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Abstract

Recent developments in biocomposite research are leading towards a
more sustainable future with higher performance materials. Silk fi-
broin (SF) and cellulose are two abundant biopolymers capable of
forming composites with biocompatibility, high mechanical perfor-
mance, and biodegradability. Optimising biodegradable materials
offers a replacement to traditional plastics that reduces reliance on
recycling for sustainability and minimizes the impact of unavoidable
leaching into the environment. This thesis investigates the dissolu-
tion, molecular interactions, and macroscopic material properties of
SF—cellulose hybrid systems with the ultimate aim of producing self-

reinforcing biocomposites from waste textile streams.

Using a solvent system of the ionic liquid 1-ethyl-3-methylimidazolium
acetate (EmimAc) and the cosolvent dimethyl sulfoxide (DMSO), op-
timal conditions for dissolving cellulose and SF were established. In-
terestingly, these were found to differ. Cellulose was most quickly and
efficiently dissolved in a 2:8 EmimAc:DMSO solvent mixture, and SF
fibres were most efficiently dissolved in an 8:2 EmimAc:DMSO solvent
mixture. The macroscopic and microscopic behaviours were seen to
differ with the bulk saturation being below the molecular saturation
concentration investigated with nuclear magnetic resonance, as ob-

served by polarized optical microscopy.

Understanding the dissolution of both biopolymers enabled the prepa-
ration of homogeneous hybrid solutions and fabrication of coagulated
SF and cellulose films with varied compositions. Macroscopic me-
chanical testing showed that hybrid films exhibited enhanced modu-
lus and strength (2.2 + 0.1 GPa and 28 4+ 1 MPa), with properties



maximised at SF contents of 5-15 wt %. Creep and stress relaxation
measurements identified strain-dependent viscoelastic relaxations in
hybrid samples. This was rationalised with double network theory,
and comparisons with relevant biological materials which also exhibit
similar relaxation behaviours. Structural analyses by thermogravi-
metric analysis confirmed the presence of mixed phases and [-sheet
crystallinity, underpinning the observed mechanical strength and in-

creased relaxation behaviours.

Building on these findings, isotropic short-fibre reinforced composites
were prepared using optimised hybrid matrices reinforced with short-
fibre cotton flock. The short fibres used mimicked potential textile
waste for future manufacture of these materials. Sample morphology
was investigated with X-ray diffraction to characterise the reinforc-
ing fibre volume percentage. Compared with all-cellulose compos-
ites, samples with hybrid matrices achieved elevated Young’s moduli,
strains at failure, and tensile strengths (3.4 + 0.2 GPa, 1.3 + 0.2 %,
and 72 £+ 2 MPa) at 42 - 55 vol % fibre reinforcement. This behaviour
was rationalised with theoretical modelling and imaging with optical
microscopy and scanning electron microscopy. Optimal composites
showed reduced density and increased material performance while re-
taining full biodegradability and recyclability. Additional acoustic
characterisation highlighted the potential for application in insulation
materials as hybrid samples achieved an average acoustic transmission
loss of 47 & 7 dB which exceeds the typical standard for internal in-

terior soundproofing between rooms (45 dB).

Overall, this work demonstrates how controlled dissolution and blend-
ing of SF and cellulose can yield a new class of tunable, self-reinforcing
hybrid biocomposites. By combining molecular-level miscibility with
waste-fibre reinforcement, this thesis establishes fundamental under-
standing and practical strategies for advancing sustainable, circular

biological material technologies.
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Figure 1: Graphical abstract indicating the circularity and development of ma-
terials studied in this thesis.
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Chapter 1

Introduction

Biological materials, and particularly biocomposites, have recently gained atten-
tion due to their sustainability, recyclability, and high performance [1]. Synthetic
polymers are low cost, and of uniform composition but poor biocompatibility
and potentially toxic degradation inhibits their use as a permanent fixture in
all functional materials. There is also increasing concern about petroleum based
plastics due to their contributions to harmful microplastics [2]. Cellulose and
silk fibroin(SF) are both available and abundant enough for application in new
materials [1]. Fibres of these are available as a waste resource from the textile
chain and, in contrast to fossil fuel plastics or biodegradable polyesters, these
biological materials can be considered to be carbon neutral and breakdown more
easily [3, 4]. For example, most cellulosic materials will lose 50 % of their mass
within 30 days in any natural water [5]. Textile waste is a huge resource of which
cellulosic fibres forms the large majority. Textile waste is projected to reach 134
million tons/year by 2030. Of this 75 % is disposed of in landfills and less than 1
% reintegrated into new clothes [6]. Less available but still abundant, the global
volume of raw silk averages 80,000 tonnes per year (2023) and across all sectors
around 55 % of raw silk mass is wasted during production [7].

Cellulose is an anisotropic, abundant, biocompatible polymer. It is formed
of repeat units of anhydroglucose, which form two unit pairs known as anhy-
drocellobiose. A disaccharide formed by (-1,4-glycosidic bonds between 2 an-

hydroglucose monomer units, as shown in Figure 1.1 [8]. Anhydroglucose is
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present as D-glucopyranose, which corresponds to the lowest energy ring confor-
mation [1, 9, 10]. It is sparingly soluble due to extensive inter- and intramolecular
hydrogen bonding and amphiphilic behaviour due to apolar hydrophobic stack-
ing [11]. This unique structure gives rise to Young’s moduli of up to 200 GPa,
and an ultimate tensile strength of up to 17.8 GPa. This is 7 times stronger than
typical steel with a fifth of steel’s density [12].

HOH,C OH HOH,C
HO
P O oH
HO
HO o (I-)IO
OH\  HoH,C 5 CH,OH
Non-reducing end Repeated unit Reducing end

Figure 1.1: Depiction of the chemical structure of cellulose indicating the anhy-
droglucose monomer unit|8].

Silkworm silk is a fibrous protein pultrusion hierarchically structured of silk
sericin and SF proteins. SF provides structural strength and, though the chem-
ical composition varies, typically has a hexapeptide primary sequence of mostly
glycine amino acid units as shown in Figure 1.2 [13]. Natural silk fibres are
noted for their remarkable properties of toughness, strength, and flexibility. For
example, Bonino et al. reported spider silk fibres with an elongation of 24 +
2 % strain with a tensile strength of 1200 + 200 MPa [14]. More remarkable
properties have also been reported with bioprospecting by Andersson et al. who
found C. darwini to have the toughest silk in the world [15]. Removal of silk
sericin, or degumming, provides silkworm silks with a distinct lustre often seen
in commercial silks. Spider silk forms naturally without sericin, which is only
present in silks from Lepidoptera.

Combining SF and cellulose utilises the benefits of both biopolymers as seen
in the natural materials they both form: the strength and stiffness of cellulose,
and the elasticity and toughness of silk. Blending and preparation can have unex-
pected impacts on material properties though. SF films are often seen to be very
brittle and weak in contrast to its properties in fibrous form [2]. Introduction

of mixed polymers to composites can introduce voids and interfaces which can
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Figure 1.2: Depiction of example typical molecular sequences for silk fibroin
repeat units[1]. Amino acid groups are colour coded in the protein.

impact macroscopic properties. This can increase rigidity, while lowering trans-
parency, elasticity, and flexibility if miscibility is low [16]. Thermodynamically,
mixing occurs if the free energy of the blend is lower than that of the separate
phases. Kinetic reasons can also complicate this case for macromolecules where
entanglement, viscosity, association and slowed diffusion can alter the dissolu-
tion and blending of polymers [17]. This makes the control of these blends very
complex. Tian et al. provide some of the most convincing evidence of SF and cel-
lulose molecular miscibility using 2D (*H and '*C) heteronuclear correlation from
Nuclear Magnetic Resonance (NMR) experiments [18]. It is noted that dense
hydrogen bond assemblies in these materials can supercede hydrogen bonding
weakness and confer material strength [18]. Fourier Transform Infrared Spec-
troscopy (FTIR) and NMR data elucidate specific blend regiochemistries to show
homogeneous interdispersion and conformations. These indicate an increase in
crystalline structures for certain blend films that improved toughness over pure
alternatives [18; 19]

Both silk and cellulose have also been used to produce self-supporting biocom-
posites in which fibre reinforcement is used with a chemically identical biopolymer
matrices [20, 21]. In cellulosic samples these are often labelled all-cellulose com-
posites(ACC), and as all-silk composites (ASC) with silk samples [20, 22, 23].
This powerful concept has been further extended to produce self-supporting hy-
brid biocomposites at differing length scales, but rarely while preserving entire
silk/cellulose fabrics or fibres [24].

Production of varied material types opens opportunities for fine tuning the
material properties of composites and altering their application. These could be

anything from maintaining historical silk tapestries, to aiding in wound repair
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and granulation [24, 25]. This requires an in-depth understanding of the material
and molecular behaviours at all length scales to optimise these systems. The be-
haviours of SF and cellulose hybrid blends in solution, films/gels, and composites

are discussed throughout this thesis.

1.1 Cellulose

A Brief Introduction into the Hierarchical Structure of Cel-

lulosic Materials

There are many examples of cellulose based materials, split into woods and non-
wood fibres (straws, leaves, grasses, fruits, stems, etc.) [26]. Native cellulose is
typically 40-70 % crystalline and bound by lignin and hemicellulose. The de-
gree of polymerisation is typically from 1500-3500 monomer units [9]. In wood,
this is commonly organised in complex hierarchical structures to optimise vari-
ous properties. Cellulose is organised as undulating microfibrils with consistent
orientation. In thicker cellulose structures highly oriented lamellae are arranged
perpendicular to tangential rings around the stem [26]. These are then supported
by lignin and hemicellulose, two polymers also seen in structural plant matter.
Hemicellulose is short and branched, and acts as an oriented "glue’ between cellu-
lose and lignin. Lignin is a complex, variable polymer which provides rigidity in
plant cells [27, 28]. An example of the hierarchical cellulosic structure of a wood
microfibril can be seen in Figure 1.3

Cellulose forms complex and varied hierarchical structures at differing length
scales. In nanocellulose (1-1000nm) alone 3 divisions are typically seen: cellulose
nanocrystals (CNCs)(up to 90% crystalline particles); cellulose nanofibrils (long
entangled fibrils with amorphous and crystalline phases); and bacterial cellulose
(high purity ribbon-like fibres in a web) [9]. See Table 1.1 for some other example
dimensions of cellulose forms seen in literature, with microcrystalline cellulose
(MCC) being the most prevalent.

The differing sizes, lengths, and aspect ratios of cellulose can greatly affect

macroscopic material properties. Addition of microfibrils can induce glass tran-
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Figure 1.3: Schematic representation of the hierarchical structures of a wood mi-
crofibril, showing: (a) cross-section of a single subunit, in which Van der Waal’s
forces hold the cellulose chains together. Each blue box represents a cellulose
chain, looking down the chain-axis; (b) an elementary fibril cross-section. (c)
microfibril cross-section composed of 4 elementary fibrils embedded in a matrix
composed mostly of hemicellulose and lignin; (d) microfibril lateral section show-
ing both crystalline (linear) and amorphous (nonlinear) regions [1].

sitions to some materials, while hygroscopicity also depends on total interface

areas and total available hydrogen bonding sites [29].

Crystalline Cellulose

Cellulose crystalline polymorphs I, II, III, IV exist with differing properties and
molecular conformations. Most common are polymorphs I and II, as seen in
Figure 1.4. Cellulose I is found in native cellulose materials and provides high

strength and crystallinity. This can be in I« (triclinic) or I8 (monoclinic) poly-

Table 1.1: Common cellulose dimensions with typical names seen in literature [26]

Structure Diameter / nm Length / nm Aspect ratio
Microfibril 2-10 10,000 1000
Microfibrillated 10-40 1000 100-150
cellulose

Cellulose whisker  2-20 100-600 10-100
Microcrystalline 1000 1000 ~1

cellulose
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morphs. At each sugar unit 2 intramolecular bonds (parallel to the glycosidic
bond) and 2 intermolecular hydrogen bonds are seen [30]. Cellulose II is found
in regenerated forms of cellulose. After a material has been dissolved and regen-
erated in an antisolvent, this polymorph formed as the more thermodynamically
stable crystalline form [9]. Cellulose II is often seen to have weaker mechanical
properties due to a loss of hydrogen bonding order compared to cellulose I. This
can be counteracted by an extension of the hydrogen bonding network that may
occur during cellulose II formation. Cellulose III is ammonia-mercerised. It is
conformationally similar to the center chain of the highly stable cellulose II with
parallel orientations like in cellulose I [31]. Glycerol can be used as a protective
plasticizing medium to allow sufficient chain mobility to form cellulose IV (or
’high temperature’ cellulose) upon heating. This reduces charring. The cellulose
source can be varied to alter the glycerol penetration and hence the wt% crys-
talline change [32]. Reaction pathways between these polymorphs can be seen

in Figure 1.5.

(a) (b) ()

Figure 1.4: Ilustration showing common cellulose polymorphs. (a) shows the
cellulose I-« allotrope with parallel aligned, and mono-oriented polymers It is seen
in native cellulose and is of high strength. (b) shows the cellulose I-3 allotrope
with parallel aligned polymers with alternating orientations. It is also seen in
native cellulose. (c) shows cellulose II with anti-parallel polymer strands. It is
thermodynamically stable and is formed in regenerated or mercerized cellulose [9].
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Figure 1.5: Illustration showing the reaction conditions and pathways for conver-
sion between different cellulose polymorphs [9].

Dissolution of Cellulose

Cellulose solubility has been studied more extensively than that of SF and im-
provements in solvation performance show the importance of researching im-
proved solvation techniques. Historically, due to the insoluble nature of cellulose,
harsh and environmentally unfriendly chemical solvents have been used to dissolve
cellulose. Most commonly in industry, the viscose or lyocell process is used [11].
The viscose process uses CSs to derivatise cellulose going from alkali cellulose to
cellulose xanthate. This is essential to improve the molecular rearrangement in
the product formation but produces sulphur byproducts: sodium sulphate and
hydrogen sulphide. An appropriate level of substitution controls solubility and ki-
netic hindrance [33]. The entire viscose process is a major environmental concern
due to the emission of CS; and HyS [33].

Some aqueous solvents have achieved solubility without harmful emissions
or high energy consumption, such as Yue Xi et al., who utilised an aqueous
AlICl3/ZnCl, solvent system to dissolve cellulose at room temperature. It was
proposed that the smaller AI3* ions first penetrated to break hydrogen bonds
and provide additional coordination sites. Larger Zn** ions then break more hy-
drogen bonds to trigger diffusion and dissolution [34, 35]. These salts, however,
can still impact aquatic environments [36]. Hence, it is essential to utilise im-

proved solvent systems where possible. Nemoto and Nakamata used an ~ 80 %
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concentration ZnCly solution to produce vulcanised (partially dissolved and re-
generated) fibres [37] and Sharma et al. synthesised a low cost zwitterion capable
of dissolving up to 6 wt % cellulose [38]. A timeline of solvent use for cellulose

dissolution can be seen in Figure 1.6.

1857

Aqueous 1893 1923
complexing Viscose Acid 1982 1985 2002
agent process hydrolysis Carbonate/urea DMACc/LiCl Ionic Liquids

I 1 l l .t
! ' ! ! 1
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1890 1910s 1970 1980s-1990s 2000s
Cupro Aqueous NMMO Mercerisation Deep Eutectic
process salts/molten Solvents
inorganic
salt hydrates

Figure 1.6: Timeline indicating approximate dates at which new solvents for
cellulose were proposed and trialled [39].

Cellulose is rarely soluble in most common solvents due to a complex molec-
ular arrangement that is debated in literature. Azimi et al. propose extensive
intra- and inter-molecular hydrogen bonding is the cause of cellulose’s material
strength and insolubility [11]. Numerous other articles argue this neglects cel-
lulosic insolubility in polar hydrogen bonding solvent (like water and alcohols),
and hence propose that axial non-polar regions cause strong hydrophobic in-
teractions between glucopyranose rings. These cause an amphiphilic crystalline
structure with very sparing solubility in polar and apolar solvents as seen in Fig-
ure 1.7 [17, 22, 30, 40, 41]. This is contradicted by some older studies which only
discuss extensive hydrogen bonding as the cause of cellulosic insolubility [42]. In
addition, cellulose is stiffened by chair structures in its back bone which reduces
the increase in conformational freedom upon dissolution. This inherently makes
it less soluble than SF [17].

Cellulose solubility is dependent on degree of polymerisation (DP), impurities,
and temperature. It is proposed there is an upper limit for DP to remain soluble

in any solvent system [43]. Decrystallisation (via dissolution and coagulation) of
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Figure 1.7: TIllustration showing hydrophillic and hydrophobic interactions of
cellulose molecules. A shows the glucopyranose ring plane with inter- and in-
tramolecular hydrogen bonding highlighted. B shows hydrophobic attraction
between the axial C-H bonds of glucopyranose stacking.

native cellulose is seen to be exothermic due to the increased enthalpic stability
of amorphous cellulose and cellulose IT over cellulose I [43]. Direct dissolution by
solvent disrupts the internal bonding, while derivitizing solvents modify bonding
groups of cellulose to avoid formation of strong bonds [44].

Microcrystalline cellulose is seen to dissolve by a 'peeling’ mechanism of mi-
crofibrils into thinner crystals, prior to full solvation [45]. On a larger length-scale
it is seen that fibre exteriors are preferentially dissolved over their cores which
often remain in the native state [46]. Other literature has proposed dissolution
by formation of 'balloons’. These form by solvent penetration through a primary
rigid cellulose membrane. This swells the internal fibres which causes an anurism
of the fibre [22, 47].

1.2 Silk and Silk Fibroin

Silk is a natural animal protein. Silk, similarly to cellulose, forms a complex
semi-crystalline hierarchical structure in its native state. The most common
commercial silk is from the silk worm, Bombyx Mori, but silk is also produced by

spiders and other species [1].
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A Brief Introduction into the Hierarchical Structure of Silk

Materials

Natural silk fibres are typically formed of 2 filaments of SF with surrounding
matrix of gummy silk sericin to maintain integrity. The continuous phase of silk
sericin is removed by degumming using hot water, alkaline or acidic solutions,
or other methods. The structure can be seen in Figure 1.8 [1]. In Bombyz mori
silk fibres content is 66.5 - 73.5 wt% while sericin content makes up 26.5 - 33.5
wt% [48]. SF exists in heavy or light chains, of 390 or 25 kDa respectively, with
chaperonin-like P25 proteins in a 6:6:1 ratio [24, 49].

Polymer

Nanofibril (10-15 nm)

Fibroin filament

Sericin

Bave

Figure 1.8: Hlustration showing hierarchical structure of raw silk fibre with SF
core and sericin coating.

The source of this silk can alter it’s properties with variations in strength,
toughness, and finish. Spiders alone can have 7 different types of silk, controlled
by the amino acid content of the protein. Dragline silk, for example, is rich in
analine. The effect of glycine and analine amino acid content affects SF crys-
tallinity and resulting properties. Shear and elongation stress also controls con-
formation, and crystallinity. Silk can reach a strength to weight ratio five times

that of steel and three times that of kevlar [50].
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Crystalline Silk Fibroin

The high glycine content of SF (see Figure 1.2) allows for tight, and stable pack-
ing of antiparallel S-sheet crystallites of SF. These are associated with the me-
chanical strength of silk [1]. In its native state Bombyr Mori SF has a very
complex structure with differing amino acid sequences promoting high and low
order structures [51]. This typically consists of 56 + 5% [-sheet crystallites and
13 £ 5% a helix conformations with the remaining molecules disordered [52]. SF
can form silk I, II, or III. Silk I has an a-helix or zigzag spatial conformation and
is metastable. It is relatively soluble and often exists in phases within amorphous
or solvated regions [1]. Silk II is the less soluble, stable S-sheet crystal structure,
which is a monoclinic system. Silk III is an unstable polymorph only seen at air-
water interfaces in regenerated silk [13]. High silk II content is often associated
with preferable material properties like strength, and toughness. An example of
the complex hierachical structure of a SF microfibril can be seen in Figure 1.9

with the behaviour of the heavy and light chains also indicated.

Amorphous Phase | ZL .
~ Heavy chain

Turn

B'sheet crystallites

Disulfide bond

Figure 1.9: Ilustration showing hierarchical crystalline structures present in SF
microfibrils with the structure of the SF Heavy/Light chain dimer also shown.
The cylindric rods represent the highly organized (-sheet crystalline domains of
the Heavy chain connected by short linkers.

Dissolution of Silk Fibroin

Silk is seen to have similar dissolution mechanics to cellulose but is often less

studied than other equivalent biopolymers [1]. As with cellulose, SF has poor sol-
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ubility in many common solvents due to large numbers of inter and intramolecular
bonds in the supramolecular structure [52]. The basic requirement of a solvent
to solvate SF' is to be able to convert the polymer from crystalline form into a
fully solvated form surrounded by solvent molecules.

SF is seen to be soluble in some aqueous and organic salt solutions, harsh
solvents, and ILs. Despite this the DP can degrade heavily in traditional solvents,
while degradation in IL is dependent on temperature and dissolution time [1, 49].
Dissolution of silk fibroin in aqueous solutions of LiBr, CaCly, and Ca(NO3),
has been reported to degrade heavy chain fragments from 390-370 to 20-300
kDa. Even in the mildest conditions for dissolution in LiBr intact heavy chain
fragments were not detected by electrophoresis [49]. This could also be related
to the harsh conditions for removing sericin in many studies, often washing in
NayCOj solutions [49].

The energies of these solvations can be quantitatively estimated using calori-

metric parameters and dividing the enthalpy of solution into its components:

AHgs = AH,_ + AH,_y + AH,_, + AHg (1.1)

where AH,_ is the endothermic effect of solvent-solvent bond breaking, AH,_,
is the endothermic effect of polymer-polymer bond breaking (associated with
crystal structure decomposition), AH,_g is the exothermic effect of polymer sol-
vation, and A Hg; is the enthalpy of dilution [52]. Using this, Sashina et al. found
exothermic dissolution for silk films and fibres in BmimCl and BmimAc. The less
ordered film was seen to be more exothermic as expected and BmimAc had more
favourable solvent-polymer interactions then other ILs [52].

When in non-solvating liquids silk can swell 30-40 volume % with 2/3 of
absorbed solvent retained in the amorphous region [48]. The complex multi-
component nature of silk and cellulose fibres can cause variation in dissolution
mechanics. Non-uniform diameters and shapes can unevenly disperse the sol-
vent and cause inconsistent dissolution. Variation in composition from sericin to
SE or cellulose to lignin and hemicellulose across a sample gives inhomogeneous

dissolution behaviours. This causes large void formation that can be resistant
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even to compression during formation [53]. Understanding of these macroscopic
behaviours is essential to the application of these materials.

After dissolution SF commonly exists as random coils or a-helices which can
then coagulate into insoluble aggregates [21]. The conformation of silk is greatly
affected by solvent type, due to differing interactions with the amino acid groups.
In non-polar solvents hydrophobic fragments are better solvated which encourages
the formation of the a-helix structure by hydrogen bonding. In polar solvents

hydrogen bonds are instead attacked and transition to §-sheets is promoted [48].

1.3 Solvents

The relationship between solvent system and material components is both com-
plex and key to determining and predicting material properties. Differing sol-
ubility of components in the solvent control the length scale of reinforcement
and the dispersion of components and the potential degradation of those compo-
nents [48, 54]. Solvents of SF and cellulose are typically identified with a good
hydrogen bond destroying ability, by providing a new hydrogen bonding accep-
tor [55]. One example is 1-Ethyl-3-methylimidazolium acetate (EmimAc) which

-
o

/

Figure 1.10: Diagram showing the structure of EmimAc, an IL commonly used
for dissolution of SF and cellulose.

can be seen in Figure 1.10.

More volatile traditional solvents can cause protein molecular weight degra-
dation, while ionic liquids are commonly seen to better preserve polymer qual-

ity [3, 49, 56]. In general cases, SF is seen to experience degradation above 70
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°C in most solvents. In LiBr based solvent systems this can reduce the molecu-
lar weight of SF from 390 - 370,000 Da in raw material to 30,000-200,000 Da in
dissolved polymer chains [48]. The solvent system will greatly affect the reaction

conditions used.

Aqueous Solvents

The most common individual solvent is water. As a poor solvent for both SF and
cellulose this is often used with mechanical dispersion techniques and drying to
retain fibres and/or fibril structures without complete dissolution [57, 58]. Poor
solvent quality for both blends can however reduce miscibility and increase inter-
facial tension. Zhou et al. noted the formation of dendritic cellulose structures
above 30 % cellulose content in electrospun fibres from a water solvent. This
reduced spinnability and mechanical properties though other similair double net-
work hydrogels have shown high toughness and thermal stability [51]. Despite
this, strong composites can be formed using this solvent due to retention of the
raw crystal structures [58]. It has been found that crystalline cellulose is im-
penetrable to water while amorphous regions swell and partially dissolve [10].
Similarly, increased interactions from [-sheet stacking and blending can inhibit
water absorption even for typically water soluble SF [19]. Narita et al. produced
reasonably tough composites with tensile strengths of 249 MPa and 296 MPa
for compositions of 8:2 and 1:0 cellulose:SF respectively. They also had a tensile
modulus of 9.35 and 10.35 GPa for compositions of 8:2 and 1:0 cellulose:SF re-
spectively [57]. This highlights the potential use of water a green solvent without
use of high concentration salt solutions. Despite interpenetration of SF and cellu-
lose polymer matrices being confirmed by Raman spectroscopy and SEM images,
the material property increase at 9:1 cellulose:SF that was seen in studies with
better solvents was not seen by Narita et al. [18, 57]. This may be due to limited
solvation occurring and affecting the interfacial behaviour of the blends.

As dissolution mechanisms of aqueous systems often rely upon intrusion of ions
into polymer bundles, before dissolution into single chain states, hydrophobicity
of crystalline cellulose must be reduced. For this reason, dissolution of cellulose

in aqueous systems is often performed at low temperatures when polymer chain
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hydrophobicity is minimised [41]. This is because at higher temperatures more
intrachain hydrogen bonding is disrupted and instead 3 dimensional hydrogen
bonding networks stabilse the structure [41]. The quality of the solvent alters its
mode of action. Cuissinat and Navard defined 5 modes where, if 1 is an optimal
solvent and 5 is a non solvent, mode 1 is fast dissolution by disintegration into
long needles and mode 5 is no dissolution or swelling [47].

Aqueous high concentration neutral salt solutions are highly used in liter-
ature [57]. Though some examples, like NaOH/Urea/Water mixtures, do not
allow for solvation of cellulose or silk polymers at usefully high concentrations
(10 - 15 %) which is reflected in their low usage in literature [59]. This could
be the cause of the high use of IL solvents in literature which can dissolve these
biopolymers at a higher concentration. Though not yet seen in SF/Cell hybrid
composites, aqueous AlCl;3/ZnCly has been seen to dissolve cellulose easily at
room temperature up to 10 wt%. This can reduce polymer chain breakdown and
oligomer concentration in solution, which improves polymer recyclability. Xi et
al. found the mechanism was non-unique. Small radius, high charge ions (like
AIPT) first penetrate and break tight O3H-O5 hydrogen bonds. Larger ions (like
Zn**) ions then enter to break more hydrogen bonds and trigger diffusion and
dissolution [34]. Binary aqueous solvent systems remain underexplored so could

be a future tool for improving non-destructive dissolution of biopolymers.

Ionic Liquids

A potential future sustainable solvent class is thought to be ionic liquids (IL).
These are salts that melt below 100 °C. Typically, these have a heterocyclic, non-
hydrogen bonding, organic cation with asymmetry and ’awkward’ conformations
that frustrates crystallisation and reduces the T,, [36, 60, 61]. They are valued
due to high dissolving ability, negligible vapour pressure, chemical and thermal
stability, non-flammability, and potential recyclability but can be toxic by various
mechanisms triggering membrane rupture [11, 38]. ILs allow for customisation of
nucleophilicity and ability to break hydrogen bonds via alterations to the anion
or cation. EmimAc is the most commonly used cellulose solvent [11, 36]. Emi-

mAc can dissolve up to 27 wt % cellulose at room temperature and low moisture
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content [38]. The IL anion is often singly charged and small. Anions can be halo-
gens or small carboxylates (C17!, [Ac]™!, [NO3]~!) which allows for disruption
of hydrogen bonds in crystalline domains [21]. The strong anion cation associa-
tion of many ILs can cause high viscosity which can negatively affect dissolution
performance [35].

Viscosity reducing polymer mobility can be combated with cosolvents or by
increasing temperature [62]. Dimethyl sulphoxide (DMSO), see Figure 1.11, acts
as an efficient, available, and affordable cosolvent for this purpose [23, 63, 64].
DMSO is a suitable cosolvent, as it is aprotic and highly polar and hence does
not impede interactions between IL anions and cellulose [23, 64]. DMSO also
offers environmentally friendly sustainability, as it is produced as a by-product
from paper production [23]. It can be easily recycled and separated from poly-
mer /solvent/DMSO mixtures by distillation [65]. Computational and experimen-
tal studies indicate that DMSO in these systems acts as an ‘innocent cosolvent’,
defined as a cosolvent that does not affect the solvation mechanism [23, 66, 67].
Hawkins et al. showed that DMSO addition affects the rate but not the activa-
tion energy (E,) of dissolution [23]. Similarly, Tomimatsu et al. showed that the
solubility of cellulose in binary IL/DMSO mixtures is correlated with the hydro-
gen bond basicity 3, and that 8 does not change with increasing the DMSO mole
fraction (up to 0.9 DMSO mole fraction [64]). Also, the preferential association
of DMSO around IL cations makes anions more available for dissolution in binary
systems [68, 69]. Lastly, DMSO lowers viscosity and improves mass transport
in systems by reducing monomeric friction coefficients in biopolymer/IL/DMSO
solutions [23, 70]. Hence, the DMSO addition to IL systems can improve the
total biopolymer solubility and dissolution speed. Zhao et al. state that sim-
ilair aprotic solvents encourage 1L dissociation without preferential association
to cellulose hydrogen bonding sites. This provides additional anions from the IL
solvent to better solvate the cellulose [71]. This could provide a good opportunity
for further improving future studies by allowing solvation at lower temperatures
with less reduction of the DP of the biopolymers.

Lefroy et al. highlight a complex relationship between cellulose content and
IL type. They found an increase in viscosity and in the number of interactions

between the solvent and polymer molecules with increasing concentration. This
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Figure 1.11: Diagram showing the molecular structure of DMSO, a cosolvent
commonly used with ILs for the dissolution of biopolymers.

results in a decrease in ion mobility. This affected macroscopic viscosity more than
the microscopic viscosity. This is likely due to a larger effect on the energy barrier
for flow than the energy barriers for rotation and diffusion [72]. Sescousse et al.
found Cell-BmimCl solutions have a higher intrinsic viscosity than Cell-EmimAc
solutions [59]. Despite this C17! anion IL solvents are more prevalent than those
with larger anions. This could be due to the the increase in crystalline content
and hence material properties as seen by Love et al. [13, 59]. The importance of IL
cations was confirmed by an increase in 7] for large DP cellulose (DP= 730—830)
dissolved in EmimAc compared to large DP cellulose dissolved in BmimAc. This
was not seen with lower DP cellulose (DP= 180) which instead indicated that
anion effect was more considerable [72]. This agrees with findings by Sescousse
et al. who state that cellulose in EmimAc had an equivalent [n] value to cellulose
in BmimAc [59, 72]. This corresponds to equivalent solvent qualities which was
seen to decrease with increasing temperature [59]. Both studies utilise Avicel PH-
101 MCC (quoted with DP = 180) and Lefroy et al. compare this with Vitacel
powdered cellulose LO0O (quoted with DP = 730-830) [59, 72].

Stanton et al. also investigated the effect of IL type on the properties of
SF /cellulose composites. They studied coagulated samples and found that ther-
mal properties were independent of cation type, but anion type altered the S-sheet
configuration percentage and hence the thermal properties of the sample [73]. An
increase in sample crystallinity, material strength, and thermal degradation tem-
perature was correlated with increasing anion size with more hydrogen bonding
interaction sites. SF/cellulose composites can form amorphous or semicrystalline
structures with miscibility heavily dependent on solvent quality, so the range of

31.0 % to 58.9 % [-sheet crystal fraction seen when using differing IL solvents is
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very significant [73]. This study contradicted the conclusions about cation and
anion importance made by both Sescousse et al., and Lefroy et al. [59, 72, 73].
This could be due to the larger range of IL solvent tested by Stanton et al. (six
compared to two) or due to them testing during the coagulated rather than the
solvated phase. This implies an important effect seen during coagulation. Dif-
ferences in ’salting-out’ could give rise to this effect. ’Salting out’ is an effect
that encourages coagulation by increasing osmotic pressure experienced by wa-
ter molecules within the polymer chains. This is due to an enlarging difference
in concentration as IL concentration increases in the surrounding antisolvent.
This then encourages the formation of stable crystalline cellulose and SF struc-
tures [73]. Overall inconsistencies show that further investigation is required to

improve the understanding of these complex interactions [13, 59, 72, 73].

1.4 Composites

Throughout history the search for material developments has continued with
composite materials often being key to innovation. The term ’composite’ was
first used to describe the tough and durable bricks made of straw and mud by
Egyptian and Mesopotamian builders in 1500 B.C. [74]. Researchers now look
for new composite materials for use in everything from biomedical to aerospace
industries. Composites are hybrids mixes of two or more components that max-
imise and combine their individual properties. They are commonly seen in high
performance applications like planes, clothes, and packaging [75]. Composites
can have reinforcements, binder, and filler components of differing lengthscales,
from short unaligned nanofibres to complex 3D aligned fibre networks. Examples
of these structures can be seen in Figure 1.12. They are commonly formed of a

strengthening reinforcement and a ’'gluing’ element or matrix.

Natural Fibre Reinforced Composites (NFRC)

Textiles are commonly used as the supporting element of composites, in woven,
braided, knitted, or non-woven forms. These reinforcements have many benefits

including [75]:
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Figure 1.12: Schematic depiction of representative composites showing (a) lami-
nated epoxy composite; (b) particulate reinforced aluminium; and textile based
composites with (c¢) random short-fibre reinforcement; (d) aligned fibre reinforce-
ment; and (e) oriented three dimensional reinforcement made of planar woven
sheets [75, 76].

1. Controlled anisotropy with preferential loading directions
2. Good weight /strength ratio compared to other materials
3. Good integrity in extreme conditions

4. Good long term use and resistance to fatigue

Fabric strength comes from conversion of fibre strength to yarn strength to
fabric strength. When load is applied friction between fibres occurs then crimp
(or fibre curvature) is straightened to take initial load at lower stress [77]. Intro-
duction of a matrix can increase tensile strength, fibre loading and affect other
properties like barrier properties. Natural /biological fibres come from animals or
plants and include cotton, linen, silk, wool, coir and jute [4].

ASCs and ACCs ensures superior matrix-reinforcement adhesion at interfaces
and improved ease of recycling compared to traditional fibre reinforced polymer
composites [20, 78, 79]. Fibre reinforced composites can be altered by chang-
ing the lengthscale and direction of reinforcement between: discontinuous, ran-
domly oriented short fibres; linear aligned filaments; planar, two-dimensionally
aligned, woven fabrics; and three dimensionally aligned, complex, woven, rein-
forcements [75]. Although higher level reinforcement offers improved strength,
short fibre reinforcement reduces anisotropy, can have high mechanical perfor-
mance, and allows for the use of waste textiles [20, 75, 80]. Hjelm et al. demon-

strated effective use of post-consumer viscose textile waste with a thermoplastic
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binder matrix to create composites with a ultimate strength of 5.4 + 0.9 MPa

and scalable application in packaging [80].

Hybrid Biopolymer Materials

Miscible polymers can also be blended in the matrix of composites [1]. Blending of
different polymers allows generation of materials with specific and tunable prop-
erties. These blends can aid in material engineering by improving processability,
material uniformity, or by tailoring product properties [1].

In SF/cellulose composites properties can depend on dispersion, interfaces,
and properties of reinforcements and matrices [81]. Blend composition is vital
to indicate matrix strength and viability so underlies most analysis with this
complex and nuanced topic [3]. Noishiki et al. found a maximum toughness at
80 % cellulose content in solvent cast SF/MCC films [78]. Shang et al. coagulated
fully dissolved blends of degummed silk and MCC from BmimCl and maximised
thermal stability, water stability, and tensile strength at 75 wt % cellulose [19].

Blends

Combining SF and cellulose into hybrid blends offers unique compatibility and
useful properties that surpasses other composite examples [2, 78, 82, 83, 84]. In-
clusion of SF can improve the biocompatibility of the cellulose bioplastic and
aid in biomedical applications [85]. Hybrid materials have also shown improved
strain at failure and maximum stress compared to pure cellulose or SF coun-
terparts [18, 86]. This is due to the close molecular associations of SF and
cellulose as confirmed by the NMR studies of Tian et al. [18]. These show
that homogeneous blends of SF and cellulose, as indicated by atomic force mi-
croscopy in literature, contain close molecular association between SF and cellu-
lose molecules [18, 82, 87]. An adaptation of the proposed prominent points of
hydrogen bonding are shown in Figure 1.13.

As discussed in Chapter 4, the resulting properties of the blend films can be
understood with reference to double network theory. Double network materials

are formed of interpenetrating polymer networks where the properties of either
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Figure 1.13: The proposed molecular interactions of the SF and cellulose chains
with example amino acids adapted from work by Tian et al. [18].

pure network is in contrast with the other as network density, rigidity, molecu-
lar weight, or cross-linking density [88]. These materials can exhibit surprising
toughness based on theorised brittle ’sacrificial bonds’ failing at low strains prior
to total network failure [89]. Transient networks have even allowed creation of

self-healing gels and intriguing creep profiles [89].

Biocomposites

In composite preparation the resulting material properties are dependent on the
solvent, polymer concentration, coagulant used, drying method, and conditions
(temperature and pressure) at different stages of processing. This can affect ma-
terial properties like surface roughness, opacity, tensile properties, and more [90].
This can vary even more extremely with changes of the material type produced.
Throughout this thesis the term coagulation is used for the formation of solid
material from solution by introduction of an antisolvent. The term regenerated
is commonly used in literature but strictly refers to coagulation from a derivitiz-
ing solvent (i.e. a cellulose composite prepared by regeneration from the Viscose
process) [67].

Despite it’s importance many studies do not provide exhaustive descriptions
of their gelation conditions and causes. Many papers exclude the rpm of stirring

during dissolution, which is impactful in dissolution mechanics [19, 41]. Cho Hee
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Park show the importance of this by inducing gelation in methylcellulose/SF com-
posites from water by ceasing agitation. The rate of gelation was seen to increase
with temperature as polymer mobility increased [91]. This then affected network
formation as methylcellulose networks formed more quickly from the solvent due
to hydrophobic methyl groups present. A SF gel then formed slowly around the
methylcellulose network [91]. This technique results in methyl cellulose networks
with phase seperated SF rich matrix surrounding [91]. Control of every aspect of
preparation is essential in understanding the material being formed.

Temperature can induce gelation from aqueous solutions, though samples with
temperature induced gelation show broader XRD peaks. This indicates less crys-
talline order than other gelation techniques. This is due to thermal motion
increasing random association and entanglement [92]. In aqueous solvent, hy-
drophobic stacking of cellulose first occurs before hydrogen bond aggregation as
shown in Figure 1.14 [92].
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Figure 1.14: Figure indicating the mechanism for temperature induced gelation of
cellulose from aqueous solution. Blue coils and lines represent cellulose polymers
while red dashed lines indicate planes of crystalline stacking with Millers indices
labelled [92].

A common method of composite production is by coagulation of the poly-
mers from solution by submersion in an antisolvent or coagulant [11, 93]. This
is also known as solvent exchange [94]. Coagulants halt dissolution by prefer-
entially breaking solvent to cellulose hydrogen bonds in order to form hydrogen
bonds between solvent and coagulant molecules [22]. This is prevalent in ASCs
and ACCs. These self-supporting biocomposites are typically produced by two
methods [53]:
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e Complete dissolution of the polymer to form a solution that is applied to

undissolved fibres and regenerated.

e Partial dissolution of the surface of fibres followed by regeneration to form

the supporting matrix.

Of these methods, known as the one and two step method respectively, the
one step method is more common due to issues in using the viscous polymer
rich solution [12]. During regeneration of cellulose void formation can occur as
a result of differential shrinkage between the water rich non-crystalline gel, or
matrix phase, and the crystalline phase. Increased void formation correlates
to a reduction in tensile strength, and is pronounced at interfaces (50-100 nm)
compared to voids in the polymer matrix [45]. Mechanical strength of these

materials can be affected by:

1. Compression of the sample prior to solvent extraction.

2. Differences in precipitation/regeneration/coagulation conditions including

temperature, humidity, pressure, and time.

3. Differences in degree of polymerisation, morphology, or chemical composi-

tion based on polymer source [26, 45].
4. Difference in drying conditions including rate, temperature, and pressure.

5. Differences in solvation including solution wt %, solvent, aggregate size,

dispersion, temperature, and solvation [93].

Huber et al. use a solvent infusion process which utilises a vaccum to apply
constant pressure [53]. Fluctuations in applied pressure can cause ebbs and flows
in solvent capillary action which results in interlaminar void formation. Con-
stant pressure/compression provides more effective distribution and minimises
voids, which improves material properties [53, 95]. Even in single component sys-
tems differential shrinkage can induce dimensional instability and internal resid-
ual stress. This is seen to be reduced by the improved interfacial bonding of the

one step method in ACCs [96]. Despite these effects, in high level reinforcement
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composites, the quantity of matrix volume fraction is the largest factor in opti-
mising peel strength, and other material properties [20]. This is still very system
dependent with values ranging from 20 - 60 % matrix giving optimal values in
differing studies [20, 22, 81, 86].

System changes can alter crystal size and morphology which cause macro-
scopic changes to properties [45]. Some coagulations can occur below the melting
point of the pure IL and hence must be supercooled. These must be used quickly
to avoid nucleation and crystallisation [97].

Total dissolution induces a random coil/solvated conformation for SF and
cellulose molecules [56, 57]. This increases the amorphous content upon coagu-
lation. Instead samples can be prepared by using a poor solvent and mechanical
dispersion techniques before drying. This is commonly performed with water as
the solvent. Narita et al. ground purified SF (1 wt %) and cellulose nanofibers (2
wt%) in water to produce a slurry that was then mixed and dried to form compos-
ites [57]. This fibrillates both components without harsh chemicals and preserves
SF (-sheet structures. This gives rise to high strength samples. The maximum
tensile strength was 230, 249, and 296 MPa for 50, 80, and 100 % cellulose samples
respectively. The thermal degradation peak from thermal gravimetric analysis for
SF was at 313 °C compared to 270-300 °C for samples produced from concentra-
tion salt dissolution. This is due to retained [-sheet structures [57]. It may also
be due to a lack of chain degradation lowering the DOP [67, 98]. It is of note
that Narita et al. found very low strain at failure values in comparison with other
studies [57, 99]. This may be due to this method not reducing interfacial tensions.
The mechanical properties arise from individual fibril strengths with poor blend-
ing of biopolymers at interfaces. Luo et al. also note brittleness and reduced
strength in fully dissolved composites in which the multiscale fibrillar network is
destroyed and cannot be recovered [100]. Numerous degradation pathways also
exist that can affect fully dissolved composites. These include hydrolysis or oxida-
tion by environmental factors, or by presence of acids, oxidising agents, metals, or
microorganisms. Chemical alterations, chain scissions, and rearrangements can
also cause fragility and brittleness [101].

The alignment of fibres can be impactful and can be increased using extrusion

or electrospinning to prepare highly oriented composite fibres [86, 102]. Liu et
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al. used extrusion to create CNC/SF (1:19) fibres with Young’s modulus, tensile
strength, and breaking strain increased by 195, 160, and 130 % respectively com-
pared to pure SF fibers [102]. Within the dispersion, CNC fibrils bonded with
surrounding matrix to mimic and promote [-sheet crystallisation and increase
thermal and material properties [102]. Fibres often exhibit superior toughness
to films or gels due to polymer alignment [55]. Electrospinning is rarely seen in
literature despite its ability to prepare nanofibres with size control from nano-
to submicrometer length scales. This enables surface modification, alignment,
and drug encapsulation. Electrospinning allows for preparation of materials with
more continuous drug release than more conventional methods [103]. It could
offer a good future route for small scale applications, but its size limits its use for
larger applications.

For samples prepared by coagulation, the coagulant or coagulant composition
used has a huge impact on the properties of the composite produced and is of-
ten varied in literature. The coagulant affect is dependent on its polarity and
specific interactions between the solvent, polymer, and coagulant molecules [48].
In solvent exchange preparation methods methanol is typically used as the pre-
ferred coagulant to maximise material properties and SF [-sheet crystalline per-
centage [1]. Shu et al. confirmed methanol’s effectiveness in producing [-sheet
crystallinity in pure SF samples using molecular simulation [94]. This was in
comparison to commonly used acids and water. Despite this, water was often
used which shows clear potential alterations for the field. The majority of pa-
pers are also seen to use no coagulant due to the prevalence of drying and other
methods. This implies the complexity and variation in inducing gelation in nat-
ural systems. For example, Lefroy et al. and others induce concentration and
temperature dependent gelation from solution [72, 104].

Solvent interactions between the coagulant and the polymer control the crys-
talline polymorph due to the complex amphiphilic nature of the crystal structures
in natural polymers [22, 105]. For SF in non-polar solvents hydrophobic fragments
are solvated, encouraging the formation of Silk I or a-helix crystallites. Polar sol-
vents will attack hydrogen bonds and hence encourage the formation of apolar
stacked Silk IT or S-sheet structures [13].
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It is noted that SF solubility (in the amorphous or silk I states) in water can
lead to its loss when washing or coagulating in aqueous liquids and solutions [56].
Despite this the waters ability as a plasticizer can increase polymer mobility so
can increase the total S-sheet content by allowing polymer rearrangement [106].
The effect of this should be investigated further, with regards to water’s extensive
use.

The coagulation method also affects the material properties greatly. Zhou
et al. found that coagulating ’gently’ from a BmimCl solution in a methanol
atmosphere (rather than submersion in a bath) followed by gentle drying at room
temperature under vacuum produced strong films. This was due to the avoidance
of crystalline 'crusts’ on external surfaces and the slow process allowing extensive
chain alignment and crystalline formation [99]. This produced pure cellulose,
and 1:3 (SF:Cellulose) dry films with breaking stresses of 150 + 20, and 120 £
10 MPa respectively. These had Young’s moduli of 1.8 4+ 0.3, and 1.6 £+ 0.4
GPa respectively and breaking strains of 38 + 9, and 18 + 3 % respectively [99].
Conversely, Feng et al. prepared strong gels via cooling LiBr solutions and argued
stronger homogeneous dispersions were encouraged by rapid matrix formation.
This inhibits phase separation of hydrophilic cellulose nanofibrils [107]. Feng
et al. produced pure cellulose, and 1:3 (SF:Cellulose) dry films with breaking
stresses of 110 £ 10, and 73 £ 10 MPa respectively. These had Young’s moduli
of 3.8 £ 0.2, and 1.9 + 0.2 GPa respectively and breaking strains of 12 + 2, and
9 + 1 % respectively [106]. This controversy could arise due to the improved
solvent quality of the IL compared to the LiBr solution, the material type being
formed, or arise due to differences in film water content. The solvent difference
or the void content inherent in gels, compared to films, are the largest probable
contribution to this difference which may invalidate the sole claim of these papers
of speed of gelation effecting material toughness.

Love et al. investigated the effect of a secondary antisolvent by varying the
hydrogen peroxide content in aqueous coagulation baths. This showed an in-
crease in crystallinity and crystallite size with increasing hydrogen peroxide con-
tent [42, 82]. This is due to alterations in crystal spacing by HyOy hydrogen
bonding between polymer chains during IL removal [13, 42]. They favourably
hydrate the polymers, and ’salt out’ the present IL molecules [13, 42, 73]. This
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preferentially bonds to cellulose and SF polymers and stabilises low energy con-
formations. Upon drying hydrogen peroxide then forms gaseous oxygen and water
molecules to collapse polmers in situ into crystalline conformations [13, 42]. As
in other papers, cellulose crystallites are seen to act as nucleating or templating
agents for other polymers [13, 42, 108]. These papers don’t perform mechan-
ical analyses or utilise the more effective alcohol coagulants. This could limit
the effectiveness of the coagulant and hydrogen peroxide content in methanol
baths should be tested in future. Blessing et al. continued this study to test the
ionic conductivity of resulting composites and found increased ionic conductivity
with more SF content, and with increasing SF [-sheet content. Additionally,
in cellulose dominant blends, overall crystallinity correlated with improved ionic
conductivity [82]. This could be used to produce medical batteries.

Many papers utilise a secondary washing bath of water to wash composite
after coagulation [18]. This is thought to remove both remaining solvent, and
antisolvent molecules to allow final drying to occur with minimally toxic chem-
icals. This is due to competitive interactions. The strong interactions between
celllulose-EmimAc solution and water have been tracked by Kim-Anh Lee et al.
using viscometry [109]. Strong EmimAc-water interactions are implied by an
exothermic response upon water addition. With 1 wt % celullose solutions below
15 wt % water content Newtonian flow is observed and above swollen aggregates
form a shear thinning suspension. This is temperature dependent due to control
of preferential interactions and polymer coil size [109]. Viscosity also has complex
behaviour. It decreases up to 15 wt % water due to solvent viscosity reduction
and changes to polymer coil size. The intrinsic viscosity of cellulose peaks at 10
% water content due to preferential solvation occurring in local solvent composi-
tions [109]. This correlates with water-EmimAc interactions (=~ 93.64 kJ mol™!)
being favoured over water-water hydrogen bonding (~ 53.99 kJ mol™!) due to
EmimAc hygroscopicity [110]. This shows the importance of controlling water

content in IL solutions.

Applications of Hybrid Biocomposites

Using blends and composite materials we are better able to produce materials for

intended applications. Although fundamental research of cellulose/SF blends is
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interesting due to the miscibility and complex blending behaviours [13, 87] they
are often researched with intended applications in mind.

Much of the existing literature focuses on applications in biomedical fields [1,
13, 111], as SF can promote cellular adhesion and proliferation of fibroblasts
and keratinocytes [101, 112, 113]. SF composites can also be biocompatible,
biodegradable and non-toxic, though complex biological responses render bio-
compatability non-universal [2, 114]. As biological tissues are individual and
unique, biomimetic scaffolds or artificial tissues must be engineered to both repli-
cate extensive tissue properties and regulate healing phases. Artificial tissues
must then imitate or trigger the correct immunoresponse signals, which has been
achieved in hybrid systems [25, 115, 116, 117, 118].

Material tuning can allow for replication of highly variable native or artificial

tissue mechanical (shear, tensile, or compressive) moduli [119]:

e Articular cartilage - 0.4-1.6 MPa [119]

Native femoral artery - ~ 9.0 MPa [119]

Human medial meniscus - ~ 1.0 MPa [119]

Fixation plates - ~ 700 MPa [85]

Cancellous bone - 0.05-5 GPa [118]

SF' is confirmed to promote cellular adhesion and proliferation of fibroblasts
and keratinocytes [101, 112]. Another benefit for biomedical uses and tissue en-
gineering is that materials can degrade in vivo and trigger minimal inflammatory
response, while conventional alternatives require secondary surgeries[107, 120,
121, 122]. Composites have also been prepared with drug retention and release
capabilities that show some promise [91].

Min Lee et al. tested the composites for use specifically as a fixation plate
(typically 60-80 MPa tensile strength) for repositioning and fixation of fractured
bones with displacement. Metal plates can cause stress shielding (a reduction in
bone density due to the plate stiffness reducing typical stresses), and require post

operative removal [85]. Polylactic acid, poly-glycolic acid, poly-L-lactic acid,
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poly-D-lactic acid, and poly(lactic-co-glycolic acid) have all been used for re-
sorbable fixation systems with tensile strengths of 60-80 MPa [85]. These don’t
require removal but have 8.6% rate of complications, including foreign body re-
actions, wound dehiscence, granulation tissue growth, and device exposure. Min
Lee et al. produced SF and bacterial cellulose composite films with a tensile
strength of 68.28 MPa and high flexibility, which exhibited zero complications in
15 in vivo experiments as fixation plates in rats. This gives in vivo experimental
evidence of cellulose/SF blend films as effective biomedical implants with noted
improvements over existing equivalents. Previous data indicates a resorption time
of 2-4 years for these and equivalent materials [85].

Scaffolds of biomimetic materials are common forms of biosynergestic com-
posites and function as host environments for cell and tissue growth and prolif-
eration [111]. Eivazzadeh-Keihan et al. performed in vivo experiments to test
Mg(OH),/SF /Carboxymethyl cellulose hydrogels as scaffolds for wound dress-
ing [101]. Here the composites had a low hemolytic effect of 8.3 % compared to
97.5 and 1.2 % for positive and negative control samples. This indicated good
biocompatability. Wounds dressed showed improved healing compared to control
subjects over a 12 day test, augmented by the dressing and its high swelling capac-
ity. This allowed absorption of exudates to provide an optimally humid healing
environment [101]. This highlights the variability possible for specific medical
applications with differing composite material types. Ganguly et al. prepared a
hybrid composite scaffold of cellulose nanocrystals with an alginate-SF matrix.
This was shown to function effectively in vivo to improve bioactivity and wound
healing[123].

This differs greatly from studies intended for use as artificial cancellous bone
(with compressive strength and modulus of 2-12 MPa and 0.05-5 GPa respec-
tively), which instead use gel composites with larger voids [118]. Chen et al.
reported an ultimate compressed strength of 7.95 + 1.22 MPa with a compressed
cellulose, n-Hydroxyapatite, and SF (8:1:1) composite aerogel [118, 124]. This
compressive strength was larger than that of many other functional examples
(1.14-3.57 MPa) but less than that of biodegradable plastics mentioned above
(11.76 MPa) [118, 124]. These improvements are due to intercalation of the cel-
lulose scaffold by SF. Of note is a reduced toxicity found in these samples by
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biological assays in comparison with other materials, as well as a bone mim-
icking radial crystal conformation arising from preparation method of freeze-
drying [118, 124]. SF/cellulose composites offer a great solution for bone tissue
engineering in general. When preparing a composite for bone tissue engineering
it must provide [25, 112, 116, 117]:

e Appropriate surface roughness

e Appropriate permeability and absorption
e Correct release behaviour

e Porosity

e Structural stability

e Appropriate mechanical strength

e Thermal stability

e Biocompatability

e Biodegradability

This complexity requires careful preparation of aero- or hydrogels to meet
these requirements.

Gong et al. investigated phase separation and gelation at differing temper-
atures. They found an increase of gelation speed and phase separation with
increasing temperature, and prepared blend hydrogels that gelated after 1 hr at
37 °C [125]. This was then thermo-irreversible due to high stability. Though
only proposed for biomedical purposes this utilisation of thixotropy implies an
injectable nature which could be utilised for insertion of the composite gel by
non-invasive injection [125].

Supported nanocolloidal arrays can be prepared from hybrid blends but are
rarely seen due to material weakness [108, 126]. Despite this, they could offer
photonic properties that enable more varied and creative applications. Yan et

al. produced a photonic crystal array that gives optical changes on response to
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small chemical stimuli. With calibration this could easily be used as detector
for volatile organic chemicals [126]. SF provided the nanocrystal detective struc-
tures while cellulose provided toughness, which was deemed wearable by virtue
of being capable of folding or twisting 150 times before cracks appeared [126].
This wasn’t investigated with any traditional mechanical testing, so this evidence
seems unscientific and unreliable as a descriptor of material properties. These
materials were sensitive to humidity, organic compounds, and water content in
solvents. This is based on the bright diffractive colour based on the structure
and its refractive index. This is seen to follow Bragg’s law so that the maximum
diffraction wavelength is:
Amaz = 1.633(%)(1)20)(ngff — sin0)? (1.2)
where d is the planar spacing, m is the order of Bragg diffraction, here m

= 1, neg is the effective refractive index of the photonic crystal at given con-

D _
) D_O -
the incident light and the normal of the crystal surface. Interactions with SF

ditions 1 is the swelling ratio of the photonic crystal, # is the angle of
and the analyte alter the configuration and microstructure of the crystal. This
gives colour changes visible to the naked eye for tests with methanol, acetoni-
trile, acetone, ethanol, isopropanol, n-butanol, carbon tetrachloride, and toluene.
These give maximum transmission wavelengths of 470, 595, 600, 608, 612, 618,
623, 645, 646 nm respectively [126]. This creative application shows the poten-
tial for these materials for application in numerous fields. Other non-biomedical
applications for SF-cellulose hybrid materials exist, including strengthening and

restoring tapestries with chemically identical biopolymer solutions[24].

1.5 Project Motivation

Prolific use of plastics is deeply ingrained in modern day culture and is essential
to improving modern day life in numerous ways. However, the extensive bene-
fits of using plastics have come at the cost of environmental damage. Plastics
are largely non-biodegradable, non-renewable, and contribute to CO, emissions

driving global warming. Plastic pollution has doubled in the last decade, and
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460 million tonnes were produced in 2019 [127]. Reuse and recycling of plastics is
only a partial solution to this issue. The UK recycling rate for waste from house-
holds was 44.6 % in 2023 [128]. Globally in 2019, only 9 % of plastic waste was
recycled while 22 % is mismanaged, so other solutions must be found to combat
this issue [129].

Petrochemical polymers in many cases can conceivably be replaced with biopoly-
mers, which can be sourced from a number of renewable resources. In 2020, for
example, 109 million tonnes of textile fibres were produced. Textile waste is
an abundant waste stream with significant portions of both silk and cellulosic
content [130]. As we discuss throughout this work, these materials have great
promise for production of green materials.

Unlike petrochemical plastics, materials produced from biopolymers can largely
be enzymatically degraded and hence more easily reused within the natural en-
vironment [131, 132]. As it is impossible to avoid material entry into the envi-
ronment by littering, chipping, and other mechanisms, this degradation must be
considered in evaluating materials for use. Often, material choice is driven pri-
marily by metrics of performance and cost with sustainability becoming a luxury
commodity for consumers who can afford inferior materials or more direct cost
increases. It is a societal responsibility to create materials with tunable life spans
which can meet consumer needs without contributing to permanent environmen-
tal damage. Although the quantity of available textile waste may not address this
entire issue specific properties of both hybrid and reinforced materials discussed
in this thesis indicate fruitful use in specific applications. For example, signifi-
cant interest has been show in the automotive industry for interior panelling with
these materials.

It is hoped that this work will help contribute to the field of sustainable
materials by blending biopolymers to provide biological materials with potential
enhancements to material strength, stiffness, hydrophobicity, processabilty, and
biocompatibility. Furthermore, we test the opimisation of materials by inclusion
of reinforcing fibres with local hierarchical alignment. We hope this will elucidate
the first steps to improving self-reinforcing biocomposites with hybrid biopolymer
blends, and in turn direct future research and application of these materials in

a myriad of uses. In the future we can hope to replicate the quality achieved
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by the complex hierarchical structures of natural materials in a sustainable and

economic manner.

1.6 Thesis Overview

In this project, we intend to investigate both the matrix behaviour at a molecular
level and the material properties at the macroscopic scale. Then by preparing
films to characterise and understand the molecular interactions between silk fi-
broin (SF) and cellulose molecules and crystals in the solid state. Composites
will then be prepared to understand the material applications of these matrices
in composites. The structure for the experimental portion of this thesis is as

follows:

e Chapter 2 describes the experimental methods used to characterize, anal-

yse, and understand materials in this research.

e Chapter 3 discusses the dissolution of cellulose and SF in the chosen sol-
vent system of EmimAc and DMSO, to direct understanding of processing
of the biopolymers. The solvent composition is first varied to establish an
optimum, before the weight percentage is varied to test saturation concen-
tration. Polarized optical microscopy is utilised to establish the presence
or lack of undissolved biopolymer contents, and dissolution behaviour is

probed with rheology and nuclear magnetic resonance (NMR).

e Chapter 4 discusses the interactions of SF and cellulose polymers in solid
materials. We investigate the behaviours of fully dissolved and coagulated
hybrid films at various compositions and characterise the system with X-
ray diffraction (XRD), dynamic mechanical thermal, thermogravimetric,

and mechanical analyses.

e Chapter 5 discusses the application of polymer blends as matrices in re-
inforced biocomposites with short fibre reinforcements. The composites
are characterized using XRD, density analysis, tensile testing, optical mi-
croscopy, scanning electron microscopy (SEM), and acoustic insulation anal-

ysis.
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e Chapter 6 summarises the core findings of each chapter and comments on

possible future research and applications of the materials.
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Chapter 2

Experimental Methods

The emphasis of this study was to best characterise hybrid biopolymer blend sys-
tems and, to that end, numerous characterisation techniques were utilised. This
chapter aims to provide the required background to understand the techniques
used and evaluate the findings of the project in a suitable context. Generally,
and for each technique, we will establish broad principles used and also specific
technical details to allow for the reproduction and development of the studies
described. Due to the broad nature of characterisation possible, some techniques
have been used more sparingly to provide brief insight into certain behaviours or
applications dependent on the material in question. Accordingly, the depth of
background given for each technique varies with it’s importance throughout this
project, with mechanical testing ultimately driving the central understanding of

material behaviours for the materials.

2.1 Materials

This work studies the behaviours of hybrid blends from dissolution, to non-
reinforced films, to isotropically reinforced short-fibre composites and iterates
upon each process to further optimize the resulting material. For each chapter,
the fabrication method used will be specified but, to maintain comparable results

throughout, all sample preparation was performed with the following materials:

e Silk Fibroin for dissolved content: Degummed Bombyx mori silk thread
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2. EXPERIMENTAL METHODS

was purchased online (mulberry undyed spun silk from Empress Mills, U.K.)

After dissolution this silk is referred to as SF, as it comprises of mostly SF.

e Cellulose for dissolved content: Microcrystalline cellulose with an ap-
proximate 50 um particle size was purchased online (Avicell PH-101 Micro-

crystalline cellulose from New York, U.S.A.)

e The IL for dissolution: 1-ethyl-3-methylimidazolium acetate (EmimAc),
was purchased from Proionic (Raaba-Grambach, Austria), with a purity of
97%.

e The cosolvent used for dissolution: Dimethyl Sulfoxide (DMSO) was
purchased from Sigma-Aldrich (Devon, U.K.), with a purity of 99.9%.

e The antisolvent for sample coagulation: Methanol was purchased from
Fisher Scientific (Loughborough, United Kingdom), with purity of 98 %.

e Cellulosic short fibres for reinforcement in composites: CD60 milled

cotton flock was purchased from Goonvean (Devon, United Kingdom.)

e Silk short fibres for reinforcement in composites: CMS60 milled silk

fibre was purchased from Goonvean (Devon, United Kingdom.)

All materials were stored under dry conditions. In addition, EmimAc, silk,
and cellulose sources were dried overnight at 60 °C under vacuum before use to

remove the impacts of water on processing.

2.2 Macroscopic Mechanical Testing

When assessing a material for use, the bulk properties must be a primary con-
sideration of how it will perform. In particular, mechanical performance dictates
it’s suitability for different applications. We can think of this as the material

response to different applied forces. Force can be calculated as:

F=mxa (2.1)
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2.2 Macroscopic Mechanical Testing

where m = mass (g) and a = acceleration (m s72) . This shows us that ”heav-
ier” or more quickly accelerating objects exert more force, but doesn’t explain
then how a sharp knife can pierce relatively tough materials with little mass and
minimal acceleration. This is due to the sharp edge applying the force over a

small area, and hence applying a large stress where:

stress = o = F/A (2.2)

where F is force (N), and A is the area of impact (m?) [133]. This allows for
a better understanding of material affects when applying a force, by capturing
geometry as well as force applied. This applied stress can cause deformations in
the materials which can be described by the strain Normal strain, when a force

acts perpendicular to an object’s surface, is often denoted by epsilon, e:

strain =e = AL/L (2.3)

where L is the original sample dimension (m), and AL is the change in that
dimension (m) [133]. This is often given as a percentage, and can be calculated in
numerous different ways depending on the sample geometry. Different behaviours
can be measured depending also on how stress is applied to a material. The
most common example is to measure the stress while deforming the sample at a
constant strain or displacement rate = 4 = € to produce a graph showing stress
(y axis) against strain (x axis). Another common example is a creep test, in
which a constant stress is applied instantaneously and deformation over time is
monitored. Inversely, in stress relaxation tests a constant strain is applied and

the stress response over time is measured.

Material Behaviours

Upon application of a given stress many materials display complex material prop-
erties with viscous (or Newtonian) and /or elastic (or Hookean) properties. Elastic

solids deform depending on the strain:

o=Fxe¢ (2.4)
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where F is the spring constant, or elastic modulus. Viscous materials deform
with stress dependent on the rate of strain:
UZHXZ—Z:UX7 (2.5)
where 7 is viscosity (Pa s) and ¢ is time (s). The combination of these two
behaviours is often modelled as a combination of viscous ’dashpots’, and elastic
'springs’. This can give rise to complex behaviours depending on the proper-
ties of the material. This gives a measure of time-dependency to all mechanical
measurements of real-world materials that demonstrate viscoelasticity.
We can then consider a typical tensile test as performed in our research, at
a constant displacement rate. Stress and strain for extensional testing are de-
fined by Eq. 2.2 and Eq. 2.3 respectively, where A is the cross-sectional area of
the sample (m?) and L is the initial length (m). Samples were initially cut into
a dumbbell shape then extended uniaxially between two clamps at a constant
displacement rate as shown in Figure 2.1. Dumbbell shapes were used to min-
imise the impact of clamping forces, reduce the possibility of slipping, and ensure
sample failure occurred in the tested central region. The force and extension was
measured, and converted to stress and strain with initial measurements of sample

width, sample depth, and clamp separation.

A

-

¢

Yo

Figure 2.1: Example schematic of a tensile test performed on a given dumbbell
sample.
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2.2 Macroscopic Mechanical Testing

An annotated example of the stress/strain graph produced from this data can
be seen in Figure 2.2. As is typical of a polymeric material, both elastic and

viscous behaviour can be seen.
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Figure 2.2: Example stress/strain graph for a tensile test of a SF/cellulose film.
Annotations indicating elastic and plastic regions, and three key metrics measured
have been included. The area under the curve is proportional to the energy needed
to break the sample.

Figure 2.2 shows an example of a polymer film tested at a displacement rate
of 5 mm/min. Labelled in the diagram are examples of key metrics and regions

corresponding to different mechanical behaviours:

e In the elastic region the material obeys Hookean laws described in Eq.
2.4 as intermolecular bonds are reversibly stretched. Elastic deformation
is characterised by reversibility, as the polymer network can recover to it’s
original shape if stress is removed. The stress here is proportional to strain
in the sample, and the average gradient can be calculated to describe the
Young’s Modulus. This refers specifically to the modulus in extension

and is equivalent to Eq. 2.4 rearranged to give:

Yy —

(2
€

(2.6)
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2. EXPERIMENTAL METHODS

Hence, the Young’s modulus can be though of as the stress required to
deform a material over a given distance. This modulus will be utilised for

all extensional testing in the remainder of the thesis.

e In the plastic region intermolecular bond energies are overcome to encour-
age dislocation and movement in the polymer network. The mesomolecular
structure changes as loading continues and the polymer network is rear-
ranged. This viscous behaviour is characterised by a permanent deforma-
tion which would not recover if the sample is released, due to the dislocation

of constituent polymer chains.

e Finally, samples undergo failure, where a maximum stress is achieved and
sample components begin to fail, and then rupture, where the sample frac-
tures completely and stress drops to zero. The maximum stress achieved
indicates the sample strength and ability to be loaded before it fails. The
strain at failure is taken to indicate the materials ductility. The energy

needed to achieve this failure is proportional to the area under the curve.

The sample geometry affects stress and strain values as these are extrinsic
properties (a property not inherent to the material), unlike moduli at a given
temperature which is considered an intrinsic property. This can be considered
as the simple relationship that Stiffness = Modulus x Geometric Factor. For
example, thicker samples are perceivably ’stiffer’ than thin films [134]. Some of

these geometric factors are given in Table 2.1 below.
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2.2 Macroscopic Mechanical Testing

Table 2.1: A list of qualitative sample descriptions with recommended testing
fixtures and the relevant geometric factors given. Note: though these rules may be
helpful in special circumstances other testing fixtures may be required [133].z;, s,
and ys are the dimensions for rectangular samples, r, is the radius for samples
with a circular cross section, and 6 is the cone angle in a cone-plate fixture.

Sample Description Testing Fixture Geometric Factor
Very Hard or Stiff Gel ~ 3-pt Bending (bar) 4z3 /23
Pliable or Soft Gel 3-pt Bending -

Dual Cantilever 162,92 /23
Film or Fiber Extension 2sTs/Ys
Fluid or Suspension Parallel Plates 2112 [y,
(Rheology) Cone and Plate 2mr? /360

If a sample is considered to be fully isotropic then small deformations in dif-
ferent testing modes will be comparable, but this is not the case for most samples
which exhibit local or macroscopic anisotropy [135]. Hence, in this project we
made extensive use of three-point bending flexural testing. This is most useful for
samples which are significantly affected by clamping required to test in extension.
For example, brittle films may crack from the compressive pressure required to

avoid sample slippage. An example diagram of this testing mode can be seen in

}:
A A

|

Figure 2.3: Example schematic of a flexural test performed on a given rectangular
sample where depth = d, width = b, support span = L and the sample is deformed
by D at a given strain rate and the load, F is measured.

Figure 2.3.

an
(%
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The flexural strain was calculated using the equation for rectangular cross

section samples in three-point bending [135]:

6Dd
where €, is the strain in the outer surface (m/m), D is the maximum dis-
placement of the centre (m), d is the thickness of the samples (m), and L is the

support span (m). The flexural stress was calculated using the equation [135]:

_3FL
- 2bd?
where F' is the load (N), and b is the width of the sample (m). Notably, the

geometry can affect the stress, strain, and modulus and so the accuracy of these

(2.8)

of

results is also dependent on measurements of the samples themselves. Errors in
sample measurements can lead to erroneous results. Also, it should be noted that
flexural testing is more dependent on geometry than extensional testing, due to
squared terms, so extensional testing is more ”error tolerant” [133].

When comparing flexural testing to tensile testing in composite samples it
must be considered that the flexural stress and strain equation models deforma-
tion only for the maximally deformed outer layer of the sample, compared to
extensional testing which models the entire cross-section. As failure occurs at
the weakest point in a sample, there is less chance of failure/crack propagation
in flexural tests where the surface shows no defects [135]. Compressive resistance
of polymeric materials can increase calculated stress values for flexural testing
due to contributions from the internal stresses on the internal bending edge [133].
This must be considered when evaluating mechanical performance in different
modes. One must also consider behaviours at different rates of applied stress as

this can affect the contributions from viscous and elastic behaviours.

Application and Response to Static Stress/Strain

In general, the strength tests described so far only measure short term behaviours.
The subjective concept of 'toughness’ and other properties are themselves func-

tions of numerous variables related to material and testing conditions [136]. To
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probe polymer relaxation and the fundamental material behaviours over a long
period a static test is used. Here we can apply a set stress or strain and mea-
sure the material response. These not only provide basic information about the
polymeric material but indicate the material response under an approximation
of real world use. Long-term response can have a huge impact on performance
and significant creep is seen in many polymeric materials, like natural actin fila-
ments [137, 138, 139].

As discussed in Section 2.2, springs and dashpots can be used to model and
visualise viscoelastic behaviours in creep with some success. Simple models in-
clude the Maxwell model (spring and dashpot in series), which models immediate
stress reduction when strain is removed, and the Voigt-Kelvin model (spring and
dashpot in parallel), which deforms after strain is removed but lacks the instan-
taneous response from some samples [133]. A four-element model is often seen as

an acceptable comprise between accuracy and complexity as visualised in Figure

2.4.
§ El

E,

Figure 2.4: Four element model for approximating creep-recovery response with
dashpot /spring models [133, 140].

Molecularly, we can consider dashpots as the resistance of the chains to uncoil-
ing. The springs can be considered as a representation of the thermal vibration of
chain segments seeking the lowest energy arrangement. The overall deformation

can then be modelled as [133]:

+ ()l ) (2.9)
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where oy is the applied stress, F is the elastic constant, n is the viscous con-
stant, and g—z is the relaxation time of the polymer. Efforts have been made to tie
additional elements in this model to real world components, though the veracity
of this has been questioned. It may be of more value to provide this modelling as a
complement to bulk measurements [140]. To that effect we performed creep tests

and derived the max strain and irrecoverable strain for each cycle as indicated in

Figure 2.5.
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Figure 2.5: Creep test diagrams indicating example analysed data taken from
a measurement cycle of a polymer film for both (a) the flexural strain, and (b)
the flexural stress. Indications are included for the irrecoverable strain, and the
maximum strain in creep tests for samples held at 8 MPa.

From Figure 2.5, the irrecoverable strain indicates the viscous contribution to
polymer behaviour while the maximum strain captures contributions from viscous
and elastic deformation during each cycle. Typical creep can be described by three
stages: primary creep represents a region of rapid deformation and transient creep
contributions; secondary creep has a near constant gradient ; lastly, tertiary creep
is also rapid deformation due to necking and reduction of the sample cross section
before fracture [141]. Mechanisms of the creep deformation can be extremely
varied from translational network relaxation, to elastic responses associated with

the entanglement and elongation of molecular chains [137, 142]. Similarly, by
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applying static step strain to a sample the stress relaxation behaviours can be

probed as shown in Figure 2.6.
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Figure 2.6: Stress relaxation diagrams indicating the analysed data taken from a
measurement cycle of a polymer film for both (a) the flexural strain, and (b) the
flexural stress. To note, the irrecoverable strain is taken as a percentage of the
total flexural strain of each cycle, at approximately 1 %.

Figure 2.6, indicates bulk measurements indicating key behaviours arising
from this testing. Irrecoverable strain again indicates viscous behaviour while
max stress is a measure of the materials initial resistance to deformation, or
stiffness. In response to a step strain in the linear regime stress relaxations can

be fit with a stretched exponential to gather data on relaxation lifetimes [139]:

G(t) = Gyexp (—(—-)?) (2.10)

™

where G is the plateau modulus, 7, is the macroscopic relaxation time, and 3
is the stretching exponent. These values give insight into the mean relaxation time
of the system and the distribution. It is still important to note that these complex
systems are difficult to model with individual parameters, so could be aided in
future with complementary tasts like X-ray photon correlation spectroscopy [139].
Though outside of the scope of this project, time and age dependence could be
further probed by looking further into relaxation dynamics [137, 138, 143].
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Application and Response to Dynamic Stress/Strain

Using Dynamic Mechanical Analysis (DMA) we can investigate major transi-
tions as well as secondary and tertiary transitions often unidentifiable with other
methods. We can also characterise bulk properties that directly affect material
performance [133]. In DMA we apply a dynamic oscillatory stress and measure
the material response, which allows us to alter the frequency or temperature to
investigate different internal structures or polymer behaviours. The DMA can
be either stress or strain controlled so can be used for both stress relaxation and
creep measurements as described above. An example of a typical equipment setup
is shown in Figure 2.7.

Force motor
/

/ Mobile clamp
L\(DT Sample
e — Stationary Clamp
| —
I

*

Thérmometer

Fixture

Figure 2.7: Illustration showing equipment set-up for a typical DMA machine.
The Linear Variable Differential Transformer converts linear motion into an elec-
trical signal.

Common DMA apparatus allows for different testing procedures including
flexural, tensile, and compressive tests. The choice of testing geometry is affected
by numerous factors but can selected based broadly on qualitative observations,
given with the required geometric factor, shown in Table 2.1.

By application of sinusoidal force to deform a sample, understanding can be
gleaned about the behaviour of polymeric materials. This is often applied in a

sinusoidal fashion as:
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o(t) = ogsinwt (2.11)

where o is stress at time t, 0g is maximum stress, w is the speed of oscillation,
and t is the time. This results in a sinusoidal deformation if performed in the
linear regime. The response can be dominated by an elastic response (like a model

spring) at the Hookean limit:

e(t) = % sinwt = gq sinwt (2.12)

where € is strain, ¢p is the maximum strain, and F is the modulus. The
deformation can also be dominated by viscous behaviour (like a dashpot) at the

Newtonian limit:

e(t) = w% sin(wt + m/2) = we cos(wt) (2.13)

where 7 is the viscosity. As seen with our other testing, the actual deformation
is a combination of these two responses. The difference between the applied stress
and the resulting displacement can be quantified as a phase lag, §, as seen in

Figure 2.8.

0.8
0.6
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Figure 2.8: Diagram showing applied sinusoidal force and resulting sinusoidal
deformation.
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After applying trigonometric calculations the vector sum of the two contribu-

tions can give the overall or complex strain of the sample:

e =¢ +ig” (2.14)

where £* is the complex strain, ¢’ is the elastic strain related to storage of
energy, and €” is the viscous strain related to the loss of energy. Using this one
measurement can be used to calculate both the elastic/Young’s modulus (E’)
and the viscous/loss modulus (E£”). The tangent of the phase angle is a common
measure used, known as damping, which indicates how efficiently a material loses

energy to molecular rearrangements and internal friction.

tand = E”/E' =n'/n" =& /¢ (2.15)

where 0 is the phase angle, 7 is the energy loss contribution to viscosity, and
n” is the elastic contribution to viscosity. As tand is proportional to the ratio
between moduli, geometric factors cancel out, and the value is independent of
geometry. This can be beneficial to provide consistent measurements between
samples where geometry or force applied may vary. Variation in tand with tem-
perature can be used to glean insight into polymeric relaxations and will be the
focus of our studies.

When cooling a polymeric system from melt, if complete crystallisation does
not occur, an arrested amorphous solid forms known as a glass. This corresponds
to the reduction in larger-scale cooperative « relaxation associated with a glass
transition temperature [143]. Shorter length relaxations are labelled hierarchi-
cally as 8 then v relaxations. Due to complexities in identifying relaxations in
large biomolecules these will be referred to broadly as local or secondary relax-
ations. It is also noted that local fundamental relaxations lead hierarchically
to larger « relaxations and even macroscopic material properties [134, 143]. The
Crankshaft model can be used to visualise some of the motions in a model polymer
chain as seen in Figure 2.9 [133]. Although the local (5 and ) relaxations show
local motion it is impossible to identify specific group motions due to correlated

motion [143, 144, 145, 146]. Some insight can be found for specific components
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and it is shown that secondary relaxations in both silk and cellulose are associ-

ated with sorbed water molecules [146, 147, 148]. This will be discussed more in

experimental chapters.

Coordinated
movements

4
Buiyojons

il
Bending '\

Figure 2.9: Diagram showing the Crankshaft model which highlights motions of
a polymer chain associated with certain relaxations. These motions only occur
when sufficient free volume or energy is provided [133].

The strength of the / transition (indicated by the amplitude of tan(d)) can
correlate well with material toughness as the molecular mobility improves energy
absorption [133, 134, 149]. This was termed the ”activation barrier” for defor-
mation by Bershtein et al. [150]. This has been shown to be misleading if the
transition does not sufficiently disperse energy or correspond to a larger scale
correlate chain motion that does [133]. In this thesis, transitions and relaxations
are investigated with temperature ramps at a given frequency. A visual depiction
of some typical behaviours can be seen in Figure 2.10.

Challenges exist with the use of DMA to understand modified polymeric ma-
terials with fillers, modifiers, or blends. These must be understood in terms
of their bulk effects, and hence any molecular insights must be taken with this
in mind [134]. Polymer blends, often used to toughen otherwise brittle materi-
als, can have interesting morphological results depending on the polymer blends
molecular interactions [3, 18, 73]. Bulk behaviours are also controlled by blend

behaviour. For example, a blend of two miscible homopolymers or a random
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Figure 2.10: An idealized temperature ramp scan showing various labelled molec-
ular relaxations for a polymeric material [133].

copolymer often has a single intermediate T,. Block copolymers, graft copoly-
mers, and immiscible blends often display the T, of both constituents [133]. This
will be of consideration in our analysis of blend materials.

Many attempts have been made to model the average T, of binary polymer
blends including the Gordon-Taylor and Couchman—Karasz equations [151]. If a
mixture is assumed to be entirely homogeneous, miscible, and monodisperse it
can be modelled with the widely applied Fox model:

1 1 To
Tg = T_g1 + T_g2 (2.16)
where x; and T, are the molar fraction and glass transition temperature of
components 1 and 2 respectively [151]. This model assumes full compatibility so
fails in biopolymer blends which can show phase separation, molecular complexity,
and polydispersity [1, 151]. Deviation from the modeling can instead be used to
indicate the presence of these behaviours.
Cellulose and SF gels can be thought of as similar to a thermoset plastic, due

to extensive hydrogen bonding and amphiphilic stacking. This inhibits molecular
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Table 2.2: A list of average bond strengths and lengths for some generic inter-
molecular interactions. [153]

Force Strength / kJ mol™! Length / nm
Van der Waals 0.4-4.0 0.3-0.6
Hydrogen bonding 12 - 30 0.2-0.3

Ionic interactions 20 0.25
Hydrophobic  interac- < 40 Varied

tions

motion. Due to this, an estimated Tm occurs above the temperature of degra-
dation for either polymer chain and only ’secondary’ transitions can be easily
accessed with DMA [1, 113]. These transitions can be considered as changes
in free volume for the polymer. As the space available for the chains increases
with thermal expansion larger and larger segments begin to move and give rise
to thermal transitions.

When studying a polymeric material with temperature ramps or scans the
temperature of a transition will be frequency dependent [133]. This can be utilised
with the Arrhenius Equation to derive the activation energy of a transition, which
can alternately be used to understand the scale of motion [152]. As a rule of

thumb, activations for typical transitions are approximately [133]:

o E,(T,) ~ 300 - 400 kJ g~
o E,(8)~20-30kJ g

e E,(7)~3-4kJg!

This can offer an understanding of energy barriers restricting different length-
scales of motion within a material [152]. Though related, direct comparison of
these values is not possible with typical bonding energies shown in Table 2.2.
They can, however, be considered when visualising contributing forces to each

transition.
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Testing procedures

Tensile tests of the samples were carried out on an Instron 5564 universal test
machine equipped with a 2 kN calibrated load cell at room temperature. Tests
were performed on laser cut dumbbell shapes of type V according to ASTM D638
(or on rectangular strips of 5 mm width and of 30 mm length if films were unable
to be laser cut). Samples were gripped with sandpaper at clamping points to
minimise slippage. The gauge length was 25-30 mm. The cross-head speed in
the direction parallel to the film is indicated in the appropriate section as this
was varied to identify different behaviours. The tensile Young’s modulus (in the
initial linear strain range of 0.0-0.5%) was measured from the resulting stress
strain curves. Flexural tests were performed on samples using the same machine
equipped with a bending fixture and a 2 kN calibrated load cell. The flexural
modulus at the maximum stress was calculated from the stress strain curves and
was calculated at the outer surface of the test specimen at mid-span. The flexural
strain was calculated using the equation for rectangular cross section samples in
three-point bending [135].

Quasi-static testing (creep, and stress relaxation tests) was performed in three-
point bending fixtures. These were performed on a dynamic mechanical analyser
(TA Instruments DMAS850.) For creep tests, 8 MPa of stress was applied as
this was within the elastic region found from flexural testing for all samples in
preliminary flexural tests. For stress relaxation tests 1 % flexural strain was used
as the displacement held, as this was within the elastic region of all samples in
flexural testing. The flexural modulus at the maximum stress was calculated
from the stress strain curves and was calculated at the outer surface of the test
specimen at mid-span.

All the DMTA tests were performed on a TA Instruments DMA850 under
DMTA strain mode. A temperature ramp test was performed with a tempera-
ture range of -110 to 0 °C; a temperature ramp rate of 3 °C min~!; the frequency
was 1 Hz; and the dynamic strain kept between 0.05-0.1% depending on the opti-
mal signal quality [144]. A preload force of 0.1 N was applied to maintain sample
tension throughout oscillation. Data is reported as a function of increasing tem-

perature due to reduced system control in descending ramp tests [144]. After
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testing, peaks were analysed by least squares fitting to gaussian peaks and re-
moval of background noise. When deforming samples, 0.5-20 microns amplitude
is optimal, and this should remain in the linear regime at all test conditions for

the test sample.

2.3 Rheology

Rheology is the study of the deformation and flow of materials in response to
applied forces or stresses [154]. We can consider materials as defined by Eq. 2.4
and 2.5 but characterise the solution or suspension of polymers in solution as
opposed to a solid material. This gives rise to technical testing differences. The
liquid samples are hence characterised by shear stress using rheological parameters
as defined by the two-plates model. A sample is placed between two plates
separated by a gap, h. The bottom plate is stationary and across the top plate
a force, I, is applied over the surface area, A. The shear stress, 7, is defined
as [154]:

F
. 2.1
T (2.17)

The viscosity can then be defined by rearranging Eq. 2.5 when the stress
applied (o) is the shear stress (7). The resulting velocity, v, of the upper plate is

measured and a shear rate is defined as:

V=1 (2.18)

The flow properties of a sample can hence be characterised with rheological

testing. This shear model can be seen visualised in Figure 2.11.

Plate with surface area, A F

I >

3 v

h

v=0

——>
——
—>
>
N

Figure 2.11: Diagram of the two plates model [154].
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2. EXPERIMENTAL METHODS

In this thesis rheology is used to characterise the shear rate dependent viscosity
of polymer solutions to understand macromolecular solution behaviours under
appropriate dissolution conditions. This can be used to highlight thixotropic and
shear-rate dependent behaviours. Some examples of different flow behaviours can

be seen in Figure 2.12, though further discussion can be seen in Chapter 3.

Newtonian Behaviour
Shear Thinning
—Shear Thickening

Viscosity

Shear rate

Figure 2.12: Viscosity functions indicating example behaviours of model solu-
tions. Curves for shear thinning (where viscosity reduces during shear) and shear
thickening (where viscosity increases during shear) solutions are also shown.

Testing Procedures

Rheological measurements were performed using an Anton Paar MCR302 stress-
controlled rotational rheometer (Luton, United Kingdom) with 25 mm parallel
plate geometry. The temperature was controlled with a P-PTD200/62/TG Peltier
system (Luton, United Kingdom) and a circulating bath. Steady shear experi-
ments were examined at a shear-rate range from 1 to 100 s~! at 100 °C. This
range was chosen to minimise the effects of DMSO evaporation, by reducing the
run time of individual experiments. To minimise water uptake and DMSO evapo-
ration during experiments, the edges of the sample were coated in a low-viscosity
silicone oil, and a solvent trap loaded with DMSO was prepared around the sam-
ple. This minimised the effects of solvent evaporation and water evaporation on

solution viscosity [109, 132]. Each sample was heated to the desired measure-

o4



2.4 Nuclear Magnetic Resonance (NMR)

ment temperature for 1 min and then pre-sheared for 1 min at 1 s™!, to ensure
adequate heating throughout.

In samples with Newtonian behaviours, viscosities at 1 s=! before and after
testing were taken to check the effects of water uptake and evaporation. Values
within the bounds of uncertainty indicated that the effect of solvent evaporation
was negligible during these tests. Due to the small shear rate range tested, and
Newtonian behaviours seen in the range, zero shear rate viscosities derived from a
Cross equation fitting were deemed inappropriate. Instead, viscosity values were

taken from an average over plateaued regions.

2.4 Nuclear Magnetic Resonance (NMR)

Nuclear Magnetic Resonance (NMR) spectroscopy is a sensitive and versatile tool
capable of elucidating molecular structure, order, and dynamics. NMR is gen-
erated by the quantum spin states of the nuclei comprising the studied material
and can be understood to varying levels of complexity and depth. We will briefly
outline the theory required to understand typical NMR as follows.

In nuclei possessing an odd, mass or odd atomic number a quantized spin an-
gular momentum and resulting magnetic moment can be seen. The most common
examples are protons, 'H, and carbon-13, '3C. Though normally isotropic, these
can be aligned by application of an applied magnetic field, By, which results in an
energy difference between aligned and unaligned spins as shown in Figure 2.13a.
This difference depends on the strength of the applied field which also controls
the population of each state as described by a Boltzmann distribution. Once
aligned, as shown in Figure 2.13b, the nuclei precess around their axis with an
angular frequency, w, proportional to the applied field [155].

After macroscopic magnetization, the vector is rotated by a radio frequency
(RF) pulse through 90° into the perpendicular plane. This process can be seen in
Figure 2.14a. The precession then induces a voltage in the pick-up coils which is
measured as the free induction decay. This is subsequently Fourier transformed
to provide a typical NMR spectrum, as shown in Figure 2.14b [158]. In practice,
each nucleus does not experience the same magnetic field but a small locally

induced magnetic field. This is because of electron motion inducing an opposing
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—

Energy, E

Magnetic Field, B,

Magnetic Field, B, Unaligned p Aligned
(a) (b)
Figure 2.13: Diagrams showing (a) the spin-state energy separation between the

a and (3 spin states as a function of the strength of the applied magnetic field (By),
and (b) net magnetisation and alignment of the magnetic moments [155, 156, 157].

magnetic field and shielding the nucleus. Hence, it is possible to understand
the local chemical environment of a nucleus by the chemical shift relative to a
reference compound. As this chemical shift is dependent on the applied field it is
typical to divide it by By to make it independent. Chemical shift, ¢, is typically
given in parts per million or ppm.

Solid state NMR can be used to investigate structure and dynamics in macro-
molecules in the solid form[156, 158]. However, in cellulose the featureless and
broad proton signal can obscure 'H spectra and increase the complexity of inves-
tigations [18]. For this reason, and due to the availability of proton signals in con-
sidered ranges, analysis of solutions can be more easily performed by investigating
the solvent molecules [159, 160]. We use this well established technique to under-
stand the dissolution process in our system as discussed by Zhang et al. [160, 161].
More detailed investigation can also be performed with more advanced techniques
like fast-field cycling NMR or multi-dimensional NMR, [72, 158]. Though not
within the scope of this investigation, these could be used in future to better

understand entanglement states and diffusion mechanics in hybrid solutions.

Testing Procedures

'H NMR proton spectra were acquired using a Magritek Spinsolve desktop NMR

spectrometer at 25 °C. Sixteen scans were taken with a 3.2 s acquisition time,
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RF pulse

v
N
_i
Amplitude

\

Frequency
(b)
Figure 2.14: Diagrams showing (a) the principles of operating pulsed NMR with
initial build-up of magnetisation and rotation through 90° by the RF pulse, and

(b) the measured free induction decay NMR signal and the resulting NMR spec-
trum after Fourier transform [158].

a 4 s repetition time, and 90° pulse angle. In our analysis, spectral band ‘e’; as
defined in Section 3.3 and corresponding to the EmimAc cation methyl group,
was used as an internal reference signal and assumed to have a fixed chemical
shift independent of the biopolymer concentration. Other 'H NMR studies on
imidazolium-based ILs indicate that the chemical shift of this spectral band is
largely independent of extrinsic variables, such as IL concentration in water/IL

solutions and cellobiose concentration when solvated in EmimAc [160, 161, 162].

2.5 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a technique where a sample is continually

weighed while heating under an inert gas atmosphere. In TGA the change in the
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mass of a sample is measured as a function of time which can be used to deter-
mine the thermal stability, composition, purity, decomposition reactions, decom-
position temperatures, and absorbed moisture content of the sample [163]. We
will discuss dynamic TGA where the temperature increases over time as mass is
recorded. This allows simultaneous analysis of volatile products and the tempera-
ture at which a change occurs. The phenomenon causing each mass change can be
physical effects(gas adsorption, gas desorption, phase transitions, vaporization,
sublimation), or chemical effects (decomposition, gas reactions, chemisorption).
The measurement taken generates a thermogram. This gives information about
sample composition distinguished by relative thermal stability. This can be seen
in Figure 2.15a. A derivative weight loss curve can be used to highlight the most

apparent weight loss as seen in Figure 2.15b.
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Figure 2.15: Thermograms showing (a) the decay and analysis of a pure silk film
indicating mass losses resulting from water desorption and decomposition of silk,
and (b) the first derivative of the thermogram indicating clearly the temperature
of each mass loss.

Using the model proposed by Hadadi et al. one can also understand the
morphology of blend polymer samples studied with TGA [164]. It is proposed
that interfaces decompose at lower temperatures than pure crystals based on the

different energies required to overcome the adhesive forces between chains [13,
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164]. This can be seen visualised in Figure 2.16, and has been noted in studies

of SF/cellulose blends to occur due to partial phase separation [13, 164, 165].

I e A e 6

Decomposmon

Figure 2.16: Diagram indicating the model for blend polymer materials proposed
by Hadadi et al. In the blend, interfaces decompose first at a lower temperature
and release single component crystals. After melting, the pure crystals decay at
a higher temperature [164].

Testing Procedures

All TGA tests were performed on a Shimadzu TGA50. Alumina cells with 20 mg
samples were used with a nitrogen purge with a flow rate of 50 ml min—!. The
temperature ramp rate was 10 K min~! from 30.0 - 500.0 °C. Weight percentages

of each film component were calculated as a percentage of the total weight tested.

2.6 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a common technique used to track sample morphology,
that can determine a sample’s composition or crystalline structure. Broadly, it
uses constructive and destructive interference of diffracted X-rays to ascertain
distances between atomic planes. Firstly, X-ray radiation is emitted by electron
bombardment of copper by thermionic emission in a vacuum. We filtered the
source to only consider the Cu Ka emission. The incident beam then is scattered
by present atoms and scattered from successive planes in the crystal will travel
distances differing by exactly one wavelength. This constructive intereference
gives rise to clear signals corresponding to plane seperations when the Bragg’s

law is satisfied:

nA = 2dsin 6 (2.19)
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where A is the wavelength of the X-ray, d is the spacing of the crystal layers,
0 is the incident angle between the ray and the scattering plane, and n is an

integer. This can be seen schematically in Figure 2.17.

Incident % / Diffracted
X-Ray \ y X-Ray
N
N P
g \ 9 0 / Atomic scale
crystal lattice
o’

Figure 2.17: Diagram showing the concept of Bragg’s law. Two X-rays with
equivalent wavelengths are scattered by atoms in a crystalline solid and the second
beam travels a further length of 2dsinf. Constructive interference occurs when
this length is equal to an integer multiple of the wavelength of the radiation which
gives rise to distinct spectra [166].

In a two dimensional scan this scatter appears as a circle which is scanned
by 26 and [ angle changes as described in Figure 2.18. We can measure this in
one dimensional scans across the 26 angle, while crystalline orientation can be

interpreted from the a (or azimuthal) angle also shown in Figure 2.18.

Incider}

X-Ray

Diffracted
| x-Ray

Figure 2.18: Diagram showing the angles of rotation (26, 5, o) around a sample
being scanned with XRD.
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XRD was first used by Segal et al. to estimate total crystallinity in native

cellulose. This was done empirically using the equation:

-[min

Imax

I,=1— (2.20)

where [, is the crystallinity of cellulose I, I,., is the minimum intensity at
Bragg angle 18.0 °, and [, at Bragg angle 22.7 ° which corresponds to the
characteristic peak of cellulose T [167]. This is useful for high crystallinity sam-
ples but can be affected by contributions from other scattering peaks so is often
innaccurate. A similar method can be performed at different Bragg angles to find
other polymorph % crystallinities. We opted to fit sample spectra with gaussian
peaks as shown to be more effective in literature [168, 169]. For all spectra, af-
ter correcting for geometric projection, the background signal was removed and
gaussian peaks were fitted to the signal with a least squares method to estimate
contributions from different polymorphs [168, 169]. To derive the peak posi-
tion and intensity ratio of different cellulose II indices they were fit within +2°
of reference literature peaks and intensity ratios were calculated by the area of
gaussian peaks [170, 171]. An amorphous peak was also included. With cellu-
lose II peak ratios fixed, the cellulose I peaks were fit with a cotton fibre sample
known to include undissolved cellulose I content to ascertain peak positions and
ratios [67, 79]. With the positions and ratios fixed between all cellulose I and all
cellulose II peaks, composite samples were then fit by varying the intensity of the
amorphous, cellulose I, cellulose II peak sets. The areas were then compared to
calculate crystallinity index of each polymorph, where the crystallinity index is
calculated as the ratio between the area of the crystalline contribution and the

total area of all peaks. This process can be seen in Figure 2.19.

61



2. EXPERIMENTAL METHODS
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Figure 2.19: Spectra of (a) an example showing procedure for removal of both
background signal and signal baseline, (b) a fully dissolved and coagulated cellu-
lose film showing gaussian fittings of amorphous and cellulose II peaks present in
signal, (c) a cotton fibre showing the gaussian fittings for amorphous, cellulose II,
and cellulose T peaks, and (d) an example composite sample with fitting based on
peak positions and intensity ratios derived from cellulose film and cotton fibres.

This process was also repeated with SF with the derived polymorph peaks
then being used to fit an XRD spectra for a hybrid sample. This method of data
acquisition was deemed unreliable as, due to signal overlap between the Cellulose
IT peaks, the broad amorphous peak, and the Silk I and II peaks the assignment

of peaks may be misleading. This contributes to existing issues with direct eval-
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uation of crystallinity from XRD intensities [166, 169]. Additionally, changes in
peak broadness could result in different non-unique analysis results and hence
misleading results. Different diffraction profiles may also affect peak intensities
for each polymer and further mislead XRD analysis [168]. This could further
contradict direct comparison of crystalline percentages from XRD intensity anal-
ysis. Fourier-transform infrared spectroscopy may offer a more reliable crystalline
morphology analysis tool. This has been used in numerous examples to ascertain
the ratio of Silk T to Silk IT crystallinity [1, 3, 13, 169]. In this manuscript, XRD

was used to establish the presence of undissolved cotton fibres in ACCs.
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Figure 2.20: Spectra of (a) a fully dissolved and coagulated SF film showing
gaussian fittings of amorphous, SF I, and SF II peaks present in signal, (b) a fully
dissolved and coagulated hybrid film showing gaussian fittings of amorphous, SF
I, SF 11, cellulose I, and cellulose II peaks present in signal. Notable overlap is
noted causing this fitting to be unreliable.

Regeneration of cellulose after dissolution can be measured by monitoring
transformation of cellulose I to cellulose II. This is commonly seen throughout
literature. This phenomenon links decrystallisation to dissolution and crystalli-
sation to regeneration [43]. This can be modelled as a pseudo 1° order reaction

where:

d/.

= kopel, 2.21
pn b (2.21)
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where [ is the crystallinity, ks is the observed decrystallisation rate constant,
and t is time. Both k., and I. can become time-dependent if the study is non-
isothermal. This can then be used with the Eyring equation to derive the Gibbs
free energy, enthalpy, and entropy of decrystallisation (AG, AH, AS.) Wang
and Deng found that AH and AS were -61.82 kJ mol~! and -0.56 kJ K= mol~!
respectively for dissolution in an alkaline urea solution [43]. The exothermic
reaction indicates the increased stability of cellulose II. The negative entropy can
contribute to a positive AG which indicates an unfavourable reaction process.
Notably, this negative entropy is likely caused by the stiff cellulose chain reducing
conformational freedoms upon dissolution. The negative entropy shows why this
specific solvent system is more effective at low temperatures, which reduces T in

the Gibbs Free energy equation:

AG = AH — TAS (2.22)

Where T is temperature. Stanton et al. contradict this by reporting regener-
ation of cellulose I crystalline morphology in low SF content hybrid composites.
They also state cellulose microfibril diameter decreases with increase of SE' con-
tent [73]. Despite this, it is generally accepted that the more stable cellulose IT
is always formed upon regeneration, with Kroon-Batenburg et al. even labelling
the two polymorphs native and regenerated cellulose respectively and stating the
change is invariable upon regeneration [30].

XRD was also used to track the total dissolution by loss of fibre orientation as
measured by an azimuthal scan. By tracking a percentage loss of peak intensity as
the fibre goes from aligned to isotropic this indicates the dissolution process of an
orientated fibre. This is similar to Equation 2.21 but utilising crystal orientation

rather than polymorph content change.

Testing Procedures

X-ray studies of the films were performed at room temperature, using Cu Ko ra-
diation (A = 1.54 A) at 40 kV and 30 mA (DRONEK 4-AXES Huber Diffraction-
stechnik GmbH & Co. KG, Germany). The films were mounted on a goniometer.

The diffraction intensity data was collected in transmission mode. XRD data was
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primarily collected with an equatorial (26) scan from 20 = 8 to 30°, at a scanning

1

rate of 0.02° min~" and a 26 step of 0.2°. For some samples an azimuthal («)

L and

scan was also performed from 0 to 180° at a scanning rate of 0.02° min~
a 260 step of 0.2°. XRD results indicated complete dissolution of cellulose was

achieved in films by conversion from Cellulose I to II [67, 79].

2.7 Imaging

For qualitative understanding and visual characterization, samples were imaged

both optically and with scanning electron microscopy (SEM).

Optical Microscopy (OM)

Optical microscopy is used for imaging of samples and particles above the micron
scale as limited by a resolution of approximately 0.2 — 1.0 micron due to the wave-
length of the illumination. In addition, imaging of particles is typically performed
at low magnifications (< 100x) to maintain a sufficient depth of focus [172]. Of
particular interest in our samples was the characteristic birefringence of the mate-
rial. Because of the anisotropic crystalline structure of cellulose and SF polymers,
the refractive index in our samples is a direction dependent quality. This is par-
ticularly true of hierarchically aligned structures, like fibres, in which the fibre
aligned refractive index is lower than that in the perpendicular direction [173].

The magnitude of the birefringence can be described by the following equation:

An=n| —-n L (2.23)

where n || and n L are the refractive indices in parallel and perpendicular
directions to the anisotropic structures, respectively [173]. It should be noted
that birefringence in these materials is the sum of contributions from orientation
birefringence from chain anisotropy; glassy birefringence from deformation strain
of glassy regions; and form birefringence from micro- or nanoscale patterns of
the material. Overall optical birefringence is then related to retardance by the

following equation [173]:
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R = QLdAn (2.24)
A

where R is retardance, d is the thickness (nm), and A is the wavelength of
light (nm). Though this can be used to find many properties, we have used it
with polarizers to provide insights and identify aligned polymers. The presence
of birefringence samples can be seen clearly through cross-polarized transmis-
sion microscopy and identifies undissolved content. Birefringence of a sample can
depend on differences in purity, wavelength, type of processing, source, and mea-
suring temperature [173]. Some example images of these effects can be seen in
Figure 2.21. In thicker samples where transmission imaging was unclear, reflec-

tion imaging was performed.
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Figure 2.21: Images of (a) Microcrystalline Cellulose (MCC), (b) raw silk fibres,
and (c) a solution with fully dissolved polymer content after dissolution. Exam-
ples of samples with partial dissolution can be seen in Section 3.All images are
taken at x20 magnification using transmission cross-polarised light microscopy.
Scale bars shown are equivalent to 250 microns.

Representative samples were taken and imaged on glass slides. Images were
taken at 5-20x magnification using a Leica cross-polarised light microscope (Lon-
don, United Kingdom) with a Nikon D7200 digital camera (Tokyo, Japan). Mul-
tiple images were always taken across the whole sample to ensure that the results
were fully representative of bulk sample behaviour, though they show an example

of a local region.

Scanning Electron Microscopy (SEM)

Insights into material behaviour can also be garnered from higher resolution imag-

ing with SEM. This is a widely used technique to directly ascertain the mor-
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phology of material samples due to it’s high magnifications and large depth of
field [174, 175, 176, 177]. SEM’s depth of field arises from the narrow electron
beam used for imaging [178]. As the technique uses an electron beam samples
must be coated in a conductive material to avoid the build up of static charge,
which could otherwise cause artifacts in imaging [178]. Samples must also be
dried as imaging is performed under a vacuum [178]. We used this technique to
better analyse the morphology of composite samples.

For SEM, cross-sectional samples taken from tensile testing were first coated
with a 20nm carbon layer using Leica ACE 600 evaporative coater (Deerfield,
US). Samples were then imaged using an Hitachi SU3900 SEM (Chiyoda, Japan)
at 15kV accelerating voltage and under a vacuum of 50Pa. Images shown are
from the ultra vacuum detector collecting secondary electrons and scale bars can

be seen included in all images.

2.8 Complementary techniques

A host of techniques were used for indicative measures of performance and ap-
plication of the materials discussed in this thesis. These provide valuable insight

into applications and future research but are not central to the analyses discussed.

Density Analysis

In our testing we consider both the bulk density and the true density of the
samples. These are distinguished as the density of the entire object, including
any macroscopic pores, and the density of the material excluding any structural
cavities. As the true density is measured using intrusion of nitrogen gas it can be
assumed voids below the size of a single molecule are not considered (3-4 A). By
measuring both of these values we can compare molecular and structural impacts
on sample density, though it is widely seen that the largest cause of density
reduction is internal voiding, as evidenced by Yong et al. [179]. In literature, the
density of silk fibroin and cellulose fibres or films is (1.3 - 1.5 g cm™?) [21, 180, 181].

The bulk density of samples was calculated as the mass divided by the total
volume. RS PRO digital calipers (Corby, UK) were used to measure thicknesses.
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Five measurements were taken and a mean average was obtained. The cross-
sectional area was obtained with ImageJ for each sample as seen in Figure 2.22.
The density was then calculated by dividing the mass of each sample by its

volume.

Figure 2.22: Image of example composite with yellow outline drawn during surface
area calculation in ImageJ. Calibration of image for accurate sizing was performed
using a rule of known length not shown in the image. Scale bar shown is equivalent
to 5 cm.

Gas pycnometry was used to determine the true density of the samples. Mea-
surements were taken with an Ultrapyc 5000 from Anton Paar (Luton, United

2 sizes before purging and equili-

Kingdom). Samples were pelletized into 5 mm
brating to 20 °C for 1 minutes. A flow of nitrogen at 18 psi was used on samples
of approximately 10 cm?® volume. Values were taken as an average over 5 runs in

which variation percentage was lower than 0.1 %.

Water Contact Angles

Wettability of samples was measured using contact angle testing, as wetting can
play an important role in biological, chemical, and physical processes. These
include controlling antimicrobial properties, liquid adhesion, and interfacial at-
tachments [182) 183, 184, 185]. The contact angle can depend on the size, pore

size and roughness of the surface of the prepared material [182, 184]. It is also
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noted that, though water insoluble, cellulose and silk fibroin interact with water
molecules via hydrogen bonds [184, 186]. Hence, these materials absorb or desorb
water from the environment to reach an equilibrium moisture content, dictated
by the hydrogen bonding site accessibility within the network [147, 184]. These
intermolecular interactions can dictate the wettability, and permeability of these
materials. The contact angle of these materials can therefore be taken as a rep-
resentation of the hydrophobicity of these samples [182, 183, 184, 187]. We will
use this to rationalise some behaviours observed in our testing and the literature

for different SF and cellulose materials.

Contact angles were measured by an Attension Theta Optical Tensiometer
using the sessile drop method. 5 ul of deionised water was placed on the surface
of the film and the mean contact angle determined by fitting the Young-Laplace
model to each side-profile image of the deposited droplet using automatic baseline
detection. To minimize the impact of air-gaps, a drop of water was suspended
from a needle, and then the film surface was carefully brought into contact with
this hanging droplet. Values reported in Section 4.3 represents the mean result
derived from a minimum of five tests averaged between 30 and 60 s after droplet
deposition, obtained from various locations on the film surface. Images from an

example test can be seen in Figure 2.23.

Figure 2.23: Images of the first five frames taken of contact angle testing of an
example hybrid film sample. On the first frame a diagrammatic label shows the
definition of contact angle used, #. The spreading mechanism over time can be
clearly seen for the water droplet on the micrometer.
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Acoustic Insulation Analysis

When a sound wave impacts upon a barrier the sound energy is either reflected,
transmitted, or absorbed and dissipated as other energy forms. A visualisation

of this can be seen in Figure 2.24.
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Figure 2.24: Schematic demonstrating different sound wave behaviours after im-
pacting upon an acoustic barrier.

The acoustic performance of a material is quantified in one of two ways:

e Sound absorption is a measure of absorbed energy against reflected en-
ergy. It indicates how well a material stops noise reverberating within a
room and can be measured as the noise reduction coefficient. This quanti-
fies the ability of the partition, at specific mid-range frequencies (250 Hz,
500 Hz, 1000 Hz, and 2000 Hz), to reflect noise. It ranges from 0 (complete

reflection) to 1 (no reflection).

e Sound insulation is a measure of how well sound is restricted from trans-
mitting between two locations. It is often expressed in acoustic transmission

loss.

Acoustic transmission loss (TL) in decibels (dB) can be defined as a ratio of
the sound energy transmitted through a treatment versus the amount of sound

energy on the incident side of the material where:

t
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where W; and W, are the sound energy in watts of incident and and transmit-
ted waves respectively [188].

For limp, non-rigid partitions the more mass of the wall the more sound energy
required to set it in motion. Hence, the TL increases with mass increase. The
mass law states that the TL increases by 6 dB when mass is doubled [189]. In a
generic material with some stiffness one must consider the impacts of mass, stiff-
ness, damping, resonance and coincidence [188]. An example of these behaviours

at different frequencies can be seen in Figure 2.25.
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Figure 2.25: A diagram showing model acoustic transmission loss behaviours
at different frequencies when impacted by resonance, coincidence, and the mass
law [188].

At low frequencies, fundamental resonance impacts transmission behaviours.
When the driving (incident) frequency matches the natural frequencies of the
sample the system oscillates and transmits sound effectively [190]. This can be
reduced with damping. Above this mass law dictates behaviour and it is said to
be mass controlled [188]. Coincidence occurs when the frequency of the incident
sound matches the bending wavelength of the wall. The bending wavelength refers
to the wavelength of acoustic propogation through the material. When these
correspond the sound energy can be efficiently transferred through the material

so the TL presents a large dip at these frequencies [189].

72



2.8 Complementary techniques

Acoustic metamaterials are materials that offer improved performance outside
the expected behaviours shown in Figure 2.25. This could include increased TL
or sound absorption at low frequencies. These behaviours are dictated by geo-
metric, structural or stiffness architectural choices and can allow targeted sound
absorption and TL [191]. Some examples include cavity based, membrane-type,
gradient-indexed, impedance-matched, scatterer-based, and ventilated metamate-
rials [191]. Dynamic microstructures, where internal variations may allow changes
in response to external stimuli, can control sound wave propogation. Internal
resonance can even allow an effective negative mass density and impact greatly
the refraction, or reflection of incident sound waves [191, 192]. Natural fibres
have been shown to contribute to these behaviours in building insulation appli-
cations [193, 194].

The sound transmission loss of normal incidence was measured using a BSWA
impedance tube (Beijing, China) according to ASTM E2611-17. Tests were con-
ducted from 1000 - 6300 Hz in a 30 mm tube (SW477). The test frequency span
was 2 Hz and testing was performed at room temperature. Samples were pre-
pared with a 30 mm diameter and care was taken to ensure the samples were

snug with the interior tube surface [195].

Dealing with Uncertainties

Throughout this project standard error (SE) was used to calculate the uncertainty

for each set of measurements where:

SE = T (2.26)

where o is the standard deviation of the sample, and N is the number of
samples in the set. Unless otherwise stated, N > 3 for uncertainties provided. In
cases where multiple samples were not possible to test instrumental uncertainties

were propagated as noted in the text.
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Chapter 3

Dissolution of Silk Fibroin and
Cellulose in
1-ethyl-3-methylimadizolium
Acetate and Dimethyl Sulphoxide

How can we dissolve silk and cellulose with sustainable solvents?

1. 1-ethyl-3-methylimidazolium acetate (EmimAc) improved by dimethyl
sulphoxide (DMSO) cosolvent reducing viscosity and aiding mass transport.

2. Optimal EmimAc:DMSO ratios found for silk fibroin and cellulose polymers.

3. Polymer network structure and solvent thermodynamic quality affects
dissolution speed and saturation i

EmimAc:DMSO

Microcrytalline Fully Dissolved
Cellulose Mixing Polymer Solution

N

Microcrystalline
Cellulose

8:2
EmimAc:DMSO
Silk Fibroin/Cellulose
Hybrid film

Degummed Silk

100 °C

Figure 3.1: Graphical abstract indicating the study performed to understand
dissolution behaviour of SF and cellulose in solvent mixtures of EmimAc and
DMSO.
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3.1 Introduction

Though the potential for biopolymer materials is extremely high, their widespread
use is curtailed by challenges in processing them due to inherent insolubility and
low degradation temperature [1]. Therefore, when considering the challenge of
implementing these materials, one must first aim to understand the processing
variables involved in their manufacture. This can offer energy saving, processing,
and economic benefits. For example, the paper industry requires an operating
temperature of around 170 °C for conversion of wood shavings to pulp [196].
Catalysing this process or improving the solvent system could reduce this re-
quired temperature. In Germany, up 75 % of industrial energy demand is from
heating [197]. Also, due to the inherent impact of biopolymer source, one must
optimise the dissolution procedure for any new material to maximise production
and reduce degradation [64].

Despite the evidence of it’s effective application, investigations into the Emi-
mAc:DMSO solvent system in dissolution conditions for application in composites
are rare [20, 23, 67]. SF and hybrid systems also remain poorly understood de-
spite their intriguing applications [104, 198, 199]. Using solvent systems that are
not optimised for a specific process can impact material results. For example,
longer dissolution times at higher temperatures can incur biopolymer degrada-
tion [72]. Hence, optimising the speed and effectiveness of the dissolution process
offers both greater efficiency and retained material quality.

In this chapter, the EmimAc:DMSO solvent system is tested and optimised
for the dissolution of SF fibres and MCC in conditions similar to those utilised in
composite preparation studies [87, 96, 99] but not yet investigated with respect to
their solution behaviours. The EmimAc:DMSO ratio is systematically varied for
the dissolution of SF fibres and MCC to establish an optimal solvent composition
for both biopolymers. Interestingly, the optimal solvent ratio was found to differ
for dissolution of MCC and SF fibres. The established optimal solutions were
then tested at a range of weight percentages of the biopolymer. Polarised optical
microscopy is utilised to establish the presence or lack of undissolved biopolymer
contents, and the dissolution behaviour is probed with rheology and nuclear mag-

netic resonance (NMR). Characterisation at multiple length scales allows for the
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understanding of macroscopic and molecular dissolution behaviours. Ultimately,
the proposed systems are demonstrated to produce homogeneous solutions, which

we apply in the later production of hybrid biopolymer films and composites.

3.2 Materials and Methods

Due to potentially complex aggregation behaviours of undissolved raw fibres, a
brief preliminary investigation was performed to test dissolution behaviours of
silk and cellulose sources in an example of the chosen solvent system (8:2 Emi-
mAc:DMSO). This ratio was selected as an example of used for effective dissolu-
tion in other studies [20]. This was done with the aim of achieving dissolution to
the pm lengthscale to investigate phase behaviour of the system without complex
hierarchical fibre structures impacting the study.

After 48 hours it can be seen that dissolution of all flock was still not achieved
for both raw silk and cotton flocks. Aggregates could be seen in solution, and
no change was noted form 12 to 48 hours. Hence, images taken at 48 hr were
taken to represent maximum dissolution under these conditions with these sam-
ples. This may be due to gelation occurring around fibre aggregates due to large
DOP polymers present in these raw flocks. Without bleaching, mercerization, or
degumming no DOP degradation had previously occurred. This causes a reduc-
tion in the entanglement concentration and increases solution viscosity at given
concentrations compared to more processed fibres. Hence, for investigations into
shorter lengthscales, processed cellulose sources and degummed silk fibres were
prioritised.

Although comparative measurements to evaluate DOP were not taken, DOP
degradation is known to occur during processing allowing easier dissolution, and
reducing solution viscosity [52, 114]. Though not within the scope of this project,
gel electrophoresis could be used to further characterise DOP and hence a more

quantitative measure of its effects in composite behaviours in future studies [200].
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Figure 3.2: Images of (a) raw cotton fibres, (b) raw silk fibres, (¢) MCC, and (d)
degummed silk fibres dissolved at 100 °C for 48 hr at 200 rpm. All samples are
5 wt% of the mentioned solvate in a 8:2 EmimAc:DMSO solvent mixture. All
images are taken at x20 magnification using transmission cross-polarised light
microscopy. Scale bars shown are equivalent to 1 mm.

Sample Preparation

Materials used are described in Section 2.1. Images of the degummed silk fibres
and Avicell MCC can be seen in Figure 3.3.

MCC or silk fibres were weighed according to the biopolymer weight percent-
age of the sample, and solvents were weighed according to the target solvent
composition. Polymeric solids were firstly dispersed in the relevant weight of
DMSO, then stirred and preheated to 100 °C for 30 min. The relevant weight of
EmimAc was preheated at 100 °C for 30 min then mixed with the dispersed solids
in DMSO. Solutions were then stirred for 48 h, at 100 °C, at 200 rpm to produce

pale yellow to dark amber transparent solutions. SF solutions showed a darker
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Figure 3.3: Images of the (a) degummed silk fibres and (b) Avicell MCC. All
images are taken at x20 magnification using transmission cross-polarised light
microscopy. Scale bars shown are equivalent to 1 mm.

colour than cellulose solutions. All dissolution was performed in a sealed atmo-
sphere to minimise water uptake. Throughout this study, the solvent composition
is referred to as the ratio of EmimAc to DMSO in the form EmimAc:DMSO. The
biopolymer content is stated as a weight percentage of the total solution, for

example, “10 wt% SF”.

After preparation, all samples were stored in sealed vials at room temperature
to prevent moisture uptake. The results of subsequent analyses were averaged

over at least three measurements unless otherwise mentioned.

Sample Testing

Samples were imaged according to Section 2.7. 1 ml samples were taken during
dissolution and imaged at 20 times magnification with cross-polarised microscopy.
Steady shear rheological measurements were performed, as described in Section
2.3, over a shear-rate range from 1 to 100 s~* at 100 °C. 'H NMR proton spectra

were collected as described in Section 2.4.
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3.3 Results and Discussion

Effects of Binary Solvent Composition

The initial solvent composition was investigated at 10 wt% biopolymer content,
as this is well below the quoted saturation values of both cellulose and SF in
EmimAc at 25 wt% and 20 wt%, respectively [160, 201]. A concentration of 10
wt% was commonly used in studies and seen to produce the resulting materials of
high strength [19]. It is of importance to note that achieving a maximal polymer
concentration in solution was a priority due to the associated material property
improvements [1]. This is due to the highly associated polymer chains promot-
ing crystallite formation and increasing interaction density improving network
strength [1].

Optical Microscopy

The birefringence of silk and cellulose biopolymers (see Figure 3.3 was used to
ascertain the total dissolution of solutions by polarised light microscopy of the
sample [19, 199, 202]. Polarised optical microscopy of 10 wt% solutions of cellulose
in various EmimAc:DMSO ratios can be seen in Table 3.1, sampled at various

times up to a maximum of 48 h.
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Table 3.1: Table showing the dissolution behaviour of Avicell MCC over time
(up to 48 h) at different EmimAc:DMSO solvent ratios. All images are taken
at x20 magnification using transmission cross-polarised light microscopy. Scale
bars shown are equivalent to 1 mm. Table heading E:D refers to the solvent ratio

between EmimAc and DMSO.

E:D

1:0

8:2

6:4

4:6

2:8

0:1

Table 3.1 indicates that the system with a 2:8 EmimAc:DMSO solvent ratio
dissolved most quickly, as shown by the lack of birefringent content after two
hours. This shows agreement with the studies by Ren et al. and Tomimatsu
et al., who found system optima at 0.09-0.5 and 0.2 IL mole fraction for the
dissolution of MCC in EmimAc:DMSO solvent systems [63, 64]. As a control,
no dissolution was seen in a 100% solution of DMSO (0:1) in Table 3.1. Next, a
similar set of experiments was conducted with silk fibres. Optical microscopy of
10 wt% solutions of SF in various EmimAc:DMSO ratios can be seen in Table 3.2,

sampled at various times up to a maximum of 48 hr.
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Table 3.2: Table showing the dissolution behaviour of SF over time (up to 48 h)
at different EmimAc:DMSO solvent ratios. All images are taken at x20 mag-
nification using transmission cross-polarised light microscopy. Scale bars shown
are equivalent to 1 mm. Note the presence of undissolved solid after 48 h at 2:8
EmimAc:DMSO solvent composition. Table heading E:D refers to the solvent
ratio between EmimAc and DMSO.

E:D

1:0

8:2

6:4

4:6

2:8

0:1

Table 3.2 shows that the system with 8:2 EmimAc:DMSO solvent ratio dis-
solved most quickly. Very interestingly, this shows a large difference from the
optimal EmimAc:DMSO ratio found for MCC, which was 2:8 EmimAc:DMSO
as described above. This deviation in optimal solvent composition is impacted
by biopolymer choice and physical form. The hierarchical structure impacts the
dissolution speed at the macroscopic level by changing bulk viscosity and aggre-
gation behaviour [22; 62, 72]. At the molecular level, biopolymer chemistry can
impact monomeric friction coefficients, solvent thermodynamic quality, and IL
dissociation [23, 59, 63, 64, 66, 67, 68, 69, 70, 79, 160].
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Rheology of Samples

Rheology was performed to investigate the viscosity of solutions after 48 h, at
which time the cellulose and SF was completely dissolved in most samples. These
tests were performed between 1 and 100 s=! at 100 °C. The same temperature
was used in dissolution during similar composite preparation studies of SF and
cellulose biopolymer materials [20, 21, 99, 201]. Though total dissolution was
the primary concern of this study, a secondary priority was to reduce solution
viscosity to ease sample preparation for the manufacture of hybrid biocomposites
in later chapters. Reduced viscosity increases matrix penetration into supporting
fibres for use in reinforced composites, though it must also be considered that too
low a viscosity can cause excess material loss during preparation [20]. Changes
to viscosity had large impacts on processing of fibre reinforced samples, so it may
be of future benefit to vary the solution viscosity in experimental design. The
effects of solution viscosity and penetration into fibres can be seen discussed in
Chapter 5. The shear rate sweeps of cellulose, SF, and pure solvent at different

solvent compositions can be seen in Figure 3.4.
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Figure 3.4: Logarithmic plots of shear rate dependence of the steady shear vis-
cosity of (a) 10 wt% cellulose, (b) 10 wt% SF, and (c) pure solvent solutions at
various EmimAc:DMSO ratios after dissolution for 48 h. All data points given
are mean averages with SE given as uncertainty (N > 3).

At the chosen temperature of 100 °C, Newtonian behaviour is noted across
most of the shear rate sweeps shown in Figure 3.4 (a), and (b). Deviations from
Newtonian behaviour are seen at 0:1 EmimAc:DMSO for 10 wt% cellulose solu-
tions and at 2:8 EmimAc:DMSO for 10 wt% SF solutions. This is supporting
evidence for the optical micrographs shown in Figures 3.4 and 3.5, where these
were the only two sampled solutions at 48 h that showed remaining undissolved
content. SF fibres in a 0:1 EmimAc:DMSO could not be rheologically tested due
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to significant jamming from undissolved fibres. In Figure 3.4 (c) it can be seen
that a low shear regime of increased variation is seen in samples without dissolved
polymers. This behaviour is likely initiated by transient hydrogen bonding occur-
ring between solvent molecules and creating weak clusters [72]. This is discussed
in further detail in Section 3.7.

Similarly to Figure 3.4, Owens et al. found that increasing the solution
temperature of cellulose in EmimAc reduces viscosity and increases the shear
rate at which shear thinning behaviour is noted [62]. The intrinsic viscosity
was also reported to decrease with elevated temperature due to a decrease in
solvent quality and polymer chain size [72]. Vice versa, in studies at lower
temperatures or without a DMSO cosolvent, shear thinning was commonly ob-
served [62, 70, 72, 104, 198, 203].

Average solution viscosities in terms of EmimAc:DMSO ratios and the biopoly-
mer type can be seen in Figure 3.5, highlighting the exponential decrease in vis-
cosity seen with the addition of DMSO.

10,000
1
5 ,000 - ®
®© o #10 wt% Cellulose
T 100 ° 8 B
= 010 wt% SF
=
2 10 A APure Solvent
o A
2 A
> 1 A A
0 +—F————————
0 0.5 1
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Figure 3.5: Plot of logarithmic viscosities against the weight fraction of DMSO in
solvent. The DMSO/SF solution was unable to be tested, and the DMSO/MCC
solution showed significant deviation from Newtonian behaviour, so both were
excluded. All data points given are mean averages with SE given as uncertainty
(N > 3).

Figure 3.5 indicates three main aspects. First, the average viscosities of the
10% weight solutions for both cellulose and silk are two orders of magnitude higher

than the equivalent pure solvents at the same EmimAc:DMSO ratio. Second, as
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expected, the average viscosity of the solutions falls as the DMSO content is
increased. And thirdly, the average viscosities of the two biopolymer solutions
are comparable for all EmimAc:DMSO ratios though cellulose solutions have a
higher viscosity.

The effect of organic cosolvents on the viscosity of ILs has previously been
expressed by an exponential equation [68, 70]. This relationship between the
viscosity of the IL/cosolvent mixture and the concentration of the cosolvent can

be described by the following equation [68, 70]:

TDMSO

Inn=Inn — (3.1)

where n and 7y, are the viscosities of a given solution and the solution with a pure
EmimAc solvent; xpyso is the mole fraction of DMSO in the solvent mixture;
and « is a constant. When zpyso = 1, Eq. (3.1) can be rewritten as the ratio of
viscosities of solutions of pure EmimAc and pure DMSO solutions. Therefore, this
fitting tells us about the ratio of solution viscosities in the conditions shown. To
best represent the logarithmic fitting behaviour modelled, the fit was performed
between zero and the data point with the highest DMSO content. The fittings
for solvent mixture, 10 wt% SF, and 10 wt% cellulose solutions at 100 °C are

shown in Figure 3.6.
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Figure 3.6: Logarithmic plot of viscosities against the DMSO mole fraction with
linear fittings calculated according to Equation (3.1). The DMSO/SF solution
was unable to be tested, and the DMSO/MCC solution showed significant de-
viation from Newtonian behaviour due to macroscopic jamming, so both were
excluded from the fittings. All data points given are mean averages with SE
given as uncertainty (N > 3).

The logarithmic fitting in Figure 3.6 shows that pure solvent solutions at this
temperature vary less with DMSO than solutions with biopolymer content. All

fitting values can be seen in Table 3.3 below.

Table 3.3: Table of a and R? values for log fitting of IL/DMSO solutions with
Equation (3.1). Values for 25 °C pure solvent fitting are taken from the litera-
ture [70]. Errors in « values are estimated from the least-squares fitting using
the ‘jack-knife’ or numerical substitution method [204].

Solute Temperature/°C « R?

10 wt% Cellulose 100 0.31 £ 0.01 0.88
10 wt% SF 100 0.44 £ 0.01 0.95
None 100 0.49 £ 0.01 0.91
None 25 0.15 0.99

Both Figure 3.6, and the R? values in Table 3.3 show deviation from the
logarithmic fitting. It is reported that DMSO disrupts the dynamic ion clusters
within ILs [68, 72], and the small increase in experimental viscosity above the the-

oretical mixing law indicates weak interactions between the DMSO and IL system
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components [68]. The larger deviation shown in 10 wt% cellulose samples could
indicate a larger effect on viscosity from DMSO/IL interactions in these solutions.
Interestingly, it has also been shown that cellulose dissolution is dependent on
ion mobility and IL hydrogen bond basicity 3, conferring the importance of IL
and DMSO interactions [64].

Based on the speed of dissolution shown in Table 3.1, and the Newtonian
behaviours shown in Figure 3.4a, a solvent composition of 2:8 EmimAc:DMSO
will be further investigated for the effective dissolution of cellulose. This is a
similar composition to the optima proposed by Ren et al. and Tomimatsu et al.
for the rapid dissolution of MCC but differs from studies on the dissolution of
cellulose fibres [20, 23, 63, 64].

Based on Table 3.2 and Figure 3.4b, a solvent composition of 8:2 EmimAc:DMSO
will be further investigated for the dissolution of SF. Though this composition
choice may be influenced by the biopolymer type, Seoud et al. found system op-
tima between 0.5 and 0.9 DMSO mole fraction in similar IL/DMSO binary sol-
vent mixtures [199]. This implies the largest effect dictating optimal IL/DMSO
compositions may be of a biopolymer form or macroscopic hierarchical structure.

While studying flax fibre dissolution, Hawkins et al. reported a reduction
in the dissolution rate above 50 wt% DMSO [23]. This was attributed to a
change in DMSO preferential association from cation to anion above 0.6 mole
fraction DMSO [68, 69, 71], despite an activation energy of dissolution of 100
+ 10 kJ mol™! independent of the DMSO concentration [23]. Conversely, lower
DP cellulose forms have shown effective dissolution at higher DMSO concentra-
tions [63, 64]. This contradiction implies that IL/DMSO systems are effective
solvents at high DMSO concentrations but are unable to disrupt larger, more en-
tangled biopolymer networks. This could indicate that longer chain biopolymers
(like MCC compared to fibres [1, 72]) are governed primarily by macroscopic vis-
cosity and diffusive effects in these systems [1, 34, 64, 205]. This supports Liang et
al., who found a difference in dissolution speed across three different arrangements
of cotton fibre bundles, despite a consistent activation energy of dissolution [22].
Most studies have focused on dissolution mechanisms at the mesomolecular level

as dictated by cellulose’s largely insoluble amphiphilic structure [206], but the
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work by Cuissinat and Navard highlights five modes of interaction for the dis-
solution of cellulose fibres observable by optical microscopy [22, 47]. We could
therefore rationalise the different dissolution speeds by investigating their impact
on the following modes [47]: (1) fast dissolution by disintegration into fragments;
(2) large swelling by disintegration and complete dissolution; (3) large swelling
by ballooning and no complete dissolution; (4) homogeneous swelling and no dis-
solution; and (5) no swelling and no dissolution. This is notably dependent on
both the fibre source and solvent, which can both impact macroscopic dissolution

behaviours [22, 47].

Interestingly, discrepancies seen may be exacerbated by differences in the def-
inition of dissolution across the literature. In some studies, dissolved sections
are measured by total coagulated content around a partially dissolved fibre af-
ter partial solvation in an IL and coagulation in an antisolvent [20, 22, 23, 207].
This implies that the coagulated content does not disperse fully into the solu-
tion to achieve a full solvation cage. The term ‘dissolution’ in this case may more
accurately refer to the entry of solvent ions into the polymer network and the dis-
ruption of the crystalline content. Other techniques, such as small-angle X-ray
scattering and NMR, can indicate dissolution to the molecular level up to high
biopolymer concentrations [160, 208, 209, 210]. In other studies, the saturation
concentration is tested by the timed addition of undissolved content [63]. This
could impart a greater impact from dissolution speed as opposed to truly finding

a system’s saturation concentration.

Lastly, in consideration of the solvent mixtures impact on dissolution be-
haviour we should indicate if the pretreatment of samples with DMSO affected
the solvation properties. It has been noted that efficient pretreatment can aid in
dispersal of polymer sources in the given solvent [93]. Cellulose samples were pre-
pared without pretreatment and dispersal in DMSO, but otherwise as described
in Section 3.2. This was performed in the optimal solvent composition of 2:8

EmimAc:DMSO for cellulose as described in Section 3.3.
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Table 3.4: Table showing the dissolution behaviour of Avicell MCC solution in
2:8 EmimAc:DMSO solvent composition without initial dispersion, at 100 °C.
All images were taken at x20 magnification using transmission polarised light
microscopy. Scale bars shown are equivalent to 1 mm.

Time Elapsed

1 hr 4 hr 24 hr

Imaging of these samples (see Table 3.4) showed slower dissolution but no
difference in the ultimate solution behaviour. For our purposes, this indicates
pretreatment aids dispersal and increases dissolution speed in this system [93]. Tt
is unclear if this is due to DMSO effecting bulk behaviours and avoiding macro-
scopic aggregates or if DMSO enters the polymer network and facilitates cellulose
swelling. Aprotic DMSO is noted to improve biopolymer dissolution in ILs in a

number of ways [211]:
e Swelling the cellulose network
e Reducing IL viscosity
e Increasing dissociation of and solvating IL cation and anions
e Improving IL mass transport

Weight Percentage of Biopolymers in Optimal Solvent Sys-

tems

After establishing optimal EmimAc:DMSO solvent ratios for both biopolymers
in a 10 wt% composition, we then investigated the total solubility of the given
biopolymers in these solutions between 0 and 20 wt% biopolymer. This was

to confirm the solvation behaviour over the concentration range chosen, and to

91



3. DISSOLUTION OF SILK FIBROIN AND CELLULOSE IN
1-ETHYL-3-METHYLIMADIZOLIUM ACETATE AND
DIMETHYL SULPHOXIDE

establish the saturation concentration of the solvent systems used. Again, all

solutions were stirred at 200 rpm, and 100 °C for 48 h to dissolve prior to testing.

Optical Microscopy

The optical microscopy of different weight percentage solutions of MCC in a

solvent composition of 2:8 EmimAc:DMSO can be seen in Table 3.5.

Table 3.5: Table showing the dissolution behaviour of MCC at various weight
percentages after 48 h of dissolution with stirring at 100 °C. All images were
taken at x20 magnification using transmission polarised light microscopy. Scale
bars shown are equivalent to 1 mm. Note: at 11 weight percent of cellulose in
solution, undissolved crystalline content can be seen on the um length scale as

highlighted.

Weight Percentage of Cellulose in Solution

0 wt% 5 wt% 9 wt% 10 wt%
11 wt% 15 wt% 20 wt%

~ SR

Table 3.5 shows that above 10 wt% cellulose for our dissolution conditions
undissolved particles at a um length scale remain in solution. This value indicates
a saturation concentration below some literature examples with lower DMSO
concentrations [63, 160, 203]. This could be linked to the lower total quantity of
IL ions stabilising the solvation shell in solution but only confirms the macroscopic
behaviours [62]. Molecular behaviours with changes in weight percentage are
discussed in Section 3.3. The optical microscopy of different weight percentage
solutions of SF in a solvent composition of 8:2 EmimAc:DMSO can be seen in
Table 3.6.

92



3.3 Results and Discussion

Table 3.6: Table showing the dissolution behaviour of SF fibres at various weight
percentages after 48 h of dissolution with agitation at 100 °C. All images were
taken at x20 magnification using transmission polarised light microscopy. The
scale bars shown are equivalent to 1 mm.

Weight Percentage of Silk Fibroin in Solution

0 wt% 5 wt% 9 wt% 10 wt%
11 wt% 15 wt% 20 wt%

Table 3.6 shows SF solutions with undissolved fibres above 11 wt%. This
implies a saturation concentration between 11 and 15 wt% in this solvent system.
This is above the concentrations used in many literature examples [104, 198,
199], but lower than the maximum of 20 wt% SF achieved by Zhang et al. in
pure EmimAc [201]. This reduced saturation concentration could indicate that
the total solubility in this solvent composition is reduced by the introduction of

DMSO into the solvent composition.

Rheology

Shear rate sweeps were taken at various weight percentages of MCC in a solvent
composition of 2:8 EmimAc:DMSO; see Figure 3.7a. Viscosities were then plotted
against cellulose weight percentage; see Figure 3.7b. Equivalent plots for SF
fibres dissolved in 8:2 EmimAc:DMSO solutions can be seen in Figure 3.7c,d.
The viscosity values in the semi-dilute entangled regime were fitted with a power

law dependency as described by Lefroy et al. [72]:

n = kc" (3.2)
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where 7 is the sample viscosity, k is a constant, c is the biopolymer weight per-

centage, and n is the power law exponent.
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Figure 3.7: Logarithmic plots of viscosity as a function of (a, ¢) shear rate at each
given weight percentage of cellulose and SF; and (b, d) the weight percentage of
cellulose or SF with fits extrapolated according to Equation (3.2). All data points
given are mean averages with SE given as uncertainty (N > 3).

Figures 3.7 (a), (c¢) and 3.4 (c) highlight the low shear regime (of increased

variation) shown in EmimAc:DMSO solutions at 0 wt% cellulose or SF. This

is likely caused by the hydrogen bonding of EmimAc ions causing weak cluster

networks [72]. The presence of this behaviour despite preshear indicates dynamic
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networks with rapid formation at low shear rates. Lefroy et al. found that
this behaviour disappears with cellulose introduction due to the disruption of IL
clusters by fully dissolved polymer chains [72]. We confirm this finding for both
biopolymer examples.

Figures 3.7a,c show predominantly Newtonian behaviours below the satu-
ration concentrations proposed in Section 3.3. The lack of shear thinning dif-
fers from similar weight percentage cellulose solutions in the literature at lower
DMSO solvent contents and lower temperatures [70, 203]. This shows an increase
in the onset value of shear thinning in the samples tested at higher tempera-
tures [62, 70, 72, 104]. Viscosity is also reduced by the introduction of DMSO
and increased temperature [62, 70, 72, 104, 203].

Viscosities seen for SF solutions with 8:2 EmimAc:DMSO solvent ratios, in
Figure 3.7c, are higher than the equivalent weight percentages in cellulose so-
lutions with 2:8 EmimAc:DMSO solvent composition. This shows the DMSO
content of the solvent system to be more impactful than the biopolymer in con-
trolling solution viscosity in this case. Despite this, SF solutions are noted to
be less viscous than equivalent cellulose solutions due to greater chain flexibility
and/or lower molecular weights [1, 21, 113].

By fitting with Equation (3.2) for values up to 10 wt% cellulose in Figure
3.7b, and up to 11 wt% SF in Figure 3.7d, a transition from the semi-dilute
entangled regime to incomplete dissolution is shown. This deviation supports
the optical micrographs in Tables 3.5 and 3.6 in showing showing a saturation
concentration at 10 wt% and 11 wt% for cellulose and SF respectively. All values
tested are above the literature entanglement concentrations for MCC C, = 1.3 £
0.1 [70, 212], so they show only the semi-dilute entangled regime. Our fittings
show an exponent of n = 2.3 + 0.1 for cellulose solutions and n = 2.2 + 0.1 for
SF solutions, which match the results by Gericke et al. for the equivalent region
of pure EmimAc/MCC solutions at 100 °C [203].

Predictions for neutral polymers give a power law index, n, of 1, 2 and 14/3
in a 6 solvent, and 1, 1.3 and 3.9 in a good solvent for neutral polymer so-
lutions in dilute, semi-dilute unentangled, and semi-dilute entangled regimes,

respectively [212]. n values for both SF and cellulose solutions are less than
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the theoretical predictions for 6 solvents. This indicates a deviation from 6-
solvent behaviour with increased temperature, as previously shown with similar
IL-biopolymer solutions, but that the solvent composition tested does not effect
the solvent quality [59, 70, 203, 212].

Despite variations in the DMSO concentration, the entanglement state of
the SF or cellulose biopolymer in EmimAc:DMSO solutions tested is relatively
unchanged. This finding extends from the work by Lv et al., who showed that
an increased DMSO concentration (50 wt%) does not affect the entanglement
state but reduces the monomeric friction coefficient and hence the viscosity and
relaxation times [70]. Tomimatsu et al. also confirmed a maximum cellulose
solubility at approximately 0.8 DMSO mole fraction due to an increase in ion
mobility [64]. They showed that the IL solvation ability correlates with hydrogen
bond basicity, 5, and that the g of EmimAc is largely constant up 0.9 DMSO mole
fraction [64]. This supports our conclusion that the solvent quality is maintained

from 1:0 to 2:8 EmimAc:DMSO solvent compositions.

NMR

To investigate the molecular behaviour of solutions, NMR was performed. Cel-
lulose peaks cannot be clearly defined due to the relatively low population of
protons in the studied ranges [160], and hence the local interactions and molec-
ular behaviours are studied by the chemical shift dependence of EmimAc peaks

on the biopolymer concentration as shown in Figure 3.8.
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Figure 3.8: (a,c) 'H NMR spectra of 2:8 EmimAc:DMSO solutions at various
cellulose concentrations and 8:2 EmimAc:DMSO solutions at various SF concen-
trations, respectively. The inset shows the chemical structure of the [Emim|* and
[Ac]™ ions of EmimAc. Peaks signals labeled a-g are attributed to equivalent pro-
ton environments seen on the EmimAc diagrams. (b,d) show the concentration
dependence of the change in 'H NMR chemical shifts for the proton environments
labelled in the inset molecular diagram. Linear fits are included as a guide to the
eye. The error bars are approximately equal to the size of the data points used.
Samples above 11 wt% MCC are too viscous to be prepared in the given NMR
tubes. In SF fibre solutions with undissolved content, the solution is pipetted
away from the undissolved content for NMR analysis. All peak integrals and
tabulated raw data can be seen in Tables 3.7 and 3.8.

Figure 3.8 (a), (b) show a shift in the EmimAc chemical environment up
to 11 wt% MCC, indicating that the local environment for EmimAc cations is
changing [160]. This is consistent with the coordination of IL ions with cellulose

hydroxyl groups as proposed by Zhang et al. for the dissolution and solvation
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mechanism of cellobiose in EmimAc [160, 161]. The change in chemical shift
seen implies an increase in the cellulose content in solution and hence confirms
alterations in the molecular level behaviour of these samples.

A shift in spectral bands is also seen with increasing the SF content in Figure
3.8 (¢), and (d) indicating the association of IL cations with SF hydroxyl groups
equivalent to that seen in cellulose and cellulose-derived biopolymers [160, 161,
207]. This confirms the SF dissolution mechanism theorised by Phillips et al.
that IL ions disrupt the hydrogen bonding domains in S-sheet/crystalline regions
of SF, incurring solvation [1, 207].

Figure 3.8 (d) shows the continued chemical shift at concentrations in which
fibres were seen to be undissolved (15-20 wt% SF'). This highlights the distinction
between macroscopic and microscopic dissolution behaviours [22, 41, 72]. Though
the solution increased in concentration of SF molecules, the solvent system was
not capable of dissolving the fibres as seen in Section 3.3. The difference between
local molecular (NMR) and bulk (rheology and optical microscopy) saturation
concentrations indicates a distinction between the solvent thermodynamic quality
at the molecular level, and the ability of a solvent system to disrupt and disperse
polymer networks.

Notably, peaks in Figure 3.8 (c¢) are more clearly distinguished than those
in Figure 3.8 (a) due to the larger relative population of EmimAc protons in
the solvent composition. Samples with higher weight percentages of biopolymers
are also higher in viscosity, which reduce the sample isotropy and hence signal
quality [160]. Any data points omitted in Figure 3.8b,d are excluded due to the

peaks being poorly distinguished at higher biopolymer concentrations.
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Table 3.7: Raw data from 'H NMR spectra of 2:8 EmimAc:DMSO solutions at
various cellulose concentrations. Samples above 11 wt % MCC were too viscous
to be prepared in the given NMR tubes. All data shown is prior to normalisa-
tion and correction for drift by use of peak e as a stationary reference signal.
To increase legibility in the table the following abbreviations have been made:
"Weight Percentage of Cellulose / %” has been shortened to "wt %”; ” Average
Peak Position / ppm” has been shortened to ”Pos.”; and ” Average Peak Integral”
has been shortened to ”Int.”

‘ Peak Labels

a b ¢ e g

wt %

Pos. Int. Pos. Int. Pos. Int. Pos. Int. Pos. Int.

ppm ppm ppm ppm ppm
OOO 10.23 287.67 7.86 96.04 7.78 170.82 3.73 1124.78 1.43 573.99
491 10.05 292.19 7.87 66.74 7.80 184.61 3.86 834.46 1.56 871.11
899 9.78 259.79 7.79 91.62 T7.73 211.49 3.78 761.96 1.52 777.95
1002 9.78 273.24 T.87 129.46 7.81 129.36 3.84 705.17 1.58 784.23
1098 9.67 254.53 3.82 683.51 1.57 692.92
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Table 3.8: Raw data from 'H NMR spectra of 8:2 EmimAc:DMSO solutions at
various SF concentrations. All data shown is prior to normalisation and correction
for drift by use of peak e as a stationary reference signal. To increase legibility in
the table the following abbreviations have been made: ”Weight Percentage of SF
/ %” has been shortened to "wt %”; ” Average Peak Position / ppm” has been
shortened to ”Pos.”; and ” Average Peak Integral” has been shortened to ”Int.”

‘ Peak Labels

a b ¢ e g

wt %

Pos. Int. Pos. Int. Pos. Int. Pos. Int. Pos. Int.

/ / / / /

ppm ppm ppm ppm ppm
000 10.53 1172.97 8.36 682.22 8.19 823.18 3.89 3584.61 1.44 3451.77
499 10.19 1077.21 8.09 1131.77 7.94 1047.52 3.73 3087.11 1.32 3309.24
889 10.09 1135.95 8.05 1121.26 7.90 951.6 3.74 3167.98 1.37 3319.18
999 10.07 1125.56 8.05 1110.25 7.89 991.31 3.75 3179.3 1.38 3295.93
1088 10.05 1087.48 8.05 1127.87 7.90 992.97 3.77 3205.94 1.40 3304.19
1500 9.76 1154.31 7.79 1471.21 3.70 3591.78 1.38 3113.76
2021 9.50 735.58 7.59 1697.97 3.56 5351.98 0.98 7310.55

Demonstration of Hybrid Solutions

Having achieved the dissolution of both SF and cellulose biopolymers and cre-
ated solutions of minimal viscosities, solutions of 10 wt% cellulose in 2:8 Emi-
mAc:DMSO solvent ratio and 10 wt% SF in 8:2 EmimAc:DMSO solvent ratio are
prepared by with the method described in Section 3.2. Equal masses of these so-
lutions are mixed at 200 rpm for 30 min at 100 °C to indicate the effectiveness in
producing hybrid solutions for composite preparation. This causes no coagulation
or aggregation out of solution as indicated by the optical microscopy in Figure
3.9 (a) and the Newtonian behaviour with a viscosity of 142 £ 2 mPa.s as seen
in Figure 3.9 (b). This implies the homogeneity and stability of the biopolymers
in solution and indicates the effectiveness of the dissolution method for future

hybrid biocomposite preparation.
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Figure 3.9: (a) Polarised optical microscopy images at x20 magnification of 10 wt
% hybrid biopolymer solution. This is in a 1:1 silk fibroin:cellulose weight ratio.
All images are taken at x20 magnification using transmission cross-polarised light
microscopy. Scale bars shown are equivalent to 1 mm. (b) Logarithmic plot of the
shear rate dependence of the steady shear viscosity of 10 wt % hybrid biopolymer
solution. This is in a 1:1 silk fibroin:cellulose weight ratio. All data points given
are mean averages with SE given as uncertainty (N > 3).

3.4 Conclusions

In this chapter, the effect of the EmimAc:DMSO solvent ratio was first inves-
tigated for the dissolution of a 10 wt% fraction of SF and MCC at 100 °C.
MCC was most quickly and efficiently dissolved in a 2:8 EmimAc:DMSO solvent
mixture, and SF fibres were most efficiently dissolved in an 8:2 EmimAc:DMSO
solvent mixture. The steady-shear rheology of solutions at various solvent com-
positions with 10 wt% biopolymer content (for samples dissolved for 48 h) was
measured and showed mostly Newtonian behaviours. Deviation from Newtonian
behaviour was only found for samples that showed undissolved material in opti-
cal microscopy, offering an additional method to establish when full dissolution
had occurred. The steady shear viscosities were then plotted as function of the
DMSO mole fraction, and deviation from the exponential mixing rules of solvents
indicated that EmimAc:DMSO interactions affected the viscosity significantly in
all solvent systems studied. This showed the impact of solvent—cosolvent interac-

tions on bulk viscosity. Comparison with trends in the literature indicated that
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the dissolution behaviour of different solvent compositions was greatly affected
by the biopolymer form [22, 23, 63, 64]. Larger hierarchical structures or longer-
chain biopolymer networks required solutions with a higher IL concentration to
effectively disrupt the polymer network.

The total solvation ability of the selected optimal solvent mixtures was then
tested at different biopolymer weight percentages. The macroscopic dissolution
behaviours to the um length scale were investigated with optical microscopy and
rheology. Imaging showed undissolved content at 11 wt% cellulose upwards and
from 15 wt% SF upwards. This implied a saturation concentration between 10—
11 wt% and 11-15 wt% for cellulose and SF respectively. This was confirmed by
deviation from a power law dependency in viscosity against sample concentration
at these values. This fitting in the semi-dilute entangled region showed agree-
ment with similar studies at lower DMSO contents, with power law exponents,
n, of 2.2 and 2.3 = 0.1 for SF and cellulose solutions, respectively [203]. This
confirmed that the solvent systems thermodynamic quality and biopolymer con-
formations remained relatively constant from 1:0 to 2:8 EmimAc:DMSO solvent
compositions.

Lastly, a discrepancy between the molecular and macroscopic behaviours is
evidenced by the difference in the apparent saturation content in the SF fibres
in this study. NMR evidence shows continued solvation up to 20 wt% SF as
expected from the literature [201], beyond the optically observed saturation point
between 11 and 15 wt% SF. Hence, the thermodynamic quality of the solvent at
the molecular level is shown to be beyond the macroscopic dissolution achievable
with this procedure. This highlights the necessity of investigating multiple length
scales in evaluating solvation behaviour.

This research improves the understanding of biopolymer dissolution in Emi-
mAc:DMSO systems and shows how this could be applied to produce hybrid
biopolymer solutions. It provides further insights into the dissolution behaviours
occurring on a macroscopic and local level, which is crucial to understand the
properties of materials coagulated from IL solutions. Having developed the opti-
mal EmimAc:DMSO ratios for dissolving the two biopolymers, and blended them,

the subsequent chapters will examine the mechanical properties of a range of hy-
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brid biopolymer films with differing cellulose/silk ratios and hybrid biopolymer

composites with reinforcing fibres.
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Chapter 4

Properties of Hybrid Silk
Fibroin/Cellulose Films

How do hybrid materials improve strength and flexibility

1. More intermolecular interactions increase strength and stiffness
2. Introduced interfaces and phases affectmaterial behaviours

3. Sacrificial bond allow for molecular rearrangement

Pure Cellulose Film

Cellulose polymer  Silk Fibroin polymer

% Intermolecular interaction

ulens Suisealou]

Molecular rearrangement

Figure 4.1: Graphical abstract indicating the study performed on fully dissolved
and coagulated films of cellulose and SF blends to understand their behaviours
from the molecular to bulk levels.

105



4. PROPERTIES OF HYBRID SILK FIBROIN/CELLULOSE
FILMS

4.1 Introduction

The negative impact of petrochemical plastic use on the climate necessitates sus-
tainable alternatives to conventional plastics, such as biologically derived materi-
als [6, 58, 213, 214]. These can take the form of natural-fibre reinforced materials,
self supporting biopolymer composites or bioplastics formed of biopolymer net-
works [24, 75, 96]. Taking advantage of the high performance and sustainability
of these may offer beneficial results with applications in the biomedical, struc-
tural, or aerospace fields [1, 20, 113, 215]. As discussed in Chapter 1, a promising
route to optimisation of these materials is by the hybridisation of biopolymer
materials.

Despite promise shown in the behaviours of hybrid biopolymer composites,
the nature of the sample behaviour remains a contentious issue. Many studies
indicate a performance increase with a small addition of 5-30 % SF content to
a cellulose network [18, 19, 78, 86, 164]. Other studies indicate a negative trend
in maximum strength or strain at failure with addition of SF [86, 99]. Other
variations include quoted strains of failure in ranges from 40-60 % by Shang et al.
or 8-10 % by Tian et al. [18, 19]. These differences are not explained by variations
in sample water content between studies, which could induce softening due to
disruption of inter- and intramolecular hydrogen bonds [53]. These variations also
occur in studies with comparable component sources and preparation techniques.
Inconsistencies in reported behaviours may be due to compositional effects and
relaxation behaviours not previously considered, so establishing an understanding
of these behaviours is of central importance before manufacture, testing, and
application of hybrid materials.

This chapter investigates relaxation behaviours and molecular /mesomolecular
length scale behaviours alongside bulk mechanical measurements to elucidate
the contradictory behaviour of these materials beyond previous studies. This
could enable improved application beyond already promising investigations into
biomedical uses. We prepare fully dissolved and regenerated films of SF and
cellulose using ionic liquids as a sustainable solvent with effective dissolution, re-
cyclability, and minimal environmental impact [11, 34, 35]. Complete dissolution

and homogenous dispersal of polymers avoids retention of undissolved fibres which
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impacts behaviours based on level of dissolution, level of fibre entanglement, ori-
entation, and fibre-matrix interfaces [20, 96, 181, 216]. This enables us to draw
conclusions about fundamental behaviours affecting molecular interactions in all
examples of these hybrid materials. We utilise double network theory, and com-
parisons with relevant biological materials to rationalise contradictions and trends
seen within literature. We then establish the presence of a slow stress relaxation
and viscoelastic behaviour similar to complex biological systems [138, 217, 218].
Notably, we discuss the variability in strength and flexibility with addition of
SF to cellulose materials beyond effects of solvent choice, polymer source, purity,
alignment, and level of reinforcement [75, 85, 86, 117]. In this case, films will be
studied due to the benefits inherent over more porous samples. These can exhibit
reduced bending, tensile, and compressive strength, which must be alleviated by
compression [124]. These also show added variation due to porosity, which can

affect mechanical properties [124].

4.2 Materials and Methods

Sample Preparation

The dissolution conditions were selected based on Chapter 3 findings probing
effective dissolution of SF and cellulose with EmimAc and DMSO solvent mix-
tures [159]. Cellulose was dissolved at 10 wt% in an 20:80, EmimAc:DMSO mix-
ture of solvents. Silk fibres were dissolved at 10 wt % in a 80:20, EmimAc:DMSO
mixture of solvents. Polymeric solids were firstly dispersed in the relevant weight
of DMSO, then stirred and preheated to 100 °C for 30 mins. The relevant weight
of EmimAc was preheated at 100 °C for 30 mins then mixed with the dispersed
solids in DMSO. Solutions were then stirred for 16 hr, at 100 °C, at 200 rpm to
produce pale yellow to dark amber transparent solutions. SF solutions showed
darker colour than cellulose solutions. After dissolution a hybrid solution was
prepared by mixing the solution for 30 minutes, at 100 °C, at 200 rpm. All
dissolution was performed in sealed vessels to minimise the effects of humidity.
Optical microscopy confirms complete dissolution within our solutions as shown
in Chapter 3 [159].
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Film composition was altered by changing the cellulose:SF weight ratio with
the total mass of polymeric solid remaining the same. The polymer solution
was poured into a circular petri dish (10 cm diameter) and left to deaerate for
2 hr at 70 °C under vacuum. The cast film was then coagulated in a methanol
atmosphere statically for 24 hours, by placing under a vacuum environment with
200 ml of methanol. The film was then washed in deionised water (5 1) for 48 hr.
The water was replaced twice in that period. The film was then dried at room
temperature and humidity for 6 hr. Films were then pinched between flat metal
sheets (=~ 10 KPa using bulldog clips), to alleviate deformation due to differential
shrinkage during drying and cooling, then dried for 24 hr at 60 °C. Examples can

be seen in Figure 4.2.

() |

Figure 4.2: Tmages of (a) an example wet gel formed during fabrication and (b)
an example dried film showing edge effects. The size of the film is approximately
5 cm in diameter.

Approximately 65 - 80 % of the original polymeric mass was left after drying
the films and higher SF' compositions showed higher mass loss during washing.
A schematic of the production methodology can be seen in Figure 4.3.

Before any characterisation, samples were equilibrated under ambient condi-
tions for at least 24 hours. The average room humidity was 50 £1 % and the
average temperature was 20.6 +0.2 °C. Analysis results were averaged over at
least three measurements unless otherwise mentioned. Most analyses in Section
4.3 discuss properties as a function of SF content with a focus on 0-50% SF.

Qualitatively, it has been found that in fully dissolved blends SF contents over 50
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Figure 4.3: Schematic showing the preparation procedure for hybrid cellulose and

silk fibroin films.

% caused mechanically unstable composites [3]. It is widely recorded that pure
SF films are brittle and weak [54, 56, 99].

Sample Testing

The bulk mechanical behaviour of samples was testing in flexural and extensional
regimes according to Section 2.2. Quasi-static stress relaxation and creep tests
were performed as described in Section 2.2. 260 XRD diffractograms were gathered
as described in Section 2.6. Thermal behaviours were investigated with TGA
experiments according to Section 2.5. DMTA was performed as indicated in
Section 2.2. Lastly, additional testing on the water contact angle was performed

according to Section 2.8.

4.3 Results and Discussion

Sample Morphology - XRD

To ascertain the the morphology of samples 260 scans were performed for each
sample. The resulting diffractograms can be seen in Figure 4.4. Also shown is a
diagram indicating the templating mechanism shown in literature to encourage
the formation of Silk II structures in hybrid cellulose/SF materials [18, 99].
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Figure 4.4: (a) X-ray diffraction 26 diffractogram for each film composition and
an example undissolved cotton sample, and (b) an example diagram indicating
the crystalline templating effect of cellulose crystallites on silk fibroin content, as
proposed in literature.

XRD confirms the conversion of cellulose content from Cellulose I to Cellulose
IT polymorphs (see Figure 4.4 (a)), and hence confirms the complete dissolution of
the cellulose content [67, 79]. This can be seen as contributions from the Cellulose
I peak in Figure 4.4 (a) are not seen in coagulated film samples. However, as
discussed in Section 2.6, significant overlap of the crystalline SF and cellulose
peaks was seen that negated the accuracy of the fitting solution. Hence, fittings
have been dismissed and the evidence must instead be considered with respect to
the literature before further testing with alternative analyses.

Literature examples have shown Silk II crystalline structures are promoted
in hybrid films, above the formation of Silk T crystals [18, 78, 99]. The in-
crease in silk II crystals could be due to cellulose templating the formation of
the hydrogen bonded S-sheets due to strong interactions [18, 78, 99]. This oc-
curs at cellulose-SF interfaces and hence in hybrid films, as shown in Figure 4.4
(b). p-sheet formation is also encouraged by coagulation from high concentra-
tion proteins solutions, methanol coagulation conditions, solvent choice, and slow
drying [13, 86, 99]. Though the mechanism of formation is not fully understood,
the formation of highly interacting regions enables stress transfer between chains
in the network and hence increases material toughness [1, 86]. An increase in

the amorphous content in hybrid films is seen in literature examples which show
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crystalline disruption of cellulose in hybrid samples [1]. This is due to interspersal
of the flexible SF' chains within the cellulose network interrupting the formation
of crystalline structures. This causes an ultimate decrease in total crystalline

content.

Mbolecular Relaxation Mechanisms - DMTA

Temperature ramp tests were performed to understand the effect of composition
on the secondary relaxations often correlated with material toughness via the in-
tensity of corresponding tan(d) peaks [133]. Pure cellulose DMTA studies exhibit
a peak between -50 and -80 °C corresponding to v or  relaxations that have been
attributed to a variety of mechanisms [146]. For example, these relaxations have
been attributed to hydroxyl side chains in cellulose but could be connected with
a hierarchical facilitation of longer scale cooperative relaxations [143, 146]. In SF
a similar peak is seen around this temperature which is associated to movements
of hydrated peptide side chains [144]. Figure 4.5 shows the trend for both tan(J),
as defined by Eq. 2.15, and the peak position to decrease with addition of SF.

0.03
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5 % SF L 0.02 ] OTemperature [ -68 g
—75 % SF : 1 Position of Peak | . &
—100 % SF 0015 1t Yo
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Figure 4.5: Graphs showing (a) typical secondary relaxation peaks with back-
ground removed at various sample compositions; and (b) trends in tan(d) and
peak position with sample composition. A fitting with the Fox rule, as described
in Eq. 2.16, has been included to indicate the mixing relationship and deviation
from this in the data [151, 219]. T, values for fitting were taken directly from
the graph and molar fractions were calculated from the weight percentages.
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In Figure 4.5 (b), the negative trend shown with increasing SF content can
be correlated to a reduction in both the total energy of the relaxations occurring,
and energetic cost for the associated secondary relaxation event to occur [133].
Guan et al. denote this relaxation in pure SF fibres as Tg;, due to the loss
event (molecular motion/energy dissipation) of axial group motion with peptide-
water interactions (See Figure 4.6) [144]. As this trend appears monotonic this
motion does not correlate with the bulk non-monotonic trends seen in mechanical
analyses (see Section 4.3). However, the sharp decrease in tan(d) and the peak
position with addition of SF deviates from the Fox equation or linear rules of
mixing as seen in Figure 4.5(b) [151, 219]. This deviation from typical mixing
behaviour indicates the blend is not fully miscible and implies the presence of
some phase separation, as supported by evidence in Section 2.5 [151].

The negative trend shows the increasing ease of side group mobility (reducing
temperature of relaxation), and the reducing total side group mobility (reducing
amplitude of peak) with additional SF polymer content [133]. This can be vi-
sualised with the increasing ease of short lengthscale motions in the Crankshaft
model as discussed in Section 2.2 (see Figure 2.9). Though plasticisation of these
motions can be caused by water or solvents in primary or secondary bound posi-
tions [147], it is unlikely water content is the direct cause of this trend due to the
similar water contents of different compositions shown in Section 4.3. However, it
is possible bonding site accessibility may be impacted by SF addition to cellulose
networks. Therefore the bound to free/bulk water ratio change with composition
and alter the properties [147]. The adsorption process in cellulose is not always
sequential. Increases in system hydration can incur increases in any of the follow-
ing water states [147]: primary bound water; secondary bound water; free water;

bulk water.

Thermal Behaviour - TGA

The results from TGA suggest both partial phase separation and content mixing,
due to the presence of peaks attributed to decay of pure and mixed polymer

phases (see Figure 4.7 (b)). As shown in Figure 2.15, the percentage weights
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Figure 4.6: Diagram showing SF peptide - water associations for an example
alanine amino acid [144].

given in Figure 4.7 (c) were derived from the weight changes of each thermal
event in Figure 4.7 (a).

As described by Hadadi et al. and Love et al., thermal decomposition is used
to infer the stability of each interface by the temperature required to overcome
adhesive forces and incur degradation [13, 164]. The mixed polymer phase gives
rise to more SF-cellulose interfaces with weaker interactions than those found in
pure phases of either polymer [13, 164]. This gives rise to three peaks in our
signal which can then be used to ascertain the morphology and content of mixed,
pure SF, and pure cellulose phases. Our data agrees with similar evidence from
Defrates et al. and others who found a distinct peak between 200-300 °C that was
attributed to a unique silk-cellulose associated phase [3, 87]. This was in addition
to peaks attributed to pure cellulose and silk components [3, 87]. This implies the
presence of phase separated regions of each polymer. Further evidence of this is
shown by XRD, in Figure 4.4, which indicates the presence of peaks for the pres-
ence of pure silk crystallites and pure cellulose II crystallites in hybrid samples.
This provides some direct morphological evidence of phase separated regions. De-
frates et al. further supported this conclusion with scanning electron microscopy
of comparable samples. This showed surface aggregation in hybrid samples at
10-30 % SF content due to partial phase separation [87]. Hadadi et al. also
identify partial phase separation between SF and cellulose (with TGA, scanning
electron microscopy, and Fourier-transform infrared spectroscopy) encouraged by
free energy minimization during coagulation of the polymer solution [164].

The presence of multiple peaks in the TGA spectra is in contrast to findings by
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Figure 4.7: Graphs showing (a) normalised data of the TGA temperature ramps,
and (b) the derivative plot of the resulting TGA analysis, and (c) the % mass of
each peak shown as the percentage of the associated decaying component.

River-Galleti et al. and others [56, 82, 99]. These papers showed smooth transi-
tions from the lower SF degradation temperature to the pure cellulose degradation
temperature with composition change. This implies a homogeneous behaviour
and complete mixing between the polymers, but could also be different due to
signal overlap between the SF and cellulose peaks. Chain length, or solvent associ-
ations can cause variations in the temperature of degradation to occur [220, 221].
Zhou et al. saw no peak from mixed content, and only noted two distinct peaks
for pure SF and pure cellulose that varied with size [99]. Interestingly, they also

noted no non-monotonic peak in mechanical material properties with mixed com-
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positions [99]. This indicates the importance of mixed SF/cellulose associations
in hybrid composites, and how they could directly cause the increase in material
strength shown in other examples [1].

Figure 4.7 (c) showed a peak in the total percentage of content in the mixed
state between 5-20 % SF. This could correlate with other maxima seen in ma-
terials properties testing, indicating the impact of the interaction rich mixing
occurring at approximately 10% SF composition. This could result in more inter-
actions contributing to higher material strengths. A diagram for this hypothesised
interspersal and increased interaction density can be seen in Figure 4.8 [19, 89].
Also noted is an increase in the remaining residue after the test with increasing
SF content, this implies SF has a lower content of volatile components within the

testing range.

| Pure '

| cellulose film \

AN A \

Cellulose polymer Silk Fibroin polymer
“/_ Intermolecular interaction

Figure 4.8: Diagram indicating a potential increase in interaction density that
occurs as a result of silk interspersal into cellulose network in hybrid composites.

Bulk Mechanical Analysis

To establish the bulk behaviour of films, mechanical testing was performed.
Different rates of deformation were tested to understand the impact of time-
dependent creep and relaxation on mechanical behaviours. To allow for compar-
ison despite sample dimension variation, typical deflection rates were converted
to strain rates in the flexural regime [20, 21]. We therefore compared slow (1.5
% min~') and fast (25 % min~!') deformation in flexural. These values were se-
lected as extremes of the range of common strain rates seen in literature [21, 119].
Values were converted from mm min~! to strain % min~' to make comparisons

possible across different sample dimensions.
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Flexural Testing

Mechanical analysis was initially performed in the flexural regime. Example

stress-strain curves and extracted data averages are shown in Figure 4.10.
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Figure 4.9: Graph showing the stress-strain behaviour of films during (a) 'slow’
and (b) ’fast’ testing within flexural regimes. This also shows the extracted
average data of the Young’s moduli (c), the maximum stress (d), and the strain
at failure (e) for 'slow’ flexural; and 'fast’ flexural tests. All data points given are
mean averages with SE given as uncertainty (N > 3).

Moduli and maximum stress indicate an optimum between 5 - 15 % SF though
the maxima differ from those seen in extensional testing modes (see Figure 4.10).
This may be because the equation for flexural stress and strain only model the
strain of the outer layer of the sample. The extensional testing instead accounts

for the entire cross section. Therefore, failure occurs at the weakest point in
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the sample [135]. This gives less chance of failure/crack propagation in flexural
tests where the surface shows no defects [135]. It could also indicate a deviation
from isotropic behaviour as polymer samples may have compressive resistance,
increasing the stress values calculated for flexural testing due to contributions
from the internal stresses on the internal bending edge [222]. Because of these
contributing factors the trend and optimum identified will be considered with
respect to further extensional testing.

The strain at failure decreases monotonically at fast rates but deformed and
did not fail in hybrid samples with 'slow’ deformation. In these case samples were
permanently deformed without total failure. This was indicative of interesting
rate-dependent relaxations occurring in samples. However, it is important to
note that failure via delamination is prevalent in flexural testing which could be
contributing to these observations [222]. After the initial deformation, slippage
occurred which can be noted by the strain reduction after peaks seen in Figure 4.9
(a). Hence, we repeated measurements in the extensional regime before further

conclusions were drawn.

Tensile Testing

Mechanical analysis was then performed in extension. Example stress-strain
curves and extracted data averages are shown in Figure 4.10.

For all samples a peak in strength and modulus between 5-15 % SF is seen
regardless of strain rate. This can be seen in Figure 4.10 (c¢) and (d) and is re-
flected in equivalent flexural testing tests in Figure 4.9 (c¢) and (d). This peak
can be understood with generalised modelling of double networks as described
by Nakajima [89]. Using fracture energy, (G, J m~2), robustness can be approx-
imated as the resistance to crack propagation causing material failure [89]. The

intrinsic fracture energy can be described with Lake-Thomas theory as:

GO - NUVarea (41)

where NN is the number of chemical bonds in a network strand, U is the dis-
socation energy of the weakest chemical bond (J), and vy, is the area density

of effective network strands (m~2) [89]. Hence, the hypothesised increase in both
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Figure 4.10: Graph showing the stress-strain behaviour of films during (a) 'slow’
and (b) ’fast’ extensional testing within the extensional regimes. This also shows
the extracted average data of the Young’s moduli (c), the maximum stress (d),
and the strain at failure (e) for slow’ extensional; and ’fast’ extensional tests. All
data points given are mean averages with SE given as uncertainty (N > 3).

network density and interactions caused by SF interspersal and interactions en-
courages the increase in material modulus and strength [19]. This is correlated
with the presence of a hybrid mixed phase as supported by evidence in Sections
4.3 and 4.3.

Alternatively, Hadadi et al. propose a novel theoretical model that accurately
correlates bulk properties and microscopic structures. This indicates an increase
in modulus with small additions of SF due to entropic contributions [164]. It pro-
poses that composites form sheets of crystalline monocomposition that reduce the

number of interfaces seen [164]. Cohesive energies then depend on the ability to
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stack and adhere each layer. ’Gelation’ of these systems does not originate from
chemical crosslinking but from competition between interactions. This triggers
phase separation to form the biopolymer hydrogel [164]. Entropy in these sys-
tems increases rapidly with small additions of a second component, increasing
modulus at low weight percentages of SF composition. Compositions closer to
50:50 then show a greater energetic dependence instead [164]. Hence, it is likely
the peak in sample modulus is caused by a combination of entropic and enthalpic
contributions.

Notably, in the strain at failure comparisons, monotonic decrease is shown
with increasing SF content at fast rates of deformation. At slow rates of de-
formation a non-monotonic trend is seen, as shown in Figure 4.10 (e) and 4.9
(e). This shows both conflicting trends shown in literature examples: Zhou et al.
showed a monotonic decrease in properties with added SF; and Tian et al. showed
a non-monotonic increase in strain at failure [18, 99]. This shows the impact of
strain rate on the deformation behaviour of samples. With slow deformation sam-
ple relaxation occurs in the hybrid samples between 5-15 % SF allowing greater
deformation. This implies the presence of a slow relaxation capable of deforming
samples, and imparting rate dependent viscoelastic behaviour. Similar trends in
flexural testing data (see Figure 4.9 (e)) support this conclusion. This viscoelastic
behaviour is further investigated in Section 4.3. Variation of this peak between
comparable studies and samples shows dependence on mixing, testing conditions,

polymer compatibility, and component source [1, 85].

Static Mechanical Analysis

Static testing was performed at both a set strain and stress value. This gave
stress relaxation and creep test results, both of which were measured in flexural

modes.

Stress Relaxation Testing

Stress relaxation tests confirmed the increased moduli of hybrid samples (shown
above in Figures 4.9 (d) and 4.10 (d)), as shown by an increase in the stress applied

to achieve the given strain. Interestingly, a larger amount of irrecoverable strain
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was also seen with these samples after testing. This, as seen in Figure 4.11, shows
the presence of viscous relaxation behaviour in hybrid samples. This occurs due
to the pronounced secondary creep causing stress relaxation over long periods of

time for these samples [223].
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Figure 4.11: Graphs showing (a) representative stress relaxation at 1 % flexural
strain and (b) trends in average irrecoverable strain, average maximum stress,
and the average stress decay. All data points given are mean averages with SE
given as uncertainty (N > 3).

The presence of a slow relaxation mechanism with small addition of SF' could
point at a molecular slipping mechanism occurring at these hybrid compositions.
The presence of hybrid phases, as confirmed in Section 2.5, with weaker inter-
actions could act as regions of ’sacrificial bonds’ as described in double network
theory [89]. This could give rise to localised failure, allowing slippage and molec-
ular rearrangement in hybrid samples. This mimics the slippage mechanism also
proposed by Mohammadi et al. for cellulose composites with higher lengthscale
reinforcement [86]. A visualisation of this mechanism can be seen in Figure 4.12.

This also mirrors behaviours shown in more complex biological gels. In stud-
ies on extracellular matrices and cytoskeletons, as strain is increased gels stiffen
and exhibit faster stress relaxation [138, 217, 218]. This dissipates internal stress
and elastic energy. This effect is not universal amongst biopolymer networks, but
is proposed to occur due to weaker transient bonds, like the hydrogen bonding
interactions seen in SF and cellulose hybrids [138, 217, 218]. This non-linear re-

sponse to strain rates also highlights the presence of multiple relaxation times, as
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Figure 4.12: Diagram indicating the slippage mechanism for molecular rearrange-
ment in hybrid bioplastics, in comparison to pure cellulose failure and breakage.

indicated by fittings of stretched exponentials with g values between 0.06 - 0.31
in Table 4.1. This is used here as an indicative measure of stress relaxation, show-
ing the quickest macroscopic relaxation time at 10 % SF content [139]. Further
understanding of microscopic relaxation processes could be achieved in follow-on
studies with X-ray photon correlation spectroscopy [139]. The non-monotonic in-
crease in stress relaxation differs from the monotonic change in side group mobility
shown by DMTA. This indicates the sliding mechanism proposed is mediated by

higher order cooperative motion allowed by sacrificial bonds at interfaces.

Table 4.1: Stretched exponential fitting values showing the stretched exponent,
[, and macroscopic relaxation time, 77, for samples of different SF compositions
during the stress relaxation testing.

SF / % Stretching Exponent Relaxation Time / s
0 0.06 620

) 0.13 650

10 0.15 310

15 0.06 880

20 0.28 710

20 0.15 1250
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Creep Testing

To confirm theories about the behaviours shown in Sections 4.3 and 4.3 we anal-
ysed the behaviour of samples under constant stress. This also confirmed the
pronounced viscous behaviour shown between 5-15% SF. This was shown by an
increase in total irrecoverable strain and in the total strain over time during creep

tests, as shown in Figure 4.13.
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Figure 4.13: Graphs showing (a) representative creep test strains for 8 MPa
stress application and release (b) trends in average irrecoverable strain and the
maximum strain achieved on average. All data points given are mean averages
with SE given as uncertainty (N > 3).

Under 8 MPa of stress, the purely cellulose film showed a largely elastic be-
haviour, with little irrecoverable strain seen. With added SF, viscous behaviour
was shown by the presence of irrecoverable strain. This could indicate that un-
der this given stress the ’slipping’ relaxation mechanism occured and incurred a
secondary, steady state creep to relax the polymer network [223]. This is also
reflected in the gradient difference between 15 % SF samples and 0 % SF sam-
ples after 60 seconds of deformation. This strain behaviour indicates prolonged
creep in these samples. This could indicate that the reduced strength of mixed
biopolymer interactions allows for these ‘sacrificial bonds’ to fail under applied
stress [1, 86]. Higher protein contents caused brittleness as they no longer al-
low for dissipation of energy by reformation of hydrogen bonds [86]. Hence an

optimum SF content gives a cohesive matrix. This value was about 30 % SF
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content within the matrix for Mohammadi et al but is between 5-15 % SF in our
study [86]. This may be as a result of various factors including: solvent choice,

polymer source, purity, alignment, and polymer chain length [1, 75, 85, 86, 117].

Water Contact Angles (WCA)

Having established an understanding of the mechanical properties water contact
angle (WCA) testing was performed to indicate the hydrophilicity of the samples.
This behaviour can impact biological, chemical, and physical processes. The

results can be seen in Figure 4.14.
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Figure 4.14: Graphs showing (a) mean average contact angle plotted against time
in wetting tests for various hybrid films and (b) average contact angle from 30 — 60
seconds plotted against the percentage silk fibroin showing a positive correlation.
Linear trend line included as guide for the eye. All data points given are mean
averages with SE given as uncertainty (N > 3).

Figure 4.14 (b) indicates a monotonic increase in the WCA with SF addition,
though also shows high deviation between samples causing significant overlap.
The positive correlation with hydrophobicity and increasing silk fibroin content
could explain the antibacterial properties often associated with silk fibroin addi-
tion to hybrid biopolymeric materials. The positive correlation indicates this is
primarily due to surface energy changes [183], but variations in surface rough-
ness, and pore size cannot be distinguished from these results. These are also

dependent on sample composition, so could be the driving factor into differences
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in surface wetting behaviour. The correlation could also be a reflection of the loss
of available hydrogen bonding sites in SF rich samples inhibiting water adsorp-
tion. To further investigate this behaviour surface roughness could be measured
with atomic force microscopy, which could elucidate the relationship between

chemical composition and surface morphology.

4.4 Conclusions

In this chapter, we indicate an optimum in material strength and stiffness (28
+ 1 MPa and 2.2 £+ 0.1 GPa) with tensile testing at approximately 5-15 %
SF compositions. We confirm this optimum with further flexural testing. This
modulus value is comparable to those found for equivalent materials in literature.
Zhou et al. reported a modulus of 1.6 + 0.4 GPa for a 3:1 cellulose:SF film
prepared by complete dissolution in BmimCl and coagulation in methanol and
water. They also reported an elevated maximum stress of 120 4+ 10 due to an
increased strain at failure of 18 + 2 %. This could result from differences in
polymer source or processing.

We also demonstrate a dependence of properties on strain rate and confirm,
with stress relaxation and creep testing, viscoelastic behaviours characteristic of
slow creep and stress relaxation. This material behaviour matches trends shown
in complex cytoskeletal examples also possessing transient bonds [138, 217, 218].
Both of these behaviours are attributed to the presence of mixed amorphous phase
of SF and cellulose indicated by TGA, and DMTA. This interspersed double net-
work increases interaction density and interfaces, increasing material strength
from added enthalpic and entropic contributions. In addition, the failure of 'sac-
rificial’ transient hydrogen bonds under stress within this double network allows
network relaxation [86]. This causes a large-scale relaxation which may contribute
to conflicting trends previously unexplained in literature.

Increasing the lengthscale of reinforcement and comparing material properties
could offer insight into further optimisations possible with this system; as aligned
reinforcements showed higher material toughness than isotropic dispersed fibre
reinforcements [24, 224]. The fully dissolved film from this study could act as an

effective matrix for a self-reinforced composite with high performance to better
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implement these materials in numerous applications, such as biomimetic tissue
replacements. To this end, the Chapter 5 will explore the creation and testing of

reinforced short-fibre composites with a hybrid matrix.
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Chapter 5

Biocomposites Comprising of
Short Cellulose Fibres in a
Hybrid Cellulose/Silk Fibroin
Matrix.

How can a hybrid blend matrix improve short-fibre reinforced biocomposites? 70 wt % flock
1. Hybrid matrix shows improved matrix-fibre adhesion and fibre loading. AN
2. Improved fibre loading increases maximum stress and strain at failure.
3. Short fibres used to produce low-density insulative composites.

4. Fibre content shown to dictate composite performance.

Cellulosic cotton flock

Cellulose matrix solution Hybrid silk fibroin/cellulose
matrix solution
\/ -

 XUeW 8S0IN90

JU31U09 )20)} Suisealou|

Low density, high
strength material, with
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Hybrid matrix

All Cellullose Silk Fibroin/Cellulose
Biocomposite Hybrid Biocomposite 0 wt % flock

Figure 5.1: Graphical abstract indicating the study and fabrication of short fibre
reinforced with matrices of cellulose and a cellulose/SF hybrid blend.
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5.1 Introduction

As concerns about environmental damage grow, the need for sustainable and
effective replacements for traditional petroleum-based materials has become in-
creasingly evident. Ideal solutions should be sustainably sourced, processable,
biodegradable, and high-performance. Although synthetic polymers are widely
used due to their low cost and uniformity, they are unsustainable, exhibit poor
biocompatibility, and may produce toxic degradation products [1]. Biopolymers,
such as cellulose and silk fibroin (SF), address these challenges and are thus of
great interest.

Blending these two biopolymers has been shown to enhance material strength,
stiffness, and biocompatibility [2, 78, 82, 83, 84]. Tian et al. showed with nuclear
magnetic resonance studies that SF and cellulose were miscible due to hydrogen
bonding encouraging molecular association [18]. This was supported by atomic
force microscopy studies which indicated homogenous blending [18, 82, 87]. In
the previous chapter, we optimized hybrid films by composition to produce sam-
ples with improved modulus, strength, and flexibility due to increased molecu-
lar interactions and viscoelastic network relaxation facilitated by molecular slip-
page [86, 165].

Combining the concept of hybrid biopolymer blends with isotropic short fi-
bre reinforcement offers a novel approach to repurposing waste materials into
high-performance, circular materials. Natural fibre materials have good thermal
insulation, acoustic insulation, and mechanical properties [193, 194]. Victoria et
al. demonstrated all-biopolymer composites of woven cotton can improve me-
chanical properties over the raw material [20, 181]. They achieved a Young’s
modulus of 3.4 + 0.2 GPa and an average tensile strength of 72 + 2 MPa: values
comparable with some widely used engineering plastics [181]. Adapting these
self-reinforcing composites (and optimising them with hybrid matrices) to utilise
short-fibre reinforcement will allow for the direct use of post-consumer waste tex-
tiles. Energy use in building can be up to 40 % of the total energy consumption in
industrialised countries and improved insulative materials would reduce this envi-

ronmental impact [225]. Use of natural textile waste avoids incineration of these
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materials while promoting carbon sequestering natural fibre industries, which

have been adversely affected by synthetic fabric market growth [21, 113, 194].

In this chapter, we compare the performance of isotropically reinforced short
fibre biocomposites with cellulose and optimised hybrid matrices (90:10, cel-
lulose:SF). We prepare composite samples by reinforcing hybrid cellulose/SF
biopolymer solutions with isotropically oriented cellulosic cotton flock and sys-
tematically vary the weight percentage of reinforcing cotton flock. We utilise ionic
liquids as our solvent for biopolymer dissolution as a sustainable solvent with ef-
fective dissolution, recyclability, and minimal environmental impact [11, 34, 35].
We chose 1-ethyl-3-methylimidazolium acetate (EmimAc) and dimethyl sulfoxide
(DMSO) as our solvent mixture based on the optimisation study, performed in

Chapter 3, for the dissolution of SF and cellulose [159].

X-ray diffraction (XRD) is used to establish the morphology and hence the
fibre volume percentage of the composites. Gravimetric density analysis is then
used to indicate the effect of increasing reinforcement content on processing con-
ditions, resulting in decreasing density. The different matrices are compared to
show that the hybrid solutions give superior fibre interpenetration and adhesion.
Tensile testing was then performed to show superior performance in samples
with hybrid matrix due to improved extensibility, fibre loading, and fibre-matrix
adhesion at interfaces. The experimental evidence is used to validate a model
composite modulus prediction to allow future sample tunability. Characterisa-
tion with optical and scanning electron microscopy is used to confirm behaviours
seen and discuss failure mechanisms. Lastly, the samples are characterised with
acoustic insulation testing to indicate the applicability of these materials. The
proposed composites are shown to produce valuable materials and indicate the
importance of both biopolymer blends and short-fibre reinforcement for textile
waste usage. This promising study provides motivation for future testing of these
materials in structural applications with acoustic insulation needs, or in biomed-

ical applications [1, 24, 116].
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5.2 Materials and Methods

Sample Preparation

The hybrid solution of cellulose and silk fibroin was prepared with a 10 % SF and
90 % cellulose polymer composition, based on the previous chapter indicating a
peak in hybrid matrix performance between 5 - 15 wt % SF content [165]. The
solvent ratios were selected based on the previous chapter detailing the effective
dissolution of SF and cellulose with EmimAc and DMSO solvent mixtures [1, 64,

159]. A diagram of the production process can be seen in Figure 5.2.

Matched mould
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Figure 5.2: Diagram indicating the production process for the composites with a
hybrid matrix.

Cellulose was dissolved at 10 wt% in a 20:80, EmimAc:DMSO mixture of
solvents. Silk fibres were dissolved at 10 wt % in an 80:20, EmimAc:DMSO
mixture of solvents. Polymeric solids were firstly dispersed in the relevant weight
of DMSO, then stirred and preheated to 100 °C for 30 mins. The relevant weight
of EmimAc was preheated at 100 °C for 30 mins then mixed with the dispersed
solids in DMSO. Solutions were then stirred for 16 hr, at 100 °C, at 200 rpm to

produce pale yellow to dark amber transparent solutions. Hybrid solutions were
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prepared by mixing the SF and cellulose solutions at the required ratio for 30
minutes, at 100 °C and 200 rpm. Cellulose solutions were prepared by the same
cellulose dissolution method without mixing in SF solution. All dissolution was
performed in sealed vessels to reduce the effects of humidity on dissolution.

The polymer solution was then mixed with cotton flock for 5 minutes until
the mixture was homogenous. Both flock and solution were preheated to 100 °C
and stirred while heated at 100 °C. The mixture of undissolved flock and poly-
meric solution was then dispersed in matched moulds and compressed for 8 hours
at 4 MPa and 100 °C. This period and pressure was selected after a short opti-
misation study described below. Samples were then removed from compression
and allowed to cool to room temperature for 12 hours. Samples were coagulated
in a methanol bath for 24 hr before washing in deionised water (5 1) for 48 hr.
The water was replaced twice in that period. Coagulated and washed samples
were dried at room temperature and humidity for 6 hr. Samples were compressed
between metal sheets (= 10 KPa using bulldog clips), to alleviate deformation
due to differential shrinkage during drying and cooling, then dried for 24 hr at
60 °C whilst still under compression. Sample thickness varied from 1.2 - 3.9 mm
with increasing reinforcement correlating with reduced shrinkage as discussed in
Section 5.3. Images of samples at each stage of production can be seen in Figure
5.3.
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Figure 5.3: Tmages of (a) a hybrid polymer solution of 10:90 silk fibroin: cellulose
in EmimAc/DMSO solvent mixture showing bubbles present directly after mix-
ing, (b) an example flock/solution mixture of 66 wt% cotton flock and 34 wt%
polymer matrix after dispersion into a matched mould, (c¢) an example coagu-
lated and washed composite before drying as a hydrogel, and (d) a fully prepared
composite after drying.

Before any characterisation, samples were equilibrated under ambient condi-
tions for at least 24 hours. The average room humidity was 50 + 1 % and the
average temperature was 20.6 + 0.2 °C. Analysis results were averaged over at
least three measurements, unless otherwise mentioned, with errors calculated as

the standard error. Examples of samples with cellulose and hybrid matrices can
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be seen in Figure 5.4. Throughout this chapter the reinforced samples with hy-
brid or cellulose matrices will be referred to as only hybrid or cellulose samples

respectively.

20 wt %

35wt %

Figure 5.4: Images of example composites ranging from 0 to approximately 70
wt % fibre content for (a) cellulose matrices reinforced with cotton flock and
(b) hybrid matrices reinforced with cotton flock. In the image, reinforcement
concentration increases from left to right. It can be noted that with increased
fibre content samples experienced less shrinkage.

This methodology was selected after a series of screening stages were per-
formed to improve efficiency and maximise the resulting performance of compos-
ites. With a nominal preparation method adapted from literature samples with
pure silk, optimal hybrid (9:1 cellulose:SF), and pure cellulose matrices were pre-
pared with 50 wt % reinforcement from cotton flock, silk flock, or a 50:50 flock
mixture. Resulting samples can be seen in Figure 5.5. It was found that utilising
silk flock as the reinforcing agent resulted in excessive reinforcement dissolution
and inferior resulting composites. This may be due to the noted sensitivity on

thermal history of silk materials [144].
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Fibre composition

Pure Cotton 50:50 Pure Silk

Matrix Composition
Optimal (90:10) Pure Cellulose

Silk Fibroin

Figure 5.5: Images of sample composites produced cellulose, optimal hybrid,
and SF matrices with cotton or silk flock reinforcement indicating the increased
solvation and sample failure in silk reinforced samples.

A high viscosity sample of 50 wt % cotton flock with cellulose matrix was then
selected and the compressive stage of preparation was optimised by varying the
vessel for compression, the temperature, and the pressure. Matched moulds were
seen to effectively compress the composites during mixing, to reduce wastage
due to flash, and to allow the formation of cohesive composite samples [20].
These were selected after comparison with uncompressed samples, and samples
compressed in a picture frame. Lastly, compression time and pressure were varied
to investigate the optimal preparation procedure using simple experimental design
concepts to effectively probe the parameter space [181]. Samples were tested with
compression times from 0 to 24 hours and compression pressures from 0-6 MPa.
The resulting moduli and bulk densities of samples resulting from this testing can

be seen in Figure 5.6.
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Figure 5.6: Ashby plot of flexural modulus against density for cellulose film and
a series of cellulose matrix composites with 50 wt% cotton flock reinforcement.
The density and modulus of reinforced samples varies as a result of altered com-
pression parameters during manufacture. The arrow is included as a guide for
the eye to indicate the optimal sample’s increased modulus with reduced density
in comparison to a non-reinforced film sample.

The optimal sample was elected as one with the maximum flexural modulus
and was produced with a pressure of 4 MPa for 8 hours. Interestingly, at a single
flock composition, the modulus is seen to increase linearly with density increase.

Hence, the densest sample also produced the sample with the highest modulus.

Sample Testing

Dumbbells of each sample were tensile tested as described in Section 2.2. The
bulk density and the true density of all samples were tested as described in Section
2.8. The acoustic insulation performance of samples was tested as indicated in
Section 2.8. After fabrication, cross-sections of each sample were cut and optically
imaging as shown in Section 2.7.Secondary imaging was performed with SEM as
described in Section 2.7. The morphology of each sample was tested with XRD

20 scans as detailed in Section 2.6. To investigate crystallite orientation, scans
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from o = 0 to 90° were also performed. The 20 angle was set to 22.4° to probe

the orientation behaviour of cellulose I crystals and hence of reinforcing fibres.

Reinforcement Volume Fraction Analysis

The volume fraction of internal reinforcing fibres (cotton flock) was estimated
using analysis of crystalline polymorphs from XRD. This was done to overcome
difficulties in distinguishing the fibres from the chemically indistinct and interdif-
fused matrix. Firstly, the ratio of Cellulose I to Cellulose II crystalline polymorphs
in cotton flock (Rcr) was derived by the following equation:

o C'ICelluloseI

Rey (5.1)

 Cloaosen

where C'lcenuoeser 18 the crystallinity index of Cellulose I determined as de-
scribed in Section 2.6. The ratio of Cellulose I to Cellulose II crystalline poly-
morphs in each composite, Rcomposite, 18 then found for all samples. As Cellulose
I is only present in raw/undissolved cellulose samples it can then be assumed all
Cellulose I content is present only in the undissolved reinforcing fibres [67, 79].
By assuming that diffraction intensity correlates with the volume fraction of the
diffracting polymorph the volume percentage of cotton flock content (Vol%cr)

can be estimated by:

R omposite
Vol%cr = % x 100% (5.2)
CF

Flock Analysis

To aid with theoretical modelling of the composite behaviours, representative
samples of the reinforcing cotton flock were dispersed on glass slides, imaged,
and analysed to indicate the distribution of fibre lengths, widths, and aspect
ratios. Images were taken in transmission mode at 10 X magnification using a
Leica non-polarised light microscope (London, United Kingdom) with a Nikon
D7200 digital camera (Tokyo, Japan). Multiple images were taken across five
different samples and a total of more than 1000 individual fibres were counted.

Fibre lengths and widths were analysed in ImageJ as shown in Figure 5.7. In
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addition to the cotton flock used, the reinforcing silk flock used for comparative

testing in Section 5.2 has also been imaged.

(d)

Figure 5.7: Optical microscopy images of dispersed cotton (a,b,c) and silk (d,e,f)
flock across a glass slides before and after marking of all fibres with ImagelJ
with which individual fibre widths and lengths were measured. (c¢) and (f) show
the polarised optical microscopy images. The width and length were taken to
calculate the aspect ratio of each fibre.

It can be clearly noted that the silk flock demonstrates a higher content of
impurities as indicated by the qualitative differences between Figures 5.7 (d) and
(f). While the polarised image only captures polymeric silk content the non-
polarized image captures instead all of the flock content which can be compared
to indicate impurities. The difference shown highlights the non-silk content in
this flock which could contribute to increased impurity in the silk reinforced
composites causing increased ease of fracture. The lengths and widths of each
fibre from Figure 5.7 (a) and (d) were used to calculate the aspect ratio and
distributions were used to generate mean, median, and modal average values as
shown in Figure 5.8. As shown to be suitable by Virk et al., the median was
used for theoretical modelling though the mean average has been used in other
studies [226, 227].
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Figure 5.8: The distribution of aspect ratio, length, and width for cotton (a,b,c)
and silk (d,e,f) flock samples with statistical data marked. The quoted average
and quoted target refer to target and measured values provided by the distributor,

Goonvean.

Figure 5.8 shows the resulting statistical analysis from the flock sizing of both
cotton and silk flocks. It can be seen that silk fibres have a smaller mean length
and width compared to the cotton fibres. The silk flock was reduced in length
compared to the average quoted by the distributor. The aspect ratio of the flock
was of key importance, as discussed later in Section 5.3, with a larger aspect ratio
increasing the reinforcing efficiency of the fibre. The silk flock showed a reduced
median aspect ratio (8.4) compared with that of the cotton flock (13.2) so the

cotton flock was used going forward.
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5.3 Results and Discussion

Morphology Analysis

Morphological analysis was performed using XRD to indicate the crystalline and
amorphous morphology of samples. This indicated an increasing presence of
Cellulose I with increased content of undissolved fibres as shown in Figure 5.9
(a). The crystallinity of samples was estimated with Gaussian fittings then used
to calculate the fibre volume percentages shown in Figure 5.9 (b). Only analysis
for samples with cellulose matrices have been included as SF and cellulose crystals
produce overlapping peaks in the 26 scans and hence cannot be fitted using the

same gaussian method in XRD. Discussion of this behaviour can be seen in Section
5.3.
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Figure 5.9: Graphs showing (a) normalised XRD diffractograms for composite
samples with cellulose matrix and cotton flock reinforcement with fibre weight
percentage indicated, and (b) calculated fibre volume percentages against the
fibre weight percentage. The fibre volume percentages have been calculated from
Eq. 5.2 with Gaussian peak fitting of XRD, or by assuming the fibre weight
percentage is equal to its fibre volume percentage.

On addition of undissolved fibres, the relative size of the cellulose I peaks can
be seen to increase. This can be seen in particularly in the main diffraction peak
at 22.4° in Figure 5.9 (a). Simultaneously, Cellulose II peaks and the central

amorphous peak at ~19° are seen to decrease relatively. This is reflected in

140



5.3 Results and Discussion

the estimated volume fraction of cotton fibre increasing with added cotton fibre
content in Figure 5.9 (b).

Notably, the calculated volume fraction of cotton fibres is lower than that
estimated by assuming the fibre weight percentage is equal to its fibre volume
percentage. Assuming the density of the cellulose fibres and matrix are equivalent
as shown in Figure 5.11, this indicates that partial dissolution is occurring. This is
supported by previous studies showing the concentration of the matrix solution
is slightly below that of the maximum saturation concentration of the chosen
solvent mixture [159]. This is also supported by the cohesive matrix-fibre interface
shown in Section 5.3, indicating polymer penetration from matrix to fibre, as
shown in other studies including partial dissolution [22, 53, 181]. As hybrid
samples couldn’t be characterised using this method, the average percentage of
undissolved cotton flock was calculated as %ycr = % x 100% where Vol%
is the volume percentage calculated from gaussian fitting or estimated as equal to
the weight percentage. From this %ycr = 78 +5% which was used to estimate the
Vol%cr for hybrid samples. Volume percentage is used to indicate fibre content
in samples for subsequent mechanical analyses in this chapter unless otherwise

mentioned.

Density Analysis

Inclusion of reinforcing fibres was observed to effect sample processing and the
resulting sample structure. Densities of samples were measured using bulk gravi-
metric techniques and results can be seen in Figure 5.10.

It can be seen that addition of reinforcing flock causes a reduction in sample
density with both hybrid and cellulose matrices. As the cellulosic fibres have an
approximately equal density to the matrices (1.3 - 1.5 g ecm™3) [180, 181], it can be
assumed that the large density decrease is correlated with the presence of internal
pores. This is also confirmed by the true density analysis using gas pycnometry.
In Figure 5.11 no change in sample true density was seen with changes in content
of fibres at values of 1.512 4 0.004 g cm 2 and 1.498 £ 0.002 ¢ cm ™2 for samples
with pure cellulose or hybrid matrices respectively. This assumption is supported

by work by Yong et al. showing density reductions to be caused by internal
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Figure 5.10: Graph showing the density values of samples with linear fittings
for composite samples with hybrid and cellulose matrices. The gradient of these
linear fittings, as shown in Table 5.1, is taken to aid in later fittings of modulus

theory. All data points given are mean averages with SE given as uncertainty
(N > 3).

voiding [179]. The presence of pores is indicated by visual evidence in Section
5.3. It was found, during process optimisation, that compressing samples less
during manufacture also produced lower density samples. This further indicates
the density behaviour is dictated by the presence of voids. This trend is caused
by the increasing viscosity of samples during mixing, as undissolved fibres are
added, avoiding the collapse of voids during processing. Victoria et al. also
noted reduced density due to void formation in equivalent samples where solvent
or solution penetration was inhibited between reinforcing fibres [20].

The true density of most samples does not vary significantly with fibre addition
though a very slight increase in true density can be seen in fibres over amorphous
samples. This agrees with studies showing crystalline samples to be of increased
density over amorphous polymer content. This confirms the calculations based
on the assumption that the bulk density difference is caused by the presence of
pores and cavities in composite samples.

The cellulose samples show a larger decrease in density than the hybrid sam-
ples with addition of flock. This may be due to the reduced viscosity of SF solu-

tions in comparison to cellulose solution (due to greater chain flexibility and/or
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Figure 5.11: Graph showing the true density values of samples with linear fittings
for composite samples with hybrid and cellulose matrices. These values indicate
the lack of change in the true density of samples, without considering the presence
of pores in the composite. All data points given are mean averages with SE given
as uncertainty (N > 3). Uncertainties in this graph are too small to be seen.

lower molecular weights) increasing fibre penetration and reducing total void
content [1, 21, 159]. Alternatively, the improved solvation ability of the hybrid
solution utilised could dissolve more fibre content and hence cause increased void
collapse [1, 21, 113, 159]. Linear fits of the data for cellulose and hybrid samples
were perfomed and the parameters this are shown in Table 5.1. These fits of
sample density behaviours are utilised to estimate trends with respect to density
changes in Section 5.3. It may be of future interest to replace the reinforce-
ment with air-laid nonwoven textile waste mats as lower density reinforcement

examples to reduce density further for specialised applications [80].

Matrix c m
Cellulose 1.264+0.05 —-0.84+0.1
Hybrid 1.314+0.07 —0.5+0.1

Table 5.1: Fit parameters for a generalised linear equation, y = mx +c, for hybrid
and cellulose bulk density data as shown in Figure 5.10. The larger magnitude
of the negative gradient, c, for cellulose samples indicates the greater dependence
of cellulose sample density on flock content
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Bulk Mechanical Analysis

To test mechanical performance of samples tensile testing was performed as shown
in Figure 5.12. This was done to indicate the bulk behaviours of the composites

and compare performance between hybrid and cellulose samples.
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Figure 5.12: Graphs showing example stress-strain curves for tensile testing of (a)
cellulose samples, and (b) hybrid samples with extracted average data showing
(c) the specific Young’s Modulus, (d) max strain at failure, and (e) max stress.
The numbers included in the legend of the example stess-strain curves indicate
the volume percentage of included flock reinforcement for each sample. All data
points given are mean averages with SE given as uncertainty (N > 3).

Figure 5.12 (a) and (b) show the stress-strain curves for cellulose samples. It
can be seen that samples with higher fibre content did not show brittle failure, as
indicated by steep drop in stress after failure. This is caused by the fibre-pullout
failure mechanism causing a more gradual reduction in stress upon failure. Vari-

ation in this mechanism leads to larger standard error in these samples, though
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uncertainty was already pronounced due to sample warp and variation in lab-
scale fabrication potentially impacting local fibre alignment. It is also notable
that the maximum stress achieved with cellulose samples was lower than that
of the hybrid samples. This is primarily due to the presence of significant void
content discussed in Section 2.8, and the inferior fibre-matrix bonding seen in
cellulose samples with insufficient matrix causing fibre pullout. Secondarily, ad-
ditional processing time could impact fibre quality due to heat or solvent induced
degradation and reduce this value.

As shown in Figure 5.12 (c), both sets of composite samples showed compa-
rable increase in the specific Young’s modulus with increases in the fibre volume
percentage once voiding was taken into account. As trends in specific modulus
agree, within uncertainty, for both hybrid and cellulose matrices it is indicated
that the modulus of samples is primarily controlled by the volume percentage
of the reinforcing fibres. In support of this, it was shown by Mohammadi et al.
that aligned SF or cellulose fibres can improve modulus beyond those seen in
unaligned examples [1, 86]. This holds true as long as the supporting matrix is
of sufficient volume and interfacial adhesion to transfer composite stress to the
internal fibres. Deviation from the trend can be seen at maximum content of fibre
volume percentage as insufficient matrix is seen in this sample to provide a cohe-
sive composite [76]. The maximum volume percentage achieved was higher than
that of typical randomly reinforced composite samples (Vi = 0.1—0.3) [228]. This
may be due to reinforcing fibre flexibility, or dissolution which is not considered
in the optimal cases [159, 228].

It can also be noted for these samples that a negative correlation is broadly
observed between sample density and Young’s modulus. This breaks from typical
convention, as shown in Figure 5.6, and arises due to the reinforcing fibre both
encouraging reduced sample density and increasing sample modulus [20, 76]. This
simultaneous effect improves samples stiffness while reducing density. This arises
due to the described reinforcing behaviour of fibre inclusion occuring alongside
cavity formation described in Section 5.3. This could indicate a use for these
composites in low density applications.

The hybrid composites are able to form composites with higher volume per-

centages of fibres due to reduced viscosity and increased saturation concentration
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of the hybrid solution. This allows for effective inclusion of higher quantities
of fibres and hence a greater maximum modulus. Secondly, the hybrid matrix
exhibits a greatly improved maximum strain at failure performance at optimal
fibre loading, as shown in Figure 5.12 (d). This may be due to improved matrix
extensibility as a result of time-dependent relaxations incurring viscoelastic be-
haviour in the polymer blend [86, 165]. In these samples sacrificial bonds allow
for localised failure and total network relaxation which mimics behaviours seen
in high performance natural double networks [89, 138, 165, 217, 218]. This allows
fibres to be loaded more effectively and could lead to the dramatic increase in
failure stress shown in these samples. The distinct peak in max stress and strain
occurs between 42 — 55 vol % fibre in hybrid samples.

To establish if the modulus results are in line with expectations, the experi-
mental results can be compared to theoretical predictions using standard rule of
mixtures for composite models. The modified rule of mixing was altered to model
the modulus of the composite (E¢,) while considering the void content with the
following derivation.

Considering a section of a material normal to the loading direction the ap-
plied load of a composite can be expressed as the contributions from its compo-
nents [76]:

o= for+ (11— flom (5.3)

Where o, is the composite stress, f is the fibre volume fraction, and 7, and &,,
are the volume average stress of the fibre and matrix respectively. It is assumed
that sum of the fibre and matrix volume fraction equals one for the loaded cross-
section. Therefore, if strains remain equal for all components it can be modelled
that [76]:

E.=fE;+(1—-f)E, (5.4)

Where E,, Ey, and E,, are the moduli of the composite, fibre, and matrix
respectively. This is also known as the Voigt rule of mixing, as shown in Figure
5.14 (a), and (b) [229]. This assumes perfect interface adhesion and continuous

fibres so models the composite under equal strain. If one instead models the
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composite with imperfect adhesion, as particles in a matrix, the stress is instead
equilibrated between components as in the Reuss model, FE, = (Eif—i-%)_l. This
was noted to significantly undershoot data given in Figure 5.14 which provides
support for our theory of good interfacial adhesion.

To develop the Voigt model (Eq. 5.4), it must also be considered that the
tensile loading of the fibres from the matrix is dependent on interfacial shear
stresses. If one assumes that the matrix and fibre remain elastic and the interface
bond is perfect, and the shear stress at the fibre ends is maximum and falls to zero
after half the ‘critical length’. The tensile stress at the fibre ends is then assumed
to be zero rising to a maximum after half the ‘critical length’. By modelling the
strain of the matrix and fibre as both equal to the composite strain, and that the
fibres can be modelled as a hexagonal array the composite modulus of a sample

reinforced with fibres aligned along the loaded axis is given by [76]:

tanh (ns)

E.=(1-
( ns

)fEf —+ (1 — f)Em = T]lef + (1 — f)Em (55)

where s is the fibre aspect ratio, and n is a dimensionless constant given by:

_ 2F,,
"B A+ ) (1/f)

Where v, is the Poisson’s ratio of the matrix. More detailed derivations can

/2 (5.6)

be found in works by Hull and Clyne, based on the original works by Cox [76,
230]. It must also be considered that the fibres may not be oriented in the
loading direction which impacts fibre loading and total composite performance.
This was modelled by Krenchel’s orientation factor to give the modified rule of
mixing [226, 227, 229]:

E, = (X,a, cos’ O)mfEs+ (11— f)E, =nomfE;+ (1 — f)En, (5.7)

Where a,, is the proportion of fibres oriented at a fibre angle 6,, relative to the
applied load direction. Lastly, for our composites it was noted that significant
pores contributed to a reduced sample density. This could be modelled as regions

of the cross section which contributed nothing when the sample was loaded. We
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modelled this by assuming all density change arose from pore formation, which
gave [76, 226, 227]:

Eo, = (nonLEsfi + (1= ) Ep) x —2 (5.8)

Pmatrix

where FE is the modulus of the composite, fibre, or matrix respectively (GPa);
1o is the Krenchel orientation factor; 7y, is the Cox shear lag factor; f; is the fibre
volume fraction corresponding to sample i; and p is the density of the pure matrix
or the composite respectively. The density term is taken to represent the presence
of voids not contributing to stress loading in extension. The reinforcement was
modelled as randomly oriented in plane (7o = 3/8). The modulus of each matrix,
E,,, was taken from the modulus of the given equivalent film and the modulus
of the fibre was taken from literature example of cotton fibres, £y = 20 GPa.
The aspect ratio of fibres was found, in Section 5.2, to be 13.2. The effect of
the fibre aspect ratio on the reinforcing efficiency of the fibre can be estimated
by varying the aspect ratio and comparing it with a sample with infinitely long
fibres according to Eq. 5.8. Hence, the reinforcing efficiency defines the ability of
a fibre to be effectively loading as controlled by shear variation with variation in
aspect ratio. This is given as RE = E./Ey,¢, where E. and Ej, s are modulus of
composites reinforced with short fibres and infinitely long fibres respectively. The

results of the aspect ratio variation can be seen in Figure 5.13.
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Figure 5.13: The reinforcing efficiency, calculated as the modulus of sample with
aspect ratio x divided by a sample reinforced with infinitely long samples (negat-
ing the effect of shear lag). This indicates the percentage of effective reinforcement
provided by reinforcement of a given length, with aspect ratio of the common flock

used marked.

Using the cotton flock’s median aspect ratio provides a reinforcing efficiency
of 87 % based on the Cox Shear lag factor as shown in Figure 5.13. All data and
fittings for cellulose and hybrid samples can be seen in Figure 5.14 [76, 226, 227,
229, 230, 231]. The moduli of experimental samples is fitted against Eq. 5.8 in

Figure 5.14 (c) and (d).
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Figure 5.14: Graphs showing the tensile modulus against the fibre volume per-
centage for all experimentally measured (a) cellulose samples with all different
iterations of theoretical modelling applied, (b) hybrid samples with all different
iterations of theoretical modelling applied, (c¢) cellulose samples compared with
the final theoretical modelling, (d) hybrid samples compared with the final theo-
retical modelling. The infinite fibre length, Ec, refers to modelling with only the
Krenchel orientation factor applied. The modified rule of mixing (ROM) refers
to the modelling with both the Krenchel orientation factor and the Cox shear lag
factor applied (Eq. 5.7). In figures (c¢) and (d) the solid line shows the modified
rule of mixtures included Cox, Krenchel, and density fitting parameters (Eq. 5.8).
Errors shown with the shaded region are calculated using error propagation. All
data points given are mean averages with SE given as uncertainty (N > 3).

It can be seen from Figure 5.14 that experimental results largely agree with
theoretical fittings, within uncertainties, until composite failure is seen due to in-

sufficient matrix content. At this point sample modulus is seen to decrease, which
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can be correlated with insufficient matrix content causing interfacial failure be-
tween fibres and reduced stress transfer. The agreement confirms the validity of
the model described in Eq. 5.8 and implies the tunability of the field of com-
posites for multiple applications requiring varied moduli. In cellulose samples
the optimally reinforced samples fall outside of uncertainties of theoretical pre-
dictions. This could be due to alignment of fibres incurred during preparation
causing failure of the assumptions used for the orientation modelling. This would
cause the modelling to underestimate the modulus of these samples. Though
sufficient, the model may be further improved by additional factors to account
for the following assumptions which may not always hold true for the composites

in question:
1. Fibres are linear and unbent
2. Fibre-matrix interfacial adhesion is perfect
3. The fibres and matrix are under uniform tensile strain

To confirm the system optimum with fibre volume percentage for samples with
hybrid matrices several samples were prepared with an optimal fibre content of
48 vol % and tensile tested. This confirmed the maximum in sample modulus at
3.3 £ 0.3 GPa, and indicated bulk anistropy in samples by testing samples at 0,

45, and 90° directions. This can be seen in Figure 5.15.

4.0
3.5
£3.0
(L)
%25
3
=3
g 2.0
—-15
1.0
0.5

0.0
Vertical Diagonal Horizontal

M

Flexura

Figure 5.15: Bar chart showing the Young’s moduli of an optimised sample tested
in strips taken vertically, diagonally, and horizontally to an arbitrary axis in the
plane of the flat sample.

151



5. BIOCOMPOSITES COMPRISING OF SHORT CELLULOSE
FIBRES IN A HYBRID CELLULOSE/SILK FIBROIN MATRIX.

Agreement of each sample’s modulus within uncertainty regardless of the sam-
ple testing direction confirms the bulk anisotropy of samples. Local isotropy was
also tested using XRD and confirmed that samples showed local directionality on
the sub-mm lengthscale, as shown in Figure 5.16. This was indicated by orienta-
tion in an alpha scan, which tests on the mm length scale of the beam thickness,

and so shows that fibres remain locally oriented in the composite.

Composite sample
—Film Sample

Normalised Intensity (a.u.)

a angle (°)

Figure 5.16: Diffractogram showing the normalised alpha scans for the optimised
reinforced sample relative to a comparative unaligned film sample. This shows
evidence of local directionality of cellulose I crystals below the mm length scale
of the XRD beam. This indicates directionality of fibres at this lengthscale.

Figure 5.16 shows the local orientation of Cellulose I crystals in a composite
sample and an unreinforced film sample. This confirms the local anisotropy of
the composite fibres on the mm lengthscale and the isotropy of the fully dissolved
and coagulated film samples. Hence, the fibre reinforced samples present local
anisotropy and macroscopic isotropy.

The mechanical performance of these materials indicates a host of promising
applications. For example, the sample modulus is within the range seen for
cancelous bone (0.05 - 5 GPa) [113, 118]. This, alongside literature evidence of
biocompatability, shows that these materials could be used to create biomimetic

materials for wound healing applications [85].
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Failure Analysis - Sample Imaging

After testing, sample failure mechanisms and structures were analysed by imaging
with both polarised optical microscopy and SEM. Polarised optical microscopy
was performed on thin cross sections cut from samples while SEM was performed
directly on the failure cross sections of tensile tested samples. Images of the

cellulose samples can be seen in Table 5.2.
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Table 5.2: ITmages of composite cross sections for cellulose and hybrid samples in
polarised optical microscopy and SEM. Samples of various fibre volume percent-
ages shown at different magnifications.

Cellulose Matrix

40 % 50 %

Hybrid Matrix
30 % 40 % 55 %
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Light microscopy in Table 5.2 shows increasing evidence of voids and lami-
nar gaps forming as fibre content increases. This is supported by the increased
laminar separation in SEM images of 50 % fibre volume cellulose samples. This
coincides also with increased fibre pullout in these samples, causing the distinct
stress-strain curves shown in Figure 5.12 (a). It appears that fibre matrix inter-
faces are more smoothly integrated at 40 % fibre volume in both matrices than
in the upper extremes, though superior interfacial adhesion is seen in the hybrid
matrix. This confirms discussion of the hybrid matrix’s superior processing power

at higher fibre concentrations as discussed in Section 5.3.

In hybrid samples, the increased dissolving ability is clearly demonstrated
by the lack of fibres at the surface of 30 % fibre volume sample. This instead
demonstrates a brittle fracture surface with a chevroned fracture surface and
smooth surfaces along crystallographic planes [232]. This indicates that further
research into the fibre volume analysis could be of interest for these complex
novel materials to improve the estimations used in this study. 40 and 50 % fibre
volume samples show similar trends to cellulose samples with increasing fibre pull
out and interlaminar failure in highly reinforced samples. It can be seen that at
40 % fibre volume good matrix-fibre adhesion is seen and fibres pull-out appears

to be limited, which indicates proper fibre loading [76, 233].

Acoustic Insulation Analysis

To indicate the potential application of these materials in non-load bearing acous-
tic insulation capacities the acoustic insulation performance was tested with re-
spect to matrix and reinforcing flock. The sound transmission loss performance
can be seen in Figure 5.17 with the average transmission loss across the tested fre-
quencies given in Table 5.3. Though not measured here, sample noise-reduction
coefficient (see Section 2.8) would be of great interest for acoustic applications in

the future.
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Figure 5.17: Acoustic transmission loss plotted against frequency for both (a)
cellulose matrix, and (b) hybrid matrix samples. The numbers included in the
legend indicate the volume percentage of included flock reinforcement for each
sample.

Figure 5.17 and Table 5.3 show that hybrid samples achieved a greater average
acoustic transmission loss (47 = 7 dB) compared to that of cellulose samples (29
+ 4 dB), again indicating their improved performance. An increase in average
transmission loss was seen with increasing fibre content for samples with both
cellulose and hybrid matrices. This indicates an improved acoustic insulation
performance. This behaviour is mediated by sound wave interactions with ma-
terial micropores and macrostructure [194]. Acoustic insulation can be aided (in
porous materials) by air molecules vibrating to transform acoustic vibrations into
viscous and thermal energy, or (in fibrous materials) energy being transformed
into fibre vibrations [194]. In these composites, closed-cell cavities may be formed
by interstices of fibres where matrix was unable to enter during preparation [194].
The increasing addition of fibres may greatly improve scattering by introducing
interfaces between fibres, matrix, and cavities and hence to improve acoustic in-
sulation. The improved performance at low frequencies is comparable to work
by Sui et al. on honeycomb acoustic metamaterials [192]. Multiple reflections
between interfaces was proposed to encourage standing waves which greatly im-

proved the transmission loss [192]. Sample acoustic performance was superior to
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standard single layer building materials (plywood, aerated concrete, laminated
glass, and rock wool) which largely showed transmission loss below 25 dB when
below 1000 Hz [234, 235].

Notably, the performance of samples with hybrid matrices was superior to
samples with cellulose matrices. This may be related to increased sample den-
sity, as seen in Figure 5.10, which is shown to increase acoustic insulation in
accordance with the mass law [189]. Though promising, these results should be
considered as only preliminary evidence of performance as it is likely surface be-
haviours affected the acoustic performance which would be magnified by the use
of relatively thin samples in this case [236]. The effect of fibre content on pore
size and surface roughness should be considered in future studies more primarily
focused on acoustic performance.

Dips in the transmission loss can be seen in Figure 5.17 (a) and (b) which
occur at higher frequencies as the fibre content is increased. This is likely the
samples critical valley, at which the bending wavelength matches the acoustic
wavelength [189]. This allows more efficient transfer of sound wave energy across
the sample. The frequency of the critical valley increases with flock content and
likely corresponds to the bending wavelength of the material decreasing with its
modulus change, as shown in Figure 5.12 (c¢). This indicates the tunability of this

material for selective insulation over certain frequencies.

Table 5.3: Average values and standard deviation derived from acoustic transmis-
sion loss graphs for both cellulose matrix (top rows), and hybrid matrix (bottom
rows) samples. For clarity, transmission loss has been abbreviated to TL in the
table below.

Fibre vol (%) 0% 29%  41%  46% 53 %
Average TL (dB) 18 £2 204+2 22+2 28+5 29+4

Fibre vol (%) 0 % 28% 41%  42% 50% 54 %

Average TL (dB) 15+3 234+2 29+3 32+5 40+£8 47+7

Figure 5.17 offers an initial look at the acoustic performance of these mate-

rials and indicates the fruitful application of these materials. It can be observed
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that the maximum transmission loss performance (=60 dB) exceeds the typical
standard for internal interior soundproofing between rooms (45 dB) though the
performance must be compared over relevant frequencies [191]. This is achieved
without significant mass increase, contrary to the typical mass law, and so of-
fers the potential for application as a lightweight, sustainable, insulative mate-
rial [189, 191, 193].

5.4 Conclusions

This chapter has demonstrated the feasibility of a novel isotropically reinforced
short-fibre biopolymer composite and confirmed the effectiveness of an optimized
hybrid cellulose/silk fibroin matrix in reinforced composites. The results high-
light the importance of innovative biopolymer hybrid blends in developing high-
performance, tunable materials for diverse applications.

Solutions of pure cellulose and a 10 % SF SF/cellulose hybrid blend were
isotropically reinforced with cotton flock through mixing, coagulation, washing,
and drying, yielding composite samples with an optimal balance of low density
and mechanical properties. The modulus increased with fibre content (to 3.3 £
0.3 GPa), while density decreased and a peak in max stress and strain (1.4 + 0.2%
and 42 + 6 MPa) occurs between 42 - 55 vol % fibre in hybrid samples. Notably,
the modulus trends overlapped for cellulose and silk fibroin samples, indicating
that tensile modulus was governed primarily by flock content rather than the
matrix. However, the hybrid matrix allowed processing with higher flock content
and exhibited optima in maximum stress and strain at failure. Additionally,
the hybrid matrix demonstrated improved extensibility and interfacial adhesion,
enhancing stress transfer to fibres and overall sample strength. Experimental
results aligned well with a theoretical rule of mixtures incorporating Cox shear
lag, Krenchel orientation, and density factors, suggesting the model’s potential
for predicting tunable composites for acoustic or biomedical applications.

Finally, the acoustic insulation performance of samples was tested. Hybrid
samples achieved a greater average acoustic transmission loss (47 £ 7 dB) com-
pared to that of cellulose samples (29 + 4 dB) indicating the applicability of this

material for insulative materials.
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Chapter 6

Conclusions

6.1 Overall Findings

This thesis has set out to explore the behaviour of silk fibroin (SF) and cellulose
blends in dissolution, coagulated materials, and reinforced composites. In partic-
ular, we aimed to valorise potential waste textile streams and outline a potential
processing pathway with fruitful applications. We indicated optimisations at each
step of the process and discussed potential applications in biomedical and acous-
tic insulation applications. The overall findings of each chapter are summarised

below.

Chapter 3: Dissolution of Biopolymers

This chapter investigates the dissolution of cellulose and silk fibroin (SF) in a mix-
ture of 1-ethyl-3-methylimidazolium acetate (EmimAc) and dimethyl sulphoxide
(DMSO). EmimAc is a promising environmentally friendly solvent currently in
wide use but can be limited by its high viscosity, which inhibits the speed of
dissolution. To mediate this, DMSO has been used as a cosolvent and has been
shown to significantly lower the solution viscosity and aid mass transport. Dis-
solution experiments were carried out separately for both cellulose and SF with
a range of EmimAc:DMSO ratios from 100 wt% EmimAc to 100 wt% DMSO.
Interestingly, the optimal EmimAc:DMSO ratio (in terms of dissolution speed) is

found to be very different for the two biopolymers. For cellulose, a mixture of 20
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wt% EmimAc with 80 wt% DMSO is found to have the fastest dissolution speed,
while for SF, a ratio of 80 wt% EmimAc with 20 wt% DMSO proves the fastest.
These dissolution trials are complemented by rheological and nuclear magnetic
resonance experiments to provide further insight into the underlying mechanisms.
This indicated that hierarchically aligned biopolymer sources were impacted by
bulk viscosity before molecular saturation was achieved so rigorous agitation was
essential to effectively dissolve these sources. It was also noted that larger struc-
tures required more active solvent molecules to effectively be dissolved. This
could be used to guide future optimisation between different biopolymer sources.
Finally, we produce homogenous hybrid biopolymer solutions to show how this
work provides a foundation for effective dissolution during the preparation of

hybrid biopolymer films and hybrid biocomposites.

Chapter 4: Hybrid Films of Mixed Cellulose and Silk Fi-

broin

This chapter investigates hybrid biopolymeric films of SF and cellulose showing
superior strength, biocompatibility, and flexibility. We investigate the behaviours
of fully dissolved and coagulated hybrid films ait various compositions and char-
acterise the system with X-ray diffraction, dynamic mechanical thermal, thermo-
gravimetric, and mechanical analyses. We confirm a system optimum in modulus,
maximum strength, and maximum strain at failure (2.2 £ 0.1 GPa, 28 + 1 MPa,
and 3.3 + 0.4 % respectively) at 85 % — 95 % cellulose and 5 % — 15 % silk fibroin
hybrid composition. Thermogravimetric analysis indicates this is due to increas-
ing interaction density in hybrid compositions correlated with the formation of
a hybrid mixed phase up to 4 wt %. We recreate conflicting trends in literature
showing sample flexibility improving and reducing with addition of silk fibroin
and indicate this is due to variations in sample creep and strain rate. We report a
slow stress relaxation and time-dependent viscoelasticity causing this, using com-
parative mechanical tests at different rates of deformation. We propose a slipping
mechanism for stress relaxation similar to those seen in other biopolymer-based
biological systems, for example actin filaments in cytoskeletons. We explain this

behaviour by comparison with double network theory in which the increase in
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total interactions increases material modulus. The presence of transient ’sacrifi-
cial’ bonds in hybrid phases allow local failure and network reorganization prior

to total failure and so introduce viscous behaviours.

Chapter 5: Isotropically Reinforced Short Fibre Compos-

ites

This chapter investigates biocomposites produced by reinforcing a hybrid biopoly-
mer matrix (90:10 cellulose:silk fibroin) with randomly oriented short cotton fibres
and varying the reinforcement weight percentage. A pure cellulose matrix was
tested for comparison. The composites were characterized using X-ray diffraction
(XRD), density analysis, tensile testing, optical microscopy, scanning electron
microscopy (SEM), and acoustic insulation analysis. Optimal hybrid compos-
ites with 50 vol% reinforcement exhibited superior performance to pure cellulose,
achieving a Young’s modulus of 3.3 + 0.3 GPa, strain at failure of 1.4 + 0.2%,
and maximum stress of 42 + 6 MPa. These enhancements were attributed to
the hybrid matrix’s reduced viscosity and improved solvation capacity allowing
higher fibre loading and stronger interfacial adhesion. In addition, the hybrid
matrix’s greater extensibility enabled more efficient stress transfer to the fibres,
maximizing mechanical performance. Fibre content was identified as the primary
driver of sample modulus, underscoring the critical role of reinforcement. Flock
content was then shown to correlate with improved acoustic insulation perfor-
mance. This work demonstrates the viability of hybrid biopolymer blends for
creating low-density, high-performance materials from short-fibre textile waste

with sustainable applications in insulative structural engineering.

6.2 Future Research

In each chapter choices were made to best research the topic in question within
the scope of the project and research facilities available. Our work has highlighted
potential avenues of future research which could provide elucidating evidence to

behaviours noted or expand research topics covered in this work.
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Chapter 3: Dissolution of Biopolymers

In future studies, computational coarse-grained modelling may be able to bridge
the understanding between macroscopic, mesoscopic, and microscopic dissolution
behaviour in hybrids systems [79, 237]. This could help elucidate further the effect
of macroscopic arrangement, hierarchical structure, biopolymer sources, and DP
on complex solution behaviours [22]. In particular, SF specific studies on this
topic would add to the current understanding greatly due to the current lack. If
too computationally expensive further use of analytical theories could correlate
our observations with traditional theories relating to swelling, entanglement, and
DOP.

More detailed investigation can also be performed with more advanced tech-
niques like fast-field cycling NMR [72]. Though not within the scope of this
investigation, these could be used in future to better understand entanglement
states and diffusion mechanics in hybrid solutions.

It is important to note that this study lacks the direct observation of dis-
solution mechanisms occurring in the solvent system. This could be improved
by the use of cryogenic transmission electron microscopy imaging in future stud-
ies [210]. A more precise optimum could also be derived for this system with more

solvent /cosolvent ratio variations, through a design of experiments approach.

Chapter 4: Hybrid Films of Mixed Cellulose and Silk Fi-

broin

Further studies should be performed to statistically analyse and model the re-
laxation behaviour outlined in this work, to provide insight into the molec-
ular relaxation mechanisms involved. Materials could also be explored with
Fourier-transform infrared (FTIR) spectroscopy, Raman spectroscopy, and differ-
ential scanning calorimetry (DSC). Alongside direct morphological characterisa-
tion with scanning electron microscopy, these techniques could be used to further
confirm observations about the bulk relaxations from this work. FTIR may indi-
cate individual intermolecular bond behaviours, while DSC could indicate if any

associated changes have thermally impactful phase changes.
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Detailed information can be gained about the chemical bonds present in the
sample using FTIR spectrometry. FTIR can be used to track crystallinity of SF
by tracking amide I and II peaks (1576 - 1646 cm™!). Increasing amide I peaks
are seen to indicate SF [-sheet formation which can be used to calculate total
secondary structure percentages. In some cases increasing silk percentage is seen
to increase total crystallinity [164] and in other articles the inverse is seen [19].
Insights from this technique could help further understand material behaviours
seen.

More complex cycling creep and stress experiments could be used to indicate
behaviours in different thermal environments [238]. This could be used to better
test applied examples of the material and also to understand variation of observed

behaviours under different humidities and temperatures.

Chapter 5: Isotropically Reinforced Short Fibre Compos-
ites

Further sound absorption studies would allow an improved understanding of this
performance in more varied applications [195]. To further optimize these ma-
terials, future studies could seek to combine these novel materials with other
techniques to maximize performance. Liu et al. showed effective sound absorp-
tion in honeycomb sandwich composites with woven skin structures [236]. A noise
reduction coefficient of 0.670 was achieved with a double layered structure to op-
timise sound absorption induced by thermofriction between the air and fabric,
and cavity resonance [236]. The noise reduction coefficient indicates the ability
of the partition, at specific mid-range frequencies to reflect noise. It ranges from 0
(complete reflection) to 1 (no reflection). Combining structural design techniques
with our new material could improve sound absorption and transmission loss over
a broad range of frequencies with promising applications [193, 239].

The mechanical and acoustic properties could enable uses as a sustainable
building material for interior decoration [24, 193]. Due to sample flammability,
to achieve these applications flame retardency treatments should be a priority
of focus for future study [240]. Surface treatments could improve sample fire

retardency for wider application [241].

163



6. CONCLUSIONS

Lastly, further investigation into their practical performance and end-of-life
behaviour such as degradation studies and life cycle analysis could better assess
their environmental sustainability and broaden their applicability. This thesis
indicates the potential benefits of using hybrid biopolymer blends in biocomposite
creation and provides scope for further study into differing blends, reinforcement
types, and applications of this novel set of materials. Future study should test
the scalability of the sample production and directly test sample performance in

non-load bearing acoustic building applications.

6.3 Future Directions and Applications

To maximise the impact of this study, the work in this thesis is intended to aid
both future research and applied efforts. With this in mind we specify here some

examples of how this manuscript can be utilised:

e Composites manufactured with the understanding developed in Chapters 4
and 5 could help in both biomedical and structural material application [25,
85, 115, 116]. The material produced has comparable moduli some with
biological systems and hence could act as a promising tissue substitute[85,
114, 217, 218]. Hybrid biopolymeric blend materials offer a low rejection
rate when applied as a biomimetic scaffold for cell or tissue growth and
proliferation[85, 113, 115]. The findings here could be used to develop work
by Lee et al. who showed the effective application of SF and bacterial
cellulose composites as bioresorbable fixation plates in zygomatic arches
of rats[85]. For example, the more effective solvent system and blending
presented in this study could be utilised to better control blend properties
of the resulting material. This could be confirmed by biological analysis
of cytocompatibility, biodegradation, or sterilization behaviours in future

studies.

e Further research of ionogel devices created with the solutions studied in
Chapter 3 could aid the development of next-generation sustainable elec-
trochemical devices [67, 242]. For example, ionic liquids can act as high-

performance electrolytes in cellulose-based flexible super-capacitors [242].
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This could enable applications in biological electrical systems with interest-

ing applications in medicine or textiles.

Lastly, the evidence from Chapter 5 indicates that short fibre reinforced hy-
brid composites offer a viable material for acoustically insulating structural
materials. Our promising evidence of acoustic transmission loss indicates
the potential of these materials as a natural fibre insulator to reduce the

noted environmental impact of construction materials [193, 194].
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