason, it was felt necessary to examine the effect of water, as well as to investigate

the three potential anion/cation combinations in their as received state.

The dissolution of flax fibres in the IL [C2mim] [OAc] has been studied for four water
percentages: as received (0.2%), 1%, 2%, and 4%. For the IL [C4mim][OAc], the
dissolution of flax fibres has been studied for five water percentages: as received
(0%), 1%, 2%, 4% and 8%. The same flax fibres studied in the first part of the work
were chosen to be the cellulose source and their dissolution was studied, immersing

in excess ILs at various temperatures and times.

Optical microscopy (OM) was employed to acquire morphological pictures of both

natural and partially dissolved flax yarns and to directly follow the dissolution of the
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flax fibres. This simple technique offers significant insights into the fundamental
physics of dissolution, allowing the dissolution activation energy to be calculated
along with the speed of dissolution by employing time- temperature superposition
(TTS). Samples at various stages of dissolution (for a range of processing times and
temperatures) were encapsulated into epoxy resin and then polished. Viewed in
reflection under an optical microscope, two regions were always clear, a region of the
original fibres surrounded by a ring of dissolved and coagulated cellulose. From the
optical micrographs it was therefore possible to determine the amount (fraction) of
dissolved yarn with time and temperature, which is termed the coagulated fraction
(CF). Additionally, it was found that following the growth of the thickness of this
coagulated fraction allowed important information on the diffusion of the various ionic

liquids to be measured.

NMR is not only used in chemical characterization, but it can also determine diffusion
characteristics, molecular structure, motion, and conformation. NMR experiments
presented here will be limited to the measurement of the self-diffusion coefficients of
each of the ILs at various temperatures to calculate the diffusion activation energy
and the effective molecular size of each IL. Rheological methods offer a wide variety
of approaches for examining the macroscopic flow characteristics of fluids, which can
provide insight into the microscopic properties. The measurements here will be
limited to focus on the viscosity of each ionic liquid as a function of shear rate and
temperature to create a flow curve which then shows the rheological character of

each ionic liquid to be compared and contrasted.

This study's focus is to understand and explore the underlying physics of preparing
all-cellulose composites by investigating the dissolution of single flax yarns. The
results obtained in this study will contribute to future research to consider preparing
all-cellulose composites [18, 19]. Flax fibres, and their composites, provide a
promising way of replacing traditional composite materials without environmental
damage due to excellent mechanical performance, the material is fully bio-based and
designed to be completely recyclable [20, 21]. Furthermore, we have studied flax
fibre yarns, as this builds on previously published work in our research group [22],
which studied the effects of a co-solvent DMSO on the same flax yarn material. It is
also important to note that this work feeds directly into our ongoing work in our

research group [23], on woven cloth made from the same flax source material.



1.1.2 Thesis structure

There are 6 chapters in this thesis. Following the Literature Review, the next chapter
is Chapter 2, and this describes the experimental methods used to carry out the
measurements. These are optical microscopy, rheology, and nuclear magnetic
resonance (NMR) and together these represent the majority of collected
experimental data. They provide the basis for further discussions and different
chemical and physical insights. Chapter 3 focuses on the detailed dissolution
behaviour of flax yarns in the ionic liquid 1-ethyl-3-methylimidazolium acetate
([C2mim]* [OAc]). The use of optical microscopy enables the direct observation and
analysis of the dissolution process at various stages, providing valuable insights into
the behaviour of the flax yarns within the ionic liquid system. The systems were all
found to exhibit TTS behaviour, where Arrhenius plots are constructed to investigate
the relationship between temperature and dissolution rates. The activation energy for
the dissolution process is determined through each of the experimental approaches.
Additionally, the chapter documents the activation energies calculated from the TTS-
based thickness method and the intercept method [24], further expanding the
understanding of the physics of the dissolution dynamics. To complement the
dissolution studies, NMR experiments are conducted to measure the self-diffusion
coefficients of the pure ionic liquid [C2mim][OAc] at various temperatures, allowing
for the calculation of the self-diffusion activation energy and the effective molecular
size of the ionic liquid ions. Rheological studies were also performed to assess the
viscosity of [C2mim][OAc] as a function of shear rate and temperature, from which a
flow curve is generated. The viscosity activation energy of the ionic liquid is then
calculated to understand its temperature-dependent flow behaviour. Together, these
combined approaches provide a comprehensive view of the dissolution process,
activation energies, and molecular dynamics within the [C2mim][OAc] system,
helping to understanding the interactions between the flax yarns and the ionic liquid.
Chapter 4 building on the insights from the previous chapter, this chapter explores
the dissolution behaviour of flax yarns in two additional imidazolium-based ionic
liquids (ILs) with different cation/anion combinations. The same experimental
approach is applied, using flax yarns and focusing on a range of processing
temperatures and times. For the first ionic liquid, the cation is changed from 1-ethyl-
3-methylimidazolium ([C2mim]*) to 1-butyl-3-methylimidazolium ([C4mim]*), while
the anion remains acetate (JOAc]). In the second ionic liquid, the cation remains
[C2mim]*, but the anion is changed to octanoate ([Oct]). These variations allow for
exploring how changes in the cation or anion impact the dissolution behaviour. The

same dissolution methodology used in the previous chapter is employed here, with
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dissolution experiments carried out at different temperatures and times. The systems
again exhibit time-temperature superposition, and Arrhenius plots are constructed to
assess the temperature-dependence of the dissolution process. The activation
energy of dissolution for both ILs is obtained using each experimental approach.
Additionally, NMR experiments are conducted to measure the self-diffusion
coefficients of both ionic liquids at various temperatures, enabling the calculation of
diffusion activation energy and the effective molecular size of each IL. These NMR
studies provide valuable insights into the molecular dynamics of ionic liquids.
Rheological studies are also performed to investigate the viscosity of each ionic liquid
as a function of shear rate and temperature. A flow curve is generated for each IL,
and the viscosity activation energy is calculated, enabling a detailed comparison of
their temperature-dependent flow behaviour. By comparing the results from these
two additional ILs with those from [C2mim][OAc], the analysis advances our
understanding of the dissolution process and molecular behaviour across the three
ILs. This comparative study offers a more comprehensive view of how variations in
ionic liquid structure (both cation and anion) influence dissolution, diffusion, and
viscosity, enhancing the understanding of these systems. Chapter 5 investigates
how the addition of small amounts of water to the ILs [C2mim][OAc] and
[C4mim][OAc] affects the activation energy required for dissolution as well as the
overall dissolution rate. The result analysis and discussion highlight the effects of
water content on the dissolution characteristics of these ionic liquids, and builds on
the insights from the results in this chapter, the final comparison evaluates the
activation energies, as well as the relative and absolute dissolution rates for both
ionic liquids. Chapter 6 summarises the findings and suggests the potential future

work for this research.

1.2 Literature review

1.2.1 Cellulose

T h e toellulosedivas first introduced in 1839 in a study by the French Academy
on the work of Anselm Payne. Payne found cellulose is made up of 44 to 45% carbon,
6 to 6.5% hydrogen, and the remainder is oxygen and its chemical formula is
®'O ¢ [25]. The straight-chain molecules in cellulose form hydrogen bonds with
one another, making it a particularly strong material. Cellulose is a natural linear chain
consistngof D-gl ucose units c¢connec #egicoddc bomds

between C-1 and C-4 of adjacent glucose, and rotates 180 degrees in relation to its
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neighbour. Each D- glucose unit possesses three hydroxyl (OH) groups at C-2, C-3
and C-6 positions, as shown in Figure 1.1 [26]. Cellulose has a strong structure
reinforced by intermolecular hydrogen bonds; these bonds are formed from hydroxyl
groups in glucose units. Cellulose has excellent properties, for instance high
crystallinity, resistance to solvents, high temperature performance, water absorption
and hence biodegradability and nontoxicity, all of which combine to make it attractive
in many applications [27-29]. Cellulose has various polymorphs namely cellulose I,
I, Il and IV. Most of these crystalline allomorphs have been identified via dissolving,
precipitating, treating with liquid ammonia or chemical modification cellulose | [30,
31].

The length of cellulose chains is determined by the number of repeating units of
glucose, which is referred to as the degree of polymerization (DP). The source of
cellulose has a significant impact on the value of DP. The DP of laboratory-
synthesized cellulose is 20 and it can be greater than 10,000 for bacterial cellulose
[32].

Figure 1.1: Chemical structure of cellulose polymer chain [26].

Cellulose, in its natural form, consists of microfibrils of stacked sheets of parallel
chains that form three-dimensional crystals with varying lengths (0.1 to 100
micrometres) and diameters (2 to 20 nanometres), and the chains are attracted to
each other via H-bonds and van der Waals forces [9, 33, 34]. Figure 1.2 represents
the inter and intra molecular H-bond network of native cellulose. This H-bonding plays

a significant role in solubility, thermal stability, and mechanical properties [35].



Figure 1.2: Schematic of the intra- and intermolecular hydrogen bonding network in
native cellulose. Taken from [35].

Another important feature reported is that the cellulose molecule's shape and the
arrangement of its hydroxyl groups and hydrogen atoms generate regions with
varying degrees of polarity: hydrophilic regions parallel to ring plane and hydrophobic
regions perpendicular to the ring. The side view of the glucopyranose ring plane
reveals the hydrophobic sites on the cellulose molecule, with the hydrogen atoms of
the CiH bonds on the axial locations of the ring, and the top view of the
glucopyranose ring plan reveals the hydrophilic sites, with the hydroxyl groups
located on the equatorial positions of the rings, as shown in Figure 1.3 [36-39]. These

features are expected to influence both the interactions and solubility of cellulose.



Figure 1.3: The cellulose molecule's hydrophilic and hydrophobic parts. Taken from
[36].

1.2.2 The structure of cellulose | and cellulose Il
The native form of cellulose is cellulose I, usually found in plants and certain bacteria.

The crystalline structures of the two

di fferent. U is triclinic and issmbbtliw

monoclinic and is more frequently found in higher plants [40]. Cellulose | is essential
for keeping the structural integrity of plant cell walls since these differences in
crystalline structure have a substantial influence on the physical characteristics of
cellulose, such as its resistance to hydrolysis and its insolubility in water [41].
Conversely, cellulose Il is the more thermodynamically stable form that is produced
by regeneration (dissolution and reprecipitation) or mercerization (alkaline
treatment). Cellulose IlI's crystalline structure and characteristics are different from
those of cellulose | due to its antiparallel chain arrangement [42]. Because of this
rearrangement, cellulose Il is more soluble and reactive than its native counterpart
due to a reduction in crystallinity. Other differences include the locations of intra
molecular H- bond and the packing orientation can be seen in Figure 1.4 [43]. This
figure shows that the orientation of the glucose units in cellulose | is such that the O6
and O3 atoms are able to form intermolecular hydrogen bonds between one glucose

unit and a neighboring chain, as well as with the adjacent glucose units of O3 and

al

o
f
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O5 atoms help to stabilize the linear arrangement of cellulose chains, while the
orientation of the glucose units on the cellulose Il is such that the O2 and O6 atoms
are not able to form intermolecular hydrogen bonds with each other, instead the O3
and O5 atoms of adjacent glucose units are able to form hydrogen bonds [44].
Significant alterations in the material's physical and chemical characteristics occur
during the conversion of cellulose | to cellulose Il. The transformation of cellulose |
into cellulose Il is associated with notable alterations in the material's physical and
chemical characteristics, which have been extensively utilized in industrial uses such
as the manufacture of films, textiles, and bioplastics [45].

Cellulose | Cellulose Il
o 0 0 0
SN 2 D 2 —
507 \__0 0__0 008 %0
- / ‘ / § ‘ N— [
\/-’\ 3 _/‘/\ > N ’\\,/\ \\---"\
O Oo— OIB N \03 } 3 3
0705 0705 o "0s (2).‘”/\05 o
\l \ ~ ‘..‘ \ ‘. \ O \ \\\/
o ~" 2577 o/\‘/\ AL o i
4 L 57 . _
Q 935 ¢ o0 0 0

Figure 1.4: The structure of cellulose | and cellulose II, with hydrogen bond
locations indicated by solid dark line. Taken from [44].

Cellulose is classified as a semi-crystalline polymer because it has both crystalline
and amorphous parts namely a two-phase system [46]. These systems in the
microstructure of the cellulose microfibril show the highly order crystalline regions

and less organized amorphous regions, see Figure 1.5.
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ous region
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Figure 1.5: Schematic diagram of cellulose microfibrils showing the crystal regions
and amorphous region. Taken from [46].

1.3 Natural Fibre

Natural fibre are materials made by combining natural plant-based fibres come from
renewable sources such as flax [47], cotton [48], jute [49], and wood [50] with a
polymer matrix (which can be either synthetic or bio-based). All can be used as
natural reinforcement, to form biomaterials with good physical and chemical
properties. Natural fibres are a promising alternative to traditional fibres such as glass

and carbon, as

A common natural fibre classification is shown in Figure 1.6. There is an increasing
demand for natural fibres as eco-friendly materials due to a growing concern to
produce sustainable materials and looking for more renewable products from plant
resources [51]. As environmental awareness grows, natural fiore composites are
becoming increasingly common. Natural fibres have been widely used as a green
alternative to replace synthetic materials [52, 53]. The composition of plant fibres can
include cellulose, lignin, hemicellulose, pectin, and waxes [51, 52]. They have been
proposed to be used in many applications such as automotive, building and
construction [51]. They can be employed as reinforcing fibres in polymer matrix
composites, providing a more cost-effective approach compared to synthetic polymer
fibres [53, 54].

Natural fibres can have a problem of adhering to a different matrix phase, which can
be a drawback of employing them as reinforcing fibres in composite materials
because of their hydrophilic nature [55]. As result, this can give the composites poor
mechanical properties [52]. Therefore, the chemical modification of natural fibres is

required to improve the adhesion between the fibres and matrix and enhance the
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mechanical properties of the composites. In 2004, Nishino et al. first reported the
term all-cellulose composites (ACCs). These materials comprised cellulose fibres
together with a cellulose matrix from the same source of cellulose to give a better
adhesion at the interface between the fibre and the matrix, allowing efficient stress
transfer. These types of ACCs are known to be recyclable, bio-based, bio-

degradable, and show good fibre-matrix adhesion [19, 56].

Natural Fibers
P § | P §
Animal Plant/Vegetable Mineral
I‘ 1. ’ Asbestos
Hair Silk
” Non-WoodNatural Wood Natural| -t
Fibers Fibers Amosite
Wool . . ! . . | 0
l Bast Leaf Seed Straw Grass Soft Wood Actinolite

Feather | | Hard Wood

| [ |
Flax ~ Abaca  coton ~ Com  Bamboo
Sisal i Rice  Bagasse

Hem r
Jutep Oil Palm  Wheat

Kenaf Kepok

Ramie

Figure 1.6: Classification of natural fibre sources. Taken from [57].

1.3.1 Flax

Flax is the cellulose source used during this study which is a bast fibre that occurs
naturally. For over 30,000 years, the flax plant has been grown all over the world and
used for its unique properties [58, 59]. With a degree of polymerisation of over 4,000,
it is also one of the longest known linear fibres [60, 61]. The use of flax fibres has
gained a lot of attention recently for developing renewable materials due to the
natural ability to be bio-degradable and have excellent mechanical properties, low
density as well as low cost, [20, 21]. Flax consists of typically 70% cellulose and 27%
hemicellulose, with a small amount of lignin 3% [49]. Flax fibres are also considered
an eco-friendly material which can potentially replace some synthetic materials such

as in automaobile interiors, boat and bicycle frames and furniture [62].
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A single flax fibre structure has several sub-layers, as shown in Figure 1.7 [63] [64].
In a single flax fibre, there are two cell walls called the primary and secondary cell
walls and the lumen layer. The secondary cell wall is a major part of the fibre diameter
and contains three layers; the first secondary cell wall layer is S1 which is known as
the outer layer of the fibre. The second layer of the secondary cell wall is S2 which is
known as the middle, or the inner layer and the third layer is S3. The middle layer S2
is thicker than both the primary cell wall and the third layer S3, also it contributes to
the strength of the fibre.

The inner layer S2 is the dominant constituent and plays a fundamental role to
provide better mechanical performance of the fibre due to the highly crystalline
cellulose microfibrils bounded by lignin and hemicellulose [57]. On the other hand,
the primary cell wall and the first layer of the secondary cell wall S1 are the outer
layers, they are thin and deposited during plant growth. The outer layers can have a

lower orientation of cellulose, hemicelluloses, and pectin [64] [65].

Secondary wall S3 Lumen

Helically Secondary wall S2

arranged
crystalline
microfibrils
of cellulose

Spiral angle
Secondary wall $1

Primary wall

Amorphous

region mainly
consisting of lignin
and hemicellulose

Disorderly arranged
crystalline cellulose
microfibrils networks

Figure 1.7: Structural constitution of flax elementary fibre. Taken from: [66].
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1.4 lonic Liquids

1.4.1 Conventional solvent systems

The dissolution of cellulose can be a challenge due to the extensive intra and inter
hydrogen bonds and its highly crystalline structures. Common solvents used in
cellulose processing often contain properties harmful to the environment. For
example, the Viscose process is the oldest technique used to dissolve cellulose and
is still currently used. It uses carbon disulfide dissolved in sodium hydroxide to form
cellulose xanthate [67]. However, this process involves unfriendly environmental by
products such as carbon disulfide, which must be thoroughly removed or chemically
disposed of prior to being released into the environment. Therefore, numerous
cellulose solvent systems, such as NaOH/CS;, NaOH/urea, and N-methyl
morpholine-N-oxide (NMMO), have been investigated by researchers, with
commercial success in a variety of NMMO systems [68-70]. However, these
traditional cellulose dissolving methods have a number of disadvantages, including
damage to the environment, high energy and reagent consumption, solvent
evaporation, and complex operating processes [71-74]. N,N-Dimethylacetamide
(DMACc) with lithium chloride (LiCl) has also been used to dissolve cellulose at a
temperature higher than 100 C [75]. Sodium hydroxide (NaOH) aqueous solution at
low temperature is also used for dissolution with or without any additive [76-78].
However, these solvent systems have limited potential to be scaled up to an industrial
level due to high toxicity, high vapour pressure, low thermal stability, and slow
dissolution speed [79, 80]. In order to address these issues, there is an increasing
demand for the development of environmentally friendly substitutes for these
commonly used cellulose solvents. Recently, there has been increasing interest in a
new family of cellulose solvents called "ionic liquids". Nevertheless, the mechanism

of cellulose dissolution in ionic liquids is still not fully understood.

1.4.2 History of lonic Liquids

It is widely acknowledged that the breakup of the intra- and intermolecular hydrogen
bonds in cellulose is the crucial point in the dissolution of this polymer [81]. Since
cellulose does not dissolve in common solvents such as water, there has been a

need to find alternative solvents. One of these solvent groups are ionic liquids (ILs),

which have a huge potential to be 6gkingenod

S
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ACCs [82, 83], due to their notable excellent properties and the ability to dissolve
cellulose without any pretreatment [84]. ILs are organic salts and have a low melting
point below 100 °C [85], low vapor pressure, high thermal stability, and recyclability
[86]. Over the last decades they have shown great potential as green cellulose
solvents [86-89]. From 1914, the ILs were identified as playing an important role in
the dissolution process, for example by Paul Walden, who first discovered the IL of
ethyl ammonium nitrate ([EtNH3] [NO3]) with a melting point 13 - 14 °C. In 1934,
Graenacher dissolved cellulose in a molten salt (N-alkyl pyridinium chloride) at
melting point 118 °C, so not strictly an IL according to the prior Walden's definition
with a melting point below 100 °C [90]. In 2002, Swatloski et. al. discovered the first
IL imidazolium - based ionic liquid with a low melting point below 100 °C, which is
considered as a green solvent to dissolve cellulose [91]. Since then, the dissolution
of cellulose in ionic liquids has interested a number of researchers in studying

cellulose solutions [92, 93].

ILs contain many different cations/anions that play a significant role in dissolving
cellulose as a direct solvent [94]. Brehm et al. stated that the determination of the
solubility of cellulose in ILs was affected by the capacity of anions from ILs to interact
with the hydrogen bond [95]. Additionally, the effect of cations in the dissolution of
cellulose is minor, and many studies tried to prove this by NMR measurements and
the molecular simulation studies [96-98]. ILs have been demonstrated to have the
capacity to dissolve a variety of materials that are typically difficult to dissolve,
including wood fibre and other lignocellulosic materials such as flax [99]. However, it
is worth noting that the purity of the IL (98% in our case) may have also impacted the
dissolution due to derivatizing reactions or additional side reactions [100]. Within their
work, they cautioned that if the IL contains significant impurities, additional side
reactions with cellulose can occur. Furthermore, Zweckmair et al. reported that
acetylating action of ILs (1,3-dialkylimidazolium acetate) with cellulose may occur
with resultant impurities. They also note that ILs that are pure do not exhibit this
reaction [101].

The potential of dissolving cellulose was investigated for many ILs, particularly room
temperature ionic liquids (RT-ILs) where higher cellulose solubility has been
documented. For example, Zhang et al. used 1-allyl-3-methylimidazolium chloride
(JAMIM][CI]) in order to produce solutions that contained up to 5 wt.% of cellulose
[102]. Ohno et al. used 1-ethyl-3-methylimidazolium methylphosphonate
([EMIM][CH3PO3]) to prepare solutions containing 10 wt.% of cellulose [99].. In
addition to the examples given, there are certain ILs that have a solubility of up to
22% wit. of cellulose (Fukaya et al. 2006).
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There are four main groups of the ILs based on their cation: alkylammonium,
al kyphos p h odalkyinmdazollm &ahd, N-alkylpyridinium. The imidazolium-
based are the most studied of these groups [103-105].

The significant drawback of pure ILs can be a high viscosity as compared to most
solvents [106]. The viscosities of ILs depend on their interionic interactions, such as
hydrogen bonding and van der Waals forces [107]. Thus, ILs viscosity varies with the
composition, temperature, and the chemical structure [108]. One of the ways to
reduce the viscosity of ILs is by adding a small amount of water or co-solvent [109]
[110]. In addition, incorporating low-viscosity solvents into ILs is an effective
approach for overcoming these challenges, which leads to the formation of binary
solvents that facilitate the dissolution of cellulose [111, 112]. These studies found
that mixing the ionic liquid [Emim]OAc with the low-viscosity, biomass-derived solvent
o-valerolactone (GVL) significantly improved cellulose dissolution. For example, 15
wt %-cellulose was rapidly dissolved in the [EmIm]JOAC/GVL mixture at 80

1 hour. Other approaches can be to change the size of the anion [113] or via using a
co-solvent such as DMSO, polyethylene glycol, dimethyl sulfoxide,
dimethylformamide and 1,3-dimethyl-2-imidazolidinone, etc. [114] [115] [116]. Other
organic co-solvents such as dimethyl sulfoxide, dimethyl formamide and 1,3-

dimethyl-2-imidazolidinone were also effectively used to reduce viscosities [116].

1.4.3 Imidazolium- based ionic ligquids for cellulose dissolution

The ionic liquids used within this study were listed in Table 1.1. They are an organic
salt and have a melting point below 100 °C. In addition, many studies proved that the
ILs [C2mim][OAc] and [C4mim]OAc] can effectively dissolve cellulose [117-119].
They have shown high solvation efficiency, due to the advantage of being a liquid at
room temperature, which simplifies the handling and requires lower process
temperatures (30 °C, 40 °C, 50 °C, and 60 °C) for [C2mim]OAc], and (40 °C, 50 °C,
60 °C, and 70 °C) [C4mim][OAc]. However, the IL [C2mim][Oct] requires higher
process temperatures (80 °C, 85 °C, 90 °C, and 100 °C) due to the long chain and
higher molecular weight. Several studies found that the solubility power of ILs to

dissolve cellulose depended on their physiochemical properties [99, 120, 121].

AC wi
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1.4.3.1 1-Ethyl-3-methylimidazolium acetate [C2mim][OAc]
1-Ethyl-3-methyl-imidazolium acetate, [C2mim][OAc], with the molecular formula
(60 0 0 his formed of two ions, which are the larger positively charged
imidazolium [C2mim]+ cations seen on the left in Figure 1.8, 6 O 0 , and the
smaller negatively charged acetate [OAc]- anions on the right, 6 "O00 h[122]. The
molecular structure of [C2mim]+ consists of a 5-membered ring with 2 nitrogen and
3 carbon atoms while the [OAc] consists of an acetate ion, as shown in Figure 1.8.

5 . 4 O
\N/R\N N
\—/ 0 6

2 3

Figure 1.8: Chemical structure of the IL 1-ethyl-3-methyl-imidazolium acetate
[C2mim] [OACc].

[C2mim][OAc] has a high solvation efficiency due to its liquid state at ambient
temperature, thermal stability, low vapor pressure and the potential for recyclability
[123, 124]. In addition, [C2mim][OAc] is one of the most common solvents used for
cellulose dissolution and has been used to prepare ACCs due to its capability of
dissolving a high concentration (20 wt.%) of cellulose [125, 126]. ILs based on the
acetate anions [OAc], have proved to be more effective in dissolving cellulose than
chloride [CI] based ILs [127]. Schuermann and Cosby groups found that the IL
[C2mim][OAc] is an excellent green solvent that can dissolve a high polymer
concentration and has a good dissolving capability for cellulose, when compared with
other solvents such as 1-butyl-3-methylimidazolium chloride [C4mim] [CI] [128, 129].
Cellulose with the IL [C2mim][OAc] has diverse applications, such as man-made

fibres, films, and composite materials [130].
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1.4.3.2 1-Butyl-3-methylimidazolum acetate [C4mim][OACc]

[C4mim][OAc], bearing a molecular formula (6 O 0 U ), sits at the forefront of ILs
widely studied within the realm of cellulosic biomass processing research. The cation
0 'O 0 , carries within its structure a five-membered ring housing two nitrogen and
three carbon atoms, whereas an acetate ion constitutes the anion within 6 00
as shown in Figure 1.9. With unique properties that favor its role as a solvent,
[C4mim][OAc] has a low viscosity at room temperature which decreases with
increasing temperature [131]. However, compared to the IL [C2mim][OAc] it has a

higher viscosity at room temperature.

[C4mim][OAc] displays a strong potential in dissolving biomass and lignocellulosic
materials due to its higher thermal stability compared to [C4mim][CI] [132]. Numerous
studies have documented its physicochemical properties including density and
viscosity (Lefroy et al., 2021). The presence of hydrogen bond acceptors in this IL
allows acetate to form a strong interaction with hydrogen bond donors in cellulose to
break down the cellulose structure; because of this strong interaction [C4mim][OAc]

has prospects as an ideal cellulosic biomass solvent [133].

Studies have analyzed the refractive index of 1-butyl-3-methylimidazolium acetate to
measure how it interacts with light. They found that it linearly decreases in the
temperature range 25°C 1 55°C [131]. The longer chain length of the [C4mim] cation
contributes the interaction with the polysaccharides and enhances the dissolution

potential of [C4mim][OAc] in lignocellulosic biomass processing.

1
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Figure 1.9: Chemical structure of the IL 1-Butyl-3-methylimidazolum acetate,
[C4Amim][OAc].
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1.4.3.3 1-Ethyl-3-methylimidazolium octanoate [C2mim] [Oct]

Only one study has mentioned the IL 1-Ethyl-3-methylimidazolium octanoate
[C2mim] [Oct] [113]. It is an ionic liquid composed of a cation and an anion, each
contributing unique structural features with the molecular formula (6 O 0 0 ), as
shown in Figurel.10. This illustrates the cation and anion of the IL, the cation, 1-
Ethyl-3-methylimidazolium [0 'O 0 ]+, features an imidazolium core, a five-
membered ring comprising three carbon atoms and two nitrogen atoms at positions
1 and 3. The nitrogen atom at position 1 is bonded to an ethyl group (C2H5), and the
nitrogen atom at position 3 is bonded to a methyl group (CH3). These substitutions
contribute to the cation's positive charge. On the other hand, the anion, Octanoate
[6 'O 0 ] jis derived from octanoic acid, characterized by a long-chain alkyl group
consisting of eight carbon atoms. Furthermore, it is an ambient temperature ionic
liquid that is stable throughout a wide temperature range, making it suitable for high-
temperature applications without risk of the decomposition or evaporation [113].
Physical properties of the three ILs studied in this work; [C2mim][OAc], [C4mim][OAc]

and [C2mim][Oct]are summarized in Table 1.2.

Figure 1.10: Chemical structure of the IL 1-Ethyl-3-methylimidazolium octanoate,
[C2mim][Oct].
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Physical [C2mim][OAc] | Ref. [C4mim][OAc | Ref. [C2mim][Oct] | Ref.
properties ]
Molecular mass | 170.21 - 198.26 - 254.38 -
(g/mol)
Density (g/® & at | 1.09903 [134] 1.05259 [135] - -
25°C
Melting point (J # | <-20 - <-20 - <-20 -
Viscosity at 25 °C | 0.15 [23] 0.4475 [135] - -
(Pa.s) [133]
0.390

Price £/100 g 318 Proionic | 285 Proionic 153 Proionic
solubility fully miscible - fully miscible | - fully miscible | -

Table 1.2: Physical properties of ILs studied in this work; [C2mim][OAc],

[C4mim][OAc] and [C2mim][Oct].

1.5 Dissolution process of dissolving cellulose

The dissolution mechanism of cellulose is not fully understood, even though it is a
crucial stage in the processing of cellulose, which occurs prior to its transformation
into high-value products through the use of anti-solvents for coagulation [136]. The
dissolving processing of cellulose can work by only disrupting of the hydrogen bond
network between the interactions between and within molecules [26, 137-139]. Most
of the current experiments found that the breaking of the hydrogen bonds occurs via
the interaction between the hydroxyl groups of cellulose and ions of the IL [140].
Based on Feng et al. the dissolution of cellulose occurs predominantly through the
interaction between the anion of the IL with the hydrogen atoms of the hydroxyl

groups of cellulose and whilst cation associates with the oxygen atoms of hydroxyl
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groups [141]. Figure 1.11 illustrates the mechanism of dissolution cellulose in ILs,
and it states that the individual cellulose chains are peeling away from the crystal
lattice during the dissolution [142]. The dissolution of cellulose in the solvent occurs
in three main steps: the swelling of the polymer network at the polymer-solvent
interface is the initial step. Then, the swelling allows separating of chains and finally,
chains becomes able to migrate into the solvent [143, 144]. Moigne et al. reported
that these chains started to separate and move into the solvent in the early stage of
the dissolution process [145]. Dissolution begins outside and moves within, and the
dissolution mechanism is comparable in crystalline and amorphous areas, although

the speed is occurs more faster in the amorphous regions [146].
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Figure 1.11: The diagram of the dissolution process for dissolving cellulose in the
ILs and a glucan chain peeling away during the dissolution process. Taken
from: [142].
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The literature generally agrees that dissolution is based on a solvent's capacity to
effectively destroy hydrogen bonding within cellulose [147]. The Lindman hypothesis,
introduced by Bjorn Lindman in 2010, claims that the hydrophobic interaction in
cellulose dissolution is exceeding the importance of hydrogen bond disruption [137].
This hypothesis is not consistent with the traditional view that H-bonds are the
primary role of dissolving cellulose.

is insoluble in water, is the insolubility of cellulose in water solely due to the hydrogen
bonding between cellulose molecules?. Cellulose is an amphiphilic polymer, with
both hydrophobic and hydrophilic groups. Hydrophobic interactions are crucial for

understanding the solubility pattern of cellulose due to its amphiphilic property.

Despite water's hydrogen bonding ability, cellulose's non-polar hydrophobic

interactions play a significant role in its insolubility in water.

Lindman's investigation highlights contradictions in the hydrogen bonding
explanation. For example, cellulose should dissolve well in water if the hydrogen
bonds were the primary factor which is similar to the hydrogen bonds in dextrin.
Instead, Lindman postulates that cellulose's amphiphilic properties, the enhancement
of aggregation and reduction of solubility, are due to hydrophobic interactions
between cellulose molecules in water. Solvents such as ILs and NMMO have been
used to dissolve cellulose in order to investigate this hypothesis. They are amphiphilic
solvents and can dissolve cellulose effectively due to the disruption of hydrophobic
interactions that contribute to its insolubility. Instead of focusing on the dissolution
due to breakage of hydrogen bonding, the Lindman study presents a fresh

perspective on cellulose dissolving by emphasizing hydrophobic interactions.

Recently, the importance of hydrophobic interactions has received considerable
attention in several studies, supporting the Lindman hypothesis. Norgren et al.
reported that the amphiphilic properties of cellulose have been shown to improve its
interactions with solvents, particularly hydrophobic molecules, hence facilitating the
dissolution of cellulose [148]. Similarly, Alvse et al. found that solvents containing
hydrophobic molecules effectively disrupted interactions between cellulose chains,
supporting the idea that hydrophobic forces play a significant role in the dissolution

process [149].
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There are numerous counter arguments against the Lindman hypothesis that need
to be considered. A study conducted by Glasser et al. claimed that hydrophobic
interactions may only become an important factor after breaking the H-bonds. They
have claimed that the main reasons of cellulose's insolubility are its crystallinity, which
Lindman hypothesis neglected the importance of the modification in the crystalline
structure to improve solubility, rather than just hydrophobic interactions [150]. This
summary of the key published works shows the complexity involved in the dissolution
process of cellulose, and it is clear that the cellulose dissolution is still not completely

understood.

1.6 Coagulation process and anti-solvents

Cellulose must be regenerated from the cellulose/IL mixtures after dissolution in ILs.
Swatloski et al. conducted an experiment to examine the regeneration of cellulose
that was dissolved in [BMIM][CI]. They observed that by adding anti-solvents such
water, ethanol, and acetone, the dissolved cellulose could be precipitated quickly
[151]. Anti-solvents play a crucial role in transforming dissolved cellulose into usable
products. They are excellent for regenerating dissolved cellulose, which has led to
much scientific research on these substances [152]. Hauru et al. investigated the role
of the solvent in the regeneration of cellulose from its solution in the presence of ILs
([BMIM][Ac], [TMGH][EtCOZ2], and [TMGH][Ac]) and NMMO [153]. These findings
illustrate the ease with which cellulose may be recovered and have motivated
researchers to examine the full potential of ILs for cellulose dissolution and
regeneration. This coagulation process includes two steps: the first is when the IL
has been sufficiently removed from a suitable anti-solvent, then followed by a drying
process. Water molecules stop the dissolving by breaking the H-bonds between

cellulose and solvent, and subsequently form new h-bonds with solvent as well as

withthewat er mol ecul es resulting a new c[B6yst al
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154,155];t hi s mechani sm i s k[h56]wihe caagulafioo pracessi | at i o1

in cellulose-IL solutions involves reforming the cellulose molecules into amorphous
and crystall i n¥7]. fFigwd 1.12 |sbowse thel prodedure of this
mechanism, which shows the solvent molecules are observed to separate from the
hydroxyl groups of cellulose and then attach to the anti-solvent water. This
mechanism has been found to be influenced by the coagulation conditions such as
degree of polymerization, cellulose molecules, cellulose concentration in the solution,

the coagulating temperature, and the coagulant type [156, 158-164]. The complete
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understanding of the process of dissolution and regeneration in ILs is not well-known,
which is a challenge in developing novel ILs for efficient cellulose pretreatment and
processing. In this study, water was used as a coagulating antisolvent to demonstrate
the disruption of solventi cellulose bonds formed during dissolution, and it can display
a far higher degree of crystallinity 43% compared to the ethanol as coagulant 21%,
thus, the resultant cellulose structure has been found to be affected by the type of
antisolvent used [152]. As an illustration, Zeng et al. conducted a comparison of the
anti-solvent capabilities of water and ethanol. They observed that water exhibited
better efficiency in disrupting cellulose-IL bonds [165]. Moreover, another study
conducted by Taokaew and Kriangkrai found that the thermal stability of cellulose
regeneration using water is greater than that of regeneration using ethanol [166].
Subsequently, the anti-solvents can be removed from the cellulose-IL solutions using

a drying process to evaporate the coagulants [78].

Y

A . -
—~
""’P'L:‘-u.\k [A o
\ ,LQ ?jJ ;\?v?, L tr)
| I water
- 7
[Ac] 7——\). \ \

Figure 1.12: A diagram of coagulation mechanism for cellulose regeneration by
adding water to the cellulose/IL mixture with h-bond shown as dashed lines.
Taken from [156].
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1.7 Activation energy and dissolution kinetic factors

Molecules are constantly in motion and moving randomly in all directions. This motion
becomes faster with increased thermal energy that can then be used to break bonds
leading to chemical reactions due to the kinetic energy increases. According to
collision theory, molecules must collide with each other for the reaction to occur, and
the colliding molecules need a sufficient energy to overcome the activation energy
(Ea) barriers, which is the minimum energy required for the react to occur from the
initial state (reactants) to the final state (products), as shown in Figure 1.13 [167].
The reactants are ready to climb over the peak, the highest energy (transition state),
to produce new products [168]. The new products will be on a lower enthalpy O
by overcoming the energy barrier to reach a more stable energy level than the
reactants level: if this happens then the reaction is called exothermic. In this system,
the enthalpy change  "Ois negative, which means that the products have a lower
energy than the reactants, leading the reaction to release energy to the surroundings.
Thus, the energy required to break the bonds in the reactants is less than the energy
release when new bonds are form in the products; as result, this reaction loses
energy which is transferred to the surroundings. However, in the endothermic system,
the new products will be in a higher enthalpy, and the enthalpy change O is
positive, which means the products have higher energy than the reactants, leading
to absorb energy from its surroundings. Thus, the activation energy required for the
reactants to climb over to the transition level is still the minimum amount of energy
which is similar to above system, the old bonds are half broken, and the new bonds
are half made [169].

A Transition state
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Figure 1.13: Changing in the thermodynamic and kinetics during the dissolution.
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The Arrhenius equation is frequently used throughout this work, and this describes a
relationship between the rate of a chemical reaction and the corresponding activation
energy and reaction temperature, see equation 1.1.

QT (1.1)

where | is the scale factor, O is the Arrhenius activation energy, ‘Y is the gas
constant, “Yis the temperature in Kelvin and is | the pre-exponential factor (a

reaction based constant).

If the scale factor ( ) obeys the Arrhenius equation via applying the natural
logarithmic form in both sides, then a plot of In () vs. Y will reveal a straight line

with a gradient ‘O /Y and intercept 0 £ , as evident in equation 1.2.

0e] — O (1.2)

This shift factor 0 € |) specifies how much data must be moved in Ln time to overlay
time-dependent behaviour at different temperatures onto a master curve, so how the
rate of the reaction changes with temperature. TTS is used to align data collected at
various temperatures by shifting it to a reference temperature, creating a master
curve that represents the material's behaviour over a range of times and
temperatures. In addition, the kinetic energy of the molecules increases as the
temperature increases, according to the Maxwell-Boltzmann distribution, as shown
in Figure 1.14. This implies that more molecules will possess sufficient energy to
overcome the activation energy barrier. Moreover, at low temperatures (the red
curve) illustrates the molecule has less energy and move slow, which allow fewer
molecules to overcome the activation energy, resulting a slower reaction. Inversely,
molecules move faster with higher energy leading to higher reaction rate, at higher

temperature (the blue curve).
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Number of molecules
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Figure 1.14: Energy distribution of molecules that exist in a solution at two different
temperatures. As the temperature is increased ( 1< < ), a corresponding
increases in the number of molecules with energy Ea.

1.8 Influence of water on dissolution process

ILs are commonly used as a solvent for cellulose, but the dissolving capability of most
ionic liquids is reduced by the addition of even small amounts of water [170]. ILs are
extremely hygroscopic in nature, and they absorb atmospheric moisture [171].
Several researchers have studied their interaction with water. This interaction could
cause several alterations, such as the structural and dynamical alterations in the ILs
that may change with the type of ILs and concentration of water. The concentration
of water could also affect the ion-water interaction, especially in the case of
hydrophobic ILs [172]. The differences in the ion-water interaction between
hydrophobic ILs and hydrophilic ILs are attributed to the activity of water molecules.
For instance, the water molecules in hydrophilic ILs are stabilized through dipole-
dipole forces and H-bonding, allowing them to remain in the IL system and contribute
to a stable and effective solvent environment. On the other hand, in the case of
hydrophobic ILs, the ILs are reoriented at the interface between the hydrophobic IL
and water leading to the differences in the properties of the solutions [173]. The

presence of water in the ILs alters the nanostructure of the ions [174]. The sizes of
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the alkyl chains of the cations of ILs play a key role in the micelle formation because
of an interaction of ILs with water. Ficke and Brennecke reported that the interactions
between IL and water are stronger than the respective IL-IL and water-water
interactions [175], due to the strong interaction between anion and water molecules
by h-bond forming an anion H-bond structure [176]. The interaction between ILs and
water leads to structural changes that also affect the dynamic properties of the ions.
For instance, the reorientation and diffusion dynamics of the ILs are altered upon the
interaction between ILs and water [173].

Among ionic liquids, imidazolium based ILs are prone to water absorption [177]. The
absorption of water can reduce the available bond on the anion, and as a result,
decrease the capability of dissolving cellulose [178]. According to several studies,
even small amounts of water can reduce the effectiveness of ionic liquids in
dissolving cellulose, due to the impact of moisture content [170, 179, 180]. The water
content can modify the diffusion of the cation and anion. In pure ionic liquids, cations
typically diffuse faster than anions; however, this trend can be reversed in the

presence of water [170, 181].

The presence of water can also reduce the interaction between ions due to the
interaction between water molecules and the anion. Liu et al. found that interactions
between cation-anion in the pure ionic liquid are stronger than in the aqueous
solution. The average interaction energies in the pure IL are approximately -1309.08
kJ/mol and - 6725.87 kJ/mol, which are lower than those in solution. This suggests
that the pure IL exhibits a higher ion-to-ion interaction than the mixed IL [182]. Most
investigations focus on cellulose regeneration yield and properties. However, the
microscopic processes of cellulose regeneration, anti-solvent roles, and ionic liquid-

anti-solvent interactions are unrevealed yet.

1.9 Composites

It is important to end this introduction with directions on how the discoveries in this
thesis will feed into the field of composite science and in particular the manufacture
of all cellulose composites. In the 1940s, composite materials were first developed
by reinforcing fibres [183]. Composites comprise two or more discrete constituents
that maintain their separateness in terms of their physical and chemical properties
but, when combined, yield a material with improved properties over its constituent
parts [184]. These constituents often have a matrix that binds and supports the

reinforcement, and a reinforcement, enhancing the composite's mechanical
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properties [185]. A common example of composite material is wood, composed of
cellulose fibres organized in a matrix of lignin and hemicellulose. This structure gives
the wood strength and flexibility, making it the appropriate choice to support the plant
structures. This is mostly applied in construction due to the strength/weight ratio
[186]. They are classified into several divisions, particularly polymer matrix
composites (PMCs), metal matrix composites (MMCs,) and ceramic matrix
composites (CMCs). Currently, PMCs are highly effective and flexible [187], and their
way of production is simple.

1.9.1 All-Natural Fiber Composites

The interest in natural fibore composites (NFCs) is rapidly increasing in the present
market due to their sustainability and environment-friendly material, and they are
used in automotive industries, construction and packaging industries, and several
other industries [188, 189]. These composites can replace some synthetic fibre-
reinforced polymer matrices as an environmentally friendly replacement by
incorporating natural fibres such as sisal, hemp, jute, and flax [190]. Recent works
that have been carried out highlight the mechanical behaviour of NFCs and infer that
natural fibres might well be as strong and stiff as those manufactured synthetically.
For instance, the study by Koronis et al. has shown efforts in the natural fibre to
increase the composites' polymer matrices and tensile and flexural properties [191].
Fiber surface treatment, which improves the bonding of the resulting composite by
enhancing the interface between the fibre and polymer matrix, can retain these
qualities [192]. In addition to the purely mechanical aspects, NFCs present a string
of advantages from the environmental sustainability standpoint. The synthesis of
these composites usually involves a reduced carbon footprint and the use of
environmentally friendly materials as Pickering et al. (2016) stated. Due to properties
such as renewability and biodegradability of natural fibres, it enhances the aims of
reducing resource depletion and waste [193]. Moreover, NFCs offer many
advantages, such as thermal stability, renewability, biodegradability, nontoxicity, and
sound insulation, which increases NFCsd& app

materials and automotive interiors [194].

However, NFCs have encountered several challenges. Such drawbacks include the
variability of the mechanical properties of natural fibres, which, in turn, cause the
inconsistencies of the compositeds perfor ma
unfavorable characteristics of natural fibres, which limit their application in the

industrial sector. These characteristics include excessive water absorption, poor



-30-

bonding, low durability, and low mechanical and thermal properties compared to
synthetic fibres [195]. Another issue is that natural fibres are hydrophilic in nature as
most of them originate from crops, leading to fluctuations in mechanical properties
and swelling of the composites over time. Several scientists have endeavored to
develop chemical modifications and compound materials to improve moisture

resistance and comprehensive performance [196].

1.9.2 All cellulose composites

All-cellulose composites (ACCs) are one of the versatile and novel green materials
synthesized solely from cellulose i Earth's most abundant natural polymer. In recent

years, among plant fibres, flax fibre has been considered one of the most important

natural reinforcements for composite materials. Flax fibre with cellulose content

found to be 70%, and other substances of about 30% have been used as cellulose
sources in ACCs. The tensile strength and t
fibre were 1.2 GPa and 60 GPa, respectively [197], which suggests a significant

potential for application in ACCs. Flax-based materials such as flax nonwoven textile

[47], linen textile [198], flax yarn [199], are reported to make ACCs when [C4mim][Cl],
[C4mim][OAc] and [C2mim][OAc] were used as solvent. As reported on the flax yarn-

based ACCs made with partially dissolved process, the highest tensile strength and
Young6és modulus are found to be 151993 MPa,
Compered to cotton, with the highest cellulose in plants of 90%, the highest tensile
strengthand Youngbés modul us were found to be 68 MP
which suggests hug potential as cellulose sources in ACCs [200, 201]. Therefore,

flax fibre ACC is two times stronger than cotton fibre ACC [85, 202].

Composites are also advantageous in being biodegradable and renewable, thus
providing a green solution to the problem. ACCs are made using cellulose fibres and
a cellulose matrix. There is good compatibility between the fibres and the matrix since
they are chemically related commonly through the partial dissolution of cellulose
fibres. This improves interfacial bonding, which leads to enhanced mechanical
features such as high tensile strength and modulus, allowing them to rival synthetic

fibre composites (Nishino et al.2004).

The significant study conducted by Nyshano et al. (2004) came up with a new
approach of thought that involved the creation of composites from a single type of
fibre. This study demonstrated it was beneficial that a uniform fibre type was
employed in the given research so that the mechanical properties of composites

could be more easily and uniformly predicted. Nyshano's research focused on
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determining how chemical treatments and single-fibore composite processing
techniques may enhance the f i b interfaofal adherence to the matrix while lowering
moisture absorption (Nishino et al.2004). They proved that by choosing one kind of
fibre and then controlling the processing parameters, the mechanical characteristics
could be increased up to the level of multi-fibre composites. This approach helps
solve the variability problem, as it minimizes fluctuations in fibre properties and
creates a more reliable foundation for future research and industry application.
Additionally, all-cellulose composites are completely bio-based and biodegradable
according to the all-polymer composites concept; there eliminate the poor fibre/matrix

interaction when fibres and matrix are made up of dissimilar material [203, 204].

The solvent used, the temperature, and the natural f i b coenpo8ition, kind, and
form all affect how they dissolve [205]. As a result, understanding the kinetics of
dissolving a certain fibre in a cellulose solvent is critical for determining the
relationship between the f i b foendThis will help in deciding the best processing
conditions that can be used to create better ACCs in terms of their mechanical

properties.

Among these, the ACCs that are produced include those produced through the
impregnation method (two-step method) or systematically dissolving partial method
(one-step method), as shown in Figure 1.15. The two-step method called the
impregnation method, is used to produce ACCs, all-cellulose composites. In this
process, cellulose fibres are first treated using a solvent system that selectively
dissolves the cellulose and any hemicellulose. The main feature of the method is that
the dissolved cellulose can penetrate through the layers and get onto the surface of
undissolved cellulose fibres. This interaction results in the development of a further
embodiment whereby the dissolved cellulose surrounds the fibres. Then, adding
cellulose fibre to the solution and the cellulose leaves to precipitate or coagulate to
form a strong shell between matrix and fibre composite [78, 206]. This procedure
optimizes the mechanical features of the composite by strengthening the interfacial
adhesion between the fibres and the matrix: the outcome is a strong, eco-friendly
material. The technique above has used solvents such as NaOH/urea systems, ionic
liquids, and NMMO [207, 208].

The one-step method, also known as the partial dissolution of cellulose, used to
obtain all-cellulose composites since the dissolution and regeneration processes are
a single process. It is more of a solvent that swells the cellulose fibre; the soluble part
also works as a matrix for the insoluble part of the fibre [83]. This results in improved

interfacial adhesion and a reinforcement of the mechanical properties of the final
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composite material [19, 78, 209]. This approach also abolishes the need for additional
processing stages, lowering production costs and increasing efficiency.

Cellulosic fibers Partially dissolved Cellulose

C’Q'C'i

Solvent
Cellulose

|

Partially dissolving

—

Regenerating

Cellulose solution Cellulosic fibers

Figure 1.15: Schematic of ACCs preparation: (a) one-step method and (b) two-step
method. Taken from [209].

The work presented in this thesis would help in the development and production of
ACCs, which requires improving flax yarn dissolving conditions in (ILs) to obtain
particular coagulated fractions and establish the best IL to use and the optimum
processing conditions (temperature and time). Specifically, a woven ACC usually
requires ~30% matrix (coagulated fraction) so the data in this study collected from
various temperature and time combinations illustrate the impact of these variables on
the dissolution process and have been published [210-213], their effects thereby
establishing a precise guideline for the conditions required to achieve the optimal
ratio which is 70% reinforcing fibres (cellulose) to 30% matrix (coagulated fraction)
[83]. The results of this study indicate that manufacturers are now able to predict the

required temperature and dissolve time to obtain the right matrix fraction, increasing
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the accuracy as well as effectiveness of ACC production. It is known that an
appropriate fibre-to-matrix ratio is needed to create a high-performance composite
material with higher strength, low density, and deformation resistance [82, 214].
Controlling temperatures throughout production is essential for maintaining this ratio
and producing a better composite material. The results of this study indicate that
manufacturers are now able to predict the required temperature and dissolve time to
obtain the right matrix fraction, increasing the reproducibility as well as effectiveness
of ACC production.
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Chapter 2

Experimental Methods and Materials

2.1 Introduction

This chapter will present the different experimental techniques used throughout the
project, the purpose of which is to investigate the dissolution mechanism of flax yarns
in three distinct ionic liquids. The ionic liquids were chosen such that two had the
same acetate anion [OAc]” but a different cation, either ethyl [C2mim]" or butyl
[C4mim]*. The third ionic liquid had the same ethyl cation [C2mim] but a different
anion, an octanoate [Oct]. These different combinations allowed the role of the anion
and cation on cellulose dissolution to be investigated. Measurements were carried
out using a combination of optical microscopy, rheology, and nuclear magnetic
resonance (NMR) and all of these represent the majority of the collected experimental
data. They provide the basis for further discussion and different chemical and
physical insights. The effect of water on dissolution was also investigated for ILs and
Karl Fischer titration was used to measure water content of ILs both before and after

any experiments.

Optical microscopy (OM) captures flax yarn morphology and allows to directly follow
the dissolution of the flax fibres. This simple technique offers significant insights into
the fundamental physics of dissolution, allowing the calculation of both the dissolution
activation energy and the dissolution rate. Samples at various stages of dissolution
(for a range of processing times and temperatures) were encapsulated into epoxy
resin and then polished. Viewed in reflection under an optical microscope, two
regions were always clear, a ring of dissolved and coagulated cellulose surrounding
the original fibres. From the optical micrographs it was therefore possible to measure
the amount of dissolved yarn with time and temperature, which is termed the
coagulated fraction. Additionally, it was found that following the increase of the
thickness of this coagulated fraction allowed important information on the diffusion of

the various ionic liquids to be measured.
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NMR is an efficient technique, due to its ability to explore a wide range of chemical
information. In addition, it is not only used in chemical characterization, but it can also
determine diffusion characteristics, molecular structure, motion and conformation.
The NMR studies here will measure the self-diffusion coefficients of each ionic liquid
at different temperatures to determine its diffusion activation energy and effective

molecular size.

Rheological methods offer a wide variety of approaches for examining the
macroscopic flow characteristics of fluids, which can provide insight into the
microscopic properties. The measurements here will be limited to focus on the
viscosity of each ionic liquid as a function of shear rate and temperature to create a
flow curve which then shows the rheological character of each ionic liquid to be

compared and contrasted.

2.2 Materials

Flax yarns have been purchased from Airedale Yarns, Keighley, UK. The chosen flax
fibres were in the form of continuous yarn and had a diameter of 0.5 mm. These flax
fibres have been chosen to build on the first work of our research group [22] using a
single ionic liquid [C2mim] [OAc]. The ionic liquids used in this study were [C2mim]
[OAc] with a purity of 98%, [C4mim][OAc] with a purity of 98%, and [C2mim] [Oct]
with a purity of 98% which were all purchased from Proionic GmbH, Grambach,
Austria. As described above, these three were chosen so that each pair has a
common anion or cation, enabling the role of cation and anion to be studied. In order
to investigate and determine the dissolved coagulation fraction at each processing
condition, epoxy resin was used to embed the samples (Epoxicure, Cold Cure
Mounting Resin from Buehler, UK) and then examined using optical microscopy (OM)
in reflection to allow for clear images. Water was used as the coagulant as it has
been reported to perform effectively in regenerating dissolved cellulose [165]. A
nitrogen vacuum was employed to prevent moisture contact with the ILs that were
used for water experiments. An MBraun Labmaster 130 glove box was used to
prevent water contamination in the IL samples for NMR and density measurements.
Karl-Fischer titration using a Metrohm 899 Coulometer was employed to determine
the water content in ionic liquids as received, giving the water content in the
experiments of [C2mim][OAc], [C4mim][OAc], and [C2mim][Oct] were 0.2 wt.%, O
wt.%, and 0.1wt.% respectively.
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2.3 Dissolution Procedure

The various stages to perform the dissolution experiments and analyse the partial
dissolved yarns are shown in Figure 2.1. Flax yarns were first wrapped individually
around a polytetrafluoroethylene (PTFE) Teflon picture frame of 5 cm x 5 cm, binding
both ends of each yarn. Repeated measurements were taken at the chosen
temperatures and timings during processing by winding four separate yarn samples
onto each frame for testing. Next, the IL (approximately 50 ml) was preheated in a
PTFE tray for 1 hour before starting the dissolution experiments to ensure that it was
stable at the selected target temperature. Then, submerging the frames in a Teflon
plate filled with preheated IL in a vacuum oven, the flax samples were dissolved at
various temperatures and times (Shellab 17L Digital Vacuum Oven SQ-15VAC-16,
Sheldon Manufacturing, Inc., Cornelius, OR, USA). Subsequent to the dissolution of
the composite, it was immediately removed from the ionic liquid and its cellulose was
allowed to coagulate in a water bath maintained at the room temperature for 24 hours.
Following the removal of the partially dissolved composites from the water bath and
allowing them to dry at room temperature for 48 hours, a drying method was
employed. The composite yarns were finally removed from the frame and ready for

embedding in epoxy resin, see Figure 2.1.
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Figure 2.1: Schematic diagram of the process of dissolving flax yarns in pure ILs.

2.4 Optical Microscopy

Optical microscopy (BH2-Olympus Corporation, Japan) at various maghnifications
(x50, x100, and x200) was used to examine partially dissolved flax yarn morphology,
alongside a CCD (charge-coupled device) camera with a resolution of 1920 x 1200
for the capture of clear cross-sectional images. Samples were encapsulated with
epoxy resin for optical microscopy. Each of the four processed samples was vertically
embedded in epoxy resin after the resin and hardener (EpoxiCure 2, BUEHLER)
were mixed at a 4:1 ratio, then the Teflon circular container was left at room
temperature for 48 hours. After that, a grinding and polishing process was applied to
the yarns surface via a polishing machine (STRUERS ROTOPOL-11/ROTOFORCE-
1, Struers Ltd., UK) on the resin to produce a 1 to 2 cm thick sample prior to reflection
analysis, enabling for taking high-resolution images, as shown in Figure 2.2. The
polishing procedure was as follows: 2 minutes using an 800 grit SiC paper, then 4
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minutes using a 1200 grit SiC paper and then finally 6 minutes using a 1-micron

alumina suspension.

To measure the ratio of undissolved core (inner region) to the dissolved and
coagul ated fraction (outer region) of

software was used to measure these two regions, as shown in Figure 2.3. A mouse
was used to draw round the outer perimeter (the orange line shown in the Figure)
which is the area of both the original remaining yarns and the outer dissolved and
coagulated region. A mouse was then used to draw round the inner area, which is

just the remaining raw yarn.

Figure 2.4 shows a set of optical micrographs for samples all processed at 60 °C for
a range of processing times from 15 minutes to one hour. On the left is shown the
drawn outer area and, on the right, the drawn inner area. One interesting aspect is
that the overall size decreases as the coagulated fraction increases as this has a
higher density compared to the original plant fibres, that have some internal voids.

(b)

Figure 2.2: The epoxy resin embedding method. a) Flax yarns were embedded in
an epoxy resin, b) Yarn threads before grinding down and polishing, (c)
Complete curing of yarns allows clear image capture.

t

he
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Figure 2.3: A partially dissolved yarn shows the raw cellulose (inner core), the
coagulated cellulose area and the total area of both raw and coagulated fibre
(outer layer).



Figure 2.4: Microscopy images showing how the boundaries between raw and
partially dissolved cellulose were determined. The outer boundary is shown
on the left and the inner on the right. Yarns shown were dissolved at 60 C for
a) 15 min, b) 30 min, ¢) 45 min and d) 1h. Scale length 0.5 mm.
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The boundaries between the inner core and the partially dissolved region, as well as
between the partially dissolved region and the outside area, can be determined and
established as shown in Fig.2.4. The coagulated fraction CF was calculated using,

50 —— (2.1)

where 0 is the area of the remaining fibre core and 0 are coagulated and

raw cellulose cross-section outer area.

2.5 Viscosity

The viscosity of the three different ionic liquids, as a function of shear rate, was
studied using an Anton Paar 302 rheometer (Anton Paar GmbH, Graz, Austria),
which was equipped with a water bath temperature control system and a Peltier
cover. The Peltier hood was used to prevent water uptake by covering the edges of
the plates from air. A plate- plate geometry with a diameter of 25 mm, and a gap size
of 0.3 mm was used with temperature increasing from 30 C to 100 C. Newtonian
behaviour was observed in all solvents at all temperatures, as evidenced by steady
shear experiments conducted at shear rates ranging from 1- 100 i . The
suggestions of Ewoldt et al. (2015) were followed to, including testing the air check
to prevent the data being scattered; this was done before the measuring process
started [215]. Each sample was heated to the chosen temperature for one minute,
and the measurements were conducted three times to determine an average
viscosity value. The standard deviation in the measurements was found to be less
than 10%.
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2.6 Controlling water content

ILs have a tendency to absorb moisture exposed to humidity and ambient conditions
(Seddon et al., 2000). Therefore, it is important to protect ILs from atmosphere and
minimize their exposure to humidity. Additionally, it is advisable to limit exposure as
much as possible during sample preparation, measurement and storage.

We employed an MBraun Labmaster 130 glove box to prevent water contamination
in the IL samples. The glove box maintained a dry nitrogen atmosphere with a
dewpoint level ranging between -40 C and -70 C. All ILs used for NMR and density
measurements were kept in a controlled atmosphere to minimize humidity exposure.
Karl-Fischer titration using a Metrohm 899 Coulometer was employed to determine
the water content in pure ionic liquids. In cases if storing the ILs in a glove box was

not feasible, pure ionic liquids were carefully sealed and stored in a desiccator.

2.7 NMR Method

The self-diffusion coefficient measurements of 6céd "Qa, 61a "Qd, U 6 @ and
0 @ O ions were determined using a Bruker Avance |l 400 MHz spectrometer. To
measure the diffusion a Diff50 diffusion probe and a *H coil was utilized. We were
able to achieve gradient strengths of, up to 20 Tm'  The gradient field strength was
calibrated by measuring the self-diffusion coefficient of water at a temperature of 20
+ 0.1°C. This measurement involved using a heating element and dry airflow.
Samples were given a minimum equilibration period of 10 minutes prior to each

measurement.

The measurements, at high field were conducted on samples that were carefully
prepared in a controlled environment in a glove box. These samples were sealed
before being taken out as mentioned earlier. We followed the advice of Annat et al.
which included maintaining a sample height of less than 1 cm to minimise any
disturbances caused by convection currents [216]. Additionally, maintaining the
water-cooling system for the gradient coils at 15 °C below the measurement
temperature. This was done in order to reduce the convection currents that were

caused by temperature differences across the sample.

In this work, the pulsed-field gradient (PFG) technique was employed to measure

self- diffusion coefficients, D. A stimulated echo pulse sequence with bipolar



-43 -

gradients was used [216]. Gradient strength was varied stepwise, and D was

obtained by applying the Stejskal-Tanner equation [217]. The gradient pulse lengths,

a, ranged from 1 to 4 ms, whereas the diffu
The uncertainty in the measurements was found to be 10%.

2.8 Anti-solvent distilled water

To investigate the effect of water on the dissolution, amounts of (distilled water) were
mixed into the pure ILs [C2mim][OAc] and [C4mim][OAc] with a magnetic stirrer for
10 minutes prior to use. Three water concentrations were used for the IL
[C2mim][OAc]: 1%, 2%, and 4% by weight. We chose 4 wt.% water as our maximum
limit, as exceeding this concentration results in a dissolving process that becomes
impractically slow for observation within a reasonable time. Four water

concentrations were used: 1%, 2%, 4% and 8% by weight for the IL [C4mim][OAc].

The water content in the ionic liquids was measured using Karl Fischer titration (KFT)
before to and after the dissolving process. The KFT results for the ILs provided by
the manufacturers Proionic indicated that they contained 0.2% water and 0% water
for [C2mim][OAc] and [C4mim][OAc], respectively. The following equation was
applied to determine the amount of water for ILs [C2mim][OAc] and [C4mim][OAc] in

order to investigate the dissolving power and its effect of adding water.

5 Mme=0 x100P / 6 +6 ) (2.2)

where 0 is water concentration and @ , @ are the total weights of the

water and IL, respectively.

The IL/water mixture has a significantly higher vapor pressure compared to pure IL
and may therefore evaporate under a vacuum environment. Consequently, the
vacuum oven environment was replaced with nitrogen to prevent evaporation during
dissolution in the Leybold Sogevac vacuum oven. Many studies have examined the
interaction between ionic liquids and water, revealing that their properties may be
significantly modified in the presence of water. The melting point, polarity, viscosity,

and surface tension of ionic liquids are modified [218].
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2.9 Uncertainties

The equation below is frequently used throughout this thesis to determine the
standard error of the mean (also called the uncertainty in the mean) of the number of

measurements conducted, see equation 2.3.

YO — (2.3)

where'YQ s t he st anda rstdndaedrdeviation of the popsilationhamd N
is the number of measurements taken. The standard error is used to plot error bars
on all the graphs in the following three chapters, where the number of measurements,

N, is usually 4.
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Chapter 3

The Dissolution of Flax Yarn in the lonic Liquid 1l-ethyl-3-

methylimidazolium acetate [C2Zmim]*[OAc]

The significant work of this chapter has been published as follows; Albarakati, F.A.,
Hine, P.J. & Ries, M.E. Effect of water on the dissolution of flax fiber bundles in the
ionic liquid 1-ethyl-3-methylimidazolium acetate. Cellulose. 30, 76191 7632 (2023).
https://doi.org/10.1007/s10570-023-05394-3

The remaining work of this chapter is under review now as follows; Albarakati, F.A.,
Hine, P.J. & Ries, M.E. The Role of Cation and Anion on The Dissolution Rate of Flax
Yarns in lonic Liquids. Cellulose.

3.1 Introduction

For over 30,000 years, the flax plant has been grown all over the world and used for
its fabric, mechanical, and culinary characteristics [59]. Over 2.7 million tons of flax
were produced in 2017, making it cheap and abundant [219]. This plant thrives in a
variety of climates and soil conditions [220, 221]. It is documented as one of the
oldest textile cellulose, and has a typical polymerization degree of approximately
4,000 [60]. Flax fibre-based composites, with their superior mechanical performance,
complete biobased composition, and possibility for recycling, provide a viable
alternative to traditional production materials without causing considerable

environmental harm [20].

The work presented in this chapter investigates a flax yarn and its dissolution process
in an ionic liquid (IL) 1-ethyl-3-methylimidazolium acetate [C2mim][OAc]. Our group
and other research teams have extensively used this ionic liquid as a solvent for
dissolving cellulose materials, such as films, textiles, and composites [22, 113, 126,
171, 222-227]. The dissolving of the chosen flax yarns was examined across various
dissolution temperatures and times, the method being explained previously in
Section 2.3. The structure of the partially dissolved fibres was then examined using
optical microscopy. In all of the partially dissolved composite yarns, a central

undissolved yarn was seen to be surrounded by an outer ring of dissolved and
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coagulated cellulose. From these optical images, two specific parameters were used
to measure the increase in the fraction of this outer material. First, the area fraction
of the dissolved and subsequently coagulated material, called the coagulation
fraction (CF), was determined and then secondly, the growth in thickness of the outer
coagulated layer (Tw). Both parameters have been examined at different processing
temperatures and times. Firstly, the coagulated fraction's growth in the partially
dissolved flax fibre within IL [C2mim][OAc] was shown to follow TTS, enabling the
determination of the dissolution activation energy. Secondly, the growth of the outer
coagulated ring's thickness of the coagulated material was investigated and it was
found that the thickness grew with the square root of the processing time, indicating
a dependence on some aspect of diffusion. The NMR studies given here will measure
the self- diffusion coefficients of each ion of the IL at different temperatures to
determine the diffusion activation energy and effective molecular size of each IL.
Rheology measurements were also carried out to determine the pure ionic liquid's

viscosity as a function of shear rate and temperature.

3.2 Experimental Methods and Materials

3.2.1 The procedure of dissolving the flax samples with [C2mim][OAc]
The dissolution process described in Section 2.3 is used throughout this chapter. It
should be noted that this ionic liquid as received contains 0.2% of water as measured

by Karl Fischer titration.

3.2.2 Optical Microscopy

Optical microscopy was used as detailed in Section 2.4. The dissolution progress of
the flax yarn sample in the IL is determined using two different measurement
parameters, the coagulation fraction (CF) and the thickness of the outer coagulated
cellulose ring, called the ring thickness ( n). The CF was obtained from OM by
measuring the total area and coagulated cellulose area using Eq. 2.1. We used this
approach to assess the applicability of our TTS analysis method. The results obtained
from the TTS analysis allowed us to track the increase of the dissolved and
coagulated fractions, as well as the absolute thickness of this outer layer, for each
combination of time and temperature. A second set of observations were made from

the optical images, by determining the difference in the diameters of the two regions.
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This growth of the thickness of the dissolved and coagulated region has enabled us
to calculate the IL's diffusion, as the thickness growth was found to depend on the
square root of the processing time. The red double-arrow ("Y) indicates the average
ring thickness of the flax samples, as shown in Figure 3.1, and was calculated after
repeating the two diameter measurements four times from multiple directions for each
sample via Eq. 3.1:

ry=rilrr (3.1)

Here 'O "VYis the outer ring diameter and O 0 the dimeter of the undissolved yarn
fraction.

As there are four samples analysed for each time and temperature, this leads to a
total of 16 measurements for each condition, giving an accurate calculation of the
average thickness of the dissolved and coagulated layer. Then, we plot the average

layerthi ck ness against time (t) and then the

Ve
YN el

0.5 mm

Figure 3.1: Optical microscopy images of the cross section of the flax yarn, in
which the total sample, the undissolved section, and the outer ring are
indicated in orange (DT), yellow (DC) and red (J,|ﬂ) double-arrow lines,
respectively.
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3.2.3 The growth of the dissolved and coagulated region for [C2mim][OAc]

We can further investigate the data presented in the Arrhenius plots at a particular

chosen reference temperature to gain insights into the how the thickness of the outer

coagulated area increases over time for dissolution in the IL. By analysing the (TTS)

data it became clear that the growth rate of this region slowed down as time
progressed. Additionally, a linear dependence is observed when the root of

di ssolution time (at) is plotted against I
diffusion governs the growth of coagulated region. The observed linear correlation

between thickness and the square root of time is a strong indicator that the process

in these systems follows Fick's law for diffusion see Eq. 3.2.

rD<O>2=(2D)2 z (2 (3.2)

where r represents the root mean squares of the distances that particles have moved

from their original position, diffusion time t, with self-diffusion coefficient D.

The average thickness was then plotted first against linear time and then against the

root of the dissol utiitwalinearidependefcg,tit)s possiblee n, f i
to determine the diffusion coefficient D from the slope of the line, which will be (2D)* ¢ 2

according to the equation. Further, the gradient ofthe 1 T \& 1000/°Y s used to give

the diffusion activation energy, and the gradient of this method gave an activation

energy similar to gradient that exhibited by following the growth of the area of the

coagulated fraction. Our hypothesis is that because the coagulated region grows as

the square root of the dissolution time, then the controlling factor for dissolution is the

diffusion of the IL through the outer region which comprises dissolved cellulose and

IL.

3.2.4 Viscosity
The method and equipment described in Section 2.5 were used to measure the

viscosity of the pure IL [C2mim][OAc].
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3.2.5 NMR diffusion

The self-diffusion coefficients of the anion and cation in the pure IL were determined
using the pulse sequences and equipment detailed in Section 2.7. The diffusion
coefficient measurements of each ion were averaged over the relevant peaks for the
cation 6¢é& "Qa peaks (1-5, 7) and the anions U 6 & (6), as determined by the
spectral assignment of each peak, as shown in Figure 3.3. The cation proton
resonances for each measurement were determined to have similar diffusion
coefficients, which was to be expected since they were connected to the same ion.
For the diffusion coefficient of cation, this means that only one average number will
be used. Regarding the anion, its diffusion coefficient was determined based on the
resonance of only one proton for [OAc]. *H spectra for the IL 6¢a Q& 0 0 @ is
shown in Figure 3.3. All NMR samples were measured at temperatures ranging from
30 Cto60 C.

(@) : . ©) ©O 6

Figure 3.2: The ionic liquid investigated in this study: (a) [C2mim]+, and (b) [OAc]-.
1H NMR resonances are labelled for each cation-anion pair according to the
spectral assignment and previous published by [110, 113].
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Figure 3.3: High field 1H NMR spectrum (4004 314) of pure IL [C2mim][OAc] at 30
°C, with peak assignments given in red for protons labelled 1-7. The chemical
structure is shown, and the inset includes corresponding labels.
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3.3 Results and discussion

3.3.1 Optical data

A number of typical images representing raw yarns can be seen in Figure 3.4. Figures
3.5 and 3.6 show further higher magnification pictures of the internal structure of the
raw flax yarns. Figure 3.7 is a representation of typical micrographs of both raw yarns
and partially dissolved yarns that were processed at various times at 50 C. These
are very similar to a previous study in this group investigating the dissolution of flax
yarns in the IL [C2mim][OAc] as manufactured by Sigma Aldrich [22]. As shown, a
yarn is made up of various bundles which are tightly packed together with minimal
internal free space. This appears to prevent the ionic liquid from penetrating the core,
and so the dissolution proceeds from the outer edges inwards. The micrographs
suggest that we can consider the partially dissolved composite yarns to be comprised
of an inner undissolved core surrounded by a ring of dissolved and coagulated
cellulose. The coagulation fraction (CF) is calculated by Eqg. 2.1.
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0.5 mm

et

0.5 mm

0.5 mm

Figure 3.4: Microscopy cross- sectional images of multiple raw yarns embedded in

an epoxy, observed at 10 times magnification. Scale length 0.5 mm.
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Figure 3.5: Cross sectional of a raw yarn at 20 times magnification.

Figure 3.6: Cross sectional of a raw yarn at 50 times magnification.
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The average raw flax yarn was calculated using the area determined via ImageJ
software to be 0.442 + 0.002 mm?. Optical micrographs of typical partially dissolved
fibres are shown in Figures 3.7 and 3.8. The CF's growth is illustrated in these figures
as a function of temperature and time, and this growth in CF from 30 °C to 60 °C
suggests that higher temperatures lead to larger size of coagulation material, due to
the diffusion progressing at a higher rate. Figure 3.7 shows samples processed for 1
hour at temperatures of 30, 40, 50 and 60 C while Figure 3.8 shows samples
processed at 50 C for times of 0.5, 1, 1.5 and 2 hours. It can be seen how the inner
undissolved area is surrounded by an outer layer whose size depends on the
processing time and that this increases as time increases. These outer layers are the
result of cellulose that went through the dissolution and coagulation process. It can
be seen that the size (and thickness) of the outer ring of coagulated material

increases with both time and temperature.

To measure the boundaries between the inner core and partially dissolved area, as
well as the partially dissolved area and the outer area, a software (Image J) was used
to trace out each boundary by eye and the ratios between inner and outer boundaries
were averaged across four repeat samples made at each set of processing
conditions. The area enclosed within these boundaries is used to determine the

coagulated fraction and the raw material.



Figure 3.7: Microscopy cross sections of fibre after 1 hour at various temperatures;
a)30 C,b)40 C,c)50 Candd)60 C.CF can be growing as a function of
temperatures. Scale length 0.5 mm.
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Figure 3.8: Microscopy images showing how the boundaries between raw and
partially dissolved cellulose were determined. Yarns shown were dissolved at
50 Cfora)0.5h,b)1h, c) 1.5 h and d) 2h. Scale length 0.5 mm.
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3.3.2 Analysis of the dissolution of flax yarn in [C2mim][OAc] with TTS

In Figure 3.9 is shown the results of the growth of the coagulation fraction of the fibres
processed at different temperatures and times. On this figure, the data represents
the average value of the coagulation fraction taken from the four cross-sectional
fibres processed under the same time and temperature, and the error bar is the
standard error. The CF is seen to increase as a function of both processing time and
the processing temperature.

In Figure 3.9 it can be seen that the CF grows with time at each processing
temperature and grows faster as the processing temperature is increased. Figure
3.10 (a) shows the results for the four temperatures plotted together against linear
time while Figure 3.10 (b) shows the same results plotted against logarithmic time (In
time). The results in Figure 3.10 (b) show a similar gradient in logarithmic time but
appear to be shifted in time, suggesting (TTS) could be applied. The process used to
form a master curve by TTS is to shift different temperature curves horizontally along
the logarithmic time (In time) o axis in order to achieve the best overlap via eq. (3.3)
and (3.4):

o0 04 (3.3)

Taking the natural log of both sides of the equation (3.3) yields the following:

110 110 11p) (3.4)
where O s the shifted dissolution time, t is the dissolution time and 1 1| ) is the shift

factor to move the data from temperature “Yto the reference temperature Y .

Figure 3.10 (c) shows schematically the creation of the master curve, by using the
middle temperature, 'Y = 50 C, as the reference set with therefore scaling
factor| = 1. The 50 C data was fitted with an exponential function used to guide
the eye in order to provide the best shifting of further data sets, then each of the other
data curves 30 C, 40 C and 60 C was horizontally shifted separately along the &>
axis (In time) by a shift factor equal to | 1 towards the reference temperature to
make them overlap, as shown by the arrows. After shifting of the data sets, the master
curve is formed (at 50 C), as shown in Figure 3.10 (d). The temperature dependent
shift factors & |¢ used to form Arrhenius plot of different temperatures at 'Y g .are
summarised in Table 3.1 and also plotted in Figure. 3.10 (e). These shift factors

describe the dissolution rate of the process at the reference temperature. When the



-58 -

value of the In»y is greater than zero, the dissolution rate is faster than at the
reference temperature 50 C; as a result, data require to be shifted to the right in In
time to insure overlap. Conversely, a negative value of the In|  shows the dissolution
rate is slower, and therefore data require to shift to the left in In time to overlap with
the reference.

This exponential master curve shows superimposed data setwith'Y . 0. 9 &,
value was maximized via adjusting the shift factors at the other temperatures
(1 hy and j§ ) to provide the best fit between the shifted points and the
exponential fitted.

We can now plot the four shift factors | 1j for the data against the inverse of
temperature (Y has shown in Figure 3.10 (e). The linear nature of these data
indicates that the dissolution process follows Arrhenius behaviour. The activation
energy (O) in the equation below describes the energy barrier required for the
dissolution of flax fibres in [C2mim] [OAc] that needs to be overcome for dissolution
to occur. The dissolution activation energy of the flax fibre in [C2mim] [OAc] was
calculated, using the slope shown in Figure 3.10 (e), to be 64 + 5 kJ/mol. The
uncertainty comes from the uncertainty from the linear regression fitting and is found
using (LINEST in EXCEL).

L 1A (3.5)

[ — 1] (3.6)

where | is the scaling factor, ‘O is the Arrhenius activation energy, 2 is the gas

constant, "Yis the temperature in Kelvin and is | the pre-exponential factor.

The Arrhenius equation is frequently used throughout this work. This expression
relates to the rate of a reaction to the temperature at which the reaction is occurring,
and the rate of reaction typically increases as the temperature increases. This is
because higher temperatures provide the reactant molecules with more Kkinetic
energy, increasing the chances that collisions between molecules will have enough
energy to overcome the activation energy barrier, leading to a successful reaction,

as detailed in chapter 1.

Using the Arrhenius equation with the TTS principle enables predicting how a system

will act over time at different temperatures by looking at how reaction rates change

t

he
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with temperature. The shift factor I 1;  is employed to build a correlation between
the response of a system at a reference temperature (Tr) and its response at a
different temperature (T). The scale factor (| ) can be calculated from the
temperature dependence of the rate constant, which show the relationship between
(4 )and the Arrhenius equation. It can be used to create a master curve that predicts
the system's behaviour under different conditions of dissolution time and
temperature. So, we can then finally plot the dissolution master curve at any particular
temperature (e.g. 50 C) against linear time which then describes how the dissolution

rate is initially fast and then slows down as time progresses, as shown in Fig. 3.11.
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Figure 3.9: Coagulated fraction as a function of dissolution time at different
temperatures. Polynomial function is used in order to guide the eye and error

bars included.
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Figure: 3.10: (a) CF as a function of both dissolution time and temperature. (b) CF
at various times and temperatures expressed in i 1< Oggc) The shifting
process, by moving the 30 C, 40 C and 60 C data towards the 50 C data.
(d) The final master curve shows the effect of dissolution time and temperature
on the coagulation fraction. (e) The linear nature of the data showing shift
factors 1 ﬁ4| as a function of temperature, an Arrhenius plot and error bars

included.
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Temperature Insy Regression
T(C Coefficient R?
30 -1.7
40 -1 0.98
50 0
60 0.5

Table 3.1: Shift factors obtained from TTS analysis of different temperatures at
reference temperature ('Y ) of 50 C , used to plot Fig. 3.10 (d).
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0.5 [ J
0.4

0.3 °®

C.F.
@

0.2

0.1

0 0.5 1 15 2 25
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Figure 3.11: CF master curve against linear time at a reference temperature of 50
~C showing the dissolution process, and the line is a polynomial of order two fit
to the data.
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3.3.3 Intercept analysis (In )

The intercept method uses the other parameter from the Arrhenius plots of the shift
factors versus inverse temperature, namely the intercept Inj) from Eq. 3.6. The
process used to obtain the intercept from the Arrhenius plot curve was described in
detail for a reference temperature of 50 C. Fig. 3.10 (e) showed that this gave a

gradient of -7.6832x and an intercept of 23.63.

If all of the above analysis is carried out again three times, now using the other three

temperatures as reference temperatures (Y ), so shifting all data to 30 C and 40

“C and finally 60 C in order to create a master curve for each set of data at each of
these temperatures. The shift factors, from 30 C, 40 C and 60 C TTS shifting, can
be plotted separately as a function of reference temperature as before for the 50 C
TTS shifting results. Each set of shift factors for each of the reference temperatures
is again found to display an Arrhenius behaviour, each giving a dissolution activation
energy, see Fig.3.12 (a-c). These plotted graphs give similar gradients, leading to
similar O as calculated from 50 C (64 + 5 kJ/mol). The important result is that
intercept I I in each of  these graphs is itself temperature
dependent 1 | H [ hATIAL 8The shiftfactors &|¢ used to form these three
Arrhenius plots of each temperature in the process as a reference temperature are

summarised in Table 3.2.

The intercepts are 25.33, 24.63, and 23.13 for 30 C Fig.3.12 (a), 40 C Fig.3.12 (b),
and 60 C Fig.3.12 (c), respectively. These intercepts can then be checked to further

verify the Arrhenius behaviour, as follows.

Firstly, we set the temperature “Yas the reference temperature “Y , in Arrhenius Eq.

(3.6), this then gives,

11 — 11 (3.7)
The shift factor at the reference temperature has to equal zero | 1) =0, since the
reference temperature data itself needs no shifting |  =1. Next, by substituting the

value of I Ty = 0in eq.3.7, rearranging Eq. (3.7) to be Eq. (3.8),
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n — 117 (3.8)
[l e (3.9)
This expression above shows that the intercepts | | determined at each reference

temperature themselves will follow an Arrhenius law, being directly linearly
dependent on the inverse of the reference temperature. The gradient of thel | vs
1000/°Y s predicted to give the activation energy, and this is a further confirmation
that the system is exhibiting Arrhenius behaviour, see Fig.3.8 (d). In our work we
have found that this analysis is very sensitive to any curvature or non-Arrhenius

behaviour.

This 'intercept’ method was applied as another method to determine the activation
energy and was then compared with the activation energy for each master curve. The
gradient of the line in Fig.3.12 (d) shows a very similar gradient as the Arrhenius plots
in Fig.3.10 (e) and Fig.3.12 (a-c) and hence gave a fifth value for the activation energy

of 64 + 5 kJ/mol, very consistent with our previous determined values.
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Figure 3.12: Shift factors T 1 I gsa function of inverse temperature, indicating

Arrhenius plot. Reference temperatures of (a) 30 C, (b) 40 C, (c) 60 C and
(d) Plot of the Ln ) of the four intercepts vs the inverse of the reference
temperature . Intercept process, showing shifting to all temperatures
indicating Arrhenius dependence, and error bars included.
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Temperature Insy Regression
T (0 Coefficient R?

30 0

40 0.7 0.98

50 1.7

60 2.2

30 -0.7

40 0 0.98

50 1

60 1.5

30 -2.2

40 -1.5 0.98

50 -0.5

60 0

Table 3.2: The fitting results for flax yarns dissolution in IL [C4mim][OAc] at Y ,
Y ,and”Y ,used to plot Figure 3.12 (a-c).

A number of other studies have shown that the dissolution process follows an
Arrhenius behaviour. Dissolution activation energies of cotton in [C2mim][OAc] of 96
+ 8 kJ/mol was reported by Liang et al. (2021) [228]. Xin Zhang et al. (2021) reported
that the activation energy needed to dissolve silk via [C2mim][OAc] as 138 + 13
kJ/mol [229]. The dissolution rate of cellulose yarns was in a linear relation with the
viscosity of [C2mim][OAc] when both are expressed in natural logarithmic form
indicated that the dissolution process is found to follow Arrhenius behaviour [18]. The
kinetics of cellulose dissolution in ILs have been reported to be dependent on the IL
used and the concentration of cellulose [171, 230, 231]. These studies found that the
rheological activation energy to be from 46 kJ/mol to approximately 70 kd/mol. Villar
et al. (2023) reported that the activation energy needed to dissolve lyocell yarn via
[C2mim][OAc] is 46.8 kJ/mol, this result was reduced by 70% when DMSO was
added [232].
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3.3.4 The growth of the dissolved and coagulated region for [C2mim][OAc]

Further analysis was conducted on the optical micrographs, using the same
technique as described above for the TTS for the dissolution of flax yarn in the IL
[C2mim][OAc], but this time measuring the difference in the diameters of the two
regions and hence the thickness growth with time. The same technique was used as
described above for following the coagulation fraction, by constructing master curves
at each temperature (30 C- 60 C). Figures 3.13 (a-c) show an example of this
procedure for a reference temperature of 50 C. First the thickness results were
plotted on a single graph against linear time, as shown in Figure 3.13 (a). Then, the
thickness measurements were plotted against logarithmic time Ln (time) and then
shifted with time to form a master curve using the temperature of 50 C as a reference
temperature, so all the data points fit into a new exponential function as shown in
Figure 3.13 (b). After that, a relationship set between the thickness values and their
real dissolution time showing the dissolution rate is relatively fast in the initial period,
and then slows down gradually with increase in time, as shown in Figure 3.13 (c). A
linear relationship between the In (| against the inverse of all temperatures, thus,
an activation energy calculated, as shown in Figure 3.13 (d). The same results were
found for the other three temperatures of 30 C, 40 C, and 60 C after applying the
TTS shifting process separately. The slope from this process is similar to the slope
from the dissolution process of the curve in Figure 3.10 (e) and R2. The value of the
activation energy was found to be a 64 + 5 kJ/mol, identical to that found from

following the growth of the coagulation fraction.
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Figure 3.13: (a) The thickness values of the dissolved outer ring as a function of
dissolution time and temperature. (b) A master curve of thickness as a function
of shifted time at various temperatures by using 50 °C, as a reference
temperature. (¢) The thickness as a function of real dissolution time. (d) The

In ¥

as a function of inverse temperature and resulting an activation energy
and error bars included.
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It is seen that Figure 3.13 (c) shows a non-linear relationship with the thickness
growth slowing down as time increases. Figure 3.14 presents an alternative way to
present data, by plotting the thickness against the square root of time for the four
reference temperatures. It is seen that there is linear relationship between the growth
of the thickness and the square root of time, indicating importantly, that the
dissolution could be diffusion controlled. Our hypothesis is that this could be due to
the diffusion of the IL ions through a mixture of IL and dissolved cellulose around
each fibre, rather than the interaction of the IL with the undissolved fibre surfaces.
Furthermore, the slope of each master curve used to calculate the self-diffusion
coefficients by an Arrhenius equation was used to model the temperature

dependence of the self-diffusion coefficient of the ions ‘O,

h

I D=6 O Q (3.10)
where Oy, is the activation energy of diffusion for the ions, T is the temperature, R is

the gas constant, and ‘O is represented the pre-exponential factor.

The gradient of each straight line gives the value of self-diffusion coefficient of the IL
[C2mim][OAC] o8 ™ pTm & fi,pg& ™ pm & fihod8 T

pm & Tihand v® TR p T & Ji atreference temperature of 30 °C, 40 °C,
50 °C and 60 °C, respectively. The linear fit to the data with a high coefficient of
determination R?= 0.98 indicates a very good correlation between the thickness and
the square root of time at each reference temperature. Interestingly, measuring the
diffusion from the growth of the thickness of this outer coagulated layer by optical

microscopy is explored for the first time in our group by [233].
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30 C,40 C, 50 C, and 60 C and error bars included.

The diffusion activation energy from the thickness measurements for IL

[C2mim][OAc] was evaluated by using the D values for each temperature as shown

in Figure 4.14. These linear fits indicate that the system follows Arrhenius behaviour.

Then Eqg. 3.10 was used to calculate the diffusion activation energy for the IL.

Interestingly, the value of the diffusion activation energy of 64 + 6 kJ/mol determined

from Figure 3.15 was found to be very similar to that of the dissolution activation

energy that calculated earlier from the investigation of the coagulated fraction.
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Figure 3.15: Natural logarithm of diffusion as a function of inverse temperature of
flax fibre, indicating Arrhenius plot of [C2mim][OAc].

Numerous investigations have been conducted using the Fick method to quantify and
understand the dynamics of the process across various conditions [233-238]. The
kinetics of cellulose regeneration from cellulose-NMMO-water solutions and
cellulose-NaOH-wat er solutions were found to
NaOH and NMMO in time t as a function of 110, so the experimental data were fitted
with a straight-line approximation, suggesting the presence of a diffusion-controlled
mechanism [236, 237]. Another study evaluated the relative thickness as a function
of square root of time to measure the diffusion coefficients, as far as the thickness is
one of the main parameters in Fick equation. Thus, the study was performed in order
to understand time dependence of the dimensions of regenerating cellulosei NaOHi
water gel in the acid bath [238]. The same procedure was applied for EmimAc and
BMIMCI for 5% cellulose solutions at various temperatures to measure the diffusion
coefficients [234]. The activation energy was determined by analysing the
relationship between temperature and the diffusion coefficients of EMIMAc and
BMIMCI. The determined activation energy was found to be in the range of 15-20
kJ/mol, which is similar to the activation energies measured for the diffusion
coefficients of NaOH and NMMO at this concentration of cellulose [234]. Recently,
the same method was applied for IL [C2mim][OAc] at various temperatures to
measure the self- diffusion coefficient. For hemp yarn, the self- diffusion coefficient

activation energy was found to be 69 £ 2 kJ/mol [233]. For wool yarn, the rate-limiting

f ol
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factors in the two competing dissolution processes appear to differ by temperature:
at low temperatures, disulfide bonds dominate, while at high temperatures, hydrogen
bonds are more influential. Additionally, the diffusion activation energies were found
to be 127 + 8 kJ/mol in the low-temperature regime and 34 + 1 kJ/mol in the high-
temperature regime [235].

3.3.5 Viscosity

Viscosity - shear rate dependence for pure [C2mim][OAc] at temperatures ranging
from (30 C to 80 C) was measured. Figure 3.16 shows the viscosity of the IL
[C2mim][OAc] as a function of shear rate, indicating a Newtonian flow over the
chosen range of shear rates. The average value of viscosity calculated from the
Newtonian shear rate of each temperature was calculated by repeating the

measurements three times in order to calculate an average and a standard error.

As expected, the IL viscosity decreased as the temperature increased. This tendency
is explained by the fact that when temperature is increased the molecules with more
thermal energy can overcome the intermolecular force to move more easily, reducing
viscosity [239, 240]. Data of viscosities are in good agreement with the published
data in [23, 113, 241, 242]. Viscosity values from experiments are summarised in
Table 3.4.

0.1
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Figure 3.16: Viscosity as a function of shear rate at temperatures of 30, 40, 50, 60
and 80 eC for pure I L [C2mim]][ OAc] .
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T(C "H (Pa.s) Error in E
30 0.090 0.030
40 0.053 0.040
50 0.034 0.025
60 0.023 0.031
80 0.011 0.027

Table 3.4: The zero shear rate viscosity measurements of pure IL [C2mim][OAc].

The activation energy for viscous flow was measured from the obtained value of
viscosity at each temperature once again plotted against the inverse temperature.
The activation energy was found by using the slope of this Arrhenius plot for the
viscosity data. The plot of In (=) inverse temperature is linear in the range of

temperatures studied, as seen in Figure 3.17. The corresponding O value was

found to be 37 2 kJ/mol. Very interestingly, this is lower than the value found from
the above studies on the growth of the coagulated fraction and the growth of the
thickness of the coagulated layer. In addition, the obtained ‘O value of 37 2
kJ/mol, is slightly lower than the activation energy 40 + 1 kJ/mol reported by Green
etal. 2017 [113].

Our hypothesis for the difference in these two activation energies is that the viscosity
measurements are for the pure IL, whereas the thickness measurements are
controlled by the diffusion of the IL ions in a mixture of IL and dissolved cellulose that

surrounds each partially dissolved flax fibre.



-74 -

v =4428.7x - 10.145
2=10.9985

4
3.5
3
2.5
2
1.5
1
05

0
0.0028 0.003 0.0032 0.0034

/T (1/K)

Figure 3.17: Shows In (L) viscosity verses inverse temperature.
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3.3.6 Self- diffusion coefficient (NMR)

It can be observed how the self-diffusion coefficient of the anion and cation of pure
IL [C2mim][OAc] changes with temperature (30 °C, 40 °C, 50 °C and 60 °C) using H
NMR spectroscopy. This method allows the molecular mobility of the ionic liquid to
be studied, offering insights into its dynamic behaviour. Importantly, each ion (cation
and anion) can be studied separately. The spectrum with full peak assignments,
which correspond to the various proton environments (H1i H7) was shown above in
Figure 3.3. In our work, we used the N-methyl proton resonance (peak 5) as a
reference point to determine the chemical shift of all the other resonances by
measuring their distances from this peak. Previous studies have demonstrated that
the chemical shift position of the methyl group (peak 5) is least affected [243] by
external factors. The self-diffusion coefficients of [C2mim][OAc] generally increase
with temperature in the range of 30 to 60 °C. The reason for this behaviour is the
increased thermal motion of the ions, which decreases the viscosity of the ionic liquid

and allows for more movement of the ions.
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The resulting self-diffusion coefficients, D, as a function of temperatures ranging from
30 C to 60 C were studied for both ions [C2mim]+ and [OAc]- are presented in
Table 3.5. Again, it is interesting to see that this value agrees well with the value
determined from the viscosity measurements, and lower than that from the
coagulated region studies. These NMR diffusion coefficients calculated at different
temperatures also provide information on the diffusion mechanism. The results of
self-diffusion coefficients as a function of temperatures in Table 3.5 show that both
ions are increased in diffusion coefficient with increasing temperature. However, the
facts may be obtained by comparing the cation and anion diffusion coefficients at
each temperature. The cation [C2mim]+ has a higher diffusion coefficient than the
anion [OAc]- at all temperatures. The data are consistent with previously reported
diffusion coefficients for [C2mim][AOc] [110, 181, 223]. The temperature dependence
of diffusion coefficients can be described with an Arrhenius analysis. Figure 3.18
shows the natural logarithm of self-diffusion coefficient inverse their temperatures of
[C2mim]+, cation and [OAc]-, anion is plotted following Arrhenius equation, see Eq.
3.10. The diffusion activation energies, ‘O, for each ion [C2mim]+ and [OAc]- are
given in Table 3.6. The value of activation energies for self-diffusion for both ions are

agreement with published data (refer to Table 3.6).

T(O) diffusion coefficient (10 m2/s)
[C2mim]* [OAcT

30 1.65 1.37

40 2.64 2.18

50 4.27 3.66

60 7.49 6.42

Table 3.5: NMR self-Diffusion Coefficients of [C2mim]* and [OAc] as a function of
temperatures.
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Figure 3.18: Arrhenius plots of the self-diffusion coefficient for the anion and cation
of the IL as a function of the inverse temperature. Uncertainty in In(D) of 4% is
approximately the size of point.

Activation Energy, | Experiment Literature review References
kJ/mol

Of Mo Q¢ &[42 2 40.6

O W& Q& |43%2 415 [113]

Table 3.6: Self-diffusion activation energy for the ions [C2mim]+ and [OAc]- obtained
from experiment and compared with previous publication.

3.3.7 Stokes-Einstein Analysis

The relationship between viscosity and diffusion is crucial in studying the dynamics
of fluids. It has long been a goal to quantitatively understand this connection as it
helps explain how molecules move, and transport momentum collectively is related
to the hydrodynamic size. By exploring diffusion in solutions, we can gain insights
into various physical properties such, as molecular size, shape, aggregation, and

hydrogen bonding. The Stokes-Einstein relation states:
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o &Y (3.11)
PO Y '

where Q is the Boltzmann constant, 'Y jis the hydrodynamic radius. The value of

"Q is a correction factor [244].

The Stokes-Einstein relationship can be modified by introducing a correction factor "Q
(recall to Eq. 3.11). The factor "Qis unity in classical Stokes- Einstein; however, it can
be modified from unity under certain conditions. The deviation can be attributed to
four conditions: 1) size of the diffusing molecule in comparison to the mixture, which
leads to a decreased f. 2) The diffusing molecule is small compared to the mixture,
which again reduce "Q 3) The interaction between diffusing molecules and their
surroundings, such as through hydrogen bonding, leads to a rise in "Q4) The creation
of aggregates results in an enhanced effective hydrodynamic radius of diffusing
molecules, which therefore leads to a rise in "Q[181]. The correction factor "Qin this
study depends on the specific circumstances of the diffusion process, which is the
size of the diffusing molecule is similar size to the mixture, which reduce "Q Various

studies have shown that a pre-factor of "&2/3 is suitable for a variety of molecular

liquids [113, 181, 245, 246], so this value has been appl ice
analysis in this study.

The plot of D against T/ d for all species i
that, the plots of D against T/ d wddlked | i n
The linear correlation in the experimental data demonstrates that the Stokes-Einstein
equation provides a suitable description of

system of [C2mim][OAc]. The gradients from the Stokes-Einstein fitting are used to

calculate the values of 'Y j, refer to Eq. 3.11. The values of the 'Y  are 2.19 A and

2.57 A, for the cation and anion of [C2mim][OAc], respectively.
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Figure 3.19: Corr el ati on between D and T/
[C2mim][OAc]. The solid lines are fits to the Stokes-Einstein equation
calculated from Eq. 3.11.

The hydrodynamic radius, 'Y j, can be related to the molar mass of the liquids by

the approximation:

P (3.12)

where U is the Avogadro number; 0 the molar mass of the liquid; and ” the density.

The hydrodynamic radius depends on the size and it is important to note that the size
of the diffuser, not its mass, is what matters for diffusion [247]. To calculate the
hydrodynamic radius 'Y j; theoretically by measuring the density refer to Eq. 3.12, the
values of 'Y xfor the IL [C2mim][OAc] is 3.13 A. It has been demonstrated that the
effective valuesof Yy wer e found to be 2.72 | and

respectively, which are close to previously published values of 2.74 A and 2.24 A
[113, 133, 181, 248].

or

. 20



-79 -

3.4 Conclusion

The dissolution of flax fibres in the ionic liquid [C2mim] [OAc] has been studied as a
function of dissolution time and temperature. The dissolution process allowed the
partially dissolved flax composite fibres to be created, after which OM was used to
analysis the morphology of the partially dissolved fibres and it was found that the
core, undissolved, fibre is surrounded by a coagulated flax matrix phase as
dissolution proceeded. The coagulation fraction became larger as a function of time
and temperature which was found to follow (TTS). The shift factors used to obtain
the master curve across their dissolution temperatures was found to show an
Arrhenius behaviour in this system. As a result, an activation energy was measured
to be 64 N 5 kJ/ mol. An fiintercept methodbd
to any curvature in an Arrhenius type plot and confirmed the Arrhenius behaviour of

our data. This method confirmed an identical activation energy of 64 + 5 kJ/mol.

Further analysis used the same techniques to measure the growth of the thickness
of the outer coagulated cellulose ring at various temperatures and times. Thickness
was calculated at each temperature, as a reference temperature, and a linear
relationship was found between the thickness and square root of the processing time,
indicating that the system is diffusion limited. Furthermore, the slope of each master
curve was used to calculate the diffusion coefficients and the gradient of each straight
line gives the value of diffusion coefficient of the IL [C2mim][OAc]. By plotting a
relation between the natural logarithm of diffusion against the inverse of temperatures
to calculate the diffusion activation energy for the IL. Interestingly, the value of the
diffusion activation energy based on thickness measurement of 64 + 6 kJ/mol was
found to be very similar to the dissolution activation energy from following the growth
of CF.

The pure IL [C2mim][OAc] solution viscosity was measured for all our samples. As
it is expected, this decreases when temperature is increased. The activation energy
for viscous flow was measured form the obtained value of viscosity at each
temperature as function of inverse their temperature as fitted with the logarithmic
form of Arrhenius plot. The activation energy was found by using the slope of this
Arrhenius plot for the data of viscosity. The plots of In(-) vs inverse temperature is

linear in the range of temperatures studied and the corresponding O value was

found to be 37 1 kd/mol which is lower than that from the coagulated region studies.
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The NMR self-diffusion coefficient for each component ([C2mim]+,[OAc]- in the
mixtures was measured using high field NMR (400 MHz). It was found that larger
[C2mim]+ diffuses faster than its counterpart [OAc]- in the pure [C2mim][OAc]. The
activation energy values of both ions [C2mim] and [OAc] obtained from NMR diffusion
measurement are very close to the activation energy value of viscosity, so the IL
follow a Stokes-Einstein relationship. Natural logarithm of self-diffusion coefficient
inverse their temperatures of [C2mim]+, cation and [OAc]-, anion is plotted flowing
Arrhenius equation. The diffusion activation energies are 42 2 kJ/mol and 43 2
kJ/mol for [C2mim]+ and [OAc]-, respectively.

This work provides further insight into the mechanism of cellulose dissolution in ILs.
Ries et al. (2018) highlighted that the factors affecting the macroscopic and
microscopic properties of cellulose/[C2mim][OAc] solutions are different [109], and
therefore, it is useful to investigate both when considering the dissolution of cellulose.
Since the viscosity of the IL is very sensitive to changes in its degree of dissolution
and aggregation, rheological investigation was selected as the most effective
technique for discovering solution differences which offered insights into bulk
properties of solutions. self-diffusion coefficients (D) obtained from NMR can be used
to study the ion interactions. Therefore, using the two techniques, can compare the
macroscopic and microscopic environment experienced by solvent molecules. This
knowledge will be helpful in designing more appropriate cellulose solvents for larger-
scale processing by better understanding the mechanism of cellulose dissolution in
ILs.
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Chapter 4

The Role of cation and anion on the dissolution rate of flax
Yarns in ionic liquids

This chapter is submitted and under review now as follows; Albarakati, F.A., Hine,
P.J. & Ries, M.E. The Role of Cation and Anion on The Dissolution Rate of Flax Yarns
in lonic Liquids. Cellulose.

4.1 Introduction

The previous chapter focused on the study of the dissolution of flax yarns using the
IL [C2mim][OAc] via a range of different experimental techniques. lonic liquids
possess a range of properties and can be employed in various applications. However,
it is crucial to have a comprehensive understanding of the links between chemical
structure and attributes of any given liquid in order to tailor it for specific purposes.
Gaining knowledge, about properties such as the dissolution rate for cellulose,
viscosity, density, and diffusion rates is vital for optimising its use in practical
applications. Additionally, understanding the characteristics of these liquids can aid
in the modification of experimental techniques and might even prove significant in
more intricate uses such, as fractionation or catalysis. The effects of changing the
cation and anion in these ionic liquids can be significant. Altering the length of the
alkyl chain on the imidazolium ring can affect the solvent's physical properties such
as the viscosity, the melting point, and the ability to disrupt hydrogen bonds in
cellulose. The choice of anion and cation also play a crucial role in determining the
efficiency of cellulose dissolution. So, understanding the impact of the ion type,
cation/anion combination and size is crucial for creating ILs with specific features.
Furthermore, the [C2mim] and [C4mim] cations are the efficient cations in ILs for
dissolving cellulose [142]. To the best of our knowledge, this is the first study to use
TTS analysis to examine the impact of both ILs' dissolving capacities. It also

demonstrates how altering the length of the cation/anion chain can have an impact
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on the dissolution behaviour, highlighting the need for additional re-evaluation of
established mechanisms for cellulose dissolution in ILs, Furthermore, only one study
by Lefroy et al. (2021) has been performed on the rheological experiment with 1-
butyl-3-methylimidazolium acetate (C4mim][OAc] [133], and only one study of
rheological and NMR diffusion experiments by Green et al. (2017) have been
performed with 1-ethyl-3-methylimidazolium octanoate [C2mim][Oct]) [113]. In
addition, ILs [C4mim][OAc] and [C2mim][OAc] have displayed similar cellulose
dissolving capacities [224, 249]. Wendler et al. (2012) state that the onset
temperature “Y - the point at which these chemicals start to break down or reacts-
unaffected by the length of the alkyl chain in both ILs [C4mim][OAc] and
[C2mim][OAc]. As a result, these ILs with various alkyl chain lengths show
comparable safety with respect of industrial applications, as the onset temperature is

a crucial factor in determining the safety of materials in industrial processes [124].

This following chapter will study the dissolution behaviour in two further imidazolium
based ILs in their pure form. For the first, the anion is kept the same as in the work
described in the previous chapter (acetate [OAc]) but the cation is changed to (1-
butyl-3-methylimidazolium) [C4mim]*. For the second the cation is kept the same (1-
ethyl-3-methylimidazolium) [C2mim]*, but the anion is changed to an octanoate [Oct]
. The same patrtial dissolution method is employed, also using the same flax yarns
as in the previous chapter with dissolution carried out at a range of temperatures and
times, using the ILs as the dissolving solvents, and water as the coagulant. For the
two new ILs studied in this chapter, the dissolved and coagulated material produced
an outer ring of a matrix phase as seen previously. Techniques used to study the
dissolution included TTS (using Arrhenius plots and the intercept method), rheology,
density, use of the growth of the matrix thickness with time to determine diffusion
constants together with using NMR data and Stokes-Einstein analysis. These two ILs
were chosen to highlight how changing the cation/anion chain length might affect the

dissolution behaviour compared to [C2mim][OAc].

4.1.1 Role of the anion on the dissolution of cellulose

Previously reported literature has suggested that the IL anion mostly controls the
dissolution of cellulose [250-253]. Anionsdactivity highly depends on their charge,
size, and polarity while dissolving [254]. The anions, acetate, and octanoate, have
specific characteristics that impact their performance in solubility practices; t he i r

chemical structures are shown i n -eRikByUur e 4.
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be expected to influence the dissolution process in the similar way by disrupting the

H-bonds. A molecular dynamic study by Hua et al. (2024) reported that shorter alkyl

chains reduce steric hinderance which allow higher efficiency of the interaction

between anion and cellulose. While longer chain length increases steric hinderance,

decreasing the efficiency of the interaction [259]. Therefore, the H-bond is harder to

form in the longer alkyl chain, making the cellulose hard to dissolve [260, 261].

Figure 4.1: *H NMR resonances of anions (a) the acetate [OAc] is labelled according
to the spectral assignment and previous publication by [133], and (b) the
octanoate [Oct] is labelled according to the spectral assignment and previous
publications by [113].



-85 -

4.1.2 Role of the cation on the dissolution of cellulose

Most researchers acknowledge the role of cation in the solubility of cellulose as only
secondary and that their function remains less significant compared to the anions,
nevertheless it is imperative for one not to dismiss its role. A review of various
research works indicates a weaker interaction between cations and cellulose in the
dissolution [262-265]. Researchers such as Lu et al. (2014) noted that the interaction
between the imidazolium cation and glucose rings occur through only a minor actions
of van der Waals interactions [251]. Furthermore, the need to understand the
complex interactions between cellulose and cations remains valid for a detailed
review of the mechanisms for cellulose solubility. A study by Mezzetta et al. (2019)
investigated the significant changes in the ILs solubility power after various cations
are combined with the anion. They also examined the cation characteristics, with a
focus on the alkyl chain length for the charge-carrying component of the cation [266].
Extensive research by Zhao et al. (2012) investigated the effect of cationic structures
on cellulose dissolution in ionic liquids. A simulation was performed by the authors
for a variety of chloride based ILs that were attached on imidazolium and pyridium
and contained alkyl chains of varying lengths. In addition, this investigation examined
the dissolution of cellulose in [C4mpy]CI (Butyl-3-Methylpyridinium Chloride) and 1-
butyl-3-methylimidazolium chloride [C4mim]CI. It was determined that [C4mpy]CI
dissolves cellulose more effectively than [C4mim]CI. The findings were significant as
they demonstrated that IL [C4mpy] with shorter alkyl chains have a greater ability to
dissolve cellulose compared to those with longer chains [C4mim] [261]. The research
also explored the effect of incorporating an electron-withdrawing group within the
alkyl chain of the cation using AMIM+, which was adopted as a model that
demonstrated the electron-withdrawing group present within the alkyl chain of the
cation led to more enhanced interactions between the cellulose and the cation as
result, the interactions led to more dissolution efficiency for the cellulose.
Furthermore, they demonstrate the value and role of alkyl chain characteristics,
cationic properties, and electron-withdrawing groups within the above process.
Gaining insight into the cationic structural function can help in the development of

ionic liguids that have enhanced ability to dissolve cellulose.
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4.1.3 Effects of Modifying Side-chain Lengths of cation and anion

Many studies have investigated the influence of the effect of anion/cation chain length
on cellulose dissolution performance. However, the exact role of the anion/cation is
still an open question [9, 56, 267, 268]. Researchers have reported that the formation
of hydrogen bonds between anions and cellulose is the primary mechanism by which
cellulose dissolves in ILs [96, 269]. However, it has been concluded that cations have
an indirect role in the dissolving process, rather than creating direct and strong
hydrogen bonds with cellulose [265]. Xu et al. (2014) investigated how the length of
the alkyl chain influences the solubility of cellulose in [C4mim], employing various
anions such as acetate and formate. They found that the acetate is the more effective
for the cellulose solubility compared to the formate [258]. Moreover, the longer alkyl
chain in [C4mim]* can impact the solvent's viscosity and its ability to penetrate the
crystalline structure of cellulose [270]. Conversely, among the 13 cations
investigated with a fixed acetate anion, the imidazolium cation was found to be the
best for the interaction with cellulose, mainly by disrupting the hydrogen bonding
network in the dissolution of cellulose [251]. The molecular dynamic simulation
studies by Li et al. (2018) and Yao et al. (2015) found that the acetate [OAc] anion
has a good ability to disrupt hydrogen bonds in cellulose due to its ability to form three
distinct types of H- bonds with the hydroxyl group attached to the second, third and
sixth carbon atoms (C2, C3, and C6) of the glucose unit in cellulose which create the
separation of cellulose chain easily compare to [CI]" [9, 267]. The result is in line with
the hypothesis that cellulose has a poorer solubility in ILs that contain cations with

larger chain length profiles [267].

The structure of ionic liquids can have a significant influence on cellulose processing
due to their capacity to disrupt the strong hydrogen bond network that forms between
polymer chains. The first studies on IL-cellulose interactions mainly looked at 1-alkyl-
3-methylimidazolium [6 mim] cations with chain lengths from 4 to 8 and different
anions. They found that [0 mim] CI (with n = 4) was the most efficient in increasing
the dissolution rate among the ILs tested [84, 102, 271]. Another study demonstrated
that the properties of the IL and its capacity to dissolve cellulose were significantly
influenced by the length of the cation side chain [272]. ILs that contained different
[6 mim]* cations evidenced that the solubility of these ILs was influenced by the
length of the cation chain, specifically demonstrating an odd-even effect.
Interestingly, the ILs with a chain length as order of [6 mim]* < [6 mim]* < [0 mim]*
exhibited the highest solubility among a range of anions [249, 273, 274]. In a related
work, they used molecular dynamics calculations to investigate how cellulose

dissolves in [Cxmim]-based ILs. The patterns of bonding that existed between the
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cations, anions, and cellulose chains were analysed. At the same time as increasing
the length of the cation chain caused the dynamics of the system to slow down
slightly, it was discovered that this change had only a marginal impact on the
solvation process [94, 275].

4.2 Experiments and Methods

4.2.1 The procedure of dissolving the flax yarn samples with ILs [C4mim][OAc],
and [C2mim][Oct]

This chapter uses the partially dissolving method to follow the dissolution for both ILs
[C4A4mim][OAc] and [C2mim][Oct] which is identical to the method for the same flax
yarns in IL [C2mim][OAc], which is described in our previous in Section 2.3. A Teflon
dish was filled with IL [C4mim][OAc] or [C2mim][Oct] (approx. 50 ml) and preheated
at the chosen desired temperature in an oven for 1h. Four separate yarn samples
were wound around a Teflon frame. Then, the frame with the samples was
submerged into the preheated IL, the dissolution experiments were then commenced
at the various chosen times and temperatures in a vacuum oven under vacuum, after
which the frame with samples was taken out from the IL and placed into a water bath
for 24 hours at room temperature to coagulate the dissolved cellulose. A drying
process then followed, by taking out the frame with the samples from the water bath
to dry for more than 48 hours at room temperature. Karl-Fischer titration using a
Metrohm 899 Coulometer was employed to determine the water content in ionic
liquids as received, giving the water content in the experiments of [C2mim][OAc],
[C4mim][OAc], and [C2mim][Oct] were 0.2 wt.%, 0 wt.%, and 0.1wt.% respectively.

4.2.2 Optical Microscopy

Optical microscope cross sections were obtained and analysed for the processed
samples using the techniques outlined in Section 2.4. The partially dissolved
composite yarns (for each set of four processed samples at the same processing
time and temperature) after embedding in epoxy resin using the method detailed in

Section 3.2.2. Each partially dissolved composite yarn cross section was analysed 4



- 88 -

times for each condition of dissolution time and temperature (from the four samples
wound on the frame) and the average value and standard error were calculated.
6l maged 1.52d6 software was used to measur
multiple directions on each sample (e.g., Figure 3.1 in previous chapter). All the
partially dissolved composites showed the same structure of a central undissolved
yarn surrounded by an outer ring of dissolved and coagulated cellulose. From these
optical images, two specific parameters were used to measure the increase in the
dissolved fraction and hence follow dissolution. First of these was the area fraction
of the dissolved and subsequently coagulated material, called the coagulation
fraction (CF) and then secondly the growth in the thickness of this outer coagulated
layer. Both parameters have been examined at different processing temperatures

and times.

4.2.3 The growth of the dissolved and coagulated region for [C4mim][OAc],
and [C2mim][Oct]

The growth of the dissolved and coagulated region of the two ILs were measured

according to the method detailed in previous chapter section 3.2.3.

4.2.4 Viscosity

The viscosities of two ILs were measured according to the method and the equipment

described in Section 2.5.

4.2.5 NMR Diffusion

To measure the self-diffusion coefficient of the anions and cations in each IL, the
equipment and pulse sequences described in Section 2.7 were used. Based on the
IH spectral assignment of each peak, diffusion coefficient measurements of each ion
were averaged over the relevant peaks for cation 6t & "Q& peaks (1-6, 8,9) and the
anion 0 & @ (7), for cation 6¢é "Qa peaks (1-5, 7) and the anion O @ 6 (6,8,9,10),
as shown in Figure (4.1) and (4.2). The cation proton resonances for each

measurement were determined to have identical diffusion coefficients, as expected,
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due to their attachment to the same ion. Thus, only one average value will be used
for the diffusion coefficient of cation. Regarding the anion, its diffusion coefficient was
determined based on the resonance of only one proton for [OAc], and four protons
were determined to have similar diffusion coefficients for [Oct], therefore, only one
average value will be used for the diffusion coefficient of anion. All NMR samples
were measurements at temperature ranging from 30 °C to 60 °C.

L
[

(@) (b)

Figure 4.2: The cations investigated in this study: (a) [C2mim) and (b) [C4mim]. *H
NMR resonances are labelled for each cation according to the spectral
assignment published by [110, 113] for [C2mim], and [133] for [C4mim].
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Figure 4.3: High field 'H NMR spectrum (4004 34) of pure ILs at 30 °C (a)
[C4mim][OAc] with peak assignments given in red for protons labelled 1-9. (b)
[C2mim][Oct] with peak assignments given in red for protons labelled 1-10. The
chemical structure is shown, and the inset includes corresponding labels.
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4.2.6 Density

The densities of the three pure ILs [C4mim][OAc], [C2mim][Oct], and [C2mim][OAc]
were measured at 20 °C using a graduated cylinder in MBraun Labmaster 130 glove
box maintained a dry nitrogen atmosphere with a dewpoint level ranging between -
40 °C and -70 °C to prevent water contamination in the IL samples we utilized. The
IL used for the density measurements, were stored within this controlled environment

ensuring minimum exposure to humidity.

4.3 Results and discussion

4.3.1 Optical Microscopy

The dissolution mechanism found in the ILs explored in the chapter, [C4mim][OAc]
at 40 °C, 50 °C h60 °C, and 70 °C and [C2mim][Oct] at 80 °C, 85 °C, 90 °C and 100
°C was found to be very similar to that of the IL [C2mim][OAc], as detailed in the
previous chapter. The flax yarns are dissolved from outside and on coagulation in
water the coagulated material forms an outer layer around the inner undissolved core,
which we call the coagulated fraction (CF). Figure 4.4 (a) and (b) shows the growth
of this coagulated layer after various dissolution times and temperature for both ILs.
Figure 4.5 illustrates optical microscopy images showing cross sections of processed
yarn at 60 °C for arange of dissulotion times in the IL [C4mim][OAc]. From these
images, it can be clearly seen that the growth of the coagulation fraction is dependent
on the dissolution time and temperature, so as the appearance of the dissolution
process is similar to that in the previous chapter, TTS master curve can be explored

and constructed.
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Figure 4.4: Microscopy cross section images for partially dissolved flax yarns for both
ILs showing the growth of the CF at various temperatures and times (a)
[C4mim][OAc] and (b) [C2mim][Oct]. Scale length 0.5 mm.
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60°C - 15m

60°C - 30m

60°C - 45m

E:‘;;l ~

60°C - 1h

Figure 4.5: Optical microscopy images showing cross sections of processed yarn at
60 C in arrange of dissulotion times 15 min, 30 min, 45 min and 1h of the IL
[C4mim][OAc]. The CF growth with dissolution times, and the scale length 0.5
mm.
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4.3.2 Analysis of the dissolution of flax yarn in [C4mim][OAc] using TTS

The growth of the CF as a function of processing time and temperature and the steps

used to determine an activation energy of dissolution via TTS is shown in Figure 4.6.

(a) (b)
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0.6 - m60°C ] A50°C
20°C . 0.6 B60°C
i 3 70°C
0.4 - U 04
0.2 A /‘A/gf‘,s. 0.2 ./Ehfﬁ“j_;.
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Figure 4.6: (a) CF as function of all dissolution temperatures and times in

[C4mim][OAc]. Polynomial fits here are used to guide the eye, and in some
cases error bars are smaller than data points size. (b) The CF is here plotted
against the natural logarithmic time. Exponential fits are employed to visually
represent the data. (¢) master curve of the coagulation fraction for all dissolution
temperatures, obtained by shifting the data to the reference temperature of 50
“C. (d) Arrhenius plot presenting the relation between the shift factors, and the
inverse of the temperature. A linear best fit line fit to the data is shown, and
error bars included.
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Figure 4.6 (a) shows the calculated coagulation fractions at processing temperatures
of 40 C, 50 C 60 C, and 70 C for times up to 3 hours calculated from Eq. (2.1)
and then Figure 4.6 (b) shows this data plotted against In(time). Next, Figure 4.6 (c)
shows the data shifted in In (time) to form a master curve using 50 C, as a reference
temperature, using a shift factor | p and their natural logarithm value In| nh
in order to shift the other datasets of different temperatures horizontally. Then, fitting
the dataset at 50 C with an exponentially function to provide a guide to the eye for
other dataset shifting. Next, each dataset is shifted horizontally using a shift factor |
with the aim for all data points to overlap to the reference data curve. To find the best
fit, the coefficient of determination 'Y between the datasets and the exponential curve
maximized by adjusting the shift factors In  of the final fitting at 40 C, 60 C and 70
~C. Finally, Figure 4.6 (d) shows these final shift factors used to form a master curve
at 50 C plotted against the inverse of the processing temperature. A straight line
confirms that the data is again Arrhenius and so an activation can be determined by
Eq. (3.6). For more detailed of the shifting process, refer to a previous chapter section
3.3.2. The shift factors a |¢ used to form Arrhenius plot of different temperatures at
Y g sand the O value are summarized in Table 4.1. So, we can then finally plot
the dissolution curve at any particular temperature (e.g. 50 C) against linear time
which then describes how the dissolution rate of all shifted data are initially fast and

then slow down with time progresses, as shown in Figure 4.7.

Temperature Insy Regression Activation
T(C Coefficient R? energy [
(kJ/mol)
40 -0.09
50 0
60 1.7 0.98 67 1
70 2.1

Table 4.1: Shift factors obtained from TTS analysis of different temperatures at
reference temperature ('Y ) of 50 C, used to plot Figure 4.6 (d).
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Figure 4.7: CF master curve against linear time at a reference temperature of 50 C
showing the dissolution process, and the line is a polynomial of order two fit to
the data.

Now, all the above analysis is carried out again three times, using the other three
temperatures as the reference temperatures ("Y ), so shifting all data to 40 C and
60 C and finally 70 C in order to create a master curve for each set of data at each
of these temperatures. The shift factors, from 40 C, 60 C and 70 C TTS shifting,
can be plotted separately as a function of temperature as before for the 50 C TTS
shifting results. Each set of shift factors for each of the reference temperatures is
again found to display an Arrhenius behaviour, each giving a dissolution activation
energy, see Fig.4.8 (a-c). These plotted graphs give similar gradients, leading to
similar ‘O as calculated from 50 C. The average activation energy required to
dissolved flax yarn the IL [C4mim] [OAc] was found to be 67 + 1 kJ/mol. The shift
factors a /¢ used to form these three masters carves of each temperature in the

process as a reference temperature and the O values are summarized in Table 4.2.
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Figure 4.8: Shift factors { 1 I g2 2 function of inverse temperature, indicating

Arrhenius plots in the IL [C4mim] [OAc]. Reference temperatures ({| » 2P (@)
40 C, (b)60 C, (c) 70 C, and error bars included.
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Temperature Ins g Regression Activation

T(C Coefficient R? | energy I
(kd/mol)

40 0

50 1.6 0.99 67+1

60 2.5

70 3

40 -0.9

50 -0.09 0.99 671

60 0

70 1.3

40 -1.36

50 -0.8 0.98 671

60 -0.2

70 0

Table 4.2: The fitting results for flax yarns dissolution in IL[C4mim][OAc] used to plot
Figure 4.8 (a-c).

4.3.3 Analysis the dissolution of flax yarn in IL [C2mim][Oct] using TTS

For the next IL, [C2mim][Oct], the dissolution process was started using a
temperature of 50 C within a specified time range (30 m, 1 h, 1.5 h, and 2 h), as
used for two acetate anion ILs, but no observable signs of dissolution were detected
even for 3 hours processing time. Subsequently, the temperature was elevated to 60
~C at different dissolution times, but again no outer coagulation layer was observed,
as illustrated in Figure 4.9, whereas the outer coagulation layer was appeared at 60
~C for the [C4mim][OAc] as seen in Figure 4.5. In response to these outcomes, the
temperature was further increased to 80 C, resulting in the formation of a coagulated
fraction layer around the undissolved core after 1h processing time, as seen in
previously Figure 4.4(b). The growth of the CF as a function of processing time and
temperature and the steps used to determine an activation energy of dissolution via

TTS is shown in Fig. 4.10. This is already an indication that the processing
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temperature has to be significantly higher for the IL [C2mim][Oct] compared to the
two based on the acetate anion.

60°C-15m

60°C-30m

60°C-45m

60°C-1h

0.5 mMmm

Figure 4.9: Images showing cross sctions of processed yarn at 60 C ,in arange of
dissulotion time 15 m, 30 m, 45 m and 1h of the for IL [C2mim][Oct], no
coagulation fraction seen, and scale bars included.
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Figure: 4.10: (a) CF as function of all dissolution temperatures and times in
[C2mim][Oct] at 85 C, as reference temperature, polynomial fits used to guide
the eye, and some error bars are smaller than data points. (b) CF as function
of all dissolution time and temperature as expressed in natural logarithmic time.
Exponential fits used to guide the eye, including error bars. (c) master curve of
the coagulation fraction for all dissolution temperatures, exponential fit used to
guide eye, and some error bars smaller than data points. (d) Arrhenius plot
presenting the relation between temperatures and shift factors, linear line fit to

the data, and error bars included.
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To analyse the growth of the fraction of the coagulated layer (called the coagulation
fraction CF), and to create a master curve at a chosen reference temperature (here
at 85 C for the [C2mim][Oct] IL) the following steps were carried out. First, all the
datasets were plotted together in one graph to show the growth of CF with the
increase of time and temperature, as seen in Figure 4.10 (a). Next, the x-axis (time
data) was converted to a natural logarithm time scale (In (t)) to provide a visual guide
for the shifting process. Then, the reference dataset of 85 C was given a scaling
factor | p and hence a natural logarithm value In| 1. Next, the datasets at
the other processing temperatures of 80 C, 90 C, and 100 C were shifting
horizontally left or right by eye using a number equal to In  to overlap with the
reference data of 85 C, creating a final master curve, as shown in Figure 4.10 (b).
The final data points were all fitted to the same exponential function and the
coefficient of determination Y for the datasets was maximized by adjustment of the
shift factors| ,| , and| . A subsequent plot of the shift factors In|  with the
inverse of the processing temperature, showed a linear relationship which indicates
an Arrhenius behaviour, allowing an activation energy to be determined by Eq. (3.6),
as seen in Figure 4.10 (c). The average activation energy required to dissolved flax
yarn in the IL [C2mim][Oct] was found to be 79 + 1 kJ/mol. The shift factors used to
create a master curve of different temperatures at "V g ) as a reference
temperature and the ‘O value are summarized in Table 4.3. Then, we can finally plot
the dissolution master curve at any particular temperature (e.g. 85 C) against linear
time which then describes how the dissolution rate is initially fast and then slows

down as time progresses, as shown in Figure 4.11

Temperature Insy Regression Activation
(C Coefficient R? Energy
e (kd/mol)
80 -0.24
85 0 0.99 791
90 0.41
100 1.17

Table 4.3: Shift factors obtained from TTS analysis of different temperatures at

reference temperature ('Y ) of 85 Cto plot Figure 4.10 (d).
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Figure: 4.11: C.F. master curve against linear time at a reference temperature of 85
C showing the dissolution process, and the line is a polynomial of order two fit
to the data.

Figure 4.12 (a-c) describes the Arrhenius plots of the other three temperatures as
reference temperatures ('Y ), which is same analytical procedure above,
emphasizing that the appearance of, and growth of, the coagulation layer is similar
even at this elevated temperature, as reference temperature. The fitting results
obtained from TTS analysis for’Y g ;,°Y g ;and”Y g , for forming Figure

4.12 (a-c) are summarised in Table 4.4.
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Figure 4.12: Shift factors 1 1y

as a function of inverse temperature, indicating

Arrhenius plot in [C2mim][Oct]. Reference temperatures ({| » 2 BPf (8) 80 C, (b)
90 C, (c) 100 C, and error bars included.
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Temperature Ins g Regression Activation

(C Coefficient R? Energy
e (kd/mol)

80 0
85 0.4 0.99 79+1
90 0.75
100 1.45
80 -0.72
85 -0.39 0.99 79+1
90 0
100 0.71
80 -1.47
85 -1 0.99 791
90 -0.7
100 0

Table 4.4: The fitting results for TTS analysis of flax yarns dissolution in
IL[C2mim][Oct] used to plot Figure 4.12(a-c).

4.3.4 Intercept analysis for both ILs [C4mim][OAc] and [C2mim][Oct]

A further analysis technique was employed on the coagulated fraction data (for both
new ILs studied in this chapter), which was described above in section 3.3.3 and is
termed the intercept method. This technique uses the intercept from each Arrhenius
plot (e.g. Figures 4.6 (d) and 4.10 (d) but formed at each reference temperature for
each IL to determine the intercepts I | , and then these are plotted against the
inverse temperature. For more details of the intercept process, refer to the previous
chapter section 3.3.3. All the intercepts | I calculated at each reference
temperature themselves follow an Arrhenius law, being linearly dependent on the
inverse of the reference temperature, as seen in Figure 4.13 (a) and (b), allowing an
activation energy to be determined. The intercepts | | , plotted against the inverse
temperature.
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From the intercept method (Figures 4.13 (a) and (b)) the linear fit of 1 | vs.
1000/"Y were determined to be 69 2 kd/moland 79 3 kJ/mol for [C4mim][OAc]
and [C2mim][Oct] respectively. From Figures 4.6 (d) and 4.10 (d), the dissolution
activation energies were found to be 67 1 kJ/mol and 79 1 kJ/mol for
[C4mim][OAc] and [C2mim][Oct] respectively, Interestingly, the calculated activation
energies from intercepts method are seen to be in excellent agreement to that
obtained from TTS analysis. In addition, the fourth master curves obtained from TTS
analysis give similar gradients, leading to similar ‘O for each IL. Although
[C4mim][OAc] and [C2mim][OAc] have comparable activation energies, they differ
slightly, which may indicate that the length of the alkyl chain influences the dissolution
process. Compared to the other ILs, [C2mim][Oct] was examined at lower
temperature (30 °C - 60 °C), but it was not providing enough energy to dissolve, while
higher temperature ranges (80 °C -100 °C), suggesting it provides sufficient energy
to break down for the dissolution process compared to [C2mim][OAc] and
[C4mim][OAc]. Summarising the activation energies measured through two different
methods (dissolution method 'O and intercept method O) for the three ILs
[C2mim][OAc], [C4mim][OAc] and [C2mim][Oct] are listed in Table 4. 5.
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Figure 4.13: Intercept process showing shifting to all temperatures indicating
Arrhenius dependence. [C4mim][OAc] (a), and [C2mim][Oct] (b).
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IL Temperature (°C Dissolution Ea Intercept Ea
(kJ/mol) (kJ/mol)

[C2mim][OAd] 30
40 64 +5 64 +5
50

60

[C4mim][OACc] 40
50 67 1 69 2
60

70

[C2mim][Oct] 80
85 79 1 79 3
90

100

Table 4.5: The activation energy measured through two different methods;
dissolution process and intercept method for the three ILs.

4.3.5 The growth of the dissolved and coagulated region for [C4mim][OAc], and
[C2mim][Oct]

The data collected above for the development of the coagulated fraction with time
and temperature was analysed using Eq. (2.1), in a further way by calculating the
growth of the thickness of this layer for both ILs as a function of time and temperature,
as described in detailed in the previous chapter in Figure 3.13. For instance, the IL
[C4mim][OAc] includes four processing temperatures, 40 °C, 50 °C, 60 °C and 70 °C;
By using each temperature separately as a reference temperature, a master curve of

the growth of the coagulation fraction at each temperature can be derived.
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Accordingly, four master curves are constructed, (for example as shown in Figures
4.6 (c)) and the three master curves used to form Arrhenius plots in Figure 4.8 (a-c),

at each reference temperature.

Then, the increase of the thickness of the coagulation layer with time was calculated,
as detailed in sections 3.2.2 and 3.2.3, at each reference temperature using Eq. 3.1.
As before, the results for increasing thickness were again plotted against the square
root of time. Figure 4.14 (a) shows typical data for [C4mim][OAc] at a reference
temperature of 50 "C and it is seen that the results fit well to a linear relationship
between thickness and square root of time, indicating that the system is diffusion
controlled/limited. Furthermore, the slope of each master curve can be used to
calculate the self-diffusion coefficients by using Eq. 3.2. The gradient of the straight
line gives the value of self-diffusion coefficient of the IL [C4mim][OAc]
@ Tt pm | FOat a reference temperature of 50 °C. The linear fit to the
data with a high coefficient of determination R?= 0.98 indicates a very good
correlation between the thickness and the square root of time. The self-diffusion
coefficient values at each reference temperature 40 C,60 Cand 70 C are o®

™ pn | 10, p& ™ pn i FQ and o& ™ pm | TO

respectively, as summarised in Table 4.6.

The same analysis was repeated for IL [C2mim][Oct] at temperatures of 80 C, 85

"C, 90 C and 100 C. Figure 4.14 (b) shows again a typical result for a reference

temperature of 856°Cand demonstrates that the thi

obtained from the master curve in Figure 4.10 (c) and from the three master curves
used to form Arrhenius plots in 4.12 (a-c). The slopes were used to calculate the self-
diffusion coefficients at each temperature as a reference temperature using Eq.3.10.
The slope of the line in the graph can be related to the diffusion coefficient D of ¢&
™ p T a fi ata reference temperature of 85 °C. The obtained self-diffusion
coefficients are pgo ™ pm & Fi, 1& TR pTt & Fi and x&
™y pT1m & Tiat80 C,90 Cand 100 C, respectively, as summarised in Table
4.7.

ckne:
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Figure 4.14: Plots of the thickness vs. the square root of time in hours (h) for ILs. (a)
[C4mim][OAc] at 50 C, and (b) [C2mim][Oct] at 85 °C, Error bars included.
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Reference Temperature (C Te oog=20 TV
40 o T pT
S0 W T pm
60 P& ™ pT
70 o& T® pT

Table 4.6: Self-diffusion coefficients from the thickness for [C4mim][OAc] at each
reference temperature.

Reference Temperature ( C TF Oickd « O 7y
80 P T
85 X T
90 g T8
100 X8 T

Table 4.7: Self-diffusion coefficients from the thickness for [C2mim][Oct] at each
reference temperature.

To determine the diffusion activation energy from the thickness measurements for
both ILs, the data in Table 4.6 and Table 4.7 were used to set the relation between
natural logarithm of diffusion against the inverse of temperature, as shown in Figure
4.15 (a) and (b). These linear fits indicate that the system follow Arrhenius behaviour.
Interestingly, the values of the diffusion activation energies were found to be very
close to those of the dissolution activation energies that found earlier in Table 4.5,
with values of 77 3 kJ/mol and 69 5 kJ/mol for [C2mim][Oct] and [C4mim][OACc],
respectively. A Table here comparing the two ways to determine the activation

energy. Coagulation fraction and thickness/diffusion for the two ILs:
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Coagulation fraction

s (kd/mol)

Thickness/diffusion

s (kd/mol)

[C4A4mim][OAC]

671

69 5

[C2mim][Oct]

79+1

77 3

Table 4.8: Activation energy values from two ways; Coagulation fraction and

thickness/diffusion for the two ILs.

I Dcamimyoa
N
ﬂ
a1

3 3.1

y =-8.3636x 1.9718
R2=0.9908
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1000/T (1/K)
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Figure 4.15: Natural logarthim of diffusion as a function of invers temperature of flax
yarn, indicating Arrhunis plot. (a) [C4mim][OAc] and (b) [C2mim][Oct].

It is interesting at this point to compare the growth of the thickness, and the

associated diffusion coefficients, for the three ILs all at the same reference
temperature. A temperature of 60 C was chosen for this comparison. As this
temperature was below the measured temperature range for [C2mim][Oct], data had

to be synthesised at 60 C using TTS. First, using the Arrhenius equation again, but

this time create the data at 60 °C by adjusting the values from Celsius to Kelvin

according to the change in the previous data at 80 °C due to temperature change, so

the linear equation at 80 °C is Y=T 9.5088w+ 26.935, which represents the best fit

line for this dat &is 1000iTeThen, ciculatestheltempetature a n d
(1000/T) for 60 °C. Next, using this reciprocal values as win the liner equation to

solve for Y (which is In(U0)). The 1000/ T va
computing the | nt(hUe) rfeocraltchuatatwall uen,(U) for
equation again is approximately -1.6071. By determining the difference between the
calculated I n(U) at 60 AC and the actual | n
at 80 °C by this difference to estimatewh at t he I n(U) value would
was 60 AC, so the cal-t@07lawhiehdused o 6hidtihe damr 60 A

from 80 °C to 60 °C. Now, these adjusted values form a new master curve at 60 °C,
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which used to compare with other ILs. Figure 4.16 shows the relationship between

thickness and squar e r @&oQ showingdlineareelatiohship of e a
in each case and the relative diffusion coefficients for each IL. As all three show a
l'inear relationship with at, 0 U ryarsyipallt hesi s

three ILs) is controlled by the diffusion of each IL, most likely through a region of
swollen cellulose/IL around each yarn. From the graph [C2mim][OAc] shows the
faster growth rate followed by [C4mim][OAc], and [C2mim][Oct] shows the slowest
rate.
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Figure 4.16: Thickness of coagulated regions as a function of square root of hours
(mm/ ]| )at60-°C8

This growth rate of the thickness could be influenced by the viscosity of each IL, and
molecular structure (i.e., the anion/cation combinations) of each IL. Moreover, the
longer alkyl chain on the imidazolium cation (C4mim) in comparison to the ethyl chain
on [C2mim] may be the cause of the decreased diffusion coefficient since it might
result in reduced ion mobility and increased viscosity. [C2mim][Oct] has the lower
value of the diffusion coefficient can be linked to the higher viscosity as showed in
the graph. The larger size of the (Oct) can result in more significant interactions
among ions, which can result in reduced mobility. The obtained self-diffusion

coefficients of each IL at 60 °C are summarised in Table 4.9.



- 114 -

[C2mim][OAc] O Tv [C4mim][OAc]O Tv [C2mim][Oct] O TV

(56+02) pT (1.9+0.1) pm (3.9+0.1) pm

Table 4.9: Diffusion coefficient of the ions at 60 °C.

Each factor that could control the different dissolution speeds for these three ILs is
now investigated in turn.

4.3.6. Density

The density measurements at 20 °C for the three pure ILs [C4mim][OAc],
[C2mim][Oct], and [C2mim][OAc] are given in Table 4.10 with a list of density values

for ILs obtained from our experimental measurements and values from literature.

The density of each IL was determined as follow: first, using a glove box to minimise
contamination, a small amount of the IL was carefully transferred into a graduated
cylinder. Then, the mass of the IL was accurately measured using an analytical
balance, while its volume was recorded from the graduated cylinder. After that, the
density of the IL was calculated by dividing the measured mass by the recorded
volume, yielding the density in units of g/cm3. Next, the molar mass of the IL was
obtained from its chemical formula, and the molar volume was determined by dividing
the molar mass by the calculated density. This step calculates the molar volume of
the ionic liquid (IL) in cubic metres (m3), which is used to estimate the size of each IL

molecule for later analysis.
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lonic liquid Experiment Literature review References
density @ 7HFC
at20 C
[C2mim][OAC] 1.14 + 0.06 1.1014 [113]
1.1024 [277]
[C2mim][Oct] 1.08 0.04 0.9998 [113]
[C4mim][OACc] 1.0557 [135]
1.03 0.01
1.040.6 [276]

Table 4.10: Density of ILs [C2mim][OAc], [C2mim][Oct] and [C4mim][OAc] obtained
from experiments and compared with references values at 20 C.

4.3.7 Viscosity measurements of the pure ILs

Figure 4.17 shows a comparison of the viscosity of the three ILs [C2mim][OAc],
[C4mim][OAc] and [C2mim][Oct] as a function of shear rate at a chosen temperature
of 50 C. The average value of viscosity for each IL calculated from the Newtonian
shear rate for each temperature and the measurements were repeated three times
to calculate an average value of viscosity, and the standard deviation in the
measurements was calculated. The IL [C2mim][OAc] showed a noticeable decrease
in viscosity compared to the two ILs [C4mim][OAc], and [C2mim][Oct], with the IL
[C2mim][Oct] has a higher viscosity compared to other two and this might be due to
the anionbés |l onger chain (Oct). The |l ength

anion significantly affect viscosity as expected.
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Figure 4.17: Viscosity at 50 C verses shear rate of the three different ILs.

Seki et al. (2010) measured the viscosity of various room-temperature ionic liquids

and analysed how different cations and anions affect these properties. They found

that the viscosity of both cationic and anionic were significantly influenced by their

molecular geometry (shape) rather than the molecular weight [278]. In addition, the

study by Green et al. (2017) discusses how the presence of the acetate anion [OAC]

in both [C2mim] and [C4mim] results in more powerful ionic interactions compared to

the octanoate ([Oct]) anion in [C2mim][Oct], this difference in interactions leads to

various viscosity attributes at different shear rates. Specifically, the acetate anion

forms small, stable aggregates that are less sensitive to flow and temperature

changes, whereas the octanoate anion forms larger, less stable aggregates that

decrease in size with increased flow and temperature [113]. Yadav et al. (2018)

discussed the densities and dynamic viscosities of ionic liquids with different cations

and anions. They observed that the anion type significantly controls the density and

viscosity [279]. The molecular weight and therefore the size of IL is expected to
increase the viscosity ofthe IL.An e xt ensi ve study by Tati ana
Navard (2015) found that the viscosity of
mol ecul ar weight due to the higher mol ecul ai
which entangl e mor el oevasrielsyixs@&tdilrecence ceage Val
viscosity for each I L calculated from the N

and the measurements were repeated three ti
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viscosity. The standard deviat i olrhei nvitshceo smet

value for dAd&chsl shawn50n Table 4. 11.

[C2mi m] [ OAc]|[ C4mi m] [ OAc]|[ C2mi m] [ Oct ]

0.034 N 0.020.1203 N 0.03/0.125 N 0.04

Table 4.11: The zero-shear rate viscosity for each IL at 50 °C.

The viscosities d for both ILs [C4mim][OAc] and [C2mim][Oct] as a function of
temperatures ranging from 30 °C to 80 °C were measured. Figure 4.18 shows
viscosity as a function of shear rate for each IL calculated from the Newtonian shear
rate for each temperature, averaged over three measurements. Viscosity is expected
to decrease as temperature increases; however, the viscosity generally increases as
the molecular weight and the length of the anion chain increases. Each IL presents
a decreasing viscosity as temperature increases, with [C2mim][Oct] having a higher
viscosity than [C4mim][AOc] across the temperature range studied (30 °C to 80 °C).
This is due to the longer chain of the octanoate anion and the higher molecular weight
make the molecules moves slower and making fewer attempts to overcome the
barriers, leading to increase the viscosity at all temperature. While, [C4mim][OACc]
has a lower molecular weight, its molecular move faster, making more attempts to

overcome barriers, which lower its viscosity at all temperature.
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Figure 4.18: Viscosity as a function of shear rate at temperatures of 30, 40, 50, 60

and 80 eC for both pure ILs (a) [C4mim]][0C

Figure 4.19 (a and b) shows the viscosity (how measured) for obtained at each
temperature plotted against the inverse of the temperature for [C4mim][OAc] and
[C2mim][Oct]. The activation energies were found by using the slope of this Arrhenius
plots for the data of viscosity. For both ILs, the plots of In (=) inverse temperature are
linear in the range of temperatures studied. The corresponding O values are
showing in the Table 4.12. Table 4.12 highlights that the activation energy values are
higher for [C4mim][OAc] than that of [C2mim][Oct]. The activation energy of viscosity
is a measure of the energy required for molecular motion within a substance to
overcome intermolecular force, flow, and interaction in a fluid. It describes the
temperature dependence of viscosity, indicating how the viscosity of a fluid changes
with temperature. A high activation energy of [C4mim][OAc] suggests that the
substance has a strong intermolecular structure, resulting in higher resistance to flow
and a larger change in viscosity with temperature, while a lower activation energy of
[C2mim][Oct] indicates that the substance has a week intermolecular structure and
is more easily able to flow with a smaller change in viscosity with temperature.
Generally, longer alkyl chains enhance molecular packing and ordering, which can
result a higher degree of aggregation and stronger intermolecular interactions and

thus higher activation energies [280, 281].

80

®*30°c

40°c
50°c
60°c
80°c
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The activation energy for viscos flow O of ILs [C2mim][Oct] and [C4mim][OAc],

measured over a temper atwereéound®hbhegli@ I1oki/moB O

and 46 2 kJ/mol, respectively. For IL[C2mim][OAc], the O, values were found to

be 37 1 kJ/mol, as shown in previous chapter. These findings indicate that
[C4mim][OAc] needs a higher amount of energy to overcome the molecular
interactions for flow in comparison to [C2mim][OAc], and [C2mim][Oct]. These
differences can be related to the higher viscosity resulting from the longer cation
chain [C4mim]. While the difference between the common cation, [C2mim], and the
differences in anions (Oct) and (OAc), their interactions with the [C2mim] cation led
to exhibits higher viscosity energy barriers for viscous flow of (Oct) due to the longer
anion chain. It is also interesting to note that that the activation energies of the pure
ILs, is significantly lower than that found in the dissolution experiments. This
enhances our hypothesis that the diffusion coefficients determined from the growth
of the coagulated regions refers to the diffusion of the ILs in an IL/cellulose solution,

not just the diffusion of the pure ILs themselves.
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Figure 4.19: Shows In (L) viscosity verses inverse temperature (a) [C4mim][OAc],
and (b) [C2mim][Oct].

Activation Energy, | [C4mim][OAcCc] [C2mim][Oct] [C2mim][OAC]
kJ/mol
QOF 46 2 40 1 37 1

Table 4.12: Activation energies for viscous flow for both ILs.



-121 -

4.3.8 Self- diffusion coefficient (NMR)- Pure ILs

The spectrum of pure ILs with full peak assignments, which correspond to the various
proton environments, is seen above in Figure 4.3, (H1i H9) and (H1-H10) for
[C4mim][OAc] and [C2mim][Oct], respectively. One can observe how the diffusion of
the anion and cation of ILs changes, at temperatures (30 °C, 40 °C, 50 °C and 60 °C)
using 'H NMR spectroscopy. The assigned
[C4mim][OAc], and (1-10) for the [C2mim][Oct] molecules were shown above in
Figures (4.2) and (4.3). In our work, we used the proton resonance (peak 5) as a
reference point to determine the chemical shift of all the other resonances by
measuring their distances from this peak. Previous research on imidazolium based
ionic liquids (ILs) has conducted many *H NMR investigations. These studies have
demonstrated that the chemical shift position of the methyl group (peak 5) is least
affected by external factors [110, 113, 243, 282]. Both the anion and cation show an
increase in intensity as temperature increase suggesting that molecular mobility for
both ions also increases with temperature. Higher temperatures lead to lower
viscosity and higher diffusion rates [283]. The results of self-diffusion coefficients as
a function of temperatures in Table 4.13 and Table 4.14 show that both ions are
increased in diffusion coefficient with increasing temperature for [C4mim][OAc] and

[C2mim][Oct], respectively.

T (°C) NMR diffusion coefficient (m?/s)
[C4mim]* [OAc]
30 4.69E-12 4.53E-12
40 8.73E-12 8.50E-12
50 1.43E-11 1.38E-11
60 2.28E-11 2.22E-11

Table 4.13: NMR self-Diffusion Coefficients of [C4mim]*and [OAc] as a Function of
temperatures.

proto
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T (°C) NMR diffusion coefficient (m?/s)
[C2mim]* [Oct]
30 3.94E-12 3.17E-12
40 6.82E-12 5.28E-12
50 1.12E-11 8.93E-12
60 1.55E-11 1.26E-11

Table 4.14: NMR self-Diffusion Coefficients of [C2mim]*and [Oct] as a Function of
temperatures.

With increasing temperature, there may be changes in the structure of the ionic liquid,
such as a transition from more ordered to less ordered structures, which can also
contribute to easier ion movement. It was found that the larger cation diffuses faster
than the anion in both ILs. Moreover, both the cation and anion in [C2mim][Oct] have
lower self-diffusion coefficient values compared to [C4mim][OAc] across the same
range of temperatures.

The study examined the self-diffusion coefficients, D, of both ILs throughout a
temperature range of 30 C to 60 C of [C4mim][OAc] and [C2mim][Oct] are
presented in Figure 4.20 (a) and (b). The diffusion data could be used to calculate
the activation energy for diffusion of the cation and anion. Arrhenius plots Eqg. 3.10,
which graph the natural logarithm of diffusion coefficients versus the inverse of
temperature (in kelvin), provides the activation energies, indicating the sensitivity of
diffusion to temperature changes. Both ILs show a linear trend within the temperature
range studied. The activation energies obtained from the Arrhenius plots are given in
Table 4.15 for both ions. Table 4.15 represents the activation energy values of
[C4mim][OAc] and [C2mim][OAc] were obtained from NMR diffusion measurement
which is very close to the activation energy value of viscosity, so both ILs follow a
Stokes-Einstein relationship [223], as will be described later.

It was observed that the diffusion coefficient of the anion and cation in the

[C4mim][OAc] is larger than that of [C2mim][Oct] at each temperature studied.
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However, both ILs are observed to have cation higher self-diffusion coefficient values
than anion. Since the imidazolium anion is smaller than cation and therefore the
diffusion of anion is expected to be faster than cation, but experimentally this is not
the case. This unexpected slower diffusion of the anion is related to the rich
aggregation in anion compered to cation, as suggested in [284]. lon diffusivities are
influenced by ions' size, shape, and intensity of interactions [282].
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Figure 4.20: Arrhenius plots of the self-diffusion coefficient for the anion and cation
of the ILs as a function of the inverse temperature. (a) [C4mim][OAc] and (b)
[C2mim][Oct]. Uncertainty in In(D) of 7% is approximately the size of data
points.
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ILS [C2mim][OAc] | [C4mim][OAc] [C2mim][Oct]
Viscosity . (kJ/mol) 371 46 2 40 1
NMR D cation [t (kJ/mol) 42 2 44 1 38 2
NMR D anion [t (kJ/mol) 43 2 45 1 39 3

Table 4.15: The activation energies of the viscous flow and NMR diffusion of cation
and anion for the three ILs.

4.3.9 Stokes-Einstein- Analysis

ILs can be analysed using Stokes-Einstein analysis in order to understand the
relationship between microscopic (diffusion) and macroscopic (viscosity) properties.
The Stokes-Einstein equation (Eq. 3.11) can be rearranged to calculate the
hydrodynamic radius of an ion or a molecular with the knowledge of both data of the
viscosity and diffusion coefficient. The hydrodynamic radius Y ; was also determined

using the density data and Eqg. 3.12.

From this formula the values of 'Y j; for the ILs [C4mim][OAc] and [C2mim][Oct] are
3.41 A and 3.65 A, respectively. The effective values of 'Y ; were foundtobe 3 . 0 3 |

and 2. 28 Gg4mimjoand [@AG]erespectively, which are close to previously
published values of 3.01 A and 2.26 A [133].

For the radius of the [C2mi m] and [ Oct ] are 2. 77whichand 3.
are close to previously published values of 2.86 A and 3.11 A [113]. These values of

Yawi || be referred to as 6édensityd values or
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Experimentally, the data of NMR diffusion coefficient against the ratio of temperature

to the viscosity form a single master curve for each ion, as seen in Figure 4.21. These

plots of D against T/ d for al l species ir
presented. It was found that, the plots of
and this linear correlation in the experimental data demonstrates that the Stokes-

Einstein equation provides a suitable description of the relationship between D and

T/ d dthosysteBs of [CAmim][OAc]and [C2mim][Oct].

The gradients from the Stokes-Einstein fitting are used to calculate the values of Y ,
refer to Eq. 3.11. The values of the 'Y , are 2.47 A and 2.54 A, for the cation and
anion of [C4mim][OAc], respectively. For the radius of the cation and anion at
[Comim][Oct]are2.75and3 . 40 | , r.dl® pvwrage valuesbfyY j for the ILs
[C4mim][OAc] and [C2mim][Oct] are 2.51 A and 3.07 A, respectively. These results
acquired using the slopes of each ion from SE approach which referred as Stokes-
Einstein values (SE) are determined from Figure 4.21. It should be noticed that the
larger anion in IL [C2mim][Oct] diffuses slower experimentally and theoretically than
the cation due to the large size of anion. So, the use of microscopic data (diffusional)
compared to bulk attributes (density) distinguishes the two approaches. Both
approaches produce consistent results, which give insight on the systems'
microscopic behaviour (e.g., aggregation and ionic packing) and macroscopic

features (e.g., viscosity) that follow to the SE system.
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Figure 4.21: NMR diffusion coefficients as a function of the ratio of temperature to
the viscosity for (a) [C4mim][OAc] and (b) [C2mim][Oct]. linear fits are used as
a visual guide calculated from Eq. 3.11 and each ion =| J; from Eq. 3.12.

4.3.10 Investigating the dissolution speed and mechanisms of the three ILs:
[C2mim][OAc] [C4mim][ OAc] and [C2mim][Oct] at 60 C.

To do a comparison between the three ILs investigated, it is necessary to compare
them all at the same reference temperature. The chosen temperature was 60 C, as
the two acetate anion ILs ([C2mim][OAc] [C4mim][OAc]) dissolved at a significant
rate at this temperature. However (as shown in Figure 4.9) the Octanoate anion in
the IL [C2mim][Oct], did not dissolve significantly at this temperature in a few hours.
Therefore we need first to do a shifting process for the data of Arrhenius plot at 80
“Cfor IL [C2mim][Oct] to generate a master curve at 60 C, as describe above. Figure
4.22 shows a comparison of the growth of the coagulation fraction as function of
dissulotion time for all three ILs at a reference temperature of 60 C. The differences
between the three ionic liquids based on the information provided in the plot indicate
that the IL[C2mim][OAc] has the fastest dissolution rate among the three, followed
by the other acetate anion IL [C4mim][OAc]. The slowest dissolving rate is exhibited

by [C2mim][Oct], as demonstrated by its CF curve.
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Figure 4.22: Master curves for the three ILs for the coagulation fraction as a function
of dissolution time (h) at temperature of 60 C.

These differences could be due to the length of the alkyl chain in the cation or the
nature of the anion in the ionic liquids or the molecular weight of the ILs. Huddleston
et al. carried out on investigation of ILs that contained [C,mim]* cations and a variety
of anions in order to determine the effects of altering the length of the cation chain
[285]. They compared the alkyl side-chain lengths between octyl (n = 8) and methyl
(n = 1). An increase in the chain length was observed to result in a uniform increase
in viscosity, a decrease in melting point, and a reduction in density for the same anion.
Moreover, longer chains typically resulted in lower solubility, which seems to be
demonstrated by the difference between [C2mim] and [C4mim]. This is due to the
hydrophobic interactions increased throughout longer chains, leading to a more
ordered structure [286, 287]. Moreover, the anion difference between [OAc] (acetate)
and [Oct] (octanoate) also seems to play a significant role in the dissolution

characteristics.

One factor that could be important in affecting the dissolution speed is the pure IL
viscosity. To study this effect, the results from Figure 4.22 were plotted with the x-
axis now normalised by the measured viscosities from section 4.3.7. The datasets
aim to eliminate the direct impact of viscosity on the dissolving rate by dividing the
dissolution time by viscosity. This means that for substances with a higher viscosity,
which would naturally take longer to dissolve, the dissolution time is adjusted to
reflect what the dissolution time might be if the viscosity were the same as that of

substances with lower viscosity. This means that the time scales are determined by
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viscosity, so large time scales will give large viscosity, so we normalise the times by
using viscosity, as seen in as seen in Figure 4.23. It is clearly seen that the two ILs
acetate based, [C2mim][OAc] and [C4mim][OAc] when the viscosity is taken into
account, they nearly overlap. In going from the [C2mim] to [C4mim] the cation is
larger which slows diffusion and raises viscosity, but it has not significantly changed
any other dissolution factor. When the anion is changed to octanoate then the data
no longer overlaps with the acetate results, even when taking into account the change
of viscosity. This hints at the more important role that the anion plays in the dissolution

process.
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0.2 0.4 0.6
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Figure 4.23: Master curves for the three ILs for the coagulation fraction (C.F.) as a
function of dissolution time /Viscosity (h/Pa.s) at temperature of 60 C.

In the next comparison (Figures 4.24 (a) and (b)) the dissolution time X-axis has been
normalised by the self-diffusion coefficient D of the cations and anions measured
from NMR. Here we multiply the time by the diffusion coefficient to take into account
the greater mobility and its effects on dissolution timescales. A large D would suggest
a short dissolution time. Figure 4.23 shows that with this normalisation the results are
very similar to the viscosity normalisation of Figure 4.22. [C2mim][OAc] and
[C4mim][OAc] have a similar relationship between the growth of the coagulation
fraction and normalised time (using either the cation or anion diffusion coefficients)
and as for Figure 4.23, [C2mim][Oct] results shows a slower overall dissolution

process even when normalised.



CF

0.00E+00 Z2.00E-10 4.00E-10 6.00E-10

- 129 -

(a) b
0.8 0.8 L
0.7 :_,'_l,/"' . 0.7 '_\.’/_____::
0.6 0.6 /
0.5 0.5
0.4 —
U 0.4
0.3 0.3
0.2 # [C2mim]|[0A¢] .
# [C4mim]|[0Ac] 02 ®[C2mim][OAc]
0.1 : 0.1 #[C4mim][0Ac]
0 [C2mim][Oct] . (C2mim][Oc]

D*t (m"2) D*t (m"2)

Figure 4.24: Master curves for the three ILs for the coagulation fraction (C.F.) as a
function of normalisation the self-diffusion coefficient measured from NMR at
temperature of 60 C of the (a) cations and (b) anions.

Using either solution viscosity or NMR IL ion self-diffusion, the results with the same
anion collapse to a similar dissolution curve, but the different anion is still slower. For
the final normalisation, the dissolution time is normalised by the diffusion coefficients
calculated directly from the growth of the thickness of the coagulated region and
these results are shown in Figure 4.25. It is seen that normalising the dissolution time
by this factor, that all data collapses onto a set of overlapping curves. Our hypothesis
is therefore that the dissolution of the flax yarn is controlled by the diffusion of each
IL through a saturated cellulose solution that surrounds each flax yarn as the
dissolution progresses, such that when you take into account the additional slowing

down of the ions due to the presence of cellulose, a master curve can be obtained.
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Figure 4.25: Master curve representing the results of the three ILs at temperature of
60 C for the coagulation fraction as function (C.F.) of the D*t from thickness
measurements.

A measure of the relative speed of dissolution in the three ILs can be obtained by
shifting the generated master curves at 60 C to make them overlap. Figure 4.26
below shows the datasets of the three ILs [C4mim][OAc], [C2mim][Oct] and
[C2mim][OAc] in order to calculate the relative dissolution rate between systems. The
procedure of forming these master curves was described in the TTS method shown
in Figures (3.8) in previous chapter, and the TTS in Figures (4.6) and (4.10), so by
choosing the data of [C2mim][OAc] as reference data, then shifting all the data again
for these systems with now each master curve itself shifted separately in natural
logarithmic time to overlap with the master curve of [C2mim][OAc] to create a master-

master curve. So, for example, to overlap the data of [C4mim][OAc] with the master

curve of the data of [ C2mi m] [ OAc] , needed

from the shift factor | n(U). Hefarthissystamh
So, the shift factors of each IL that used to create the master-master curve can use

to measure the relative dissolution speed of each IL directly. The obtained shift factor

Il n(U) and rel at i vsummdrisedio Table4ilé.n r ates ar
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Figure 4.26: Master curve for the three ILs for the coagulation fraction (C.F.) as a
function of Ln (shifted time) in order to calculate the relative dissolution rate
between systems.

ILs Il n(0) Relative dissolution
rate
[C2mim][OAC] 0 1
[C4mim][OAC] -1.40 0.05 0.25
[C2mim][Oct] 2.80 0.03 0.06

Table4.16:The obtained shift factor | n(U)
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Now, the hydrodynamic radius 'Y  for each IL was determined to plot a relationship
between the relative dissolution speed of each IL and their size to determine the
relative dissolution speed between systems. The empirical equation (recall Eq. 3.12)
was applied to the molar mass, utilising it as the input parameter to determine the
effective size of the IL. For the ILs [C2mim][OAc], [C4mim][OAc] and [C2mim][Oct],
the total size of cation/anion for each IL are 3.13 A, 3.41 A and 3.65 A, respectively.

By plotting the relationship between the relative dissolution speed of each IL and
their size, this plotted line suggests reveals that as the size of the ILs increases, the
relative dissolution speed decreases rapidly, see Figure 4.27. This implies that the
differences in hydrodynamic radii of ionic liquids (ILs) have an important impact on
the ability to dissolve cellulose. The IL [C2mim][OAc] shows a smaller ion, which
might be higher ability to penetrate the cellulose structure, therefore disrupting the
hydrogen bonds between cellulose chains compared to other ILs. The IL
[C2mim][Oct] might be less efficient in breaking down cellulose due to their larger
size, which can prevent their ability to penetrate the tightly packed cellulose network.
The dotted line of the graph shows a clear downward trend, indicating dissolution
speed is inversely related to the size of the ILs. Broadly speaking, the [C2mim][OAc]
is 5 times faster than [C4mim][OAc], and 10 times than [C2mim][Oct], as shown in
Fig.4.27.
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Figure 4.27: Master-master curve shows all the results of ILs in order to calculate
the relative dissolution rate between systems. The exponential fit of the
relationship is such that as the size of the ILs increases, the relative dissolution
speed decreases rapidly.

4.4 Conclusion

In this chapter, we have investigated the imidazolium- based ILs [C4mim][OAc] and
[C2mim][Oct] in both macroscopic and microscopic properties over a range of time
and temperature. These results compared and combined with the previous chapter
detailing a study of [C2mim][OAc] in the same flax yarns. This work reveals the role
of cation and anion structure on the dynamics of cellulosic yarn dissolution. The
dissolution process involved submerging the yarns in the ILs for a range of
temperatures and times, followed by coagulation in water. The coagulated material
formed as an outer ring that surrounded the central undissolved yarn. The growth of
the coagulated cellulose was found to increase as the temperature and dissolution
time increased. By shifting the data on to the natural logarithmic scale then shifting
each temperature dependent data set using shift factors to overlap, a master curve
could be formed. The formation of Arrhenius curve was dependent on the relationship
between the shift factors against the inverse of the dissolution temperatures so, a
linear fit revealed Arrhenius behaviour in the system using TTS analysis, allowing the
activation energy to be calculated. The energy required for dissolution of flax yarns
in ILs [C4mim][OAc] and [C2mim][Oct] were found to be 67 1 kJ/moland 79 1,

respectively. All of the above analysis is carried out again three times for each IL, by
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using the other three temperatures as reference temperatures (Y ), so for
[C4mim][OAc], shifting all data to 30 C and 40 C and finally 60 C, and for
[C2mim][Oct], shifting all data to 80 C and 90 C and finally 100 C in order to create
a master curve for each set of data at each of these temperatures. The shift factors
used to form the TTS shifting, can be plotted separately as a function of reference
temperature as before for the 50 C, and 85 C TTS shifting results. Each set of shift
factors for each of the reference temperatures is again found to display an Arrhenius
behaviour, each giving a dissolution activation energy. The activation energies for the
IL [C4mim][OAc] at30 C,40 Cand 60 C were found to be 67 + 1 kJ/mol, which is
similar with to the previous determined values at 50 C. For [C2mim][Oct], the
activation energiesat 80 C, 90 Cand 100 C were found to be 79 + 1 kJ/mol, which
is consistent with our previous determined values at 85 C. From these experimental
results, we determine the intercepts In| at each reference temperature themselves
were follow an Arrhenius law, being linearly dependent on the inverse of the
reference temperature, allowing to measure the activation energy for each IL. The
intercepts activation energies for the IL [C4mim][OAc], and [C2mim][Oct] are found
to be 69 + 2 kJ/mol, and 79 + 3 kJ/mol, which is identical with the previous determined

values of the dissolution process.

The growth of the thickness of the outer coagulated layer was measured also for
each processed yarn as one of important key to calculate the diffusion coefficients.
The dataset of thickness as a function of the square root of time showed a linear
relationship, this is indicative that diffusion controlled the dissolution process which
can be described by Fick's law of diffusion. The calculated activation energies of ILs
[C2mim][Oct] and [C4mom][OAc], the diffusion from the growth of thickness were
found to be 77 3 kd/mol and 69 5 kJ/mol for [C2mim][Oct] and [C4mim][OACc]

respectively, very similar to those from the growth of the coagulation areas.

The pure IL solution viscosities were measured for both ILs [C4mim][OAc] and
[C2mim][Oct], and as expected decreased when temperature is increased.
[C2mim][Oct] has a higher viscosity than [C4mim][AOc] at all temperatures studied
due to the longer chain of the octanoate anion and a higher molecular weight
increasing the overall viscosity. However, the viscosity activation energy for
[C4mim][OAc] is higher than [C2mim][Oct] this might became the acetate anion is
less sensitive to flow and temperature changes. The viscosity activation energy for
[C4mim][OAc] and [C2mim][Oct] were found to be 46 2 kd/moland 40 1 kJ/mol,

respectively.
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It has been demonstrated that NMR techniques are effective for examining the
structure and dynamics of pure ILs. NMR self-diffusion coefficient for each
component ([C4mim]*,[OAc],[C2mim]" and [Oct] were measured using high field
NMR (400 MHz). It was found that larger cations [C4mim]* and [C2mim]* diffuses
faster than their anionic counterparts [OAc] and [Oct] in the pure ILs. The activation
energy value of [C4mim][OAc] obtained from NMR diffusion measurement is same
the activation energy value of viscosity, and the value of the activation energy for
NMR diffusion and viscosity are also same for [C2mim][Oct], so both ILs follow a
Stokes-Einstein relationship. These results could prove useful in the use and design
of either type of IL in the future. Finally, normalising the results by the diffusion from
the thickness measurements collapses all the data onto one curve. This suggest that
it is the diffusion of each IL through a swollen solution of cellulose that is the
controlling factor, rather than the self-diffusion/viscosity of the pure IL. The key
conclusion is that the rate of dissolution of the flax yarns (in all three ILs) is controlled
and limited by the diffusion of each IL through a region of swollen cellulose/IL around
each yarn as it dissolves. This is an important result for controlling the fraction of
coagulated material (and hence mechanical properties) in, for example, all-cellulose

composites.
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Chapter 5

Effect of water on the activation energy and dissolution speed
of lonic Liquids [C2mim][OAc] and [C4mim][OAc]

The significant work of this chapter has been published as follows; Albarakati, F.A.,
Hine, P.J. & Ries, M.E. Effect of water on the dissolution of flax fibre bundles in the
ionic liquid 1-ethyl-3-methylimidazolium acetate. Cellulose 30, 76197 7632 (2023).
https://doi.org/10.1007/s10570-023-05394-3

5.1 Introduction

In the previous chapters we have discussed the fundamental aspects of flax yarn
dissolving in ionic liquids, providing insight into the complex mechanisms behind this
process. Within these chapters, the dissolving of flax fibre in the three different ionic
liquids [C2mim][OAc], [C4mim][OAc] and [C2mim][Oct] in their pure as received
forms were the main topics. The dissolution in all three ionic liquids was found to
follow TTS with Arrhenius behaviour allowing the activation energy of dissolution to
be determined. These three ionic liquids allowed the effect of the cation and anion to
be investigated, emphasizing how structural differences in ionic liquids affect their
capacity to dissolve cellulose-based materials. Arrhenius analyses were used in
these studies to clarify how the dissolving process is temperature dependent. This
work provides valuable insights into the design and selection of ionic liquids for
various dissolving applications. Building on these findings this chapter will investigate
the effect of water on the activation energy and dissolution speed of two of these ionic
liquids, namely [C2mim][OAc] and [C4mim][OAc]. The properties of ionic liquids are
known to be significantly influenced by water, and the aim of this chapter is to quantify
and understand these effects in order to optimise the usage of ionic liquids in various
commercial and research applications. This will be studied by investigating how the
addition of small amounts of distilled water to the IL solvent baths changes the
activation energy required for dissolution as well as the overall dissolution rate. By
investigating how water influences the activation energy and dissolution speed of
[C2mim][OAc] and [C4mim][OAc], and understanding the role of water, we can gain

deeper insights into the dissolution mechanisms of these ILs and potentially optimise
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their use in various industrial and scientific applications. The findings from this study
will contribute to the broader knowledge of IL behaviour and enhance the efficiency
of processes where these ILs are utilized. For instance, in an industrial process using
an ionic liquid, it might be important to remove water from the IL after a coagulation
stage. This work will give valuable insight into what final level of water can be
accepted for the recycled IL to still have appropriate dissolving power. In addition,
studying the effect of water on the dissolution activation energy of flax fibres, which
is an important parameter in quantifying the time scales/ temperatures needed to
determine the dissolution of those fibres, would be useful for optimising the

production of all cellulose composites.

The investigation will be structured as follows: firstly, a literature review exploring the
role of water on the [C2mim][OAc] and [C4mim][OAc] will be provided. Subsequently,
the experimental setup and methodology for measuring dissolution speed and
activation energy with the addition of water will be detailed. Finally, the results will be
analysed and discussed, highlighting the effects of water content on the dissolution
characteristics of these ionic liquids, and builds on the insights from the results in this
chapter. A final comparison presents the measured activation energies, and the

relative and absolute dissolution speed for both ILs with percentage of added water.

5.1.1 Interaction between ionic liquids and water

The IL/water mixture exhibits a much higher vapor pressure and may thus evaporate
under vacuum. Thus, the vacuum oven atmosphere was replaced with a nitrogen
atmosphere to avoid evaporation during the dissolution experiments for both ILs.
Several researchers have studied the interaction between [C2mim] [OAc] and water
and found that its properties could be significantly changed in the presence of water;
for example, the melting point, polarity, viscosity and surface tension of ILs are
changed [172, 218, 288, 289]. The interaction between water and ionic liquids has
been shown to exhibit unique behaviours such as water can alter the structure and
properties of ionic liquids [172]. Studies have shown that water influences the
layering, ordering, and aggregation behaviour of ionic liquids at interfaces [290-293].
This can lead to varied structuring effects, such as enhanced or diminished layering
and ordering depending on the specific ionic liquid and its interactions with water
[294]. The anion type in the ionic liquid plays a crucial role in these interactions. For
instance, ionic liquids containing chloride anions exhibit less spreading at the water/IL

interface compared to those containing bistriflimide anions. This occurs as both
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positive ions and negative ions in the liquid are attracted to the surface, collaborating
to form a stable layer on the water surface [295]. Moreover, Jonas et al. (2012)
reported that the anion has a significant impact on the amount of water absorbed,
with spectral changes in the Raman spectra providing insights into the intermolecular
interactions between cations, anions, and water. For instance, the ionic liquids
containing sulfate anions "YU) showed higher water absorption compared to
fluorinated anions (BFW)mand (PF3)o This has been attributed to the increased
hydrogen bond accepting capacity of sulfate anions, which enables stronger
interactions with water. They also reported that the IL 1-ethyl-3-methylimidazolium
ethyl sulfate [EMIM][EtSO4], exhibits higher water absorption due to the formation of
H-bonds between the water molecules and sulfate anions, indicating that water
molecules formed strong bonds with the sulfate anions, leading to modification of the
structure of the ionic liquid, in contrast to the IL 1-butyl-3-methylimidazolium
fluorinated anion [BMIM][BFY{ which has poor water absorption due to weak
hydrogen bonding of fluorinated anions, resulting in decreased water uptake [296].
These examples demonstrate that the amount of water that an ionic liquid can absorb
from the atmosphere is directly influenced by the type of anion present in the liquid.
In addition, the presence of water tends to increase the ILs surface tension by
changing the magnitude of their initial surface tensions in particular the ILs with the

[C2mim] cation is more significantly affected by water than [C4mim][297].

The influence of hydrogen bonding, on how anions and cations interact in liquids is a
topic of much discussion [298]. The main reason for the interaction between water
and ions in an ionic liquid water mixture is the formation of hydrogen bonds between
the water ion acting as the donors, and the ionic liquid anion acting as the acceptors
[299]. The bonding strength between IL and water about 75 kJ/mol, which is almost
three times higher than that between cellulose and water 21 kJ/mol [178, 300, 301].
The interactions between water and the ions of the ionic liquid lead to changes in
how these two ions interact causing shifts in vibrational band locations between the

pure ionic liquid and mixtures with water.
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Figure 5.1: H-bonds (dashed lines) between the cation and anion [C2mim][OAc], as
illustrated in the molecular structures. Atoms are represented by different
colors: red for oxygen, blue for nitrogen, gray for carbon, white for hydrogen.
Taken from [302].

Figure 5.2: H-bonds (dashed lines) between the cation and anion within
[C4mim][OAc], as illustrated in the molecular structures. Atoms are represented
by different colors: red for oxygen, blue for nitrogen, gray for carbon, white for
hydrogen. Taken from [178].
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5.1.2 Interactions between cellulose and water

Cellulose is known to interact strongly with water considering the high amount of
hydroxyl groups in its molecular chains; however, it is insoluble. The structural and
functional properties of cellulose are significantly influenced by the hydrogen bond
(H-bond) network that forms between multiple cellulose chains in the presence of
water. The solubility, mechanical strength, and interaction with other molecules of
cellulose are all significantly influenced by this network [303]. Cellulose forms
microfibrils that have a lot of H-bonds within each molecule and between the
molecules. The presence of water disrupts these H-bonds, impacting the cellulose
structure and its interactions with surrounding molecules. Klemm et al. (2005)
describe how water acts as a plasticizer, reducing intermolecular H-bonding through
competitive bonding with hydroxyl groups on cellulose, leading to increased chain
mobility and swelling of the cellulose structure [304]. The extensive H-bond network
that forms between several cellulose chains when water is present, is shown in Figure
5.3.

Figure 5.3: Hydrogen bonds form a network between water molecules and cellulose
chains following interactions, indicated by blue dashed lines. Taken from [305].
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5.1.3 Systems involving cellulose, ionic liquids [C2mim][OAc] and
[C4mim][OAc], and water

When water is added to the IL- cellulose system, several interactions occur
simultaneously to affect the dissolution mechanisms. Water molecules likely interact
with both hydroxyl groups of cellulose and acetate anionic groups at the same time
[306]. The addition of water is generally assumed to negatively impact cellulose
dissolution in ionic liquids [307]. Nevertheless, recent publications describe a positive
influence of low water concentration that can help in the breakdown of hydrogen
bonds within cellulose solubilization in [C2mim][OAc ] [308]. This may increase the
ability of the acetate anions to dissolve cellulose thus encouraging dissolution. Hinner
et al. (2019) have designed a system to improve the cellulose dissolution of
[EMIM][OAc]-water system by adding 1-ethyl-2-hydroxylethyl3-methyl imidazolium
(EHEMIM) to [EMIM][OAc]-water. Here they found that the conditions (50%-cation
EHEMIM, 50%-cation EMIM, 8.5% w/w water) is able to solubilize 14% w/w cellulose
at 80 °C in 3 h, while a [EMIM][OAc]/water (90,10 w/w) system only solubilize 2%
w/w under the same conditions [309]. Moreover, when [EMIM][OAc] has a low
concentration, a small amount of water can improve the dissolution mechanism of
cellulose by weakening its hydrogen bonds, but when the water content goes higher,
it results in the formation of another dense phase and this is the aqueous phase [310].
This phase separation weakens the concentration of acetate ions and subsequently
those anions are available for interactions with cellulose in the solution [297]. As
such, the dissolution capability of the [C2mim][OAc] is reduced here, indicating its
dissolution capability is weaker than the pure [C2mim][OAc]. This solubility limit is
critical in the regulation of the dissolution process and the achievement of high levels
of cellulose solubility.

The presence of water also determines the viscosity of the [C2mim][OAc]-water
mixture and its impact is seen in the cellulose dissolution mechanism. It can be
observed that the addition of small amounts of water will slightly decrease the
viscosity of the ionic liquid [311]. A lower value of the viscosity enhances the process
of diffusion and consequently the interaction between cellulose and acetate anions.
This may increase the general rate of dissolution. However, the positive impact of
water on the dissolution becomes overshadowed after water gets to a certain point
of optimum concentration of water. The water at high concentrations may cause the
formation of water clusters that do not react well with cellulose to avail the acetate
anions for dissolving cellulose [311]. In this case, any change in the dynamics of the
solvent alters the stability and solubility of cellulose in the ionic liquid and therefore,

the water content has to be controlled for desirable dissolution performance.
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Water6s influence on the dissolution of cel
in industries. It would therefore be proper to achieve the right water content that
allows for the best cellulose dissolution while minimizing the viscosity of the solvent
at this stage. The regeneration and utilization of ionic liquids can significantly benefit
from the knowledge of the role of water in the process which in turn will enhance the
dissolution of cellulose [312]. Moreover, the ability to control the dissolution and
regeneration of cellulose will open up the means for designing and synthesizing new
compositions of cellulose for different purposes. Textile, paper, and biodegradable
fuel industries can benefit from the knowledge as well as other industries where
cellulose makes up basic component [255]. Generally, the optimisation of water
utilization is arguably the most promising approach for the improvement of the
cellulose processing technologies based on the IL systems.

The experiments of the [C4mim][OAc]- water mixture has revealed new insight in the
study of ionic liquids. Before this work, the interaction of [C4mim][OAc], with various
water content had not been extensively investigated. Our findings illuminate the rate
and dissolution process of this substance in different water concentrations. This
implies that [C4mim][OAc] could be a good option for industrial applications, over
other ionic liquids. This study opens the way for possibilities, in using [C4mim][OACc]
in both research and industry suggesting that there is still much to be uncovered

regarding its potential.

5.2 Method

The antisolvent (distilled water) was mixed into the pure ILs [C2mim][OAc] and
[C4mim][OAc] with a magnetic stirrer for 10 minutes prior to use and left to preheat
to the desired dissolution temperature. For the[C2mim][OAc], three water
concentrations were used: 1%, 2% and 4% by weight. We have chosen 4 wt.% water
as our upper limit, for when we exceed this, the dissolution process became too slow
to be practically observed. This result is in line with a publication that demonstrated
only swelling of single flax fibres occurred in this IL, when containing 5 wt.% water
[18].

For the [C4mim][OAc], four water concentrations were used:1%, 2%, 4% and 8% by
weight. Karl Fischer titration (KFT) was used before and after the dissolution process
to determine the amount of water content of the IL. KFT on the IL [C2mim][OAc] as
received from the manufactures Proionic, showed this to contain 0.2% water. By

adding 0.8% water to the original 0.2% water to make 1%, 1.8% water added to make
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2% water, and 3.8% water added to make 4% water. KFT on the IL [C4mim][OAc] as
received from the manufactures Proionic, showed this to contain 0% water. By adding
1%, 2%, 4%, and 8% water to the IL [C4mim][OAc]. Then, applying Eqg. 2.2 to
determine the amount of water for both ILs in order to investigate the dissolving power
and its effect of adding water.

All experiments methods applied in this chapter are identical to those outlined in
sections (2.3), (3.3.2), and (3.3.3).

5.3 Results and Discussion

5.3.1 Investigation of the effect of water on the activation energy and

dissolution speed of the ionic liquid [C2mim][OAc]

Optical micrograph cross sections of fibres after various dissolution times at a
dissolution temperature of 50 C are shown in Figures 5.4, 5.5 and 5.6. These cross
sections correspond to dissolved fibres in the IL [C2mim][OAc] with water
concentrations of 1%, 2% and 4% respectively. The mechanism of the dissolution
observed in the IL [C2mim][OAc] with the water anti-solvent system was found to be
similar as that of the pure IL systems that observed in the previous two chapters; with
the inner fibre area surrounded by various outer layers, with the formation of the
coagulation fraction around the core. The main difference seen when using water is
the coagulation fraction decreases in size as a function of water content (at a fixed
temperature and time). The rate at which fibres dissolve at various concentrations fell
significantly, indicating that water is acting to decrease the dissolution rate. Optical
microscopy cross sections documenting the decreasing coagulated fraction as

function of water concentration after 2 hours at 50 C can be seen in Figure 5.7.
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Figure 5.4: Cross sections of processed fibres at 50 C for 0.5h (a), 1 h (b), 1.5h (c)
and 2h (d) when using a water concentration of 1% in the IL [C2mim][OAc].
Scale bar 0.5mm



- 145 -

Figure 5.5: Cross sections of processed fibres at 50 C for 0.5h (a), 1 h (b), 1.5h (c),
and 2h (d) when using a water concentration of 2% in the IL [C2mim][OAc].
Scale bar 0.5 mm.
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Figure 5.6: Cross sections of processed fibres at 50 C for 0.5h (a), 1 h (b), 1.5h (c)
and 2h (d) when using a water concentration of 4% in the IL [C2mim][OAc].
Scale bar 0.5 mm.
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Figure 5.7: Microscopy images of partially dissolved flax fibres showing the inner
and the outer distinct regions after 2 hours at 50 C for various water contents
a) 0.2%, b) 1%, c) 2%, and d) 4% in the IL [C2mim][OAc]. Coagulated fraction
can be seen to decrease as a function of water concentration increases. Scale
length 0.5 mm.
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The master curves were generated for the 1%, 2% and 4% water/ IL [C2mim][OAC]
systems separately following the same procedure as shown before in Chapter 3
sections (3.3.2) and (3.3.3). First, the data at 50 C was chosen to be the reference
set with a scaling factor 4 =1. Then, all of the previous analysis was applied to these
data sets, the result of which can be seen in Figures 5.8, 5.10 and 5.12. In these
figures, the coagulation fraction of dissolved cellulose (CF) data is initially plotted
against linear time, and then transformed to natural logarithmic time to create a
master curve. The shift factors used to create this master curve were plotted against
the inverse dissolution temperatures, revealing a linear relationship. The data
represents the average value of the coagulation fraction taken from the four cross-
sectional fibres processed under the same condition of time and temperature, and
the error bar is the standard error. These three systems all likewise obeyed Arrhenius

behaviour when using water as an antisolvent.

By carrying out again the analysis three times for each concentration, now using the
other three temperatures as reference temperatures (Y ), in order to create a
master curve for each set of data at each of these temperatures, as seen in Figures
5.9 (a-c), 5.11 (a-c), and 5. 13 (a-c). These plotted graphs give similar gradients,
leading to similar O as calculated from 50 C. More details of this process can be

found in Chapter 3 section 3.3.2.

For 1%, 2% and 4% water systems, the activation energies were found to be 77 £ 5
kJ/mol, 97 £ 3 kd/mol and 116 + 6 kJ/mol respectively. Figure 5.9 (d), 5.11 (d), and
5.13 (d) show the intercepts 1 | determined at each reference temperature
themselves followed an Arrhenius law, being linearly dependent on the inverse of the
reference temperature. The gradientofthe 1 I vs 1000/'Y is predicted to give very
similar gradient as the Arrhenius plots, as highlighted in Table 5.1. More details of

this process can be found in Chapter 3 section 3.3.3.
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Figure 5.8: Data corresponding to the CF as function of temperature (a), the
converted in In time (b), the shifted data expressed in In time as a master
curve(c), and (d) Arrhenius plot when using 1% water by weight at 50 C in

[C2mim][OAc].
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Figure 5.10: Data corresponding to the CF as function of temperature in
[C2mim][OAc] (a), the converted in In time (b), the shifted data expressed in In
time as a master curve(c), and Arrhenius plot when using 2% water by weight
at 50 C (d).



Ln(a(T))

Ln(e(T))

() 30°C
y =-11.718x+ 38.705
& R?=0.9986
o+
2.9 3 3.1 3.2 3.3 34
1000/T (I/K)
(©) 60°C
' 3|4

2|9 3, 3l 3.2 3.3

y =-11.725x + 35.19 '
R*=0.996 &=

1000/T (I/K)

- 152 -

] (b) 40°C
y=-11.721x + 37.387
9 T R? = 0.9996
—~
o '
E__' ]_ i,
p—
S _
= 0 B
]
_1 _
e
-2
2.9 3 3.1 3.2 3.3 3.4
1000/T (I/K)
39.1 (d)
+
38.1
=
+
‘t-s/ 37.1
o
i
36.1 N y=11.726x
R:=1
35.1 &
3 3.1 3.2 3.3 3.4
1000/T (I/K)

Figure 5.11: Data corresponding Arrhenius plots in [C2mim][OAc] when using 2%
water by weight at each reference temperature as reference temperature for 30
"C (a), 40 C (b), and 60 C (c). Intercept process, showing shifting to all

temperatures indicating Arrhenius dependence (d).
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Figure 5.12: Data corresponding to the CF as function of temperature (a), the
converted in In time (b), the shifted data expressed in In time as a master
curve(c), and Arrhenius plot when using 4% water by weight at 50 C in

[C2mim][OAc].
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Figure 5.13: Data corresponding Arrhenius plots in [C2mim][OAc] when using 4%
water by weight at each reference temperature as reference temperature for 30
"C (a), 40 C (b), and 60 C (c). Intercept process, showing shifting to all
temperatures indicating Arrhenius dependence (d).



- 155 -

Water system (%) Temperature ( C) Average Intercept
dissolution | Rt kJ/mol
s kd/mol
1% 30 77+5 77+3
40
50
60
2% 30 97+3 97 £ 2
40
50
60
4% 30 116 £ 6 116 £ 7
40
50
60

Table 5.1: Summarising the values activation energy from two methods; dissolution
method and intercept method in [C2mim][OAc].
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Figure 5.14: Required activation energy for dissolution as function of water
concentrations in [C2mim][OAc].

Figure 5.14 displays that the activation energy for the dissolution of the flax fibres in
[C2mim][OAc] increase as a function of water concentration. An extrapolation was
used to calculate a theoretical value for dry IL 0% water to be 58 + 4 kJ/mol. A
polynomial function of order two was used to fit the data and extrapolate to zero water

concentration, shown as the dotted line.

To calculate the change in the relative dissolution rate with the addition of water for
a single chosen reference temperature (e.g. at 50 C), the procedure above was
repeated for the 1%, 2% and 4% water systems with now each master curve itself
shifted separately in natural logarithmic time to overlap with the master curve of 0.2%
water content of the IL as received from the manufacturer, shown before in Chapter
3 in Figure 3.10 (d). So, for example, to overlap the 2% water solvent with the master
curveof0. 2% water solvent, t hi s n detemnmed frem

the shift factor | n ( Hence, the dissolution rate is 3.3 times slower at this
concentration — . The resulting master curve including all shifted water systems is

seen in Figure 5.15 (a). Figure 5.15 (b) shows that the relative dissolution rate

decreased exponentially as a function of water concentration at a temperature of 50

C,

scal
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where we set the rate for the 'as received' IL equal to 1 (0.2% water).
The decreasing rate of dissolution is thought to be related to the water molecules
crowding the anion H-bond sites, which prevented the interactions between the IL
and the cellulose [275]. Within their simulations, they discussed the interaction
between cellulose, water and several ILs. They demonstrated that anions have the
ability to form up to four hydrogen bonds with cellulose. By adding water, there was
a strong disturbance in the frequency of hydrogen bonds between the anion and
cellulose. This disturbance occurred because the water molecules occupied the
hydrogen-bond accepting positions of the anion, preventing it from interacting with
cellulose. It was demonstrated that as the amount of water increased, the crowding
of these positions becomes more prominent. The authors suggest that the presence
of water leads to a significant reduction in hydrogen bonding between anions and
cellulose, and this may account for the rapid decline observed in the dissolution rate.
This also agrees with experimental work done by Koide et al. which reported that the
interaction between water molecules and [C2mim][Ac] is stronger than the
[C2mim][Ac] with cellulose [313].

From the exponential function in Figure 5.15 (b), the following equation obtained:

® pg cO ° (5.1)

where is the relative dissolution speed (relative to the IL as purchased) and wis the

water concentration in weight percent.

This equation suggests that flax fibres would dissolve 23% faster at 0% water
content, in a theoretically perfectly dry IL if this was achievable. For every 1% of
additional water, the rate decreases by 49%, or in otherwards the dissolution takes

twice as long.
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Figure 5.15: (a) Master curve representing all the results for the coagulation fraction
as function of antisolvent concentration at 50 C. (b) Relative dissolution rate of
flax fibres as a function of antisolvent concentration. Exponential curve is a fit
to the data.

5.3.2 Investigation of the effect of water on the activation energy and
dissolution speed of the ionic liquid [C4mim][OAc]

Cross sections of processed fibres at various dissolution times at 60 C for 1%, 2%,
4%, and 8% water systems, as shown in Figures 5.16, 5.17, 5.18, and 5.19. In these
figures, the dissolution mechanisms are appeared to be similar to that observed in
the IL [C2mim][OAc] with water systems within the coagulation fraction decreases in
size as a function of water content as well as with the previous two chapters- with the
growth of the CF as a function of dissolution time and temperature. However, no
coagulation fraction was seen in the system containing 8% water, so no further
images were analysed for this system. Optical microscopy cross sections
documenting the decreasing coagulated fraction as function of water concentration

after 2 hours at 60 C can be seen Figure 5.20.
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Figure 5.16: Cross sections of processed fibres at 60 C for 0.5h (a), 1 h (b), 1.5h
(c) and 2h (d) when using a water concentration of 1% in the IL [C4mim][OAc].
Scale bar 0.5mm.
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Figure 5.17: Cross sections of processed fibres at 60 C for 0.5h (a), 1 h(b), 2 h (c)
and 3h (d) when using a water concentration of 2% in the IL [C4mim][OAc].
Scale bar 0.5 mm.
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Figure 5.18: Cross sections of processed fibres at 60 C for 0.5h (a), 1.5h (b),4.5h
(c) and 6 h (d) when using a water concentration of 4% in the IL [C4mim][OAc].
Scale bar 0.5 mm.
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Figure 5.19: Cross sections of processed fibres at 70 C for 1 h (a), 2 h (b), 3 h (c)
and 4 h (d) when using a water concentration of 8% in the IL [C4mim][OAc].
Scale bar 0.5 mm.
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Figure 5.20: Microscopy images of raw single flax yarn and partially dissolved flax
fibre showing the inner and the outer distinct regions after 2 hours at 60 C for
various water contents a) 0%, b) 1%, c) 2%, d) 4%, and e) 8% after 2 hours at
70 C. Coagulated fraction can be seen to decrease as a function of water
concentration. Scale length 0.5 mm.











































































