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Abstract

Flax based yarn has been dissolved in the ionic liquid 1-ethyl-3-
methylimidazolium acetate [C2mim][OAc| and the dissolution behaviour
studied as a function of time, temperature, co-solvent and anti-solvent
concentration. With pure ionic liquid, dissolution is seen to occur from
the outside in, with a coagulated outer layer forming and growing
around the fibrous core with time. Following dissolution, yarns were
coagulated in water and left to dry at room temperature. Three key
methods of analysis have been used to study the resultant yarns: op-
tical microscopy, X-ray diffraction and mechanical testing- with each
method allowing for a distinct means of tracking the amount of disso-
lution. The resulting data displays an equivalence between dissolution
time and temperature, verified by the creation of master curves via the
shifting of data sets in the time domain, much like time-temperature
superposition in rheological systems. The shift factors used to gener-
ate master curves have been plot against the inverse of their respective
dissolution temperatures and upon doing so, a linear relation has re-
vealed Arrhenius behaviour in the system. As a result, an activation
energy has been calculated describing the energy needed for the dis-
solution of flax yarns in [C2mim|[OAc]. This energy was found to
be 100 £+ 10 kJ/mol, with agreement across the various experimental

techniques.

With the introduction of the co-solvent dimethyl sulfoxide (DMSO),
the growth of the coagulated material is again found to follow an
Arrhenius equation with a single activation energy of 98 £+ 2 kJ/mol.
This value is, surprisingly, independent of the weight fraction of DMSO.
The addition of DMSO does, however, strongly alter the time-scales
taken for dissolution, but interestingly not the temperature depen-

dence of these time-scales. The composition for the peak dissolution



rate is determined, which occurs at an equal weight fraction of DMSO
and [C2mim|[OAc].

The inclusion of small amounts of the anti-solvent water has also been
found to drastically alter the time-scales of dissolution, with a sharp
exponential decay in the dissolution rate seen as a function of H,O
concentration. Despite the substantial effect of water on the dissolu-
tion rate, the activation energy is found to be remarkably constant-
within error of the activation energies determined when using both
pure ionic liquid and ionic liquid/co-solvent mixtures. As little as 8
% water by weight is shown to be sufficient to halt the dissolution

process on experimental time-scales.
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Chapter 1

Introduction

1.1 Cellulose

Cellulose, first discovered in 1838 by Anselme Payen [1] is a naturally occurring
linear biopolymer consisting of D-anhydroglucopyranose units joined by f(1—4)
glyosidic bonds [2] - the molecular structure of which can be seen in Figure
1.1. Found primarily in the cell wall of plants, alongside other polysaccharides
and lignin, it provides strength and rigidity to plant stems, leaves and branches.
Cellulose is the most abundantly available raw material on Earth [3] and has
a highly ordered crystal structure [4, 5, 6], giving rise to impressive mechanical
properties [7, 8]. Within biomass, cellulose forms helical micro-fibrils and can
be found in both crystalline and amorphous states. This polymer can also be
obtained in micro-crystalline form from algae, bacteria, fungi and several other
living species [9, 10]. The degree of polymerisation of cellulose can vary widely
depending on its source, ranging from a few hundred in wood pulp to a few
thousand in cotton [11, 12].
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Figure 1.1: The repeat unit of cellulose, consisting of a single glucose molecule.
Credit: French et al. [13]

Cellulose polymers attract each other via van der Waals forces and hydrogen
bonds (h-bonds) to form small sheets, which in turn stack to form the micro fibril
[5, 14]. The presence of many intra- and inter-molecular h-bonds as seen in figure
1.2 play an important role in the stabilising and stiffening of cellulose chains - as
such bonds prevent the free rotation of the rings along the chain axis. There are
three distinct types of hydrogen bonds within native cellulose, differing in their
bond distances (ranging from 1.7 to 1.9 A) and strength (with energies found
between 8.6 and 14.9 kJ/mol.) [15].
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Figure 1.2: The inter- and intra molecular h-bond network within native cellulose.
Credit: W. Pires [16]
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Cellulose features a monoclinic unit cell and is found in nature to exist in two
sub-forms - I alpha and I3. Though remarkably similar, these structures differ
in the relative displacement of their cellulose sheets and have slightly different
unit cell parameters [17]. Both sub-forms can be found existing alongside each
other, even along a given micro-fibril. Figure 1.3 displays the Cellulose I unit

cell.

103 A

b=

Figure 1.3: The unit cell of cellulose I. Image adapted from the work of Horne et
al. [18]
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Alongside the well studied ’cellulose I’, another common allomorph- ’cellulose
IT” is often documented. Cellulose I may be converted into cellulose IT (a transition
elaborated on in section 1.8), however; subtle structural differences between the
two result in a thermodynamic favourably of the latter- rendering the transition
irreversible. Such differences include the packing orientation and intra-molecular
h-bond locations (see figure 1.4) [19]. The polymer chains, which align themselves
parallel in CI, exist in an antiparallel configuration in CIT [20]. At least four
other allomorphs of cellulose have been identified and can be created via chemical
modifications or by treating with liquid ammonia [21, 6]. The work presented in

this thesis however, focuses exclusively on the cellulose I and II structures.
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Figure 1.4: The differing hydrogen bond locations between cellulose I and II.
H-bonds shown with solid, dark lines. Credit: Blackwell et al. [17].

Cellulose, like many polymer systems, features both crystalline and amor-
phous regions. For this reason, the polymer is described as ’semi-crystalline’.
Such regions can often exist adjacent to each other along the axis of a micro-fibril
and individual cellulose chains may pass through many crystalline-amorphous
boundaries [22, 23]. See Figure 1.5.
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Figure 1.5: Theoretical microstructure of a cellulose microfibril, showing the
highly ordered crystalline regions which alternate with less ordered amorphous
segments. (Known as the traditional 'two phase’ model.) Credit: W. Pires [24]
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Cellulose features many hydroxyl groups, giving the polymer a high level
of hydrophilicity, though the presence of hydrophobic planes within the crys-
tal structure are also well documented [25, 26]. Figure 1.6 highlights both the
hydrophobic and hydrophilic areas surrounding the cellulose polymer.

Figure 1.6: Hydrophobic and hydrophilic parts of the cellulose molecule: (a) side
view of the glucopyranose ring plane highlighting the hydrophobic regions and
(b) front view of the glucopyranose ring plane showing the hydrophilic locations.
Credit: Yamane et al. [27]

1.2 Flax

Flax is a naturally occurring bast fibre and is used as the source of cellulose during
this work. The flax plant grows worldwide and has been used for its textile,
mechanical and edible properties for over 30,000 years [28]. Flax is cheap and
plentiful, with over 2.7 million tonnes produced during 2017 alone [18]. This plant

will grow in almost any climate, even with poor soil quality [29] and is commonly
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found to consist of approximately 70 % cellulose and 27 % hemicellulose, with a
small amount of lignin ( 3%) [30]. The flax fiber is also one of the longest known
linear textile polymers, with a degree of polymerisation of around 4,000 [31, 32].
These long polymer chains allow for the formation of many inter-chain bonds,
stiffening the polymer system and resulting in a high tensile modulus relative to

other natural fibres, such as cotton or hemp [33, 34].

1.3 History of Cellulose Processing

As a result of the strong bonding network within cellulose, the polymer is both
chemically and thermally stable - making it highly resistant to dissolution in
traditional solvents such as water or ethanol [35, 36, 37]. It is also naturally

recalcitrant to microbial and enzymatic degradation [38].

Despite these complications, the dissolution and processing of cellulose is still
an area of great interest- as many industrial procedures rely on the controlled
deconstruction of this polymer in order to make fuels, chemicals and materials
[39]. The pulping industry, for example, uses an acidic solution in conjunction
with heat and pressure to process wood chips and bark. The creation of cello-
phane involves the dissolution of cellulose and areas within bio-composite science
require the partial dissolution of fibres in the preparation of eco-friendly compos-
ites [40, 41]. Dissolution is crucial, as unlike many petroleum-based polymers,
cellulose will not melt but decompose at elevated temperatures [42]. Decompo-
sition will occur at different temperatures depending on the source of cellulose,
though normally occurs around 300 °C [1, 43]. Though dissolution is not totally
understood, there is a consensus that solvents must be able to disrupt the strong
inter- and intra-molecular interactions (both h-bonds and hydrophobic forces)
within the crystal [44, 15, 45]. The earliest mention of cellulosic dissolution dates
back to 1894, when English chemists Charles F. Cross, Edward J. Bevan and Bea-
dle Clayton dissolved wood pulp using aqueous sodium hydroxide in the presence
of carbon disulphide [46]. This procedure eventually became known as the "Vis-
cose’ process and is widely used commercially to this day, despite the corrosive

nature of the solvents used [47].
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The structural modification of the cellulose polymer has been commonplace
since the mid-1800’s. Such modifications have included the reaction of cellulose
with acetic anhydride to produce cellulose acetate, or nitric acid to produce ni-
trocellulose [48, 49]. These modified variants of the polymer are processable with
common industrial solvents and have led to the production of such things as rayon
fibres [50].

Recently, a new class of solvents for cellulose- known as ’ionic liquids’ have
become increasingly popular. These eco-friendly liquid salts are to be described

in detail in section 1.6.

The physics underlying cellulosic dissolution at the microscopic level is still
debated, as commonalities between different solvents are not immediately evident
[51]. The non-covalent interactions binding the cellulose chains together appear
to constitute the main barrier to processing and require a solvent to be able to

diffuse into the structure in order to facilitate dissolution [52].

1.4 Dissolution Mechanics

As mentioned in section 1.1, cellulose features a robust hydrogen bond net-
work. It is widely believed that in order to dissolve cellulose, a solvent must be
able to infiltrate the polymer network and supplant these bonds [53, 54, 55]. A
solvent’s ability to modify cellulosic biomass is often hindered however, by ei-
ther ‘direct’ or ‘indirect’ factors. An example of a direct factor may be a limited
amount of exposed surface area, whereas the amount of crystallinity/degree of
polymerisation may be considered indirect factors [56]. Such barriers to disso-
lution are in part caused by the complex interlinks between cellulose and other
substances within plant mass- such as lignin, pectin and hemicelluloses [57]. Dur-
ing dissolution, it is theorised that individual cellulose chains are 'peeled’ away

from the crystal lattice- as show in Figure 1.7 [37].
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In order to negate some of these obstacles, pre-treatments are often used
with the aim of increasing the solvent/enzyme accessibility of cellulose. These
pre-treatments can be as simple as swelling the polymer, though more complex
treatments are used when attempting to remove any unwanted components of
plant biomass, such as hemicelluloses. These simple polysaccharides create a
physical hindrance to dissolution due to their sprawling, amorphous nature within
the crystal lattice. In order to remove hemicelluloses; they are often hydrolysed by
dilute acids or destroyed via steam explosion treatment [58]. The latter method
involves the exposure of cellulosic biomass to high-pressure steam, followed by
a rapid reduction in pressure- resulting in an explosive decompression of the

material and a breakdown of the lignocellulosic matrix [59].

Cellulose deconstruction
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Figure 1.7: Snapshots of the peeling away of a glucan chain during the dissolution
process. Credit: Cho et al. [37]

When cellulose (like many polymeric systems) is placed in contact with a
suitable solvent, dissolution occurs in three main steps. The first of these steps

involves the swelling of the polymer network at the polymer-solvent interface.
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Next, the swollen fraction allows for chains to begin to disentangle themselves
and finally, chains are able to migrate out into the solvent [60, 61]. These steps can
be seen diagrammatically in Figure 1.8. Moigne et al. report that the escaping of
these chains occurs at an early stage of the dissolution process [62]. Dissolution
occurs from the outside inwards and mechanisms are similar for crystalline and

amorphous zones, differing only in terms of kinetics [63].

Polymer chains

Solvent
molecules

Figure 1.8: Dissolution of a solid polymer system in a solvent as a function of
time. A) Two separate phases, consisting of the polymer chains and the solvent
molecules B) Gradual movement of the solvent molecules into the polymer net-
work as the solute begins to swell C) Swelling increases up to the point of chain
disentanglement D) Chains continue to untangle themselves and move out into
the solvent E) Solubilization is completed, resulting in a homogeneous solution
comprised of cellulose chains dispersed throughout the solvent. Credit: LeMoigne
et al. [62]

A process commonly reported during the dissolution of cellulose fibres is that
of 'ballooning’. This results from the way in which select zones along the fibre
tend to swell more than others- giving the appearance of balloons along the fibre
axis. See figure 1.9. [64, 65]

Multiple authors have identified at least three distinct dissolution modes in nat-

10
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ural polymeric systems:

(i) Fast dissolution by fragmentation.
(ii) Swelling by ballooning and full dissolution.

(iii) Swelling by ballooning and no complete dissolution.

The observed mode appears to be heavily dependent on the concentration of
water within the solvent, as well as the solvents ability to disrupt the long range

order of cellulose chains [66, 67].

Figure 1.9: The swelling and ballooning of wood fibers in the solvent N-
Methylmorpoline N-oxide. Credit: Singh et al. [68]

Though the consensus within literature is that dissolution relies on a solvent’s
ability to “effectively destroy inter-chain hydrogen bonding within cellulose”, [69]
this idea has not gone uncontested. The ‘Lindman Hypothesis’ for example,
forwarded by Bjorn Lindman 2010 argues that hydrophobic interactions play as
large, if not a larger role in dissolution than the breaking of hydrogen bonds [70].

Lindman’s postulations relate to the insolubility of cellulose in water. If, as is
commonly agreed upon in the literature, the ability of a solvent to form/supplant
h-bonds is the only pertinent factor- then the strong tendency of water molecules
to create such bonds should result in a high level of cellulose solubility, not the

opposite. It is pointed out that other polysaccharides, such as dextrins, are

11
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soluble in water.

Bjorn also documents how the strength of water-water, water-carbohydrate
and carbohydrate-carbohydrate interactions are all very similar in magnitude,
implying that water should be able to compete for h-bonds with the carbohydrate.
He also points out that 'number of hydroxyl groups with protons capable of
forming hydrogen bonds is actually less than the number of oxygen atoms that
would like to form such bonds’ and thus ’in the presence of excess water, cellulose

should be highly soluble if hydrogen bonding is the sole interaction.’

Cellulose, like many polymers, is amplillic. Amphiphilic self-assembly is well
documented for surfactants, lipids and block co-polymers, [71, 72] but seems ne-
glected for homopolymers such as cellulose, claim Lindman et al. The authors
postulate that the amphilicity and tendency to self organise in the presence of
water may play an important role in the solubility of a polymer system. Within
cellulose, for example, hydrophobic sides of the structure would have a tendency
to sick to each other in an aqueous environment, thus lowering the solubility.
Bjorn concludes by saying that there is ‘strong evidence for cellulose being sig-
nificantly amphiphilic and that the low aqueous solubility must have a marked

contribution from hydrophobic interactions.’

There are of course, many critics of Lindman’s hypothesis. Burchard et al. for
example- argues that it is rather the interplay between hydrogen bonds, Van der
Waals forces and hydrophobic interactions that should be considered during dis-
solution, claiming that hydrophobic interactions may only become an important
factor after h-bonds are broken [73]. Others have claimed that Lindman et al.
have neglected the entropic effect and that the differing degrees of polymerisation

may account for the aqueous solubility of other, smaller carbohydrates [73].

This summary describing the dissolution of cellulose should hopefully eluci-
date the striking amount of complexity involved. It is clear that we are still far

from a fully comprehensive understanding of cellulosic dissolution.

12
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1.5 Conventional Solvents

Solvents for cellulose can be broadly split into two classes; 'Derivatizing” and "Non-
derivatizing’ [74, 75]. The former class of solvents are used to convert cellulose
into a product of similar chemical structure- known as the reaction 'derivative’.
Examples of such derivatives may be methylcellulose, hydroxypropyl cellulose or
carboxymethyl cellulose. Derivatising solvents aim to functionalise the cellulose
hydroxyl groups, with functionalisation reactions including nitration, xanthation
or estrification. By modifying the polymer in this way, intra- and inter-molecular
h-bonds are disrupted with minimal chain degradation [76]. These modified vari-
ants of the polymer are soluble in common polar solvents, such as dimethylfor-

mamide or dioxane [77].

Non-derivatising solvents however, leave the polymer chemically unaltered.
Examples include trifluoroacetic and formic acid [78], organic solvents in the
presence of an inorganic salt [79], aqueous alkali solutions [80] and amine oxides
[81]. Figure 1.10 elaborates on the multitude of solvents within each of these

categories.
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Figure 1.10: Classification of some common cellulose solvents. Credit: Heinze et
al. [82]

14



1.6 Ionic Liquids

1.6 Ionic Liquids

With the advent of ionic liquids, a new, ‘environmentally friendly’ method of
cellulose dissolution has emerged [83, 84]. These liquids, used for everything from
a liquid mirror in a space telescope [85] to a catalyst in COs electro-reduction
reactions [86] are salts in the liquid state below 100 °C and many have shown the
ability to dissolve cellulose without the need for pre-treatments, such as swelling
[40]. These viscous liquids consist of a large, organic cation in conjunction with
a smaller anion and were first synthesised by Paul Walden in 1914, [87] though
their huge potential to be used in industrial applications has only recently been
realised [87, 88]. Ionic liquids feature many attractive properties as solvents;
including low melting points, negligible vapour pressures, excellent solubility,
high thermal stability, a wide liquid range, low melting points and potential
recyclability [89, 90]. There are a huge number of potential IL’s in theory, due
to the vast number of possible anion/cations pairings, with the possible number
of combinations postulated to be around a million [91, 92, 93]. Computational
studies have suggested that ionic liquids featuring cations with short alky chains
make for superior solvents [94]. It is widely accepted however, that the basicity
of the cation must be greater than 0.8 in order for the dissolution of cellulose to
occur [95, 86]. The ionic liquid used within this work is 1-ethyl-3-imidazolium
acetate ([C2mim|[OAc]), the molecular structure of which can be seen in Figure
1.11.
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Figure 1.11: Molecular structure of the ionic liquid [C2mim]|[OAc|, used as a
solvent for cellulose during this study. The larger, positively charged cation is

seen on the left and the smaller, negatively charged anion on the right.

IL’s are typically categorised into four main groups based on their cation:
1) alkylammonium, 2) alkylphosphonium, 3) N,N’-dialkylimidazolium and 4) N-
alkylpyridinium. Of these groups, the imidazolium-based are among the most
studied [96, 97, 90]. The discovery of 1-ethyl-3-methylimidazolium [EMIM]-based
chloroaluminate ionic liquids in 1982 resulted in an acceleration of activity sur-

rounding room temperature ionic liquids (RTIL’s) [90].

The viscosities of ionic liquids can be drastically changed with minor alter-
ations such as variation in anion size or the addition of small amounts of carbo-
hydrates and/or water [98, 99]. Among the most common IL’s studied in con-
junction with cellulose are 1-ethyl-3-methylimidazolium acetate (EMIMAc) and
in 1-butyl-3-methylimidazolium chloride (BMIMCI), whereby the ion diffusivity
and relaxation times have been measured as a function of carbohydrate concentra-
tion [100, 101]. The earliest mention of cellulosic dissolution using a molten salt
(N-alkylpyridinium chloride) occurred in 1934, [102] though this does not qualify
as an IL based on Walden’s definition due to its high melting point. It is only
recently (2002) that Swatloski et al. first published results describing the disso-
lution of cellulose in several ionic liquids, including 1-butyl-3-methylimidazolium
hexafluorophosphate and 1-butyl-3-methylimidazolium chloride [103]. This semi-

nal work has since influenced many publications and review papers [104, 46, 61].
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Ionic liquids can, however, have undesirable side reactions when in contact
with cellulose [105]. These interactions result in the production of liquid-sugar
adduct species, making the prospect of recycling difficult. The reactive culprit of
such side reactions is often one of the cationic carbons. This component could be
exchanged for something less reactive, such as a methyl group- though this would
alter the viscosity, increase the melting point and decrease thermal stability of

the IL; making the modification of the cation a non-trivial problem [105].

1.7 Co-Solvents

Co-solvents are often used when processing cellulose as a means of lowering the
cost of dissolution, but are also frequently used to modify the viscosity of the
primary solvent [106, 107, 108]. In some cases, the addition of a co-solvent is not
only preferable, but vital. The viscose process for example uses the addition of
carbon disulphide in order to form cellulose xanthate, which only then can be

dissolved in aqueous sodium hydroxide [82].

It is known that the dissolution of cellulose in ionic liquid/co-solvent systems
is mainly mediated by the hydrogen bond interactions between the anions and
cellulose hydroxyl protons, with co-solvents such as dimethyl sulfoxide, dimethy-
lacetamide and pyridine indirectly influencing such interactions [109, 110]. Of the
wide array of potential co-solvents; aprotic liquids with a high degree of polarity
have been found to perform most optimally [111]. The solvation of ionic liquids by
aprotic co-solvents is reported to produce more “free” anions from anion-cation
pairs. Such anions will readily interact with cellulose, resulting in an increase in
dissolution [112].

Protic co-solvents such as water and methanol however, can compete with the
cellulose-anion interactions and hinder the dissolution process as a result [112].
Protic co-solvents are often used prior to dissolution with the aim of swelling the
solute; as swelling allows for a greater level of penetration by the active solvent
[113]. Common swelling agents include trifluoroacetic acid and phosphoric acid
[114].
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Figure 1.12: Chemical structures of three different co-solvents. From left to right;

Dimethyl sulfoxide, dimethylformamide and methanol. Credit: Zhao et al. [115]

The Kamlet-Taft (KT) parameters, given by the variables ’a’ (denoting the
ability to donate h-bonds), '’ (denoting the ability to accept h-bonds) and 'n’
(the polarizability) are often used to quantify the properties of a solvent or co-
solvent [116, 117]. Dimethyl sulfoxide for example, has moderate h-bond accept-
ing abilities but displays a poor tendency to donate h-bonds, with o and [ values
of 0.15 and 0.78 at 30 °C respectively [118]. In contrast, [C4mim|[OAc| at 30 °C
has o and f values of 0.49 and 1.09 respectively [119]. The marked difference
in the KT parameters between solvent and co-solvent in this case mean that the
DMSO does not compete with the the anion for interactions with the cellulose

hydroxyl groups.

1.8 Anti-Solvents and Coagulation

As dissolution progresses, cellulose chains will become free from their positions
in the crystal lattice and move outwards into the solvent. During dissolution, a
cellulose rich gel is often seen to form between solvent and solute [120]. Post-
dissolution, the removal of the active solvent may take place in an anti-solvent
such as water, ethanol or acetone. Such an substance is introduced as a means of
breaking the solvent-cellulose bonds formed during the dissolution process, with

water especially showing a remarkable tenancy to cleave these bonds [121].

18



1.8 Anti-Solvents and Coagulation

Upon sufficient removal of the solvent, new h-bonds are formed between cel-
lulose chains- resulting in the formation of a new crystal structure commonly
known as ’Cellulose II" [27, 20, 122], this process is termed ’'coagulation’ [123]. A
diagrammatic representation of this procedure is shown in Figure 1.13, whereby
solvent molecules are seen to detach from the cellulose hydroxyl groups in favour
of binding to the anti-solvent water. Following from this, figure 1.14 depicts the
coagulation process in an aqueous environment on a much larger scale, where
cellulose chains can be seen to assemble into an ordered structure via hydrogen
bonds and hydrophobic forces. Coagulated cellulose is known to be one of the
most hydrophilic polymers [27] and features a two-chain unit cell [6]. Cellulose II
does not readily exist naturally and can only be created via coagulation or mer-
cerization (a swelling treatment involving sodium hydroxide). However, there are
reports of a structure similar to cellulose II existing naturally within the cell walls

of some specific algae [124, 125].

(AT

Figure 1.13: Proposed coagulation mechanism when adding water to a cellu-
lose/ionic liquid mixture, with h-bonds shown as dashed lines. Image adapted
from the work of Gupta et al. [123]

Different anti-solvents have been found to have a measurable effect on the

resultant cellulose structure, with cellulose coagulated in water displaying a far
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greater degree of crystallinity (43 %) to that coagulated in ethanol (21 %) [126].
It has also been reported that anti-solvents are not always able to completely
remove all solvent molecules, with some residual anions (in the case of ionic

liquids) found to reside within the polymer matrix for multiple years [127].
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Figure 1.14: Schematic showing the process of coagulation in an aqueous environ-
ment. Black symbols represent cellulose molecules and grey dots represent water.
a) Glucose molecules join together due to hydrophobic interactions into a sheet
like structure. b) Sheets stack via hydrogen bonds, with some domains being
less ordered than others. c¢) Resulting coagulated material featuring a mixture of

crystalline and amorphous cellulose. Credit: Yamane et al. [12§]
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1.9 Composites

It would be remiss to conclude this introduction without first contextualising the
work presented in this thesis within the field of composite science. A compos-
ite material is comprised of two (or more) components, each exhibiting different
properties- be those mechanical, textural, thermal, electrical etc. A good compos-
ite will combine it’s base materials in such a way that it will outperform the sum
of it’s parts, as often seen in the mechanical capabilities of the product [129, 130].
Examples of composite materials range from ancient clay mud bricks infused with
straw, to modern day reinforced concrete and carbon fibre. Composite materials
also exist naturally- wood, for example, is comprised of strong and rigid cellulose

fibres embedded within a network of lignin.

Two key structural phases are identified in composite science, the 'reinforcing’
phase and the 'matrix’ phase. The reinforcement is often comprised of a material
exhibiting a high level of resistance to deformation and (often unilateral) strength.
Some common examples of reinforcing phases are nanofibers, glass particles and
carbon nanotubes [131, 132, 133]. The reinforcement, however, is often poorly
held together and can be weak and brittle along any axis not aligned with the
molecular orientation of its constituent molecules/fibres. To counter this issue,
a ‘matrix’ phase is introduced. This component is far more mailable than the
reinforcing phase, trading strength for ductility. The reinforcing phase is embed-
ded within the matrix such that the resulting material is strong and rigid, yet
also able to absorb stress. The matrix phase can be composed of a wide range
of materials- with polymer, ceramic and metal complexes being among the most
frequently used [134, 135]. The vast combination of possible reinforcements, ma-
trix phases and production methods results in a very high level of tailorability

for a given composite.

Within classical composite materials such as reinforced concrete, the individ-
ual components remain distinct and separate in the final structure. Contemporary
composites however, are seen to assemble the two phases into a far more intricate
structure- whereby the reinforcement can take the form of mono-filaments, short

fibres or even particles- as shown in figure 1.15.
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Mono filaments Whiskers/ Particle
Short fibers

Figure 1.15: Schematics of three typical composite architectures, featuring mono
filaments, whiskers/short fibres and particles as the reinforcing phase. Credit:
Kainer et al. [136]

Some of the most commonly used composite materials today (such as carbon
fibre) feature a synthetic polymeric matrix. Though boasting impressive strength
to weight ratios, these composites are often non-biodegradable. For this reason, a
fraction of the composite industry is moving towards the use of more ’eco-friendly’
materials. This trend began as early as the 1970’s, with natural fibres such as
jute, flax, sisal and hemp being among the most frequently used [137, 138, 139].
Broadly speaking, a ’'green’ composite is a material manufactured entirely by

renewables, or by a mixture of natural and synthetic products [140].

Recently, a new class of composites, termed 'mono’-composites has emerged-
in which the reinforcement and matrix phases are comprised of a chemically
identical substance. In the case of the cellulose mono-composite, the reinforcing
phase is comprised primarily of the cellulose I crystal, with amorphous cellulose
and cellulose IT making up the matrix [141]. The formation of such a material
requires the raw cellulose fibres be partially dissolved, with the dissolved fraction
forming the matrix upon coagulation, see Figure 1.16. A similar technique has
been utilised in the creation of traditional, oil based composites since 1992 and
is known as 'hot compaction’ [142]. Benefits of using cellulose include its natural

abundance (with an estimated annual biosphere production of 90 x 10° metric
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tonnes [102]), impressive mechanical properties and high level of biodegradability
[143].

cooe
\/
0.0.0.

. Dissolved Material

. Raw Fibers

Figure 1.16: Depiction of the 'partial dissolution’ process used when creating

mono-composites from natural fibres.

These new 'green mono-composites’ have already seen impressive early results
[137, 30]. With ease of fabrication, wide spread availability, low cost and struc-
tural control- natural polymeric composites are already beginning to replace some

traditional metals and plastics [144].

Despite this promising area of research however, the dissolution mechanics of
cellulose are still not fully understood. The dissolution time and temperature are
clearly important variables in the composite preparation procedure, though only
a handful of papers have been published on their effects [145, 146, 147, 148]. The
work presented in this thesis aims to provide a better understanding of the role

of such variables when dissolving cellulose yarn in an ionic liquid.
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1.10 Motivation

Estimates suggest that a minimum of 250,000 tonnes of of plastic waste is cur-
rently adrift in our oceans [149, 150, 151]. Barnes et al. estimate that the
longevity of plastic is on the order of hundreds to thousands of years, but is likely
to be much longer in deep sea and non-surface polar environments [152]. Plas-
tic debris can cause a number of issues; it acts as a choking hazard for wildlife,
introduces non-native chemicals into a system an degrades into micro-plastics
which may be subsequently ingested. For this reason, it is vital to engineer new
materials to replace conventional plastics. One such class of new materials men-
tioned previously are the 'green composites’, which have gained much attention
in recent years [46, 153, 154, 155]. Such composites could replace many plas-
tics whilst maintaining a high level of biodegradability [156, 157, 158]. Such
plastic-substitutes may become commonplace if the dissolution process used dur-

ing manufacturing is sufficiently understood.

Another waste stream currently causing environmental and financial problems
across the globe is that of the textile industry. Globally, 92 million tonnes of
textile waste were disposed of during 2015 alone, with an estimated increase of
62 % by the year 2030 [159]. As most of this waste is cellulose based (i.e flax,
cotton etc.), it stands to reason that these fabrics could be instead utilized as

base materials for recyclable, green composites.

Taking dissolution as the method of processing has many advantages. As the
remainder of the thesis will show; the dissolution of cellulose-based yarn in an
ionic liquid proves to be a reliable and highly tailorable process- with variables
such as temperature/co-solvent concentration/water content all acting to modify
the dissolution rate in predictable and controllable manner. Dissolution using
non-derivatizing solvents also ensures the molecular integrity of the solute and
many solvents are potentially recyclable [160]. A greater level of understanding
with regards to the dissolution mechanisms will undoubtedly lead to the usage of

cheaper/more effective solvents in the future.
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1.11 Thesis Overview

1.11 Thesis Overview

The structure for the remainder of this thesis is as follows:

Chapter 2 lays out the core experimental methods used- focusing on the prepa-
ration of the yarn and the dissolution procedure itself. Here, the frequently used
‘optical” method of analysis is also explained, as is the Arrhenius equation and

the details surrounding the creation of a cellulose film.

Chapter 3 then looks in detail at the dissolution of flax yarns via the use
of three key experimental techniques: optical microscopy, X-ray diffraction and
mechanical testing- with each technique allowing for a distinct means of studying
the dissolution behaviour. Time-temperature superposition is observed in the
system and Arrhenius plots are generated. The activation energy of dissolution

resulting from each experimental technique is subsequently documented.

Chapter 4 builds on the insights from the previous chapter, only now with the
inclusion the co-solvent dimethyl sulfoxide at various concentrations. The effects
of the co-solvent are quantified in terms of its ability to a) modify the dissolution

rate of yarns and b) effect the activation energy of dissolution.

Next, Chapter 5 documents the influence of small amounts of H,O when added
to the solvent bath. The interactions between water, cellulose and ionic liquid are
discussed, before optical micrographs reveal the effects of water on the dissolution
mechanics. Again, the rate of dissolution is compared to that of 'dry’ ionic liquid

and activation energies are documented for each water concentration used.

Finally, chapter 6 summaries the core findings and discusses possible future

directions for the research.
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Chapter 2

Experimental Methods

2.1 Dissolution Procedure

The solvent used was 1-ethyl-3-Methylimidazolium acetate ([C2mim]|[OAc]) pur-
chased from Sigma-Aldrich with a purity of >95%, as its ability to dissolve cel-
lulose is well documented [161, 162, 163]. A continuous yarn of flax with a
diameter of 0.5 mm was purchased from Airedale Yarns and used as the source of
cellulose. Prior to dissolution, the yarn was wound around a polytetrafluoroethy-
lene (PTFE) picture frame of dimensions 5 cm x 5 cm. The frame was then
submerged in a bath of ionic liquid (IL) which was in turn placed in a Leybold
Sogevac vacuum oven capable of pumping down to 0.5 mbar - see Figure 2.1. The
[C2mim|[OAc| was preheated to the desired temperature prior to dissolution. A
vacuum was maintained during the dissolution process in order to prevent the
absorption of atmospheric moisture by the IL, as multiple studies have shown
substantial interactions between water and [C2mim]|[OAc] [164]. Upon exiting
the oven, the yarns, still wound around the frame, were placed in a running wa-
ter bath for 24 hours at room temperature. Finally, once removed from the water
bath, yarns were left to dry at room temperature for a further 24 hours before

being cut free from the frame.

27



2. EXPERIMENTAL METHODS

(@) (b) (©) (d)

Figure 2.1: Dissolution procedure. (a) Depiction of the frame used to wind
individual pieces of yarn around (b) Dish used to hold the IL/frame/cellulose (c)
Dish full of IL (d) Dish full of IL with frame and cellulose submerged.

2.2 Cellulose Film Creation

In order to study amorphous cellulose, a cellulose film was prepared via the
following method: A 50 cm length of raw flax yarn was cut into pieces, each
measuring approximately 3 mm. These pieces were then added to a beaker of
ionic liquid at a weight ratio of 95 % IL to 5 % flax. The IL/flax solution was then
heated on a hot plate at 90 °C for 72 hours while being stirred with a magnetic
bead. Upon removal from the beaker, the dissolved cellulose/IL solution was
transferred to a flat, circular dish and spread out evenly across the surface. Next,
the dish was placed in a humid atmosphere such that atmospheric water may
act to slowly regenerate the cellulose. (The conventional water bath method of
coagulation would result in the destruction of the fragile film at this stage.) After
3 days, the cellulose solution, now semi-congealed into a thin, malleable film, was
placed into a running water bath for a further 24 hours to remove any excess IL.
Once washed, the resultant film was then dried in a hot press for 1 hour at 80 °C
with contact pressure applied - resulting in a film consisting of only amorphous

cellulose and the cellulose 1I crystal.

2.3 Dealing With Uncertainties

Throughout this thesis, the following equation is commonly used as a method of

determining the standard error of the mean of a given set of measurements;
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2.4 Optical Microscopy

SE = (2.1)

2l

Where SE is the standard error, sigma is the standard deviation of the pop-

ulation and N is the size of the set (number of measurements taken).

Unless otherwise stated, the error bars appearing within subsequent plots are

determined via equation 2.1 where N = 3.

2.4 Optical Microscopy

In order to image the cross sections of yarns, an Olympus BH2 microscope was
used in conjunction with a CCD (charge-coupled device) camera. Yarns were
embedded vertically within an epoxy resin mould prior to photographing, which
was subsequently ground down and polished - allowing for a clear cross sectional

image to be captured.

Two distinct regions are seen in the optical micrographs of processed yarns,
as shown in Figure 2.2. The inner core can be seen to be surrounded by a notably
different outer layer. Detailed analysis into the origin and composition of these
two layers is presented in section 3. However, it may be assumed at this point
that the outer layer is comprised of cellulose that has undergone the dissolution

and coagulation process.
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Inner Core

Coagulated
Cellulose 0.5 mm

Figure 2.2: A typical optical micrograph

The area of the coagulated outer layer relative to the total cross-sectional area
is referred to as the ‘Coagulation Fraction’ (CF) and is calculated using equation
2.2:

CF = (ﬁ—j) (2.2)

where CF: Coagulation Fraction, A.: Cross sectional area comprised of coag-

ulated cellulose and A7 : Total area of the cross section.

The clear boundaries between core and coagulated material, as well as coag-
ulated material and exterior can be established and measured. This procedure is
shown in Figure 2.3, where these boundaries (shown by red lines) are traced out
by eye using software (ImageJ). The error associated with the ratio between inner
and outer boundaries was determined using equation 2.1, where N = 3. i.e., this
ratio was measured for three distinct yarns processed under identical conditions

before calculating the standard error associated with all three measurements.
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0.5mm | | | | 0.5mm

Figure 2.3: Determination of the boundaries around the coagulated layer of cel-
lulose. The inner boundary is shown on the left and the outer on the right. Yarns
shown were dissolved at 60 °C for 0.5 hours (top) 2 hours (middle) and 6 hours
(bottom).
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2. EXPERIMENTAL METHODS

2.5 Arrhenius Analysis

Throughout this work, the Arrhenius equation is frequently used- see equation
2.3. This expression relates the rate of a reaction to the temperature at which

the reaction is occurring.

k= Ae(7t) (2.3)

Where k is the rate constant, E, the activation energy, R the gas constant, A
the pre-exponential factor (a reaction based constant) and T the temperature in

kelvin.

If the rate constant (k) obeys the Arrhenius equation, then a plot of In(k)
Vs. T~ will reveal a straight line with a gradient -E,/R and intercept In(A), as

evident in equation 2.4.

Ink = (‘5“) <%) +InA (2.4)

Within the above expressions, E, describes the minimum energy required in
order for a reaction to proceed. Figure 2.4 shows how the enthalpy of a system,
H, is ultimately lowered by the overcoming of an energy barrier. Since absolute
values of H cannot be determined, changes in H as a system moves from one
state to another become an important indicator of the feasibility of a reaction.
The larger AH, the less likely a system is to revert back to it’s original state (if
physically possible). The physical nature of the activation energy in our system is
not obvious, though it is thought to relate to the energy required to break apart
the fundamental bonds which hold together the cellulose crystal lattice.
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Reactants

AH

Potential Energy ——

Products

Reaction Progress ——

Figure 2.4: Depiction of the energy landscape for a system obeying the Arrhenius

law.

The physics underlying the Arrhenius law relates to collision theory, which
states that reaction rates depend on the number and energy of collisions between
solvent and reactant, as well as the collision angle. The Boltzmann distribution is
invoked as a means of determining how many molecules exist at a given tempera-
ture with kinetic energy sufficient to overcome an energetic barrier. This concept

is expressed graphically in Figure 2.5.
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.
>

Probability of kinetic energy

E

a

Kinetic energy

Figure 2.5: Boltzmann distribution describing the kinetic energy of molecules
within a solution. As the temperature is increased (T} < T < T3), a corresponding

increase in the number of molecules with energy >E, is evident.
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Chapter 3

Dissolution Of Flax Yarn In
[C2mim|[OAc]

3.1 Introduction

Of the range of potential variables within a solvating system, temperature is
undoubtedly one of the most important [165, 166]. Changes in temperature can
modify the time scales of a reaction and act to provide molecules with sufficient
energy to overcome thermodynamic barriers. Arrhenius analysis (mentioned in
section 2.5) allows for the temperature of a system to be related to reaction rates
in order to reveal associated activation energies. Cellulose does not exhibit any
15! order thermodynamic phase transitions within the temperature window used
in this chapter (30 °C to 70 °C). Therefore, temperature variance predominantly
effects the solvent. Much work has been reported on the use of temperature as
a means of modifying certain properties of ionic liquids- such as their densities,

viscosities and diffusion rates [167, 164].

Within many areas of industry, the temperature needed to ensure the occur-
rence of a reaction can contribute enormously to the total cost of the process.
[168] In Germany, as much as three quarters of the industrial energy demand is
needed in the form of heat [169]. The cement industry, for example, requires a
kiln operating temperature of 1500 °C [170] and the oil industry requires over
350 °C in order to hydro-crack heavy fuels [171]. Within the composite industry,
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3. DISSOLUTION OF FLAX YARN IN [C2MIM][OAC]

temperatures in excess of 2000 °C are required for production of carbon fibre
[172, 173] and the paper industry requires around 170 °C in order to convert
wood shavings to pulp. [174].

This heavy reliance on processing temperature in many reactions has prompted
much study into the use of catalysts and energy saving mechanisms [175, 176, 177].
Such measures, however, can only be implemented once a systems underlying re-
lation to temperature is understood. The following chapter aims to explore this
underlying relation by analysing the effect of temperature on the dissolution of
flax yarns when submerged in [C2mim][OAc]. Three key methods of analysis
are utilised; optical microscopy, X-ray diffraction (XRD) and mechanical testing.
Each technique, as outlined below, allows for a distinct means of tracking the

amount of dissolution.

Method 1: Optical Microscopy

Optical microscopy provides a quick and easy method of determining the
amount of dissolved yarn due to the noticeable difference between raw and coag-
ulated material when viewed under a microscope. Others have utilised a similar
technique when quantifying cellulose dissolution and found similarly accurate and

reproducible results [178].

Method 2: X-ray Diffraction

The cellulose XRD pattern (as to be explored in depth in later sections) is very
well documented for both the cellulose I (CI) and cellulose II (CII) polymorphs
[179, 180]. Such a pattern allows for the determination of crystal species within
samples and more importantly, the ratio between them. This information is
pertinent to our studies, as the various types of crystals can be used to determine
the degree of dissolution. As mentioned in section 1.1, it is known that the
cellulose I lattice will not reform post dissolution, as it is more favourable from
an energetic perspective to re-form as cellulose II [181]. This information allows
for a direct measure of dissolution by looking at the relative rising and falling of

various crystal peaks on an 20’ scan.
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3.2 Methods

Method 3: Mechanical Testing

The partially dissolved yarns used within this work can be viewed as all-
cellulose composites- as they consist of a strong, fibrous 'reinforcing phase’ (cen-
tral core) in conjunction with a more malleable, weaker 'matrix phase’ (consist-
ing of coagulated cellulose). Within the domain of composite science, the ratio
of matrix to reinforcing material plays a crucial role in the determination of a
composites resulting mechanical properties. A composite with too low a matrix
fraction will lack resistance to deformation, whereas a composite with too much
matrix material be overly-ductile and weak. The strong and complex network
of bonds within cellulose results in outstanding mechanical properties. Bamboo
fibres, for example, exhibit a tensile strength and modulus of 1600 Mpa and 26
GPa respectively [182]. This strength to weight ratio rivals even steel and makes
cellulose a great candidate for use in modern ’green-composite’ materials [183].

The mechanical strength and modulus play an important role in our analy-
sis, as they can be used to determine how much of the central core of the yarn
has been dissolved. The tensile modulus of a composite is related to the ratio
between its constituent components and thus the modulus of yarns can be used
as a measure of how much raw material has been converted into coagulated cel-
lulose. Likewise, the mechanical strength is directly proportional to the amount
of strength-providing raw material. By tracking how the strength varies, a cor-

responding trend in dissolved fraction is revealed.

3.2 Methods

3.2.1 Dissolution Procedure

The dissolution procedure outlined in section 2.1 is used throughout this chapter.

3.2.2 Optical Microscopy

Optical micrographs were attained and analysed using the techniques described

in section 2.4.
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3. DISSOLUTION OF FLAX YARN IN [C2MIM][OAC]

3.2.3 X-Ray Diffraction (Digital)

Wide Angle XRD was used in order to determine the crystalline structure of
both raw and processed flax yarns. The apparatus used was a 'DRONEK 4-
AXES, Huber Diffractionstechnik GmbH & Co. KG, Germany’; able to count the
number of X-rays per unit time at a range of 26 angles. Scans were conducted
in transmission mode from 5 ° to 30 ° in 260, with a resolution of 0.2 °. An
operating voltage and current of 40 kV and 30 mA were used respectively. Extra
crystallographic information can be attained at two theta values above 30 °,
however, studies have shown that scanning from 5 ° to 30 © in 26 is ample in the

determination of crystal species within cellulose [184].

When scanning yarns (both raw and processed) multiple strands of yarn were
placed parallel to each other in order to form an array. This was necessary as the
diameter of each individual yarn measured roughly only a quarter the diameter
of the X-ray beam. With multiple strands of yarn forming an array, the beam
was able to pass through more material and thus result in a stronger signal. An

optical micrograph of such a processed array can be seen in Figure 3.1.
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Figure 3.1: Optical micrograph of an array used for XRD studies. Eight individ-

ual yarn cross sections can be seen embedded in a coagulated matrix.

To begin analysis, the amorphous peak (well documented to exist around 18 °
in 20 ([185, 186]) was fit using a single peak to the data from an unprocessed yarn.
This peak was allowed to move 4+ 2 © either side of 18 °, whereas the width and
amplitude were left unconstrained as to allow for optimum fitting. This broad
peak can be seen overlaid on the raw data in Figure 3.2 and in isolation in Figure
3.3.

39



3. DISSOLUTION OF FLAX YARN IN [C2MIM][OAC]

= Raw Data
---- Amorphous
~
=
N
2
D
<
b
=
-.*.-
- ". -
L. .
NNNNNN L3
_’gﬁﬁ- \\\\ -..'
e - R 2SN
5 10 15 20 25 30 35

Figure 3.2: The broad amorphous peak shown in red, with data points corre-
sponding to a scan of the raw yarn.
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Figure 3.3: The broad amorphous peak in isolation.
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In order to next identify the cellulose I peaks, the well documented Bragg
locations in 26 were used as a rough guide. Figure 3.4 shows the cellulose I peaks
being placed onto raw yarn data, alongside the aforementioned amorphous peak.
These cellulose I peaks, shown in green, were allowed to move £ 2 ° either side
of their commonly stated values in the literature [187, 188, 189, 190], while the
peak heights were left unconstrained. The peak widths were forced to be equal
to each other, as the broadening of peaks is due to instrumental effects such
as diffraction around the slit/air scattering etc.- all of which are assumed to be
independent of 26 angle. This width common to all CI peaks however, was also

left unconstrained.

With these constraints in place, a sum of least squares approach was used to
mathematically determine the optimum fitting of CI peaks. The resultant fitting
information (location of peaks in 26, peak width, relative amplitudes) was then
averaged upon repeating the process three times for three distinct raw yarn scans.
The resultant cellulose I 'theory peaks’ can be seen in figure 3.5. These peaks
were found to exist at 14.8 °, 16.7 © and 22.7 ° in 26 and correspond to Bragg
reflections of the (1,1,0), (1,1,0) and (2,0,0) planes respectively [191].

Table 3.1 summarises the crystallographic information pertaining to the cel-

lulose I peaks. The ’relative height’ column of this table describes the hight of
each cellulose I peak relative to the height of the peak with the smallest 26 value.
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Figure 3.4: The optimum fitting of CI peaks (green) in conjunction with the

amorphous peak (red). The solid black line represents the summation of all

peaks (including the amorphous peak).
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Intensity (a.u.)
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Figure 3.5: Theoretical cellulose I peaks.

Table 3.1: Cellulose I Bragg Peak Information.

Peak Location (°) Relative Height Miller Index

14.8 1 1,1,0
16.7 0.7 1,1,0
22.7 3.5 2,0,0

The cellulose II peak locations, heights and widths were determined in a sim-
ilar manner: data from a partially dissolved yarn (featuring amorphous cellulose,
cellulose I and cellulose II) was fit using the aforementioned amorphous and cel-

lulose I peaks. Alongside these peaks however, the software was now also given
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three extra peaks- corresponding to the cellulose II reflections. As with the cel-
lulose I peak fitting method mentioned previously, the cellulose II peaks were
also allowed to move £ 2 © either side of their documented values found in the
literature, while the peak heights were left unconstrained. Again, the widths of
peaks were constrained to be equal to each other. The fitting software was then
tasked with fitting the data using a combination of amorphous, cellulose I and
cellulose II peaks in superposition. Upon fitting (see Figure 3.6), the cellulose
IT peak information could be extracted and isolated. The isolated cellulose II
theory peaks, shown in Figure 3.7 are again determined from the average loca-
tion /height /width of these peaks across three distinct scans. In this case, the
peak locations determined at positions 12.4 °; 20.2 ° and 21.8 ° in 26 correspond
to Bragg reflections of the (1,1,0), (1,1,0) and (0,2,0) planes respectively [192].
Table 3.2 summarises the crystallographic information pertaining to the cellulose

IT peaks.
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Figure 3.6: The optimum fitting of CII peaks (blue) in conjunction with the
cellulose I peaks (green) and amorphous peak (dashed red) The solid black line
represents the summation of all peaks (including the amorphous peak).
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Intensity (a.u.)
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Figure 3.7: Experimentally derived cellulose II peaks.

Table 3.2: Cellulose IT Bragg Peak Information.

Peak Location (°) Relative Height Miller Index

11.9 1 1,1,0
20.5 4.1 1,1,0
21.3 3.9 0,2,0

The cellulose I and II peak locations as determined by experimentation were
found to be in close agreement with the published work of others: see image 3.8

for comparison.
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Figure 3.8: Documented X-ray diffractograms for cellulose I (black) and cellulose
IT (red), both include amorphous cellulose. Credit: Liu et al. [193]

In order to analyse the XRD data, scans were de-convoluted into their con-
stituent amorphous, cellulose T and cellulose I peaks (seen prior in figures 3.3,
3.5 and 3.7 respectively). Using these sets of peaks in superposition, the sum
of squares between theory and data was computationally minimised. Figure 3.9
displays all experimentally derived peaks together, as well as their collective sum-

mation.
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Figure 3.9: The summation (black dashed line) of the amorphous (red dashed
line), cellulose I (solid green line) and cellulose II (solid blue line) contributions.
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Equation 3.1 is used to determine the fraction of cellulose crystal species X

from a 26 scan;

e (%) o

Where Cyx is the fraction of Cellulose species X (either cellulose I or II), Ax
is the area of the peaks corresponding to species X and Ap is the total area
of all peaks, including the amorphous peak. Only the relative areas of crystal
peaks are considered, as these give the fractions of amorphous material/cellulose
I/cellulose II. When a value of Cy is stated, this refers to the average Cx as taken
from three distinct scans- each attained using a different array processed under

identical conditions.

The above expression describes how the amount of Cellulose I (CI) may be
calculated from a digital XRD scan. If we assume the CI is homogeneously
dispersed throughout the raw yarn, then the CI reduction also describes the
total amount of yarn dissolved (as CI does not reform post-dissolution). As the
coagulated material is created from this dissolved fraction of the yarn, a simple
relationship between CF and dissolved CI is presented in equation 3.2. Using this
equation, the digital XRD data may be expressed in terms of the CF- making it

easily comparable to the other methods of analysis used in this chapter.

Remaining C'1
Initial C'1

CF =1- (3.2)

Though the results attained via XRD are shown to be in close agreement with
other published studies on the makeup of flax [194, 195], some data may exhibit

discrepancies caused by the following:

Firstly, it should be noted that the XRD data presented in this chapter may
be affected by the yarn-based architecture, which ensures preferential alignment

of the polymer crystals along the vertical axis of the yarn. As a result, any
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diffraction peaks not appearing on an equatorial diffraction scan will be ignored.
In the case of Cellulose I, the (0, 1, 2) Bragg peak does not appear equatorially,
thus is absent on a 26 scan. This peak is small when compared to all other
Cellulose I peaks however, so its absence has little effect on the results. In order

to negate this issue in future studies, a powdered sample may be used instead.

There will also be discrepancies due to the helical nature of the yarn. Due
to the twist about the vertical axis, the ‘front’ of the yarn will feature sub-fibres
at a small angle from the vertical (the twist angle ‘¢’) and the 'back’ of the
yarn will display sub-fibres with a similar deviation in the opposite direction.
See figure 3.10 for clarification. This twisting will result in two similar XRD
signals, mirroring each other at plus and minus the twist angle. As the twist
angle (on the order of 7 °) is small compared to the circumferential width of the
diffraction peaks ( ~ 40 °), this is not a major issue for our analysis. As any
peak modification due to the twist angle will be common to all scans, this does
not affect the results (which merely use the area under the equatorial peaks as a
marker of dissolution).

/

Figure 3.10: Basic schematic of the flax-based yarn, displaying sub-fibres at a
twist angle ‘¢” from the vertical.
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3.2.4 X-Ray Diffraction (Analogue)

X-ray sensitive photographic films were used to capture two-dimensional diffrac-
tion patterns. The films were placed 5 cm from samples and were left exposed
for a period of two hours at an operating voltage of 40 kV and a current of 30

mA. See figure 3.11 for a basic schematic of apparatus.

X-Ray Sensitive
Photographic Film

T
| &
S~

X-Ray Source

Figure 3.11: Schematic of the XRD set up used when capturing a two-dimensional

diffraction pattern, with X =5 cm.

3.2.5 Mechanical Testing

An Instron 5565 Universal Test Machine was used to determine the mechanical
properties of flax yarn. Samples were securely fixed at both ends and pulled
apart at a rate of 10 mm/min. A Messphysik Video Extensometer was used to
accurately track the strain rate via the use of two identifiable stickers, as shown
in Figure 3.12. Data is presented in the form of ’Stress-Strain’ plots, from which
the tensile strength (maximum amount of stress), modulus (the gradient of the
the initial linear section of the curve) and the relative extension at breaking point

are determined.
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Top Clamp

Top Sticker
Cellulose Yarn

Bottom Sticker

Bottom Clamp

Figure 3.12: Photograph showing a sample ready to test. The horizontal stickers
are automatically tracked by the camera and allow for precise measurements of
the strain rate.

In order to transform the measured force into a stress, the cross-sectional area
of yarn was needed. Three distinct methods were used to calculate this area- the

"density method’, the use of a micrometer and optical microscopy.

The first method involves the density of cellulose, which has been extensively
recorded [196, 197, 198]. Measurements of the yarn mass were used in conjunction

with this known density in order to calculate the cross-sectional area.

The use of a micrometer made for quick and simple cross sectional measure-
ments. However, care had to be taken as to not compress the fibre during the

measuring process.
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The optical microscope method involved the embedding of yarns vertically
within an epoxy resin mould before polishing down and photographing. Using
the known scale of the image, an area was calculated by sketching around the
perimeter of the fibre by eye. An example of this sketching procedure has been
shown prior- refer to Figure 2.3. Others have independently verified the efficacy

of this measurement technique [199].

Table 3.3 summarises the results from each technique when measuring the
cross-sectional area of the raw yarn. A good level of agreement is seen between the
different approaches, with the smallest area resulting from the optical approach
and the largest from the micrometer. As the density method was quick and simple
to preform, giving rise to a cross-sectional area closest to the average of all three

methods - this method was chosen to be the default measurement technique.

Table 3.3: Cross sectional area of the raw yarn as a function of measurement

technique.

Measurement Method Cross Sectional Area (mm?) Error in Area (mm?)

Density Method 0.118 0.009
Micrometer 0.125 0.004
Optical Microscope 0.100 0.005

3.3 Results and Discussion

3.3.1 Optical Microscopy

Optical microscopy, previously elaborated on in section 2.4 is used to attain im-
ages of both the raw and partially dissolved yarns. The average raw yarn diame-
ter, calculated using the area determined via optical microscopic measurements in
conjunction with software, (ImagelJ) was found to be 0.43 mm. Figures 3.14 and

3.15 reveal how the raw yarns are comprised of many smaller individual fibrous
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bundles, packed tightly together. As can be seen from the cross sections of par-
tially dissolved yarns in Figures 3.16, 3.17 and 3.18, this tight packing does not
allow the IL to penetrate all the way through to the core of the yarn. Rather, the
boundary between the dissolved and undissolved fractions moves inwards with
time. It is seen that the structure of the centrally undissolved portion of yarns is

visually identical to that of the raw yarn.

Figure 3.13: Cross sectional images of multiple raw yarns.
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3.3 Results and Discussion

Figure 3.14: A raw yarn viewed at 20 times magnification.

Figure 3.15: A raw yarn viewed at 50 times magnification.
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The coagulated fraction (CF) is seen to increase in size as a function of both
time and dissolution temperature in Figures 3.16 and 3.17. First, the coagu-
lated material forms quickly and roughly symmetrically around the inner core,
before slowing at longer times. This slowing is thought to be partially due to
the outer coagulated layer acting as a protective barrier between the raw cellu-
lose and ionic liquid, decelerating the dissolution process. The appearance of the
inner core remains largely unchanged, suggesting that the ionic liquid is acting
predominantly at the surface of the yarn. Figure 3.18 provides further evidence
of this by showing how the coagulated material forms a boundary which encloses
the yarn. Though the majority of the coagulated material is seen to exist within
this outer layer, a small amount is present inside the perimeter- as evident by the
bonded sub-fibres close to the edge. The inner-most sub-fibres however, remain
un-bonded; revealing how the ionic liquid has not been able to reach the inner

most core.

Figure 3.16: Cross sections of yarns processed at 50 °C for 2 hours (a), 4 hours
(b), 6 hours (c) and 8 hours (d). The coagulated fraction can be seen to grow as

a function of time.

56



3.3 Results and Discussion

Figure 3.17: Cross sections of yarns after 2 hours at various temperatures; 30 °C
(a), 40 °C (b), 50 °C (c) and 60 °C (d). The coagulated fraction can be seen to

grow as a function of temperature.
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Figure 3.18: High magnification image showing the distribution of coagulated

material within a yarn processed at 30 °C for 6 hours.

Shown below, Figure 3.19 presents a typical CF curve for a single dissolution
temperature. On this graph, each data point represents the average CF value
taken from four individual yarn cross sections (processed under identical condi-
tions). Next, Figure 3.20 shows how the coagulation fraction (CF) grows with
time at all five temperature regimes: 30 °C, 40 °C, 50 °C, 60 °C and 70 °C.
The CF is never seen to rise above 0.8 due to the limitations of the measurement
technique- yarns dissolved by more than 80 % do not contain enough raw mate-
rial to stay attached to the dissolution frame- hence, no resultant yarn remains to
embed into resin and photograph. Measurements of yarns processed at tempera-
tures above 70 °C proved difficult to attain due to the rapid rate of dissolution
at elevated temperatures. For this reason, the temperature range explored was

limited to an upper value of 70 °C.
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0.8

0.6 -

Time (h)
Figure 3.19: The coagulation fraction as a function of dissolution time for yarns

processed at 50 °C. Images of some of the yarns photographed are shown by their

corresponding data points for clarity. Polynomial fit used to guide the eye.
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Figure 3.20: The fraction of coagulated cellulose as a function of time at various
dissolution temperatures. (a): 30 °C, (b): 40 °C, (c): 50 °C, (d): 60 °C, (e): 70
°C. Polynomial fits used to guide the eye. Error bars included, though may be

smaller than data points.
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Figure 3.21 collects all results together to show simultaneously the effect of
time and temperature on the coagulation fraction. Seeing these various data sets
on the same graph suggested that the individual curves may be combined to form
a single master curve- an idea which implied time/temperature equivalence in the
system. Such an equivalence is often found and analysed in the study of rheology
[200, 201]. To further explore this notion, the data presented in Figure 3.21 was
expressed in logarithmic space. This step was performed in order to make any
shifting of data sets (a subsequent step to be explained shortly) more direct. The

data is seen in natural logarithmic space in Figure 3.22.
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Figure 3.21: CF as a function of temperature for yarns dissolved in [C2MIM][OAc¢]
at all dissolution temperatures. Polynomial fits used to guide the eye. Some error

bars may be smaller than data points.
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Figure 3.22: CF as a function of dissolution time for all temperature regimes as
expressed in natural logarithmic space. Exponential fits used to guide the eye.

Some error bars may be smaller than data points.

With the data now presented in natural logarithmic (In) time, each data set
(30 °C, 40 °C, 50 °C etc.) was independently scaled by a factor:

a(T)

Where T corresponds to the temperature of dissolution. This procedure is com-
monplace in rheological studies when employing time-temperature-superposition
(TTS). The reference temperature was chosen to be 50 °C, in the middle of our
temperature range. Thus, all other data sets were scaled towards this set. The

amount by which each data set was shifted in In time is then given by:
Ina(T)

The shifting of data was first performed by eye. Once a smooth and continuous
curve was formed, the R? value between the 50 °C data and each subsequent data
set was computationally minimised — ensuring the optimum shift factors were
determined. Figure 3.23 documents how the data appears as the shift factors
are applied in turn. Upon the shifting of all data sets, the master curve, seen in

Figure 3.24 is formed.
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Figure 3.23: Shifting process- moving the 40 °C data (blue) and the 70 °C data
(pink) towards the 50 °C data (red). Exponential fits used to guide the eye. Some
error bars may be smaller than data points.
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Figure 3.24: Coagulation fraction master curve including all dissolution temper-
atures. Exponential fit used to guide the eye. Some error bars may be smaller
than data points.

The temperature dependent shift factors used to arrive at Figure 3.24 are
documented in Table 3.4. A value of In(a(T)) > 0 implies that the dissolution
rate is faster than the reference temperature (50 °C), and therefore data needs
to be shifted to the right in In time in order to overlap. Alternatively, a negative
value of In(«(T)) represents a slower rate of dissolution. In(a(7")) in this case
will act to pull the data to the left in the In time domain in order for overlap

with the reference to occur.
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Table 3.4: Shift factors as a function of temperature

Temperature (°C) In(a(T)) Error in In(a(T))

30 -2.9 0.4
40 -1 0.2
20 0 0.2
60 0.9 0.2
70 2.4 0.3

The master curve shown above provides evidence of time-temperature super-
position within the system. In order to better understand the relation between
time and temperature, the shift factors are plotted against the inverse of their
respective temperatures in figure 3.25. The linear nature of the data seen in this
figure is indicative of a system obeying the Arrhenius law, thus a corresponding
activation energy (E,) can be determined. The activation energy, calculated us-
ing the gradient of the trend line, was found to be 100 + 10 kJ/mol. This
energy is thought to relate to the energy needed to break apart the cellulose
crystal lattice at a molecular level, though the exact energy required to do this
is still under discussion in the literature [202, 203, 204]. One may, however,
postulate the following interpretation: As each cellulose monomer features 3 hy-
droxyl groups, each capable of forming an interchain h-bond with energy ~ 15
kJ/mol [15, 70, 205], then this results in a total h-bond strength of ~ 45 kJ/mol
per monomer. If E, corresponds to the breaking of such h-bonds, then an FE,
of 100 kJ/mol may correspond to the extraction of approximately two cellulose
monomers from the crystal lattice.”

In relation to this activation energy; Wang et al. report a similar value for the
Gibbs free energy of cellulosic dissolution (80.5 kJ/mol) when using sodium hy-
droxide as a solvent [145] and others have shown Arrhenius behaviour in relation
to cellulosic dissolution when analysing the de-crystallisation of micro-crystalline
cellulose in phosphoric acid [148]. Similarily, the enthalpy of cellulose solvation
in [C2mim|[OAc] has been documented by Brehm et al- whereby computer sim-

ulations have revealed an energy of 96.4 kJ/mol [206]. In other work, Brehm et
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al. also quote a range of cellulose solvation enthalpies existing between 75.5 and
93.4 kJ/mol when using other ionic liquids [207].

Time temperature superposition in a similar system has also recently been
documented by Chen et al, whereby they state: “The rising of temperature was
found to amplify both the dissolution and swelling phenomena but did not change
the observed behaviour (of cellulose fibres in [C2mim|[OAc])” [178]. Within their
work, they also independently document the clear boundary seen between the

undissolved core and swollen exterior.
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Figure 3.25: Arrhenius plot showing the relation between shift factors and tem-

perature. The red line is a linear fit to the data.

The physical notion of an activation energy in a non-solid system is notably
more complex than that of a solid system. For a rigid solid, the nature of
E, is clear- it describes the energy barrier that must be overcome for a given
molecule to move from its current lattice position to a neighbouring lattice va-
cancy. When dealing with liquid or polymer systems however, the picture is not
as clear. Molecules in such systems are constantly undergoing translational and

rotational motion, resulting in ill-defined molecular positions with a lack of dis-
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cernible lattice sites. Lingwood Et al. report on an appropriate evaluation of
E, in non-solid systems: claiming that E, is related to all molecular interactions
undergone by a molecule as it moves from its initial non-equilibrium state to its
final equilibrium state. They denote the time scale on which this happens as
'7.” and claim that E, is correlated with all collisions occurring during this time.
This process is expressed diagrammatically in Figure 3.26. Interestingly, they
claim that F, in this case does not have a direct relationship with the diffusion
coefficient, D, of the system. Rather, F, is more closely related to the fluctuation
force- which describes the average energetics of all local interactions that occur

on the pre-diffusional time scale (=~ 1 ps). [146]

Non-equilibrium State Equilibrium State

0 Time Tc

Figure 3.26: A diagrammatic representation of the path a molecule may take
through a liquid/polymer system, showing events taking place during the period
0 <t < 7. At time = 7., the highlighted molecule no longer has a memory
of its initial position and velocity. Lingwood et al. postulate that all molecular

interactions during this time period contribute to E,.

3.3.2 X-Ray Diffraction (Digital)

X-ray diffraction is used to determine the crystal species present in flax based
samples. Figure 3.27 presents the XRD spectra for three distinct raw yarn ar-
rays, scanned separately. It can be seen that the Bragg peaks appear in almost
identical positions from scan to scan- showing a high degree of reproducibility

and a consistent crystalline profile along our flax based yarn.
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Figure 3.27: X-ray diffraction spectra for three distinct arrays comprised of raw

yarn.
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Figure 3.28 documents the deconvolution of a typical raw yarn scan into its
constituent Bragg peaks; the peaks shown in green correspond to the cellulose
I crystal lattice and were found to constitute 53.3 & 0.5 % of the raw flax. No
cellulose II is identified in the scans of raw yarns, thus- the remaining 46.7 +
0.5 % is composed of amorphous material. Table 3.5 summarises the crystalline

make-up the raw arrays.
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Figure 3.28: Fitting of three raw yarn scans using the deconvolution method.
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Table 3.5: Structural make-up of raw yarns as analysed by digital XRD.

Array Number CI Fraction (%) CII Fraction (%) Amorphous Fraction (%)

1 52 0 48
2 25 0 45
3 53 0 47

Based on the data expressed in Table 3.5, it can be concluded that the raw
material used throughout this work consists predominantly of the cellulose I al-
lomorph, with the remaining material being classified as amorphous. The ratio
of cellulose I to amorphous material is in close agreement with other studies

documenting the crystalline structure of flax [194, 195].

Figure 3.29 shows the XRD results for yarns dissolved at 60 °C for varying
lengths of time. As dissolution progresses, the CI peaks (shown in green) are
seen to decrease in size. At the same time, CII peaks (shown in blue) emerge
in the data and the amorphous peak (shown in red) is also seen to increase in

magnitude.

The diminishing trend in CI continues until full dissolution is achieved, at
which point there is no longer any CI present. Figure 3.30 documents the XRD
spectrum of such a sample. This scan confirms that the CI within the raw yarns
does not transform back into CI upon coagulation, which validates our assumption
that the reduction in CI can be used as a reliable marker of the total amount of

dissolution.
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Figure 3.29: XRD data for flax arrays dissolved at 60 °C for various lengths of
time: (a): 2 h, (b): 4 h, (¢): 6 h, (d): 8 h.
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Figure 3.30: The XRD spectrum resulting from a totally dissolved and coagulated
sample, showing an absence of CI.

Using equation 3.2, the XRD data may be expressed as a measure of the CF.
Figure 3.31 documents the CF growth as a function of time when using a range
of dissolution temperatures. As expected, the CF increases in accordance with

both dissolution time and temperature.
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Figure 3.31: CF as a function of both dissolution time and temperature. Poly-
nomial fits used to guide the eye. Some error bars may be smaller than data

points.

From this point, the methodology outlined previously (see section 3.3.1) was
used to shift the data in In time to form a master curve. Figures 3.32, 3.33 and
3.34 document the steps taken to arrive at an Arrhenius plot. The shift factors

used to generate the master curve are documented in Table 3.6.
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Figure 3.32: CF as a function of both dissolution time and temperature expressed
in natural logarithmic space. Exponential fits used to guide the eye. Some error

bars may be smaller than data points.
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Figure 3.33: CF master curve including all dissolution temperatures. Polynomial

fit used to guide the eye. Some error bars may be smaller than data points.
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Figure 3.34: Arrhenius plot showing the relation between shift factors and tem-

perature when using XRD to track the CF. The red line is a linear fit to the
data.

Table 3.6: Shift factors as a function of temperature (XRD)

Temperature (°C) In(a(T)) Error in In(a(T))

30 -2.7 0.4
40 -1 0.3
50 0 0.3
60 0.4 0.2

The linear nature of the data shown in figure 3.34 reveals an activation energy
of 87 4+ 16 kJ /mol. This value is similar to that attained in the previous section
when using optical microscopy, where E, was found to be 100 + 10 kJ/mol.

These two activation energies are believed to be describing to the same process.

The similarity between these activation energies promoted further investiga-
tion. Below, Figure ?? compares the CF as measured by optical microscopy with

the CF as measured by XRD. A close agreement is seen between the two meth-
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ods, though it is clear that the optical approach measures slightly more CF. The
reason for identifying less CF when using XRD may be due to an assumption
mentioned earlier in section 3.2.3, namely- that the cellulose I is homogeneously
dispersed throughout the cross section of the yarn. If in reality the CI is more
concentrated towards the centre of the yarn, then the XRD analysis (which mea-
sures the reduction in CI as a marker of the total amount of dissolution) would
register only a fraction of the total dissolution. Thus, equation 3.2 would reveal
a CF value lower than that of the actual CF.

0.8

C.F. (Optical Microscopy)

0 ' 0.4 ' 0.8
C.F. (X-Ray Difffraction)

Figure 3.35: A comparison between the CF values as measured by optical mi-
croscopy and XRD. Solid black line is a polynomial fit to the data, whereas the
dashed line represents a theoretical agreement between techniques. Some error

bars may be smaller than data points

Another potential explanation as to why the CF value is lower when measured
using XRD may be due to the differing amounts of exposed surface area between
single yarns (used for optical analysis) and the array of yarns (used for XRD).
These differences, highlighted in Figure 3.36 show how an individual yarn exposes

more of its surface area to the solvent, hence- will undergo more dissolution per
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unit time.

Figure 3.36: Top down depiction of an array of yarns (top) and a single yarn
(bottom). The green areas represent the fraction of exposed surface area upon
which the IL can act, while the red areas highlight any surface area potentially
shielded from IL.

3.3.3 X-Ray Diffraction (Analogue)

The following section presents data attained using X-ray sensitive films. Figures
3.37, 3.38 and 3.39 show the diffraction patterns resulting from a raw yarn, a
partially dissolved yarn and a totally dissolved yarn (a cellulose film- refer to
section 2.2 for details on cellulose film preparation) respectively. The bright
areas seen in these images correspond to regions of high X-ray intensity, hence-
Bragg diffraction. The patterns have both horizontal and vertical symmetry, with

the bright spot in the centre caused by overexposure of X-rays.

Unlike a conventional 26’ scan, a two-dimensional scan reveals the full diffrac-
tion pattern, rather than a single line through the equator of the full pattern. A
two-dimensional scan will therefore reveal other diffraction spots not necessarily
visible on this line. For each X-ray film attained, two copies of the image are
presented side by side. The image on the left remains unaltered for the purposes
of objective viewing whereas the image on the right is overlaid with pertinent

crystallographic information.
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Figure 3.37: Two dimensional diffraction pattern of a raw flax yarn.

The bright arcs seen at either side of the centre in Figure 3.37 correspond
to the peaks seen previously in 260 scans of the raw yarn. (Refer to Section
3.3.2, specifically Figure 3.27). Moving horizontally outwards from the centre,
the bright arcs correspond to the cellulose I peaks situated at 14.8 °, 16.7 ° and
22.7 °in 20. As previously stated, there appears to be no discernible cellulose II
in the raw yarn. This fact is again verified here by the absence of Bragg peaks
corresponding to the cellulose II lattice. The large, dimmer ring shown in purple
is thought to be caused by amorphous cellulose. This ring has a large degree of
radial uniformity due to the highly randomised direction of cellulose chains in
this phase.
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Figure 3.38: Two dimensional diffraction pattern of a yarn processed at 60 °C for

2 hours, with cellulose I peaks shown in green and cellulose II peaks in blue.

Figure 3.38 documents the two-dimensional diffraction pattern resulting from
a partially dissolved yarn. The bright arcs corresponding to the cellulose I crystal
lattice (seen previously in Figure 3.37) are again labelled, though are now seen
to be smaller and less bright- indicating a reduction in cellulose I. In contrast,
the dominant cellulose II peaks are now visible and are labelled by their Miller
indices (1, 0, 1) and (0, 2, 0) - the similarity of their peak locations however
(20.5 ° and 21.3 ° in 20) make it difficult to distinguish the two. For this reason,
the dominant cellulose II peaks are highlighted together as one single peak. The
smaller cellulose II peak situated at 11.9 © in 26 is difficult to perceive here- due
to its close proximity to the cellulose I peaks (situated at 14.8 © and 16.7 ° in 26)
and its relatively small amplitude. The amorphous ring (again shown in purple)

remains clear.
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Figure 3.39: Two dimensional diffraction pattern of a cellulose film.

Figure 3.39 displays the diffraction pattern resulting from a cellulose film. The
large outer ring is thought to represent a combination of the two main cellulose
IT peaks (situated at 20.5 © and 21.3 ° in 26) and the amorphous peak (situated
around 18 © in 20). The smaller cellulose II peak located at 11.9 © in 26 can also be
identified, though is seen to be much more faint than the dominant peaks. This
diffraction pattern is in agreement with the corresponding digital XRD scan (of
a totally dissolved yarn) seen in Figure 3.30 in the previous section- both scans
show a large amount of cellulose II and amorphous material, with an absence of

cellulose 1.
Lastly, Figure 3.40 highlights the differences between diffraction patterns.

From the left (raw yarn) to the right (complete dissolution), the trend from

cellulose I to cellulose IT and amorphous material is clear.
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Figure 3.40: Slices of all thee diffraction patterns. Left: raw yarn, middle: par-
tially dissolved yarn and right: fully dissolved yarn.

3.3.4 Mechanical Testing

To begin the mechanical testing of yarns, six individual raw yarns were separately
placed under tension and taken to breaking point. Figure 3.41 shows the point
at which breakage occurred for one such sample. Figure 3.42 then documents the

stress-strain curve for each raw yarn tested.
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Figure 3.41: Image showing a yarn post-testing. The white arrow highlights the

point at which breakage occurred.
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Many of the stress-strain curves of raw yarns seen in Figure 3.42 do not
display an initial linear trend, instead, a steadily increasing gradient is seen up
until the point of linearity. This non-linear fraction of the curve may be due to
the untwisting of the yarn as strain is applied. As the modulus is taken from the
linear fraction of the curve only, this untwisting effect is not thought to affect the
recorded modulus or strength values. This non-linear fraction of the curve is less
pronounced for the stress-strain curves of processed yarns (seen in Figure 3.43)
owing to the fact the coagulated material is able to bind together sub-fibres and

thus prevent untwisting.
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Figure 3.42: Stress-strain curves of six distinct raw flax yarns. Red lines are

polynomial fits to the data with intercepts set to Y = 0.
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All raw yarns display a good level of agreement with respect to their mechani-
cal properties, with an average tensile strength, modulus and extension to failure
(ETF) value of 398 + 22 MPa, 18.7 + 1.7 GPa and 2.6 £+ 0.3 % respectively.
These values are in good agreement with other published works documenting the

mechanical properties of flax. [208, 199]

Table 3.7 summarises the average Strength, Modulus and ETF values of raw

flax yarns.

Table 3.7: Mechanical characteristics of raw flax yarns

Strength (MPa) Modulus (GPa) ETF (%)

Average 397.7 18.7 2.6
Error 22.4 1.9 0.3

As well as raw yarns, Figure 3.43 shows typical stress-strain curves of pro-
cessed yarns. These yarns exhibit various CF values, ranging from 0.3 to 0.5. As

the CF raises, the strength and tensile modulus are seen to decline.
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Figure 3.43: Stress-strain curves of yarns with a CF of 0.3 (a), 0.4 (b) and 0.5
(c). Red lines are polynomial fits to the data with intercepts set to Y = 0.
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Figure 3.44 shows how the modulus of yarns varies in accordance with the
CF. It is interesting to note that the modulus initially increases. This may ap-
pear counter-intuitive, as the modulus may be expected to drop as the central
(strength-providing) yarn is dissolved away. To explain this behaviour, it is pos-
tulated that at low CF values there is a lack of coagulated material available
to bond together individual sub-fibres. This results in a minority of sub-fibres
baring the entire mechanical load, resulting in a relatively low modulus. As the
CF increases however, a network forms between the sub-fibres through which the
load may be distributed more evenly; a phenomenon commonly observed in the
literature [209, 210, 211]. The modulus is seen to increase as this network of
coagulated cellulose spans across more of the fibrous cross section. This initial

stage is labelled the 'pre-forming phase’.

The positive correlation between CF and increasing modului is seen to con-
tinue until the CF is approximately 0.2, which marks the optimum amount of
coagulated material. Past this point however, the favourable balance between
coagulated cellulose and the raw fibrous cores is lost- resulting in a near linear
decrease in the modulus. A simple schematic of the hypothesised stress response

mechanism is shown for both a raw and processed yarn in Figure 3.45.

The data point corresponding to a CF value of 1 in Figure 3.44 was attained
using a cellulose film. Refer to section 2.2 for details on film creation. A linear
trend is fit to data points outside of the pre-forming phase. By extrapolating this
fit backward to the point at which the CF is 0, the 'true’ modulus of the raw

yarn can be deduced.
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Figure 3.44: The tensile modulus as a function of CF for flax fires, with the
shaded area representing the 'pre-forming’ phase. Dashed line is a linear fit of

the data outside of this phase. Some error bars may be smaller than data points.
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Figure 3.45: Schematic of the hypothetical stress response mechanisms in a raw
varn (left) and a processed yarn (right). Circles represent sub-fibres, with areas
experiencing stress shown in red. The coagulated material, through which stress
can be distributed is shown in yellow. On the left, the raw fibre is shown to
experience the majority of the mechanical load via a few select sub-fibres, whereas
the processed sample on the right is able to share the load more evenly via the

coagulated network between sub-fibres.
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3.3 Results and Discussion

Figure 3.46 documents the tensile modulus of yarns as a function of both
processing time and temperature. Within this plot, the data corresponding to the
aforementioned "pre-forming phase’ have been removed, leaving only the pertinent
section of the modulus curves. As the modulus is directly related to the ratio
of dissolved to undissolved cellulose, it was postulated that this data could be
used to track the dissolution rate as a function of temperature. As with the
data analysis in previous sections, T'TS was implemented. The data presented in
Figure 3.46 can be seen expressed in [n time in Figure 3.47. From here, the data
is shifted in the In time domain using the shift factors documented in Table 3.8,
resulting in a master curve revealing TTS in relation to the modulus data (see
Figure 3.48).
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Figure 3.46: Modulus expressed as a function of processing time and temperature.

Some error bars may be smaller than data points.
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Figure 3.47: Modulus expressed in In time as a function of processing time and
temperature. Polynomial fits used to guide the eye. Some error bars may be
smaller than data points.
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Figure 3.48: Master curve documenting the time-temperature superposability of
the tensile modulus data. Polynomial fit used to guide the eye. Some error bars

may be smaller than data points.
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3.3 Results and Discussion

Table 3.8: Shift factors as a function of processing temperature (modulus data).

Temperature (°C) In(a(T)) Error in In(a(T))

30 -2.3 0.3
40 -0.85 0.3
50 0 0.2
60 1.65 0.2

The shift factors are subsequently used to form an Arrhenius plot (see figure
3.49), where an E, of 107 £ 10 kJ/mol is determined. This value is similar
to the F, determined in section 3.3.1 when using optical microscopy (100 + 10
kJ/mol) and close to the E, determined in section 3.3.2 (87 + 16 kJ/mol)
when using digital XRD. The similarity of these values suggest that the various
activation energies determined thus far are all related to the same phenomenon-

namely, the transformation of raw material to coagulated cellulose.
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Figure 3.49: Arrhenius plot documenting how the shift factors attained from the
modulus data vary with processing temperature. The red line is a linear fit to
the data.

As with the modulus, the strength of processed yarns is also plot as a function
of dissolution time and temperature. This relation can be seen in Figure 3.50. The
strength is directly proportional to the amount of reinforcing phase (undissolved
yarn) and as a result- the reduction in strength can be viewed as a marker for
the amount of cellulose dissolved and time-temperature superposed accordingly.
Figures 3.51, 3.52 and 3.53 document the now familiar steps taken to arrive at an
Arrhenius plot, with the shift factors used to create the master curve documented
in Table 3.9. The activation energy resulting from Figure 3.53 is found to be 102
+ 17 kJ/mol. This value is also within error of the E, attained via optical
microscopic measurements in section 3.3.1 and the F, found when using XRD in
section 3.3.2.
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Figure 3.50: Strength expressed as a function of processing time and temperature.

Some error bars may be smaller than data points.
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Figure 3.51: Strength expressed in In time as a function of processing time and
temperature. Linear fits used to guide the eye. Some error bars may be smaller

than data points.
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Figure 3.52: Master curve documenting the time-temperature superposability of
the mechanical strength data. Linear fit used to guide the eye. Some error bars

may be smaller than data points.

Table 3.9: Shift factors as a function of processing temperature (strength data)

Temperature (°C) In(a(T)) Error in In(a(T))

30 -24 0.3
40 -0.4 0.2
50 0 0.3
60 1.5 0.2
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Figure 3.53: Arrhenius plot documenting how the shift factors attained from the
strength data vary with processing temperature. The red line is a linear fit to
the data.

3.4 Conclusions

This chapter has studied the the dissolution rate of flax yarns in the ionic liquid
[C2mim][OAc] as a function of dissolution time and temperature. Analysis has
been performed via three key methods: Optical microscopy, x-ray diffraction and

mechanical testing.

Using optical microscopy, the raw yarn was photographed and found to be
comprised of many smaller sub-fibres. A tight packing of these sub-fibres was
evident and it was theorised that the high concentration of fibrous material may
prevent the solvent from penetrating deep into the core of the yarn. Within the
optical micrographs of processed yarns, a notably different outer layer was seen
to enclose the undissolved fraction. The boundary between this outer layer and
inner core was exceptionally clear and the outer layer was seen to increase in
size as a function of both processing time and temperature. The outer layer was
theorised to be composed of coagulated cellulose, which was later verified to be

the case upon analysis of X-ray diffraction scans. The difference in appearance
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3. DISSOLUTION OF FLAX YARN IN [C2MIM][OAC]

between the two distinct regions allowed for the amount of coagulated cellulose to
be mapped as a function of both dissolution time and temperature. The formation
of coagulated material was seen to slow at longer times, which is thought to be
due to the outer layer acting as a barrier between the solvent and undissolved
yarn, hindering dissolution. Upon changing the dissolution temperature, the
time-scales on which the coagulated material forms were altered, with higher
temperatures resulting in a more rapid rate of growth. This finding suggested an
equivalence between time and temperature, which was subsequently verified by
the shifting of data in the natural logarithmic time domain. When shifted, each
temperature dependant data set was found to overlap, forming a master curve.
The shift factors used to generate this master curve were plot against the inverse
of their respective dissolution temperatures and upon doing so, a linear relation
revealed Arrhenius behaviour in the system. As a result, an activation energy
was calculated- describing the energy required for the dissolution of flax based
yarns in [C2mim|[OAc|. This energy was found to be 100 £+ 10 kJ/mol.

Following the optical analysis, digital XRD was next used to determine the
crystalline profile of yarns by looking at the relative size of crystal peaks in 26
scans. From this analysis, it was found that the raw yarn is composed primarily
of cellulose I (53 %), with the remainder being amorphous cellulose. As expected,
the cellulose I fraction was seen to decrease upon processing. At the same time,
the cellulose II fraction and amorphous content were seen to grow, providing
evidence of the transformation from CI to CII. Scans of fully dissolved samples
were shown to include no cellulose I, validating our assumption that the reduction
in CI is a reliable marker of the total dissolution. This finding also confirmed
that the coagulated material is indeed comprised of cellulose IT and amorphous
material. The reduction in CI allowed for a measure of the CF to be calculated
and graphed as a function of dissolution time and temperature. As with the
optical data, XRD data was itself shifted in the In time domain to form a master
curve. The resulting Arrhenius plot revealed an activation energy of 87 + 16
kJ/mol - within error of the F, determined optically. The slight difference in
these two values was theorised to be caused mainly by the differing geometry
between single yarns (used in the optical method) and arrays of yarns (used

in the XRD method), with the latter having less surface area available for the
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solvent to act upon. Another potential reason for this difference may be due to
the assumption that the CI is homogeneously dispersed throughout the raw yarn.
This assumption allowed for the calculation of the CF from XRD data, but may
in fact not be the case. Despite this, the CF growth resulting from these two
methods of analysis showed a good level of agreement when plot against each
other.

As well as digital XRD, an analogue approach was also used in order to view
the full two-dimensional diffraction pattern. X-ray sensitive films encoding this
pattern were acquired for the raw yarn, a processed yarn and a fully dissolved
yarn. Within these images, bright spots corresponding to various Bragg peaks
gave an indication as to the crystalline make-up of yarns. As with the digital
XRD data, a clear trend is seen in the reduction of CI whilst a corresponding rise
is seen in the CII and amorphous content as dissolution progresses. These films

also verified the complete absence of CI in a fully dissolved sample.

Lastly, the mechanical properties of both raw and processed yarns were deter-
mined. The raw yarn was found to have a tensile strength and modulus of 398 +
22 MPa and 18.7 4+ 1.7 GPa respectively- in good agreement with other published
works. As the processing time and temperature were increased, a corresponding
decrease was observed in the modulus and strength of yarns. A ’pre-forming’
stage was identified whereby the network of coagulated material between sub-
fibres was yet to have reached an optimum amount. Upon removal of the data
corresponding to this pre-forming stage, both the strength and modulus data
sets were found to independently time-temperature superpose. This gave rise to
a further two master curves and Arrhenius plots, with activation energies of 107
+ 10 kJ/mol (modulus data) and 102 £ 17 kJ/mol (strength data). These values
were seen to be strikingly close to the activation energy determined via optical

microscopy.

Table 3.10 summarises the various activation energies determined by each
method.
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3. DISSOLUTION OF FLAX YARN IN [C2MIM][OAC]

Table 3.10: Activation energy as a function of method of analysis.

Method Ea (kJ/mol) Error in Ea (kJ/mol)
Optical Microscopy 100 10
XRD (Digital) 87 16
Mechanical (Modulus) 107 10
Mechanical (Strength) 102 17

It can therefore be concluded that the dissolution of flax yarns when dissolved
in [C2mim|[OAc] obeys an Arrhenius law. Time-temperature superposition is
evident and an average activation energy of 99 + 13 kJ/mol appears to be re-
quired in order for dissolution to occur. This value is thought to relate to the
energy needed to break apart the fundamental bonds within the cellulose I crystal,

though the exact meaning of E, remains unknown.

100



Chapter 4

Addition Of The Co-solvent
Dimethyl Sulfoxide

4.1 Introduction

As covered in section 1.7, co-solvents are often used in the processing of cellulosic
biomass, though little is known about the influence mechanisms of co-solvents on
the molecular level [115]. Some typical co-solvents often used in conjunction with
ionic liquids (IL’s) are dimethyl sulfoxide (DMSO), N,N-dimethylformamide and
methanol [212]. Such compounds are often used alongside the primary solvent
in order to speed up a reaction/lower the cost of processing/improve solubility
[213].

The previous chapter presented a study into the effects of temperature on
the dissolution of flax yarns submerged in [C2mim]|[OAc]. The following chapter
now explores the effects of a co-solvent- dimethyl sulfoxide- on the system, the

structure of which can be seen in Figure 4.1.
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Figure 4.1: Molecular structure of Dimethyl Sulfoxide.

Dimethyl Sulfoxide (CH3)2SO, discovered in the latter half of the 19th cen-
tury is a by-product from wood pulp created during the production of paper [214].
It is a polar, aprotic solvent, colourless and miscible in water, with a high level
of thermal stability and high boiling/melting points (189 °C and 19 °C respec-
tively). Widely used in biomedical fields for the cryopreservation of cells and as
a penetration enhancer during topological treatments [215, 216], it has also been
shown to be an excellent solvent for many organic and polymeric compounds due
to its high polarity [217]. Though DMSO cannot dissolve cellulose, its low cost,
low toxicity and low viscosity make it a good candidate for a co-solvent. DMSO
is believed to improve the solvation capacities of ionic liquids by facilitating mass
transport as a result of lowering the viscosity of the system [218]. Others have
shown that DMSO is, however, also able to interfere with the interactions be-
tween the anions and cations of ionic liquids [111]. Radhi et al. reports that
the addition of DMSO reduces the differences between diffusivities of the cation
and anion in [C2min][OAc]. The ratio of the cation to anion diffusivities tends to
unity around 0.6 mole fraction of DMSO, whereas higher DMSO concentrations
result in the diffusivity of the anion being faster than that of the cation [219]. It
is however unknown as to whether such phenomena play an appreciable role in

the context of cellulose dissolution.

4.2 Methods

DMSO was added as a co-solvent at various concentrations. In order to under-
stand its effects on dissolution, yarns were again partially dissolved and pho-
tographed under a microscope. DMSO was mixed into the IL with a magnetic

stirrer for 10 minutes prior to use at three different concentrations: 20 %, 50 %

102



4.2 Methods

and 75 % by weight.

Dymethyl sulfoxide is hygroscopic and will readily form H-bonds with water
molecules [220]. Simulations have shown how this can occur in two distinct ways:
1) Two water molecules can H-bond to the oxygen atom of a DMSO molecule,
such that the angle between the two H-bonds is almost tetrahedral and 2) A cen-
tral HoO molecule is able to attach to two neighbouring DMSO hydrogen’s- see
Figure 4.2 [221]. The hygroscopic nature of the co-solvent therefore required the
removal of all moisture from the dissolution environment. However, the vacuum
used previously (throughout chapter 3) was not applicable for the IL + DMSO
system due to the relatively high vapour pressure of the co-solvent at the tem-
peratures used [222, 223]. Preliminary experiments were conducted to measure
the rate of evaporation of DMSO when under vacuum and the results are shown
in Figure 4.3. The data in this figure confirm the infeasibility of a vacuum en-
vironment during dissolution and for this reason, a different approach had to
be implemented in order to keep the solvent bath dry. The solution was to use
the same Leybold Sogevac oven (used throughout Chapter 3) during dissolution,
but to replace the vacuum with nitrogen. All experiments presented within this
chapter were conducted within this nitrogen atmosphere. All other experimental

methods used are identical to those outlined in section 2.1.

Figure 4.2: A water molecule bridging two DMSO molecules via h-bonds, with a
second water molecule hydrogen bonded to the bridging water molecules oxygen.
Figure adapted from a snapshot taken from an MD simulation by Borin et al.
[220]
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Figure 4.3: DMSO evaporation rate when under vacuum at 50 °C. Standard

errors calculated using equation 2.1. Polynomial fit used to guide the eye.

4.3 Results and Discussion

The most obvious difference in the IL + co-solvent system was the marked change
in viscosity, as DMSO has been shown to alter the viscosity of [C2mim][OAc]| by
up to two orders of magnitude [219]. In a similar system consisting of 1-ethyl-3-
methylimidazolium chloride, DMSO and cellulose, Lu et al. found the viscosity
activation energy to depend on cellulose concentration- ranging from 35 kJ/mol
for the pure solvent to 75 kJ/mol at 10 wt % of cellulose [224].

The dissolution mechanism seen in the IL + co-solvent system was found to
remain the same as that of the pure IL system; yarns continue to dissolve from
the outside in, with the formation of a coagulated layer appearing around the
core. Figure 4.4 documents the appearance of yarns after a dissolution time of
30 minutes for all co-solvent concentrations (including 0 %.) From this image,
it can be seen that the co-solvent concentration is effecting the growth rate of
the coagulated layer. It appears that after 30 minutes- the greatest amount
of coagulated material is observed when using a co-solvent concentration of 50

%. The viscosity of many ionic liquids is exponentially decreased when mixed
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with DMSO [225]. Therefore, the differing dissolution speeds suggest that the

co-solvent is, in part, acting to alter the time-scales of dissolution by reducing

solvent viscosity [218, 178].

(Pure IL): -

1(20 % DMSO)

0.5 mm

0.5 mm

(75 % DMSO)

0.5 mm

Figure 4.4: Images of yarns processed at 60 °C after a dissolution time of 30

minutes in each system.

As the dissolution process appeared similar to that observed in the previous

chapter (other than the time-scales on which the coagulated material forms), it

was postulated that once again, time-temperature superposition (TTS) master

curves and Arrhenius plots may be generated. Figure 4.5 presents the CF growth

as a function of processing temperature when using a co-solvent concentration of

20 %, alongside a corresponding master curve (created by the shifting of data in In

time) and resulting Arrhenius plot. (Refer to section 3.3.1 for a detailed summary

of the shifting procedure.) Figures 4.6 and 4.7 follow on by documenting the same

analytical process when using co-solvent ratio’s of 50 % and 75 % respectively.
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Figure 4.5: Data corresponding to the CF as a function of temperature (top), the
shifted data expressed in In time as a master curve (middle) and corresponding
Arrhenius plot (bottom) when using 20 % co-solvent by weight. Polynomial fits
used to guide the eye in top and middle plots, with a linear fit to the data in
the bottom plot. Error bars used in all plots, though may be smaller than data

points.
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Figure 4.6: Data corresponding to the CF as a function of temperature (top), the
shifted data expressed in In time as a master curve (middle) and corresponding
Arrhenius plot (bottom) when using 50 % co-solvent by weight. Polynomial fits
used to guide the eye in top and middle plots, with a linear fit to the data in
the bottom plot. Error bars used in all plots, though may be smaller than data

points.

107



4. ADDITION OF THE CO-SOLVENT DIMETHYL SULFOXIDE

0.6
©80°C
@70°C
0.4 1 §
[ 060 °C
O 4
02l & d A50°C
372 :
0 T
0 1 2 3
Time (h)
©80°C
0.4 - ) %
@70°C

060 °C

&
0.2 - A50°C ;%

C.F.

Lon(o(T)t) (a.u.)

3.5

Ln(a(T))

2.8 219 3 3‘.1
1000T" (K

Figure 4.7: Data corresponding to the CF as a function of temperature (top), the
shifted data expressed in In time as a master curve (middle) and corresponding
Arrhenius plot (bottom) when using 75 % co-solvent by weight. Polynomial fits
used to guide the eye in top and middle plots, with a linear fit to the data in
the bottom plot. Error bars used in all plots, though may be smaller than data

points.
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Figures 4.5, 4.6 and 4.7 show that time-temperature superposition occurs in
the system when using DMSO as a co-solvent. From these figures, activation
energies of 100 + 11 kJ/mol, 91 + 5 kJ/mol and 102 + 3 kJ/mol are
revealed when using 20 %, 50 % and 75 % DMSO by weight respectively. The
remarkable consistency of these values, highlighted in Figure 4.8, suggests that
the activation energy of dissolution does not depend on the weight fraction of
DMSO in the system. The similarities between activation energies suggest that
the co-solvent is not acting to alter the energy barrier to dissolution. Rather, it
is providing the ionic liquid with more frequent attempts to infiltrate the cellu-
lose h-bond network and thus only altering the pre-factor ‘A’ in the Arrhenius
equation. This result is echoed in the work conducted by Velioglu et.al, whereby
they conclude that “DMSO has the role of an ‘innocent’ co-solvent, which does
not interact strongly with cellulose and does not interfere with the interactions
of cellulose with the IL, but lowers the viscosity of the medium, leading to faster

mass transport and dissolution.” [226]

Activation Energy (kJ/mol)
i

o 20 40 60 8
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Figure 4.8: Activation energy required for cellulose dissolution as a function of

co-solvent concentration. Dashed line shows the average value.
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All shift factors used to create the individual co-solvent master curves are
themselves plot against the inverse of their respective dissolution temperatures
in Figure 4.9. This '"Master Arrhenius’ plot documents how all shift factors fall
on the same line. From this master fit, an activation energy of 100 + 3 kJ/mol
is revealed.
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Figure 4.9: Arrhenius plot showing how In(«/(T)) varies for all co-solvent concen-

trations and dissolution temperatures. Black line is a linear fit to all data.

The co-solvent master curves seen previously in Figures 4.5, 4.6 and 4.7 are
next individually shifted in In time so as to fall onto the same curve for that of
the pure ionic liquid results (shown previously in Figure 3.24). The resultant co-
solvent master curve, shown in Figure 4.10 displays the CF variance as a function

of time, temperature and co-solvent concentration.
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Figure 4.10: Master curve showing the coagulation fraction across all tempera-
tures and all co-solvent concentrations. Each data set uses 50 °C as the reference

temperature. The black line represents an exponential fit to all data.

The amounts by which each co-solvent master curve must be shifted in In time
to create Figure 4.10 act as a direct measure of the relative dissolution rates. For
example, the data taken when using a co-solvent concentration of 50 % must
be scaled by a factor a of 3.3 in order to overlap with the pure [C2mim][OAc]
master curve, hence the dissolution rate is 3.3 times faster at this concentration.
Figure 4.11 shows how the dissolution rate at each co-solvent concentration varies

relative to the dissolution in pure [C2mim|[OAc].

Interestingly, the dissolution rate is seen to drop when the concentration of
co-solvent is taken above 50 %, this corresponds to a DMSO mole fraction of
around 0.65. Radhi et al. report that below this concentration, the DMSO
preferentially associates with the cation, which may leave many of the anions free
to partake in dissolution by bonding with the hydrogen atoms of the cellulose
hydroxly groups [227, 228]. Above this concentration however, it is reported that
the DMSO couples more favourably with the anion. It is postulated therefore
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that the drop in dissolving power of the IL at higher DMSO fractions is not only
due to a shortage of the active solvent, but may also be related to the impediment
of the anions by the DSMO.

Relative Dissolution Rate (a.u.)
D

0 25 50 75
Co-solvent (%)

Figure 4.11: The relative dissolution rate of flax yarns as a function of co-solvent
concentration. Error bars determined by the error in the shifting of each data set

to form to master curve. Polynomial fit used to guide the eye.

4.4 Conclusions

The dissolution rate of flax yarns in the ionic liquid [C2mim|[OAc| has been
studied as a function of dissolution time, temperature and DMSO concentra-
tion. As with the previous chapter, the growth of a coagulated outer layer is
seen as dissolution progresses and the growth of this layer has been tracked us-
ing optical microscopy. The major difference seen when using DMSO was the
rate at which yarns dissolve, suggesting that the co-solvent is merely acting to
alter the time-scales of dissolution by reducing the solvent viscosity [229, 147].
Time-temperature superposition was evident at all DMSO concentrations, which

allowed for the formation of a CF master curve for each of the co-solvent ratios
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used.

Though the co-solvent was found to modify the rate of dissolution, the temper-
ature dependence of the time-scales of dissolution remained remarkably constant.
The activation energy of dissolution for each DMSO concentration was shown to
be very consistent, with all values falling within the range 100 £+ 10 kJ/mol. This
independence of E, on co-solvent concentration implied that the barrier to be
overcome in order for dissolution to occur is unaltered by the presence DMSO.
The decrease in viscosity of the IL due to the co-solvent, however, may provide sol-
vent molecules with more frequent attempts at overcoming this barrier. Despite
the favourable decrease in viscosity, the solvent power is thought to be reduced
at higher DMSO concentrations as more co-solvent molecules bind to the anions.
This reduction in solvent quality is thought to critically hinder dissolution: an
idea documented in the recent findings of Chen et al, whereby it is noted that the
dissolution (of cellulose fibres) is not governed primarily by viscosity, but instead

by solvent power [178].

The shifting of each master curve in In time resulted in a co-solvent master
curve, where all data was seen to exist on the same curve as that of the pure
IL. The shift factors used to create this plot allowed for the determination of the
relative dissolution rates between systems, which were subsequently graphed as
a function of co-solvent concentration. From this plot- the dissolution rate was
seen to be maximised when using an equal amount of [C2mim|[OAc] to DMSO,
whereby the dissolution process occurred 3.3 times faster than dissolution in
[C2mim][OAc]| alone.

The findings presented in this chapter can be closely tied to the series of
papers published by Nevard et al. on the swelling and dissolution of cellulose
fibres in a range of solvents [230, 231, 232, 233]. Solvent mixtures in this series
include aqueous NMMO along with a host of additives such as urea and zinc
oxide, as well as multiple ionic liquids. The quality of the NMMO as a solvent
is shown to be a function of water content, with a high percentage of water
resulting in poor solvating properties. Within the NMMO system, two main

mechanisms of dissolution are reported- ‘ballooning’ and ‘disintegrating’, seen
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with high- and low-quality solvents respectively. The ‘ballooning’ dissolution
mechanics are reported to be entirely due to the structure of the cellulose fibres
and not the type of solvent, as the same phenomenon is seen when using both
aqueous NMMO and ionic liquids. It was found that both cotton and wood fibres,
as well as nitrocellulose and xanthene all display similar dissolution mechanics in

these systems.

The work undertaken here may also be of interest to the growing study of all-
cellulose composites (ACC’s) [234, 235]. The preparation of an ACC with good
mechanical properties requires the controlled partial dissolution of cellulosic fi-
bres/yarns for optimum bonding, without significant loss of the mechanical prop-
erties [236]. The results presented here will hopefully assist in the optimisation of
future cellulose based composites, through quantitative control of the dissolution

using time, temperature and co-solvent concentration.
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Chapter 5

Exploring The Influence Of
Water On Dissolution

5.1 Introduction

The previous two chapters have explored the dissolution mechanics of flax yarns
when submerged in [C2mim|[OAc|, both with and without a co-solvent. Within
these chapters, time-temperature superposition was observed, dissolution rates
quantified and activation energies determined. The following chapter now aims
to explore the effects of HoO on the system via the addition of small amounts of
distilled water to the solvent bath.

5.1.1 Interactions between Ionic Liquids and Water

Tonic liquids (IL’s) display their own hydrogen bond networks [237]. Within these
networks, a single cation can h-bond with up to five different anions and the bond
strength between cations and anions is comparable to the bond strength between
cations and water molecules [238, 86]. This results in ionic liquids being generally
hygroscopic, with a remarkable tendency to absorb atmospheric moisture [239,
240]. Even the allegedly hydrophobic IL’s still saturate with a water content as
high as 1.4 % by mass [241]. Once water has been absorbed by an IL however, it
can also be desorbed by decreasing the humidity of the surrounding environment
[241]. The amount of water uptake is amplified when the anion can strongly

interact with water molecules via hydrogen bonding, forming an anion
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anion h-bonded structure [242, 243]. The bond strength between IL and water
(approx. 75 kJ/mol) is roughly three times stronger than the bond strength
between cellulose and water (21 kJ/mol) [217, 244, 86]. The h-bonds bonds

between a single anion and cation within [C4mim|[OAc| are shown in Figure 5.1.

Figure 5.1: H-bonds (dashed lines) between the anion and cation within
[C4mim][OAc]. Credit: Zhao 2015 [217]

Weldon et al. found that when room temperature ionic liquids absorb water
molecules from the air, these molecules exist mostly in the ‘free’ state, bound via
h-bonding with concentrations of 0.2-1.0 mol/dm3. The energy of this bonding is
in the range of 8-13 kJ/mol [245]. Among ionic liquids, those with an imidazolium

base are particularity prone to water absorption [25, 15].

It has also been shown that the diffusivity of the anion and cation can be
modified with water content. For imidazolium-based IL’s, the cation diffuses
faster than the anion when dry- a trend which can be reversed by the addition of
water [164]. Studies have shown that the method of absorption is physical, not
chemical — with water molecules attaching themselves via Van der Walls forces
and h-bonds to the exposed surface of the IL [241]. It has been reported that
as little as 1 % water by weight can significantly affect the properties of an ionic

liquid- such as melting point, viscosity and vaporisation enthalpy [246, 247].

116



5.1 Introduction

By absorbing water, the number of available h-bond sites on the anion is
reduced. As a result, its capacity to dissolve cellulose is diminished [217]. Many
studies have looked at the reduction in dissolving power of IL’s as a function
of moisture content and it has been reported that the presence of even small
amounts of water may severely impede an IL’s ability to solvate [248]. This
detrimental effect of water on cellulose solvation is well documented [203, 249].
For example; in the cellulose dissolving system consisting of NMMO and H,O,
Cuissinat et al. report that cellulose fibres showed no signs of dissolution if the
solvent water content was taken above 35 % by weight [250]. In another system
containing [C2mim|[OAc| and H,0, Olsson et al. found that water concentrations
as low as 10 % ‘largely inhibited dissolution’ [251]. A similar study found that
cellulose was ‘not completely dissolved’ if the concentration of water exceeded
15 % by weight when using [C2mim|[OAc] as a solvent. Other studies however,
quote much higher acceptable values of water content when dissolving cellulose in
various other ionic liquids; up to 50 % in some cases before dissolution is ‘greatly

impacted’ [252].

5.1.2 Interactions between Cellulose and Water

As with ionic liquids, the absorption of atmospheric moisture by cellulose is also a
well-documented phenomenon [240, 253, 254]. Cellulose features three hydrophilic
O-H groups per glucose unit, making the polymer highly polar and prone to the
uptake of water. Figure 5.2 shows the multiple ways in which HyO molecules
are able to bind to cellulose, with Figure 5.3 showing the vast h-bond network
formed between many cellulose chains in the presence of water. The absorption of
water can act to modify certain attributes of cellulose, such as its glass transition
temperature and mechanical properties [255, 256], though the level of moisture
retention under atmospheric conditions is relatively low (approx. 6 % by weight)
[257].
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Figure 5.2: Water molecules attaching to multiple available sites on the cellulose
polymer. H-bonds represented by black dotted lines. Credit: Deshpande et al.
[258]

Within most polymer-water systems, water found within the polymeric matrix
exhibits properties different to those of bulk water, with boiling/freezing occurring
at different temperatures, if at all [259]. Within cellulose, three main types of
water have been identified; 'Free water’ (unbound water with 1°¢ order transition
temperatures equal to those of pure water), ‘Bound water’ (restricted by hydroxyl
groups of cellulose molecules, the transition temperature of which is lower than
that of pure water) and 'Non-freezing Water’ (the fraction of water within the

polymer phase which remains unfrozen at low temperatures).

Bound water is difficult to remove completely from the polymer matrix, though
a fraction of it can be extracted via intensive heating [260, 261, 262]. Water has
been shown to only diffuse into the amorphous regions of the polymer, meaning
that the degree of absorption is highly dependent on the level of crystallinity
[263]. Cellulose-cellulose, cellulose-water and water-water hydrogen bonds are
all comparable in magnitude, at around 20 kJ/mol [70, 205]. Water is also well
known to plasticise cellulose and as little as 5 % additional moisture can have
a significant impact- altering the glass transition temperature by over 100 °C
[1, 264].
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Figure 5.3: Hydrogen bond network between water molecules and cellulose chains.
H-bonds shown with blue dashed lines. Credit: Khazraji et al. [263]

5.1.3 Ternary systems involving cellulose, [C2mim][OAc]

and water

Few studies have explored the complex network of interactions between ionic
liquids, water and cellulose in detail. Liu et al. however, recently reported on
a ternary system involving water, cellulose and the ionic liquid [C2mim][OAc]
[265]. They conclude that HyO is able to disrupt the non-covalent interactions
between anions and cellulose molecules. They also report that water does not
only bind with the anion, but also weakly interacts with the cationic imidazolium
ring. Within their simulations, each water molecule bound to [OAc] is seen to
be surrounded by small clusters of yet more water molecules (see Figure 5.4).
As the concentration of water increases, the hydrogen bonding between anions
and water molecules becomes saturated, resulting in the formation of liquid like
H,O aggregates. Interestingly, this aggregation of water molecules means that
IL’s containing water may not be regarded as homogeneous solvents, but instead
have to be considered as nano-structured networks of anions and cations. Within
their work, they also discuss the various solvation shells existing around cellulose

molecules. At high concentrations of [C2mim][OAc], the anion is shown to have
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a very high probability of residing in a solvation shell with a radial distance of
approx. 2.3 A from the cellulose. As the water content is increased however,
H>0 molecules diffuse into this solvation shell and begin to supplant some of the
cellulose-anion bonds, thus creating a cellulose-water-anion h-bonding network.
The authors also note the similarity of the bond strength between cellulose-acetate
(12 keal/mol) and water-acetate (15 kcal/mol). The water concentrations used
by Liu et al. are, however, far higher than the concentrations used in this chapter

(80 % by weight compared to a maximum of 8 % by weight respectively).

The authors conclude by stating “To date, experimental studies on cellulose/IL/anti-
solvent ternary systems have not been conclusive and a mechanistic understanding

of the interactions between water, IL and cellulose remains unknown.”

It is hoped that the research presented in this chapter shall aid in the under-

standing of such ternary systems.

Figure 5.4: Simulation snapshot of HoO molecules clustering around an anion
within [C2mim]|[OAc]. Credit: Liu et al. [265]
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5.2 Methods

Distilled water was added to the ionic liquid at various concentrations. In order
to accurately measure the water content of the solvent bath, nuclear magnetic
resonance (NMR) was performed using a 'Bruker 400 MHz Avance II NMR spec-
trometer’ capable of measuring the amount of water to an accuracy of 0.5 %
by weight. The resulting *H’ scan shows the chemical shift of various hydrogen
atoms in the IL. Such a spectrum is well documented for [C2mim][OAc] [266, 267],

as shown in Figure 5.5.
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Figure 5.5: 'H NMR spectrum of [C2mim]|[OAc] in glucose with inset showing
the structure of [EMIM]|+ and [Ac]- ions of the ionic liquid. Credit: D’Agostino
et al. and Lovell et al. [268, 269]

Measuring Water Peak:

The hydrogen atoms within water molecules are also detectable on a 'H NMR
scan in the form of a single peak, the relative area of which can be used to
determine the amount of water in the ionic liquid. Equation 5.1 provides an

expression for the determination of solvent water content from a 'H NMR scan.
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184, 184, 17057 A,
Water Content = 100 < 5 ) (( 5 ) + (%) ) (5.1)

Where A, is the area of the water peak and A,, is the area of the n’th ionic
liquid peak. The pre-factors 18 and 170 correspond to the molecular weight of

water and [C2mim]|[OAc] respectively, whereas the denominators 2 and 14 denote

the number of hydrogen atoms in each substance.

Figure 5.6 shows NMR scans of [C2mim][OAc] after being left exposed to
atmospheric moisture for various lengths of time. The water peak, seen fourth
from the left, is seen to increase in size at time progresses. All peak locations are
in good agreement with published data on the NMR spectra of [C2mim|[OAc]
[269].
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Figure 5.6: Magnetic resonance of protons within the ionic liquid/water system.
Peaks a-g correspond to the H-atoms of the cation/anion (refer to Figure 5.5 for

specifics), with the peak labelled ‘w’ representing the H-atoms within water.
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Equation 5.1 is used to determine the amount of water present in each scan
featured in Figure 5.6. The results are shown in Figure 5.7. From this Figure,
it is clear that dissolution cannot take place under atmospheric conditions if the
water content is to be set and held at a constant value, nor can a vacuum be
used- due to unwanted evaporation. For this reason, a nitrogen atmosphere was

utilised during dissolution in a Leybold Sogevac vacuum oven.
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Figure 5.7: Uptake of atmospheric water by [C2mim]|[OAc| as a function of time
under atmospheric conditions, with error bars representing the accuracy of the

measuring apparatus (accurate to 0.5 %). Polynomial fit used to guide the eye.

From Figure 5.6, it is interesting to note that the IL from the bottle (i.e. ’0
hours’) displays a small water peak and is therefore not completely dry. This peak
was found to correspond to 0.5 % water by weight. As the Bruker 400 MHz Avance
IT NMR spectrometer is only accurate to approx. 0.5 %, another experimental
technique was utilised as a secondary method of water content determination.
This complimentary method was chosen to be 'Karl Fischer Titration’ (KFT),
which was performed on a "Metrohm 899 Coulometer’. Results from KFT showed
the bottled IL to contain 0.53 % water - in close agreement with the NMR results.
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Water was added to the solvent at the following concentrations: 2 %, 4 % and
8 % by weight. Once added, the mixture was mixed with a magnetic stirrer and

left to preheat to the desired dissolution temperature.

All other experimental methods are identical to those outlined in section 2.1.

5.3 Results and Discussion

Figures 5.8, 5.9 and 5.10 display optical micrographs of yarns after various disso-
lution times at 60 °C. These figures correspond to yarns dissolved in solvent baths
with water concentrations of 2 %, 4 % and 8 % respectively. For the 2 and 4 %
systems, dissolution appears to occur in a similar fashion to that observed in the
previous two chapters- with the formation and subsequent growth of a coagulated
outer layer. In the system containing 8 % water however, no coagulated material
is seen, even after 6 hours of dissolution.
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Figure 5.8: Cross sections of yarns processed at 60 °C for 0.5 hours (a), 1 hour

(b), 1.5 hours (c¢) and 2 hours (d) when using a water concentration of 2 %.
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(2)

(c)

Figure 5.9: Cross sections of yarns processed at 60 °C for 2 hours (a), 4 hours

(b), 6 hours (c) and 8 hours (d) when using a water concentration of 4 %.
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Figure 5.10: Cross sections of yarns processed at 60 °C for 1.5 hours (a), 3 hours

(b), 4.5 hours (c) and 6 hours (d) when using a water concentration of 8 %.
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As no discernible dissolution was seen to occur in the system containing 8 %
water, this system was analysed no further. For the 2 and 4 % systems however,
the coagulation fraction (CF) was plot as a function of both time and temperature,
as seen in Figures 5.11 and 5.12. Within these figures, the CF data is first
expressed in linear time, before being shifted in natural logarithmic time to form
a master curve. The shift factors used to create this master curve are then plot
against their respective dissolution temperatures to reveal a linear relation and
thus, an activation energy. A detailed explanation of this procedure can be found
in Chapter 3 section 3.3.1.

The activation energies of dissolution in the 2 and 4 % water systems were
found to be 95 + 5 kJ/mol and 109 + 10 kJ/mol respectively. Both of these
energies are within error of the activation energies determined in the previous
chapters. Figure 5.13 highlights the consistency of the activation energy as a

function of solvent water content.
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Figure 5.11: Data corresponding to the CF as a function of temperature (top), the
shifted data expressed in In time as a master curve (middle) and corresponding
Arrhenius plot (bottom) when using 2 % water by weight. Polynomial fits used to
guide the eye in top and middle plots, with a linear fit to the data in the bottom
plot. Error bars used in all plots, though may be smaller than data points.
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Figure 5.12: Data corresponding to the CF as a function of temperature (top), the
shifted data expressed in In time as a master curve (middle) and corresponding
Arrhenius plot (bottom) when using 4 % water by weight. Polynomial fits used to
guide the eye in top and middle plots, with a linear fit to the data in the bottom
plot. Error bars used in all plots, though may be smaller than data points.
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Figure 5.13: Activation energy required for dissolution as a function of HyO

concentration. Shaded area used to highlight the consistency of values.

The master curves generated for the 2 and 4 % water systems were next
shifted in natural logarithmic time so as to overlap with the master curve seen
prior in section 3.3.1, corresponding to the bottled IL (featuring 0.5 % water).
The resultant curve including all systems is seen in Figure 5.14. The amounts
by which each individual master curve had to be shifted (in order to overlap)
provided a direct measure of the relative dissolution rates between systems. Fig-
ure 5.15 reveals that the dissolution rate decreases exponentially in accordance
with increasing HoO concentration within the solvent bath. Within Figure 5.15,
error bars are determined by the error in the shifting of each data set to form the

master curve (seen in Figure 5.14).

132



5.3 Results and Discussion

0.8 ;
©4 % H.0 ',
0.6 1
02 % H.0 ,”
@
i /
047 ©05%H0 ®
©
o
0.2 1 (@)
(@) (@]
Le-
0 T T r
-4 -2 0 2
Shifted Time (a.u.)

Figure 5.14: Master curve showing the coagulation fraction across all temper-
atures and all H,O concentrations. Each data set uses 50 °C as the reference

temperature. An exponential fit is used to guide the eye.
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may be smaller than data points.
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The natural logarithm of the data points presented in Figure 5.15 were next
plot as a function of solvent water content. The resulting linear trend highlights
the exponentially decaying nature of the dissolution rate as a function of HyO

concentration.

Rabideau et al. recently published results from simulations revealing the
interactions between several ionic liquids, cellulose and water [270]. It was shown
that anions can form up to four hydrogen bonds with cellulose and that the length
of time spent bound is a function of the number of established bonds. With the
introduction of water, a significant disruption in the frequency of h-bonds between
anion and cellulose was observed. This was due to H,O molecules crowding the
h-bond accepting sites of the anion- preventing interactions with cellulose. They
showed that the more water present, the more crowded these sites become. Thus,
if a hydrogen bond between an anion and cellulose were to break, the likelihood of
it being immediately replaced by a nearby water molecule increases accordingly.
For a new hydrogen bond to form between the anion and cellulose, it was shown
that an obstructing water molecule must first detach from the anion to make way
for this new bond. They conclude by stating that ”"the presence of water leads to
steep drops in hydrogen bonding between anions and cellulose” - this steep drop
in bonding due to the crowding of anion h-bond sites may explain the exponential
decline in the dissolution rate observed in Figure 5.15. Gupta et al. also report
a similar decrease in anion-cellulose bonds as a function of water concentration

in the context of cellulosic regeneration [123].
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Figure 5.16: Data from Figure 5.15 expressed in natural logarithmic space, with
the linear trend highlighting the exponentially decaying nature of the dissolution
rate.

5.4 Conclusions

The dissolution rate and mechanism of flax yarns in the ionic liquid [C2mim]|[OAc]
has been documented as a function of solvent water content and temperature.
Optical microscopy has been used to view the cross sections of partially dissolved
yarns, whereby a coagulated outer layer was seen to grow in accordance with
dissolution time and temperature.

Three different H,O concentrations have been used; 2 %, 4 % and 8 % by
weight. Results from chapter 3 have also been recalled for the sake of comparison
to the bottled IL (found to consist of 0.5 % water). For the systems involving
2 % and 4 % water, the coagulated outer layer was seen to form around the
undissolved core as expected. The system involving 8 % water however, showed

no signs of dissolution- implying that a solvent moisture content as little as 8 %
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by weight is sufficient to halt the dissolution process on experimental time-scales.

As with the data in Chapters 3 and 4, the CF curves have been shifted in
natural logarithmic time to form master curves. This procedure was repeated for
each HoO concentration used (aside from 8 %, whereby no coagulated material
was evident). These master curves provided evidence of time-temperature super-
position in the system when using both 2 % and 4 % water. The shift factors
used to generate each master curve were next plot against the inverse of their re-
spective dissolution temperatures to reveal Arrhenious behaviour in both cases.
The resulting activation energies were found to be 95 + 5 kJ/mol and 109 + 10
kJ/mol for the systems containing 2 % and 4 % water respectively. These values
are within error of the activation energies attained in Chapters 3 and 4 when

using bottled IL containing 0.5 % water.

Master curves corresponding to the 2 and 4 % water systems were subse-
quently shifted in natural logarithmic time to overlap with that of the pure IL
master curve (seen previously in Chapter 3). The shift factors used to create
the resulting curve gave a direct measure of the relative dissolution rate between
systems. Interestingly, the rate of dissolution was found to decrease exponen-
tially in accordance with moisture content of the solvent. It is postulated that
this exponential decline in dissolution rate is strongly related to the crowding of
anion h-bond sites by HoO molecules, diminishing interactions between solvent

and solute.
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Chapter 6

Conclusion and Outcomes

6.1 Research Outcomes

This thesis has set out to explore the dissolution behaviour of flax based yarns
in the ionic liquid [C2mim|[OAc]. Yarns have been submerged in the solvent
for various lengths of time at a range of dissolution temperatures before being
coagulated in water and analysed. The effect of the co-solvent dimethyl-sulfoxide
(DMSO) and the anti-solvent HyO have also been studied in conjunction with

the primary solvent.

Dissolution in pure [C2mim][OAc]

When using pure [C2mim][OAc] as the solvent, three key methods of analysis were
used to examine the resulting yarns: optical microscopy, X-ray diffraction and
mechanical testing- with each method allowing for a distinct means of studying

the dissolution behaviour.

Optical microscopy provided cross-sectional images of both raw and partially
dissolved yarn. Within these images, the constituent sub-fibres were visible and
a notably different outer layer was seen to form around the core as dissolution
progressed. The magnitude of this outer layer (referred to as the 'coagulation frac-
tion (CF)’) was measured as a function of both dissolution time and temperature-
which were subsequently found to be interchangeable. When each (temperature

dependant) data set was scaled in the natural logarithmic time domain, a mas-
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ter curve was formed. The shift factors used to create this curve were next plot
against the inverse of their respective dissolution temperatures to reveal Arrhenius
behaviour in the system. The Arrhenious equation was then used to determine an
activation energy of 100 £+ 10 kJ/mol; similar to values quoted in the literature
when discussing cellulosic dissolution [145, 148, 206, 207].

Both digital and analogue X-ray diffraction have also been used to examine
the dissolution behaviour. Digital X-ray diffraction provided a means of tracking
the relative reduction in the cellulose I content, which proved to be a reliable
marker of dissolution due to the irreversibility of the transition from cellulose 1
to cellulose II. The raw yarn was found to contain 53 % cellulose I, with the rest
being amorphous material. As with the data attained from optical microscopy,
the CF from digital X-ray data has also been shifted in the In time domain to
form a master curve. Arrhenius behaviour was revealed in relation to the growth
of the coagulated fraction and a subsequent activation energy of 87 £+ 16 kJ/mol
was determined.

X-ray sensitive films were used to capture two dimensional diffraction patterns
of the raw, partially and fully dissolved yarns. Bragg peaks associated with the
cellulose I and II crystal structures were visible, with a bright ring representing
the amorphous component. These films showed only cellulose I and amorphous
material in the raw yarn, a mix of Cellulose I, IT and amorphous in the partially

dissolved yarn and only cellulose 1T and amorphous in the fully dissolved yarn.

Finally, mechanical testing revealed two more independent measures of the
activation energy via measurements of the yarn’s strength and modulus. These
values were again derived via the creation of master curves and associated Arrhe-
nius plots. The energies determined were 102 £+ 17 kJ/mol and 107 £+ 10 kJ/mol
when analysing the strength and modulus data respectively. The raw yarn was
found to have a strength of 398 4+ 22 MPa and a modulus of 18.7 £ 1.7 GPa,
in good agreement with published works [208, 199]. Interestingly, a "pre-forming’
phase was evident at low coagulation fractions, whereby the modulus and strength
were seen to (counter-intuitively) increase in accordance with dissolution. This
increasing trend was attributed to the gradual binding together of sub-fibres via

the network of coagulated material; promoting superior load bearing capacities
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as a result. As dissolution progressed further however, the favourable balance
between fibrous cores and coagulated matrix was lost and both the strength and

modulus were seen to drop as expected.

The activation energies resulting from each method of analysis as outlined
above showed a high degree of consistency, with an average value of 99 + 13
kJ/mol. This energy is assumed to relate to the de-construction of the funda-
mental bonds holding together the cellulose I crystal lattice, though the exact

nature of the activation energy on a molecular level remains unclear.

Effect of the Co-Solvent Dimethyl-Sulfoxide

Next, the co-solvent dimethyl-sulfoxide was added to the [C2mim|[OAc] at various
concentrations, which noticeably altered the viscosity of the solvent bath. Anal-
ysis was performed using optical microscopy, whereby yarns were seen to dissolve
in a similar manner to those dissolved in the pure [C2mim][OAc] system: a co-
agulated outer layer was again seen to form and increase in size in accordance
with dissolution time and temperature. The rate of dissolution was, however,
drastically altered at all co-solvent concentrations, reaching a maximum disso-
lution rate when using equal amounts ionic liquid to DMSO. Time-temperature
equivalence was observed in all systems and activation energies were found to be
within error of those determined previously (when using [C2mim|[OAc] alone).
These energies were determined to be 100 £ 11 kJ/mol, 91 £ 5 kJ/mol and 102
+ 3 kJ/mol for co-solvent concentrations of 20 %, 50 % and 75 % respectively.
This finding proved interesting, as it suggested that the role of the co-solvent is
not to reduce the activation energy of dissolution, rather, its function may be
more closely related with providing solvent molecules more attempts per unit
time to infiltrate the cellulose h-bond network. Lastly, it was suggested that the
poor solvating capacities at high co-solvent concentrations is in part due to the
tendency of the anion to bind with DMSO molecules (a phenomena documented

in the literature [227]) as such bonding may prevent cellulose-anion interactions.
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Influence of H,O on the system

The aim of the final chapter has been to study the effects of water on the system
by adding small amounts of distilled HyO to the solvent bath. The [C2mim][OAc]
used throughout this work was found to contain 0.5 % water, as determined via
nuclear magnetic resonance and Karl Fischer titration. Optical microscopy was
again the method of choice for tracking the growth of the coagulation fraction
and surprisingly; as little as 8 % water by weight was proven sufficient to halt the
dissolution process on experimental time-scales. For the systems involving both
2 % and 4 % water however, time-temperature superposition was again evident.
This finding gave rise to master curves and Arrhenius plots, with corresponding
activation energies of 95 + 5 kJ/mol (2 % H,0) and 109 £ 10 kJ/mol (4 % H50).
The rate of dissolution was found to decrease exponentially in accordance with
H50 concentration. This exponential decline is thought to relate to the crowding
of anion h-bond sites with water molecules- preventing interactions between the

ionic liquid and cellulose hydroxyl groups.

6.2 Overarching Findings

The work presented in this thesis has identified an activation energy associ-
ated with the dissolution of flax based yarns in the ionic liquid [C2mim][OAc].
This energy is found to be to be remarkably consistent - existing within error
of 100 kJ/mol no matter the measurement method (Optical microscopy/X-ray
diffraction/mechanical testing), concentration of co-solvent (Dimethyl-sulfoxide)
or anti-solvent (H,0). Dimethyl-sulfoxide is shown to drastically alter the rate of
dissolution, reaching a maximum when using equal amounts solvent to co-solvent,

whereas HyO is found to decrease this rate exponentially.

6.3 Future Directions

With the determination of a seemingly constant activation energy across all sys-
tems, the following questions naturally arise: Is this energy related solely to the
structure of cellulose, or can it be modified with specific solvents, co-solvents or

alternative dissolution procedures- such as microwave heating? Does the source of
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cellulose, its molecular weight or crystallinity effect the activation energy? Is the
equivalence between time and temperature valid across a broader experimental
window and does the dissolution of cellulose powder/nano-particles etc. result in
a similar activation energy to that of yarns? One could also experiment with other
natural yarns such as silk, cotton or hemp and compare the resulting dissolution

mechanisms/rates/energies to that of flax.

This work may also be of value to future researchers making all-cellulose
composites, either in a batch process or a continuous commercial process- as this
study has shown how the dissolution time may be decreased (using temperature
or co-solvent concentration), how the fraction of expensive ionic liquid may be
reduced (using DMSO) and how to accurately measure the coagulated material in
order to attain an optimum composite matrix fraction (using optical microscopy,

X-ray diffraction or mechanical testing.)
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