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Abstract

Regenerated cellulose fibres like Cordenka and Lyocell have been studied for
their potential use as reinforcement in polymer composites. These fibres are
attractive candidates for improving the mechanical and environmental
characteristics of various polymer materials. In our research group we have
devolved the idea of manufacturing ‘all-cellulose’ composites from a single
cellulosic source. The idea is to create the ‘matrix’ of all cellulose composite
by selectively dissolving the surface of each fibre or filament, which on
coagulation forms the matrix. Being also cellulose, this should give excellent

compatibility/adhesion between the phases.

This thesis has studied the dissolution of two commercial regenerated
cellulose yarns, namely Cordenka™ and Lyocell™. Optical microscopy, Wide-
angle X-ray diffraction (WAXS) and mechanical testing techniques have been
used to track the dissolution of these multifilament bundles in the ionic liquid
1-ethyl-3-methyl-imidazolium acetate [Camim]* [OAc] for different times and
temperatures. This allowed both the speed of the dissolution to be determined
at different temperatures as well as the dissolution activation energy Ea from

time-temperature superposition.

The different nature of the multiflament bundles (Cordenka™, which was
untwisted and Lyocell™ where the bundles were twisted) resulted in different
techniques being most suitable for their study. For Cordenka, WAXS and
mechanical measurements on partially dissolved composite filaments proved
most successful. In the dissolution process, the oriented cellulose Il crystals in

the regenerated cellulose fibres dissolve and then reform into randomly
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oriented crystals to form a matrix phase. This change in orientation enabled
the dissolution process to be followed and hence determine the growth of the
dissolved matrix fraction of v,,, with time and the dissolution activation energy.
On the other hand, optical microscopy was found to work very well with the
Lyocell multifilament bundles to directly determine the dissolved matrix volume
fraction v,,. Mechanical measurements of Young’s Modulus and ultimate
tensile strength on partially dissolved composites proved successful for both

Cordenka and Lyocell multiflament yarns.

The change in the average molecular orientation P, determined from an
azimuthal (a) X-ray scan, allowed the growth of the matrix volume fraction
v, to be calculated with time and temperature. This is an indirect measurement

and relies on using a rule of mixtures approach.

The optical microscopic method offered a direct method to measure the
growing area of the dissolved and coagulated fraction for the Lyocell
multifilament bundle with increasing time and temperature. The twisted fibres
meant that the dissolved fraction formed a ring on the outside of the
multifilament, allowing a measurement of the decrease of the inner core (the
undissolved original fibre fraction) and the increase in the area and thickness
of the dissolved and coagulated outer ring. The decrease of the inner core and
the growth of coagulation fraction C.F. and the thickness and area of the
dissolved and coagulated outer ring was found to follow time temperature
superposition, with an Arrhenius behaviour, giving consistent values for the

activation energy of Ez= 141 £ 15, Eo= 141 £ 16 and Ea= 127 + 14 respectively.

Young's modulus and ultimate tensile stringth was measured on all the

resulting processed composites for Cordenka and Lyocell multifilament
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bundles. The fall of Young’s modulus and ultimate tensile strength with
dissolution time and temperature was found to follow time-temperature
superposition for the Cordenka multiflament bundle, with an Arrhenius
behaviour giving a value for Ez;= 198+ 29 kJ/mol. The Young’s Modulus and
ultimate tensile strength results were plotted against v, determined from the
WAXS measurements and were found to agree well to the Voigt upper bound
parallel Rule of Mixtures. This suggests that the resulting composites are well
bonded and that the dissolved Cordenka material (which has a higher
molecular weight compared to the Lyocell material) is a suitable matrix material

for to make all a cellulose composite.

For the Lyocell multiflament bundle, the Young’s modulus of the processed
composites was found to be quite scattered and so it could not be ascertained
if this followed time-temperature superposition. However, the fall of the
ultimate tensile strength of the composites with dissolution time and
temperature was found to follow time-temperature superposition, with an
Arrhenius behaviour giving a value for Ea= 144+ 27 kJ/mol. The ultimate
tensile strength results plotted against v,, determined from the optical
microscopic method was found to lie significantly below the Voigt rule of
mixtures. This suggests that either the dissolved Lyocell material is less
successful as a matrix, or that the twisted nature of the Lyocell multiflaments
does not allow dissolution to happen in the interior of the bundle as the ionic

liquid cannot penetrate.

In terms of the difference between the Cordenka and Lyocell multiflament
bundles, it was found from the Optical microscopic results, that the geometry

of the Cordenka multifilament bundle is untwisted with a few hundred individual
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multifilaments, which appeared as a loose microstructure with significant inner
spaces in between. On the other hand, the geometry of Lyocell multifilament
bundle is twisted with few hundred individual fibres that are close to each other
without significant inner spaces. The Cordenka multiflament bundle has
higher average orientation, and a higher Young’s modulus, ultimate tensile
strength, and activation energy compared to the Lyocell multiflament bundle,
which we attribute to the fibres being untwisted. The Lyocell bundle has lower
average orientation, which was shown to be due to the significant twist of the

bundle.

These findings, especially the geometry and molecular weight lead to the
Cordenka multifilament bundle having a faster dissolution rate than the Lyocell
multifilament bundle. The comparative geometry (untwisted fibres), the speed
of dissolution and the higher molecular weight, lead to the important result that
the Cordenka multifilament bundle would make an excellent basis for an all-
cellulose regenerated fibre composite (ACC). However, it is appreciated that if
woven cloth is to be used to manufacture all-cellulose composites (ACC) then
some degree of twist will be required to stop the individual fibres from breaking
during the weaving process, so there is maybe an optimum bundle twist to be

discovered in any future work.
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Chapter 1 Introduction
1.1 Cellulose.

Cellulose is a natural polymer found in plants and is the most abundant organic
polymer on Earth [1]. It is a polysaccharide and can be extracted from various
plant materials such as flax and cotton. It also found in wood in combination

with other materials such as hemicellulose and lignin [4, 5].

Cellulose has garnered significant attention over the last two decades [6, 7]
due to the growing emphasis on renewable resources, sustainable techniques,
and the need to reduce environmental pollution caused by fossil fuel-based
polymers like traditional plastics [8-11]. Cellulose is a renewable resource and
can be used in sustainable production of fuels and other materials due to its
low cost and biodegradability [12]. It has a highly ordered, crystalline structure
[13-15], composed of B-1,4-linked D-glucose residues, as shown in Figure 1.1

[12, 16, 17] and discovered by Anselm Payne in 1838 [12, 18].



Figure 1.1: The cellulose structure of single glucose unit, taken from ref [19]

1.1.1 Cellulose Literature Background.

Cellulose is a naturally occurring polymer made up of repeating units of
glucose. Each unit consists of a six-carbon pyranose ring, with an oxygen atom
at the C5 position and an aldehyde functional group. There are several
different allomorphs of cellulose, including cellulose | and cellulose Il, which

are the most common polymorphs [20].

Cellulose is a long chain of glucose molecules linked by glycosidic bonds [12].
These chains are attracted to each other by inter and intra hydrogen bonds,
forming a stiff and strong crystal structure. The cellulose fibres are held
together by weak van der Waals forces and are insoluble in water due to inter
and intramolecular hydrogen bonding between the hydroxyl groups [21, 22].
The long chains of cellulose form helical microfibers, and the cellulose fibres

are divided into two regions, a crystalline region called microcrystalline and an



amorphous region within a crystalline material where the atoms or molecules

are arranged in a more disordered configuration [4, 12].

The intermolecular hydrogen bonding in cellulose is formed between the
hydroxymethyl (-CH20H) groups on one molecule and the carbonyl oxygen
atoms on another molecule. The energy orientations and positions of the
hydroxymethyl groups relative to the pyranose ring in the glucose units can
affect the strength and pattern of these hydrogen bonds, leading to the
different physical properties of cellulose | and cellulose 11[23]. Cellulose | (most
often found in nature) has a parallel highly, ordered arrangement of chains

[24]. There are two main phases of Cellulose I, known as la and I, which are

determined by the position of the hydroxyl groups on the glucose units. The

ratio of la to I can vary depending on the source of the cellulose. Both la and

IB can be found within the same microfibers of cellulose crystals [25].

The B configuration in tunicates and plants is a specific arrangement of
glucose units in a mono-clinic unit cell called the 8 crystal. This crystal has two
chains, and every second glucose unit is flipped 180 degrees, with the
hydroxyl group at C1 on the opposite side. The glycosidic bond 1 — 4 is formed
between C1 of one pyranose ring and C4 of the next pyranose ring, joining
them with a single oxygen atom. This leads to the extraction of water
molecules and the formation of acetal linkages, which are created from the
reaction of an alcohol and a hemiacetal. The a configuration in bacterial and
algal cellulose, such as in Valonia, is characterized by a triclinic unit cell and a
single chain of B-1,4-linked glucose units. The glycosidic bond between C+1 of
one pyranose ring and C of the next ring forms, with the hydroxyl group at C+

on the same side of the ring, which results in a "right-handed" helical structure.



This configuration is common in natural cellulose fibres, and is responsible for

its high strength and crystallinity. [12, 20].

The hydroxyethyl group is a functional group that consists of a hydroxyl (-OH)
group attached to an ethyl (-C2H5) group as shown in Figure 1.2a. The
confirmation of energy orientation has three substituents: trans-gauche (tg),
gauche-trans (gt), and gauche-gauche (gg). The torsion angle between certain
atoms in the molecule (Os-Cs5-Ce-Os and Cs-Cs-Cs-Os) determine the
conformation, with a 180-degree rotation resulting in the tg conformation, and
60-degree rotations resulting in the gt and gg conformations. These
conformations also affect the formation of intermolecular hydrogen bonds

between oxygen atoms in the molecule. as shown in Figure 1.2b [3].
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Figure 1.2: a) the hydroxyethyl group is a functional group that consists of a hydroxyl
(-OH) group attached to an ethyl (-C2H5) group. It can exist in different rotational
positions, such as tg, gt, and gg. The tg conformation can form intermolecular
hydrogen bonds between the oxygen atoms O(2) and O(6), as indicated by the blue
dashed lines. These hydrogen bonds are absent in the gt and gg conformations.
Additionally, the tg conformation can also form an intermolecular hydrogen bond
between the oxygen atoms O(3) and O(6), as indicated by the black dashed line taken

from ref [3].

The hydroxy groups in cellulose make it hydrophilic, allowing it to interact
readily with water, while the CH groups contribute to its hydrophobic nature,
leading to interactions with other hydrophobic compounds [26]. Bj'orn
Lindman in 2010 found that the number of hydroxyl groups that have protons
capable of forming hydrogen bonds is less than the number of oxygen atoms
that would like to form such bonds. As a result, when hydrogen bonding is the
only interaction, cellulose should be highly soluble in the presence of excess
water [27]. Cellulose is an amphiphilic polymer that exhibits amphiphilic self-

assembly. This phenomenon is well-documented for surfactants, lipids, and



block copolymers [28, 29]. Lindman et al., hypothesized that the ability of a
polymer system to dissolve in water can be influenced by its amphilicity and
tendency to self-organize. For instance, within cellulose, the hydrophobic
sides of the structure tend to stick to each other in an aqueous environment,

which ultimately causes a decrease in solubility.

Bjorn concluded that cellulose is amphiphilic, meaning it has both hydrophobic
and hydrophilic properties. This is often the case with many natural polymers,
including cellulose. Amphiphilic molecules have portions that are attracted to
water (hydrophilic) and portions that repel water (hydrophobic). The idea that
the low aqueous solubility of cellulose is primarily due to hydrophobic
interactions is a reasonable hypothesis. Hydrophobic interactions occur
between non-polar (hydrophobic) parts of molecules and are the driving force
behind the aggregation of such molecules in aqueous solutions. However,
Burchard et al.'s criticism highlights an important point. The dissolution of
cellulose is a complex process involving multiple intermolecular forces,
including the hydrogen bonds: Cellulose molecules contain hydroxyl (OH)
groups, which can form hydrogen bonds with water molecules. These
hydrogen bonds need to be disrupted for cellulose to dissolve in water. Van
der Waals Forces, these forces are attractive forces between molecules due
to fluctuations in electron density. Van der Waals forces play a role in cellulose
dissolution [30]. Hydrophobic Interactions: As mentioned, hydrophobic
interactions play a role in cellulose solubility, especially if there are
hydrophobic regions within the cellulose molecule or in its interactions with
other molecules. The interplay between these forces is indeed intricate.

Initially, hydrogen bonds between water and cellulose need to be broken for



cellulose to dissolve. After these bonds are disrupted, hydrophobic interactions
can become more important in stabilizing the dissolved cellulose [27]. The
relative significance of these forces can vary depending on factors such as
temperature, cellulose structure, and the concentration of cellulose and other
solutes in the solution. In essence, both Bjorn's perspective and the criticism
from Burchard et al. highlight the complexity of cellulose dissolution and
emphasize that it is not solely driven by one type of intermolecular interaction.
The relative importance of hydrogen bonds, Van der Waals forces, and
hydrophobic interactions can depend on the specific conditions and context of

the cellulose dissolution process [27-29].

1.1.2 The Comparison Between Structure of Cellulose | and

Cellulose Il.

Cellulose | and Cellulose Il are two different conformations of cellulose, a
complex carbohydrate that is the main component of plant cell walls. Cellulose
| is considered a "tg" conformation, meaning the orientation of the glucose
units in the cellulose polymer is such that the O2 and Os atoms are able to form
hydrogen bonds with each other, as well as with the Os and Os atoms of
adjacent glucose units. This results in a stable and rigid structure. Cellulose II
has a "gt" conformation, meaning the orientation of the glucose units is such
that the O2 and Os oxygen atoms are not able to form hydrogen bonds with
each other. Instead, the O3 and Os atoms of adjacent glucose units form
hydrogen bonds. This results in a more stable and less rigid structure [3, 31,

32] as shown in Figure 1.3.
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Figure 1.3: The conformation of cellulose | and Il chains with hydrogen bond pattern

taken from ref [32].

Cellulose Il is a crystalline form of cellulose that is more stable than cellulose
|. This is because cellulose Il has a different structure than cellulose |, with the
chains of cellulose molecules folded in an antiparallel configuration, which
makes it more difficult to unravel. This increased stability means that cellulose
Il cannot convert back to cellulose | [20, 31, 32]. In general, naturally occurring
materials (e.g. flax, hemp, cotton etc) are predominantly Cellulose |, whereas
commercially manufactured fibres (such as those investigated in this thesis)
are predominantly Cellulose Il as once the natural source is dissolved it will

not reform into Cellulose I.



1.1.3 The Mechanism of Cellulose Dissolution.

The mechanism of cellulose dissolution is complex and not fully understood.
This is due to these processes depending on various factors and can involve
intricate molecular interactions. Cuissinat and Navard's research aimed to
understand and categorize the swelling behaviours of wood and cotton fibres
in response to solvents, as the swelling is a pre-condition of cellulose
dissolution. The process of cellulose dissolution often starts with swelling in
a solvent system [33], particularly in N-Methylmorpholine N-Oxide (NMMO).
Swelling refers to the process in which cellulose fibres absorb and retain a
solvent, causing them to expand or swell. This is a crucial step before
dissolution can occur. During the swelling process, the molecules of the
solvent (for instance, NMMOQO) penetrate the cellulose structure. This
penetration leads to the extension of the cellulose structure. As the NMMO
solvent molecules enter the cellulose structure and interacts with the cellulose
chains, it can cause changes in the molecular arrangement or chain
conformation of the cellulose biopolymer. The cellulose fibres swelling
behaviour in solvent system of NMMO depends on cellulose origin,
temperature range, the presence of water level in NMMO solvent system and
the quality of solvents [34]. The swelling process has identified five distinct
modes in the swelling behaviours of fibres. These modes likely represent
different ways in which the fibres respond to various solvents or solvent
concentrations, which are no swelling and no dissolution and then
homogeneous swelling. A large swelling by ballooning, and partial dissolution,
to reach completely dissolution and final result saw the fibre disintegration into

rod-like fragments [33]. Although this swelling is very important process in
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cellulose dissolution, it is worth pointing out that in this work we will only follow

the complete dissolution of each individual cellulose Il filament.

1.1.4 Mechanism Dissolution of Cellulose in Solvent Systems.

Cellulose has potentially limited applications due to its insolubility in most
common solvents. To overcome this limitation, researchers and industries use
various methods to dissolve cellulose, making it more versatile for different
applications. The two main processing methods for dissolving cellulose are

derivatizing solvents and non-derivatizing solvents.

In the derivatizing solvents method, cellulose is first chemically modified or
derivatized to make it more soluble. Derivatization involves introducing
functional groups onto the cellulose structure, which changes its chemical and
physical properties. These functional groups can enhance solubility, leading to
the formation of derivatives of cellulose that can be dissolved in specific
solvents. Common derivatizing solvents such as DMSO/paraformaldehyde,
the N,Ndimethylformamide (DMF)/N204, dimethyl sulfoxide (DMSO) and
Alkali metal hydroxides [35] can dissolve cellulose by breaking the hydrogen
bonds between the glucose units, leading to the formation of a homogeneous
solution. The resulting solution can then be used to create various cellulose

derivatives, such as cellulose acetate or cellulose ethers.

There are a number of derivatising procedures used to extract cellulose, the
most common of which is the viscose process. The viscose process is a
chemically produced fibre from the natural substances cellulose. A downside

of this process is that it releases carbon disulphide during manufacturing.
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Carbon disulphide is known to be toxic and can also have adverse effects on
the environment and human health if not handled properly, so this could be a
significant disadvantage of this process. Additionally, the viscose process can
be time-consuming and complex, as it involves multiple stages and chemical
treatments to produce the fibres, this can make the process expensive and

less efficient compared to other methods of producing fibres [36].

For the Non-Derivatizing Solvents approach, cellulose is dissolved directly
without requiring any chemical modification or derivatization. Non-derivatizing
solvents can interact with cellulose and break its intermolecular forces
(hydrogen bonds), resulting in the dissolution of the cellulose molecules. Some
of the most widely used non-derivatizing solvents are N-Methylmorpholine-N-
Oxide (NMMO), ionic liquids, lithium chloride and dimethyl sulfoxide (DMSO)

widely used for producing Tencel® fibres [36].

The most common cellulose solvent is NMMO (N-Methylmorpholine-N-Oxide)
which can be used as either a derivatizing or non-derivatizing, depending on

the specific application and the properties required for the dissolved cellulose.

1.2 lonic Liquids and Dissolution of Cellulose.

lonic liquids are attracting attention as a potential green solvent for dissolving
cellulose fibres. They are seen as more environmentally friendly than
traditional solvents such as N-alkylpyridinium chloride. 1-ethyl-3-methyl-
imidazolium acetate has been found to be very efficient in dissolving cellulose

and for this reason will be used exclusively in this work. lonic liquids research
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is ongoing to find new and more effective ways of using ionic liquids to dissolve

cellulose fibres. [25].

1.2.1 lonic liquid.

lonic liquids are a solvent often considered as a green solvent and eco-friendly
to the environment. An ionic liquid (IL) is usually defined as a salt which has
a melting point below 100 °C [16, 37]. lonic liquids were defined by Walden in
1914 [38, 39]. An ionic liquid has excellent properties which are nontoxicity,
recyclability, thermal stability, and low vapour pressure [21, 38, 40, 41], all of

which give good ‘green’ credentials.

lonic liquids have a wide range of potential applications, such as in electro-
elastic materials, heat storage, energy, and chemical analysis [29]. However,
one limitation of using ionic liquids in industry is that they are relatively

expensive to prepare [30].

lonic liquids are a class of compounds that are composed of ions, typically a
positively charged cation and a negatively charged anion. As described above,
they have a unique combination of properties such as low vapor pressure, high
thermal stability, and non-flammability. They can be used in a variety of
applications such as solvents, catalysts, and electrochemical devices. Some
common types of cations used in ionic liquids include dialkylimidazolium, N-

alkylpyridinium, alkylammonium, and phosphonium. The dissolution of

cellulose in ionic liquid was reported initially in 1934 by Graenacher. However,
it was found that pyridinium salts have high melting point (118°C-120°C).

Therefore, this original patent does not attract much attention [42]. Swatloski
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in 2002 found that the dissolution of cellulose was highest in imidazolium
based ionic liquid like 1-butyl-3-methylimidazolium chloride, [BIMIM] [CI]  [43]
due to low viscosity and high thermal stability [44] and have the ability to

dissolve cellulose [40].

The ionic liquid 1-ethyl-3-methyl- imidazolium acetate used within this work, is
an organic solvent which contains imidazolium cations [Comim]* and, acetate
anions [OAc] [38, 40, 45]. Figure 1.4 shows the chemical structure of the
[C2mim]* [OAC] solvent. This IL [Camim]* [OAc] has good properties such a
low melting point and low vapour pressure, as well as being biodegradable
[46]. It has the ability to dissolve a high concentration (~20 wt %) of cellulose

in certain applications. [47]. It is worth noticing that the purity of the IL could

also affect the dissolution due to additional side reactions or derivatizing
reactions. [48] caution that additional side reactions with cellulose can occur if
the IL contains significant impurities. Furthermore, Zweckmair, T., et al.,
described how acetylation reactions can occur with cellulose for aged ILs (they
studied 1,3-dialkylimidazolium acetate) with resultant impurities. They propose

that pure ILs do not show this reaction [49].
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Figure 1.4: the chemical structure of the ionic liquid -1- ethyl-3-methyl- imidazolium

acetate [Comim]* [OAcT, it taken from ref [50].

1.2.2 Mechanism of Dissolution of Cellulose in 1-ethyl-3-methyl-

imidazolium acetate.

Although there is still significant discussion and research in this area, it is
usually considered that cellulose dissolution occurs through the interaction of
hydrogen bonds between the hydroxyl molecules of cellulose and ions of the
ionic liquid [40, 41]. The anions of the ionic liquid interact with the hydrogen
atoms of the hydroxyl groups of cellulose and the aromatic protons in the
imidazolium cation associates with the oxygen atoms of hydroxy. These
interactions lead to the deconstruction of the cellulose chain and the breaking
of hydrogen bonds, resulting in the dissolution of cellulose [23, 33]. Figure 1.5

shows an example of the dissolution of cellulose process in ionic liquid.
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Figure 1.5: the diagram of dissolution of cellulose in ionic liquids, this taken from

reference [42].

1.3 Regenerating Cellulose Fibre Manufacturing.

Cellulose fibres have gained popularity in various industries, including in
woven textiles, due to their eco-friendly characteristics. One form of cellulosic
fibres is known as cellulose Il "regenerated cellulose fibre." [51]. Regenerated
cellulose is a synthetic polymer produced from natural cellulose (cellulose 1)
sources such as wood pulp. It is produced through processes such as Viscose
and dry-jet wet spinning [42]. It is commonly used in the textile industry to

produce materials [43, 44] such as Cordenka and textile fibres [12].

Regenerated cellulose fibre manufacturing involves creating fibres from a

natural cellulose source, a natural polymer found in plants. Regenerated
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cellulose fibres have a wide range of applications, including textiles, paper,
packaging materials, and even some advanced materials like cellulose
nanocrystals for high-tech applications [36, 52]. The procedure of regenerating
cellulose fibres typically involves the viscose process, or the Lyocell process
or dry-jet wet spinning process. In the following section each of these is

described in more detail.

1.3.1 Viscose Process

The Viscose Process was discovered by Charles Cross and Edward Bevan in

1892, They were two English chemists who developed this method while
working at the Courtauld Institute in London.[53]. The mechanism of the

derivatization process is based on a mercerization process to dissolve
cellulose and produce cellulose Il fibres. The native cellulose is first dissolved
in sodium hydroxide. During dissolution, the molecules of sodium hydroxide
interact with water molecules and break the intermolecular hydrogen bonds
between the cellulose molecules. This leads to a change in the properties and
the morphological structure of the native cellulose. The change in morphology
of the structure is due to the sodium hydroxide, often termed a mercerization
process. In this process, the NaOH solvent swells the spaces between the
structure, where the ions diffuse into the crystalline section after swelling the
amorphous section between the fibres as shown in Figure 1.6. This
phenomenon of mercerization changes the crystal structure under the swollen

state from cellulose | to cellulose Il without cellulose dissolution [35].



17

NaOH
Y

NaOH

Cellulose I Cellulose I Na-Cellulose I Na-Cellulose I1 Cellulose I1
+

Na-Cellulose I

Figure 1.6: The mechanism of derivatization process using the NaOH solvent to swell
the inter cellulose fibres, where the ions diffuse into the crystalline section after swell

the amorphous section between fibres, to produce cellulose II.

The viscose process, also known as the viscose rayon process, is a method
for producing a type of ‘artificial’ cellulose Il - based fibre known as viscose
rayon. The viscose process involves chemically treating wood pulp with
sodium hydroxide, breaking the hydrogen bonds in the cellulose | structure,
and then transforming the resulting alkali cellulose into a viscose solution. This
solution is then extruded and regenerated to produce viscose rayon fibres

(cellulose 1), which can then be used to make various textile products.

The viscose process involves several steps as shown in Figure 1.7, and in
more details is as follows: The process begins with wood pulp, which is first
treated with a solution of sodium hydroxide (NaOH) and sometimes sodium

carbonate (Na2CO3).

This treatment (mercerization) uses sodium hydroxide to swell the cellulose
fibres in the wood pulp. Breaking hydrogen bonds, the sodium hydroxide in the

solution interacts with the water molecules and with the cellulose molecules in
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the wood pulp. Sodium hydroxide is a strong base, and it disrupts the hydrogen
bonds that hold the cellulose chains together in their natural structure. This
disruption of the hydrogen bonds causes the cellulose fibres to become more
soluble in water. The interaction between the sodium hydroxide and the
cellulose creates a compound known as "alkali cellulose." Alkali cellulose is a
semi-liquid substance that is formed when the cellulose fibres lose their natural
crystalline structure due to the disruption of hydrogen bonds. Next, the alkali
cellulose is allowed to age, which means it is left to stand for a period of time.
During ageing, the properties and morphological structure of the pulp cellulose
continue to change. The ageing process is essential for achieving the desired
properties in the final viscose product. After aging, the alkali cellulose is treated
with carbon disulfide (CS2). This chemical reaction is known as xanthation.
Xanthation converts the alkali cellulose into a compound called cellulose
xanthate In the next stage, the cellulose xanthate is dissolved in a dilute
solution of sodium hydroxide, forming a thick viscous solution known as
"viscose." This viscose solution contains cellulose dissolved in sodium
hydroxide and is the precursor for making viscose rayon fibres. The viscose
solution is then forced through spinnerets into a chemical bath usually
containing sulfuric acid (H2SO4) or another acid. This bath causes the
cellulose xanthate to be regenerated back into cellulose (ll) fibres. As the
viscose solution solidifies in the bath, it forms long filaments of cellulose.
These filaments can be spun into fibres, which are then processed further to
produce viscose rayon textiles. Finally a washing step Is carried out in water

on the cellulosic fibres followed by drying to make the regeneration cellulose
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Fibre [54]. The regenerated cellulose fibres from viscose prosses have

different applications such as clothing, coated fabric, and automobile tyres.

Pulp
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Drying Sodium Sulfate
l Waste water
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Figure 1.7: Viscose process, taken from ref [54]
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1.3.2 Lyocell Process.

The Lyocell process is used directly to dissolve cellulose without requiring
activation, and so the obtained cellulose fibres are often classified as eco-
environmental. The Lyocell process is based on using two solvents, which are
N-Methylmorpholine-Noxide (NMMO) and an ionic liquid, which is used as a
non-toxic solvent to dissolve higher capacity of cellulose compared to other
solvents like DMSO and DMAC [36, 55]. In this process, the wood pulp is first

swelled and then dissolved directly in the NMMO solvent.

The proposed mechanism of swelling and dissolution in NMMO in the
production of fibres has been described above in section 1.1.3. In the Lyocell
process using NMMO, the activity and strong dipolar of N-O moiety in NMMO
leads to the oxygen group interacting with the cellulose units and forming
complex intermolecular hydrogen bonds between hydroxyl group of the
cellulose chain and the NO group of NMMO. This results in a change in the
structure and properties of cellulose and results in a homogenous solution.
The production of lyocell fibre is shown schematically in Figure 1.8. In this
method, the resulting homogenous solution is spun and stretched in the air
gap in the filament form. After that, the fibres are regenerated after coagulation

in a mixture of a water/NMMO spin bath, and then washed and dried.
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Figure 1.8 : Diagram of lyocell process and this taken from ref [55]

1.3.3 Dry-jet wet Spinning Process.

This procedure using ionic liquid of 1-ethyl-3-methyl-imidazolium Diethyl
phosphate [EMIMDEP] with co-solvent of DMSO, to dissolve cellulose and
form solution. The solution transfers into the extruder, then, the air bubbles are
removed from the solution by using a vacuum oven at a temperature of 80°C.
After heating, the solution is injected into holes with a diameter of 150 um into
a water bath for coagulation. There is an air gap of 3cm between the water
bath and the nozzle, allowing the extruded filament to dry for a short time, as
shown in Figure 1.9. The resulting fibre reaches the winding unit with a fixed
velocity of 2.1 m/s. Subsequently, the fibre is immersed in water for 48hrs , to

remove ionic liquid from fibre [56].
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Figure 1.9: Dry-Jet wet process. This taken from ref [56]

1.4 Regenerating Cellulose Fibres.

In the 215t century, renewable resources of fibre materials have been gaining
significant attention from researchers as they can offer low environmental
impact, low carbon usage and can be biodegradable [57, 58]. Regenerated
cellulose fibre is a man-made fibre of cellulose Il. It is regenerated from natural
cellulose | fibre sources such as wood pulp and has found many uses to
produce textile materials in the industrial area [54, 59]. All regenerated
cellulose fibres may be produced as continuous filament yarns and two most
common are named Cordenka and Lyocell [36]. These two different

regenerated cellulose |l fibres have been studied extensively in this work.
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1.4.1 Cordenka Fibre.

Cordenka fibre is a man-made cellulose fibre derived from wood pulp through
the viscose process. It was originally developed by Glanzstoffweke, a German
company, in 1938. Cordenka fibres are characterized by their exceptional
properties, particularly their ability to withstand high temperatures and stress.
This makes them valuable for various applications, especially those requiring

durability and stability under challenging conditions. [60].

The unique combination of properties that Cordenka fibres offer has allowed
them to play a significant role in enhancing the performance and durability of
various products across multiple industries. These properties of Cordenka
fibores are heat resistance and high tensile strength, which makes them
suitable for applications that involve heavy loads or stress. These fibres are
resistant to a range of chemicals, adding to their versatility in different industrial
settings. Given these properties, Cordenka fibres have found applications in
various industries: one of the most notable applications is in the automotive
sector. Cordenka fibres are used in car tires to reinforce and enhance their
durability, contributing to better performance and longer lifespan. They are also
utilized in automotive brake hoses for their strength and heat resistance.
Cordenka fibres are incorporated into rubber goods such as conveyor belts,
hoses, and other industrial products. Their reinforcement capabilities enhance
the mechanical properties of these products. The high tensile strength and
heat resistance of Cordenka fibres make them suitable for use in composite
materials. These composites can be used in aerospace, construction, and

other industries where lightweight and durable materials are crucial [61].
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1.4.2 Lyocell (Tencel) Fibre.

Lyocell fibre is a man-made cellulose fibre produced using the Lyocell process.
The first fibre was produced commercially in 1948. The name of Lyocell fibre
has been derived from Greek word (lyo), which means dissolve and cell from
cellulose. In 1989, The name of Lyocell was recognised by (International
Bureau for the standardization of Rayon and Synthetic Fibres, Brussels)
(BISFA) and the Federal Trade Commission (USA). There are two types of
lyocell on the market. The Lyocell name is used for technical or industrial
application and Tencel name used in clothes applications. Tencel fibre is green

fibre and friendly for the environment.

Lyocell fibre, often marketed under the brand name Tencel, is indeed a unique
and versatile textile material that combines the advantages of both natural and
synthetic fibres. This is primarily due to its production process, which involves
the regeneration of cellulose from wood pulp in an organic solvent. Lyocell's
eco-friendly production process, which uses a closed-loop system to recycle
solvents, makes it a popular choice for environmentally conscious consumers
and designers looking to incorporate sustainable materials into their creations.
Its versatility in terms of texture, appearance, and performance has contributed

to its adoption in a wide range of clothing styles and fabric types [36].

1.5 All Cellulose Composites

The combination between different constituents with different properties , is
known as a composite material [62] . The first work on cellulose based

composite materials was done by the Nishino group in 2004, to make all
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cellulose composite. All cellulose composite (ACC) is combination between
fibre and matrix of cellulose material. The Nishino group found that during
composite processing they faced an issue which was a low quality of adhesion
between the fibre and the matrix [63]. This issue caused by mixing the
difference components of fibres and matrix [64-66]. To solve the adhesion
issue the cellulose was used as a reinforcement to get cellulose composite
with excellent physical properties such as tensile strength and elastic

properties [67, 68].

There are procedures applied to make all cellulose composite, where called
as one and two steps. The first processing starts by partially dissolving the
fibre in solvent, then removing the solvent by using water and then drying. The
Nishino group applied a two-step approach based on first making a cellulose
and ionic liquid solution (which will form the matrix phase), then adding
cellulose fibre to this solution to weld between matrix and fibre composite [8,

11, 69].

1.6 Project Objectives and Aim.

Regenerated celluloses have drawn attention, since they are easy to fabricate,
have low toxicity, are biocompatible, biodegradable, and are thermal and
chemically stable. These properties make regenerated cellulose fibers a
sustainable and popular choice in various industries, including textiles,
healthcare, and packaging, where eco-friendly materials are sought after to

reduce the environmental footprint of products.
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Regenerated cellulose fibres like Cordenka and Lyocell have been studied for
their potential use as reinforcement in polymer composites. These fibres are
attractive candidates for improving the mechanical and environmental
characteristics of various polymer materials. When used as a reinforcement,
they can enhance the strength, stiffness, and other mechanical properties of
polymer composites while maintaining some of the environmental benefits
associated with regenerated cellulose fibres [70-73]. However, there can be
compatibility/adhesion issues when using a cellulosic fibre with a traditional

polymeric matrix.

For this reason, in our research group we have devolved the idea of
manufacturing ‘all-cellulose’ composites from a single cellulosic source. The
idea is to create the ‘matrix’ of all cellulose composite by selectively dissolving
the surface of each fibre or filament, which on coagulation forms the matrix.
Being also cellulose, this should give excellent compatibility/adhesion between
the phases. To date we have studied the dissolution process (exclusively in
the ionic liquid 1-ethyl-3-methyl- imidazolium acetate) in natural cellulose
fibres, such as flax, hemp and cotton [74-78]. In this work we want to build on
that work with, for the first time, a fundamental study of the dissolution kinetics

of cellulose Il regenerated fibres.

To effectively control the properties of potential future all cellulose (II)
composites, it is crucial to have a comprehensive understanding of the
dissolution process for these regenerated cellulose fibres. There are some key
aspects to consider in understanding the dissolution procedure. The solvent
selection such as which solvents can effectively dissolve cellulose without

causing damage or degradation is essential. In terms of a final ‘all-cellulose
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composite’ the fraction of initial fibres and generated matrix will lead to different
properties, such as strength or stiffness. Dissolution temperature and time will
undoubtedly be important in terms of controlling these parameters and can
allow for fine-tuning the dissolution procedure and ultimately the fibre/matrix
fraction. This is because higher temperatures can accelerate the dissolution,
but they may also affect the properties of the resulting cellulose solution [79-

83].

The processes of dissolution mechanism can vary depending on the factors

as mentioned above.

In this thesis, the aim was to study for the first time, the dissolution of two
different cellulose Il regenerated fibres (in terms of multiflament bundles),
namely Cordenka (untwisted) and Lyocell (twisted). These had different
molecular weight and also larger scale architectural geometry differences
(untwisted and twisted) because of the different production processes. The
aim was to study the dissolution with time and temperature, using a variety of
techniques such as wide-angle x-ray diffraction, optical microscopy, and
mechanical measurements. It will be seen that the speed of dissolution was
found to depend on the macroscopic bundle geometry. Most importantly, the
dissolution was found to depend on both time and temperature, and that for all
measurements, dissolution master curves could be formed using time-
temperature superposition (TTS). This allowed, for the first time, a dissolution
activation energy (Ea) to be determined for these two regenerated cellulose Il

fibres.
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Chapter 2 Background and Experimental Methods.

2.1 Material and processing.

2.1.1 Material and sample preparation of composite multifilament.

In this thesis we have studied two commercial regenerated fibres, whose
tradenames are Cordenka® filaments 0506 provided by Bristol University and
Tencel Lyocell™ woven fabric purchased from Atelier de Production et de
Création fabric (A.B.C.). All the dissolution experiments used the ionic liquid 1-
ethyl-3-methyl- imidazolium acetate [Comim]® [OAc] with purity 95% which
was purchased from Sigma Aldrich. It is worth noting that the purity of the IL
(95% in our case) could also affect the dissolution due to additional side
reactions or derivatizing reactions. [48] caution that additional side reactions
with cellulose can occur if the IL contains significant impurities. Furthermore,
[49] describe how acetylation reactions can occur with cellulose for aged ILs
(they studied 1,3-dialkylimidazolium acetate) with resultant impurities. They

propose that pure ILs do not show this reaction.

The unprocessed Cordenka multifilament bundle (which were untwisted) as
shown in Figure 2.1a and the unprocessed Lyocell multifilament (which were

twisted), which extracted firstly from woven clothes as shown in Figure 2.1b.
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Figure 2.1: a) The unprocessed Cordenka multiflament bundle (which were

untwisted). b) the unprocessed Lyocell multifilament, which were (twisted).

The Cordenka and Lyocell multiflament bundle underwent the same
dissolution experiment, as shown schematically in Figure 2.2. For the
Cordenka, six multiflament bundle samples were fixed at both ends in an 8
cm x 8 cm poly(tetrafluoroethylene) (Teflon) frame, three for the x-ray
diffraction and optical microscopy experiments and three samples for
mechanical measurements. Alternatively, for Lyocell, fourteen multifilament
bundle samples were fixed at both ends in an 8 cm x 8 cm
poly(tetrafluoroethylene) (Teflon) frame, eight for the x-ray diffraction, three for
optical microscopy experiments and three samples for mechanical
measurements. A PTFE dish containing the IL [C2mim]*[OAc] was preheated
in a vacuum oven at 1hr for each processing temperature (30, 35, 40, and
45 °C). After this preheating step the frames were put into the dish of IL

[Czmim]* [OAc] and then left in the vacuum oven at the same temperature for



30

a range of chosen set times. The last step was to wash (and coagulate) the
processed partially dissolved composite flaments while still on the frames to
remove all the ionic liquid by soaking in water for 24 hrs, followed by a final

drying process on a hot plate at 120°C for 1hr.

||||l‘| Dissolved in ionic liquid ! r

JUBIBYIP IV

Regenerated cellulose
fibres

awi) pue sainjesadws)

1-ethyl-3-methylimidazilum
acetate [C,mim] [OAc]

Washed by water Vacuum oven

Figure 2.2: Dissolution procedure for Cordenka filaments.

The Cordenka multiflament bundle samples were partially dissolved in the IL
[Comim]* [OACc] at various temperatures and for different times as follows: at
30°C, for 1,2,3 and 5 hrs, at 35°C for 30 mins,1,2,3 and 5 hrs, and at 40°C for
1,2 and 3hrs. Finally, 45°C for 30mins, 1 and 1.30 hrs. For the Lyocell
multifilament bundle, were partially dissolved in the same IL of [Comim]* [OAc]
at 30°C, for 1,2,3,5 and 8 hrs, at 35°C for 30 mins,1,2,3,4 and 5 hrs, and at 37°C
for 1,2 and 3hrs, and at 40°C for 30 min,1, 1.5 and 2hrs. Finally, 45°C for

30mins, 45min and 1hrs.
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2.1.2 Preparation of Film Sample.

For preparing a fully dissolved sample (which is proposed as representative of
the matrix phase of the partially dissolved filaments), the Cordenka

multifilament bundles were cut into small pieces and then submerged into
[C2mim]* [OAc] with a magnetic stirrer at a speed of 90 rpm, for 48 hrs at 90°C

on a hot plate, as shown in figure 2.3a. The solution had a total concentration
of 19:1 IL [C2mim]*[OACc] to cellulose filaments. The IL/cellulose solution was
then spread evenly into a 5 cm x 5 cm polystyrene petri dish and left for 30
mins in a vacuum oven at 90°C, to remove any bubbles from the film. This petri
dish with solution was put on an upside-down beaker, and then putitin a larger
beaker filled with water and sealed, heated at 90°C using a hot plate, for 24
hrs as shown in Figure 2.3b. The water was evaporated slowly inside the
beaker to slowly condense and so coagulate the film. The resultant film was
then washed with water for 24 h, to remove any residual ionic liquid. We are
making the assumption that after washing the residual IL is at a significantly
low enough fraction to not affect mechanical properties, giving a resultant film
with a light-yellow colour as shown in Figure 2.3c and finally this film was dried
at 120°C for one hour, using a hot press machine under a minimal contact
pressure. This film is considered to be similar to the matrix phase within the

composite Cordenka multifilament.
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Figure 2.3: The preparation of Cordenka film.

2.2 X-ray Diffraction.

The principle of the X-ray diffraction technique is based on the constructive
interference of an incident X-ray beam, which are reflected from different
crystal layers and scatter at specific angles from single crystal planes of a
material. This causes high intensity peaks in the spectrum. For an amorphous
material, which has less order than crystalline regions, a broad peak is

observed [84]. Braggs law [85, 86] describes this diffraction as:
2d sinf =nA (2.1)

where d is a distance between planes, 8 is the angle of the diffracted beam, n
is an number to indicate the order of reflection, and 1 is the wavelength of X-
ray [85, 86]. The measurement of X-ray diffraction can give accurate

information of the crystalline structure of a cellulose-based material [1, 87].

The main mechanism of X-ray diffraction interactions between a material and
the X-rays are coherent scattering, Compton effect, absorption, and the
photoelectric effect. Theoretically, in the coherent scattering, the X-ray photons
interact with the whole atoms of the material. This excitation causes the atom

to release an X-ray photon with the same wavelength but, does not necessarily
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travel in a different direction. However, the wavelengths of photons are equal

and there is no change in the energy level.

Compton effects refer to the interaction of X-ray photons with inner-shell
electrons. The photon causes an atom to lose an electron, which is leaving it
in an ionized state and X-ray scattering in a different direction with less energy.
During the interaction of Compton scattering, the ejection electrons may have
enough energy left, which causes more ionization reactions before losing more
energy. In Compton scattering, the X-ray photons can be scattered in any
direction, and when they scatter back in the same direction as the original
photons, this is called back scatter. In the photoelectric effect, when the
photons interact with the inner shell of electrons and causing the electrons to
be ionized, then electrons released with enough energy from atom, known as
photoelectrons. This interaction may refer to the photoelectric absorption since

photon is completely absorbed[88].

2.2.1 X-ray Diffraction Techniques.
2.2.1.1 Deconvolution (curve fitting) method.

The commonly used techniques to determine the cellulose crystallinity, include
peak height and deconvolution (curve fitting) procedures. Deconvolution
(curve fitting) procedures are techniques used to determine the cellulose
crystallinity. The deconvolution process is considered more accurate than the
peak height method as it can distinguish between cellulose | and Il fractions

as well as the amorphous fraction of cellulose-based materials. This method
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works by Voigt functions, which are based on the convolution of Gaussian-

Lorentzian distribution [89].

The chain and crystallographic planes for native cellulose are shown in Figure
2.4a. There are 1— 10,100 and 020 planes, which indicate to the different
lattice spacing between these planes of cellulose [90]. Figure 2.4b shows
intensity profile of an X-ray 20 scan [91] corresponding crystal planes
(110, 100 and 200) of the cellulose | unit cell. Following deconvolution, three

Bragg peaks are shown of cellulose | located at 14.8° and 16.5° and 22.2°

assigned to the 110,110 and 200 planes respectively. The reflection at 18° is
assigned to the amorphous phase [92, 93]. It is possible to determine the
crystallinity degree from the sum of the fitted crystalline peaks of cellulose to
the total area of crystallinity and amorphous under the diffractogram, through

the deconvolution (curve fitting) equation:

C =100 » —tothsotz00 [%] 2.2)

Iﬁ0+1110+1200 +Iam0rphous

Where I ;7,is the area for the first crystallinity peak of the sample with reflection
plane 110 from Miller index, I 1;0and I ,o, are the area for crystallinity peaks

with reflection plane 110 and 020 from Miller index and I, morphous is the area

of amorphous peak [1].
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Figure 2.4: a) the lattices spacing planes of cellulose | unit cell taken from ref [94]. b)

Diffraction pattern of cellulose | shows peak deconvolution. The diffraction pattern has

three major reflections at 110, 110, and 200 for the crystalline phase taken from ref

[91].

2.2.1.2 Peak height method.

The peak height method proposes that the crystalline fraction can be
determined by the ratio of the height of the main cellulose | crystal peak to the
height of the amorphous background. Peak height method applied to calculate

the ratio of crystallinity, C, by this equation:

200 -1

1
=100 *#”’”‘ [%] (2.3)

The parameter l200 indicates the highest cellulose | peak height at the 200
reflection (26 = 22.2°) and /amorphous is the diffraction peak height of the non-
crystalline material [1] usually chosen as the position between the main
crystalline peaks, so a 20 angle of 18°. Figure 2.5 shows typical positions of

these two peaks.
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Figure 2.5: The position of crystallinity and non-crystallinity peaks taken from ref [1].

Figure 2.6 shows the difference between the position peaks of cellulose | and
[I. The three main crystalline peaks of Cellulose | are shifted due to the change
in crystal structure during dissolving process to cellulose Il. In the change from
cellulose | to cellulose Il, the 110reflection moves down to 12.4° and the 110
reflection moves up to 20. The main 200 peak also moves down slightly from
22.2° to 21.8° [2, 95]. For cellulose Il and regenerated cellulose, the 110 and

200 Bragg peak often form a single broad peak centred around 21°.
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Figure 2.6: The positions of crystallinity peaks of original cellulose | and regenerated

cellulose Il taken from ref [2].

2.2.2 Molecular Orientation.

The orientation distribution proposed by Herman [56] can allow the molecular
level (i.e crystalline) orientation to be determined using the orientation function
P,. The orientation function is defined as the second order coefficient of a
series of Legendre polynomials. The order parameter or orientation function
P, used to evaluate the orientation in polymer material like film and fibres is

calculated using equation 2.4 [96],
f =<P2(cosa )>= (3 < cos?a >—1)/2 (2.4)

where (f) is Herman’s orientation factor function of the crystalline orientation
of molecules. «a is the angle between the crystal axis and reference direction

and <cos a> indicates the all average orientation in the sample [56]. When
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f =1 this indicates that the crystallites have perfect alignment, and when f =
0.25 the crystallites are completely randomly oriented in a 2D plane, and in
the case of f =-0.5 crystallites are oriented perpendicular to the axis of the
sample [97]. An azimuthal intensity distribution I(«) (at a fixed value of 26 often
chosen as the highest peak in a 20 scan such as shown in Figure 2.6) allows
the P, coefficient to be calculated. In this work this is often at a 26 value of
21.4°. The relationship between the P, coefficient and the angular position of
orientation distribution I(a) is that measured using x-ray, the degree of

orientation can be determined using experimental equation 2.5.

I(a) cos? a d9) (25)

2., < _ y+90
< costa >= 2_90( (e 26

2.2.3 Experimental method of Wide-Angle X-ray Diffraction.

The degree of orientation and the crystal structure of the unprocessed
multiflament bundle, thé completely dissolved film, and the composite
samples of Cordenka and Lyocell were determined using Wide-Angle X-ray
Diffraction (WAXD) with Cu Ka radiation (A = 1.54 A) at 40 kV and 30 mA
(DRONEK 4-AXES, Huber Diffractions Technik GmbH & Co. KG, Germany).
The 26 scan from Bruker D8 Diffractometer with monochromate Cu Ka
radiation, were scan run in Gonio (Bragg-Brentano) mode to get diffraction

pattern with high resolution of Lyocell multiflament bundle.
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2.2.3.1 X-Ray Diffraction (Analogue).

Qualitative measurements of the change in crystalline structure and
orientation were obtained by capturing a 2D image of each sample. This was
done by passing x-rays through the sample and capturing the resulting 2D
pattern on an x-ray sensitive film placed 5 cm away. The exposure time was 3
hours for Cordenka multifilament bundle and 4 hours for Lyocell multifilament

bundle.

2.2.3.2 X-Ray Diffraction (Digital).

Quantitative measurements of crystal structure and orientation were carried
out using a Huber goniometer and x-ray detector. The 26 equatorial scans
were carried out from 5° to 40° using a counting time of 40 seconds per step
(0.1°) with the partially dissolved composite multiflament bundle located in the
vertical direction as shown in Figure 2.7. The 20 curves were obtained by
subtraction of a background scan carried out with no sample loaded. This
allowed the crystalline structure to be confirmed and then enabled the choice
of the most appropriate Bragg peak for the circumferential scans. The
orientation degree of the crystals was then determined by setting the 26 angle
at 20.3° and 26 was then kept fixed, which is the position with the maximum
count rate and so has the best signal/noise ratio. This was not at the position
of a particular Bragg peak, but as described above, was the maximum signal
due to the overlap of the 110 and 200 Bragg peaks which are close together
for cellulose II. Circumferential « scans were carried out at increments of 5°

with a counting time of 30 seconds per step, with azimuthal angles a from -90°
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to +90° as shown in Figure 2.8. In this work, no background subtracted for «

scans were 260 kept fixed.

a Circumferential
scan

% Equatorial line scan
/ (26)

Figure 2.7: A schematic diagram to show the WAXD for 26 and a scans, blue lines

indicate the respective paths.

For the circumferential a scan, a number of processed composite multifilament
bundle were placed vertically side by side in the WAXS sample holder to
increase the signal to noise ratio. The crystal structure of the Cordenka
multifilament bundles is changed due to the dissolving process, transforming
from an aligned crystalline structure in the original unprocessed multiflament
bundle to randomly oriented crystals in the dissolved and coagulated phase.
Experimentally, the Azimuthal a« scan is used to measure the combined
average orientation of the crystal structure of the processed composite
multiflament bundle. Once the intensity distribution is measured, we can
determine an average orientation of the crystals (coming from the
unprocessed multifilament bundle and the dissolved matrix phase) (cos?a) by
using equation 2.5. The average orientation of the processed Cordenka
composite multifilament bundle can then be further quantified using the

second-order coefficient of Legendre polynomial P, (cos «) using equation
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2.4. This procedure was done on all samples which are the Cordenka and

Lyocell composite multifilament bundles.

The changes in the average crystalline orientation (P,) with processing time
and temperature will be shown in later sections to be an excellent indication of
the degree of dissolution and so to allow the activation energy of dissolution
to be determined via time-temperature superposition. Additionally, the change
in the values of (P,) can also be used as an alternative method to determine
the dissolved fraction of the fibres (v, equation 2.7) with time and temperature
by assuming a rule of mixtures again. We assume that the orientation of the
multifilament bundle (P,.)is a sum of the orientation of the original

multifilaments (P,;) and a completely dissolved sample (P, = 0.25 for a

random 2D orientation) weigthed by their volume fractions, v and v, as follwo
PZC = szVf + Pvam (26)

where P,. indicates the P, value of the processed composite multiflament
bundle, P, is the P, value of the original unprocessed multifilament bundle
(measured as = 0.57) and P,,, is the P, value of the completely dissolved
matrix film with 0.25 (randomly oriented crystals). and assuming v, + vy = 1,
gives

_ Pyc—Popy (2 7)

Pof—=Pom
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2.3 Mechanical Measurements.

2.3.1 Tensile test.

The mechanical performance of a polymer material is usually investigated by
stress-strain measurements. The tensile test is a common technique used to
measure the mechanical properties of a polymer. The mechanical test
investigates the mechanical properties of materials through the correlation
between stress and strain. A typical stress- strain curve is as shown in Figure
2.8. This technique is based on clamping the ends of a sample in a loading
frame and then applying a constant displacement rate to the sample and

measuring the resulting force [84]. Stress and strain are defined using the

following equations:
P
og=" (2.8)
g=Al/l, (2.9)

where ¢ indicates the stress, from the measured force (p) applied to a finite
area A, which is the area of cross-section of the sample. A particular value of
the stress is the nominal stress at fracture (cTS) which is derived from the
measured force to break the sample and the original cross section area. From
equation 2.9, ¢ the strain, is given by the [, the original length of the sample
and Al is the increase in length after the force is applied. Again, the strain at
break is given by the extension to break the sample divided by the original
length. The load extension data was converted into stress-strain curves. The
results were gotten after repeating the measurements three times to reduce

random errors.
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Figure 2.8: The typical curve of stress and strain of mechanical test.

The initial linear stress-strain region indicates an elastic region. The slope of

this initial stress and strain gives a Young’s modulus E as given by [84].

E=o0/¢ (2.10)

2.3.1.1 Experimental method of Tensile test.

The Young’s modulus E and ultimate stress (o) were measured using an
electromechanical tensile machine Instron 5564 with the Bluehill™ version
software employed. The load cell was 2000 N and a crosshead speed of 10
mm/min was used. The cross-section area (A m?) of each composite filament

was determined using a gravimetric technique measured by equation (2.11).

A= % 2.11)
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where [ is the length of fibre and p is the density of cellulose, which has been
recorded as 1400 kg/m?3 [98, 99], m is the mass of filaments. Figure 2.9 shows
a Cordenka multifilament bundle as an example of the experimental set up.
End tabs, to give good load transfer, were formed using paper and superglue
as shown in Figure 2.9a. The sample to be tested was then fixed between two
clamps with sandpaper, after measuring the gauge length as presented in
Figure 2.9b. Young’s modulus and ultimate stress measurements were
repeated three times for each set of processing time and temperature to
reduce human error and sample to sample variability. This procedure was
done on all samples, i.e. the Cordenka and Lyocell processed composite

multifilament bundles.

Figure 2.9: a) the sample of Cordenka multifilament bundle using glue and b) the

sample between two clamps in electromechanical tensile machine Instron 5564.
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2.3.2 Three-point Bending Test.

Three-point bending flexural tests were applied to only a coagulated Cordenka
film sample. Then, ultimate tensile strength and Young’s modulus of film
sample were determined. The load extension data was converted into stress-
strain curves. To calculate the Young’s modulus, the stress and strain were

calculated using these equations:
o = 3PL/2bh? (2.12)

& = 6Dh/L? (2.13)

where ¢ is the stress and ¢ maximum strain at the outer surface at mid span,
P is applied force, L is support span, D is mid-span deflection b is width of film
and h is thickness of film sample. With substitution between equations 2.12
into 2.13 gives equation 2.14 with slope of the force deflection curve, m, to

calculate the flexural modulus as:

Er = mL®/4bh® (2.14)
2.3.2.1 Experimental method of Three-Point Bending Test.

An electromechanical tensile machine Instron 5564 with the Bluehill™ version
software in a compression mode with a 10 KN calibrated load cell. This method
was used instead of a tensile test due to the film sample being too brittle to be
gripped. The three-point bending flexural tests performed with a crosshead

speed at 2 mm/min and a bending span of 20 mm. The thickness and width of
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the film sample were measured first by using micrometre then the measuring

started. The setting of this experiment is shown in Figer 2.10.

The three-point bending flexural modulus was calculated, after the load
extension data was converted into stress-strain curves. The results obtained
after repeated the measurements three to reduce random errors. The flexural
stress and the flexural strain were calculated at the outer surface of the test
specimen at mid-span by using Equations 2.12 and 2.13, subsequently. The
three-point bending flexural modulus of the sample can be calculated using

Equation 2.14. All errors were calculated from the standard deviation o as o/

vn, where n is number of measurements.

Figure 2.10: The setting of carrying out three-point bending test.
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2.3.3 Rule Of Mixtures.

The rule of mixtures is often used to predict the overall modulus of a composite
consisting of two phases (fibre and matrix) based on their individual properties
and their respective volume fractions. The upper-bound is known as the Voigt
prediction, which is also called the parallel rule of mixtures, while the lower-
bound is termed the Reuss (series) prediction. The upper bound and lower
bound can be useful for estimating the effective stiffness of two phases of fibre
and matrix composites. The Voigt series assumes that the two composite
phases have the same strain, while the Reuss series assumes the two phases
of composite have the same stress [100, 101]. The upper-bound and lower-

bound are calculated by the following equations respectively:

Evoier = Em Um + Ef(l = Unm) (2.15)

1
-vm)/Ep+ ™

(2.16)

EREUSS

In this work we have evaluated how the partially dissolved filaments compare
to the prediction from the Voigt model. For the multifilament fibre bundles
investigated in this work, the fibres are all in the same direction (either
untwisted or twisted). Therefore, if the partially dissolved cellulose forms an
effective matrix between these fibres, then we would expect the Young’s

modulus of the ‘composite’ to follow the parallel rule of mixtures.

In fact, we sometimes go further and assume that the partially dissolved fibres
do follow the parallel rule of mixtures and hence use equation 2.17 to predict

the fraction of dissolved fibres.
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Therefore, in equation 2.15 Ey,,cr indicates the Young’s modulus of the

partially dissolved composites in the fibre direction, Ey is the Young’s modulus

of the original 100% unprocessed filament bundle and E,, of a completely

dissolved ‘matrix’ film. Assuming v,, + v = 1, where v, is term the matrix
fraction for processed filament and V; is unprocessed filament fraction then

the volume fraction v,,,0f a processed filament can be calculated by employing
the experimental data of Young’s modulus E, through the parallel rule of

mixture equation (2.17) [102] given as:

Uy = 2= (2.17)

Em —Ef

2.4 Optical Microscopy and Experimental Method.

The cross-section area of all the processed composite multifilament bundle at
different times and temperatures and unprocessed multiflament bundle
samples (Cordenka 0506, Lyocell) were measured, using an Olympus BH2
microscope in conjunction with a CCD (Charge-coupled device) camera. The
multifilament bundle was embedded vertically in a mould, which was then filled
with epoxy resin after mixing the resin and the harder (EpoxiCure, BUEHLER)
in a ratio of 4:1, and left until fully cured. This was then ground and polished
to allow the cross section of the various samples to be examined in reflective

light is shown in Figure 2.11.
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Cordenka filaments

(L/ / Epoxy resin

Figure 2.11: Schematic of unprocessed and processed multiflament bundle with

Epoxy Resin.

For this partially dissolved Cordenka multifilament bundle sample, it can be
seen that there’s no external dissolved and coagulated layer in the optical
micrograph (Figure 2.12a). While in the partially dissolved Lyocell multifilament
bundle sample, it can be seen that there are two different regions in the optical
micrograph (Figure 2.12b). These are the inner core of multiflament bundle
(whose boundary is shown by the yellow line) and an outer, clear, layer
surrounding (whose boundary is shown by the green line) shown in Figure
2.12b. The outer layer is proposed as the dissolved and coagulated fraction
During the dissolution process, the twisted Lyocell multiflament bundle acts
more as a single element, as previously seen with work in our research group

on flax and cotton fibres [76, 103].
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0.25 mm

Figure 2.12: a) A typical optical micrograph for partially dissolved of Cordenka
multifilament bundle showing no boundaries around the coagulated layer of cellulose
and b) a typical optical micrograph for processed composite multiflament bundle of
Lyocell showing boundaries around the coagulated layer of cellulose (green line) and
inner core of filaments (yellow line). Multiflament shown were dissolved at 40 °C for
2 hours for Cordenka and Filaments shown were dissolved at 37 °C for 3 hours for

lyocell.

The area of these two regions in the Lyocell material, that is the inner core,
and the outer perimeter of the coagulated filaments were measured using
ImageJ software. The ratio between the coagulated outer layer and inner core
of filaments gives the coagulation fraction (C.F) and is calculated using

equation 2.18.

C.F.= (& (2.18)

AT

Where C.F.is the coagulation fraction, Ay is total area of the cross section and
A. is the area of the filaments comprised of coagulated cellulose. The optical
microscopy technique could not be used for the Cordenka multiflament

bundles as no construct between the matrix and fibre. This mean no external
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dissolved and coagulated layer in the optical micrograph and there are not
different regions in the optical micrograph. Therefore, we cannot use the

Image J to measure the Coagulation fraction.

2.5 Activation energy analysis by Arrhenius Law.

Molecules move with thermal energy, which can be used to bend, stretch, and
ultimately break bonds, which leads to chemical reactions. The breaking bonds
can occur when the molecules are moving fast, this means the molecules have
enough kinetic energy to collide with proper orientation such that a chemical
reaction occurs to form new product. An extra energy is a minimum amount of
energy required to activate molecules, known as the activation energy, E,
[104]. The activation energy and the chemical reaction can understand by
enthalpy change reaction system, AH, where H, is eventually lowered by the
overcoming of an energy barrier as shown in Figure 2.13. When the products
have a lower enthalpy than the reactants, the react called exothermic. The
enthalpy change (AH) is negative, indicating that energy is released into the
surroundings. In this reaction, the energy required to break the bonds in the

reactants and the energy released when new bonds form in the products.

In the endothermic reaction, the products have higher enthalpy than the
reactants. The enthalpy change (AH) is positive, indicating that energy is
absorbed into the surroundings. In this reaction, the energy required to break
the bonds in the reactants and the energy absorbed when new bonds form in
the products. The activation energy is still the minimum amount of energy

required for the reaction to take place, but in this case, it is the energy required
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to get the reactants to the transition state, where the old bonds are half-broken,

and the new bonds are half-made [105].

The activation energy is related to viscous flow and interaction between
molecules. In liquid and polymer systems, molecules undergo rotational and
translational motion. In this transition the molecules move from current lattice
position (non-equilibrium state) before flowing to neighbouring position

(equilibrium state) in vacancy or hole to overcome the energy barrier [106,

107].

Reactant

Products

Potential Energy
=
=

Reaction Progress ——

Figure 2.13: The energy diagram for system following the Arrhenius law.

Mathematically, the Arrhenius law can be applied to calculate the activation
energy. The Arrhenius equation is frequently used for analysing the reaction
rate of chemicals based on the change of temperature by calculating the

activation energy, though:

—E

k = Ae’r (2.19)
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where Ea is the activation energy, k is the rate constant, A the pre-exponential
factor (a reaction-based constant), R the gas constant and T the temperature
in Kelvin. Throughout this work, the logarithm of the Arrhenius equation was
used by plotting In(k) vs T~ resulting in a straight line of a gradient -E,/R and

intercept In(A), as given by equation (2.20) [108, 109].

Lnk = (%) (%) + LnA (2.20)

2.6 Measurement of weight-average molecular weight and

molecular weight distribution

As we did not have the appropriate equipment, the molecular weight
measurements of our two samples were done by Prof. Antje Potthast,
University of Natural Resources and Life Science, Vienna, Austria. They

described the technique they used as follows:

The molecular weight (Mw) and number-average molecular weight (Mn) of the
unprocessed Cordenka 0506 and unprocessed Lyocell multifilament bundles
were measured with the technique of multi-angle laser light scattering
(MALLS) [110, 111]. The solution used for injection was prepared as follows
First, the unprocessed Cordenka multiflament sample was soaked in water
before the solvent was exchanged from water to dimethylacetamide, DMAc
to activate the pulp samples. The sample was kept for 20 hours in the dimethyl
sulfoxide, DMSO and then fully dissolved in a 9% solution of DMAc/ LiCl. Prior
to injecting the sample was diluted with DMAc. This method was also applied
for unprocessed Lyocell multiflament bundle, and each sample was measured

twice.
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Chapter 3 Dissolution of Cordenka multifilament bundle in the

lonic liquid of 1- ethyl-3-methyl- imidazolium acetate.

The work in this chapter has been published as follows: Alanazi, M., Ries, M.
E., & Hine, P. J. (2023). Dissolution of viscose rayon multifilament yarn in the
ionic liquid 1-ethyl-3-methylimidazolium acetate studied using time—

temperature superposition. Cellulose, 30(14), 8739-8751.

3.1 Introduction.

Cordenka® 056 is a commercial regenerated cellulose man-made fibre (of the
termed rayon), usually in the form of a multiflament bundle comprised of many
individual fibres. Cordenka fibre is considered to be an eco-environmental
material. Commercial Cordenka multiflament bundle was first produced by
Glanzstoffweke in 1938. Cordenka multiflament bundle have excellent
mechanical properties, which include high temperature resistance and the
ability to take high stresses. Therefore, commercial Cordenka multifilament
bundles have been used in a variety of commercial applications including car

tyres, automotive brake hoses and rubber goods [60].

This chapter will study the dissolution of a Cordenka multifilament bundle in
the lonic liquid of 1- ethyl-3-methyl- imidazolium acetate [C2mim]+ [OAc]-.
Three technical methods were utilised: optical microscopy, wide angle X-ray
diffraction and mechanical measurements. During the dissolution process, the

oriented crystals in the multifilament bundle are transformed into randomly
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oriented cellulose crystals after dissolution and coagulation. Wide angle x-ray
diffraction was used to determine the change in the average crystalline
orientation (specified by the Herman’s Orientation factor P,) which then
allowed the rate of dissolution to be measured with time and temperature. This
follows the change in the average crystal orientation using an azimuthal (a) X-
ray scan by measuring the 2nd Legendre polynomial function (P,). Similarly,
the change in the Young’s modulus and ultimate strength of the partially
dissolved and regenerated ‘composites’ with time and temperature were also
measured. The reduction in both parameters (Young’'s modulus and (P,)) with
time and temperature were found to follow time-temperature superposition
[112], allowing the activation energy of dissolution to be calculated
independently by these two methods. In addition, the two measurements were
combined to show that the modulus of the partially dissolved regenerated
‘composite’ filaments followed closely to the rule of mixtures. The ultimate aim
of the research will be to manufacture all cellulose composites from
regenerated cellulose fibres, although this is not reported in this current work,
where the focus is to understanding the physics of the dissolution process and

how to use this in the future, to control and tailor composites properties.

3.2 Results and discussion.

3.2.1 Optical Microscopy.

The results of the Cross-sectional optical microscopy are shown in Figure 3.1.
It can be noted that, unprocessed Cordenka multifilament bundle consists of

a few hundred individual multiflament bundle which appears as a loose
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microstructure with significant inner spaces. The Cordenka multifilament
bundle was not twisted and so when incorporated into epoxy resin, the
multifilament bundle was found to move apart due to the ingress of the resin
as seen in Figure 3.1. This ‘untwisted’ geometry is important as it also controls
the dissolution as the IL can easily penetrate the multiflament bindles and

access each individual multifilament.

Experimentally, the overall cross-sectional size of the processed multifilament
bundle stays roughly constant with dissolution time and temperature an
associated increase of matrix proportion during the dissolution process. In
unprocessed multiflament bundle, the multiflament is not connected and
untwisted with significant inner space as shown in Figure 3.1a. Even at 30°C
for 1 hour there is enough dissolved matrix to stick the fibres together and stop
them from separating when placed into epoxy as shown for unprocessed
Cordenka multiflament bundle. It can be seen that the images for 1 ,2 and
3hrs are similar but by 5 hrs, there is a significantly higher fraction of the

dissolved and coagulation matrix.
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Figure 3.1: Microscopy cross-sectional images of Cordenka multiflament bundle at

30°C for different times.

The dissolution rate decreases with time and temperature at 35°C, 40°C and at
45°C as the inner space between the individual multifilament bundle is filled
with a dissolved cellulose/[Camim] [OAc] gel at 35°C 40°C and 45°C, we
propose that this forms a barrier to the ionic liquid and therefore the dissolution

proceeds more slowly by dissolving the multifilament bundle from the outside
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of the fibre bundles and so proceeds at a lower rate as shown in Figure 3.2 at
45°C. It can be noticed that at 0.5 hr, the internal spaces are all filled but no
external ring of matrix exists and at 1-hour nice ring of dissolved matrix and at
1.5 hrs fibres almost all dissolved. These three relate to a dissolved fraction of

30%, 60% and 75% respectively from the P,measurements.

45°C, 0.5hr ' 45°C, 1hr

LJ 0.25 mm

. 025mm

Figure 3.2: Microscopy cross-sectional images of Cordenka multiflament bundle at

45°C for different times.

From these pictures one can conclude that this optical method is unsuitable to
provide accurate information for the volume fraction of dissolved matrix, this is

because the core matrix boundary could not be drawn in Image J to find
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contrast between the original filaments and the matrix even at 45°C for 1.5hrs.
Therefore, it was not possible to calculate this percentage of dissolved material
by this image. This is in contrast to previous work in this group [76, 103] on
flax and cotton fibres which are comprised of a single fibre element and so
dissolution can only proceed from the outside of the multifilament bundle and
hence an optical technique can be used to follow the dissolution. For this
multifilament bundle a new technique had to be developed to determine the

activation energy of dissolution.

3.2.2 Wide Angle of X-ray Diffraction.

3.2.2.1 Two-dimension of X-ray Diffraction Pattern.

The results of a 2D X-ray image showing the positions and reflection peaks
are shown in Figure 3.3, where the bright arcs (black lines) correspond to
Bragg peaks. There were peaks with reflections 110, 110, 200 which are
positioned at 12.4°, 20.2°, 21.8° of 20 angles respectively for cellulose Il. The
peak reflection of 110 and 200 are combined. The faints peaks with reflections
at location 14.8° and at 16.5° of 26 angles are associated with cellulose | (110,
110) Bragg plane respectively, which indicates that the Cordenka multifilament
bundle are a mixture of predominantly cellulose Il and surprisingly, a small
amount of cellulose I. There is another reflection peak which appears in
cellulose, which is due to the 012 planes, and can be seen in the 2D X-ray
scattering at a circumferential angle of ~+/-60° (see also Figure 3.12) and a 20
value of 20.3° as described by Nam et al[113] . As this 012-reflection plane

has a very similar value of 20 to the chosen equatorial position with maximum
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signal intensity (20.3°), then this reflection will appear in a circumferential o
scan (as shown schematically in Fig 3.12). We have proposed to include both
these reflections in the determination of P, from a numerical integration
between -90° and +90°. Our hypothesis is that following the change of any
appropriate parameter with time and temperature, allows us to investigate
time-temperature superposition and determine an activation energy for

dissolution.

(012) 490

(020)

110) |
(1-10)

Figure 3.3 2D x-ray scattering pattern from unprocessed Cordenka multifilament
bundle showing the a Circumferential scan setting in two dimensions (2D) from -90°

to 90° (red dashed line) at 26 = 20.3° and how this includes the 012 reflection.
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3.2.2.2 20 Scan of Cordenka Multifilament Bundle.

The 26 scan was used to study the crystal structure of Cordenka multifilament
bundle during the dissolution process. Results from a 26 scan of the

unprocessed Cordenka multiflament bundle is shown in Figure 3.4.
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Figure 3.4: 208 scan of unprocessed Cordenka multifilament bundle.

The deconvolution (curve fitting) method was applied to this data by using
software (spreadsheet) taken from ref [114] to analyse the amount of cellulose
| and cellulose Il and amorphous fraction. An example of this fitting technique
can be seen in Figer 3.5, which shows the data fitted by the combination of
the peaks of cellulous 1 and 2 and amorphous. The original Bragg peak
locations in 20 scan were used as guide to identify cellulose | and cellulose Il

of unprocessed Cordenka multifilament bundle.

This fitting method was then tasked with fitting the raw data using a

combination of amorphous, cellulose | and cellulose Il peaks in superposition.
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The results of deconvolution method with fitting data of unprocessed Cordenka

multifilament bundle are shown in Figure 3.5.

Peaks of Cellulose | are shown in blue, orange and brown, while the cellulose
Il peaks were dark blue, green, and grey, all were allowed to move * 2° either
side of their expected positions as given in the literature [2, 115-118]. The
amorphous peak is the red fitted peak was around 18° in 28 scan [95, 119]
and was fitted with a single peak to unprocessed Cordenka multifilament
bundle data. It is of interest to see that there is still some remaining Cellulose
| in these regenerated cellulose fibres, presumably from the original cellulose

pulp source used to make the fibres.
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Figure 3.5: The fitting data of unpressed Cordenka multiflament bundle after

combination of cellulose I, cellulose || and Amorphous.

Once the peaks were deconvoluted, the fraction of each component (cellulose

I, cellulose Il or amorphous) could be determined from the ratio of the sum of
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the appropriate peaks to the total area. Also as described earlier, equation 2.2
could be used to determine the percentage crystallinity of the sample (sum of
cellulose | and Il peaks) to the total area under the peak (crystalline plus

amorphous).

After deconvolution, the sum of the fitted crystalline peaks of cellulose to the
total area of crystallinity and amorphous under the diffractogram calculated,
through the deconvolution equation 2.2. The cellulose | and Il relative peak
widths and heights were determined from Table 3.1 with respect to110 peak.
The widths of these peaks were broadened due to instrumental effects such
as diffraction and air scattering. A least squares approach was used to
determine the optimum fitting of the CI, amorphous and CIl peaks. The area
for each peak for different crystal forms was obtained via integration and the
fraction of area summation, by using Gaussian distribution functions as
explained in chapter 2. Resulting from measurement of 26° scan shows that
unprocessed Cordenka multifilament bundle is a mixture of cellulose Il (42%),

cellulose | (10%) and amorphous (48%).

For clarification, Figure 3.6 shows the experimental peaks of cellulose I’ and
cellulose Il individually. These peaks were found to exist at 14.8°, 16.7° and
22.7° for cellulose | and 12.4° , 20.2° and 21.8° for cellulose Il in 26, as shown
in Figure 3.6 (a, b). These angles correspond to Bragg reflections of the (110),

(110) and (2,0,0) planes respectively [120, 121].
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Figure 3.6: (a) is the experimental cellulose | peaks after isolated and (b) is the

experimental cellulose |l peaks after isolated using curve fitting method.

Table 3.1 presents the peak heights, peak positions and peak widths for pure
cellulose | and cellulose Il and amorphous, that was used for fitting data. The
reflection peak (110) is set to a height of 1 and width of 1, and the other two
peaks are normalised to them. Then when doing the least square minimising
only four parameters need to be minimised, along with these values for the

amorphous phase.

Peaks Cellulose | Cellulose I Amorphous
Peaks (Pure matrix) of
Cland ClII
High | Width | Positions High | Width | Positions Positions
ratio | ratio ratio | ratio
110 (light 1 1 14.8° 110 1 1 12.4° 18°
blue) (dark
blue)
110 1.1 0.8 16.7 ° 110 4.4 1.1 20.2° -
(orange) (green)
200 5.1 0.9 22.7° 200 4.5 1.3 21.8° -
(brown) (grey)

Table 3-1: The values of highest peaks and position peaks of cellulose | and cellulose
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Figure 3.7 shows (normalised) 26 line scans for an unprocessed multiflament
bundle, a partially processed multiflament bundle, and a fully dissolved
sample. Experimentally, it was found that the 20 line scan for the three
materials (original filaments, processed multiflament, and completely
dissolved film sample) did not change significantly enough between these

three materials to accurately follow dissolution.
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Figure 3.7: 20 scan measurements of Cordenka multiflament bundle for three
samples of original filaments, processed multiflament bundle and a completely

dissolved multifilament bundle.

Therefore, a 26 scan could not be used to follow change in crystal structure
during the dissolution process (and hence determine the dissolution activation
energy), as it has done before in previously published work in our research
group on the dissolution of cotton multiflament bundle [103], which is

predominantly cellulose |. The reason behind this is that the Cordenka
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multifilament bundle have only a small amount of cellulose | and are
predominantly cellulose Il, which is a similar crystalline structure to the
dissolved and coagulated matrix phase being a matrix of cellulose Il and
amorphous material. Therefore, an alternative method is proposed to calculate
the volume fraction of dissolving regenerated cellulose filaments, which was
to use the azimuthal a scan to follow the change of crystal orientation with time
and temperature. This technique has worked successfully for silk fibres, as
has been demonstrated in a previous publication from our research group

[122].

3.2.2.3 Azimuthal a Scan of Cordenka Multifilament.

The X-ray technique for the azimuthal a scan allowed measuring the degree
of molecular orientation in the various samples, where it carried out from -90°
to 90° at a fixed angle 26 of 20.3°. This 26 angle was chosen based on the
equatorial peak reflection (a=0°) (which is actually a combination of the 110
and 200 Bragg peaks). The result of the azimuthal @ scan measurement found
that Cordenka filament has two small peaks, as presented in Figure 3.8,
associated with the 012 reflections as shown from the 2D photo. To investigate
whether these peaks should be excluded, the two a scans were carried out for
20 set at 18° and 23° separately, either side of the main peak at 26 =20.3. It
found that the height peak of a combination of the 110 and 200 Bragg peaks
was too small with significant noise and the outer peaks with 012 reflections
found real as described above in Fig 3.2, and as seen in Fig 3.12. Therefore,

it was found that a value of 26 = 20.3¢ is the best angle to get a strong signal.
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These peaks with 012 reflections were also found in regenerated cellulose as

mentioned in this ref [113].

-100 -50 0 50 100

Figure 3.8: The azimuthal a scan with peaks at 012 position for unprocessed
Cordenka multifilament bundle where x1and x2 indicated to the start and end points
from x- x-axis (a° ) and y1 and y2 indicated to the start and end points from y-axis

(intensity) .

To explore the effect of including (or not these outer 012 peaks) a theoretical
method was applied for further investigation, where first the data of the a scan
was integrated with the outer peaks included, by using Herman’s equation 2.4
to determine P, value. After that, a linear equation was used to remove outer
peaks and then to recalculate the P, value and investigate whether it

influenced the overall prediction of the dissolved fraction.

Mathematically, from the data of a° scan of x-axis took start point x1 and end

point x2, while intensity values used in y-axis took y1 and y2 as start and end
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points of outer peaks, as shown in Figure 3.8. By calculating the average
values of start and end points of outer peaks, the slope, M found by = i—z and

constant ¢, obtained from the linear equation by ¢ = (y — M) = x. The linear
equation applied on a° data (original) of outer peaks 012 by y = Mx + ¢ to
obtain a data without outer peaks. The result a° scan without 012 peaks shown
in Figure 3.9. Herman’s values P, of unprocessed filament found for without
012 peak is 0.62 and with 012 peak is 0.57, which indicated an insignificant
difference than between these two different analysis regimes. We therefore
considered the P, value with the 012 peaks included as more reflective of the
crystal orientation of the unprocessed individual Cordenka multiflament
bundle and this will be discussed further in Chapter 5 in comparison with the

Lyocell multifilament bundle.

50 100

Figure 3.9: The azimuthal a scan without peaks at 012 position for unprocessed

Cordenka multifilament bundle.
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To evaluate the effect of either including (or not) the outer 012 reflections, the
volume fraction, v,,, of composite fibre with 012 peaks and without 012 peaks

are calculated by applying equation 2.7 using the measured P, values and
assuming a rule of mixture. It was found that the dissolved volume fraction of
the partially dissolved composite fibre increased with time and temperature as
shown in Figure 3.10 and Table 3.2 but was very similar for the two methods
(with or without the outer 012 reflections) even though the P, of the original

filaments is different.
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Temperatures Time v, % with 012 v, % without 012
0 0 0 0
30 1 18.2 225
30 2 18.2 225
30 3 24.2 30
30 5 27.3 325
35 0.5 18.2 225
35 1 21.2 25
35 2 27.3 325
35 3 36.4 40
35 5 424 52.5
40 1 30.3 35
40 2 45.5 50
40 3 66.7 70
45 0.5 33.3 40
45 1 60.6 65
45 1.5 72.7 77.5

Table 3-2: The percentage difference of volume fraction v,, with and without 012

peaks.
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Figure 3.10: The volume fraction of composite fibre calculated by either including or
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excluded the outer 012 peak.

Figure 3.11 shown the comparison between the calculated volume fractions
from P, including the 012 reflections (e.g Figure 3.8) and without the 012 peaks
(e.g., Figure 3.9). This confirms our hypothesis that we can use the data with

and without 012 peaks to measure the dissolution rate with time and

temperature.
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Figure 3.11: The relation between the volume fraction with 012 and without 012

crystallinity peaks.
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The data with 012 peaks was therefore used throughout to calculate the
volume fraction of the dissolved fraction. Figure 3.12 shows a comparison
between a typical a scan for unprocessed multiflament bundle, a partially
dissolved composite multifilament bundle and a fully dissolved film. In contrast
to the 260 scans, there is a measurable change and so P, can therefore be
used to follow dissolution with time and temperature. As the oriented crystals
(associated with the unprocessed multiflament bundle) dissolved they
reformed as random crystals, leading to an increase of the background level
and a reduction in the central oriented crystal peak. For a completely dissolved
and coagulated film sample, which is considered to be similar to the matrix
phase within the composite Cordenka multiflament bundle, a constant
intensity was seen at all angles indicating random orientation of the crystal

structure as expected.
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Figure 3.12: The azimuthal a scan to measure the change in orientation.

The overall average of P, for all the processed composite multifilament bundle,

from processing at different times and temperatures, was calculated by using
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equation 2.4. The results of the change in the average value of P, with
temperature and time are shown Figure 3.13. The reduction in the average P,
value for processed a composite multifilament bundle is due to the increase in
the random molecular orientation component due to the dissolved and
coagulated matrix fraction. From Figure 3.13, It can be seen that the P, of the
processed composite multiflament bundle reduces with increasing time and
temperature. The reduction of the average value of P, of the processed
composite multiflament bundle (from three measurements on different
composite multiflament bundle) at various times and temperatures appears
broadly linear, although with an increasing slope as the processing
temperature increases. This indicates increased effectiveness of [Comim]*

[OACc] to dissolve the Cordenka multifilament bundle with increasing time and

temperature.
0.6
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Figure 3.13: The Correlation between the average calculated P, and different
dissolution times and temperatures for processed Cordenka multifilament bundle.

error bars within the data points.
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The P, data can be formed into a master curve using time-temperature
superposition. This method was previously reported in the study of the
dissolution of cotton and silk fibres in [C2mim] [OAc] by our research group
[76, 103, 122]. Based on this previous work the data of P, values are first
plotted as function of the logarithm of time and the different temperature curves
are then superposed in (In time) using equation 3.1 at a chosen reference

temperature.
tR == tlaT
lntR=lnt1+ lnaT (31)

where T1 is the temperature, Tr is the reference temperature, t1is the time

value before scaling, tr is the time value after scaling/shifting and [n at is the
shift factor [122]. Figure 3.14a explains the steps used to find the best shift
factors so that all the points overlap on one master curve. Firstly, the orange
line at a processing temperature of 35°C was chosen as the reference
temperature (Tr) on the In time axis (Figure 3.14 a). Then all the other
temperature curves were shifted horizontally by an initial shift factor (In ar) to
the data of the 35°C curve along the In time of X axis. Next, a polynomial
function was applied as a guide around this preliminary shifted data. Then the
individual shift factors were changed to get the best fit between the polynomial
function and the shifted points by maximizing the value of R?, which is equal
to 0.98 The final master curve between the average P, and the shifted data at
a reference temperature of 35°C, is shown in Figure 3.14 b in log time and in

linear time in Figure 3.14c.
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From the relationship between the shifted average P, values (at a reference
temperature of 35°C) with linear dissolution time, as shown in Figure 3.14 ¢, it
can be estimated that complete dissolution of the Cordenka multifilament
bundle would be achieved after 14h dissolution time at 35°C, as the P, value
of completely dissolved filaments extrapolates to 0.25. Table 3.3 shows the
complete dissolution of the Cordenka multifilament bundle at 30°C, at 40°C and

at 45°C.
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Figure 3.14: a) logarithm of time (In aT) with P,, all data of time and temperature
shifted at reference 35°C. b) the master curve of relation between P, and shifting time
at various temperatures of Cordenka multiflament bundle. c) the resultant master

curve between P, and dissolution time.
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Reference temperature °C Complete dissolution of Cordenka/hrs
30 32
35 14.5
40 5
45 2

Table 3-3: the complete dissolution of the Cordenka multiflament bundle at

30°C, at 40°C and at 45°C.

Figure 3.15 shows that plotting the In of the shift factors versus the inverse
temperature gives a linear relationship, indicating that the dissolution of the
Cordenka multifilament bundle follows an Arrhenius behaviour. We can
therefore use equation 3.2 to calculate an activation energy for this dissolution

through the Arrhenius equation as follows:

Inar =InA—— (3.2)

where a; is the simple multiplicative factor, A is the pre-exponential factor, E,
is the activation energy, R is the universal gas constant and T is temperature
(K) [123, 124]. Figure 3.15 shows the best fit line to this data (using the LINEST

function in Excel) resulting in an activation energy value of 151 £ 3 kJ/mol.
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Fig 3.15: Inay plotted against the inverse of temperature, dotted line is Arrhenius

equation.

The time temperature superposition method was separately applied also using
30°C, 40°C and 45°C as reference temperatures to calculate the activation
energy, the P, data was shifted at each of these temperatures, to get a master
curve as it has been done at 35°C. Figure 3.16 shows the final master curve of
data at 30°C. The same master curve at 40°C and 45°C, is shown in Figures

3.16 bandc.
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Figure 3.16: (a) is the final master curve of data at 30°C, (b) the final master curve of

data at 40°C and (c) the final master curve of data at 45°C

3.2.2.3.1 Shift Factor, Intercept Arrhenius dependence.

The “intercept method” is based on the relationship between the shift factors
and inverse temperature through the Arrhenius equation 3.2, which was used
earlier to calculate the dissolution activation energy. All data was shifted to
30°C to create a master curve at this temperature, then the whole process
repeated again for 35°C, 40°C and 45°C. The shift factors were plotted as a
function of inverse temperature to give an activation energy and intercept, as

for 35°C, see Figure 3.16. The intercept values from these Arrhenius plots were
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itself then plotted against the inverse reference temperature, see Figure 3.17,
where it can be seen that the intercepts themselves follow an Arrhenius type
behaviour. Starting with the Arrhenius equation (equation 3.2) and setting a,

asar,,,, gives equations 3.3-3.5.

T = Tyer (3.3)
Eq
Inar,,, =InA- RTror (3.4)

The shift factor at the reference temperature must equal one, hence In(ar,, )=

0, since no shifting is needed for the data already at the reference temperature,

therefore

In Ay = —= (3.5)

RT‘r'ef

The important result is that intercept In A, in each of these graphs is itself
temperature dependent In A3y ,InA,y, InA,s and In Az are 59.75, 57.85,
56.95 and 58.85 for temperatures 30°C Figure 3.17(a), ,40°C Figure 3.17 (b),

45°C and Figure 3.17 (c), respectively and 35°C Figure 3.16.
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Figure 3.17: (a) In a; plotted against the inverse of temperature at 30°C as reference

temperature, (b) Ina; plotted against the inverse of temperature at 40°C as

The correlation between In A, and 1/T ; gives the gradient % to give a further
re

way to calculate E,, as shown in Figure 3.18. This plotted graph gave a similar
E, as previously calculated for the four different temperatures (at 30°C, 35°C,
40°C and 45°C) equal to 151 + 3 kd/mol. This is approximately the same value
of activation energy was calculated from time-temperature superposition
method. It has been found that the “intercept method” is very sensitive to any
non-Arrhenius dependence and is a useful validation of the approach taken in

this work.
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Figure 3.18: Ina; plotted against the inverse of reference temperature at 30°C,

35°C,40°C and 45°C.

3.2.3 Dissolved and Coagulated Matrix Fraction v,, from the Wide

Angle of X-ray Diffraction.

By applying a rule of mixtures to the experimental data of P,, from the
azimuthal @ scan measurements, the volume fraction v,, of the dissolving
fraction of the original composite multiflament bundle could then be
calculated. This dissolved and coagulated fraction (v,,,) now indicates the
amount of ‘matrix’ phase resulting in the processed composite multifilament
bundle combined with the original undissolved multifilament. This procedure
was done by calculating the points between the orientation of the unprocessed
Cordenka multifilament bundle with (v,,,) = 0% dissolved and the completely

dissolved matrix with (v,,,) = 100%, by assuming a linear mixing rule.
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_ Pyc—Pyy

Vo (3.6)

Pom—Pyf

Assuming v, + v = 1. Here P,. indicates the P, value of the processed
composite multifilament bundle, P, is the P, value of the original unprocessed
multifilament bundle (measured as = 0.57) and P,,, is the P, value of the
completely dissolved matrix film with 0.25 (randomly oriented crystals). Figure
3.19 presented the relationship between the calculated v,, value and the
dissolution time and temperature. The volume fraction of dissolved Cordenka

multifilament bundle increases with increasing time and temperature.
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Fig 3.19 The relationship between 1},, and dissolution time.
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3.2.4 Mechanical Measurements.

The fall in the mechanical Young’s modulus and strength have played an
important role in our analysis, as following these two properties provides two
further independent methods to follow dissolution and determine the activation
energy. As with the measurement of the average crystalline orientation of the
partially dissolved composite multiflament, we are assuming that these two
measures of the properties of the partially dissolved multifilament bundle are
some combination of the unprocessed multiflament bundle and the dissolved

matrix fraction.

The tensile modulus of a composite is dependent on the ratio between the
original fibres and the dissolved matrix. Similarly, the Young’s modulus of the
composite samples can provide information on how much unprocessed
multiflament bundle (raw material) has been converted into processed
Cordenka multiflament bundle (coagulated cellulose). The mechanical
strength provides the amount of multifilament bundle core by giving a variety
of the strengths, which indicates to the amount of dissolved fraction in the

sample.

3.2.4.1 Young’s Modulus.

The initial linear stress-strain region indicates an elastic region as shown in
Figure 3.20 (green line). The slope of this initial stress and strain gives a

Young’s modulus E, which calculated from equation 2.10.
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Figure 3.20: Typical stress-strain curve of one viscose rayon samples processed at

35°C for 1hr.

The measured Young’'s modulus of the partially dissolved composite
multifilament bundle as a function of time at various temperatures is shown in
Figure 3.21 a. It can be seen that the pattern of the decrease of the measured
Young’s modulus values, with time and temperature, is very similar to that
shown on Figure 3.13 for the measured average P, values, as both are a
measure of the remaining fraction of the unprocessed multifilament bundle.
The data of the measured Young’s modulus is shifted with time and
temperature, using the temperature of 35°C as the reference temperature
using the same procedure as explained above. Figure 3.21 b shows the result

of the final master curve after shifting the data, plotted against Ln (time).
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Figure 3.21: a) The measurements of Young’s modulus at various temperature and

time. b) the master curve between Young’s modulus and dissolution time.

The relationship between the shifting factors and the inverse temperature was
again used to calculate an activation energy (as they showed a linear
dependence) using the Arrhenius equation 3.2, see Figure 3.22. This gave an

activation energy value of 198 + 29 kJ/mol.
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Figure 3.22: Activation energy determined from TTS.
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The time temperature superposition method was separately applied on 30°C,
40°C and 45°C as reference temperatures to calculate activation energy, the
Young’s modulus data was shifting at each of these temperatures, to get
master curves. As it has been done at 35°C. Figure 3.23 shows the final master
curve of data at 30°C. The same master curve was obtained at 40°C and 45°C,

as shown in Figure 3.23 b and c.
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Figure 3.23: (a) The final master curve of data at 30°C as reference temperature (b)
the final master curve of data at 40°C as reference temperature and (c) the final master

curve of data at 45°C as reference temperature.

The Arrhenius equation was plotted between In a; of the shift factors of
individual temperature (30°C, 40°C and 45°C) and an inverse of temperature,
as shown in Figure 3.24 (a-c). This indicates that the dissolution of the
Cordenka multiflament bundle follows Arrhenius behaviour. This relation was
used to calculate the activation energy, E, for Cordenka multiflament bundle
at 30°C, 40°C and 45°C separately E, from these three different temperatures

and was found to have the same value of 198 + 29 kd/mol. The same value
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of E, has been found using 35°C as the reference temperature. The average

value of E, from the four different temperatures (at 30°C, 35°C, 40°C and 45°C)

is equal to 198 + 29 kJ/mol.
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Figure 3.24: (a) In ar plotted against the inverse of temperature at 30°C as reference

temperature, (b) In a; plotted against the inverse of temperature at 40°C as reference

temperature and (c) ) Ina; plotted against the inverse of temperature at 45°C as

reference temperature.
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The relation between the Young’s modulus with linear dissolution time in the
lonic liquid [C2mim] [OAc], is presented in Figure 3.25. At short times, the
Young’s modulus is seen to first fall rapidly, and then, the Young’s modulus
decreases at a slower, but linear, rate with time. We propose that this is
because at early dissolution times, when the individual Cordenka multifilament
bundle is not connected (being untwisted). As explained the ionic liquid can
penetrate easily between each individual multiflament bundle, resulting that
the surrounding outer layer of each multiflament bundle can be dissolved to
form the matrix. Once the inner space between the individual multiflament
bundle is filled with a dissolved cellulose/[C2mim] [OAc] gel, this forms a barrier
to the ionic liquid and therefore dissolution proceeds more slowly by dissolving
the multifilament bundle on the outside of the fibre bundles and so proceeds
at a lower rate. The same result described in the optical microscopy result
section, which emphasises the behaviour of the dissolution of Cordenka

multifilament bundle during an increase of time and temperature.
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Figure 3.25: Master curve between Young’s modulus and dissolution time using

35°C.

To obtain a value of the modulus of the unprocessed” Cordenka multifilament
bundle the data for the early times (the first four points shown in more detail in
Figure 3.26 is used to extrapolate the modulus to zero time. This a better
method, as measuring the modulus of a bundle of untwisted, and so
unbonded, multiflaments was found to give erroneously low values of Young’s
Modulus as the fibres are not connected together and the bundles are
untwisted. From the correlation between the Young’'s modulus data and the
linear dissolution time at 30°C, and using a second order polynomial function,
the best fit gave a value of 14.8 GPa for the original multifilament bundle, as

shown in Figure 3.26.
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Fig 3.26: The extrapolate method to determine the modulus for unprocessed

Cordenka multifilament bundle from real master curve at 30°C.

Experimentally, the azimuthal a scan technique has been used to calculate the
volume fraction of composite filaments of the partially dissolved Cordenka
multifilament bundle. The measured Young’s modulus data could then be
plotted against these calculated volume fraction values from the azimuthal «
scan measurements to evaluate the possibility of applying rule of mixtures
(Voigt or Reuss models equations 2.15 and 2.16) to our processed composite
multifilament bundle and to specify the effect of changing the volume fraction

on the behaviour of the Young’s modulus results.

The result of plotting the measured Young’s modulus and the calculated
volume fraction (from the a scan) with the two mixing rules is shown in Figure

3.27. Based on the extrapolated fibre value of £ =14.8 GPa with using V,, =

0% dissolved and the completely dissolved matrix V,, = 100%, with value of
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E,, =1.5 GPa (from measuring the dissolved and coagulated completely
dissolved film, calculated using equation 2.17), the upper-bound and lower-
bounds are calculated by following equations (2.15, 2.16) respectively. The
data points of Young’s modulus versus V;, have shown a tendency to follow
the upper- bound (Voigt series), confirming excellent adhesion between the
original fibres and the dissolved and coagulated matrix fraction. This is an
important finding for future work on all cellulose composites made from

regenerated cellulose fibres.
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Fig 3.27: Relation between volume fraction V,,, and young modulus from a scan with

prediction of rule of mixtures, Voigt and Reuss series.

3.2.4.2 Strength Measurement.

The correlation between the variation of the ultimate composite breaking
tensile strength o, with dissolution time at various temperatures is shown in
Figure 3.28a. The decrease of the strength values with an increase of time and

temperature indicates the dissolution of Cordenka multifilament bundle. The
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same result has been previously seen from measuring P, and Young’s
modulus at 30°C, 35°C and 40°C and 45°C for 30 min,1, 1.30, 2,3 and 5 hours

as shown in Figure 3.13 and 3.21 a.

The measured data of the strength values are shifted with time and
temperature, using the temperature of 35°C as the reference temperature
using the same procedure as explained above. Figure 3.28 b, shows the result

of the final master curve after shifting the data, plotted against Ln (time).
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Figure 3.28: a) The measurements of tensile strength oy, at various temperature

and time. b) the master curve between ¢ and dissolution time.

The dissolution rate slows when all the interior spaces in the Cordenka
multifilament bundle are filled, resulting that the strength values also falls, as
in Figure 3.29. The value of the strength of the unprocessed” Cordenka
multifilament bundle was extrapolated to Zero time by utilising the correlation
between the strength data and the linear dissolution time. The data for all times
and temperatures of 30°C, 35°C, 40°C and 45°C used by applying a second

order polynomial function. The best fitting gave a strength value for an
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unprocessed multifilament bundle of 497 MPa. This extrapolation value of

strength was taken for all times and temperatures.
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Figure 3.29:The Master curve between strength and dissolution time using TTs at

35°C as reference temperature.

This method was used as a further way of measuring the activation energy
using time temperature superposition. The relationship between the shifting
factors and the inverse temperature was again used (as they showed a linear
dependence) using the Arrhenius equation 3.2 as shown in Figure 3.30. This

gave an activation energy value of 158 £ 40 kd/mol.
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Figure 3.30: Ina; plotted against the inverse of temperature at 35°C as reference

temperature.

The measured strength data could then be plotted with these calculated
volume fraction values from the azimuthal « scan measurements to evaluate
the possibility of applying the rule of mixtures to our processed composite
filaments and to specify the effect of changing the volume fraction on the

behaviour of the strength results.

The result of plotting the measured strength and the calculated volume fraction
(from the a scan) with the two mixing rules is shown in Figure 3.32. Based on

the extrapolated Cordenka multifilament bundle value of o = 483 MPa with

using V,,, = 0% dissolved and the completely dissolved matrix 1},, = 100%, with
value of o, = 24 MPa (from measuring the dissolved and coagulated
completely dissolved film which calculated using equation 2.17), the upper-
bound and lower-bound are calculated by following equations 2.15 and 2.15
respectively. The data tensile strength versus 1}, tendency to follow the upper-
bound (Voigt series). This again suggest excellent compatibility between fibres

and matrix (equal strain between the two components).
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Figure 3.31: Relation between volume fraction V;,, from a scan and ultimate tensile

strength with prediction of rule of mixtures, Voigt and Reuss series.

By comparing the three methods (Table 3.4), the values of the activation
energies of P, are the most reliable value and the activation energies of P,
lower than the activation energy from analysing the measured Young’s
modulus data. It is seen that there is a much larger uncertainty in the
calculation of the activation energy based on the Young’s modulus and the
ultimate tensile strength measurements, but overall, in close agreement. The
two activation energy values within the error of strength measurement and

Young’s modulus are similar to each other, as shown in Table 3.4.

35 °C P, E Ours

E kJ/mol 151 +3 198 + 29 158+ 40

Table 3-4: The comparison between the values of £, and Ey,  and the E; and

EUUTS'
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These values quantify the temperature dependence of dissolution, which is a
useful parameter in characterising the fraction of matrix formed when creating
an all-cellulose composite to obtain the optimum balance of mechanical

properties.

3.3 Conclusion.

Wide-angle X-ray diffraction and mechanical test techniques have been used
in this research to follow quantitatively the physics of the dissolution, and the
resulting mechanical properties of multiflament bundle of a commercial
Cordenka multifilament bundle. This was done by dissolving the multifilament
bundle in the ionic liquid of 1-ethyl-3-methylimidazilum acetate [Comim] [OACc]
for different times and temperatures. Optical microscopy and 26 WAXS was
used as the qualitative measurement of the Cordenka multifilament bundle.
Optical microscopicy showed that the overall cross-sectional size of the
processed multiflament bundle decreased with an increase of matrix
proportion during the dissolution process. This method was unsuitable to
study the volume fraction of dissolution and could not distinguish between
matrix and fibre using ImageJ, therefore, was not used in this research. 26
WAXS scans and a 2D X-ray image showed that the unprocessed Cordenka
multifilament bundle comprised the combination of cellulose Il and amorphous,

with a small amount of cellulose I.

An azimuthal a scan was employed to determine the dissolution mechanism
of the Cordenka multiflament bundle. The azimuthal a« scan at an angle

20=20.3° (200 reflection) was used to follow the change in the crystal
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orientation with time and temperature of dissolution and hence calculate the
volume fraction of the dissolved fraction. The P, value of the raw fibre was
found to be 0.57 while the P, value of a fully dissolved film was measured to
be 0.25, which is the expected value for perfectly random crystalline
orientation in a 2D plane. The measured value of P, for the partially dissolved
composite multiflament bundle was found to decrease as time and
temperature increased, indicating an increase in the random orientated crystal
fraction associated with the dissolved and coagulated matrix fraction. The rule
of mixtures was applied to the measured P, values to calculate the volume
fraction v, of Cordenka multiflament bundle dissolved, using the data from

the azimuthal a scan for composite sample.

The Young’s modulus values of the partially dissolved regenerated cellulose
composite multiflament bundle were also measured for different processing
times and temperatures. The time-temperature superposition method was
applied to the experimental data of the average P, values, Young’'s modulus
and ultimate tensile strength values. Each data set was transformed used
time-temperature superposition to form a master curve and then the activation
energy was calculated by using an Arrhenius equation (all three measured
parameters followed Arrhenius behaviour). The activation energies for the
three measures, P,, Young modulus and ultimate tensile strength were found
to be 151+ 3 kJ/mol, 198 £ 28 kJ/mol and 158+40 kJ/mol, respectively. The
activation energies measured from different methods gave similar values,
which indicates they could all be used to follow the dissolution behaviour of
the Cordenka multiflament bundle regenerated cellulose fibres. By

extrapolating the Young’s modulus of the processed Cordenka multiflament
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bundle at low temperatures and early times, the modulus of the unprocessed
Cordenka multifilament bundle was extrapolated to be E; =14.8 GPa, which
can often be a difficult parameter to measure. Combining this with the modulus
of a completely dissolved and coagulated film, allowed the Young’s moduli of
the processed composite multiflament bundle to be tested against the rules of
mixture. The correlation between volume fraction (from the P,,
measurements) and the Young’s modulus agreed very well with the predicted
parallel rule of mixture. Extrapolating the ultimate tensile strength of the
processed Cordenka multiflament bundle at all time and temperatures, the
ultimate tensile strength of the unprocessed Cordenka multiflament bundle

was extrapolated to be o = 497 MPa, which can often be a difficult parameter

to measure. Combining this with the ultimate tensile strength of a completely
dissolved and coagulated film, allowed the ultimate tensile strength of the
processed composite multiflament bundle to be tested against the rules of
mixture. The correlation between volume fraction (from the P,,
measurements) and the ultimate tensile strength shows a tendency to follow

the predicted parallel the rule of mixture.
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Chapter 4 The dissolution of a Lyocell Multifilament Bundle in
the lonic Liquid of 1- ethyl-3-methyl- imidazolium acetate

[C2mim]+ [OAc]-

4.1 Introduction.

Lyocell multifilament is a commercial regenerated cellulose man-made fibre
produced by direct dissolution of wood pulp using the Lyocell process
(spinning process). The first fibre was produced commercially in 1948 [55].
The Lyocell process is described as eco-friendly, non-hazardous cellulose
regeneration process compared with viscose process during

manufacturing[36].

Lyocell multiflament bundle is commonly used for technical or industrial
applications. The Lyocell multiflament bundle has many excellent physical and
chemical properties, and it has a circular cross section. In their paper on
regenerated cellulose fibres, Sayyed et al commented on the softness, silky
and lustrous nature of the fibres [36] and therefore it has found use for clothing
because it has the ability to provide comfortable fabrics. Lyocell multifilament
bundle can degrade hydrolytically in mineral acids and importantly are

unaffected by most organic solvents and agents.

This chapter will study the dissolution of Lyocell multiflament bundle in the
lonic liquid -1- ethyl-3-methyl- imidazolium acetate [C2mim]+ [OAc]- using
both similar and complementary analysis techniques to those described in the
previous chapter (Chapter 3) studying Cordenka multifilament bundle. The

main technical methods utilised were wide angle X-ray diffraction and
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mechanical measurements, as described earlier for Cordenka. Additionally,
the geometry of the Lyocell multifilament bundle (twisted rather than untwisted
as for Cordenka fibres) allowed an optical technique to be used to directly
measure the fraction of dissolution with time. This follows a similar strategy to
that previously reported in our group for the study of the dissolution of flax and
cotton fibres [76, 77]. The oriented Lyocell multiflament bundle crystals in the
fibres were found to transform into randomly oriented cellulose crystals after
dissolution and coagulation. Therefore, as reported in the previous chapter,
we could analyse the Lyocell multiflament bundle crystalline orientation
(specified by the Herman’s Orientation factor P,) and then determine the rate

of dissolution with different times and temperatures.

So, the rate of dissolution was determined in three ways, one direct method
and three indirect methods. Directly using optical microscopy, indirectly by
measuring the average crystal orientation using an azimuthal (a) X-ray scan
to measuring the 2nd Legendre polynomial function (P,), and indirectly from
the change in the Young’'s modulus and also from the change in the ultimate
stress of the dissolved and regenerated ‘composites’ with time and
temperature. These four techniques allowed the dissolution behaviour (rate of

dissolution) and dissolution activation energy to be measured and compared.
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4.2 Results and discussion.

4.2.1 Optical Microscopy.

Optical microscopy was utilised to obtain images of unprocessed and
processed Lyocell multifilament bundle composites. Used in conjunction with
image analysis software (Image J) the various regions of the processed
samples could be determined and then an apparent coagulation fraction could

be calculated.

An optical micrograph of the cross- section of an unprocessed Lyocell
multifilament bundle can be seen to be composed of a number (a few hundred)

of individual fibres, close to each other as shown in Figure 4.1

Figure 4.1: Microscopy cross-sectional images of unprocessed Lyocell multifilament

at 20 times magnification.
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It can be seen that for an unprocessed Lyocell multifilament bundle, the fibres
can separate on encapsulation in epoxy, although not significantly (and not as
much as for the unprocessed Cordenka untwisted multiflament bundle). The
dissolution process started at 30 °C, and the cross sections of the processed
Lyocell multiflament bundle for 1,2, 3 and 5 hrs are shown in Figure 4.2. It can
be seen that the individual fibres are bound together with a proposed very thin
coagulated Lyocell matrix, and so the multifilament bundle does not separate
in the epoxy resin. The fibre encapsulation procedure is shown earlier in
section 2.6.1 Figure 2.7. This could be due to the ionic liquid [C2mim]+ [OAc]-
not easily penetrating between the twisted Lyocell multiflament bundle. This
leads to the outer area of the multifilament bundle to dissolve first creating the
matrix around the core as the inner core of undissolved multifilament bundle
decreases in size. On average, the average outer area remains the same that
transforming dissolved Lyocell multiflament bundle into matrix to provide a

close packing fibre microstructure.
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Figure 4.2: Microscopy cross-sectional images of processed Lyocell multifilament

bundle fibre at 30°C for different times at 20 times magnification.

The outer matrix layer started increasing around the inner core of area at a
processing temperature of 35°C and from 2 hours with an increase of time, as
shown in Figure 4.3. This dissolved and coagulated matrix fraction
continuously increased with higher temperatures (37°C,40°C and 45°C) and
longer processing times. Resulting from that, the final size of inner core area
of the Lyocell multifilament bundle composites gradually decreased as shown

in Figure 4.4.
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Figure 4.3: Cross sections of processed multiflament bundle fibre at 35°C for 2,3,4
and 5 hours. The coagulated fraction can be seen to grow as a function of time at 20

times magnification.
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Figure 4.4: Cross sections of multifilament bundle fibre at various temperatures; 37°C,
40°C and 45°C. The coagulated fraction can be seen to grow as a function of

temperature and time at 20 times magnification.
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4.2.1.1 The Measurement of The Different Regions of a Partially

Dissolved Lyocell Multifilament Bundle.

The calculation of the area of the two distinct regions (dissolved outer region
of matrix and inner area of undissolved fibres) was done by sketching with
ImagedJ and colouring around the inner core (yellow) and the outer perimeter
layer (green), as shown in Figure 4.5. The outer layer area (which combines
both the undissolved multiflament bundle and the dissolved fraction) was
found to be independent of time and temperature as dissolution proceeded,
as the original fibres were replaced by dissolved and coagulated material. This
results strongly suggests that density of the dissolved and coagulation fraction
is very similar to the original fibres. This is not surprising as the original
multifilament bundle of regenerated fibres contained no significant internal
voids unlike plant fibres. For this reason, this parameter could not be used to
determine the dissolution activation energy. However, we could measure both
the decrease of the inner core (which always contained the remaining
undissolved fibres) and the increase in the area and thickness of the dissolved
and coagulated outer ring. These methods were explained in detail in Chapter
2 section 2.4. This optical method is considered as an efficient technique to
directly measure the area of dissolved and coagulated Lyocell multifilament

bundle samples [125].
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Figure 4.5: the sketching of inner core (yellow) and outer area (green) of Lyocell

multifilament.

4.21.1.1 The Measurements of The Outer Layer Dissolved and

Coagulated Area of Lyocell Multifilament Bundle.

The calculation of the outer layer area of the Lyocell partially dissolved bundle
composite samples was the first method tried to calculate an activation energy
during the dissolution process by sketching the outer layer using software
(image J). The outer perimeter area shown in green in Figure 4.5 (which is
also considered as total area) of the processed Lyocell multiflament bundle
was determined between the processing temperatures of 35°C and 45°C for
various dissolution times. The relation between the outer perimeter area and
the dissolution time is shown in Figure 4.6. The results show that within the
scatter of the measurements that the outer perimeter area was constant during
the dissolution process and therefore the data points could not be used to
calculate an activation energy. The average value of all the data of the outer

perimeter area of the processed Lyocell multiflament bundle was calculated
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to be 0.0178 + 0.001 mm? and indicates the outer area was not changed
during the dissolution process, with the dissolved and coagulated matrix layer
replacing the original Lyocell multiflament bundle. This also suggests that the
density of the dissolved and coagulated material is very similar to the original
fibres. By drawing lines between these values in Figure 4.6, the outer area of
unprocessed is seen to be higher than the processed Lyocell multifilament
bundle, which has spread when encapsulated in the epoxy resin as the fibres

are not bonded together until immersed in the ionic liquid.
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Figure 4.6: The average calculated outer perimeter area at different dissolution times

and temperatures between 30°C and 45°C. for processed Lyocell multifilament.
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4.2.1.1.2 The Measurements of Inner Core Area of Lyocell Multifilament

Bundle.

The second method to follow the dissolution process was the calculation of the
inner core area of the Lyocell multiflament bundle composites, with

temperature and time, which is within the yellow region shown in Figure 4.5.

The sketching in Figure 4.5 was drawn by image J, and it was utilised to
measure the reduction of the inner core area and then this was used to
calculate the activation energy. Due to their only being a very thin matrix layer
formed at 30°C it proved hard to measure the boundary between the two
regions, so the measurement of the inner area of the Lyocell multifilament
bundle was started at 35°C. The inner core area decreased with time and all

temperature regimes: 35°C, 37°C, 40°C and 45°C, as shown in Figure 4.7.
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Figure 4.7: The average for three samples calculated inner area at different
dissolution times and temperatures for processed Lyocell multiflament bundle. The

error bar is too small and within the data point.



112

The time-temperature superposition method was applied to the data of the
inner core area to follow the dissolution behaviour of the Lyocell multiflament
bundle. The values of inner core area were shifted with time and temperature,
using the temperature of 35°C as the reference temperature. The data points
were then found to collapse into a single master curve. The inner core area as
function of time and temperature after superposition is shown in Figure 4.8a
(plotted against log time). This then allowed the relation between inner core
area with linear dissolution time (at a reference temperature of 35°C) with using
the average value of outer perimeter area 0.0178 mm? as the intercept, which
calculated in above section, to be plotted as shown in Figure 4.8b. The
complete dissolution of the Lyocell multifilament bundle would be predicted to
be achieved after 2hrs dissolution time. The best final polynomial to fit the data

was as shown in Figures 8b and was as follow:
Inner area = — 0.0034x% + 0.0012x + 0.017 4.1)

Where inner area is in mm?and x is the time in hours. Figure 4.8c shows that
plotting the log of the shift factors ( In a;) against the inverse of temperature
gave a linear relationship, allowing the activation energy value to be calculated
by applying the Arrhenius equation 3.2. The value obtained was 14115

kJ/mol, where the uncertainty again comes from the LINEST function in Excel.
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Figure 4.8: a) the master curve of relation between inner area and shifting time at

various temperatures of Lyocell multiflament bundle. b) the resultant linear master

curve between inner area and dissolution time. d) the In a; plotted against the inverse

of temperature and resulting an activation energy.

The time temperature superposition method was separately applied using

37°C, 40°C and 45°C as reference temperatures to calculate the activation

energy, where the data was shifted to each of these temperatures in turn.

Figure 4.9 shows the final master curve of data at 37°C. The same master

curve at 40°Cand 45°C, is shown in Figures 4.9 b and c, all plotted against log

time.
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Figure 4.9: (a) is the final master curve of data at 37°C, (b) the final master curve of

data at 40°C and (c) the final master curve of data at 45°C.

Shift Factor, Intercept Arrhenius Dependence.

The “intercept method” is based on the relationship between the shift factors

and inverse temperature through the Arrhenius equation 3.2, which was used

earlier to calculate the dissolution activation energy. All data was shifted to

35°C to create a master curve at this temperature, then the whole process was

repeated again for 37°C,40 °C and 45°C. The shift factors were plotted as a
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function of inverse temperature to give an activation energy and intercept, as

for 35°C, see Figure 4.10.

The intercept values from these Arrhenius plots were itself then plotted against
the inverse reference temperature, see Figure 4.11, where it can be seen that
the intercepts themselves follow an Arrhenius type behaviour. Starting with the

Arrhenius equation (equation 3.2) and setting a; as AT, gives equations 4.2-
44.
T =Tyer (4.2)

Eq
RTyef

Inar, . =InA- (4.3)

The shift factor at the reference temperature must equal one, hence In(ar,, )=

0, since no shifting is needed for the data already at the reference temperature,

therefore

Eq

ln AO = RTref

(4.4)

The important result is that intercept In A, in each of these graphs is itself
dependence temperature InA;;,InA,, InA,g,andIn Az are 54.71, 54.21,
56.95 and 55.31 for temperatures 37°C Figuer.4.10(a), ,40°C Figuer.4.10 (b)

and 45°C Figuer.4.10 (c), respectively and 35°C Figure 4.9.
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Figure 4.10: (a) In ar plotted against the inverse of temperature at 37°C as reference
temperature, (b) In a; plotted against the inverse of temperature at 40°C as reference

temperature and (c) ) Inay plotted against the inverse of temperature at 45°C as

The correlation between In A, and 1/T . gives the gradient % to give a further
re

way to calculate E,, as shown in Figure 4.11. This plotted graph gave a similar
E, as previously calculated for the four different temperatures (at 30°C, 35°C,
40°C and 45°C) equal to 141 + 15 kJ/mol. This is approximately the same value
of activation energy that was calculated from the time-temperature
superposition method. It has been found that the “intercept method” is very
sensitive to any non-Arrhenius dependence and is a useful validation of the
approach taken in this work, as seen in the previous chapter studying the

Cordenka samples.
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4.2.1.1.3 Thickness Measurements of Lyocell Multifilament Bundle.

As well as measuring the decrease of the inner core with temperature and
time, direct measurements of the dissolved and coagulated layer were also
taken as shown in Figure 4.12. In this method, four diameters were measured
across the fitted outer perimeter area (green ring) of the whole Lyocell
multifilament bundle and the inner area (yellow ring) of the undissolved/central
Lyocell multiflament bundle to calculate the change in the thickness or the
thickness X of the dissolved and coagulated ‘matrix layer’ with temperature
and time. The changes in the radial length of the outer area ring and inner core
area were measured, labelled with a red arrow line and a dark blue arrow line,

as shown in Figure 4.12.
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Figure 4.12: the cross section of the processed lyocell multifilament bundle obtained
from an optical microscope, in which the undissolved section dark blue arrow, the

outer ring dimeter are indicated in red arrow, and thickness in double light blue arrow.

The measurement of the thickness X was based on the difference between

the outer area and the area of the inner undissolved region which given by:
X = (Outer diameter — Innear dimeter)/2 (4.5)

where X indicates the average thickness of the dissolved and coagulated
‘matrix’ layer of the partially dissolved Lyocell multiflament bundle. In this
measurements, three fibres were used, and 4 sampling points across the
composite cross section images leading to a total of 12 measurements for
each processing condition. The means thickness and standard errors were
calculated, and the standard errors can be seen as the error bars in Figure
4.13. It can be seen that the error bars are small which we consider validation

of this method.
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The results of this thickness measurement are shown in Figure 4.13, and it is
seen that the thickness of the outer dissolved and coagulated layer increases

with time and temperature.
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Figure 4.13: the relationship between the thickness values and dissolution time, error

bars with data points.

The time-temperature superposition method was then applied to the data of
thickness to follow the dissolution behaviour of the Lyocell multifilament bundle
as described above for following the associated decrease in the area of the
undissolved multifilament bundle. The thickness values were shifted with time
and temperature in In (time) space, using the temperature of 35°C as the
reference temperature. The data points were again found to collapse into a
single master curve. The thickness of the dissolved fraction of the Lyocell
multifilament bundle composite as function of time and temperature after
superposition is shown in Figure 4.14a against In(time) and with linear
dissolution time, as shown in Figure 4.14b. Figure 4.14c shows that plotting

Ina; against the inverse of all temperatures gave a linear relationship, then
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the activation energy, E, value was calculated by using the Arrhenius equation

(equation 3.2). The value of E,obtained was 127114 kJ/mol.
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Figure 4.14: a) the master curve of relation between thickness and shifting time at
various temperatures of Lyocell multiflament bundle. b) the resultant linear master
curve between thickness and dissolution time. d) the In a; plotted against the inverse

of temperature and resulting an activation energy.

The linear relation between the thickness versus the dissolution time using the
temperature of 35°C as the reference temperature, indicated an increase of
the matrix of Lyocell multiflament bundle composite. The same result was

found for the other three reference temperatures of 37°C,40°C and 45°C after
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applied the TTS shifting factor as shown in Figures 4.15. The data from Figures

4.15a-d could then be used determine the dissolution speed via using the

gradients of these graphs of thickness vs the dissolution time for each

reference temperature 35°C, 37°C,40°Cand 45°C. The gradient values

indicated to the dissolution speed were 3.65E-03, 6.02E-03, 1.17E-02 and

1.81E-02 in units of mm/hour for 35°C, 37°C,40°C and 45°C respectively.
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Figure 4.15 : a) The linear dissolution time with thickness at 35°C.b) The linear

dissolution time with thickness at 37°C.c) The linear dissolution time with thickness at

40°C and d) The linear dissolution time with thickness at 45°C.
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Figure 4.15 above shows that the thickness of the dissolved fraction changes
linearly with time for all four temperatures. Other published literature has
reported that the thickness can be linear with time or related to the square
route of time if the dissolution process is controlled by diffusion, which
indicates applicability to the Fick’s approach [126, 127]. Fick’s approach
describes the rate of diffusion. In this diffusion, enormous number of solvent
molecules penetrate fibres and make solution. The molecules of solution move
randomly and flow smoothly from high concentration area to low concentration
area and its concentration becomes equal throughout space [128]. In our case,
the thickness increases linear with time. Our hypothesis is therefore that the
dissolution is not diffusion controlled (that is dependent on t'/2) but proceeds
at a constant velocity which increases as the temperature increases.
Therefore, we could not use Fick’s approach to determine the diffusion from
the thickness measurements. As a comparison, the work on Hemp in our
group[74] showed that in this material the coagulation layer thickness
increased linearly with the square root of dissolution time, and so diffusion
controlled. We speculate that for our current work, there is another, as yet
undiscovered limiting factor, such as the crystal structure of the Lyocell
multifilament bundle which is cellulose Il (and also potentially the geometry
most likely (twisted fibre). Cellulose Il is more stable than cellulose I. Other
workers in our group have measured the activation energy of cellulose | fibres
and found values of 58 + 4 kJ/mol for flax [75] and 78 +2 kJ/mol for hemp [74]
using the same ionic liquid, compared to our overall average value from the

different methods of 150 + 13 kJ/mol for Lyocell. We could speculate that we
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would find the same linear dependence for Cordenka multifilament bundles,

but the untwisted nature did not allow a thickness measurement to be made.

The activation energy theoretically calculated from the dissolution speed
calculation and compared with the activation energy was obtained
experimentally from thickness measurement. Using the Arrhenius equation 3.2

and modelling to dissolution speed.

Inv = Iny, — i—; (4.6)

Where v is the dissolution speed, v, is the pre-exponential factor. It was
plotting Inv speed against the inverse of temperatures gave a linear
relationship, to find the activation energy, E, value from the gradient, as shown
in Figure 4.16. The value of E,obtained was 127 +13 kJ/mol which is in
excellent agreement with the value E, 127 +14 obtained from the thickness of
the outer dissolved and coagulated layer with time and temperature as

expected.
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Figure 4.16: The corelation between Ln speed and the inverse of temperatures.



124

4.2.1.1.4 The Measurements of The Coagulation Fraction of the Lyocell

Multifilament Composite.

The values of the inner core area and the outer perimeter area were used to
calculate the fraction of the dissolved and coagulated matrix fraction with time
and temperature. The equation to calculate the coagulation fraction was as

follows:

Ar—Ac

CF= (L5

(4.7)

Where A7 is total area of the filaments cross section the area of the filaments

and A is the comprised of coagulated cellulose from central fibre.

Due to there being only a very thin matrix formed at 30°C, it proved hard to
measure accurately, and so the measurement of the inner area of the Lyocell
multifilament bundle composite started at 35°C as mentioned above. The
calculation of the ratio started from 35°C (2hrs upwards) and was used to
measure the coagulation fraction, C; between the inner core and the
coagulation matrix (outer layer) of dissolved Lyocell multifilament bundle using
equation 2.15. The coagulation fraction, C; increased with time at all
processing temperatures: 37°C, 40°C and 45°C, as shown in Figure 4.17. The
relative shape of this data mirrors that shown in Figure 4.13 where the

thickness of the outer later was measured.
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Figure 4.17: the Correlation between the average calculated coagulation fraction, Cr

and different dissolution times and temperatures for processed Lyocell multifilament

bundle. Error bars with data points.

Figure 4.18 shows a typical C; curve for a single dissolution temperature 37°C,
the data points represented the averageC; values taken from individual fibre

cross sections processed at three times (1hr, 2hrs and 3 hrs).
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Figure 4.18: the single dissolution temperature of Lyocell multiflament bundle at 37°C,
orange arrow indicates to the decrease in the inner core and blue arrow indicates to

an increase of coagulation fraction, Cy at 3hrs.
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The time-temperature superposition method was once again applied to the
data of the coagulation fraction Cr with time and temperature to follow the
dissolution behaviour of the Lyocell multifilament bundle. The data of ¢ is
shifted with time and temperature, using the temperature of 35°C as the
reference temperature. The data collapsed into a single master curve. The
coagulation fraction as function of time and temperature after superposition is
shown in Figure 4.19a plotted against log time. The relationship between the
coagulation fraction C; and the linear dissolution time, is as shown in Figure
4.19b. The complete dissolution of the Lyocell multiflament bundle would be
predicted to be achieved after 8h dissolution time at 35°C, as the coagulation
fraction area value of completely dissolved fibers was extrapolated to 1. Figure
4.19c shows that plotting Ina; against the inverse of temperature gives a
linear relationship and from that the activation energy value was calculated by
applying the Arrhenius (equation 3.2). The value obtained was 141 £16 kJ/mol.
The reduction of the inner core area correlated to the decrease of coagulation
fraction, therefore the activation energy value from coagulation fraction C; was
in excellent agreed with the activation energy from measuring inner core area
method as expected as the data comes from the same source mearing
relatives area. It also agreed with measuring the outer layer thickness. These

three values are shown below in Table 4.1.

35°C C.F X

E kJ/mol 141 + 16 127+ 14

Table 4-1: The values of E;; and Er
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Figure 4.19: a) The master curve of relation between the average calculated

coagulation fraction, Crand shifting time at various temperatures of Lyocell

multiflament bundle. b) the resultant linear master curve between inner area and

dissolution time. d) the In a; plotted against the inverse of temperature and resulting

an activation energy.

4.2.2 Wide angle of X-ray Diffraction.

4.2.2.1 Two-Dimension of X-ray Diffraction Pattern.

A 2D X-ray image was used to qualitatively examine the crystal structure and

Bragg peaks of the Lyocell multifilament bundle. The procedure was applied
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to the Lyocell multifilament bundle as mentioned in Chapter 2 section 2.2.3.1
(methodology chapter). Quantitative measurement of the crystal orientation
was obtained from an a circumferential scan setting in two dimensions (2D)
from -90° to 90° at the same Bragg angle as used for the Cordenka
multifilament bundle, which is the angle with the maximum signal (26 = 20.3°).
The results of the 2D X-ray image are shown Figure 4.20, where the dark arcs
correspond to Bragg peaks of cellulose |l. The peaks with reflections 110, 110,
200 were positioned at 12.4°, 20.2°, 21.8° of 26 angles respectively, these
peaks indicated cellulose Il of Lyocell multiflament bundle. The peak of
cellulose | did not appear in the 2D image; this might be due to the percentage
of cellulose | being so low compared to the amount of cellulose Il in the sample
suggesting that the Lyocell multiflament bundle is predominantly cellulose I
with an amorphous fraction. As for the Cordenka multifilament bundle, there
were other peaks with reflections 012 in cellulose Il not on the equator. These
peaks were also present and studied for the Cordenka multiflament bundle.
This can be seen in the 2D X-ray scattering at a circumferential angle of ~+/-
60° (see also Figure 4.20) and a 26 value of 20.3° as described in ref [113].
As this 012-reflection plane has a very similar value of 26 to the chosen
equatorial position with maximum signal intensity (20.3°), then this reflection
will appear in a circumferential o scan (as shown schematically in Figure 4.23).
We have proposed to include both these reflections in the determination of P,
from a numerical integration between -90 and +90. Our hypothesis is that
following the change of any appropriate parameter with time and temperature,
allows us to investigate time-temperature superposition and determine an

activation energy for dissolution. However as will be seen from Figure 4.23,
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these outer peaks are more spread out compared to the Cordenka

multifilament bundle.

Figure 4.20: 2D X-ray scattering pattern from unprocessed Lyocell multiflament
showing the a circumferential scan setting in two dimensions (2D) from -90° to 90°

(red dashed line) at 26 = 20.3° and how this includes the 012 reflection

4.2.2.2 20 Scan of Lyocell Multifilament Bundle.

The equatorial 26 scan (a = 0°) was used to study the crystal structure of the
Lyocell multiflament bundle and any change during the dissolution process.
The experimental raw data of this 20 scan of unprocessed Lyocell

multifilament bundle shown in Figure 4.21.
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Figure 4.21: 208 scan of unprocessed Lyocell multifilament.

The deconvolution (curve fitting) method was applied again to the raw data of
the Lyocell multiflament by using special software (spreadsheet) taken from
ref [114] to analyse the amount of cellulose | and cellulose 1l and amorphous.
An example of this fitting technique can be seen in Figer 3.5, which shows the
data fitted by the combination of the peaks of cellulous 1 and 2 and
amorphous. The original Bragg peak locations in 208 scan were used as guide
to identify cellulose | and cellulose Il of unprocessed Lyocell multifilament

bundle.

This fitting method was then tasked with fitting the raw data using a
combination of amorphous, cellulose | and cellulose |l peaks in superposition.
The results of deconvolution method with fitting data of unprocessed Lyocell

multifilament bundle are shown in Figure 4.22.

Peaks of Cellulose | show in blue, orange and brown, while cellulose Il peaks

are dark blue, green, and grey, all were allowed to move % 2° either side of
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their expected positions as given in the literature [2, 115-118]. The amorphous
peak was placed around 18° in 26 scan [95, 119] and was fitted with a single
peak to unprocessed Lyocell multiflament bundle data. The deconvolution
(Figure 4.22) shows that the cellulose | fraction is very small, as seen with the

Cordenka multiflament bundle, and as expected from the 2D x-ray image.

Intensity(A.
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Figure 4.22: The fitting data of unprocessed Lyocell multiflament bundle after

combination of cellulose I, cellulose || and Amorphous.

After deconvolution, the sum of the fitted crystalline peaks of cellulose to the
total area of crystallinity and amorphous under the diffractogram, through the
deconvolution (curve fitting) equation 2.2. The cellulose | and Il relative peak
widths and heights were determined from Table 3.1 with respect to110 peak.
The summation of the least squares approach was used to determine the
optimum fitting of amorphous, Cl and CIl peaks. The area for each peak for

different crystal forms was obtained via integration and the fraction of area
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summation, by using Gaussian distribution functions as explained in chapter
3 section 3.3.2.2 Resulting from measurement of 26° scan shown that
unprocessed Lyocell multiflament bundle contents a mixture of cellulose Il
(50%), cellulose | (7%) and amorphous (43%). The experimental peaks of
cellulose | and cellulose Il of Lyocell multiflament bundle were positioned at
the same position as the Cordenka multifilament bundle peaks as shown in

Chapter 3.

This method could not be used to follow dissolution, because it’s difficult to
follow changes in crystal structure during the dissolution process due to the
Lyocell multiflament bundle having only a small amount of cellulose | and
being predominantly cellulose Il. For more details see the section 3.3.2.2 of
the Cordenka chapter. Therefore, an alternative method is proposed to
calculate the volume fraction of dissolving Lyocell multifilament (regenerated
cellulose), which was to use the azimuthal a scan to follow the change of
crystal orientation with time and temperature. This technique has worked

successfully in ref [122] and.

4.2.2.3 The Azimuthal a Scan of Lyocell Multifilament.

The measurement of the azimuthal @ scan allowed a measurement of the
degree of crystalline orientation in the various samples to be determined. The
X-ray technique for the azimuthal a scan was carried out from -90° to +90° at
a fixed angle 260 of 20.3°. The circumferential scan at this 206 angle picks up
both the equatorial peak reflection («=0°) (which is actually a combination of

the 110 and 200 Bragg peaks) and then the outer peaks from the 012
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reflections, as described above in Figure 4.21 and shown in this ref [113]. It
can be seen that the dissolution of the processed composites influenced the
intensity of the crystalline reflections. Figure 4.23 shows a comparison
between a typical o scan for unprocessed Lyocell multiflament bundle, and a
partially dissolved composite multiflament bundle. In contrast to the 20 scans,
there is a measurable change and so the second order Legendre polynomial,
P, , can be calculated and used to follow dissolution as shown previously for
the Cordenka multifilament bundle. As the oriented crystals (associated with
the unprocessed fibre) are dissolved, they reformed as randomly oriented
crystals, leading to an increase of the background level and a reduction in the

central oriented crystal peak.
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Figure 4.23: The azimuthal a scan to measure the change in orientation.

The data of the azimuthal a scan was used to calculate the overall average of
P, for all processed multiflament bundle composite, from processing at

different times and temperatures, using equation 2.4. The results of the
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change in the average value of P, with temperature and time are shown Figure
4.24. The calculation of P, started from 30°C, not from 35°C as done to
calculate the coagulation fraction. This is because the P, can measure the
overall orientation of molecules in 2D. The reduction in the average P, value
for the processed multiflament bundle composite is due to the increase in the
random molecular orientation component caused through the dissolved and
coagulated matrix fraction. From Figure 4.24, the P, value of the processed
composite fibres have reduced with an increase of time and temperature. The
average values of P, of the processed composite fibres at various times and
temperatures were gradually decreased, although with an increasing slope as
the processing temperature increases. This indicates increased the
effectiveness of [Camim]* [OAc] to dissolve the Lyocell multifilament bundle

with increasing time and temperature.
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Figure 4.24: The Correlation between the average calculated P, and different

dissolution times and temperatures for processed Lyocell multiflament bundle.
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The P, data was formed into a master curve by using the time-temperature
superposition, as previously mentioned above. The data of P, values plotted
as function of the logarithm of time and shift factor and the different
temperature curves are then superposed at 35°C reference temperature,
giving a final master curve, as shown in Figure 4.25 a. It can be noticed that
the data of P, followed the time-temperature superposition trend and therefore,
it can be used to calculate the activation energy. From the correlation between
the shifted average P, values (at a reference temperature of 35°C) with linear
dissolution time, as shown in Figure 4.25b. It was difficult to estimate the total
dissolution time at P, = 0.25 which is the expected value for a perfectly random
crystalline orientation in a 2D plane as it started completely dissolving on the

PTFE frame after 45°C at 45 mins.

The activation energy measured by using the linear relationship between the
shift factors and the inverse temperature, indicating that the dissolution of the
Lyocell multiflament bundle follows an Arrhenius behaviour, as shown in
Figure 4.25c. The activation energy value was calculated by equation 3.2 and

found equal to 199 £ 34 kd/mol.
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Figure 4.25: a) The final master curve of relation between P, and shifting time at
various temperatures of Lyocell, where all the data of time and temperature shifted at
reference 35°C. b) the resultant master curve between P, and dissolution time. ¢) Inar

plotted against the inverse of temperature, dotted line is Arrhenius equation.

4.2.3 Dissolved and Coagulated Matrix Fraction v,, from the Wide

Angle of X-ray Diffraction.

By applying a rule of mixtures to the experimental data of P,, from the
azimuthal @ scan measurements, the volume fraction v,, of the dissolving
fraction of the original composite Lyocell multiflament bundle could then be

calculated. This dissolved and coagulated fraction (v,,) now indicates the
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amount of ‘matrix’ phase resulting in the processed composite Lyocell
multiflament bundle combined with the original undissolved Lyocell
multifilament bundle. This procedure was done by assuming a linear mixing
rule and calculating the points between the orientation of the unprocessed
Lyocell multifilament bundle with (v,,) = 0% dissolved and the completely
dissolved matrix with (v,,) = 100%. By using equation 2.7, where P, is the P,
value of the unprocessed multifilament bundle (measured as = 0.45) and P,,,
is the P, assumed value of the completely dissolved matrix (film) which was

measured for Cordenka with 0.25 (randomly oriented crystals).

The relationship between the calculated v, value and the dissolution time and
temperature is shown in Figure 4.26. The volume fraction of dissolved Lyocell

multifilament bundle increases with increasing time and temperature.
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Figure 4.26: The relationship between V;,, and dissolution time.
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The linear master curve of both volume fraction values of azimuthal @ and the

Cr values of optical measurements as function of the dissolution time are

shown in Figure (4.27a, b). Figure 4.27c shows a comparison of two different
methods to determine the growth of the coagulation fraction with time at a
reference temperature 35°C. The two techniques were the direct
measurements from the optical microscopes and indirectly using P,
measurements and the rule of mixture using equation 2.7. These two master
curves plotted against each other, and it is seen that they agree quite well at
early times until 3hrs and then the dissolved fraction with time from the P,
measurements are lower. This might be due to the twisting of fibre which could
affect the P, measurement. Or perhaps the orientation of the pure fibre
changes at high temperatures and longer times (the fibres are seen to shrink
at long times), making the rule of mixtures no longer valid as the optical
technique will not be affected by such hypothesised effects and so is maybe
more reliable at longer times (although we do not currently have any data to
support this). For comparison with Cordenka multifilament bundle (in the next
chapter), we will therefore use the calculation of the coagulation fraction from

the direct optical micrographs.
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Figure 4.27: the volume fraction values of azimuthal a (a) and the C.F. values of
optical measurements (b) as function of the dissolution time. The master curves of
Vm of P, from azimuthal a scan for Cordenka and the C.F. of optical measurements

for Lyocell.

4.2.4 Mechanical Measurements.

The mechanical measurements of Young’s modulus and strength were found
to be very useful in understanding the results presented in the previous
chapter for the study of the Lyocell multiflament bundle and so have played

an important role in our analysis. The tensile modulus of a composite is
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dependent on the ratio between the two component fractions, that is its inner
layer (fibre) and outer layer (matrix) of sample. The Young’'s modulus can be
used to assess how much unprocessed multifilament bundle (raw material)
has been converted into processed Lyocell multiflament bundle (coagulated
cellulose). The mechanical strength can also potentially evaluate the dissolved
fraction in the sample via calculating the amount of original Lyocell

multifilament bundle on a simple rule of mixtures.

4.2.4.1 Young’s Modulus.

The initial linear stress-strain region (green line) shown in Figure 4.28 indicates
an elastic region. The slope of this initial stress and strain gives a Young’s

modulus E, which calculated from equation 2.10.
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Figure 4.28: relationship between stress-strain curves of three Lyocell multifilament

samples at 30°C for 3hrs.

The measured Young’s modulus of the partially dissolved composite Lyocell
multifilament bundle as a function of time at various temperatures is shown in
Figure 4.29. It can be seen that (as opposed to the previous Cordenka results,
Chapter 3 and Figure 3.21a) there is no clear pattern of the measured Young’s
modulus values during an increase of time and temperatures. Therefore, the
time-temperature superposition method could not be applied to this data to
calculate an activation energy. It would appear that the variation in the
individual measurements is larger than the changes with the increase in the
matrix fraction. This variation could be caused by the matrix being brittle
(potentially from a lower molecular weight), as the composite Young’s modulus
is very dependent on the ratio between fibre and matrix and the matrix having

a higher failure strain that fibres. Another reason could be that the tightly
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packed fibres (due to the twist in the Lyocell multiflament bundle) does not
allow significant matrix to be produced in the interior of the multiflament
bundle, leading to a variation in the adhesion between the multifilament
bundle. While the modulus is very sensitive to fibre-to-fibre adhesion and the
properties of the matrix, the ultimate stress (strength) is less so and so this

was used as alternative method to calculate the activation energy.
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Figure 4.29: The measurements of Young’s modulus at various temperature and time.

4.2.4.2 Strength Measurement.

The strength (ultimate stress) method was applied to follow changes in the
composite multifilament with processing temperature and time. As the fibre
strength is significantly higher than the matrix (particularly if the matrix is brittle)
then this dominates the composite strength properties. The correlation
between the variation of ultimate tensile strength ;¢ of the Lyocell composite

multifilament bundle with dissolution time at various temperatures is shown in
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Figure 4.30a. The decrease of the ultimate tensile strength oyrs with an
increase of time and temperature are a reflection of the dissolution of the
Lyocell multiflament bundle. The data of the strength values are shifted with
time and temperature, using the temperature of 35°C as the reference
temperature using the time-temperature superposition as explained above.
Figure 4.30b shows the result of the final master curve after shifting the data

and plotted against Ln (time).
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Figure 4.30: a) The measurements of ultimate tensile strength, at various temperature
and time, the green point indicted to the ultimate tensile strength value of unprocessed

Lyocell multifilament bundle. b) the master curve between ¢ and dissolution time. The

Figure 4.31 shows the variation of the predicted strength with linear time at a
reference temperature of 35°C. The value of the strength of the unprocessed”
Lyocell multiflament was predicted by extrapolating to zero time by utilising
the correlation between the ultimate tensile strength ;¢ data and the linear
dissolution time. This extrapolated value of strength was taken for all times
and temperatures for processed Lyocell. The data for all times and

temperatures of 30°C, 35°C, 37°C, 40°C and 45°C, was shifted by applying a
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second order polynomial function to get data fitting. The best fitting gave a

strength value of 237 MPa for the undissolved fibre.
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Figure 4.31: The Master curve between strength and dissolution time using TTs at
35°C as reference temperature. The orange point indicted to the ultimate tensile

strength value of unprocessed Lyocell multiflament bundle.

The relationship between the shifting factors and the inverse temperature was
used to measure the activation energy (as they showed a linear dependence)
using the Arrhenius equation 3.2 as shown in Figure 4.32. The calculation of

the activation energy gave value equal to144 + 27 kJ/mol.
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Figure 4.32: Ina; plotted against the inverse of temperature at 35°C as reference

temperature.

The measured strength data could then be plotted with the calculated volume
fraction values from the from the optical microscopy measurements. The shift
factors from analysing the strength data were then applied directly to the
modulus results shown in the previous section (4.3.4.2), at 35°C as shown in
Figure 4.33. As hypothesised above, it can see that the scatter in the
measurements is too large compared with the scatter in the strength
measurements. We could speculate that the upper values here shown as red
line are the ‘true’ values with better adhesion between the multiflament, as

also shown in Figure 4.33.
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Figure 4.33: The predicted young’'s modulus results with dissolution time using the

shift factors from the strength data at 35°C as reference temperature.

The results of plotting the measured ultimate tensile strength o,rs and the

calculated, Cr (from the optical microscopy) shown in Figure 4.34, using the

two mixing rules. Based on the extrapolated unprocessed Lyocell multiflament
value of o, = 237 MPa with using V;,, = 0% dissolved and the completely
dissolved matrix 1}, = 100%, with assumed value of strength film o,,, = 24 MPa
(this value of the strength assumed is the same that we measured for a
completed dissolved Cordenka film). The mixing rules (upper-bound and
lower-bound) are calculated by following equations 2.15 and 2.16 respectively,
for measurements of strength with coagulation fraction. Although the values
were found to follow time temperature superposition, the values are much
lower than predicted by a parallel (Voight) rule of mixtures, unlike the Cordenka
multifilament bundle. Our hypothesis is that this might be because the fibres
are not bounded together with the matrix as the Lyocell multiflament bundle

did not contain enough matrix. This then leads to the matrix failure before the
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fibres break. Another reason could be the geometry of twist fibre influenced
the force to act on all the sample, as well as the material having a lower the
molecular weight. Based on these three reasons it can be concluded that it
could be difficult to make all cellulose composites from twisted Lyocell

multiflament bundles as the matrix phase is a key component of any

composites.
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Figure 4.34: Relation between volume fraction V;,, from a scan and ultimate strength

with prediction of rule of mixtures, Voigt and Reuss series.

By comparing the fifth methods, the values of the activation energies of P,
higher than the activation energy of the measured coagulated fraction, and
ultimate tensile strength values. It seen that there was a much larger
uncertainty in the calculation of the activation energy based on the P,, but in
close agreement. The two activation energy values within the error of inner
area, coagulated fraction and strength measurement are close to each other,

as shown in Table 4.2. The P, value is most confident value as more reliable
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method compare with optical and mechanical test methods. This value
quantifies the temperature dependence of dissolution, which is a useful
parameter in controlling the fraction of matrix formed when creating an all-

cellulose composite to obtain the optimum balance of mechanical properties.

35°C C.F P, o X

E k] /mol 141+ 16 199 + 34 1444 27 127+ 14

Table 4-2: The comparison between the values of E¢¢ , E, and E7.

4.3 Conclusion.

Optical microscopy, wide-angle X-ray diffraction and mechanical test
techniques have been used in this research to follow quantitatively the physics
of the dissolution, and the resulting mechanical properties of Lyocell
multifilament bundle composite. The dissolution of the Lyocell multifilament
bundle in the ionic liquid of 1-ethyl-3-methylimidazilum acetate [C2mim]+
[OAc]- was done at different times and temperatures. The optical microscopic
method was seen to give a direct method to measure the growing area of the
dissolved and coagulated Lyocell multiflament bundle with increasing time
and temperature. The twisted multiflament bundle meant that the dissolved
fraction formed a ring on the outside of the multiflament bundle, allowing a
measurement of the decrease of the inner core and the increase in the area
and thickness of the dissolved and coagulated outer ring. The dissolution was

very slow at 30°C, so we could not take any reliable results. Therefore, the
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calculation of the coagulation fraction C. F started from 35°C to 45°C with time
from 0.30 mins to 5 hrs. The outer layer area (which combines both the
undissolved fibres and the dissolved fraction) was found to be independent of
time and temperature as dissolution proceeded, as the original multiflament
bundle were replaced by dissolved and coagulated material. This results
strongly suggests that density of the dissolved and coagulation fraction is very
similar to the original multiflament bundle. This is not surprising as the original
multiflament bundle of regenerated multiflament bundle contains no
significant internal voids unlike plant fibres. For this reason, the parameter of
the outer layer area could not be used to determine the dissolution activation
energy. However, we could measure both the decrease of the inner core
(which always contained the remaining undissolved multifilament bundle) and
the increase in the area and thickness of the dissolved and coagulated outer

ring.

The coagulation fraction was also calculated from optical microscopy from the
ratio between the inner core (remaining fibres) and the outer layer (dissolve
fraction) areas, and it was found that this increased with increasing time and
temperature. All of the three measures of dissolution, that is the decreasing
size of the inner core (remaining fibres), the absolute thickness of the
dissolved layer and the fraction of these dissolved and coagulated fraction,
were all found to follow time temperature superposition, following an Arrhenius
behaviour and gave comparable values of the dissolution activation energy of

, 141 £ 15 127 + 14 kJ/mol and 141+ 16 kJ/mol respectively.

A 260 WAXS photograph was used as a qualitative measurement of the Lyocell

multiflament bundle crystal structure. 260 WAXS scans showed that the
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unprocessed Lyocell multiflament bundle contains the combination of

cellulose Il and amorphous, with a very small amount of cellulose I.

An azimuthal a scan was employed to determine the dissolution mechanism
of the Lyocell multiflament bundle by following the change in the average
crystalline orientation. The azimuthal a scan at an angle 26=20.3° was used
to follow the change in the crystal orientation with time and temperature of
dissolution and hence calculate the volume fraction of the dissolved fraction.
The P, value of the raw fibre was found to be 0.45. The measured value of P,
for the partially dissolved composite fibres was found to decrease as time and
temperature increased, indicating an increase in the random orientated crystal
fraction associated with the dissolved and coagulated matrix fraction. The rule
of mixtures was applied to the measured P, values to calculate the volume
fraction v,, of Lyocell multiflament bundle dissolved, using the data from the
azimuthal a scan for composite sample assuming that the orientation of the

original fibres (including the twist) did not change with time and temperature.

The Young’s modulus values of the Lyocell multiflament bundle composite
were also measured for different processing times and temperatures. it was
found that the variation in the measurements (perhaps due to the poor bonding
and brittle nature of the dissolved Lyocell material) was larger than any
expected underlying fall in these measurements and so could not be used for

TTS measurements.

The time-temperature superposition method was applied to the experimental
data of the inner area, the calculated coagulation fraction, the average P,

values, the calculated matrix volume fraction v,, and the ultimate stress values
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of the multiflament bundle composites. Each data set was transformed using
time-temperature superposition to form a master curve and then the activation
energy was calculated by using an Arrhenius equation (all three measured
parameters followed Arrhenius behaviour). The activation energies for the four
measurements of the inner core area, Cr, P,, thickness and ultimate stress
were found to be 141+ 16 kJ/mol,199 + 34 kJ/mol, 127+ 14 kd/mol and 144
127 kJ/mol, respectively. P, is most confident method to calculate activation
energy compare with optical and mechanical methods. The activation energies
measured from the different methods gave similar values, which indicates they
could all be used to follow the dissolution behaviour of the Lyocell multifilament
bundle. By measuring the ultimate tensile strength of the unprocessed Lyocell
multiflament bundle for all times and temperatures, the ultimate tensile
strength of the unprocessed Lyocell multiflament bundle was measured to be
o =237 MPa. Combining this with the ultimate tensile strength of a completely
dissolved and coagulated film for Cordenka, allowed the ultimate stress of the
composite filaments to be tested against the rules of mixture. The correlation
between volume fraction from C; measurements and the ultimate tensile
strength was lower mixing rules (Voigt series). This suggest that the fibres
were not bounded together with matrix and the matrix failure happened before

the fibres broke.
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Chapter 5 A comparison of the Dissolution Behaviour of
Cordenka and Lyocell Regenerated Cellulose Multifilament

Bundles in the lonic Liquid [C2mim]+ [OAc]-

5.1 Introduction.

This chapter will examine the results presented in Chapter 3 and 4 to compare
and contrast the dissolution behaviour of Cordenka and Lyocell multifilament
bundles in the ionic liquid [C2mim]+ [OAc]-. All the previous analysis results
described in the previous two chapters are used to assess the dissolution
behaviour, including optical microscopy (OM), wide angle X-ray diffraction
(WAXS) and mechanical measurements, along with molecular weight and
molecular distribution analysis carried out externally by the group of Professor
Antje Potthast, University of Natural Resources and Life Sciences, Vienna,

(BOKU)

By studying the dissolution behaviour via several different factors, a picture of
what controls dissolution behaviour and the dissolution activation energy is
presented allowing the most important factors to be identified. Those factors
discussed include the growth of the volume fraction and thickness of the
dissolved fraction with time (the coagulation fraction), the decrease in the
orientation of the partially dissolved composites (via the measurement of the
average orientation factor P2), the geometry of the multiflament bundles
(untwisted or twisted), the Young’s modulus and ultimate stress, the calculated

activation energy and finally the molecular weight.
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5.2 Results and Discussion.

5.2.1 Optical microscopy.

Optical microscopy pictures (Figure 5.1) give a first explanation for the
difference of the dissolution behaviour between the Cordenka multifilament
bundle and the Lyocell fibre bundle. It is seen that the Cordenka multifilament
bundle is untwisted and Lyocell multiflament bundle is twisted, as shown in
Figure 5.1(a, b). We will show more about the effect of this geometry factor on
the dissolution behaviour later in this chapter. To compare these two
multifilament bundles of Cordenka and Lyocell, the bundle width measurement
was done using Image J software. It was found that the width of unprocessed
Cordenka was 1.00 + 0.01 mm which is much larger than the unprocessed
Lyocell multifilament which was 0.19 + 0.01mm. The uncertainty for these two

measurements was calculating by doing 10 measurements along the bundle

and then calculating a standard error (\/%_0).

Figure 5.1: The geometry from the optical microscopy for the Cordenka filament

bundle (a) and the Lyocell fibre bundle (b).
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The cross-sectional area (as measured by the mass per unit length and the
density of cellulose) is a further factor of difference between the unprocessed
Cordenka multifilament and the unprocessed Lyocell multifilament bundles.
The result, as shown in Table 5.1, indicates that the Cordenka multifilament
bundles was approximately 10 times larger than the Lyocell multifilament
bundles, as shown in Table 1. This is confirmed qualitatively from the optical
pictures shown in both Figures 5.1 and 5.2. The cross-section area (m?) of
each processed composite was determined using a gravimetric technique in

conjunction with the density of cellulose by equation:

A= % (5.1)

where | is the length of fibre in meter (100 mm lengths were used) and p is the
density of cellulose, which has been recorded as 1.4 mg/mm?3 [98, 99], and

m is the mass of the fibre in kg.

Average Average Mass per unit
Samples Ier';)gth A Total effective area /
2
mass /mg Length /mm (mg)/L(mm) mm
Cordenka ZADECS 98 + 2 0.25+ 0.01 0.18 +0.01
multifilament
Lyocell multifilament 2.80+ 0.1 98 + 2

0.028+ 0.001 0.020 £0.001

Table 5-1: The mass per unit length measurements.
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The microscopy cross-sections of an unprocessed Cordenka multifilament
bundle and an unprocessed Lyocell multifilament bundle are shown in Figure
5.2. The unprocessed Cordenka multiflament bundle has a few hundred
individual filaments which appear as a loose structure with significant inner
spaces in between. In comparison, the cross- section of the unprocessed
Lyocell fibre bundle is comprised of a few hundred of individual filaments which
are close to each other without significant inner spaces. As a reminder, these
cross-section images are prepared by encapsulating in epoxy resin. The
untwisted Cordenka multiflament bundle will separate when surrounded by
the epoxy resin and so separate significantly as shown in Figure 5.2a. In
comparison, the twisted Lyocell multiflament bundle does not separate as
shown in Figure 5.2b. It could be expected that something similar may happen
when each multifilament bundle is immersed in the ionic liquid, allowing easier
passage to the interior of the bundle for the Cordenka multifilament while
making it more difficult (if not impossible) for the ionic liquid to reach the interior

of the Lyocell bundle.
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Figure 5.2: Typical Microscopy cross-sectional images of the unprocessed Cordenka
filament bundle (a) and the unprocessed Lyocell fibre bundle at 20 times

magnification. Both are encapsulated into epoxy resin.

Figure 5.3 shows a comparison of the two composite multiflament bundles
processed for the same time and temperature, at 30°C for 1hr. it can be seen
that the small amount of dissolution is enough to bind the Cordenka

multifilament bundle together and therefore it no longer spread in the epoxy.

025mm 0.25 mm

Figure 5.3: Microscopy cross-sectional images of partially dissolved fibres at the
beginning of dissolution at the same temperature and time (30°C and 1 hour) (a)
Cordenka multiflament bundle at 10 times magnification (b) and the unprocessed

Lyocell fibre bundle at 20 times magnification.
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Figures 5.4 and 5.5 shows optical micrographs of the two partially dissolved
processed composite multiflament bundle, processed at a higher temperature
of 45°C for 1 hour. In this work we follow the complete dissolution of each
individual multifilament, which this contributes to the overall dissolution of the
multifilament bundle forming a dissolved and coagulated matrix fraction. For
the Cordenka untwisted multiflament bundle, the ionic liquid is able to
penetrate into the interior of the bundle and so first fills the inner spaces
between the individual multifilament bundles. Once all the gaps between the
individual multiflaments are filled, then an outer layer of matrix is then seen
as a ring of dissolved and coagulated matrix, as shown in Figure 5.4. However,
it can be seen that there are also a few fibres in this outer ‘matrix’ region and
so the matrix fraction cannot be determined optically. Instead, this was done
by determining the average composite orientation (P2 measurements) which
has a contribution from the undissolved filaments (which retain the original
crystal orientation) and the dissolved and coagulated matrix fraction where the

crystals are now randomly oriented.
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Dissolved and coagulated
matrix in the interior of the
multifilament bundle

Some separated (partially dissolved)
fibres in the outer matrix region

ol 0.25 mm

Figure 5.4: Microscopy cross-sectional images of the Cordenka filament bundle at 10
times magnification during the dissolution process at 45 °C for 1hr at 20 times

magnification.

For the partially dissolved twisted Lyocell multiflament bundle, the structure
(Figure 5.5) is different, with a more significant outer matrix layer of dissolved
and coagulated cellulose around the remaining inner core area (of undissolved
fibres). As the dissolution proceeds, the inner core of undissolved fibres
decreases in size while the outer ring of ‘matrix’ increases linear with time. As
we have seen, the total average outer area remains the same with the
dissolved and coagulated matrix layer replacing the original Lyocell

multifilament bundle.



Figure 5.5: Microscopy cross-sectional images of the processed Lyocell fibre bundle

during the dissolution process at 45°C for 1hr at 50 times magnification.

This also suggests that the density of the dissolved and coagulated material
is the same as the original fibres. The result is a close packing fibre
microstructure, as shown in Figure 5, here processed at 45°C for 1hr. Figure
5.5 also shows that there is no detached multifilament in the outer ‘matrix’
region and so an optical technique can be used to determine the growth of the

matrix layer with temperature and time.

From the calculation of the dissolution fraction, at the same temperature 45°C
and time 1hr, for the Cordenka and Lyocell partially dissolved composite
multifilament bundle, it was found that the dissolution fraction of the Cordenka
multifilament bundle was 60 % from the P, orientation measurements, while
the dissolution fraction of the Lyocell composite was 45% directly from the
optical microscopy measurements. Our hypothesis is that it is more difficult for
the ionic liquid [C2mim]+ [OAc]- to penetrate the twisted Lyocell multifilament

bundle and so the dissolution can only proceed by dissolving the outer fibres
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creating the outer matrix ring. For the untwisted Cordenka multifilament
bundle, they can swell in the ionic liquid (as also seen in Figure 5.3 with the
epoxy resin), and so dissolution proceeds more rapidly, at least initially until
the interior of the bundle is filled with spread cellulose gel. The lower
dissolution fraction of the Lyocell multiflament bundle, at the same processing
temperature and time, confirmed the effect of twisting fibre during the
dissolution. This comparison of the difference in the speed of dissolution will

be shown in more quantitative detail later in this chapter.

Figure 5.6 further compares the interior of the two partially dissolved
multifilament bundle (processing temperature of 45°C for 1 hour) and shows
how the matrix is located in each processed multiflament bundle. In the interior
of the Cordenka multiflament bundle (Figure 5.6a and b) each individual
multifilament is surrounded by a layer of dissolved and coagulated matrix,
which we suggest is due to the easier penetration of the IL [C2mim]+ [OAc]-
and we would further suggest that this will ultimately lead to excellent
compatibility between the two phases, and the bundles will act as a good
composite. In comparison the Lyocell sample shows that the multifilament
bundle is aggregated in the inner core area due, we believe, to the difficulty of
the IL [C2mim]+ [OAc]- to penetrate into the twisted bundle. This leads to the
formation of the outer matrix ring, as shown in Figure 5.6¢c, which makes the
dissolution process easier to follow optically. However, we might expect that
the fibres in the interior of the Lyocell multiflament bundle are not so well
bonded together, resulting in a less than optimum final composite, as will be

confirmed by the later presented mechanical measurements.
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Figure 5.6: a) The cross- section image of interior of Cordenka multifilament at 20
times magnification. b) The cross- section image of interior of Cordenka multifilament
at 50 times magnification and c) The cross- section image of interior of Lyocell

multifilament at 50 times magnification.

5.2.2 Wide Angle X-ray Diffraction.
5.2.2.1 Two-Dimension of X-ray Diffraction Pattern.

The results of a 2D X-ray image showing the positions and reflection peaks for
the Cordenka multiflament bundle and the Lyocell multiflament bundle are

given in Figure 5.7. In general, the crystal structure of the two fibres is very
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similar. In line scans, for Cellulose Il the equatorial Bragg peak reflections of
110 and 200 are often combined into a single large peak around 20°, although
in these photographs they can be seen to be resolved. These Bragg peaks
indicate a crystal structure that is predominantly Cellulose Il. However there is
some evidence, which was completely unexpected (from reflections at

locations the 14.8° and 16.5° peaks) of the presence of a small remaining

fraction of Cellulose | (110,110 ) Bragg peaks, respectively, for the Cordenka
multifilament and Lyocell multiflament bundles, as shown in Figure 5.7 (a,b).
Both materials therefore have a mixture of predominantly cellulose Il and
surprisingly a small amount of cellulose |, perhaps left from the original pulp

source which is not completely dissolved in both manufacturing processes.

Figure 5.7: a) 2D x-ray scattering pattern from unprocessed Cordenka multifilament
showing the Bragg peaks and b) 2D x-ray scattering pattern from unprocessed Lyocell

multiflament showing the Bragg peaks.
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The yellow lines on Figure 5.8 (a, b) show for the eye the difference in the Full
width half maximum (FWHM) of the main Bragg peaks for both multifilament
bundles. These were measured using a protractor from the photographs as 20
t+ 1° for the Cordenka multiflament bundle and 45 + 1° for the Lyocell
multiflament bundle. This indicated qualitatively that the overall crystal
orientation of the Lyocell bundle is significantly lower than the Cordenka
multifilament bundle, which is to be expected due the large twist shown in
Figure 5.1. This will now be quantitatively compared using the WAXS x-ray
circumferential measurements. From these measurements we are not able to
comment on the comparative orientation of the ‘individual’ Cordenka and

Lyocell multifilament bundle.

Figure 5.8: a) 2D x-ray scattering pattern from unprocessed Cordenka multifilament
showing the width of FWHDM and b) 2D x-ray scattering pattern from unprocessed

Lyocell multiflament showing the width of FWHDM.
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There are other Bragg reflection peaks from the crystalline structure which
appear in cellulose, which is due to the 012 planes in the Cordenka
multifilament and Lyocell multifilament bundles. These four peaks are shown
in Figure 5.9 and can be seen to have a similar angular spread as the
equational peaks, as they come from the same crystal structure. These peaks
are stronger in the Cordenka multiflament bundle due to the fibres being

untwisted so we only show the Cordenka picture.

(012)

- (012)

©2 (012

Figure 5.9: The four Bragg reflection peaks at 012 planes for Cordenka.

This 012-reflection plane has a very similar value of 20 to the chosen
equatorial position with maximum signal intensity (20.3°), and so this reflection
appeared in a circumferential a scan ~+/-90° (as seen in Figure 11a). Figure
5.10(a,b) shows the path of the circumferential scans that were carried out for
both multifilament bundle ( o + 90°) at a fixed value of 20 of 20.3°, which was

the position of maximum intensity on the equator (o = 0°) from a 1D line scan.
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As discussed above, this is a convolution of the 110 and 200 Bragg peaks that

are not resolved in the line scans with our WAXS equipment.

Figure 5.10: : a) 2D x-ray scattering pattern from unprocessed Cordenka multifilament
showing the a Circumferential scan setting in two dimensions (2D) from -90° to 90°
(red dashed line) at 26 = 20.3° and how this includes the 012 reflection. b) 2D X-ray
scattering pattern from unprocessed Lyocell multiflament showing the «
circumferential scan setting in two dimensions (2D) from -90° to 90° (red dashed line)

at 20 = 20.3° and how this includes the 012 reflection.

5.2.2.2 The Azimuthala Scan of Cordenka and Lyocell Multifilament

Bundles.

The result of the azimuthal @ scan measurements for the two multifilament
bundles associated with the result from the 2D image, are shown in Figure
5.11 a, b. These results reflect those of the 2D pictures (e.g., Figure 8) with a

much wider FWHM for the original Lyocell multifilament bundle.
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The sharp small outer peaks of the unprocessed Cordenka multiflament
bundle of the 012 reflection at a circumferential angle of ~+/-60°, can clearly
be seen as shown in Figure 5.11a. In comparison, for the unprocessed Lyocell
multifilament bundle the wider peaks appeared at 012 of Lyocell multifilament
bundle were not so evident, as shown in Figure 5.11b. It can also be seen that
the Full Width Half maximum angular spread for the 012 peaks, is similar to
the 200 central peak as discussed qualitatively in Figures 5.8 and 5.9. The
FWHM for unprocessed Cordenka multiflament bundle for the 012 peaks was

measured to be 18.7°+ 1.3 ¢ (calculated as shown schematically in Figure

5.13.
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Figure 5.11: The azimuthal a scan for unprocessed Cordenka multifilament and b) for

unprocessed Lyocell multifilament.

Figure 5.12 further shows a direct comparison of the (normalised) measured
azimuthal o scan profiles for the unprocessed and processed multifilament
bundles showing clearly the difference in FWHM, which we attribute mainly to

the twist in the Lyocell multifilament bundle.
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Figure 5.12: a) The azimuthal a scan for unprocessed Cordenka multifilament and
Lyocell multiflament and b) The azimuthal a scan for processed Cordenka

multifilament and Lyocell multifilament.

Our hypothesis to estimate the angle of twisting of the unprocessed or
processed Lyocell multifilament bundle, is to determine the difference between
the full width half maximum (FWHM) for the Cordenka multifilament
(untwisted) and Lyocell (twisted) multiflament bundles as showed in Figure
5.13, and then use equation 5.2. We are making the assumption here that the

underlying orientation of the two individual filaments is similar.

The data of azimuthal @ scan in 2D from —45° to +45°, as shown in Figure
5.12 a,b, utilised the values of FWHM for unprocessed Cordenka multiflament
and Lyocell multiflament bundles were  20.0°+0.3 and 40.0°+ 0.8

respectively, using equation (5.2)

the FWHM of Cordenka filament — the FWHM of Lyocell bundle fibre (5 2)

The angle of twisting = 5
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Figure 5.13: Schematic picture shown haw the Full width half Maximum measured

using the data of azimuthal a scan for unprocessed Cordenka multifilament.

The angle of twisting of the unprocessed Lyocell multifilament bundle was then
calculated to be +10°. The same equation was used to calculate the angle of
twisting of the processed Lyocell bundle fibre by using FWHM values and the
processed Cordenka multifilament bundle which were 43°+2 and 21°+ 0.5
respectively. This gave a calculation of the twist angle of processed Lyocell
sample equal to be +11° from equation 5.2 These values of FWHM for
unprocessed Cordenka and Lyocell multiflament bundles are similar to the
FWHM measurements results which were calculated earlier from the 2D

image.

For comparison the angle of twisting of unprocessed Lyocell multifilament
bundle measured directly from an optical microscopy using image J software

and foundtobe + 16.2 + 0.6°, as shown in Figure 5.14 from 7 measurements.
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Figure 5.14: Twest angle measurments using Image j.

It can be concluded that the difference between the peaks of Cordenka
multifilament and Lyocell multifilament bundles is +10°. The initial twist angle
+ 16.2 + 0.6° of the unprocessed Lyocell multiflament bundle explained the

wider peak with lower orientation of Lyocell multifilament bundle.

5.3 Comparison the Molecular Weight Between unprocessed

Cordenka Multifilament and Lyocell Multifilament Bundles.

Table 5.2 shows the weight-average molecular weight (Mw), number-average
molecular weight (Mn) of unprocessed Cordenka multiflament and
unprocessed Lyocell multifilament bundles. These values were measured by
Prof. Antje Potthast, University of Natural Resources and Life Science, Vienna,

Austria.



The value for Cordenka was found to be larger compared to the Lyocell
multifilament bundle measurements as shown in Table 5.2. One hypothesis is
that this difference could be as a result that the Lyocell multiflament bundle
might be bleached. As a reminder, the Lyocell multiflament bundles were
taken from a woven cloth (hence both the bundle twist is required for the
weaving process and also possible bleaching to give a white cloth). This
bleaching process can significantly reduce the number-average of molecular
weight of multiflament and then lower the dissolution activation energy. The
activation energy values for the Cordenka multiflament and Lyocell

multifilament bundles were calculated using the most appropriate (and hence
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different) methods as shown in Table 5.2.

Cordenka multifilament bundle Lyocell multifilament bundle
Methods at 35°C

E kJ/mol E k] /mol

CF B 141 +16

P, 199 +34 151 43

Ours 144+ 27 158+ 40

x _ 127+ 14

E 198 +29 —

Mn/kDa 61+ 2 42+1.2
Mw/kDa 169 + 13 150 + 13

Table 5-2: The activation energy for Cordenka multifilament and Lyocell multifilament

from different methods that used at reference temperature of 35°C. Where C.F is
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coagulation fraction, a1 is the ultimate tensile strength, E is Young’s modulus and

X is the thickness.

5.4 Comparison of the Dissolution Speed of the Cordenka

and Lyocell Multifilament Bundles.

Figure 5.15 compares the master curves (frome the data) at reference
temperature of 30°C for the two materials from the WAXS circumferential P,
measurements. It can be seen the starting P, is different for the two
multifilament bundles, which we have shown in the previous section is due to
the twist of the Lyocell multiflament bundles. Although the starting P, is
significantly different, our hypothesis is that as long as this starting value
changes with time and temperature in a systematic way, then time temperature
superposition can be used to calculate the activation energy. Table 5.3
compares the two measurements of activation energy using TTS determined

in this way from these orientation measurements.
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Figure 5.15: comparison between Cordenka and Lyocell multifilament using P, data

at reference temperature 30 °C .

To compare the increase in the matrix volume fraction, v,,. with time, for the
two-multifilament bundles, the data for each material was taken from the best
method, which was different for the two materials. For the Cordenka
multifilament bundle this was from the azimuthal a scan, P, measurement, as
the optical measurement was not possible due the images discussed earlier
(Figure 5.4 and 5.5). The best method found to calculate the volume fraction
of the Lyocell multifilament bundle was the coagulation fraction C.F from direct
optical measurements. This was because the the twisting of the Lyocell
multifilament bundles lowered the starting value of P, measurement, and so
made this less accurate. So average orientation measurements (P,) for the
untwisted Cordenka multifilament bundle and a direct optical method for the
twisted Lyocell fibre bundles were used to calculate the growth of the matrix

volume fraction with time and temperature.

The data of the volume fraction from the azimuthal a scan, P,, of the Cordenka

multiflament bundle was therefore used to calculate the dissolution speed



173

using a rule of mixtures as described in Chapter 2 and equation 2.7. By
applying a polynomial function of the dissolution time as a guide around this
preliminary data of Cordenka multiflament bundle, the master curve at a
temperature of 35°C was calculated as shown in Figure 5.16a. The same
procedure was used to calculate the dissolution speed of the Lyocell
multifilament bundle, using the V1;, data from the optical measurement as

shown in Figure 5.16b for the same reference temperature.
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Figure 5.16: a) the resultant master curve between 1}, from azimuthal @ scan
measurements and dissolution time for Cordenka multiflament and b) the resultant
master curve between V,,, and dissolution time from optical measurements for Lyocell

multifilament.

By comparing between 1}, from the P, measurement and V;, from optical
measurement of the Lyocell multiflament bundle, it found that the best
agreement of data was during the first 3hrs, as discussed before in the Lyocell

chapter and shown again in Figure 5.17.
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Figure 5.17: The volume fraction values of azimuthal «a (a) and the C.F values of
optical measurements (b) as function of the dissolution time of the Lyocell
multifilament bundle. The master curves of Vm of P, from azimuthal « scan and the

C.F of optical measurements of the Lyocell multiflament bundle.

Based on this result, the data of the Cordenka multifilament bundle was taken
from zero to 3hrs to measure and compare the dissolution speed with the
Lyocell multiflament bundle and the comparison is shown in Figure 5.18.
Resulting from that it was found that the dissolution speed of the Cordenka
multifilament bundle was faster initially than the Lyocell multiflament bundle,
as shown Figure 5.18. Our hypothesis is that this is due to the easier
penetration of the IL into the untwisted Cordenka multiflament bundle and
shows clearly that the geometry of the multiflament bundle can have a

significant effect of the speed of dissolution.
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Figure 5.18: Comparison of the dissolution speed between Cordenka and Lyocell
multifilament using the relationship between volume fraction and dissolution time
from azimuthal @ scan and optical measurements. This for dissolution times up to

3hrs as we are less confident in the lyocell data at longer time as shown above.

There is another difference between the Cordenka and Lyocell materials such
as a higher activation energy and a higher molecular weight as shown in Table
5.3. We proposed earlier in this chapter that these could be linked. Although
the Lyocell multiflament bundle has a lower molecular weight, however, we
believe that the main reason to slow down the dissolution speed is the bundle
geometry. Table 5.3 shows a final summary of the difference factors between
the Cordenka and Lyocell multifilament bundles that have been studied in this
work. It can be noticed that the Cordenka material has a higher activation
energy, a higher molecular weight, higher initial orientation (untwisted), and a
higher Young’s modulus and ultimate stress (untwisted bundle). The resulting

over all of dissolution behaviour depend on the structure of multiflament which



depends on the spinning and treatment parameters during the manufacturing

[55, 129].
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Sample Cordenka multifilament Lyocell multifilament
Twist No Yes+15.7°
Mn /kDa 61+ 2 42+1.2
Mass/unit length (g/m) 0.25 +0.01 0.028 £ 0.001
Total effective area/mm2 0.18 £0.01 0.202 + 0.001
Average P, for Unprocessed 0.57 0.45
E | GPal Extrapolated 14.8 10
Ultimate stress/MPa Extrapolated 483 213
E k] /mol 169 + 13 150 + 13

Fraction of dissolution at 45°C for 1

hr at 35°C as reference temperature.

60% dissolved

45% dissolved

Table 5-3: comparison between Cordenka and Lyocell multiflament in various factors.
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5.5 Comparison Between the mixing rule of the Cordenka
Multifilament and Lyocell Multifilament Composites for

Young’s Modulus.

The Young’s modulus data of all the partially dissolved Cordenka multifilament
bundle composites followed the upper Voigt (constant strain) rule of mixtures
(Figure 5.19). This shows that an excellent composite was formed which a
tendency to follow the parallel rule of mixtures, indicating excellent
compatibility between fibres and matrix (equal strain between the two
components). This importantly confirms that the Cordenka multifilament
bundle could give a good composite due to the higher number-average of
molecular weight of the material and the geometry of the multiflament bundle

(untwisted).
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Figure 5.19: Relation between coagulation fraction C. F (from P2 measurements)
and the measured Young’s modulus for the Cordenka composites as compared to

the Voight and Reuss rule of mixtures.
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On the other hand, the Lyocell Young’s Modulus results were highly scattered
as shown in Figure 5.20. This could be due to the fact that the lower molecular
weight matrix is not such a good ‘glue’ or that the interior of the Lyocell bundles

is not so well stuck together as the IL cannot penetrate.
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Figure 5.20: Relation between coagulation fraction C.F (from optical measurements)
and the measured Young’s modulus for the Lyocell composites as compared to the

Voight and Reuss rule of mixtures.

5.6 Comparison Between the mixing rules for the Cordenka
Multifilament and Lyocell Multifilament Composites for
Ultimate Tensile Strength.

The results for the Cordenka multifilament bundle composites for the ultimate
tensile strength with volume fraction is shown in Figure 5.21, along with a

comparison of the Voigt and Reuss rule of mixtures. It can be noticed that the

strength data of Cordenka multifilament bundle also follows the Voigt series
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very well. This indicates again that to the matrix is well bounded together with

the fibres.
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Figure 5.21: Relation between Volume fraction and ultimate tensile strength for the

Cordenka multiflament composites in comparison with the Voight and Reuss rule of

mixtures.

Figure 5.22 shows the same comparison for the Lyocell composites and, the

values here are seen to fall well below the parallel rule of mixtures. We can

suggest that this is again due to both the different geometry of the two fibre

bundles, and the lower molecular weight of the Lyocell material (and hence

the final dissolved matrix phase). It is likely here that either the fibres are not

connected together, or the matrix breaks before the fibres.
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Figure 5.22: Relation between Volume fraction and ultimate stress for the Lyocell

multifilament composites in comparison with the Voight and Reuss rule of mixtures.

By using the data of the Ultimate tensile strength measurements from both
fibres (here again for a reference temperature of 35°C), it can be seen that the
dissolution behaviour of the Cordenka multifilament bundle was faster than the
processed Lyocell multiflament bundle as shown in Figure 5.23. This results

confirm the results shown earlier in Figure 5.15 using P2 measurments.
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Figure 5.23: comparison between Cordenka and Lyocell multiflament using ultimate

tensile strength.



181

It is clear from the above results in Figures 5.19 and 5.21 that the Cordenka
multifilament bundles would make an excellent basis for an all-cellulose
composite. However, to weave the bundles, some degree of twist would
probably be required, and it would be interesting to explore how this would
affect the overall properties. Is there an optimum amount of twist which would
allow the IL to penetrate while allowing the fibres to survive a weaving process.

Our result suggest that the lowest amount of twist would be preferable.

In terms of making all cellulose composites from the Lyocell Multiflament
regenerated fibres, some twist is required to hold the bundles together for
weaving and also the fibres have been treated (bleached) to give a bright white
colour significantly reducing the molecular weight and leading to
embrittlement. However, twist reduces modulus and strength and also slows
down the dissolution so our suggestion would be to use as small number of
twists as feasible for weaving. A second suggestion to make all cellulose
composites from Lyocell multiflament bundle would be to use a two-step
process, where the fibres are submersed in a different cellulose solution which

could lead to a better matrix and good adhesion between the fibre and matrix.

5.7 Conclusion.

The properties of the Cordenka and the Lyocell multiflament bundles,
including geometry, morphology, orientation, dissolution behaviour in the IL
[C2mim]+ [OAc]- and the number of molecular weight were studied in this

chapter.
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From the Optical microscope results, the geometry (untwisted) of the
Cordenka multiflament bundle was seen to be comprised of with a few
hundred individual multiflament which appeared as a loose microstructure
with significant inner spaces in between. The geometry (twisted) of Lyocell
multifilament bundle with few hundred of individual fibres are much closer to

each other without significant inner spaces.

2D WAXS images, and quantitative P2 measurements, showed that the main
crystalline circumferential peak was narrower for the Cordenka multifilament
bundle compared to the Lyocell multiflament bundle, which was attributed the
bundle twist. In terms of orientation, the angle of twisting of the unprocessed
Lyocell multifilament bundle was measured using image j software and found

tobe +£16.2 £ 0.6°.

Although there are clear differences between the orientation and geometry of
the Cordenka multifilament and Lyocell multiflament bundles, all data was
found to follow Time temperature superposition. In terms of molecular weight,
Mn and Mw, the molecular weight of Lyocell multiflament bundle was smaller
than the Cordenka multiflament. As shown in Table 5.6, it is seen that the
Cordenka multifilament bundle has a higher value of crystalline orientation,
Young’s modulus, ultimate stress, and activation energy compared to the
Lyocell multiflament bundle. These findings especially the geometry and
molecular weight lead to the Cordenka multiflament bundle having a faster
dissolution rate than the Lyocell multifilament bundle. Itis clear from the above
results that the Cordenka multiflament bundle would make an excellent basis

for an all-cellulose composite. To weave the bundles, some degree of twist
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would probably be required, and it would be interesting to explore how this

would affect the overall properties.
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Chapter 6 Conclusion and outcomes

6.1 Research Outcomes.

This project was focused on an investigation of the dissolution behaviour of
two regenerated cellulose multifilament bundles, Cordenka and Lyocell, in the
ionic liquid [C2mim][OAc], at different times and temperatures. Using three key
experimental methods, namely optical microscopy, X-Ray wide angle
diffraction (WAXS) and mechanical testing, it proved possible to follow the
dissolution with time and temperature of these two regenerated fibres. Both
the coagulation fraction (a measure of dissolution) and the mechanical
properties of the partially dissolved fibre composite bundles were found to
follow time temperature dissolution, allowing an activation energy to be
determined. Also, the speed of dissolution of the two multifilament bundles was
compared and was linked to the different geometry of the Cordenka and

Lyocell, which were untwisted and twisted respectively.
6.1.1 Introduction chapter

This chapter has presented the previous published studies from the literature,
which were interested in regenerated cellulose, in particular the production
process and the properties of multifilament bundle of Cordenka and Lyocell, in

addition to the dissolution mechanism of cellulose in different ionic liquids.

The results of this PhD study are summarised in chapters 3, 4 and 5. Starting

with chapter 3.
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6.1.2 Dissolution of Cordenka multifilament bundle in the lonic

liquid of 1- ethyl-3-methyl- imidazolium acetate

This chapter was studied the dissolution of Cordenka multifilament bundles in
the IL [C2mim] [OAc]. Various methods were used to examine both the
dissolution and the properties of the resulting composite multiflament bundle.
260 WAXS was used as the main qualitative measurement of the dissolution of
the Cordenka multifilament bundle. 26 WAXS scans and a 2D X-ray image
showed that the unprocessed Cordenka multifilament bundle comprised the
combination of cellulose Il and amorphous, with a small (and unexpected)
amount of cellulose |. Optical microscopy provided cross-sectional images of
both unprocessed and processed composite multiflament bundles. It was
found that the cross-sectional size of the processed multifilament bundle
decreased with an increase of the coagulation fraction (the matrix proportion)
during the dissolution process. We concluded that this method was insufficient
to study quantitatively the volume fraction of dissolution as it proved difficult to

distinguish between dissolved matrix and original fibres using ImageJ.

Therefore, other techniques were investigated for obtaining a quantitative
measure of the dissolution of the Cordenka multifilament bundles, and the two
most successful were found from an azimuthal a scan of X-ray diffraction and
mechanical testing of the partially dissolved bundles. These methods allowed

to follow quantitatively the physics of the dissolution.

The azimuthal a scan, at a chosen angle 26=20.3° (close to the 200 reflection
and the position of maximum intensity) was used to follow the change in the

crystal orientation with time and temperature of dissolution. We here made the
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assumption that the orientation of the partially dissolved multifilament bundle
(from a calculation of P, for each sample) followed a rule of mixtures between
the P, of the original fibres and that of a completely dissolved sample. P,
values were found for each sample processed at different times and
temperatures and then used to calculate the volume fraction (coagulated
fraction) of the processed Cordenka multiflament bundle. The measured
values of P, for the processed composite multiflament was found to decrease
as time and temperature increased, indicating an increase in the random
orientated crystal fraction associated with the dissolved and coagulated matrix
fraction. The time-temperature superposition method was applied to this
experimental data of the average P, values. The data set was transformed
used time-temperature superposition to form a master curve at particular
reference temperatures and then the activation energy was calculated using

an Arrhenius equation. The activation energy was found to be 151+ 3 kd/mol.

Mechanical tests were carried out on the partially dissolved processed
composite multiflament bundle allowing the Young’s modulus and ultimate
tensile strength to be followed with time and temperature. Both measures were
found to fall with time and temperature as expected from the already measured
decrease in the average P,. The activation energies from the Young’s modulus
and ultimate tensile strength results were found to be 198 + 28 kJ/mol and
158+40 kJ/mol, respectively. The activation energies values, with the
uncertainties obtained from the average P, values, Young's modulus and
ultimate tensile strength are seen to be comparable, validating the different
methods to follow the dissolution behaviour of the Cordenka multiflament

bundle regenerated cellulose fibre bundles.
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It proved difficult to measure the modulus of the unprocessed Cordenka
multifilament bundles due to being untwisted (and also not bonded). Therefore,
we extrapolated the values of the measured Young’s modulus of the processed
Cordenka multifilament bundle composites (from low temperature and early
times measurements) giving a prediction of the modulus of the unprocessed
Cordenka multifilament bundle to be E; =14.8 GPa. The rule of mixtures was
then applied to all the results from the partially dissolved composite
multifilament bundle by using the combination of the extrapolated value of the
Young’s modulus with the modulus of a completely dissolved and coagulated
film E,, =1.5 GPa. This method employed to assess the possibility of the

moduli data following either the Voigt or Reuss mixing rules.

For this comparison, the volume fraction of each partially dissolved composite
was determined from the P,, WAXS measurements. It was found that the
Young’s modulus of the composite filaments fitted very well to the Voigt parallel
rule of mixtures, suggesting the dissolved cellulose (obtained by partially
dissolving the Cordenka fibres) forms an excellent matrix and results in

excellent bonding throughout the multifilament bundles.

A similar approach was used for the measurements of the ultimate tensile
strength of the partially dissolved composites bundles. Extrapolating the
ultimate tensile strength results (as above for the Young’s modulus), gave a
value of or = 479 MPa, by using the ultimate tensile strength data of the
processed Cordenka multiflament bundle at all time and temperatures. The
rule of mixtures was again applied by using the combination of the
extrapolated value of the ultimate stress of the unprocessed Cordenka

multifilament bundle. The results were again found to follow quite well the
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upper (Voigt) rule of mixtures, where the matrix volume fraction came from the
from the P, measurements as above. The molecular weight of Cordenka
multifilament bundle was measured externally and was found to be (Mn) 61+ 2

kDa.

6.1.3 Dissolution of Lyocell multifilament bundle in the lonic liquid

of 1- ethyl-3-methyl- imidazolium acetate

This chapter studied the dissolution of Lyocell multiflament bundle in the IL
[C2mim] [OAc]. The same methods were used to follow the dissolution with
time and temperature as in Cordenka chapter, although for the Lyocell
multifilament bundles, direct optical microscopy proved to be the most

successful method.

The optical microscopy method proved to offer a direct method to measure the
growing area of the dissolved and coagulated Lyocell multiflament bundle
samples with increasing time and temperature. The result showed that the
twisted nature of Lyocell multiflament bundle meant that the dissolved fibres
immediately formed a ring on the outside of the original multiflament bundle.
This led to two areas that could be used to follow dissolution, the inner core
(the undissolved multifilament bundle) and the outer layer (the dissolved
fraction). This allowed measurement of the decrease of the inner core and the
increase in the area and thickness of the dissolved and coagulated outer ring

using optical micrographs and ImageJ.

It was found that for the lowest dissolution temperature of 30°C and dissolution

times of 1, 2 3 and 5 hours, insufficient dissolved matrix was produced to be
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easily measurable in the optical micrographs. Due to this reason, the
calculation of the coagulation fraction C.F started from 35°C to 45°C with times
between 30 mins and 5 hrs. The results showed that the area of the
undissolved multiflament bundle (inner area) reduced in size with time and
temperature, but this was replaced with the dissolved and coagulated matrix
fraction and so the outer (total) layer area was found to be independent of time
and temperature. We summarize that this is because the density of outer
dissolved ring is very similar to the original multiflament bundle. This is
unsurprising as the original multifilament of regenerated multiflament bundle
contained no significant internal voids, unlike virgin plant fibres which have
significant internal voiding. For this reason, the outer area method could not
be used to follow the dissolution process and an activation energy could not

be determined.

However, two direct methods could be used to determine an activation energy
as both were found to follow time temperature superposition. These were the
decrease in size of the original bundle (termed the ‘inner area’) and the
thickness of the outer ring of dissolved and coagulated material. Interestingly,
the thickness of the outer region was found to increase linearly with time (so a
constant wavefront of dissolution), at a speed that also increased linearly with

temperature for the temperature range studied.

The coagulation fraction C.F was also calculated, from the ratio between the
inner core (remaining fibres) and the outer layer (dissolve fraction) areas, and

it was found that this increased with increasing time and temperature.

All three measures of dissolution, that is the decreasing size of the inner core

(remaining fibres), the absolute thickness (x) of the dissolved layer and the
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coagulated fraction C.F, were all found to follow time temperature
superposition, all followed Arrhenius behaviour and gave comparable values
of the dissolution activation energy. For the inner core (remaining fibres), the
absolute thickness (x) of the dissolved layer and the coagulated fraction C.F

these were 140 + 30 kdJ/mol, 127 £ 14 kJ/mol and 141+ 16 kd/mol respectively.

A 260 WAXS scans was used as a qualitatively measurement of the Lyocell
multifilament bundle crystal structure. This measurement presented that the
unprocessed Lyocell multiflament bundle contains the combination of

cellulose Il and amorphous, with a very small amount of cellulose I.

An azimuthal a scan of X-ray diffraction and mechanical testing used as
quantitative methods to measure the dissolution behave of Lyocell
multifilament bundle. An azimuthal @ scan was employed at an angle 26=20.3°
to determine the dissolution mechanism of the Lyocell multifilament bundle by
following the change in the average crystalline orientation with time and
temperature of dissolution and hence calculate the volume fraction of the

dissolved fraction.

The P, value of the unprocessed multiflament bundle was found to be 0.45
(lower than the Cordenka multifilament bundles due to these bundles being
twisted). The measured value of P, for the partially dissolved composite
multiflament bundle decreased as time and temperature increased, this
indicating an increase in the random orientated crystal fraction associated with
the dissolved and coagulated matrix fraction. The rule of mixtures was applied
to the P, data from the azimuthal @ scan to calculate the volume fraction v,
of processed Lyocell multiflament bundle, assuming that the orientation of the

original fibres (including the twist) did not change with time and temperature.
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The values of Young’s modulus from mechanical testing were measured for
different processing times and temperatures. The Young’s modulus values of
the processed Lyocell composite multiflament bundle were found to show
significant scatter (compared to the previous Cordenka results). We speculate
that this could be due to the poor bonding and brittle nature of the dissolved
Lyocell material, but also the twisted nature of the bundles did allow the IL to
penetrate and so there could also be insufficient matrix in the Lyocell bundle

interior. For this reason, this data could not be used for TTS measurements.

The time-temperature superposition method was applied to the experimental
data of the average P, values, the calculated matrix volume fraction v,, and
ultimate stress values of the processed composite multifilament bundle. Each
data set was transformed and made a master curve using the time-
temperature superposition and then the activation energy calculated by an
Arrhenius equation. It found that all three measured parameters followed
Arrhenius behaviour. The activation energies for the three measurements P,,
matrix volume fraction v,, and ultimate tensile strength were found to be 199
+ 34 kd/mol,197 kJ/mol and 144 £27 kJ/mol, respectively. The overall average
of activation energy value was found 158 * 13 kJ/mol GPa from different
methods. But the activation energy from P2 found most confident for the two
materials that could be used. By extrapolating the ultimate tensile strength
value of the unprocessed Lyocell multiflament bundle for all times and
temperatures found o, = 237 MPa. This value combined and used with the
ultimate tensile strength value of a completely dissolved and coagulated film
of Cordenka multiflament bundle, to test the ultimate stress values against the

rules of mixture. The correlation between volume fraction from C.F.
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measurements and the ultimate stress was lower mixing rules (Voigt series)
as the Lyocell multifilament bundle did not contain enough matrix to bounded
together with fibre. The molecular weight of Cordenka multiflament bundle

was measured externally and was found to be (Mn) 42+ 1.2 kDa.

6.1.4 A comparison of the Dissolution Behaviour of Cordenka and
Lyocell Regenerated Cellulose Multifilament Bundles in the lonic

Liquid [C2mim]+ [OAc]-

Theis chapter studied the difference of the dissolution process for both
Cordenka and Lyocell multiflament bundle by comparing their properties of
geometry, morphology, orientation, dissolution behaviour in the IL [C2mim]+
[OAc]- and the number of molecular weight. Starting with optical microscopy
results were found that the unprocessed Cordenka multiflament bundle has
geometry (untwisted) with a few hundred individual filaments which appeared
as a loose microstructure with significant inner spaces. In contrast, the Lyocell
multifilament bundle have geometry (twisted) of with few hundred of individual

fibres are close to each other.

X-ray 2D photographs showed that the crystal structure of the two fibres is
very similar and each multiflament bundle is mixture of predominantly
cellulose Il and amorphous and a small fraction of cellulose I. The 2D pictures
of the Cordenka multiflament bundle showed that main Bragg peak (200) was
quite narrow with outer smaller 012 peaks which had a similar FWHM. In

comparison, the main peak 200 peak for the Lyocell multiflament bundle was
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much wider. The twist angle of the unprocessed Lyocell multiflament was

measured by image J to be + 15.7° , which explains the wider peak.

All the data of the Cordenka multifilament and Lyocell multifilament bundles
was found to follow Time -Temperature Superposition (TTS) and then used to
calculate the activation energy. The activation energy from P2 found most
confident for the two materials that could be used for each fibre were 151 + 3
kdJ/mol and 199 £ 34 kJ/mol for the Cordenka multiflament and Lyocell

multifilament bundles respectively.

In terms of molecular weight, Mn and Mw, the molecular weight of the Lyocell
multifilament bundle was smaller than the Cordenka multiflament bundle,
suggesting that the lower activation energy could be linked to this. In summary,
the results showed that the Cordenka original multifilament bundle have higher
values of orientation, Young’s modulus, ultimate stress, and also activation
energy compared to the Lyocell multifilament bundle. We suggest that the first
three parameters are due to the fact that the Lyocell multiflament bundles are
twisted, while the Cordenka multiflament bundles are untwisted, while the

activation energy could be more influenced by the molecular weight.

The dissolution fraction, at the same temperature 45 °C and time 1hr, for the
Cordenka partially dissolved composite multiflament bundle was 60 % (from
the P, measurements), while the dissolution fraction of the Lyocell
multifilament bundle composite was 45% (directly from the optical microscopy
measurements). We can speculate that the twisted geometry of the Lyocell
multifilament bundles does not allow the IL to penetrate as quickly as the

untwisted Cordenka multifilament bundles.
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These findings, especially the comparative geometry (untwisted fibres), the
speed of dissolution and the higher molecular weight, lead to the important
conclusion that the Cordenka multiflament bundle would make an excellent
basis for an all- cellulose regenerated fibre composite (ACC). However, if a
woven cloth is to be used for ACC production, then some degree of twist would
probably be required, and it would be interesting to explore how this would
affect the overall properties. Some twist is required to hold the bundles
together for weaving. However, twist reduces modulus and strength and also
slows down the dissolution so our suggestion would be to use as small number
of twists as feasible for weaving. This could prove an interesting area for future

research in manufacturing all-cellulose composites from regenerated fibres.

As final conclusion the Cordenka fibre with minimum of amount of twist
required for weaving would make an excellent basis for an all cellulose
composite combining high stiffness and strength with matrix and mechanical

properties.
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