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Abstract

This thesis describes the fabrication of novel green materials using nanocellulose as
the building block. Bacterial cellulose (BC) was used as the nanocellulose
predominantly in this work. BC is highly crystalline pure cellulose with an inherent
fibre diameter in the nano-scale. A single BC nanofibre was found to possess a
Young’s modulus of 114 GPa. All these properties are highly favourable for using

BC as a nanofiller/reinforcement in green nanocomposite materials.

In this work, the surface of BC was rendered hydrophobic by grafting organic acids
with various aliphatic chain lengths. These surface-modified BC was used as nano-
filler for poly(L-lactide) (PLLA). Direct wetting measurements showed that the BC
nanofibre-PLLA interface was improved due to the hydrophobisation of BC with
organic acids. This led to the production of BC reinforced PLLA nanocomposites
with improved tensile properties. Nanocellulose can also be obtained by grinding of
wood pulp, producing nanofibrillated cellulose (NFC). The surface and bulk
properties of one type of NFC and BC were compared in this work. Furthermore, the
reinforcing ability of NFC and BC was also studied and it was observed that there is
no significant difference in the mechanical performance of NFC or BC reinforced

nanocomposites.

A novel method based on slurry dipping to coat sisal fibres with BC was developed
to modify the surface of natural fibres. This method can produce either (i) a densely
BC coating layer or (ii) “hairy” BC coated sisal fibres. Randomly oriented short BC
coated sisal fibre reinforced hierarchical composites were manufactured. It was
found that hierarchical (nano)composites containing BC coated sisal fibres and BC
dispersed in the matrix were required to produce composites with improved
mechanical properties. This slurry dipping method was also extended to produce
robust short sisal fibre preforms. By infusing this preform with a bio-based
thermosetting resin followed by curing, green composites with significantly
improved mechanical properties were produced. BC was also used as stabiliser and
nano-filler for the production of macroporous polymers made by frothing of

acrylated epoxidised soybean oil followed by microwave curing.
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Chapter 1 — Introduction

Steadily increasing oil prices, the reduced availability of landfill sites, and the
greater attention paid to end-of-life problems associated with traditional petroleum-
derived materials and conventional composites have all triggered fresh interest in
renewable and sustainable resources as well as biodegradable materials. Public
demands for more environmentally friendly consumer goods and an intensifying
legislative pressure for greener and carbon neutral technologies are forcing materials
suppliers and manufacturers to consider the environmental impact of their product at
all stages of their life cycle, including processing, recycling and final disposal. Three

U1 end-of-life of vehicle” and

recent European Union directives on landfill of waste,
waste of electrical and electronic equipments'” are asserting legislative pressure. As
a result, industry, end users and local authorities will need to move away from
traditional waste management methods and will require new strategies for reuse and
recycling. This shift represents a significant technical challenge to those involved in
the composites industry since economically feasible recycling of the vast majority of
plastic waste and polymer matrix composite materials is relatively difficult to
achieve. Consequently, industry is confronted with a major challenge to move to
greener materials that match the physical performance of traditional materials.
Renewable polymers often have inferior properties to their synthetic counterparts
against which they have to compete. In order to maintain the environmental

credentials of the matrix, synthetic fillers such as glass or carbon fibres and even

nanotubes/nanofibres should be replaced by renewable biodegradable ones.

Alternative fillers such as natural fibres are already considered for a multitude of
applications. Advantages of natural fibres are their low cost, low density,
renewability and biodegradability. Their drawbacks are mainly the variability in their
mechanical properties, their anisotropy, their relatively limited processing
temperature and their low tensile strength compared to synthetic fibres.¥ Simple
fibre reinforcement is thus not sufficient to achieve the performance of the
conventional non-biodegradable composite materials.”) Bacterial cellulose appears

to be an interesting alternative to synthetic fillers for the design of green recyclable
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and biodegradable composites. A single nanofibre of bacterial cellulose have a
diameter range from 10 to 100 nm and a Young’s modulus of 114 GPa."! Bacterial
cellulose (BC) has also low density (1.5 g cm™), low toxicity, and is renewable and
biodegradable. It also has valuable intrinsic properties as a result of its small size and
can influence the behaviour of the surrounding matrix due to its high surface area to
volume ratio. The addition of nanocellulose to renewable polymers can provide

improved mechanical and other physical properties.

1.1 Objectives of this project

It can be anticipated that truly green hierarchical composites (i.e.: fibre reinforced
nanocomposites) will be the next major step forward in the area of green composite
materials for non-critical structural applications. The main aim of this project is to
produce truly green, natural fibre-reinforced nanocellulose renewable polymer
composites and to demonstrate the scale of the resulting performance improvements.

The specific objectives in this project are:

(1) Derive optimal process parameters for the manufacturing of cellulose
nanocomposites using laboratory facilities.

(i)  Manufacture natural fibre reinforced nanocellulose renewable polymer
composites in a reproducible bioprocess at laboratory scale.

(iii)) Produce and characterise the mechanical properties of nanocellulose

reinforced polymer foams

1.2 Structure of this thesis

This thesis is divided into 11 chapters, whereby each chapter is an independent
publication. The introduction (chapter 1) includes the motivation and objectives of
the research, as well as the overview of the thesis. Chapter 2 discusses the state-of-
the-art of greener surface treatments of natural fibres for the production of renewable
composites. Following this chapter, this thesis is split into 3 sections due to the
multiple directions taken in this research. The first section (chapters 3-7) of this
thesis is dedicated to nanocellulose modification and polymer nanocomposites. The
surface-only modification of BC with organic acids is discussed in chapter 3 In
chapter 4, attempts were made to simplify the laborious surface-only modification of

BC nanofibres discussed in chapter 3 by modifying freeze-dried BC directly as

24



opposed to solvent exchanging BC from water through methanol into the pyridine.
By doing so, significant bulk modification of BC was observed. Since modifying
freeze-dried BC resulted in significant loss of crystallinity of BC, the reinforcing
ability of the surface-modified BC for poly(L-lactic acid) was investigated in chapter
5. In addition to the chemical modification of BC to improve the mechanical
performance of the PLLA nanocomposites, a carbohydrate derived copolymer of
PLA was wused as the compatibiliser to produce BC reinforced PLLA
nanocomposites. This approach is reported in chapter 6. Chapter 7 compares
nanocellulose obtained using the top-down (nanofibrillated cellulose) and bottom-up

(bacterial cellulose) approach.

The second section of this thesis describes the manufacturing and properties of sisal
fibre reinforced hierarchical (nano)composites. This section starts with chapter 8; a
novel method based on slurry dipping to produce “hairy sisal fibres” and the
mechanical performance of the resulting randomly oriented short “hairy fibres”
reinforced PLLA hierarchical composites are discussed. This slurry dipping method
is extended to produce natural fibre preforms by using BC as binder. This allows for
the production of composites using vacuum assisted resin infusion. The properties of
the natural fibre preform and the fibre preform reinforced acrylated epoxidised
soybean oil (AESO) composites are discussed in chapter 9. The third section of this
thesis discusses the use of BC as stabiliser and nano-filler simultaneously to produce
macroporous polyAESO (chapter 10). The conclusions of this research and future

work are summarised in chapter 11.
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Chapter 2 — Greener surface treatments of
natural fibres for the use in the production of

composite materials

Summary

Natural fibres have been the prime candidate to replace man-made glass fibres in the
production of composite materials. Major advantages associated with natural fibres
include low cost, low density, high toughness and biodegradability. However, these
intriguing properties of natural fibres do come at a price. The hydrophilic nature of
natural fibres often results in poor compatibility with hydrophobic polymer matrices.
Various surface treatments of natural fibres using chemicals have been developed to
improve the compatibility between the fibres and the matrix but large amount of
solvents are usually involved. In this chapter, greener surface treatments without the
use of hazardous chemicals are introduced. These include plasma treatment, the use
of enzyme and fungal for the extractions and surface treatment of natural fibres and
the deposition of bacterial cellulose onto natural fibres. These treatments are aimed
at improving the interfacial adhesion between the fibres and the matrix, thereby
improving the stress transfer efficiency from the matrix to the fibre. The effects of
these treatments on the properties of natural fibres are discussed. In addition to this,
the overall impact of these treatments on the mechanical properties of the resulting

natural fibre reinforced composites is also addressed in this chapter.

2.1 Introduction

Public’s growing demand for more environmentally friendlier products, the search
for greener sustainable technology, the ever growing problem of global waste,
environmental legislative pressure such as the end-of-life vehicle regulations,'! the
landfill of waste products,[l] electrical and electronic equipments wastel®! and the
depletion of fossil resources have initiated the interest of using renewable sources in

the polymer industry.[”-®! Polymer manufacturers are forced to consider the life-cycle
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of their products and evaluate the environmental impact of these products throughout
the products’ lifetime. These include the selection of raw materials, polymer
processing, recycling and disposal. Combining all these factors and the worldwide
availability of plant based natural fibres," research interest of using natural fillers to
reinforce polymers is emerging in the field of composites engineering. The use of
natural fibres in the production of composite materials is well developed.t* '*'
Such extensive use of natural fibres as reinforcement for polymers is not surprising
as natural fibres offer several advantages over conventional reinforcing fibres, such

20- 211 A big step

as lower cost, low density, high toughness and biodegradability.!
towards the application of natural fibre reinforced composites can be found in door
panels of Mercedes-Benz E-class.*” Daimler Chrysler replaced the door panels of
Mercedes-Benz E-class with flax/sisal fibre mat embedded epoxy resin. A
remarkable weight reduction of 20% and an improvement in the mechanical
properties of the door panels were achieved. This further improves the protection of
the passengers in an event of an accident. In addition to this, Rieter Automotive won
the JEC Composites Award 2005 for their development in natural fibre reinforced
thermoplastic composites for an under-floor module with integrated aerodynamic,

thermal and acoustic functions.!*’!

2.1.1 A brief introduction to natural fibres

Natural fibres can be derived either from plants (such as flax or hemp), produced by
animals (such as silk or spider silk) or from minerals (such as asbestos). Table 1
shows the comparison of selected physical properties between natural fibres and
synthetic fibres. Although the mechanical properties of natural fibres are very much
lower than those of conventional synthetic fibres such as glass or carbon fibres,
significant research effort is still poured into the field of plant based natural fibre
reinforced composite materials due to its low cost and low environmental impact. On
a “per weight” basis, flax, jute and hemp fibres have higher tensile moduli than E-

(24-25] due to the low density of natural fibres (~1.4 g cm™) compared to

glass fibres
E-glass (~2.5 g cm™). This is particularly important in applications where weight
reduction is a priority. Therefore, it is not surprising that natural fibres are used as

reinforcement for polymer matrices to replace conventional glass fibres.
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Table 1: A comparison between the physical properties of selected natural fibres and man-made

fibres.
Fibre Density  Tensile Strength Young’s Elongation at
(g cm'3) (MPa) Modulus (GPa) break (%)
Flax 1.5 345-1500 27.6 2732
Hemp 1.47 690 70 1.6
Jute 1.3-1.49 393-800 13-26.5 1.16-1.5
Ramie 1.55 400-938 61.4-128 1.2-3.8
Sisal 1.45 468-700 9.4-22 3-7
Cotton 1.5-1.6 287-800 5.5-12.6 7-8
Silk" 600 10 20
Spider silk® 800-1000 7.2-9.2 30-60
Basalt® 2.66 3050 92.5
Asbestos® 550-750 1.0-3.5
E-glass 2.55 3400 73 2.5
Kevlar 1.44 3000 60 2.5-3.7
Carbon 1.78 3400°-4800° 240°-425° 1.4-1.8

" Natural fibre derived animal sources (silkworm).

$ Natural fibre derived from mineral sources.

¥ Natural fibre derived from spider (Argiope trifasciata)

# Ultra high modulus carbon fibre.

® Ultra high tenacity carbon fibre.

Source: Adapted from Bismarck et al. Plant fibers as reinforcement for green composites. In Mohanty
et al. Natural fibers, biopolymers and biocomposites (CRC Press 2005). Further developed with
Craven et al. Compos Part A-Appl S 2000 (31), 653, Brant. Cement-based composites: materials,
mechanical properties and performance (Routledge Ltd), Perez-Rigueiro et al. J Exp. Biol. 2006
(209), 320 and Martiny et al. J Pres. Ves. Tech. 2009 (131), 061407-1.

2.1.2 Structure of plant based natural fibres

Plant based natural fibres are rigid and they are composed of cellulose,
hemicellulose, lignin, pectin, waxes and water soluble compounds, with cotton being
the exception. Cotton is made up of nearly 90wt% cellulose, 5.7wt% hemicellulose,
I1wt% pectin and 0.6wt% waxes.Y Cellulose is the major constituent in plant based
natural fibres. It is a linear molecule consisting of repeating B-D-glucopyranose units
linked together by 1->4 glycosidic bonds (Figure 1). It has a degree of
polymerisation of approximately 10,000.”°! Strong hydrogen bonds exist between
cellulose molecules due to the presence of hydroxyl groups, which governs the
physical properties of cellulose. It has a semi-crystalline structure, consisting of

crystalline and amorphous regions. Cellulose in natural fibres (such as cotton, flax
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and ramie) typically has a degree of crystallinity of between 65% and 70%."”! The
amorphous regions can be hydrolysed by acids to create short cellulose
nanocrystals.”™ In addition to this, cellulose is stable in most common organic
solvents. It can only be dissolved in strong acidic solutions such as concentrated
phosphoric acids and concentrated sulphuric acid® or ionic liquids such as N-

ethylpyridinium®” and lithium chloride/N,N-dimethylacetamide.”*"!

OH
OH

HO
HO

OH

Figure 1: Schematic diagram showing the structure of cellulose.

Hemicellulose is the other major constituent of plant based natural fibres and it is
made up of a combination of 5- and 6-ring carbon polysaccharides.””’ It is a branched
polymer and has much shorter polymer chains (degree of polymerisation of between
50 and 300) compared to native cellulose. In addition to this, hemicellulose is very
hydrophilic in nature,”? easily hydrolysed by acids and soluble in alkali. The role of
hemicellulose in natural fibres is to form the supporting matrix for cellulose

microfibrils.

Lignin is a phenolic compound that acts as a binder to consolidate the
polysaccharide, holding cellulose and hemicellulose fibres together.** It was found
that lignin has high carbon low hydrogen content and this implies that it is highly
unsaturated or aromatic. Lignin can be produced by the dehydrogenation
polymerisation of p-coumaryl, coniferyl and sinapyl alcohols.”* It contains hydroxyl
(-OH), methoxyl (-O-CH3) and carbonyl (C=O) groups. Ethylenic and sulphur
containing groups have also been identified in lignin."*! Lignin is amorphous and
hydrophobic in nature. It has been shown that lignin possesses a softening

temperature of about 90°C and a melt temperature of 170°C.5*
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2.2 Green modifications of plant based natural fibres

Although natural fibres are highly comparable to conventional glass fibres on a “per
weight” basis, the major drawback arise from the inherent variability of natural
fibres.”! Natural fibres can vary in terms of their dimensions and mechanical
properties, even within the same cultivation. This situation is different from synthetic
fibres, which can be manufactured uniformly (for example: Toray’s T700S carbon
fibre has only a variability of £10% in its tensile strength and modulus,”**! £3% in its
diameter). All natural fibres are hydrophilic in nature due to the presence of large
amounts of hydroxyl groups; their absorbed moisture content can be as high as 30%
at 95% relative humidity.”® This extremely hydrophilic nature of natural fibres often
results in poor compatibility between natural fibres and hydrophobic polymer
matrices such as polypropylene or polylactide.!'?’ Another factor that limits the use
of natural fibres is its low thermal stability. To avoid degradation of natural fibres
during thermal processing, the temperature at which natural fibres are exposed to is
usually limited to 200°C (shorter processing time is preferable).””) This further
limits the choices of polymer that can be used as potential matrix for natural fibres
reinforced composites. Figure 2 shows the reduction in the tensile strength of natural

fibres with increasing processing temperature and time of the natural fibres.
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Figure 2: Temperature and time dependency of natural fibre's tensile strength. Adapted from
reference.”’!
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To improve the compatibility between natural fibres and hydrophobic polymer

matrices, various methods have been explored to increase the hydrophobicity of

38491 Most of the surface chemical treatments of natural fibres involve

[46] [47]

natural fibres.!

41-44] [45]

silylation,! acetylation, benzoylation, maleated coupling agents,
isocyanate treatment* and graft copolymers of natural fibres.*”’ Although these
methods alter the wettability of natural fibres, large quantities of hazardous
chemicals were or are usually involved in the process of hydrophobising the natural
fibres and the chemical waste must be handled and disposed of appropriately. This
adds extra cost to the production of natural fibre reinforced composites, making the
chemical treatments less attractive as a viable solution. Moreover, chemical
treatments of natural fibres do not always result in improved composite performance.
The main reason is the anisotropicity of natural fibres. The transverse modulus of
natural fibres is orders of magnitude lower than its axial modulus.”* *"! Cichocki Jr

1.°% showed that the axial modulus of jute fibres is 38.4 GPa but its transverse

et a
modulus is only 5.5 GPa. Baley et al.”"! also showed that the axial modulus of flax
fibres is 7 times larger than its transverse modulus (axial modulus: 59 GPa,
transverse modulus: 8 GPa). In addition to this, Thomason®* also attributed the
failure of natural fibres to deliver good performance in composites to the high linear
thermal coefficient of expansion (LTCE) of natural fibres. The interfacial shear
stress between the fibre and the matrix is the product of residual compressive stress
(o;) and the static friction coefficient at the fibre-matrix interface. Due to the high
LTCE of natural fibres, o, will be lowered, leading to poor interfacial shear strength
between the fibres and the matrix. Therefore, chemical modification of natural fibres
might not be the next step forward. Instead, efforts should be focussed on

environmental friendlier processes to increase the hydrophobicity of natural fibres

and to avoid the shrinkage problem of natural fibres during thermal processing.

2.2.1 Plasma — a brief introduction

Plasma is known as the fourth state of matter. It is defined as a gaseous environment
composed of charged and neutral species with an overall zero charge density. Plasma
has been shown to modify the tribology of thermoplastics and synthetic fibres (such

33361 Pyrther details regarding plasma treatments of various

[57-59

as carbon fibres)..

materials can be found in literature. ] Plasma treatments has the ability to change

31



the surface properties of the fibres through the formation of free radicals, ions and
electrons in the plasma stream.®” During plasma treatment, the substrate is
bombarded with high-energy particles travelling in the stream of plasma or vacuum
UV (in low pressure plasma). As a result, the surface properties such as the
wettability, surface chemistry and surface roughness of the substrate can be altered
without the need for any hazardous chemicals or solvents. Usually, plasma
treatments modify the surface of natural fibres by?®” (i) removing weakly attached
surface layers (ie: cleaning and abrasion) and (ii) forming new functional groups
(functionalisation and crosslinking). The functional groups formed on the surface of
natural fibres depend on the nature of the plasma feed gas. Therefore, plasma
treatment minimises the environmental impact of natural fibres surface treatment.

[61]

Different types of plasma sources are available"” ' and they are summarised in Table

2.

Table 2: Comparison between different plasma sources. Adapted from literature.'"!

Gas Temp Electron Applied Charge
Plasma Source 3
“O) Temp (eV) Voltage (kV) Density (cm™)
Arc and torches  7000-65000  2.5-6.8 10-50 10'-10"
Corona 50-400 4-6 10-50 10°-10"
Dielectric barriers 50-400 2-10 5-25 10"-10"
Low pressure g 13
' 10-500 1-10 0.2-0.8 10°-10
discharge
Atmospheric D
25-200 1-2 0.05-0.2 10"°-10

pressure discharge

2.2.1.1 Low pressure (cold) plasma treatment of natural fibres

The plasma discharge can be generated at atmospheric (see next section) or under
vacuum conditions (cold plasma).”*”! Essentially, the two types of plasmas generated
are the same. The plasma produced can be used to modify the surface energy of
natural ﬁbres,[62’ 631 crosslink the ﬁbres,[62] create free radicals to initiate
polymerisation*” or introduce functional groups onto the surface of the fibres.”™ A
major advantage of employing cold plasma treatment is that such plasma can be
generated at low power output. Atmospheric plasma treatments are usually carried

out at a maximum power of 10 kW.12 % Cold plasma treatments, on the other hand,
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are carried out at much lower power output of about 60 W.1*>°) As aforementioned,
the mechanical properties of natural fibres are highly dependent on the temperature
at which the natural fibres are exposed to. By using a smaller power output, it is
possible to minimise the thermal damage caused by plasma treatment on the natural
fibres, thereby preserving the properties of natural fibres. However, there are
disadvantages associated with cold plasma treatment. A well-designed plasma
reactor system is required along with vacuum pumps and seals. In addition to this,
cold plasma is also often used in small batch process only due to the limitation in the

size of the vacuum chamber as a result of capital and operating costs.

Table 3: A comparison between untreated and plasma treated wood fibre and sisal fibre

reinforced PP composites. All composites contains 20 wt% fibres . Adapted from literature. '*>
66]

Wood Fibre Sisal Fibre
Composites
o (MPa) E (GPa) o (MPa) E (GPa)
Neat PP 23 1.5 23 1.5
Untreated fibre 22 2.6 22 2.6
Argon plasma 25 3.0 24 3.2
Air plasma 27 34 27 2.9

Various researchers have investigated the use of cold plasma to modify the surface

165721 Cold plasma has been used to treat wood fibres and sisal

65, 66

of natural fibres.
fibres, using argon and air as the plasma feed gas.! ) Table 3 summarises the
untreated and plasma treated natural fibres reinforced polypropylene (PP)
composites. The plasma treatment of the fibres had a positive impact on the
mechanical properties of the resulting wood fibre and sisal fibre reinforced PP
composites when compared to untreated natural fibres. The tensile strength was
found to increase by as much as 16% for both wood fibres and sisal fibres reinforced
PP composites. The tensile modulus improved by as much as 127% (wood fibre) and
93% (sisal fibre), respectively. When comparing neat PP to plasma treated wood
fibre or sisal fibre reinforced PP composites, the tensile modulus improved by as
much as 127% (wood fibre) and 113% (sisal fibre), respectively and the tensile
strength improved by as much as 17% (for both wood and sisal fibre). This is an

indication of improved interfacial adhesion between the fibres and the matrix as a

result of plasma treatment.
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Jute fibres were also treated with cold argon plasma.l”*! The fibres were treated for 5
min, 10 min and 15 min, respectively in argon plasma. With longer plasma
treatment, the fibres became rougher and the formation of pits on the fibre surface
was observed when the fibres were plasma treated for 15 min. This is a result of
plasma etching, which results in the degradation of the jute fibres.!”*! The wettability
of the plasma treated jute fibres decreased with increasing treatment time (Table 4).
This is also accompanied by an increase in the flexural strength of the plasma treated
jute fibre reinforced polyester composites. It was found that the flexural strength of
the composites improved by 14% (10 min plasma treated jute fibres) compared to
neat jute fibre reinforced polyester. This improvement was attributed to the increased
roughness and hydrophobicity of the plasma treated fibres, which results in better
interfacial adhesion between the fibres and the matrix. However, composites
reinforced with fibres treated with plasma for 15 min resulted showed a 10%
decrease in the flexural strength. This is a direct result of heavy degradation of the

treated fibres during the prolonged plasma treatment.!™”!

Table 4: A comparison between neat and plasma treated jute fibres and the flexural strength of
jute fibre reinforced polyester composites. Adapted from literature.””! The composites contain
15 wt% fibres loading fraction.

Jute fibre Water/air Polar surface Flexural strength of polyester
treatment contact angle energy (mJ m'z) composites (MPa)
Neat jute
81.6° 21.9 158.8
fibres
5 min plasma
84.1° 17.5 152.4
treated
10 min plasma
86.9° 11.6 181.6
treated
15 min plasma
90.0° 8.5 143.2

treated

2.2.1.2 Atmospheric Air Pressure Plasma (AAPP) treatment of natural fibres

To improve the wettability and interfacial adhesion between natural fibres and a
polymer matrix, AAPP treatment can be applied to natural fibres to remove non-
cellulosic substances from the surface of these fibres. The advantages of using AAPP

treatment for composite production are its low operating cost, short treatment time
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and greater flexibility, as no vacuum system is required.”*" The critical surface
tension of a solid substrate corresponds to the surface tension of an imaginary liquid
that will wet the substrate completely.’”! It was reported that oxygen and nitrogen
plasma led to a reduction of the critical surface tension of lignocellulosic fibres as a
result of etching effect.®”) Compressed air can be used as an alternative feed gas to
overcome this negative impact generated by oxygen and nitrogen feed gases on

lignocellulosic fibres.

As a general rule, good adhesion can be achieved when the surface tension of the
substrate (natural fibres) is larger than that of the matrix. Baltazar-Y-Jimenez et
al.'®”! have shown that the critical surface tension can be modified through AAPP
treatment (Figure 3). Different lignocellulosic fibres can be seen behaving differently
if exposed to the same AAPP treatment. The critical surface tension of abaca fibres
reduced with increasing treatment time. However, hemp and sisal fibres showed
otherwise. With increasing AAPP treatment time, the critical surface tension
increased. The authors hypothesised that longer treatment times of hemp and sisal
fibres led to the crosslinking of the fibres surfaces (hemp fibres) and decomposition
of hydrophobic groups. This might have led to the observed increase in the critical

surface tension.

The effect of AAPP treatment on the properties of natural fibre reinforced cellulose
acetate butyrate (CAB) composites was then further studied.[*Y At a fibre loading
fraction of 30wt%, the storage modulus of the composites produced improved by as
much as 370% (Figure 4). This is due to the enhanced interfacial adhesion between
the fibres and the matrix as a result of AAPP treatment (as measured by single fibre
pull-out test).”®! In addition to this, the increment in the mechanical glass transition
temperature and a reduction in the height of tan 6 showed better fibre-matrix
bonding and fibre-in-matrix distribution. It is evident that AAPP treatment is able to
improve the fibre-matrix interface, resulting in composites with improved

mechanical properties.
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2.2.2 The use of enzyme in natural fibres extractions and surface treatments
Retting is a process of the separation or loosening of bast fibres from its non-fibrous
components.””) Water-retting is performed by immersing the fibres stalk in water for

a certain period of time. Water will penetrate to the central stalk, swells the inner
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cells and bursts the outer most layers of the plant materials. This increases the
absorption of moisture and decay-producing bacteria. Water-retting is able to
produce high quality fibres but it also produces large amount of waste®™ and
therefore, this process was discontinued in many countries (apart from China and
Hungary).[gl] Dew-retting, on the other hand, relies on aerobic fungi to colonise plant
fibres in the fields. A combination of bacteria, air, sun and dew produces
fermentation, which dissolves much of the stem materials surrounding the fibre
bundles.””’ However, this method suffers from several disadvantages. Appropriate
moisture and temperature conditions during dew-retting are needed.”” This is a
parameter that is very difficult to control as it is highly dependent on the region and
the weather. In addition to this, the fibres extracted through dew-retting method have

lower quality compared to water-retted fibres.!”* %

Enzyme retting is a natural fibre extraction method which refers to the separation of
fibres from its non-fibre components through the use of enzymes.™ This process
generally uses pectin-degrading enzymes such as the commercially available
Viscozyme L or Flaxzyme from Novozyme (Bagsvaerd, Denmark). The use of
pectin-degrading enzymes promotes the selective degradation of pectinaceous
substances.”) Apart from this, the use of different types of enzymes such as
cellulase, hemicellulase, laccase and peroxidase have also been reported.™ ! There
are many advantages associated with enzyme retting over conventional water-retting
and dew-retting. Enzyme retting is able to overcome the problems associated with
dew- and water-retting as the fibres are treated in a well-controlled environment and
the produced fibres possess the quality of water-retted fibres without large amount of
fermentation waste. However, high cost associated with enzymes and equipment

have limited this technology to pilot scale only.™

Foulk et al.®” * compared dew-retted flax fibre reinforced high density
polyethylene (HDPE) composites with enzyme retted flax fibre reinforced HDPE
composites. Flax fibres were extracted with commercially available Viscozyme L
(Novozymes, Bagsvaerd, Denmark) and a chelator, Mayoquest 200 (Callaway
Chemical Co. Smyrna, GA). Mayoquest 200 is a chelator that contains about 36% to
38% sodium EDTA and 40% total dissolved salts..””) The chelator is often used to

improve the efficiency of enzyme retting by sequestering calcium from the
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solution.™! Figure 5 shows the effect of different flax fibre extractions (dew-retted,
enzyme retted at different enzyme/chelator concentration) on the mechanical
properties of the randomly oriented flax fibre reinforced HDPE composites. The flax
fibres treated with enzymes and chelators showed significant improvements in terms
of tensile properties compared to raw flax fibre reinforced composites. Enzyme and
chelators modified the surface of flax fibres by removing pectin and calcium,
therefore enhancing the interfacial adhesion between the fibres and the matrix. The
composites reinforced with dew-retted flax fibres showed worse properties compared
to enzyme retted flax fibres. This is most probably due to poor surface properties of
dew-retted fibres (contains high level of calcium and the inability of dew-retting to

remove specific components such as pectin) compared to enzyme-retted fibres.
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Figure 5: A comparison between not-treated flax fibre, dew retted flax fibre and enzyme retted
flax fibre reinforced HDPE composites. Adapted from literature.””’ Low indicates 0.05%
enzyme and 5 mM chelator), Medium indicates 0.1% enzyme and 10 mM chelator, High
indicates 0.3% enzyme and 25 mM chelator.

In addition to using enzyme for the extraction of natural fibres, it can also be used to
treat post-extracted natural fibres. Enzyme treatments of natural fibres also have
advantages over conventional alkaline treated natural fibres. Ouajai et al.’”

compared the viscoelastic properties of neat, alkali treated and enzyme treated hemp
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fibres reinforced CAB composites. Hemp fibres were treated with Scourzyme L
(Novozymes, Bagsvaerd, Denmark). Scourzyme is an alkaline pectinase that
removes pectin without significant degradation of cellulose.””! The enzyme scoured
hemp fibres reinforced CAB composites showed improvements over neat CAB, neat
hemp fibres reinforced CAB and most of the alkaline treated hemp fibres reinforced
CAB. The composites reinforced with alkaline treated hemp fibres (fibre length of
45 um), however, possessed the highest storage modulus. Single fibre tensile tests
indicated that the neat, alkaline treated and enzyme scoured hemp fibre possess
Young’s moduli of 42.8 GPa, 29.0 GPa and 91.4 GPa, respectively,”> *! with
alkaline treated fibres possessing the worst mechanical properties. Therefore, the
observed better storage modulus of alkaline treated hemp fibres reinforced
composites (fibre length of 45 um, Figure 6) observed might be due to the greater
control of fibre suspension in the polymer solvent prior to composite consolidation
(solution casting method).”” Nonetheless, composites reinforced with enzyme
scoured hemp fibres possessed a toughness (area under the stress-strain curve) of
40% higher than that of untreated hemp fibre reinforced composites. This is an

indication of the potential of enzyme treatment on natural fibre reinforced

composites.
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2.2.3 The use of fungi in the surface treatments and extractions of natural fibres
Enzyme retting and treatments have been shown to be an effective method of
treating natural fibres to improve the interface between the fibres and the matrix,
leading to improved mechanical properties of the composites. However, it is
expensive and limited to pilot scale only. Another underexplored method of natural
fibre surface treatment involves the use of fungi. The use of fungi can provide low
cost, highly efficient and environmentally friendly alternatives to natural fibre
surface treatment.”” Unlike dew-retting, fungal treatment is performed in a more
controlled environment. The controlled parameters include the type of fungi, the

temperature and the period of treatment.

Fungi can be classified into four categories; basidiomycetes, ascomycetes,
zygomycetes and deuteromycetes, respectively. White rot fungus (basidiomycetes) is
the only fungus that has been shown to degrade lignin, exposing cellulose and
hemicellulose.” It has also been shown that white rot fungus can degrade the
hydrophobic constituents of natural fibres such as triglycerides and fatty acids. In
addition to this, white rot fungus can also degrade sitosterol, sitosterol esters and

I These compounds are known to be resistant towards microbial

96-98

resin acid.””
degradation.”**®! Therefore, it is not surprising that white rot fungus is used to
remove non-cellulosic compounds in order to improve the mechanical properties of

the resulting natural fibre reinforced composites.

Table 5: Tensile strength of hemp fibre and its PP composites treated with white rot fungi.
Adapted from literature.”"!

Single Fibre Composites
Lignin
Treatment type tensile strength tensile strength
removal
(MPa) (MPa)
Control - 683 36.7
Phanerochaete sordida Yes 576 41.5
Pycnoporus species Yes 470 44.6
Schizophyllum Commune Yes 354 45.0
Alkali Yes 621 433
Alkali + Phanerochaete
Yes 579 48.3

sordida
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Figure 7: A comparison between natural retting and white rot fungi treatment on the amount of
non-cellulosic compound in hemp fibres. Adapted from literature.””

The use of white-rot fungus in the treatment of natural fibres can be found in

literature [+ %101

] White rot fungi treated hemp fibres have higher crystallinity index
as measured by X-ray diffraction when compared to untreated fibres.”*! This is a
direct result of the fungi’s ability to remove non-cellulosic compounds such as
amorphous lignin, thereby increased the crystallinity index. Zeta-potential
measurements have also shown that non-cellulosic compounds were removed by the
fungal treatment. A more negative zeta potential was obtained and this was due to
the exposed hydroxyl groups from cellulose as a result of fungal treatment. Table 5
shows the tensile strengths of hemp fibres and randomly oriented hemp fibre
reinforced polypropylene (PP) composites. The fibres were treated with white rot
fungi and/or alkali. The tensile strength of the composites improved by as much as
32% (combination of alkali and white rot fungi treatments) when compared to neat
hemp fibre reinforced composites. Fungi treatments can provide extra benefits in
addition to alkali treatment alone. This improvement seen in the composites is a
result of improved fibre morphology and mechanical interlocking between the fibre

and the matrix.
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Figure 8: Tensile properties of hemp fibres and hemp fibres reinforced PP composites treated
with different methods. Adapted from literature.””

White rot fungi have also been used to extract natural fibres.”” Clarke et al.'®
reported a method for natural retting in which the hemp fibre bundles are separated
from the plant by sealing the fibres in a bag for a fixed period of time. The
microorganism present in the fibres will produce enzymes to remove non-cellulosic

compounds. In a study by Li et al.,l’”

natural retting was conducted by sealing non-
retted hemp fibres in a bag under a controlled condition of 60% relative humidity for
certain periods of time at room temperature. In another separate experiment, the
authors treated non-retted hemp fibres with white rot fungi. It can be seen that fungal
treatments removed more lignin compared to natural retting treatments (Figure 7).
The crystallinity index of the fibres increased from 66% to approximately 85%, due
to the removal of non-cellulosic compounds from the fibres, which are generally
amorphous. Figure 8 shows the tensile properties of single hemp fibre and randomly
oriented hemp fibre reinforced polypropylene (PP) composites as a function of
different types of treatments. Although the tensile strength of the fibres decreased

when compared to neat hemp fibres, the composite strength improved by as much as

30% as a result of fungal treatment. This suggests improved fibre properties
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(crystallinity index) and interfacial adhesion (surface roughness) between fibres and
the matrix, which is confirmed by scanning electron micrographs. Natural retted
fibres does improve the composite’s tensile strength (due to the removal of non-
cellulosic compounds) but the increment in the observed tensile strength is less than
that of white rot fungi treated hemp fibres reinforced PP composites. This might be a

direct result of poor single fibre tensile strength due to long retting time.

2.2.4 Coating natural fibres with nanocellulose

The previous three sections involved the treatment of removing substances from
natural fibres. This section, however, describes a new modification which does not
involve the removal but the addition of new material onto the surface of natural
fibres. This type of modification involves the deposition of nano-sized cellulosic
materials onto the surface of natural fibres to enhance the interfacial adhesion
between the fibres and the matrix.!"'"* ') By doing so, a hierarchical structure can
be created. These works were inspired by nature. Nature maximises the efficiency of
structural materials by defining a hierarchical structure; the arrangement of the
constituents at every level, from the molecular level to the macroscopic level. By
applying this concept, composites that possess a hierarchical structure with improved

mechanical properties can be manufactured.

Figure 9: Images showing (a) natural fibres immersed in a culture medium of
Gluconacetobacter xylinum before bacteria culturing (b) the culture medium after 2 days.
Reprinted from Pommet et al., Biomacromolecules 2008 (9), 1643 with permission from ACS
publication.
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Figure 10: SEM images showing (a) neat sisal fibre (b) sisal fibre coated with bacterial cellulose.
Reprinted from Pommet et al., Biomacromolecules 2008 (9), 1643 with permission from ACS
publication.

In addition to plant derived cellulose, cellulose can also be synthesised by bacteria
such as from the Acetobacter species. By culturing cellulose-producing bacteria in
the presence of natural fibres in an appropriate culture medium, bacterial cellulose is
preferentially deposited in-situ onto the surface of natural fibres. The introduction of
bacterial cellulose onto natural fibres provides new means of controlling the
interaction between natural fibres and polymer matrices. Coating of natural fibres
with bacterial cellulose does not only facilitate good distribution of bacterial
cellulose within the matrix, it also results in an improved interfacial adhesion
between the fibres and the matrix. This enhances the interaction between the natural
fibres and the polymer matrix through mechanical interlocking. Bacterial cellulose
coated natural fibres introduced nanocellulose at the interface between the fibres and
the matrix, leading to increased stiffness of the matrix around the natural fibres.
Figure 9 shows the images of the culture medium and natural fibres immersed in the
culture medium before and 2 days after culturing. A layer of bacterial cellulose (BC)
pellicles can be seen growing away from the surface of the natural fibres. Scanning
electron micrographs of the BC coated sisal fibres are shown in Figure 10. A layer of
bacterial cellulose nanofibrils can be seen attached onto the surface of sisal fibres
(Figure 10b). The coating of natural fibres with BC could also be a potential solution
to the aforementioned shrinkage of natural fibres during thermal processing of the
composites. Due to the low thermal expansion of BC (0.1 x 10 K™),'*! the BC
coating could potentially bridge the gap that exists between the fibres and the matrix
due to the high LCTE of natural fibres.
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Simple weight gain measurements showed that approximately Swt% to 6wt% of BC
was deposited onto the surface of these natural fibres. However, the mechanical
properties of the natural fibres after bacterial cellulose modification depend on the
type of natural fibres used. The modification process did not change the mechanical
properties of sisal fibres but the properties of hemp fibres were affected (see Table
6). The exposure of the hemp fibres to BC caused a drastic loss of fibre strength and
Young’s modulus. This might be due to a further separation of the bast fibres into
smaller individual fibres making up the technical fibre as a result of the intrinsically
non-cohesive structure of bast fibres. The interfacial shear strengths between sisal
fibres and CAB and PLLA increased by 46% and 21%, respectively and the
interfacial shear strength between hemp fibres and CAB increased by as much as
140% (Table 7). It should be noted that the increment seen in the interfacial shear
strength between hemp fibres and CAB could also be due to the combined effect of
BC coating and the disintegration of the fibres. This improvement seen in the
interfacial shear strengths indicates enhanced stress transfer between the fibres and
the matrix, which is a direct result of improved interfacial adhesion due to the

bacterial cellulose coating applied to natural fibres.

Table 6: The mechanical properties of natural fibres modified with bacterial cellulose
nanofibrils. Adapted from literature.’

Young’s Tensile Elongation
Natural Fibres
modulus (GPa) strength (MPa) at break (%)
Neat Sisal Fibre 15.0+1.2 342 + 33 29+0.1
Bacterial cellulose modified
125+1.0 324 + 33 45+04
sisal fibre
Bacterial cellulose modified
12.0+0.9 310 £32 41+0.5
sisal fibre with purification*
Neat Hemp fibre 21.4+2.0 286 + 31 2.0+0.2
Bacterial cellulose modified
8.8+0.7 171+ 11 29+0.2
hemp fibre
Bacterial cellulose modified
8.0£0.6 130+ 12 29+0.2

hemp fibre with purification*

* Purification indicates the extraction of post-bacterial cellulose modified sisal fibres with NaOH at
80°C.
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Table 7: Interfacial shear strengths between modified natural fibres and CAB or PLLA.
Adapted from literature.!'" !

Interfacial Interfacial
Natural fibres shear strength  shear strength
to CAB (MPa) to PLLA (MPa)
Neat sisal fibre 1.02 £ 0.06 12.1£0.5
Bacterial cellulose modified sisal fibre 1.49 +0.03 146+1.2
Neat hemp fibre 0.76 = 0.06 -
Bacterial cellulose modified hemp fibre 1.83 +£0.12 -

Table 8: Mechanical properties of bacterial cellulose modified hemp and sisal fibres reinforced
CAB and PLLA composites. Adapted from literature.'"”

Neat Fibre Modified Fibre Improvements

Composites
c (MPa) E (GPa) c (MPa) E (GPa) c E

CAB/Hemp 98.1+12.7 8.5+1.3 86.7+13.6 5.8£80.5  -12%  -35%
PLLA/Hemp  110.5427.2  11.8+4.2 104.8+9.1 7.9+1.2 -5% -33%
CAB/Sisal’ 92.9+9.3 5.540.5 100.4£7.0 8.8+1.4 8% 59%
PLLA/Sisal’ 78.9+14.7 7.9+1.3 113.8+14.0 11.2+1.2  44% 42%
CAB/Hemp® 15.8£2.2 1.9+0.1 13.4+1.4 0.6£0.2 -15%  -69%
PLLA/Hemp® 13.4+£3.6 3.2+0.2 13.3+£2.5 2.3+0.3 -1% -28%
CAB/Sisal’ 10.9+1.7 1.6+0.1 14.4+3.7 1.8£0.3  32% 15%
PLLA/Sisal’ 10.0+3.1 2.1+0.1 16.8+4.1 3.140.2  68% 49%

" The loading direction is parallel (0°)to the fibres.
" The loading direction is perpendicular (90°) to the fibres

Bacterial cellulose modified sisal and hemp fibres have also been used to produce
unidirectional natural fibre reinforced CAB and polylactide (PLLA) model
composites.'? The mechanical properties of bacterial cellulose coated sisal fibre
reinforced polymers showed significant improvements over neat polymers (Table 8).
The tensile strength and modulus for sisal/PLLA composites improved by as much
as 68% and 49%, respectively. However, improvements were not observed for
composites containing BC coated hemp fibres. The tensile strength and modulus
decreased by as much as 15% and 69%, respectively for hemp/CAB composites.
One should note that the fibres were damaged during bacteria culture and their
tensile strength were only one third of the original fibres. The use of BC coated sisal

fibres has also led to some improvements in short fibre reinforced PLLA

46



composites.!'®®! It was shown that the crystallinity of the matrix, the tensile and
flexural properties improved through the addition of bacterial cellulose coated sisal
fibres to PLLA. The tensile and flexural properties of these composites were found
to be higher than that of commercial polypropylene used in the automotive industry.
This indicates the potential of hierarchical composites for applications in the

automotive industry.

2.3 Conclusion

Natural fibres have significant advantages over conventional glass fibres. These
include low cost, low density, high specific strength and most importantly,
biodegradability (this might however results in problems if the fibres degrade within
inside the matrix). They are the prime candidates for the manufacturing of truly
green composites. However, the extremely hydrophilic nature of these natural fibres
often leads to poor compatibility between conventional thermoplastics, such as
polylactide. Modification to the matrix is one of the possible solutions to this
problem. Surface treatments of natural fibres to enhance the interface between the
fibres and the matrix might be a viable solution. Chemical treatments have been
explored extensively in this context but it is not the most desirable method;
hazardous chemicals are often involved in the chemical treatment of natural fibres.
Solvent waste disposal after chemical treatment is another problem associated with

surface chemical treatment of natural fibres.

New and greener methods of surface treatment are emerging. Plasma treatments
have been shown to be effective in increasing the critical surface tension of natural
fibres, thereby improving the wettability between the fibres and the matrix. Enzyme
retting and treatments are also another emerging method to extract or treat natural
fibres. Non-cellulosic compounds such as pectin, lignin and hemicellulose can be
removed by specific enzymes, exposing the main cellulose backbone of natural
fibres, which was shown to result in increased surface tension. Enzyme retting is
favourable when compared to conventional water retting and dew retting methods.
Water retting produces vast amounts of fermentation waste whilst dew retting has
the disadvantage of producing fibres that possess lower quality compared to enzyme

retting due to the inherent difficulties in controlling the retting parameters. However,
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enzyme retting is limited to pilot scale only due to its high operating and capital cost

when compared to water- and dew-retting methods.

White rot fungi have been shown to be effective in lignin removal. It has been used
to remove non-cellulosic compounds from natural fibres, exposing the underlying
cellulose and hemicellulose. A combination of alkali and fungal treatments showed
the most improvement in the composites’ mechanical properties. The surface of
natural fibres can also be modified by coating them with a layer of bacterial cellulose
nanofibrils, which allows the production of hierarchical composites. This can be
done by immersing natural fibres in a culture medium containing cellulose-
producing bacteria, such as the Acetobacter species. By using natural fibres as a
substrate for cellulose producing bacteria, the bacteria will deposit their cellulose
preferentially onto the surface of natural fibres. This increases the effective area of
the interface, enhances the interfacial adhesion through mechanical interlocking and
improves the wettability of the fibres by the matrix, as bacterial cellulose possesses
higher surface tension than natural fibres. The resulting polymers reinforced with
bacterial cellulose coated natural fibres have comparable properties with commercial
polypropylene used in the automotive industry, indicating the potential of such

surface treatment.

Public’s demand for more environmental friendlier products and environmental
legislations should motivate the composites industry (at least in parts) to move away
from conventional polymeric materials such as synthetic glass fibres and
polypropylene to greener materials such as natural fibres and biodegradable
polymers. A combination of natural fibres as the reinforcing agent, greener surface
treatments to enhance the interface and biodegradable polymers as the matrix should
enable the production of truly green composite materials. The ideal truly green
composite materials are as follow: When the material is not at the end of its lifetime,
it should be recyclable without significant loss of mechanical properties. When the
material is at the end of its life cycle, it can be triggered to biodegrade in composting
condition. Therefore, the next challenge in green composites would be the
production of green composites with triggered biodegradability and good

recyclability.
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Chapter 3 — Surface only modification of

bacterial cellulose nanofibres with organic acids

Summary

Bacterial cellulose (BC) nanofibres were modified only on their surface using an
esterification reaction with acetic acid, hexanoic acid or dodecanoic acid. This
reaction rendered the extremely hydrophilic surfaces of BC nanofibres hydrophobic.
The hydrophobicity of BC increased with increasing carbon chain length of the
organic acids used for the esterification reaction. Streaming (zeta-) potential
measurements showed a slight shift in the isoelectric point and a decrease in Cpiateau
was also observed after the esterification reactions. This was attributed to the loss of
acidic functional groups and increase in hydrophobicity due to esterification of BC
with organic acids. A method based on hydrogen/deuterium exchange was developed
to evaluate the availability of surface hydroxyl groups of neat and modified BC. The
thermal degradation temperature of modified BC sheets decreased with increasing
carbon chain length of the organic acids used. This is thought to be a direct result of
the esterification reaction, which significantly reduces the packing efficiency of the
nanofibres because of a reduction in the number of effective hydrogen bonds

between them.

3.1 Introduction

A research area that has been receiving much attention recently is the modification
of cellulose for the development of bio-based materials and composites.!'?>%]
Cellulose is a linear macromolecule consisting of a repeat unit comprising two D-
anhydroglucose rings linked by B (1->4) glycosidic bonds. It is the most abundant
organic homopolymer on earth. Cellulose has found numerous industrial
applications; in the pharmaceutical and cosmetic industries,"'” paper industry!!'"
and more recently in composites for the production of so-called ‘green’

[11-13, 20, 111-113

(nano)composite materials. I Unfortunately, the major challenge of

utilising (ligno)cellulosic materials, such as natural fibres, in composite applications
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is its extremely hydrophilic nature,''¥ high linear coefficient of thermal expansion
(LCTE)"*! and poor transverse properties.”") Due to the high LCTE of natural fibres,
the residual stresses exerted on natural fibres by the matrix in a composite will be
lowered, leading to low interfacial shear stresses between the fibres and a polymeric
matrix, as the interfacial shear stress is the product of residual stress and static
coefficient of friction of the fibres. As a result, the compatibility between natural
fibres and hydrophobic thermoplastics (such as polypropylene and polylactic acid) is

[13, 78

often poor. ' To overcome this challenge, nanocellulose can be coated onto the

[11-13

surface of natural fibres!''"*! (thereby creating “hairy natural fibres”) to bridge the

gap between the natural fibres and the matrices caused by the high LCTE of natural
fibres. However, nanocellulose itself is still hydrophilic in nature and cellulose
modification is therefore needed to improve the compatibility between cellulose and

hydrophobic (renewable) thermoplastics.”** ¥

In addition to plant sources, cellulose can also be derived from bacteria, such as from
the Acetobacter xylinum species.''™ Bacterial cellulose (BC) is being currently

explored for/or used already in biomedical applications,"''® the production of high

115] [117]

diaphragms for electroacoustic transducers, optically

[105, 106]

quality papers,!
transparent films and nowadays as reinforcements for polymers.'"™ Such
extensive use of BC is due to the fact that the material has the advantage of being
free of wax, hemicellulose, lignin and pectin, which are present in most plant based

3] with cotton as the exception.l”! In addition to this, BC is

cellulosic materials,[
inherently nano-sized; with individual fibres having diameters ranging from 24 to 86
nm and are several micrometres in length.!"'” This feature differs from plant based
natural fibres, which have to be homogenised or fibrillated to obtain nanofibres
(microfibrillated or nanofibrillated cellulose).!'*®! X-ray diffraction (XRD) has also

12011 terms of

revealed that BC has a very high degree of crystallinity of about 90%.
its mechanical properties, Hsich et al.!® have determined the Young’s modulus of
single bacterial cellulose nanofibres using Raman spectroscopy. They found that
bacterial cellulose nanofibres possess a Young’s modulus of 114 GPa, with a
theoretical Young’s modulus of between 130 to 160 GPa depending on its crystal
form.["*" 2 Moreover, BC also has a very low thermal expansion coefficient of
0.1x10° K" All these properties are highly favourable for using BC as a

nanofiller/reinforcement in green nanocomposite materials.
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As already mentioned, the hydrophilic nature of cellulose will often result in poor
compatibility between cellulose and hydrophobic polymer matrices. This will then
lead to poor stress transfer efficiency between the matrix and the reinforcement. In
order to utilise the full potential of BC as nanofiller for composites, a reliable
surface-only modification is needed to tailor the surface properties of BC without
affecting its bulk properties by turning it, for example into a cellulose ester, such as
cellulose acetate. This will mean that the compatibility between BC and hydrophobic

polymer matrices such as polylactide can be improved.!'"* Grafting of polymers!'*!

2] onto cellulose surface have been investigated in

or adsorptions of surfactants!
order to functionalise and compatibilise cellulose with a matrix. However, the
process of polymer grafting suffered from a lack of control, which prevents the
design of well-defined materials. Moreover, although polymer grafting enhances the
interaction with polymers, it limits the use of polymer-graft-BC for matrices
consisting either of the grafted polymer or polymers the grafted polymer is miscible
with, which are limited. On the other hand, in order to fully cover the surface of
cellulose with surfactants, large quantities of surfactants are needed, usually 4 times

12 . . . . .
31 This results in the increase in the raw material cost.

the mass of cellulose.!
Heterogeneous esterification of cellulose nanofibres with organic acids usually
resulted in significant bulk modification, characterised by loss of crystallinity and

[105. 107 1261 B has also been esterified homogeneously

high degree of substitutions.
in ionic liquids to produce cellulose acetate but the crystal structure of modified
cellulose once regenerated is destroyed.'?”! By restricting the modification only to
the surface of BC nanofibres, the highly crystalline bulk structure of BC can be
retained, while the surface is rendered hydrophobic. In this present work, the
heterogeneous surface esterification of BC nanofibres with various organic acids,
namely acetic, hexanoic and dodecanoic acid, is investigated. In a recent study!'*! it
was demonstrated that significant improvements in thermo-mechanical as well as
mechanical properties over the neat poly(L-lactic acid) (PLLA) by using these
esterified BC nanofibres as a reinforcement for polylactic acid-based
nanocomposites. This current work will investigate and characterise the surface and

bulk properties of BC as a result of organic acids modification.
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3.2 Experimental

3.2.1 Materials

Acetic acid (analaR, purity > 99.8%), methanol (GPR, purity > 99%), ethanol (GPR,
purity >99%) and pyridine (analaR NORAMPUR, purity > 99.7%) were purchased
from VWR. Hexanoic acid (purity > 99.5%), dodecanoic acid (purity > 98%), and p-
toluenesulfonyl chloride (purity > 99%), dimethyl carbonate (purity > 99%) and
deuterium oxide (purity > 99.99 atom% D) were purchased from Sigma-Aldrich.
Sodium hydroxide (purum grade, pellets) was purchased from Acros Organics. All
the materials were used without any further purification. Bacterial cellulose was
extracted from commercially available Nata-de-coco (CHAOKOH gel in syrup,
Ampol Food Processing Ltd, Nakorn Pathom, Thailand).

3.2.2 Extraction and purification of bacterial cellulose

N1 Firstly, Nata-de-

Bacterial cellulose was extracted from 10 jars of Nata-de-coco.
coco was rinsed with de-ionised water (3 x 10 dm®) to wash away the sugar syrup.
The washed Nata-de-coco was then blended for 1 min using a laboratory blender
(Waring Blender LB20EG, Christison Particle Technologies, Gateshead, UK). This
BC blend was then homogenised (Polytron PT 10-35 GT, Kinematica, Lucerne,
Switzerland) for 2 min and centrifuged at 14,000g to remove the excess water. To
further purify BC, the centrifuged material was re-dispersed in de-ionised water (10
dm*). Sodium hydroxide (40 g, 1 mol) was added into this mixture and heated to
80°C for 20 min, whilst stirring to remove any soluble polysaccharides.'*® The

purified BC was then successively centrifuged and homogenised back to neutral pH

using de-ionised water (4 x 10 dm”).

3.2.3 Surface only modification of bacterial cellulose

In order to modify the surfaces of BC nanofibres, the purified material (2 g, 12.3

mmolt) was solvent exchanged from water through methanol (3 x 600 cm’) into

pyridine (2 x 600 cm’). This mixture was then homogenised at 20,000 rpm for at

least 1 min at each stage to completely disperse BC in the solvent®. BC was retained

T This value was obtained by using the molecular weight of the glucose-repeating unit in cellulose
(CeHi005).

¥ Although starting the reaction with freeze-dried BC is possible, which allows for the re-dispersion of
BC in the reaction medium, its modification results in significant bulk modification of BC.
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through centrifugation at 14,000g at each stage before re-dispersing it in the
subsequent solvent. Another solvent exchange step was performed to adjust the final
concentration of BC in pyridine to 0.5% (g cm™). The BC-pyridine mixture was then
poured into a 1 dm® 3-neck round bottom flask and stirred using a magnetic stirrer.
p-Toluenesulfonyl chloride (92 g, 0.48 mol) was added into this BC-pyridine
mixture and an equimolar amount of organic acid (0.48 mol) was added into the
reaction vessel after the addition of p-toluenesulfonyl chloride. The reaction was
conducted for 2 h at 50°C under nitrogen flow to create an inert atmosphere such
that water vapour present in the atmosphere does not affect the esterification
reaction. The reaction medium was then quenched with ethanol (1.5 dm’). The
modified BC was then washed with ethanol again (3 x 800 cm’) using the previously
described homogenisation-centrifugation step. The product was solvent exchanged
from ethanol back to water (3 x 800 cm’). In order to use the bacterial cellulose in
later stages, the neat and modified BC nanofibres were dispersed in water (500 cm’)
and dimethyl carbonate (500 cm’), respectively and subsequently freeze-dried
(Edwards Modulyo freeze dryer, West Sussex, UK). The BC nanofibres modified
with acetic, hexanoic and dodecanoic acids were termed C,-BC, C4-BC and C,-BC,

respectively.

3.2.4 Characterisation of neat and modified BC

3.2.4.1 Attenuated Total Reflection Infrared spectroscopy (ATR-IR)

ATR-IR spectra were recorded using a Spectrum One FTIR-spectrometer (Perkin
Elmer, Massachusetts, USA). The spectra were collected at a resolution of 2 cm™, in
the range of 600 cm™ and 4000 cm™. A total of 16 scans were used to obtain each

spectrum.

3.2.4.2 Preparation of sheets of (modified) bacterial cellulose (paper)

In order to aid the characterisation of modified BC, paper-like BC sheets made from
(modified) BC suspensions were prepared. Initially the (modified) BC water
dispersions were centrifuged and the wet centrifuged cake (the sediment) of BC was
placed on a plate, spread with a spatula to a circular wet mass and finally placed into
a hot press (George E Moore and Sons, Birmingham, UK) held at 110°C. Once the
moisture from BC has been evaporated, the dried BC was then compressed at a

pressure of 5 t for 5 min at the same temperature, to produce a flat BC sheet. Such
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sheets made from neat or modified BC suspensions were used for Raman

spectroscopy, X-ray diffraction and contact angle measurements.

3.2.4.3 Water/air contact angle measurements

In order to determine the hydrophobicity of modified BC, water/air contact angles
were measured on BC sheets/paper made from (modified) BC suspensions.
Advancing 6, and receding 0, water/air contact angles on the (modified) BC sheets
were measured using the sessile drop method (DSA 10 Mk 2, Kriiss GmbH,
Hamburg, Germany) at room temperature. Images of the sessile drops were
processed using DSA software version 1.80.1.12. At least 5 measurements were

taken for each sample.

3.2.4.4 Streaming-potential measurements

The C-potentials of neat and modified BC were measured using an electrokinetic
analyser (EKA, Anton Paar, Graz, Austria) based on the streaming potential method.
In order to exclude any overlaying effects due to swelling (for BC) or extraction of
water-soluble components from the samples, the pH dependency of C-potential was
measured only after a time dependent C-potential measurement was completed.
During the £ = f(¢) measurement, the streaming potential was generated by applying
a steady pressure increase to 250 mbar across a channel, which was created by
stacking the previously mentioned (modified) BC sheets in between a PTFE film
The pH dependency of the C-potential was then measured by changing the pH of the
electrolyte solution through the titration of 0.1 N HCl or KOH into KCI solution,

using a titration unit (RTU, Anton Paar, Graz, Austria).

3.2.4.5 Determination of the degree of surface substitution of cellulose using
Dynamic Vapour Sorption (DVS)

In order to determine the degree of surface substitution of modified BC by organic
acids, a method based on hydrogen/deuterium (H/D) exchange was developed
following on from early work reported in literature.'® This measurement was
carried out using DVS (DVS-Advantage, Surface Measurement Systems Ltd,
Alperton, UK). Approximately 30 mg of freeze dried BC was placed in the sample

pan and it was pre-conditioned at 0% relative humidity (RH) of deuterium oxide
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(D20) for 5 h at room temperature to remove any adsorbed water molecules. The RH
of D,O was increased to 90% for 2 h to allow for the adsorption of D,O molecules
and hence, the H/D exchange with the accessible hydroxyl groups of BC. The RH
was then reduced to 0% for 2 h to allow the D,O molecules to desorb. This cycle
was repeated 10 times such that the H/D exchange can occur on all accessible
hydroxyl groups. A short adsorption time of 2 h was employed to avoid bulk
sorption of BC, as only the accessible hydroxyl groups were of interest. The sample
was then post-conditioned at 0% RH for 5 h to remove any residual adsorbed D,O
molecules. As the deuterium atom is one neutron heavier than hydrogen, the mass
increase after the post-conditioned BC was measured in situ by an ultra-sensitive
microbalance (with an accuracy of + 0.05 pg) and the amount of accessible hydroxyl

groups available was back calculated from this mass increase:

_OH xm; x Axm,
B 162140

Am (3.1

where Am = mass change after hydrogen-deuterium exchange (mg), OH = accessible
hydroxyl groups, m; = initial mass of sample (mg), 4 = Avogadro’s number and m,, =
mass of a neutron (in mg). The number 162140 represents the molecular mass of a
single glucose unit having the unit of mg mol™! (C6H100s). The derivation of this

equation can be found in appendix A.

3.2.4.6 X-ray diffraction (XRD) to determine crystallinity of neat and modified
BC

The XRD pattern of neat and modified BC was characterised on sheet samples using
an X-ray diffractometer (PANalytical X’Pert 1, PANalytical Ltd, Cambridge, UK)
using a 1.79 A cobalt X-ray source. Measurements were taken from 20 = 10° to 45°
at a step size of 0.04°. In order to calculate the crystallinity of BC, Segal’s

130]

method*”! was used. This equation is an empirical equation for estimating the

degree of crystallinity in cellulose.

I.,,—1
Zc — 002 amorphous > 100% (32)

I 002
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where [, is the intensity of the 002 reflection plane and I

amorphous

is the intensity of

the amorphous plane. As a comparison, the crystallinity of the (modified) BC was

also calculated based on the area under the XRD spectrum using equation:

X = " —|—CA x100% (3.3)

c a

where 4. and A, are the total crystalline area and total amorphous area, respectively,

between 10° and 45°. Scherrer’s equation,"]

KA
Lo = B-cosd (3.4)
where £ is the full width at half maximum of the 002 reflection, & is the Bragg’s
angle in degrees and K = 0.91, was used to determine the crystallite size (L(oo2)), and

hence, the structural order of 002 reflection.

3.2.4.7 Thermal stability of BC: Thermo Gravimetry Analysis (TGA)

The thermal degradation behaviour of neat and modified BC in nitrogen was
investigated using high resolution modulated TGA (TGA 2950, TA Instruments,
Crawley, UK). A sample size of approximately 1 mg was used. The samples were

heated from 25 to 550°C at a heating rate of 10°C min™".

3.3 Results and discussions

3.3.1 ATR-IR Spectra

Figure 11 shows the ATR-IR spectra of neat BC and BC that was modified with
organic acids in dispersion. The spectra were normalised against the intensity of the

1321 which is located

absorption band corresponding to the (C-O-C) link of cellulose,!
around 1158 cm™. The appearance of an absorption band characteristic for carbonyl
bonds (C=0) around 1750 cm™ can be seen. This is a direct result of the introduction
of hydrophobic esters onto BC via the esterification reaction. The hydroxyl group
absorption (-OH) around 3300 cm™ did not seem to decrease significantly with the

modification (C,-BC is the exception). This result suggests that the modification
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occurred essentially only on the surface of the nanofibres or in the amorphous
fraction of the cellulose. The more intense 1750 cm™ adsorption band in C,-BC is
caused by the higher reactivity of acetic acid compared to hexanoic and dodecanoic
acid; in analogy to the lipase-catalysed esterification reaction of fatty acids with
disaccharides.!**! Therefore, more ethanoate ester bonds form readily on BC. This is
also accompanied by increases in the absorption band intensities around 900 cm™,
1280 cm” and 1360 cm’. These absorption bands correspond to the -CH

[132]

vibrations arising from the methyl groups. C,-BC also showed a peak around

1650 cm’', which can be attributed to the symmetric deformation vibration of
adsorbed water molecules.!"** Due to the more hydrophilic nature of C,-BC as
compared to C¢-BC and C,-BC (see section 3.3.2), the full elimination of adsorbed

water molecules proved to be difficult for acetic acid modified cellulose samples.!'**

135]
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Figure 11. ATR-IR spectra of modified bacterial cellulose. (a) Neat BC, (b) C,-BC, (c¢) C¢-BC,
(d) C,-BC.

3.3.2 Wettability of bacterial cellulose and modified bacterial cellulose

In order to obtain qualitative information about the hydrophilicity/hydrophobicity of
modified BC nanofibres, the water/air contact angle as measure of the wettability of
modified BC was determined using the sessile drop method on paper-like BC sheets
made from (modified) BC nanofibres. It can be seen that both advancing 6, and

receding O, water contact angles increased with increasing carbon chain length of the
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organic acid used to modify the BC nanofibre surface (Table 9). The esterification
reaction introduced hydrophobic groups onto the surface of BC. The longer the
length of the hydrocarbon chain with which the BC nanofibres were modified, the
more hydrophobic was the BC surface leading to the observed increase in water
contact angles on BC sheets. It must be noted however that the contact angles
presented here are not equilibrium contact angles of BC nanofibres, as the roughness
of the BC sheets cannot be easily taken into account. The roughness effect will cause
the water droplet(s) to (i) follow the actual microtexture induced by surface
roughness (corresponding to the Wenzel state) or (ii) contact only the top asperities,
entrapping air below and so create a composite (Cassie-Baxter) wetting state. Both
wetting states exaggerate the hydrophilicity and hydrophobicity.*® The difference
between these limiting (advancing and receding) contact angles is referred to as
contact angle hysteresis (A0 =0, - 0;). This hysteresis can be attributed to surface
chemical heterogeneity, roughness or kinetic effects such as swelling or hydrophobic

P71 The large AO observed suggests a Wenzel state. Removing water from

recovery.!
such rough surface will make water contact itself (as a result of water leftover in the

microtexture), yielding low receding contact angles.

Table 9. Advancing 0, and receding 6, water/air contact angles, contact angle hysteresis (A0),
isoelectric point (iep), C-potential plateau value (Cpiatean), hydroxyl group availability (-OH) and
the degree of surface substitution (DSS) of neat and modified BC

Sample 6, (°) 6 () A0 iep(pH) Coiatean mV) -OH “T DSS (%)

Neat BC 19+3 12+2 7 3.7£0.1 -7.5+0.2 1.24 0

C,-BC 75+1 35+£2 40 3.8+0.1 -21.1+0.1 0.01 98.9
Ce-BC 92+1 45+1 47 39+0.1 -21.7+0.3 0.52 58.5
C,-BC  133+4 80+4 53 3.8+02 -21.8+0.5 0.60 51.9

"The —OH groups availability has a maximum value of 3 as there are 3 —OH groups per
glucopyranose unit in cellulose.

"Due to the sensitivity of the ultra microbalance used in DVS, the error arising from the measurement
was statistically insignificant between samples.

3.3.3 (-potentials of (modified) BC sheets

Measured C-potentials reflect the composition of the electric double layer on a
substrate. It is used to approximate the electrostatic potential at the beginning of the
diffusive part of the double layer.!"*® The ¢ = f(pH) of neat and modified BC (Figure
12) shows that neat and modified BC possess acidic surface groups (-OH groups)

giving rise to a low isoelectric point (iep), where =0, and a plateau region in the
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alkaline pH range. The plateau observed at high pH is a result of the full dissociation
of acidic functional groups and, therefore, the surface is negatively charged.
Lowering the pH of the electrolyte solution decreased the magnitude of C-potential
due to the repression of the dissociation of acidic functional groups on the surface of
(modified) BC. Ultimately, the {-potential changes sign to a positive value as a result
of proton (H3O+) adsorption. The iep and Cpaeau are tabulated in Table 9. Neat BC
has an iep at pH 3.7 and a Cpjateau 0f -7.5 mV. This measurement is in agreement with

1.1 A slight shift in iep (although it is within

C-potentials measured by Blaker et a
error) and a decrease in Cpaeau can be observed for organic acid modified BC. This is
not surprising as the modification of BC with organic acids does affect its surface
properties, such as wettability and C-potentials. The surface modification of BC does
not only increase the hydrophobicity of BC nanofibres but also the Cpawcau values.
The slight increase of the iep to higher pH for the modified BC is due the loss of
acidic functional groups as a result of the esterification reaction. The dramatic
decrease in Cplateau from -7.5 mV for neat BC to -22.8 mV for the modified BC could
be attributed to the increase in hydrophobicity of the material. Due to the
hydrophobic nature of the modified BC surfaces, water molecules could not adsorb
as easily onto the surface, which resulted an increase of the concentration of

electrolyte ions in the electrochemical double layer and, therefore, a smaller Cpatcau

was observed.
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Figure 12: C-potentials of neat and modified BC sheets as function of pH measured in 1 mM
KCIl supporting electrolyte.
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3.3.4 Degree of surface substitution (DSS) of modified BC or amount of

accessible OH groups
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Figure 13. An example of D,O adsorption on neat BC.

Figure 13 shows a typical example of the dynamic D,O vapour sorption on neat BC.
The amount of accessible hydroxyl groups and the degree of surface substitution are
tabulated in Table 9. No bulk sorption of D,O on bacterial cellulose was observed as
only one plateau was seen when exposing neat BC to D,0O for 48 h at 90% RH (see
Figure 14). Our results are also in agreement with results obtained by other
researchers.!*”) In order to access the bulk of bacterial cellulose, high temperature

0411 have determined the amount of

annealing of cellulose is required. Goussé¢ et al.
accessible hydroxyl groups of tunicin whiskers based on geometrical calculations.
The authors arrived at a value of 1.5 (out of a maximum of 3). In this study, the
amount of accessible hydroxyl groups of neat BC was found to be 1.24. This value is
very close to the theoretical predictions of Goussé et al.l'*"! The discrepancy can be
attributed to the difference in crystal structure between BC and tunicin whiskers (BC

I,,l'* while tunicin whiskers are thought to have a I structure'**)). In

is rich in
addition to this, the formation of hydrogen bonds between freeze-dried BC
nanofibres can occur, which will lower the amount of accessible hydroxyl groups.
As the carbon chain length of the organic acid used for the surface modification of

BC nanofibres increases and its reactivity decreases, the amount of hydroxyl groups
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present on the modified surface increases. In addition to this, packing efficiency
between BC nanofibres will also be affected by the esterification. Hydrogen bonds
between BC nanofibres arise from the presence of large amounts of OH groups on
the surface of neat BC. However, the packing efficiency reduces as a result of the
grafted long chain hydrocarbon. It is thought that the longer the grafted hydrocarbon
chain, the lower the packing efficiency. Therefore, the effective hydrogen bonds

between the BC nanofibres will no doubt decrease.
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Figure 14. DVS of neat BC exposed to D,O for 48 h at 90% relative D,O humidity

3.3.5 XRD of neat and modified BC
Crystallographically, BC has a cellulose-I structure.''™ Its X-ray diffraction pattern

is shown in Figure 15. The peaks shown correspond to the diffraction planes of 101,

101, 002 and 040, respectively.l"*! No peak shifting or appearance of new peaks was
observed (Figure 15). This is further evidence to suggest that the surface
modification of BC with organic acids occurred essentially only on the surface of or
in the amorphous region of BC. The crystallinity of neat and modified BC as
determined using the Segal-equation is tabulated in Table 10. It can be seen that the
acetic acid modification led to a slight decrease in the BC crystallinity. This can be
explained by the high reactivity of acetic acid compared to hexanoic and dodecanoic

[133

acids.!"*”! As already mentioned, the high reactivity of acetic acid can lead to more

ester bond formation on BC. This result is also in agreement with the ATR-IR
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spectra of C,-BC, where the intensity of the adsorption band for carbonyl bonds is
significantly higher than for C¢-BC and C»-BC. As a comparison, the degrees of
crystallinity of the (modified) BC were also calculated based on the crystalline and
amorphous areas. Discrepancies of the crystallinity values can be seen between
Segal’s method and the crystallinity calculated based on the area under the XRD

[145

spectra. Similar results were also presented in the literature.'*! The original work by

B9 was based on cotton cellulose, which is also pure cellulose. This

Segal et al.!
aspect is very similar to bacterial cellulose, which is pure crystalline cellulose
without other impurities. Since this current work compares cellulose from the same
source (similar to Segal et al.®” have conducted), it can be assumed that

crystallinity based on Segal’s method is preferred and valid for this work.
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Figure 15. X-ray diffraction pattern of (a) Neat BC, (b) C,-BC, (c¢) C¢-BC, (d) C1,-BC with the
101, 10 1, 002 and 040 reflections identified.

Table 10. Degree of crystallinity (y.), full width at half maximum (FWHM) of the 002
diffraction peak at 20 = 22.5°, crystallite size of 002 reflection (L)) and the calculated
interlayer distance (dyy) for neat and modified BC.

Sample . (%)° FWHM (°) Lo (A) dqo) (A) Xe (%)

Neat BC 90.2+02 1.71+0.02 60.81+0.54 7.85+0.01 744+02
C,-BC 83.2+0.2 1.73+£0.01 60.40+039 7.81+001 59.6+0.8
C¢-BC 89.7+0.5 1.70+£0.02 61.26+0.52 7.79+0.02 70.6+24
Cp-BC 851+£09 1.60+001 6493+0.24 787+001 69.3+5.7

§ Crystallinity calculated based on Segal’s method.

& Crystallinity calculated based on integrated area of XRD spectrum.
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3.3.6 Thermal degradation behaviour of neat and modified BC
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Figure 16. Percentage weight loss as a function of temperature for neat and modified BC.

Figure 16 shows the thermal degradation behaviour of neat and modified BC. All the
samples underwent single step degradation. It can also be seen that the onset of
degradation (defined as temperature at which 10% mass loss occurred) shifted to
lower temperature with increasing carbon chain length of organic acids attached to
the surface of BC (Table 11). Similar results were also obtained by Jandura et al 140!
who modified pulp fibres with oleic and stearic acids. By increasing the carbon chain
length, the temperature at which the maximum rate of weight loss (the peak of the
derivative curves) decreased. This is thought the due to the reduced number of
effective hydrogen bonds between BC nanofibres, as the nanofibres can then not be
closely packed. In addition to this, as the amount of hydroxyl groups decreased due
to the esterification reaction, the number of potential hydrogen bonds that can be
formed decreased too. This results in the reduction of hydrogen bonds formation
between nanofibres, which further reduces the thermal stability when compared to
neat BC.

Table 11. The onset degradation temperature of neat and modified BC.

Samples Onset degradation temperature (°C)
Neat BC 319
C,-BC 259
Ce-BC 233
Ci2-BC 225
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3.4 Conclusions

The hydrophilic surface of BC was rendered hydrophobic via an esterification
reaction with organic acids (acetic, hexanoic and dodecanoic acids). It was found
that the degree of hydrophobicity of BC can be tailored by the carbon chain length of
the organic acids used to modify BC. The amount of accessible hydroxyl groups on
the surface of BC was determined using a H/D exchange method implemented using
dynamic vapour sorption of D,O and it was found to be 1.24 (out of a maximum of
3). In addition to this, the degree of surface hydroxyl group substitution decreases
with increasing carbon chain length of the organic acids used. The esterification
reaction did not alter the crystallinity of BC significantly, with C,-BC being the
exception. The decrease in the crystallinity of C,-BC was attributed to the higher
reactivity of acetic acid as compared to hexanoic and dodecanoic acid, which led to
higher degree of modification. The thermal behaviour of neat and organic acid
modified BC sheets decreased with increasing carbon chain length of the organic
acids used. This is evidence of low packing efficiency, arising from the grafted
hydrocarbon chains and, therefore, the reduced overall interaction between the
nanofibres. As a result of the modification, the hydrophobic BC can easily be
dispersed in hydrophobic PLLA and the compatibility (interfacial adhesion) to
PLLA could be improved. Therefore, the mechanical properties of the resulting

(modified) BC reinforced PLLA nanocomposites was improved (see chapter 4).
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Chapter 4 — Heterogeneous modification of
bacterial cellulose: Why do cellulose nanofibres
behave differently when modifying freeze-dried

or never-dried bacterial cellulose?

Summary

The susceptibility of (i) never-dried and (ii) freeze-dried bacterial cellulose (BC)
with towards organic acid esterification is reported in this work. When never-dried
BC (BC that was solvent exchanged from water through methanol into pyridine) was
modified with hexanoic acid, it was found that the degree of substitution (DS) was
significantly lower than that of modified freeze-dried BC. The crystallinity of freeze-
dried BC hexanoate was found to be significantly lower compared to neat BC and
never-dried BC hexanoate. This result, along with the high DS indicates that
significant bulk modification occurred during the esterification of freeze-dried BC.
Such results were not observed for never-dried BC hexanoate. All these evidence
point towards to fact that freeze-dried BC was more susceptible to organic acid
esterification compared to never-dried BC. A few hypotheses were proposed to
explain the observed behaviour and further investigated to elucidate our observation;
the effect of residual water in cellulose, the accessibility of hydroxyl groups and the
crystal structure of never-dried and freeze-dried BC on the susceptibility of cellulose
fibrils to the esterification, respectively. However, the investigation of these
hypotheses raised more questions and the main question still remains; why do BC

nanofibres behave differently when modifying freeze-dried BC or never-dried BC?

4.1 Introduction

Cellulose is the most abundant organic homopolymer on earth. It is a
macromolecular polymer consisting of two D-anhydroglucose rings linked by f3
(1>4) glycosidic bonds.!"*” Cellulose is used in numerous industries; the pulp and

[110 109]

paper industry,''” the pharmaceutical and cosmetic industry!'®’ and more recently
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[118. 148130 Dyye to the rapid advancement and interest

as reinforcement for polymers.
in nanotechnology, significant effort has been poured into the utilisation and
isolation of nano-sized cellulose to produce nanocellulose for various applications.
Nanocellulose can be obtained via two approaches; the top-down or bottom-up
approaches. The top-down approach involves the disintegration of plant cellulose,

[151, 152

such as wood fibres, using high shear forces 1. The bottom-up approach, on the

other hand, utilises the biosynthesis of cellulose by bacteria, such as from the

Acetobacter species.'™

Although nanocellulose can be produced using the two approaches, the quality of
bacterial cellulose (BC) was found to be superior over wood-derived
nanocellulose.!'>* This can be attributed to the high purity and water-absorbing
capability of BC. Additionally, no further processing is required to obtain nano-sized
cellulose. In addition to this, BC possesses a high degree of crystallinity of up to
90%.!"*"! Hsieh et al.'® determined the mechanical properties of a single BC
nanofibre using Raman spectroscopy. The authors estimated that a single BC
nanofibre possesses a Young’s modulus of 114 GPa. It was also predicted that
cellulose crystals should possess a theoretical Young’s modulus of between 130 and

121 1221 These properties are highly

160 GPa depending on the crystal form.!
favourable for the utilisation of nanocellulose as filler for composites. However, the
hydrophilic nature of cellulose often resulted in poor interfacial adhesion between

131331 “such as polypropylene and

the cellulose and hydrophobic polymer matrices
polylactic acid. Surface modification of nanocellulose is often performed to improve
the compatibility and, therefore, the stress transfer between the cellulose and the
matrix to produce nanocomposites with improvements in both modulus and

strength.[123 148, 156]

The chemical modification of BC presents an interesting scenario. Since BC is
produced through the biosynthesis of bacteria in a culture medium, BC stays
hydrated and so is never-dried. The successful surface-only modification of never-
dried BC with organic acids has been reported.!'*> °! The procedure involved the
solvent exchange of never-dried BC from water through methanol into pyridine.
Attempts were made to reduce the laborious solvent exchange step by freeze-drying

the BC from water and disperse freeze-dried BC, which does not hornify, directly
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into pyridine to carry out the same esterification with organic acids. In this study,
evidence is provided that freeze-dried BC is much more susceptible towards
esterification with organic acid compared to never-dried BC. Possible hypotheses of
the observed susceptibility of freeze-dried BC towards organic esterification are

presented and have been further investigated in this study.

4.2 Experimental procedure

4.2.1 Materials

Methanol (GPR, purity > 99%), ethanol (GPR, purity > 99.7%), benzene (analaR
NORAMPUR, purity > 99.9%) and pyridine (analaR NORAMPUR, purity > 99.7%)
were purchased from VWR. Hexanoic acid (Aldrich, purity > 99%), p-
toluenesulfonyl chloride (Aldrich, purity > 99%), dimethyl carbonate (Aldrich
reagent plus, purity > 99%), deuterium oxide (Aldrich, purity > 99.99 atom% D),
cellulose acetate (Aldrich, 39.7 wt% acetyl content) and cellulose triacetate (Aldrich,
43-49 wt% acetyl content) were purchased from Sigma-Aldrich. Sodium hydroxide
(purum grade, pellets) was purchased from Acros Organics. All the materials were
used as received without further purification. BC was extracted and purified from
commercially available Nata-de-coco (CHAOKOH gel in syrup, Ampol Food

Processing Ltd, Nakorn Pathom, Thailand) following previously described work.!*"!

4.2.2 Hexanoic acid esterification of BC

In order to modify never-dried BC, which was always kept in water, 2 g (on dry
weight basis) of the purified BC was solvent exchanged from water through
methanol (3 x 600 cm’) and into pyridine (2 x 600 cm’) to ensure the complete
removal of water and methanol. The mixture was homogenised using a homogeniser
(Polytron PT 10-35 GT, Kinematica, CH) at 20,000 rpm for at least 1 min during
each solvent exchange step to completely disperse the BC in the solvent. BC was
retained through centrifugation at 14,000g for 15 min. The excess solvent was
decanted prior to re-dispersion in the subsequent solvent. This
homogenisation/centrifugation step was repeated three times. After the second
solvent exchange step into pyridine, another solvent exchange step was performed to
adjust the final concentration of BC in pyridine to 0.5% (g mL™). This BC-pyridine

mixture was then poured into a 1 L 3-neck round bottom flask and stirred using a

67



magnetic stirrer. 92 g of p-toluenesulfonyl chloride was added into this BC-pyridine
mixture and hexanoic acid was added at an equimolar concentration relative to p-
toluenesulfonyl chloride into the same reaction vessel after the addition of p-
toluenesulfonyl chloride. The reaction was conducted under nitrogen flow to create
an inert atmosphere for 2 h at 50°C. After 2 h, the reaction was quenched with 1.5 L
of ethanol. The product was washed three times with 800 mL of ethanol using the

previously described homogenisation-centrifugation steps.

In a separate experiment, the never-dried BC was homogenised in water at a
concentration of 0.4% (g mL™), flash frozen in a Petri dish and subsequently freeze-
dried (Edwards Modulyo freeze dryer, West Sussex, UK). This BC is termed freeze-
dried BC throughout this study. 2 g of freeze-dried BC was dispersed into 400 mL
(0.5 % (g mL™)) of pyridine directly in a 1 L 3-neck round bottom flask and the
reaction was conducted as previously described. After 2 h, the hexanoic acid
modified freeze-dried BC was purified following the procedure described above. In
order to characterise the hexanoic acid modified wet BC and freeze-dried BC, they
were solvent exchanged from ethanol through water into dimethyl carbonate at a
concentration of 0.4% (g mL™), flash frozen in a Petri dish and subsequently freeze-
dried from dimethyl carbonate to obtain dry modified samples that were further
characterised. The never-dried BC hexanoate and freeze-dried BC hexanoate are

termed Cs-NDBC and C4-FDBC, respectively.

4.2.3 Characterisation of the modified (never-dried and freeze-dried) BC

4.2.3.1 Attenuated Total Reflection Infrared spectroscopy (ATR-IR)

ATR-IR spectra were recorded using a Spectrum One FTIR-spectrometer (Perkin
Elmer, Massachusetts, USA). The spectra were collected at a resolution of 2 cm'l, n
the range of 600 cm™ and 4000 cm™. A total of 16 scans was used to collect each

spectrum.

4.2.3.2 Degree of substitution of modified BC

The degree of substitution (DS) of C¢<-NDBC and C¢-FDBC was determined using
the procedure developed by Sassi and Chanzy.["*®! The DS was calculated based on
the ATR-IR spectra using the absorption band of the pyranose ring as an internal

standard at a wavenumber of 1050 cm™. A calibration master curve was established,
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relating the ratio of the absorbance intensities of the carbonyl bonds (1750 cm™) and
pyranose ring’s to the known DS for cellulose acetates and cellulose triacetates. By
comparing the ratio of the intensities between 1750 cm™ and 1050 cm™ of Ce-NDBC
and C¢-FDBC to the calibration master curve, the DS of the modified BC was

obtained.

4.2.3.3 Crystallography of hexanoic modified BC

Structural information of modified BC was obtained using X-ray diffractography.
The X-ray diffraction (XRD) pattern was obtained using a PANalytical X Pert PRO
X-ray diffractometer (PANalytical Ltd, Cambridge, UK) . The diffractograms were
taken from 20 = 10° to 45° at a step size of 0.02° using a Ni filtered Cu Ko, (1.541
[130]

A) as the X-ray source. Segal’s method
(modified) BC (see equation 4.1):

was used to calculate the crystallinity of

7. M=l 1009, 4.1)

1 002

where . is the crystallinity of the cellulose, /y); and /,, are the intensity of the 002
(206 =22.5°) and amorphous (26 = 18°) reflections, respectively. This is an empirical

equation for estimating the degree of crystallinity of pure cellulose materials.

4.2.3.4 Scanning electron microscopy (SEM)

SEM was performed using a high-resolution field emission gun scanning electron
microscope (LEO Gemini 1525 FEG-SEM, Oberkochen, Germany). It was used to
characterise the morphology of BC nanofibres after esterification with hexanoic acid.
The accelerating voltage used was 5 kV. Prior to SEM, the samples were mounted to
SEM stubs using carbon tabs and coated with Cr (K550 sputter coater, Emitech Ltd,
Ashford, Kent, UK) for 1 min at 75 mA.

4.2.4 Characterisation of neat never-dried and freeze-dried BC
In order to mimic never-dried BC in pyridine prior to hexanoic acid esterification
reaction, the never-dried BC was solvent exchanged from water through methanol

into benzene using the previously described concentration and homogenisation-
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centrifugation steps. Once the never-dried BC was dispersed in benzene, it was
subsequently freeze-dried to obtain a dry sample hopefully representative of never-
dried BC in pyridine. Benzene was chosen as it is structurally related to pyridine and

its ability to be freeze-dried.

4.2.4.1 Determining the residual water content of never-dried and freeze-dried
BC

Esterification of cellulose with carboxylic acids is a reversible reaction and the
presence of water will affect the conversion of cellulose to cellulose esters. The
residual water content of freeze-dried BC was determined using dynamic vapour
sorption (DVS-Advantage, Surface Measurement Systems Ltd, Alperton, UK). 30
mg of freeze-dried BC was loaded into the chamber of DVS held at 0% relative
humidity (RH) for 5 h. During this period, the mass change was measured in-situ
inside the chamber. The residual water content was obtained from the difference

between the initial and final mass of the sample.

The residual water content in never-dried BC after successive solvent exchange steps
was estimated from the solvent exchange efficiency. To determine the solvent
exchange efficiency, 2 g (on a dry weight basis) of never-dried BC was dispersed in
600 cm’ of methanol following the previously described homogenisation step and
centrifuged at 14,000g for 15 min after which the supernatant was removed. The
water content in this supernatant was determined using Karl-Fischer titration (DL32
Coulometer Titrator, Mettler Toledo, Leicester, UK). The homogenisation-
centrifugation-titration step was repeated 5 times (the number of solvent exchange
steps in this work). The efficiency of water removal for solvent exchange was

calculated using:

R =W =Wi 009 (4.2)
W

w
i

where R,,, W;.; and W; are the water removal efficiency, the water content in solvent

exchange step i+/ and step i, respectively.
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4.2.4.2 Determining the hydroxyl group availability of never-dried and freeze-
dried BC

In order to study the difference between the hydroxyl group availability for the
esterification reaction of the different starting BC, a method based on
hydrogen/deuterium (H/D) exchange was utilised following our previous work.!"*”!
This measurement was carried out using dynamic vapour sorption (DVS-Advantage,
Surface Measurement Systems Ltd, Alperton, UK). A sample mass of approximately
30 mg of BC was placed in the sample pan and the sample chamber was pre-
conditioned at 0% RH of deuterium oxide (D,O) for 5 h at room temperature to
remove adsorbed water molecules. The RH of D,O was increased to 90% for 2 h to
allow for the adsorption of D,O and for H/D exchange with accessible hydroxyl
groups to occur. The RH was then reduced to 0% for 2 h to allow the D,O molecules
to desorb. This cycle was repeated 10 times such that the H/D can occur on all
accessible hydroxyl groups on BC. A short adsorption-desorption cycle was utilised
to avoid bulk sorption of BC, as only the accessible hydroxyl groups were of
interest. After 10 adsorption-desorption cycles, the sample was post-conditioned at
0% RH for 5 h to remove any residual adsorbed D,O molecules. As deuterium is one
neutron heavier than hydrogen, the mass increase after post-conditioning of BC was
measured in-situ by an ultra-sensitive microbalance and the amount of accessible

hydroxyl groups was back calculated from this mass increase.

4.2.4.3 Specific surface area measurement of never-dried and freeze-dried BC

Nitrogen adsorption/desorption isotherms were performed to determine the specific
surface area of never-dried and freeze-dried BC using a surface area and porosity
analyser (TriStar 3000, Micrometrics Ltd, Dunstable, UK). The specific surface area
was calculated using the Brunauer-Emmett-Teller (BET) equation. Prior to the
measurement, the samples were degassed at 80°C overnight to remove adsorbed

water molecules.

4.2.4.4 Allomorphs of never-dried and freeze-dried BC
The different allomorphs of crystalline cellulose were evaluated using an empirical

mathematical function developed by Wada et al.'> This mathematical function is

supposed to discriminate cellulose I, which is triclinic, from cellulose IB’ which 1is
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monoclinic, based on the XRD pattern of the cellulose of interest. The discrimination

factor, Z, is related to the d-spacings of the cellulose via:

Z =1693 x d, —902 x d, —549 (4.3)

where Z > 0 represents I-rich cellulose and Z < 0 represents Ig-rich cellulose. d;

(nm) and d, (nm) represent the d-spacing of the reflection planes at Bragg’s angle of

14° and 16°, respectively.

4.3 Results and Discussion

4.3.1 Degree of substitution of (hexanoic acid modified) BC
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Figure 17: ATR-IR spectra of neat and hexanoic acid modified BC. (a) Neat BC, (b) C6-NDBC
and (¢) C6-FDBC.

ATR-IR was used to study the chemical characteristics of neat and hexanoic acid
modified BC. The spectra are shown in Figure 17. The spectra were normalised
against the intensity of the absorption band corresponding to the C-O-C link in
cellulose molecules, which is around 1160 cm™.""** The appearance of an absorption
band around 1750 cm™ for hexanoic acid modified BC can be attributed to carbonyl
bonds (C=0), which formed during the esterification of BC with hexanoic acid.
Additional peaks can also be seen around 2900 cm’, which correspond to the
absorption of methyl (-CH3) or methylene (-CH;-) groups. It can be seen from these

spectra that the intensity of 1750 cm™ is higher when freeze-dried BC was used as

72



the starting material. In addition to this, the esterification of freeze-dried BC with
hexanoic acid resulted in a significant decrease in the intensity of the hydroxyl
groups (-OH) around 3300 cm™. When never-dried BC was used as the starting
material for the esterification reaction, the intensity of the carbonyl absorption band
was much lower than that of C¢-FDBC. This is due to the higher degree of
substitution when freeze-dried BC was used as the starting material compared to

never-dried BC (see Table 12).

4.3.2 XRD patterns of BC hexanoate
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Figure 18: XRD spectra of (hexanoic acid modified) BC. (a) C6-NDBC, (b) C6-FDBC, (c) never-
dried BC and (d) freeze-dried BC.

The XRD pattern of BC hexanoate is shown in Figure 18a-b and their crystallinity
calculated from the Segal’s equation in Table 12. Crystallographically, BC possess a

[160

cellulose I structure.!'®”! The characteristic peaks shown in Figure 18 correspond to

the diffraction planes of 101, 101, 002 and 040, respectively for cellulose Io.!"**! The
crystallinity of Cs-NDBC is in good agreement with the crystallinity of neat BC of
approximately 90%.""*"! This implies that the modification of never-dried BC results
in the surface-only modification of BC.'">"! When freeze-dried BC was modified
with hexanoic acid using identical reaction conditions, the XRD pattern of Cc-FDBC
showed a significant reduction the intensities of all the diffraction planes. The
crystallinity of C¢-FDBC dropped to only 53%, which is an indication that the
cellulose loses its crystal structure and becomes more amorphous. These results are

in good agreement with the ATR-IR spectra and DS of C¢-FDBC shown previously,
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which points towards significant bulk modification of cellulose when freeze-dried

BC was used as the starting material.

Table 12: Degree of substitutions and crystallinity (y.) of hexanoic acid modified BC.

Sample Degree of substitution Y (%0)
Ce-NDBC 0.36 = 0.01 91+3
Cs-FDBC 1.87 £ 0.02 53+4

e BT = 8308V Sageml A # iriLesn Dwe 7 2l 7008
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Figure 19: Scanning electron micrographs showing the morpholoy of neat and modified BC.
Top: Neat BC, middle: C6-NDBC and bottom: C6-FDBC.

The morphology of BC before and after hexanoic acid esterification is shown in
Figure 19. It can be seen that neat BC possesses a fibrous structure, approximately
50 nm in diameter and several micrometres in length. When BC was modified with
hexanoic acid using never-dried BC as the starting material (C¢-NDBC), the fibrous

structure of BC is retained (see Figure 19). This result corroborates with the low DS,
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high crystallinity (Table 12) and low absorbance intensity at 1750 cm™ in the ATR-
IR spectra of C¢-NDBC (Figure 17). However, when BC was modified with
hexanoic acid using freeze-dried BC as a starting material (C¢-FDBC), the original
fibrous structure of BC was lost. No fibrous structure can be observed in Figure 19
(bottom). Instead, the modified cellulose resembles a semicrystalline cellulose ester

polymer. Similar observations were also reported by Barud et al.,l'®!]

who produced
cellulose acetate by the acetylation of BC. This observation is consistent with the
high DS and intensity of carbonyl bonds in the ATR-IR spectra, which points

towards significant bulk modification during the esterification reaction.

4.4 Hypotheses for the bulk modification of freeze-dried BC and surface-only
modification of never-dried BC

4.4.1 Could the adsorbed water in cellulose affect the equilibrium of the
esterification reaction?

The esterification reaction of cellulose with a carboxylic acid is reversible with
cellulose esters and water being the product of the reaction. According to Le
Chatelier’s principle, the removal of water from the reaction will shift the
equilibrium of the reaction to favour the production of more cellulose esters. It has
also been reported that the starting form of cellulose (never-dried, partially dried or
fully dried) affects the dissolution of cellulose in ionic liquid as the water molecules

[162] Therefore, it can be

in the never-dried cellulose reduce the solvent quality.
anticipated that never-dried BC should result in higher DS, as the presence of water
shifts the esterification reaction to the left, producing more cellulose esters. The
estimated residual water content for both types of BC is tabulated in Table 13. It can
be seen that the efficiency of water removal was much greater through solvent
exchange method compared to the direct freeze-drying of BC. This can be attributed
to the hydrophilic nature of BC, which absorbs water from the atmosphere. The
water removal efficiency of the solvent exchange method was found to be 58 + 14
(wt/wt)%. Through solvent exchange, wet BC is thoroughly mixed with a solvent,
which is miscible with water, and the liquid phase is displaced by centrifugation and
then decanted. By repeating this process, the water in wet BC is constantly removed
and reduced to a minimum. However, this result contradicts with the DS of the

modified BC, which showed freeze-dried BC (with higher residual water content)

underwent severe bulk modification but never-dried BC (with lower residual water
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content) underwent surface modification only. The reason for this observation is not
clear but it implies that the presence of water is not solely responsible for the

observed different behaviour of freeze-dried and never-dried BC.

Table 13: A table summarising the estimated residual water content, accessible —OH groups,
and specific surface area (S), respectively of never-dried and freeze-dried BC.

Residual water Accessible OH

Types of BC S (m* g™
(mg/g cellulose)  group'

Never-dried 13+4 1.12+0.04 92.2+0.1

Freeze-dried 23+ 6 1.24 £0.01 44.6 £ 0.1

" maximum value of 3.

4.4.2 Could the accessibility of hydroxyl groups be different between freeze-
dried and never-dried BC?

The accessible hydroxyl groups (-OH) of both freeze-dried and never-dried BC is
tabulated in Table 13. Never-dried BC and freeze-dried BC were found to possess an
accessible —OH group availability of 1.12 and 1.24, respectively out of a maximum
of 3. The difference in accessible -OH groups availability is about 10 + 1%. This
difference can be attributed to the different dispersing medium (either water or
benzene) when preparing BC. Water is known to swell cellulose, exposing more

') but non-polar molecules, like benzene, have been shown to

cellulose —OH groups!
reduce the accessibility of the hydroxyl groups of cellulose.!'™ As a result, BC
freeze-dried from water possesses more accessible hydroxyl groups. Nonetheless,
10% more accessible hydroxyl groups of freeze-dried BC compared to never-dried
BC is not significant and does not explain the observed severe modification of

freeze-dried BC.

4.4.3 Could the exposed surface area of never-dried and freeze-dried BC affect
the severity of the esterification reaction?

There is significant evidence in the literature that freeze-drying cellulose from
solvents other than water resulted in a significant increase of the surface area of the
nanocellulose."**” Similar results were also found in this work. When BC was
solvent exchanged into benzene and freeze-dried (never-dried BC), the surface area

is twice as large as BC freeze-dried from water (see Table 13). This implies that the
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exposed surface area of never-dried BC in a solvent is higher than that of freeze-
dried BC. The larger surface area in an organic solvent is a result of the low surface

t11%8] observed that the surface area of cellulose

tension of the solvent. Merchan
increases with decreasing surface tension of the organic solvent in which the
cellulose was dispersed in. Although no exact reason was given at the time of this
work, it can be postulated that better wetting can be expected between high surface
energy BC and low surface tension liquids. This results in better dispersion of
cellulose fibrils in the solvent and therefore the observed high surface area in low
surface tension liquids. Nonetheless, our surface area results contradict the

observation of severe bulk modification of freeze-dried BC, which possesses a lower

surface area.

4.4.4 Could the crystallography of BC change as a result of drying from
different solvents?

Cellulose is a semi-crystalline composite of two different crystalline structures,
namely Io and Ip, respectively.!®! Cellulose I« possesses a triclinic structure whereas
Ip has a monoclinic crystalline structure.!"*? It was found that cellulose Ig is the more
thermodynamically favourable structure and cellulose Io can readily be converted to
Ip via routes such as hydrothermal treatment.'’” In addition to this, at equivalent
hydroxyl group accessibility, cellulose I« was found to be more reactive towards
acetylation compared to cellulose Ip.'""! Wada et al!"™” derived an empirical
equation (see equation 4.3) providing the ratio of I« to Ip based on two equatorial d-
spacings of cellulose and these results are tabulated in Table 14, along side with the
crystallinities and d-spacings of never-dried and freeze-dried BC. It can be seen from
this table that the crystallinities of the two types of BC are the same (~90%),
indicating that the significant bulk modification of freeze-dried BC could not be the
direct result of differences in the crystallinity of BC.

The XRD patterns of never-dried and freeze-dried BC are shown Figure 18c-d. The

two diffraction peaks, d; and d,, are in fact composites of lo and I reflections."*”! ¢,

corresponds to Ia 100 and Ip 110 reflections, respectively whereas d, corresponds to
I« 010 and Ip 110 reflections, respectively. From the calculated d-spacings for the

two types of cellulose, the Z value (which discriminates between la-rich and Ig-rich)
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can be computed. Based on the calculated Z value, never-dried BC is rich in
cellulose Ip whereas freeze-dried BC is cellulose Ia dominant. Combining this result
with the —OH group accessibility of freeze-dried BC, which is 10% higher than that
of never-dried BC, it implies that freeze-dried BC is more susceptible to
esterification compared to never-dried BC. This is consistent with our observations.
However, this raises the next question; why should BC, which is known to be
cellulose Ia, have a cellulose Ip structure when dried from an organic solvent? There
was significant evidence that points towards the fact that the surface tension of

166-168] "1t was also

dispersing medium affects the exposed surface area of cellulose !
speculated by Merchant!'®® that the crystal structure of cellulose would be different

when dried from different solvents due to the difference in polarity of the solvents.

Table 14: The crystallinity (y.), d-spacings of the reflection at 14° (d;), 16° (d;) and the
discriminant value between Ia and Ip (Z), respectively of never-dried and freeze-dried BC

Types of BC Xe (%) d; (nm) d; (nm) Z value
Never-dried 90 + 4 0.611 0.614 —0.78 (Ig-rich)
Freeze-dried 89+3 0.528 0.531 13.87 (Ia-rich)

4.5 Conclusions

This study observed that BC freeze-dried from water is more susceptible towards
organic acid esterification than never-dried BC. It was found that freeze-dried BC
underwent significant bulk modification with degree of substitution of 1.87
compared to never-dried BC of only 0.36. The crystallinity of the freeze-dried BC
decreased to only 53% (from the original of 90%) after the modification whilst the
crystallinity of never-dried BC did not change significantly with modification. A few
hypotheses to explain the observed behaviour were explored; the effect of residual
water, accessibility of —OH groups and crystal structure of the cellulose,
respectively. These results were found to be in disagreement with experimental
observations. Never-dried BC, which was solvent exchanged from water through
methanol into pyridine, was found to contain less residual water compared to freeze-
dried BC. This implies that significant bulk modification should occur in never-dried
BC as the lack of water should shift the equilibrium of the esterification reaction to
the right, producing more cellulose esters. However, it was freeze-dried BC, which

has higher water content, that underwent significant bulk modification. Freeze-dried
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BC was found to possess 10% more accessible -OH groups compared to never-dried
BC. However, 10% more —OH groups is very unlikely to result in an 80% increase in
the degree of substitution of modified cellulose. XRD pattern show that freeze-dried
BC is cellulose Ia-rich and never-dried BC is cellulose Ig-rich. It has been shown that
cellulose la is more susceptible to acetylation compared to cellulose Ip. It was
postulated that it is this combination of more exposed —OH groups and the cellulose
la structure of freeze-dried BC that resulted in significant bulk modification of the
cellulose compared to never-dried BC under identical reaction conditions. However,
the main question that needs to be raised is why does never-dried BC, which was
obtained by freeze-drying from an organic solvent is found to possess a cellulose Ip

structure while it is well accepted that BC possesses a cellulose la structure?
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Chapter S - Surface functionalisation of
bacterial cellulose as the route to produce green
polylactide nanocomposites with improved

properties

Summary

The effect of surface functionalisation of bacterial cellulose nanofibrils (BC) and
their use as reinforcement for polylactide (PLLA) nanocomposites was investigated.
BC was functionalised with various organic acids via an esterification reaction. This
rendered the otherwise hydrophilic BC hydrophobic and resulted in better
compatibility (interfacial adhesion) between PLLA and BC. A direct wetting
method, allowing the determination of the contact angle of polymer droplets on a
single BC nanofibre, was developed to quantify the interfacial adhesion between
PLLA and functionalised BC. It was found that the contact angle between PLLA
droplets and functionalised BC decreased with increasing chain lengths of the
organic acids used to hydrophobise BC. A novel method to compound BC with
PLLA based on thermally induced phase separation (TIPS) to yield a dry form of
pre-extrusion composite was also developed. The mechanical properties of the
surface functionalised BC reinforced PLLA nanocomposites showed significant
improvements when compared to neat PLLA and BC reinforced PLLA. The thermal
degradation and viscoelastic behaviour of the nanocomposites were also improved

over neat PLLA.

5.1 Introduction
Recent interest in greener polymeric materials for general applications such as
packaging and the public’s growing demand for environmentally friendlier products

1981 One of the most

have sparked the development of green composite materials.
extensively studied renewable reinforcements in this field is cellulose. Cellulose is

the most abundant natural polymer, found in plant cells walls, and synthesised by
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some bacteria and animals. The use of cellulosic materials in the production of green
composites is well established. Numerous studies have focussed on the use of natural
fibres in the production of composite materials.[* ' % 1% More recently, Juntaro et
al."l and Pommet et al.l'"! have successfully deposited bacterial cellulose onto
natural fibres, thereby creating hierarchical composites with improved mechanical
properties. Extensive research in the field of natural fibre reinforced composite
materials is not surprising as natural fibres have many distinct advantages over
conventional glass fibres. These include low cost, low density, high toughness,
biodegradability and most importantly, carbon neutrality.*” *'! As a matter of fact,
major automotive companies in Germany such as Mercedes Benz and BMW have
started to replace their glass fibre based composites with natural fibre reinforced
plastics for their door panel and boot linings.!"”?! Rieter Automotive won the JEC
Composites Award in 2005 for their development in natural fibre reinforced
thermoplastic for an under-floor module with integrated aerodynamic, thermal and

acoustic functions.*!

Cellulose derived from bacteria such as from the Acetobacter species!''® has the
advantage of being free from wax, lignin, hemicellulose and pectin, which are
present in plant-based cellulosic material. BC is highly crystalline, with a degree of

11200 This highly crystalline structure of BC is a property

crystallinity of about 90%.
that is favourable for composite production as it provides a high Young’s modulus
value to BC. It was found that BC possesses high Young’s modulus of about 114
GPa and a theoretical Young’s modulus of between 130 GPa to 145 GPa depending
on the crystallinity.[) This value is comparable to man-made glass fibres (~70 GPa)
and aramid fibres (~67 GPa), considering that BC has a lower density (1.25 g cm™)
than glass fibres (2.5 g cm™). Natural fibres, on the other hand, possess much lower
Young’s moduli; cotton (12.6 GPa), jute (26.5 GPa), flax (27.6 GPa) and sisal (22
GPa), respectively.”! Unlike natural fibres, which has to be microfibrillated to
produce cellulose strands in the order of 1-100 nm in diameter,'”* BC exists
naturally as a nano-sized material (between 24-86 nm in diameter and several
micrometres in length)!''> " and it has a surface area of about 150 m* g"'.!""* Such
properties are highly advantageous for the production of composite materials as this

implies that for the same amount of material, the interface between the matrix and

the reinforcement will be larger for BC compared to micrometre-scale natural fibres.
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However, these interesting properties of BC do come with a price as BC is extremely
hydrophilic in nature. As a result, BC will often have poor interfacial adhesion
between hydrophobic polymer matrices such as polylactide."” Therefore, it can be
anticipated that the highly crystalline structure of BC can be retained when
functionalisation with hydrophobic groups is performed only on the surface of BC.
By preserving the crystalline structure of BC, the Young’s modulus will not be
affected much and by combining it with a biodegradable polymer, truly green

nanocomposites can be produced.

Poly(L-Lactic Acid) (PLLA) is a biodegradable, hydrophobic aliphatic thermoplastic
polyester, derived fully from renewable resources such as corn, starch or sugarcane.
It belongs to the family of poly(a-hydroxy acids) and is degraded principally via
hydrolysis and to a lesser extent either though enzymatic attack.'™ ') PLLA has
been used in biomedical applications but its application is somewhat limited by its
inherently poor properties such as poor impact strength, low thermal stability and

(1761 Modifications to PLLA are necessary such that it

narrow processing windows.
can compete with the conventional “big four” (PP, PE, PS, PVC) and engineering

polymers.

In this work attempt were made to produce green nanocomposites using
functionalised BC to improve the interfacial adhesion between BC and hydrophobic
PLLA. BC was functionalised using various organic acids (acetic acid, hexanoic acid
and dodecanoic acid). A direct wetting method was developed to determine the
contact angle of PLLA on these surface functionalised BC. A method based on

077] ¢

thermally induced phase separation (TIPS) was adapted from the literature
produce composite microspheres which enables the compounding of dry BC in the
polymer using conventional extrusion. The mechanical properties, thermal behaviour

and viscoelastic properties of the nanocomposites were also characterised.

5.2 Experimental

5.2.1 Materials

PLLA was purchased from Biomer (L9000, MW > 150 kg mol™, D-content ~ 1.5%)
and was used as the matrix for the production of nanocomposites. 1,4-Dioxane

(Sigma-Aldrich, ACS Reagent, > 99% purity) was used as the solvent for PLLA.
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Pyridine (analaR NORAMPUR, > 99.7% purity), methanol (GPR, > 99% purity),
ethanol (GPR, >99% purity) and acetic acid (analaR, > 99.8% purity) were
purchased from VWR. Hexanoic acid (Aldrich, > 99.5% purity), dodecanoic acid
(Aldrich, > 98% purity), dimethyl carbonate (Aldrich Reagent Plus, > 99% purity)
and p-toluenesulfonyl chloride (Aldrich, > 99% purity) were purchased from Sigma-
Aldrich. Sodium hydroxide (purum grade, pellets) was purchased from Acros
Organics. All the purchased materials were used as received without further
purification. BC was extracted from commercially available Nata-de-coco
(CHAOKOH coconut gel in syrup, Ampol Food Processing Ltd, Nakorn Pathom,
Thailand).

5.2.2 Extraction and purification of BC

BC was extracted from Nata-de-coco in batches of 5 jars (of net weight 500 g each).
For each batch of 5 jars, the coconut gels content was rinsed 3 times with 5 L of de-
ionised water and blended for 1 min using a laboratory blender (Waring Blender
LB20EG, Christison Particle Technologies, Gateshead, UK). The blended BC was
then homogenised at 20,000 rpm in 5 L of water for 2 min using a homogeniser
(Polytron PT 10-35 GT, Kinematica, Switzerland) and centrifuged at 14,000g to
remove excess water. In order to purify the BC, the centrifuged BC was re-dispersed
in 5 L of de-ionised water and boiled in 0.1 M NaOH solution at 80°C for 20 min to
remove any remaining microorganisms and soluble polysaccharides.!"** The purified

BC was then successively centrifuged and homogenised to neutral pH.

5.2.3 Surface functionalisation of BC
A functionalisation protocol, developed for the modification of natural fibres was

adapted from the literature!'*® '7*]

and modified for the derivatisation of BC. A dry
weight equivalent of 2 g of the purified bacterial cellulose (wet) was solvent
exchanged from water through methanol into pyridine at a concentration of 0.3% (g
mL™") to ensure the complete removal of water and methanol. The mixture was
homogenised at 20,000 rpm for at least 1 min at each stage to completely disperse
BC in the solvent. BC was retained through centrifugation at 14,000g for 15 min
prior re-dispersion in the subsequent solvent. The solvent exchange method was used

in this case due to the inability of (vacuum) dried BC to re-disperse in any medium

because of the strong hydrogen bonds formed between the nanofibrils. In the final
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solvent exchange step, the concentration of BC in pyridine was adjusted to 0.5% (g
mL™). From the authors’ experiences, this is the concentration at which the mixture
can be stirred properly. At higher concentrations, the mixture becomes too viscous to
stir. This BC-pyridine mixture was poured into a 1 L 3-neck round bottom flask and
stirred using a magnetic stirrer. 92 g (0.48 mol) of p-toluenesulfonyl chloride was
added into the reaction vessel and an equimolar amount of organic acids was added
into the vessel after the addition of p-toluenesulfonyl chloride. The reaction was
conducted for 2 h at 50°C under nitrogen flow to create an inert atmosphere such
that water vapour does not affect the esterification reaction. After the reaction, the
reaction medium was subsequently quenched with 1.5 L of ethanol and washed 3
times with 800 mL of ethanol using the previously described homogenisation-
centrifugation steps. The product was solvent exchanged from ethanol to water using
this method. In order to use the BC in later stages, the product was freeze-dried. Neat
and functionalised BC were dispersed in water and dimethyl carbonate respectively
at a concentration of 0.4% (g mL™), flash frozen in Petri-dishes by immersion in
liquid nitrogen and subsequently freeze-dried (Edwards Modulyo freeze dryer, West
Sussex, UK). The BC functionalised with acetic acid, hexanoic acid and dodecanoic

acid were termed C,-BC, C¢-BC and C;,-BC, respectively.

5.2.4 Direct wetting measurement of functionalised BC
In order to investigate the wettability of individual functionalised BC by PLLA
melts, a method developed to study the wetting of carbon nanotube by polymers was

7} Approximately 4.4 mg of PLLA was dissolved in 5

adapted from the literature.
mL of chloroform (0.06 wt%). The solution was left overnight to ensure PLLA fully
dissolved in the solvent. Another suspension was prepared by dispersing 3.7 mg of
BC in 5 mL of chloroform (0.05 wt%). This suspension was homogenised for 2 min
at 20,000 rpm. The polymer solution was then added into this suspension and the
resulting mixture homogenised again for 2 min at 20,000 rpm followed by
ultrasonication for 1 h in a low powered ultrasonic bath to ensure adequate nanofibril
dispersion. The mixture of PLLA and BC was added drop wise slowly into a 200 mL
hexane/chloroform non-solvent bath (80:20 by weight) under magnetic stirring to
precipitate PLLA onto individual cellulose nanofibrils. Precipitates were filtered

using a PTFE membrane (47 mm diameter, 0.2 pm pore size, Sartorius Stedium

Biotech, UK). The filter cake was heated for 30 min at 180°C while it is still on the
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PTFE membrane to melt to polymer. This filter cake was then investigated using a
high-resolution scanning electron microscope (LEO Gemini 1525 FEG-SEM,
Oberkochen, Germany). The contact angles of the polymer droplets on the cellulose
nanofibrils were determined using the generalised height-length method described in

literature [

5.2.5 Preparation of composite microspheres with 2 wt% and 5 wt% BC
loading

Most BC reinforced polymer composites fabrication methods in the literature are
based on solution casting method.?% % '8l 1821 Whereby, dry BC sheets are
immersed in the polymer solutions and a composite is obtained by evaporation of the
polymer solvent. In this work, a novel method based on TIPS!”” to produce
composite microspheres was exploited. This method enables the homogeneous
dispersion of dry BC in a polymer melt using conventional extrusion processes at
later stages. 153 mg (2 wt%) and 395 mg (5 wt%) of freeze-dried BC were added
into 90 mL of 1,4-dioxane, respectively and homogenised at 20,000 rpm to disperse
them in the 1,4-dioxane. PLLA pellets (7.5 g) were added into each mixture and left
to dissolve overnight at 60°C under magnetic stirring. The resulting mixture was
then poured into a 50 mL syringe and added drop wise into a bath of liquid nitrogen
to rapidly induce the phase separation. The precipitates were collected in a 500 mL
round bottom flask and subsequently freeze-dried to yield porous composite

microspheres.

5.2.6 Processing of composite microspheres and the production of
nanocomposite films

The produced composite microspheres were fed into a twin-screw micro-extruder (5
cm’ micro-extruder, DSM research BV, NL) kept at a melt temperature of 180°C
and a screw rotational speed of 10 rpm. After the addition of all the microspheres,
the screw speed was increased to 40 rpm for 30 min to promote mixing of BC in the
polymer melt. Finally, the polymer melt was extruded at a screw rotation speed of 20
rpm. These extrudates were pelletised and compression moulded into films using a
hot press (George E Moore and Sons, Birmingham UK) at 180°C and a pressure of
20 kN for 2 min. The resulting films were left to cool down to room temperature

naturally. Neat PLLA films were processed similarly.
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5.2.7 Characterisation of bacterial cellulose nanofibrils and its PLLA
nanocomposites

5.2.7.1 Scanning electron microscopy (SEM)

SEM was performed using a high resolution field emission gun scanning electron
microscope (LEO Gemini 1525 FEG-SEM, Oberkochen, Germany). It was used to
characterise the composite microspheres, filter cakes from the direct wetting
measurement and the morphology of the functionalised BC. The accelerating voltage
used was 5 kV. To enable observation of the microsphere’s interior, the
microspheres were frozen in liquid nitrogen and bisected using a scalpel. Prior to the
SEM, all the samples were fixed onto SEM stubs using carbon tabs and Cr coated for
1 min at 75 mA.

5.2.7.2 Mechanical testing of the nanocomposite films

Nanocomposite and neat PLLA films, were cut into dog-bone shaped samples using
a Zwick cutter (Zwick GmbH and Co. KG, Ulm, Germany). These dog bone shaped
samples had an overall length of 75 mm, gauge length of 30 mm, thickness of 0.2
mm, the narrowest part of the sample was 4 mm. Tensile tests were conducted in
accordance to BS EN ISO 527: 1996 using an Instron universal material testing
machine (Instron 4502, Instron Corporation, Massachusetts, USA). The testing speed

and load cell used were 1 mm min™ and 1 kN, respectively.

5.2.7.3 Effect of functionalised BC on the molecular weight of PLLA

The effect of the extrusion process with and without functionalised BC on the
molecular weight of PLLA was investigated using gel permeation chromatography
(GPC). The weight-averaged molecular weight (M,,) and polydispersity of the
polymer were evaluated using conventional GPC with a refractive index detector and
a PLgel 10 um mixed bed-B column. Chloroform was used as the effluent at 30°C
(flowrate was 10 mL min™). Prior to the injection, the nanocomposite and neat
PLLA samples were dissolved in 10 mL of chloroform overnight and the solutions

were filtered through a glass fibre pre-filter and a 0.2 pm polyamide membrane.
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5.2.7.4 Differential scanning calorimetry (DSC) study of the nanocomposites

The crystallisation and melting behaviour of the BC reinforced PLLA
nanocomposites and neat PLLA were investigated using DSC (DSC Q2000, TA
Instruments, West Sussex, UK) under He atmosphere. A sample mass of approx. 6
mg was used for each sample. A heat-cool-heat regime was applied in this
measurement and the second heating curve used for thermal analyses. The sample
was heated from room temperature to 210°C at a heating rate of 10°C min™' before
cooling it down to room temperature using a cooling rate of 50°C min™'. The sample
was then re-heated to 210°C again at a heating rate of 10°C min™'. The crystallinity

of the nanocomposites produced was obtained from:

AH

mxw

where y. is the crystallinity, w is the loading fraction of PLLA by weight, 4H,, is the
melting enthalpy from DSC and 4H,, is the melting enthalpy of pure crystalline
PLLA (93.7J g™).'*¥!

5.2.7.5 Thermal gravimetry analysis (TGA) of the nanocomposites

The thermal degradation behaviour of the nanocomposites and neat PLLA was
characterised using TGA (TGA Q500, TA Instruments, West Sussex, UK). A sample
size of approx. 5 mg was used and the sample was heated from room temperature to
500°C at a rate of 10°C min"'. A nitrogen atmosphere was used for this

characterisation to provide an inert atmosphere.

5.2.7.6 Dynamic mechanical analysis (DMA) of the nanocomposites

The viscoelastic behaviour of the nanocomposites was characterised using DMA
(Tritec 2000, Triton Technology Ltd, Keyworth, UK). DMA was performed in single
beam cantilever bending mode with a gauge length of 10 mm. The sample has a
width of 4 mm and an average sample thickness of 0.3 mm. The storage modulus,
loss modulus and tan delta (tan 0) were measured from 30°C to 120°C using a

heating rate of 5°C min™', with a frequency of 1 Hz.
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5.3 Results and Discussions

5.3.1 Morphology of surface functionalised BC
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Figure 20: Scanning electron micrographs of (a) Neat BC, (b) C,-BC, (¢) C¢-BC, (d) C;,-BC

Mag = 100.00 K X Time 165632

Figure 20 shows the SEM images of the functionalised and neat BC. It can be seen
that the BC nanofibrils were about 50 nm in width and several micrometres long.
The functionalisation reaction did not seem to change the morphology of these
nanofibrils. C,-BC, C4-BC and C;,-BC still possessed the same fibrous structure as
seen in neat BC. This is an indication that the functionalisation occurred essentially
on the surface but not the bulk of the nanofibrils. If the functionalisation occurred in
the bulk (i.e.: higher degree of substitution), the surface of the nanofibrils should not

be smooth and damages to the fibre surface should be observed.!'*!

In addition to this, attenuated total reflection infrared (ATR-IR) spectroscopy (see
chapter 3) showed the appearance of new carbonyl bonds (C=0) around 1750 cm™.
This is a direct result of the esterification of BC. The absorbance band of hydroxyl
groups (-OH) around 3300 cm™ did not seem to decrease significantly. This suggests
the reaction occurred on the surface of the bacterial cellulose nanofibrils instead of

the bulk. X-ray diffractography (XRD) of BC (shown in chapter 3) also support this
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result as no significant decrease was observed in the crystallinity of BC. Therefore, it
was concluded that the functionalisation reaction essentially occurred on the surface

of the nanofibrils.

5.3.2 Direct wetting measurements on functionalised BC

EHT = 5.00 kv Signal A= InLens Date :20 Feb 2009 1um EHT = 5,00 kv Signal A = InLens Date : 008
WD = 6.7 mm Mag = 75.00 K X Time :16:43:35 WD = 6.8mm Mag = 30.00 KX Time 17:17:58

Figure 21: Examples of the SEM images showing PLLA melt droplets on BC nanofibre. (a) Neat
BC (b) C12-BC.

The direct wetting method was used as a simple means to determine the wettability
of functionalised and neat BC nanofibrils by PLLA melts and thereby, quantifying
the interfacial adhesion (thermodynamically) between a single bacterial cellulose
nanofibre and PLLA melts. Figure 21 shows examples of typical SEM images of a
drop of PLLA melt on single bacterial cellulose nanofibre. The contact angles
measured between the polymer and the nanofibrils are given in Table 15. From the
measured contact angles, it can be seen that as the chain length of the organic acid
used to functionalise BC increased, the wettability between PLLA and the nanofibre
increased. This is due to the fact that the esterification reaction introduced
hydrophobic groups onto the surface of BC. The longer the hydrocarbon chain, the
more hydrophobic the surface will become (advancing water-air contact angle of BC
and C,-BC is 19°+£7° and 133°+9°, respectively). The decrease in the contact angle
between PLLA and BC indicates an increase in the interfacial adhesion between the

U831 it can be

polymer and the functionalised BC. From Young-Dupre’s equation,
inferred that if the surface tension of the wetting liquid remains constant and the
contact angle decreases, the work of adhesion increases. This will lead to a better
interface between the liquid (polymer melt) and the substrate (functionalised BC). It
is also worth mentioning that this direct wetting method is in fact measuring the

receeding contact angle rather than the advancing contact angle as the polymer was
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first precipitated onto the nanofibre and then melted. This led to the de-wetting of the

polymer from the surface of the nanofibre.

Table 15: Wettability of functionalised bacterial cellulose nanofibrils

Sample Name Contact Angle (°)
Neat BC 354+0.8
C,-BC 29.5+29
Cs-BC 27.7+2.0
Ci2-BC 20.8+2.5

5.3.3 The use of composite microspheres for extrusion

EHT = 500Kk Signal A= InLens Date 6 May 2008 EHT = 500K/ st,.;m InLen [—
WD=72mm Wag= 160 Time 1652109 W= 7.0 mm Mag= 5O0KX Tirme :16:54400

Figure 22: Images showing the morphology of the composite microspheres. (a) The
microspheres (b) SEM image of the microsphere at low magnification (c) SEM image of the
microsphere at high magnification.

As mentioned earlier, composite microspheres were produced to allow dry
processing of BC reinforced polymer nanocomposites using conventional extrusion
process. Another main advantage of using this method is that it enables the
dispersion of dry BC in the polymer melt. This method is also intrinsically scalable.
In terms of the morphology of the composite microspheres, they were about 2.5 mm
in diameter (Figure 22a). The diameter of these microspheres is highly dependent on
the internal diameter of the tip of the syringe used. These microspheres possess a
porosity of approximately 94 vol.-% (calculated from the polymer to solvent ratio).
The porous spheres are shown in Figure 22b and their internal structure can be
observed from the SEM image, Figure 22c. Voids can be observed in the
microspheres (Figure 22b). This was due to the entrapment of air during the drop-
wise addition of polymer solution into the liquid nitrogen bath. Similar observations
have been reported in the literature.'”” '**! Figure 22¢ shows the structure of the
composite microspheres at high magnification. The composite microspheres possess

a channel-like structure. This can be attributed to the solvent freezing from the
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outside towards the centre of the microsphere. These channels represent the three-
dimensional fingerprint of the solvent rich phase, which crystallised (froze) during
phase separation. The structure of the composite microspheres was highly
anisotropic (radially and axially), which is a characteristic of solid-liquid phase

separation induced by TIPS process.!'®!

5.3.4 Mechanical properties of nanocomposites
The tensile modulus of all the nanocomposites increased when compared to neat
PLLA (Table 16). The tensile modulus increased by as much as 50%, as seen in

1% the

PLLA/C,-BC (5 wt%). Based on the “rule of mixtures” for nanocomposites,[
elastic modulus of a nanocomposite is the weighted mean of the elastic moduli of the
polymer matrix and the reinforcement, depending only on the volume fractions and
the orientation of the reinforcement. Since BC possesses a higher modulus compared
to the polymer matrix, the elastic modulus of the nanocomposites increases as

expected when BC is incorporated into the polymer matrix.

It can also be seen from Table 16 that the tensile strength of the nanocomposites
improved by as much as 15% (PLLA/C;BC 5 wt%). As a comparison, Huda et
al.'*) have investigated the mechanical properties of recycled newspaper cellulose
fibre (RNCF) reinforced PLLA composites. A fibre loading of 30 wt% was required
to improve the tensile strength of the matrix by 15%. Such differences can be
attributed to the large surface area of BC compared to RNCF. The improvements
observed in the tensile strengths of the nanocomposites reinforced with
functionalised BC could also be ascribed to the good dispersibility of functionalised
BC in the polymer (the nanocomposites are transparent, Figure 23) and the intimate
adhesion between functionalised BC and the polymer matrix. Due to the hydrophilic
nature of neat BC, the dispersibility of the nanofibrils in the hydrophobic polymer
melt and the interfacial adhesion between BC and PLLA are poor."®® Such effects
reduce the ability to transfer stress from the matrix to the reinforcement and thereby
limit the tensile strength of the nanocomposites. The surface hydrophobisation of BC
improved the dispersibility of BC in the polymer melt as well as the interfacial
adhesion between BC and PLLA. As a result, the tensile strength of C¢-BC and Cj»-
BC reinforced nanocomposites showed significant improvements when compared to

neat BC reinforced PLLA nanocomposites.
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Table 16: Mechanical properties of cellulose nanofibrils reinforced PLLA nanocomposites

Tensile Tensile Elongation M
Sample Modulus Strength at break (%) (klw)a)

(GPa) (MPa)
Neat PLLA 1.34+£0.04 60.7+0.8 3.59 +0.07 157
PLLA/BC (2 wt%) 1.75+£0.05 575+14 2.85+0.12 147
PLLA/BC (5 wt%) 1.89+0.02 60.9+0.5 2.41 +£0.08 146
PLLA/C,BC (2 wt%) 1.71£0.06 53.0+14 2.23+0.07 116
PLLA/C,BC (5 wt%) 1.70£0.03 60.1+0.9 2.62 +0.07 135
PLLA/C¢BC (2 wt%) 1.63+£0.04 66.1+24 3.12+0.09 157
PLLA/C¢BC (5 wt%) 1.79+0.02 65.1+0.9 2.87+0.03 153
PLLA/C,BC (2 wt%) 1.66+0.05 63.0+1.2 3.21+0.04 149
PLLA/C;,BC (5 wt%) 1.98+0.04 685+1.5 2.69 £0.06 157

@ ® © oW o o ® o

Figure 23: The nanocomposites samples. (a) Neat PLLA, (b) PLLA/BC (2 wt%), (¢) PLLA/BC
(5 wt%), (d) PLLA/C,BC (2 wt%), (¢) PLLA/C,BC (5 wt%), (f) PLLA/C({BC (2 wt%), (g)
PLLA/C¢BC (5 wt%), (h) PLLA/C;,BC (2 wt%), (i) PLLA/C,BC (5 wt%).

Although the direct wetting measurements showed lower contact angle (better
interfacial adhesion) between PLLA droplets and C,-BC compared to neat BC,
PLLA/C,-BC nanocomposites exhibited lower tensile properties compared to
PLLA/BC nanocomposites. Visually, PLLA/C,-BC nanocomposite samples were
brown in colour as compared to other nanocomposites, which are optically
transparent (Figure 23). PLLA/C,-BC nanocomposites also suffered from serious
embrittlement when compared to the rest of the nanocomposite samples, including
PLLA/BC. This might be due to the hydrolysis of the polymer matrix due to the
incorporation of C,-BC nanofibrils. The relative hydrophilic nature of C,-BC
(advancing water/air contact angle of 75°£3°) compared to other functionalised BC
and therefore, the presence of water might cause the hydrolysis of the ester bonds in

C,-BC during the extrusion at 180°C. The produced acetic acid will initiate the acid
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catalysed hydrolysis of PLLA,!] leading to a decrease in the molecular weight of
the matrix, which was confirmed by GPC (Table 16). This low molecular weight led
to the lower tensile properties and the embrittlement of the nanocomposites. Due to
the hydrophobic nature of Cs-BC (advancing water/air contact angle of 92°+2°) and
C2-BC (advancing water/air contact angle of 133°+9°), less water will be absorbed
by the nanofibrils and the hydrolysis of ester bonds will be negligible. Hence, the

matrix still possessed high molecular weight.

5.3.5 Crystallisation and melt behaviour of the nanocomposites

The DSC curves are shown in Figure 24 and the characteristic temperatures such as
glass transition temperature, crystallisation temperature and melt temperature are
tabulated in Table 17, along with the degrees of crystallinity of the nanocomposites.
From Table 17, it can be concluded that the degree of crystallinity of the polymer
was not significantly affected by the addition of BC into the matrix. The addition of
cellulose nanofibrils into the matrix did however have a profound impact on the
crystallisation behaviour of PLLA (Figure 24). It can be observed that the
crystallisation temperature of the matrix decreased from 120°C to about 100°C in the
presence of BC. This implied that the presence of BC aided the crystallisation of the

matrix. A similar effect has been reported in the literature.!'*”!

Table 17: Glass transition temperature (T,), crystallization temperature (T.), melt temperature
(T.), the crystallinity (y.) and the onset thermal degradation temperature (T,) of PLLA
nanocomposites reinforced with functionalised cellulose nanofibrils

Sample T, (°C) T.(°C) T (°C) 7 (%) Tq(°C)
Neat PLLA 59 118 165 | 170 475 256
PLLA/BC (2 wt%) 59 102 168 460 275
PLLA/BC (5 wt%) 59 99 167 474 279
PLLA/C,BC (2 wt%) 59 104 168 462 262
PLLA/C,BC (5 wt%) 59 105 168 449 270
PLLA/C4BC (2 wt%) 59 106 169 34 270
PLLA/C6BC (5 wt%) 59 106 168 438 276
PLLA/C1,BC 2 wt%) 59 105 169 447 271
PLLA/C;,BC (5 wt%) 59 97 167 46.6 268

The glass transition temperature and the melt temperature of the nanocomposites on
the other hand were not affected when compared to neat PLLA. This signifies that
the cellulose nanofibrils did not affect the chain mobility of the polymer. The

appearance of two melt peaks in neat PLLA is not surprising; annealing of a
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%01 An exotherm around

crystallisable PLLA will often produce two melt peaks.
150°C was also observed prior to the melting of PLLA in the nanocomposites
samples. This exotherm is consistent with the solid-solid crystal transformation of o’
form to a form of PLLA.!"! However, this exotherm was not observed in neat
PLLA. This is because o’ form is only crystallised below 120°C,!"**! which was the

case for all the nanocomposites.
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Figure 24: DSC plots of (a) PLLA/BC, (b) PLLA/C,BC, (¢) PLLA/C¢BC and (d) PLLA/C,,BC
nanocomposites.

5.3.6 Thermal degradation behaviour of the nanocomposites

The onset thermal degradation temperature (T4) and the TGA curves of the neat
polymer and its nanocomposites are shown in Table 17 and Figure 25, respectively.
It can be seen from Table 17 that T4 increased for all the nanocomposites. All the
composites underwent single step degradation (Figure 25). This increment in T4 and
the improvements in the thermal stability of the nanocomposites indicated that the
presence of BC does affect the thermal stability of the nanocomposites. Such results
can be attributed to the interaction between nanofibrils and the matrix.'*®! The low T4

observed in PLLA/C,-BC (2 wt%) nanocomposite sample might be a direct result of
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the lower molecular weight of the polymer matrix, which in turn reduced the thermal
stability of the nanocomposites.
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Figure 25: TGA curves of neat PLLA and its nanocomposites. (a) 2 wt% loading (b) 5 wt%
loading.

5.3.7 Viscoelastic behaviour of the nanocomposites
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Figure 26: Storage modulus of neat PLLA and the nanocomposites with different functionalised

BC nanofibrils and loading fractions.
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Figure 26 and Figure 27 show the storage modulus and tan 6 of the BC reinforced
PLLA nanocomposites as a function of temperature. It is worth mentioning that these
figures do not contain the DMA results for PLLA/C,-BC (2 wt%). This is due to the
brittleness of PLLA/C,-BC (2 wt%). The sample failed repeatedly during the DMA
runs (a total of 5 tries were made). Although the increment in storage moduli differs
from sample to sample (Figure 26) it can be seen that generally, the storage moduli
of the nanocomposites are higher than that of neat PLLA. The use of cellulose
nanofibrils to reinforce PLLA matrix resulted in a much stiffer material compared to
the neat polymer. This is a direct result of the reinforcing ability induced by BC.
There are two possible contributions to the increment in the storage moduli;!"*" (i)

intramolecular bonds between BC and PLLA and (ii) rigid structure of BC.
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Figure 27: Energy dissipation factor of the nanocomposites.

The storage modulus of PLLA/C,-BC (5 wt%) is significantly lower than other
composites at 5 wt% loading fraction. This low value of storage modulus might be a
direct consequence of the (degraded) low molecular weight matrix (Table 16). It can

also be seen that the storage moduli of the nanocomposites are higher than neat
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PLLA beyond its glass transition temperature at around 59°C (Figure 26). This is
due to the early crystallisation of the polymer matrix. Such results corroborate the
DSC results. The crystallisation temperature was found to be 120°C for neat PLLA

compared to lower temperatures (by ~15°C) for the nanocomposites.

Table 18: Mechanical Tg, storage modulus (G’) at 40°C, and the storage modulus imparted by
the addition of BC nanofibrils

1 b o 9 fo) .
Sample Mechanical G’ @ 40°C G’ @ 40°C imparted

T, (°C) (GPa) by nanofibrils (%)
Neat PLLA 67 2.79 -
PLLA/BC (2 wt%) 65 2.90 4
PLLA/BC (5 wt%) 65 3.58 28
PLLA/C,BC (5 wt%) 66 2.99 7
PLLA/C¢BC (2 wt%) 66 3.06 9
PLLA/C¢BC (5 wt%) 67 3.42 23
PLLA/C,BC (2 wt%) 66 3.35 20
PLLA/C,BC (5 wt%) 67 3.38 21

The tan o of the neat polymer and nanocomposites as a function of polymer is shown
in Figure 27. Tan § is related to the amount of energy dissipated as heat or the
relaxation of polymer chains in the nanocomposites. The tan & peak was not
significantly affected by the addition of BC. One reason might be the loading
fraction was too low to have a profound impact on the mobility of the polymer
chains. These results are in agreement with the absence of significant changes in the
glass transition temperatures of the nanocomposites as measured by DSC. The
mechanical glass transition temperature (T,) can be determined from the peak of tan
0 or the point at which the storage modulus changes sharply. In this study, the
mechanical T, was taken as the peak of tan & (Table 18). It can be seen that the
mechanical T, is about 8°C higher than the glass transition temperature determined
by DSC. However, the changes in the mechanical T, is not significant. This suggests
the mobility of the polymer chains was not affected by the addition of BC. Such
results are not surprising as high loading fraction of reinforcement!"*”! or high

%91 is usually required to have a significant

crystallinity of the polymer matrix
impact on the polymer chain mobility. The storage modulus increased by as much as
28% upon incorporation of BC (Table 18). Generally, the higher the loading fraction
of BC, the larger the increment in the storage modulus, with the exception of C;,-BC
reinforced nanocomposites. The exception seen in Cj,-BC reinforced

nanocomposites might be due to the good contact between the polymer and the
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reinforcement, which provides good stress transfer from the matrix to the nanofibrils
regardless of the loading fraction. However, the increase of storage modulus by C,-
BC reinforced PLLA nanocomposites was not as high as neat BC reinforced
nanocomposites. One explanation is that the crystallinity as measured by XRD of the

BC is higher for neat BC compared to C;,-BC.

5.4 Conclusions

The hydrophilic surface of BC was rendered hydrophobic by organic acid
functionalisation. The degree of hydrophobicity can be tailored by the length of the
organic acid (C; to Cj,). The incorporation of organic acid functionalised BC into
PLLA led to an improvement in both tensile modulus and tensile strength of the Cq¢-
BC and C;»-BC reinforced nanocomposites (by as much as 50% and 15%,
respectively). However, the PLLA nanocomposites reinforced by C,-BC seemed to
undergo acid catalysed hydrolysis during extrusion and this led to a decrease in the
molecular weight of the PLLA, which in turn affected the mechanical properties of
the resulting material. An increase in the thermal degradation temperature by 15°C
was also observed for the nanocomposites compared to neat PLLA. The
nanocomposites also exhibit higher storage moduli compared to neat PLLA. This is
evidence of improved interfacial adhesion between the polymer matrix and the
functionalised BC. This result was also confirmed by direct wetting measurement of
cellulose nanofibrils by PLLA droplets. Therefore, it can be concluded that PLLA
nanocomposites with overall improved properties can be fabricated through the

surface functionalisation of BC.
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Chapter 6 -  Carbohydrate derived
copoly(lactide) as the compatibiliser for
bacterial cellulose reinforced polylactide

nanocomposites

Summary

A novel, entirely bio-derived copolymer is reported and applied as a compatibiliser,
to produce composites of poly(L-lactide) (PLLA) reinforced with bacterial cellulose
(BC), showing improved mechanical properties. The bio-derived copolymer is
prepared by the random ring opening copolymerisation of a carbohydrate lactone
(acetic acid 5-acetoxy-6-oxo-tetrahydro-pyran-2-yl methyl ester, monomer 1) with
L-lactide (LLA). Contact angle measurements of copolymer droplets on a single BC
nanofibre showed that the copolymer possessed higher affinity towards BC
compared to PLLA. The mechanical properties were also studied; the copolymer
possessed a comparable Young’s modulus, but lower tensile strength than PLLA. A
bio-derived composite of BC and PLLA is prepared, using 5 wt.-% compatibiliser
and 5 wt.-% BC, using solution impregnation followed by injection moulding. The
composites showed improved mechanical properties, including a higher Young’s
modulus and tensile strength, compared to either pure PLLA or PLLA-BC
composites (i.e. without compatibiliser). The application of the novel bio-derived
copolymer as a compatibiliser enables preparation of 100% bio-based nanocellulose
composites, showing improved properties and without the need for any chemical

modification of cellulose nanofibres.

6.1 Introduction

Over the past few years, significant research effort has been focussed on the
production of polymer nanocomposites. A major impetus for this research has been
the potential to significantly improve the mechanical properties of the

[193

nanocomposites with very low nanofiller contents."” In the context of green
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materials development, nanocellulose is often used as the filler in the preparation of

[118

polymeric nanocomposites."'® Tt is attractive due to its high crystallinity, which

results in high fibres stiffness. In addition to this, the stiffness of cellulose crystals,

194 . . . . . 121
(194] ¢ estimated via numerical 51mu1at10ns,[ I has

measured using X-ray diffraction
been determined to lie the range 100-160 GPa. This value is higher than that of some
glass fibres (~70 GPa for E-glass fibres). The polymer matrix also needs to be a bio-
derived material and an attractive option is poly(lactide) (PLA). Polylactide is
currently commercially produced on a large-scale in the US, Europe, Japan and
China.!"> " It derives from high-starch content plants, including corn, via

fermentation to lactic acid, formation of lactide and ring-opening polymerization.!"*”

81 PLA is currently applied in a range of commodity plastics applications including

packaging and fibre use,!'”’

as well as in more specialised medical applications,
including wound-healing, regenerative medicine and controlled release.**” Whilst
PLA shows promise for various applications, there remain problems associated with

[196]Apn interesting

its materials properties, including its strength and stiffness.
approach to modify and improve the polymer properties is to reinforce the polymer

with fillers such as nanocellulose to produce green polymer nanocomposites.

Nanocellulose can be obtained either via a ‘top-down’ approach, whereby biomass

[173]

are subjected to high shear forces in order to create nanofibrillar structures,” "' or via

a ‘bottom-up’ approach, utilising the biosynthesis of cellulose producing bacteria,

1531 Ap advantage of bacterial cellulose (BC)

such as from the Acetobacter species.
compared to extracting fibres from plants or biomass, is that it is inherently produced
as a nanomaterials, thereby obviating complex processing and nanostructuring
steps.'"*! In addition, BC is a highly crystalline material (~90% crystallinity).!"*"
The Young’s modulus of a single BC nanofibre, determined using Raman
spectroscopy, has been reported to be 114 GPa.!® These properties make BC an

interesting reinforcing agent for green nanocomposites.

A major drawback of BC, or indeed any other (nano)cellulose, is their
hydrophilicity, which results in poor adhesion to the hydrophobic polymer matrices,
such as polylactide and PHA.I"* 2! As a result, the cellulose surface needs to be
modified to improve compatibility of the nanofibrils/matrix. This is usually

accomplished by grafting long chain fatty acids onto the surface of BC.[2* 2%
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Polymers are also grafted “onto” or “from” the nanocellulose and yields

(2042051 Alternatively, the polymer matrix

nanocomposites with improved properties.
(for example, PLA) can, in some cases, be modified, for example incorporating or
grafting maleic anhydride or methylene diisocynate moities onto the polymer

[206-209] However, these

backbone to enhance the nanofibre-matrix interface.
compounds are derived from petroleum, and in some cases toxic, thereby reducing

the bio-derived content of the composites.

Herein, the use of a carbohydrate-derived copolylactide as a compatibiliser to
produce 100% bio-based PLLA nanocomposites, with improved mechanical
properties is reported. The copolymer is prepared by the ring-opening
copolymerisation of a carbohydrate derived lactone 1, acetic acid 5-acetoxy-6-oxo-

[210

tetrahydro-pyran-2-yl methyl ester, monomer, ) and L-lactide (for the chemical

structure of compound 1, see Figure 28). Monomer 1 is prepared from D-

d.2?'"" The ring-

gluconolactone in two high yielding steps, as previously reporte
opening copolymerisation of 1 and L-lactide, using Sn(OBu); as the initiator, enables
the preparation of the random copolymer (RP1, M, (GPC) = 68 800, PDI = 1.55, 7
mol-% of compound 1 in the copolymer determined by 'H NMR).*'!! In previous
study, RP1 showed lower water contact angle (film, 73°; fibre, 128°) comparing
PLLA (film, 79°; fibre, 132°).2'") Given that RP1 had already shown an improved
hydrophilicity compared to PLA, of equivalent My/end groups, it is interesting to test
RP1 as a compatibiliser for PLA-BC. It is expected that RP1 and BC should be more
compatible than PLLA and BC due to its more hydrophilic nature. It was reasoned

that the application of RP1 as a compatibiliser should facilitate the production of

nanocomposites with improved mechanical properties.

(@)
. 5 \HJ\ o AcO o _
ACO/\L;/E . OT(OK — 2 *WO%H/O \ﬂ/:\o}*
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1 L-lactide RP1

Figure 28: The synthesis of RP1 from monomer (1) and L-lactide. (a) Toluene,
Sn(OBu)2:1:LLA = 1: 350:1650, 120 °C, 20 h.
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6.2 Experimental Section

6.2.1 Materials

Poly(L-lactide) (PLLA), purchased from Biomer (L9000, My > 150 kg mol™, D-
content = 1.5%), was used as the matrix polymer in the nanocomposites. 1,4-
Dioxane (Sigma-Aldrich, ACS Reagent, > 99% purity) was used as the solvent for
PLLA. The novel bio-derived compatibiliser (RP1) was prepared according to the

d.P'" Bacterial cellulose (BC) was kindly

previously published synthetic metho
supplied by Forschungszentrum fiir Medizintechnik und Biotechnologie, GmbH, in
wet pellicle form containing 94 wt.-% water. Prior to composite formation, the BC
pellicle was blended, using a laboratory blender (Waring Blender LB20EG,
Christison Particle Technologies, Gateshead UK), for 1 min and homogenised, at
20,000 rpm for 2 min, using a homogeniser (Polytron PT 10-35 GT, Kinematica,
CH) at a concentration of 0.4% (mgL™") in water. This dispersion was flash frozen, in
Petri dishes, by immersion into liquid nitrogen and subsequently freeze-dried

(Edwards Modulyo freeze-dryer UK). The procedure enabled isolation of BC

nanofibrils that are re-dispersible in the 1,4-dioxane.

6.2.2 Direct wetting measurements

The wettability of an individual BC nanofibre by either PLLA, RP1 or a blend of
RP1 and PLLA was studied using a direct wetting method."'”* 2 The polymer (4.4
mg) was dissolved in CHCI; (5 mL, to prepare a 0.06 wt.-% solution). This solution
was left for >20 h to ensure that the polymer had fully dissolved. Freeze-dried BC
(3.7 mg) was suspended in chloroform (5 mL, so as to prepare an 0.05 wt.-%
suspension). This suspension was homogenised for 2 min at 20,000 rpm. The
polymer solution was then added into the suspension, and the resulting mixture was
homogenised for a further 2 min at 20,000 rpm, followed by ultrasonication for 1 h
in a low-power ultrasonic bath, to ensure adequate nanofibril dispersion. The mixture
was added drop-wise into a magnetic stirred C¢H;4:CHCl; mixture (80:20 by weight,
200 mL), which caused the precipitation of the polymer onto individual BC
nanofibres. The precipitate was filtered using a PTFE membrane (0.2 um pore size,
Sartorius Stedium Biotech, UK). The filtrate was heated (15 min at 180 °C) while it
was still on the PTFE membrane to melt the polymer. The polymer coated BC was

then investigated using a high-resolution scanning electron microscope (LEO
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Gemini 1525 FEG-SEM, Oberkochen, D). The contact angles of the polymer
droplets on the cellulose nanofibrils were determined for 5 different droplets using

the generalised height-length method, described in literature.!'*"’

6.2.3 Preparation of the nanocomposite “pre-pregs” with 5 wt.-% BC loading

Freeze-dried BC (632 mg) was added into 1,4-dioxane (180 mL), followed by PLLA
pellets (12 g) and the dispersion was stirred at 60 °C for 20 h. The resulting solution
was then flash frozen, in liquid nitrogen, and subsequently freeze-dried (Edwards
Modulyo freeze-dryer UK) to produce a nanocomposite “pre-preg”. Nanocomposite
“pre-preg” with RP1 as compatibiliser was also prepared. RP1 (0.6 g) and PLLA
pellets (11.4 g) were added into the dispersion. This formulation contains 5 wt.-%

RP1, relative to the total polymer content in the nanocomposite.

6.2.4 Processing of the polymers and nanocomposites

The previously produced nanocomposite “pre-pregs” were injection moulded using a
piston injection moulder (Haake Minijet, Thermo Scientific, Hampshier, UK). The
barrel temperature and the mould temperature were 190°C and 70°C, respectively.
All the samples were injected with an injection pressure and time of 500 bar and 30
s, and a post-pressure and time of 200 bar and 30 s, respectively. The injection
moulded tensile test specimens possessed a dog-bone shape, in accordance to BS
ISO 527: 1996 type V. These dog-bone test specimens had an overall length of 60
mm, a gauge length of 10 mm, thickness of 3 mm and the narrowest part of the

specimen was 3 mm.

6.2.5 Characterisation of the polymers and BC reinforced nanocomposites
6.2.5.1 Characterisation of RP1

NMR spectra were collected using a Bruker AV500 instrument; 'H NMR spectra
were collected at 500 MHz. CDCl; was used as the NMR solvent and the reference
component. Size exclusion chromatography (SEC) was performed on a Polymer
Laboratories SEC 50 instrument with two Polymer Laboratories mixed D columns
and CHCI;, at a flow rate of 1 mL min'l, as the eluent. Narrow molecular weight
polystyrene standards (Polymer laboratories, mixed A and B) were used to calibrate

the instrument.
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6.2.5.2 Thermal characterisation the polymers and nanocomposites

The crystallisation and melt behaviour of the polymers were investigated using DSC
(DSC Q2000, TA Instruments, West Sussex, UK) in a He atmosphere.
Approximately 10 mg of each moulded sample was used for the measurement. A
heat-cool-heat regime was employed. The sample was first heated from room
temperature to 200 °C at a heating rate of 10 °C min™, then cooled to room
temperature at a cooling rate of 50 °Cmin™". The sample was then re-heated to 200 °C
at a heating rate of 10 °C min™'. The crystallinity (based on the 1*" heating curve to
evaluate the crystallinity of the composites after thermal processing) of the

composites was calculated using equation 6.1:

;(C=MXIOO% (6.1)
AH? (1-w)

where y. is the crystallinity of the composite, AH,,, AH., and AH/ are the melting

enthalpy and cold crystallisation enthalpy determined from the DSC curves and the

212]

melting enthalpy of pure crystalline PLLA (75.57 J g), respectively.*'*! w indicates

the weight fraction of BC in the nanocomposites.

6.2.5.3 Mechanical testing of the polymers and nanocomposites

The previously manufactured dog-bone shaped specimen of the polymers (neat
PLLA and RP1) and nanocomposites were tested in tension, using an Instron
universal material testing machine (Instron 4505, Instron Corporation, MA, USA)
equipped with a 10 kN load cell. The test was conducted in accordance to BS ISO
527: 1996. Strain gauges (FLA-2-11, Techni Measure, Studley, UK) were glued onto
the middle portion of the narrowest part of the dog-bone shaped test specimens using
cyanoacrylate glue (EVERBUILD Building Products Ltd, Leeds, UK). The test was
conducted at a crosshead speed of 1 mm min™. A total of 5 specimens were tested

for each type of sample.
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6.3 Results and Discussion

6.3.1 Direct wetting measurements on single BC nanofibres

The bio-derived copolymer, RP1, was synthesised according to the previously
published method.”'”! Briefly, this involved the random copolymerisation of a
carbohydrate derived lactone (1) and L-lactide, using Sn(OBu), as the initiator
(Figure 28). SEC analysis showed that RP1 had an M, of 68.8 kg/mol and a
polydispersity index of 1.55. 'H NMR spectroscopic analysis of the random
copolymer composition showed that it contained 7 mol-% of carbohydrate 1 (see
Figure Bl in appendix B for "H-NMR spectrum of RP1). It was also previously
established that RP1 has a higher hydrophilicity than PLLA and hypothesised it
might therefore be a suitable compatibiliser for BC-PLLA nanocomposites. It is
postulated that the carbohydrate moieties/repeating units would preferentially adsorb
onto the surface of BC due to its hydrophilic nature compared to neat PLLA. In
order to assess its suitability as a compatibiliser, it was of interest to determine or
quantify the wetting of BC nanofibrils by RP1. This was accomplished by the
measurement of BC-polymer droplet contact angles (known as the direct-wetting
method). The direct wetting method is a straightforward means to quantify the
interfacial adhesion between BC nanofibrils and a particular polymer.** The
method involves precipitating a polymer onto BC fibres, followed by heating to melt
the polymer. The polymer droplets on a single fibre were observed using SEM and
the contact angle is determined using generalised drop length height method. It
should be noted that the direct wetting method measures, in fact, the receding contact
angle rather than the advancing contact angle. This is because the polymer sample is
first precipitated onto the nanofibre, followed by melting the polymer. This results in
droplets forming from a receding motion. SEM images of characteristic droplets of
either PLLA, RP1+PLLA (5 wt.-% RP1) and RP1 on a single BC nanofibre can be
seen in Figure 29.

Measured contact angles showed that RP1 possesses a higher affinity (Table 19),!'*"]
i.e. lower contact angle, towards BC nanofibres than PLLA. The contact angles
decreased from 35.4° for PLLA to 14.9° for RP1. This decrease can be attributed to
the higher hydrophilicity of RP1 compared to PLLA.*'1 Additionally, a polymer

blend containing 5 wt.-% RP1 in PLLA was studied; the contact angle was lower
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than that of PLLA alone (see Table 19), indicating there is an improved adhesion
between the polymer blend and BC. This provides evidence to support the notion

that RP1 acts as a compatibilising agent for BC and PLLA composites.

Torm 174280
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Figure 29: Typical example of SEM images showing a polymer droplet on a single BC
nanofibre. Where the polymer is (a) PLLA, (b) PLLA and RP1 (5 wt-%) (¢) RP1. The arrow
indicates the polymer droplet on a single BC nanofibre.

Table 19: The wettability of the polymers, PLLA, RP1 and the blend, on BC nanofibrils.

Polymer Contact angle (°)
PLLA 354+ 1.6
PLLA-RPI 29.0+2.7
RP1 14.9+2.7

6.3.2 Crystallisation and melt behaviour of the polymers and nanocomposites

The glass transition (T,) and crystallisation (T.) temperatures of PLLA, RP1, PLLA-
RP1 blend and their nanocomposites are summarised in Table 20. No significant
difference between the T, of the polymers and their nanocomposites can be

observed. This could be due to the low loading fraction of BC nanofibrils, which is
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not significant enough to influence the molecular chain movements of the polymers.
The T, of the nanocomposites, however, decreased when compared to the polymers,
indicating that BC aids polymer crystallisation. Indeed, BC was already found to act
as nucleating agent for PLLA.I"" As a result, the nanocomposites possess higher
crystallinity compared to the neat polymer. It can also be seen that RP1 reduces the
crystallisation kinetics of PLLA, probably due to the acetyl side chains on RP1 as

such substitution is known to decrease main chain crystallisation.*'’!

Table 20: Glass transition temperature (Tg), crystallisation temperature (Tc), melt temperature
(Tm) and crystallinity of the polymer and its nanocomposites.

Polymers T, (°C) T.(°C) Tw(°C)' % (%)
PLLA 63+3 113+£2 171+2 18+2
RP1 52+4 119+1 151+3 6 +£2
PLLA-RP1 (5 wt.-%) 53+2  113+1 167+4 5+3

PLLA-BC (5 wt.-%) 58+5 89 +4 1672 25+5
RP1-BC (5 wt.-%) 45+8 88+2 146+7 16+6

PLLA-RP1 (4.75 wt.-%) -BC (5 wt.-%) 57+2 87+3 166+6 28+2

* determined from half-C, method.
1 obtained from the peak of the exotherm.
§ obtained from the peak of the endotherm.

6.3.3 Mechanical performance of the polymers and nanocomposites

The tensile properties of both the polymers and BC reinforced nanocomposites were
determined (Table 21). The data show that RP1 has a low Young’s modulus (E =
3.74 GPa) and low tensile strength (c = 35.6 MPa) compared to PLLA (E = 4.08
GPa and o = 63.1 MPa). The crystallinity of RP1 (estimated from melting enthalpy
compared to that of crystalline PLLA) was found to be only 6% (see Table 20). RP1
is a random copolymer of monomer 1 and L-LA, it can be assumed that the reduced
stiffness and strength, compared to PLLA, are due to the reduction in crystallinity,
probably due to the two acetyl substituents.”'” Blending RP1 with PLLA (at a
loading of 5 wt.-%) resulted in an improvement in the tensile strength of the blend,
which increased by 58% from 35.6 MPa (neat RP1) to 56.1 MPa. It is generally
proposed that improvements in tensile strength of polymer blends result from an
increase in the number of network chains per unit volume, formed by increased
polymer entanglement and packing density.*'”) The PLLA-BC (5 wt.-%)

nanocomposite showed a higher Young’s modulus, increasing by 12% (from 4.08
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GPa to 4.55 GPa) compared to neat PLLA. The rule-of-mixtures for composite
materials predicts that the introduction of a stiff filler/reinforcement (in this case, the
stiff BC nanofibres) into a softer polymer matrix (in this case, PLLA) will improve
the Young’s modulus of the composite. However, the tensile strength of the PLLA-
BC (5 wt-%) nanocomposite decreased by 10%, from 63.1 MPa for PLLA to 57.8
MPa for the composite. This result is consistent with our previous findings and is a

result of insufficient interfacial adhesion between BC nanofibrils and PLLA 2%

When BC nanofibres were used as filler (5 wt.-%) in RP1, the Young’s modulus of
the resulting nanocomposites increased from 3.74 GPa for neat RP1 to 4.33 GPa for
RP1-BC (Table 21). However, contrary to the results for PLLA, the tensile strength
of the RP1-BC nanocomposite also improved from 35.6 MPa to almost 52 MPa.
This improvement is attributed to the better affinity between BC nanofibrils and
RP1, which enables efficient transfer of stress from the matrix to the reinforcing
nanofibres. The direct wetting measurements corroborate the tensile properties of the
nanocomposites (see Table 19). As already mentioned, the improved affinity
between BC nanofibres and RP1 is a direct result of the hydrophilic nature of
RP1.*'"" This result also implies that RP1 has the potential to be used as a

compatibiliser to produce BC reinforced PLLA nanocomposites.

To further investigate this hypothesis, BC reinforced PLLA nanocomposites with
RP1 as compatibiliser (5 wt.-% relative to the total polymer content) were prepared.
The BC loading in the polymer was 5 wt.-%. It can be seen from Table 21 that the
mechanical performance of PLLA-RP1-BC nanocomposites surpasses PLLA-RP1,
neat PLLA and even PLLA-BC nanocomposites. The Young’s modulus and tensile
strength of the PLLA-RP1-BC nanocomposites improved by 26% and 20%,
respectively compared to PLLA-RP1, and improved by 15% and 7%, respectively
compared to neat PLLA. When comparing the mechanical performance of the
PLLA-RP1-BC nanocomposite to the PLLA-BC nanocomposite, only a marginal
increase in the Young’s modulus was observed, but gratifyingly the tensile strength
improved significantly, by 17% from 57.8 MPa to 67.4 MPa. These results indicate
that RP1 acts as an excellent compatibiliser for BC in PLLA. Thus, using only 5
wt.-% RP1 as the compatibilising agent, enables improvement of both the Young’s

modulus and tensile strength of the nanocomposite. It was hypothesised that this
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could be due to the higher affinity of RP1 for BC resulting in migration onto the
surface of the BC nanofibrils. The enhanced wetting of RP1 on BC nanofibrils
(Table 19) improved the stress transfer between BC and the bulk polymer. The
mechanical tests are in good agreement with the direct wetting measurement, which

shows improved wetting.

Table 21: The mechanical properties of BC (5 wt-%) reinforced PLLA, with and without RP1
(5 wt-%) as the compatibiliser

Samples E (GPa) c (MPa)

PLLA 4.08 £0.07 63.1£2.0
RP1 3.74 £0.04 35.6+1.9
PLLA-RP1 (5 wt-%) 3.75+0.05 56.1+ 1.1
PLLA-BC (5 wt-%) 4.55+0.03 57.8+5.9
RP1-BC (5 wt-%) 4.33+£0.09 51.9+0.5
PLLA-RP1 (4.75 wt%)-BC(5 wt-%) 4.71+0.13 67.4+1.1

E and & denote the Young’s modulus and tensile strength, respectively.

6.4 Conclusions

The use of a bio-derived PLLA copolymer (RP1) as a compatibilising agent to
produce BC reinforced PLLA nanocomposites with high stiffness and strength is
reported in this chapter. Direct wetting measurements showed that RP1 had a higher
affinity for BC than PLLA. A polymer blend, containing 5 wt.-% RP1 in PLLA, also
showed an improved affinity for BC compared to PLLA. Nanocomposites were
prepared, by dissolving all components in suitable solvents (1,4-dioxane) and were
processed using injection moulding. The thermal characterisation of the polymer
blend and the nanocomposites using DSC showed that BC aids the crystallisation of
the PLLA, RP1 and PLLA+RP1 blend. In addition to this, the addition of RP1 into
PLLA does not have a negative impact on the T, of the materials. Tensile tests on
RP1 alone established that RP1 possesses low Young’s modulus (3.74 GPa) and
tensile strength (35.6 MPa). PLLA has a Young’s modulus and tensile strength of
4.08 GPa and 63.1, respectively. The preparation of nanocomposites using either
PLLA or RP1 as the matrix, and 5 wt.-% BC as the reinforcement, resulted in the
Young’s modulus being improved by 12% and 16%, respectively, when compared to
the either of the polymers alone. This is attributed to the presence of stiff BC
nanofibrils in the matrix. Unfortunately, the tensile strength of the PLLA-BC
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nanocomposite decreased by 8% vs. PLLA, due to poor compatibility between the
matrix and reinforcement. However, the tensile strength of RP1-BC, improved by
46% compared to neat RP1, due to the improved compatibility. The preparation of
nanocomposites using RP1 as the compatibiliser, at just 5 wt-% loading, resulted in a
improvement of both the Young’s modulus (15% higher) and the tensile strength
(7% higher) compared to the PLLA-BC composite. T, of the nanocomposites did not
change significantly compared to their respective neat polymers or polymer blend.
However, the presence of BC reduced the T, of the nanocomposites as BC is an
effective nucleating agent. This is accompanied by an increase in the crystallinity of
the nanocomposites compared to the neat polymer and polymer blend. The bio-
derived copolymer enables enhanced fibre-matrix stress transfer leading to better
performance. The approach is completely different to the conventional use of
petrochemically derived compatibilisers, such as maleic anhydride grafted PLA, and
highlights the potential to use bio-derived polymers to prepare fully renewable

composite materials.
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Chapter 7 — Comparing nanocellulose obtained
top-down and Dbottom-up: Nanofibrillated

cellulose versus bacterial cellulose

Summary

This work investigates the difference between nanofibrillated cellulose (NFC) and
bacterial cellulose (BC). BC possesses higher critical surface tension of 57 mN m™
compared to NFC (41 mN m™). The thermal degradation temperature of BC was also
found to be higher than that of NFC, in both nitrogen and air atmosphere. These
results are in good agreement with the higher crystallinity of BC based on area under
the XRD spectra, measured to be 71% as compared to NFC of 41%. Both types of
nanocellulose papers were found to possess similar tensile moduli and strengths of
12 GPa and 100 MPa, respectively. Nanocomposites were manufactured by infusing
the nanocellulose paper with an epoxy resin using vacuum assisted resin infusion.
The cellulose reinforced epoxy nanocomposites were found to possess a stiffness and
strength of approximately ~8 GPa and ~100 MPa at an equivalent fibre volume
fraction of 60 vol.-%. In terms of the reinforcing ability of NFC and BC in a polymer

matrix, no significant difference between NFC and BC was observed.

7.1 Introduction

[110 216, 217]

Cellulose is used in the paper,”''” pharmaceutical and cosmetic industry,! and

more recently it is explored as reinforcement for polymers.*'® '/ Numerous
products are also derived from cellulose; technical textile fibres, such as viscose and

Lyocell*"!

and thermoplastic polymers, such as cellulose acetate. Currently, much
research activity and attention focused on the isolation and production of nano-scale
cellulose fibres. For comprehensive reviews on the production and application of

1.2 and Sir6 et

nanocellulose, the readers are referred to publications by Klemm at a
al.'® Interests in nanocellulose come from the fact that nano-scale cellulose

combines the physical and chemical properties of cellulose, such as hydrophilicity
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and the ability to be chemically modified by a broad range of reactions, with the

features of nanomaterials — high specific surface area and aspect ratio.

Nanocellulose can be obtained by two approaches: top-down and bottom-up. The
top-down approach involves the disintegration of (ligno)cellulose biomass, such as

wood fibres into nanofibres. This technique was first reported by Herrick et al.**?]

and Turbak et al.,[m]

whereby wood pulp was fed through a high-pressure
homogeniser to reduce the size of the fibres down to the nano-scale. A more recent
method of producing nanocellulose from plant-based cellulosic fibres involves using

73] whereby wood pulp is passed through the slit between a static and

of grinders,
rotating grindstone. This high shear fibrillation process converts micrometre-sized
cellulose into nanocellulose. Herein, these plant derived nano-scale cellulose is

termed nanofibrillated cellulose (NFC).

Nanocellulose produced via the bottom-up approach utilises the fermentation of low
molecular weight sugar using cellulose producing bacteria, such as from the
Acetobacter species, to produce nanocellulose.!'** 2'% 22 2241 These nanocellulose,
herein termed bacterial cellulose (BC), is pure cellulose without the presence of
pectin or lignin."""> The cellulose is excreted by the bacteria into the aqueous culture
medium as nanofibres, with a diameter ranging from 25 — 100 nm."""> ?**! These

nanofibres makes up the pellicles in the culture medium.**!

Utilising nanocellulose as filler in polymer matrices was first reported by Favier et
al.”>! The authors reinforced latex (styrene-butyl acrylate copolymer) with cellulose
nanowhiskers derived from tunicin to produce polymer nanocomposites. Since then,
studies on utilising nanocellulose as filler in polymer matrices have increased
significantly over the years. The major driver for this is the potential of exploiting
the high stiffness of cellulose crystals. X-ray diffraction and numerical simulations

estimated the stiffness of a cellulose crystal to be approximately 100-160 GPa,!"*"

4 which is highly desirable as reinforcing filler for polymer matrices. However, it
is not clear what is the true crystal modulus of cellulose nor its maximum attainable
stiffness as reinforcing filler.''™® Nonetheless, nanocellulose has been shown to
improve the mechanical performance of the resulting nanocomposites. Yano et

al.[*?% have obtained a tensile modulus and strength of up to 21 GPa and 325 MPa,
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respectively, for a BC sheet reinforced epoxy resin with a nanocellulose loading of
70 wt.-%. However, the authors failed to explain why the tensile strength of the
nanocomposites was 25% higher than that of the reinforcing BC sheets.
Nevertheless, this study showed that high strength nanocomposites can be produced
using BC sheets. Laminated BC-polylactide nanocomposites at a loading fraction of
18 vol.-% have also been studied.”?”) The tensile modulus doubled and the strength
tripled when compared to neat polylactide. NFC has also shown to improve the
mechanical properties of the nanocomposites. Henriksson et al.**! produced NFC
sheet reinforced hexamethoxymethyl melamine-based nanocomposites; at a volume
fraction of 55 vol.-%, a Young’s modulus of 9.7 GPa and tensile strength of 108
MPa was achieved. The neat polymer possesses a Young’s modulus and tensile

strength of only 3.6 MPa and 6.1 MPa, respectively.

It is evident that BC and NFC have the ability to act as reinforcement for the
production of high strength and stiffness materials. However, there are currently no
systematic studies reporting the surface and bulk properties of NFC and BC, and the
reinforcing capability of these two types of nanocellulose for composite materials.
With nanocellulose gaining significant research interest, it is important to quantify
the differences, if any, between NFC and BC. Therefore, the aim of this work is to
elucidate the differences in terms of their wettability, C-potential, crystallinity,
thermal degradation behaviour and mechanical properties of NFC and BC. This
article also demonstrates and discusses the reinforcing ability of NFC and BC in

nanocomposites applications.

7.2 Experimental section

7.2.1 Materials

n-Hexane (GPR RECTAPUR, purity > 95%), dimethyl sulfoxide (analytical reagent,
purity > 99.5%) and water (HiperSolv CHROMANORM, purity > 99.5%) were
purchased from VWR. n-Dodecane (purity > 99%) and formamide (purity > 99.5%)
were purchased from Acros Organics. Ethylene glycol (Aldrich, purity > 99%) was
purchased from Sigma-Aldrich. All these chemicals were used without purification
for wicking rate measurement of NFC and BC. Ultra low viscosity epoxy resin

(PRIME 20ULV, Gurit Ltd, Isle of Wight & Hamble, UK) was used as the matrix
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for the nanocomposites. BC was kindly supplied by fzmb GmbH (Bad Langensalza,
Germany) in wet pellicle form containing 94 wt.-% water. NFC was produced by
grinding of never-dried bleached birch Kraft pulp (Betula pendula). The grinding of
birch pulp was conducted using a Masuko Mass Colloider (Masuko Sangyo Co.,
Kawaguchi, Japan). The pulp was passed through the grinder seven times and the

final consistency of the aqueous gel-like NFC was approximately 2 wt-%.

7.2.2 Large scale manufacturing of BC and NFC papers

BC and NFC papers with a grammage of 60 g m™ were produced using a home-
made vacuum assisted sheet former equipment designed by VTT in cooperation with
Metso Paper. Firstly, the BC pellicles were cut into small pieces and blended for 2
min using a blender (Breville BL18 glass jug blender, Pulse Home Products Ltd,
Oldham, UK) at a consistency of 0.1 wt.-%. The NFC suspension was adjusted to
0.4 wt.-% from 2 wt.-% consistency and blended for 2 min using the blender to
produce a homogenous dispersion of nanocellulose in water. These nanocellulose
suspensions were then vacuum filtered onto a filter. The filter cake was then wet
pressed twice under a weight of 10 kg between bloating papers for 10 s. The partially
dried nanocellulose sheets from the wet pressing steps were then sandwiched
between bloating papers and metal plates under a weight of 10 kg during the drying
process in the oven held at 55°C for at least 48 h to dry. This was to prevent the
nanocellulose sheets from shrinking during the drying process. Shrinkage of
cellulose sheets will induce flexibility in the fibre network and decrease the load

bearing capability of the resulting sheets.**”’

7.2.3 Manufacturing of BC or NFC paper reinforced nanocomposites

The nanocellulose paper reinforced epoxy was produced using vacuum assisted resin
infusion (VARI). A schematic diagram of the VARI lay-up is shown in Figure 30. A
polyester porous flow medium (15087B, Newbury Engineer Textile, Berkshire, UK)
was placed on top of the tooling side (a 460 mm x 920 mm heating plate with a
temperature control unit), which consisted of a layer of polyester film (Melinex PW
122-50-RL, PSG group, London UK). 11 nanocellulose papers were laid up and
sandwiched between two PTFE coated glass release fabrics (FFO3PM, Aerovac,
West Yorkshire, UK) and placed on top of the polyester porous flow medium.
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Another polyester porous flow medium was then placed on top of the release fabric.
The whole setup was covered with a vacuum bagging film (Capran 519 heat
stabilised Nylon 6 blown tubular film, Aerovac, West Yorkshire, UK) and sealed
using a vacuum sealant tape (SM5127, Aerovac, West Yorkshire, UK).

Vacuum bag (non-tooling)

Nanocellulose Porous flow media
Vacuum sheets \ Pefe\ ply
Z / -

2 .
\ []

Sealant / Resin in

Tooling Peelply  Porous flow media

Figure 30: Schematic diagram of the VARI process.

Prior to the infusion, the epoxy and hardener were mixed thoroughly at a ratio of
100:19 by weight and degassed at room temperature under a reduced pressure of 75
mmHg for 5 min. This ensures that all air bubbles trapped during the mixing process
were removed. The infusion process starts with an air removal step, whereby a
vacuum was applied to the system via the tubing on the non-tooling side with the
resin inlet tubing sealed off. When the maximum vacuum was reached (~15 mmHg),
the VARI setup was left under this vacuum for 2 h to ensure that there was no
leakage in the set up by constantly monitoring the pressure in the vacuum bag. Once
the system was determined to be leakage-free, the liquid resin was fed at room
temperature from the bottom of the polyester porous flow medium on the tooling
side through the nanocellulose sheets and exit via the tubing on the non-tooling side.
The inlet and outlet of the system were sealed off again when the resin fully
impregnated the nanocellulose sheets. The resin was left to cure at room temperature

for 24 h, followed by a post-curing step conducted at 50°C for 16 h.

7.2.4 Characterisation of nanocellulose and its nanocomposites

7.2.4.1 Scanning electron microscopy (SEM)

SEM was used to study the morphology of NFC and BC nanofibres. It was
performed using a high-resolution field emission gun scanning electron microscope

(LEO Gemini 1525 FEG-SEM, Oberkochen). The accelerating voltage used was 5
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kV. Prior to SEM, the nanocellulose was solution cast from water onto carbon tabs
stuck on the SEM stubs, air dried and Cr coated (K550 sputter coater, Emitech Ltd,
Ashford, Kent, UK) for 1 min at 75 mA.

7.2.4.2 X-ray diffraction (XRD) to determine the crystallinity of nanocellulose

The XRD pattern of NFC and BC nanofibres was measured using an X-ray
diffractometer (PANalytical X Pert Pro, PANalytical Ltd, Cambridge, UK) equipped
with 1.54 A Cu Ko X-ray source. Measurements were taken from 20 = 10° to 40°
using a step size and scan speed of 0.05° and 0.2° s, respectively. The crystallinity
of the nanocellulose was calculated based on the area under the curve of the XRD

diffraction pattern using:

AC
+ A

c a

7, = x100% (7.1)

where 4. and A, are the total crystalline and amorphous areas, respectively, between
the measured Bragg’s angles.

Scherrer’s equation,!'*"!

_091x4

=7 7.2
002 [ x cos (7.2)

where 6, £, and A are the Bragg’s angle (in degrees), full width at half maximum of
the 002 reflection, and wavelength of the X-ray source used, respectively, was used

to determine the crystallite size and hence, the structural order of the 002 reflection

(Loo2).

7.2.4.3 Determining the critical surface tension (y.) of NFC and BC nanofibres

7% of NFC and BC nanofibres were determined from wicking measurements.'***! The
nanocellulose sheets were cut into rectangular strips of 5 mm x 20 mm. One end of
the strip was mounted onto an ultra sensitive microbalance (Type 4505 MPS§-1,
Sartorius ultramicro, Gottingen, GmbH). The reservoir containing the test liquid is

moved upwards towards the other end of the strip until it touches the sample, then
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the movement of the reservoir was immediately stopped. This ensures that the mass
gain of the sheets is only a result of the penetration of the test liquid into the
nanocellulose strips due to capillarity. During the measurement, the mass gain of the
strip was recorded as a function of time. A total of 5 strips were tested for each test
liquid. These data was then evaluated using the Washburn equation for a single

231

capillary,”" which is derived from the combination of the Laplace and Hagen-

Poiseuille equations for steady state, laminar flow through a capillary neglecting

gravity:

_[2 ) ]m
Vi COS@_{AZV}{pZ}{ ; } (7.3)

where y,, 1, p, are the surface tension, viscosity and density of the test liquid,

respectively, and m, A, r, @ and ¢ are the mass gain due to capillarity, cross-sectional

area of the capillary, radius of the capillary, contact angles and time, respectively.

However, for the case of these nanocellulose sheets, the geometry of the capillary is

unknown. Therefore, the factor [Aiz} can be grouped as a factor [%} and
r

assuming the geometry of the capillary is constant’>? throughout the measurement,

the following equation can be obtained:

Cy, cos@ = [%}[M—z} (7.4)

By performing this measurement using a series of different test liquids with known

v, the critical surface tension of the solid, y., which corresponds to the maximum of

2
the [mT}{iz} = f(y,,), can be determined.’>"
o

7.2.4.4 Electrokinetic behaviour of NFC and BC
The electrokinetic behaviour of the nanocellulose was evaluated using C-potential
measurements using an electrokinetic analyser (EKA, Anton Paar, Graz, Austria)

based on streaming potential method. In order to exclude any overlaying effects due
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to the swelling of the nanocellulose or extraction of water-soluble components from
the samples, the pH dependency of C-potential was measured only after a time
dependent C-potential measurement in 1 mM KCI electrolyte was completed. During
the € = f(¢) measurement, the streaming potential was generated by applying a steady
pressure increase to 250 mbar across a channel, which was created by stacking two
nanocellulose sheets between a PTFE channel. The pH dependency of the C-potential
was then measured by changing the pH of the 1 mM KCI electrolyte solution by
adding 0.1 N HCI or KOH using a titration unit (RTU, Anton Paar, Graz, Austria).

7.2.4.5 Thermal stability of NFC and BC nanofibres: thermogravimetry
analysis (TGA)

The thermal degradation behaviour of NFC and BC nanofibres was investigated
using TGA (TGA Q500, TA Instruments, UK). Samples of 5 mg were heated from
room temperature to 600°C at a heating rate of 10°C min™” in nitrogen and air

atmosphere.

7.2.4.6 Density of nanocellulose sheets and their nanocomposites

He pycnometry (AccuPyc 1330, Micromeritics Ltd, Dunstable, UK) was used to
measure the true density of nanocellulose sheets and their nanocomposites. The
volume fractions of nanocellulose in the composites are then back calculated from
their respective densities. The thickness of the nanocellulose sheets was measured
using a micrometer. With the thickness known, the bulk volume was calculated and
the bulk density was determined by taking the ratio between the mass and the bulk

volume of the evaluated sheet. The porosity (P) was then calculated using:

P(%) = (1 _ Pour_ ]xlOO (7.5)

sheets

where ppxr and pgreers are the bulk and true density of the nanocellulose sheets,

respectively.
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7.2.4.7 Tensile properties of the nanocellulose sheets and nanocomposites

Nanocellulose sheets were cut into dog bone shape specimens using a Zwick cutter.
The test specimen possesses an overall length of 35 mm and the narrowest part of the
specimen is 2 mm. Prior to the test, the specimens were secured onto testing cards
using a two-part cold curing epoxy resin (Araldite 2011, Huntsman Advanced
Materials, Cambridge, UK). This was to prevent the clamp of the tensile testing
equipment from damaging the test specimens. Tensile test was conducted using a
TST350 tensile tester (Linkam Scientific Instruments, Surrey, UK). The load cell
and crosshead speed used were 200 N and 1 mm min™, respectively. The sample
thickness was determined using a digital micrometer. A total of 5 specimens were
tested for each type of nanocellulose. The machine compliance was determined to be

7.19 x 10° mm N,

The nanocomposites were tested in tension using an Instron universal material
testing equipment (Instron 4505, Instron Corporation, MA, USA). The tensile test
was conducted in accordance to ASTM D3039-00 using a load cell of 10 kN. The
test specimens possessed dimensions of 100 x 10 x 1 mm, with a gauge length of 40
mm. Prior to the test, woven glass fibre reinforced polyester end tabs with 1.6 mm
thickness were glued onto the samples using a two-part cold curing epoxy resin
(Araldite 2011, Huntsman Advanced Materials, Cambridge, UK). The distance
between the end tabs were 60 mm. Strain gauges (FLA-2-11, Techni Measure,
Studley, UK) were glued onto the middle portion of the test specimen using
cyanoacrylate glue (EVERBUILD Building Products Ltd, Leeds, UK). Specimens
were tested until failure at a crosshead speed of 1 mm min™. A total of 5 specimens

were tested for each type of nanocomposites.

7.3 Results and discussions

7.3.1 Morphology of NFC and BC

The morphology of the two different forms of nanocellulose (solution cast from
0.05 wt.-% concentration) was studied using scanning electron microscopy (SEM)
(see Figure 31). Both types of nanocellulose possess a fibrous structure with

dimensions of approximately 50 nm in diameter and several micrometres in length. It
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can also be seen that the diameter of the nanofibres are very uniform. This is not
surprising for BC as its production is well-controlled by the biosynthesis of cellulose
producing bacteria, whereby the nanocellulose is spun out by bacteria and assembled
into the ribbon-shaped nanofibres.”**! The production of NFC, on the other hand,
was through the shearing of wood pulp through a grinder. This repeated shearing and
grinding actions ensure a uniform fibre diameter.*! In addition to this, both the
NFC and BC papers are also translucent (see Figure 32). This translucency is due to
the lack of scattering of light by the nanofibres that made up the papers.”*! It
appears that the BC sheet is less translucent compared to NFC sheets. This
difference is attributed to the difference in the thickness between BC and NFC

sheets.”*”) BC and NFC sheets made from suspensions (grammage of 60 m* g)

were 79 um and 64 um thick, respectively.

EHT = 500KV ignal A = Inlans Date =28 Aug 2011 | Hignal A = InLans Dato 28 Aug 2011
WO = 90mm Ming = 10000 KX Tine 9:54:33 Ming = 10000 B X Tima B46:32

T =

Figure 32: A comparison of the optical transparency of NFC and BC sheets. Left: BC sheet and
right: NFC sheet.
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7.3.2 X-ray diffraction (XRD) of NFC and BC
The XRD pattern of NFC and BC is shown in Figure 33. The diffraction pattern of
BC exhibited the typical diffraction peaks of native cellulose at 14°, 16°, 22.5°, 34°,

which corresponds to the diffraction plane of 101, IOi, 002 and 040,

[159

respectively.l'"””! The diffraction pattern of NFC showed two broad peaks around 15°

and 22.5°. Similar diffraction patterns were also observed by Leppénen et al.;**®

native (cotton) cellulose exhibited two distinct peaks corresponding to 101, 101 but
Kraft pulp exhibited only one but broad peak at 15°. The absence of two distinct
peaks around 20 =14°-16° can be attributed to the presence of non-cellulosic
compounds such as hemicellulose in NFC and the difference in cellulose crystal

structures of NFC.

002

Counts (a.u.)
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Figure 33: X-ray diffraction pattern of (a) NFC and (b) BC.

The crystallinity of all the samples were calculated based on the area under the
curves of the diffraction pattern (see equation 7.1), instead of the more commonly
used Segal equation.!*” These results are tabulated in Table 22. Segal’s equation is a
semi-empirical equation derived for native cellulose (cotton) without any impurities
and therefore, the crystallinity obtained for NFC using this equation would not be
accurate. BC possesses a higher crystallinity compared to NFC (see Table 22). BC
also possesses a larger crystallite size and smaller d-spacing compared to NFC. This
i1s due to the fact that NFC possesses high content of amorphous non-cellulosic

compounds, such as hemicellulose and carbohydrates. The carbohydrate composition
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of the pulp and the NFC produced from it are very similar. The composition is 73%

glucose, 26% xylose and 1 % mannose.”>”! The pulp contains also 0.2% residual

(238] 1n addition to this, the difference in the

lignin and 0.09% residual extractives.
crystallite size and d-spacings of NFC and BC could be ascribed to the difference in
crystal structures between the two types of cellulose. BC is predominantly cellulose-
I« whereas plant-based cellulose such as NFC is predominantly cellulose-Ig.!"*”! This
difference in the types of crystal structures result in the observed difference in

crystallite size and d-spacings.”**”!

Table 22: A comparison of the crystallinity (x.), d-spacing (d2) and the crystallite size of the
002 reflection (L), critical surface energy (y.), onset degradation temperature in N, (Tq, n2)
and air (T i) of NFC and BC, respectively.

Types of A do02) L(oo02) Ye Ta N2 T, air
nanocellulose (%) (A) A) (mNm') (°C) (°C)
NFC 41+ 5 8.07+0.01 31.82+032 41.7+08 247+2 244+1
BC 72+1 7.99+0.01 6294+0.15 57.0+02 294+1 289=+1

7.3.3 Critical surface tension of BC and NFC

Wicking of test liquids into nanocellulose paper was used to characterise the wetting
kinetics of nanocellulose and to determine the surface energy. Typical wetting
curves are shown in Figure 34. The initial slope is a result of capillary effect and the
plateau is caused by the balance between capillarity and gravity.*”! By evaluating
the initial slope of wetting curves, a plot of the normalised wetting rate (right hand
side of equation 7.4 in the experimental section) against the surface tension of the
test liquids can be produced (see Figure 35). This plot shows a maximum point,
which is analogous to the Zisman’s critical solid-vapour surface tension of the

[239) The liquids with surface tension values to the left of

investigated nanocellulose.
the maximum will fully wet the nanocellulose whilst partial wetting is obtained with
liquids having surface tension values to the right of the maximum. The data points
shown in Figure 35 were fitted with a polynomial curve. The maximum point,
corresponding to the critical surface tension of cellulose, which is equal to the
surface tension of a liquid just wetting a solid completely, is summarised in Table
22. BC has a y of 57 mN m" compared to NFC of 41.7 mN m™". The high 7, value

240, 241]

for BC could be ascribed to its high crystallinity! and purity.**! On the other

hand, NFC is a composite material consisting of cellulose and hemicellulose and
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both constituents will contribute to the overall solid surface tension of NFC. The

surface tension of hemicellulose was found to be lower than that of cellulose.**”

This resulted in the observed lower surface tension of NFC compared to BC.
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Figure 34: Typical wetting curves of BC by water.
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Figure 35: Normalised wetting rates as a function of the surface tension of test liquids for NFC
and BC.
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7.3.4 Streaming potential of NFC and BC sheets

C-potential provides information regarding the surface chemistry of a material and
the formation and composition of the electrochemical double layer when this
material is in contact with an aqueous electrolyte solution. Figure 36 shows the
streaming C-potential of NFC and BC as a function of pH. The formation of the

electrochemical double layer is predominantly due to the adsorption of electrolyte
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ions onto the surface and the dissociation of Brenstedt acid/base groups. The (-
potential shows a plateau at high pH, indicating that the surface is acidic as all
dissociable functional groups, such as —OH group, are fully deprotonated. As the pH
decreased, the C-potential becomes more positive due to (i) protonation of functional
groups and (ii) adsorption of protons (H;O") onto the surface. As the pH is decreased
further, the C-potential reaches zero, which corresponds to the isoelectric point (iep)
of the investigated surface. This is the point where no net charge is present on the
surface. After iep, the decrease in pH resulted in the drastic increase in C-potential

due to the adsorption of protons.
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Figure 36: { = f(pH) of NFC and BC sheets.

Table 23 summarises the iep and the plateau values of C-potential (Cpiareau) 0f NFC
and BC. NFC and BC possess iep of pH = 3.8 and 3.2, respectively. The iep is
governed by the pK, of all the dissociable functional groups present.***! In the case
of BC, the iep is due to dissociation of -OH groups in cellulose molecules, with pKa
values of between 2.5 and 3.4 (estimated based on purified cotton cellulose).**” On
the other hand, the dissociable functional groups in NFC include the —OH and
carboxyl (-COOH) groups present in the cellulose and hemicellulose, such as xylan
and glucose, which possess pK, values of 3.7%*! and 5.6,1**"! respectively. The
observed more negative value of Cplaean for BC compared to NFC can also be
attributed to the low crystallinity and high hemicellulose content of NFC.

[247

Hemicellulose is known to swell in water.**”! The lower crystallinity of NFC also

enhances the swelling effect due to the high water uptake.'***! This swelling of NFC
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causes the transfer of the plane of shear into the electrolyte that excludes the

diffusive part of the electric double layer from mechanical and -electrical

[249

interaction.**’ This is also supported by the A{ obtained from { = f(£) measurement.

The quotient AL = ({» - {o) / §o provides indication of the degree of swelling of the
investigated surface.””! The larger AL value of NFC (low crystallinity) indicates a
higher degree of swelling compared to BC (high crystallinity), which possesses a
lower AL value. These results are in good agreement with the observed more

negative Cplatean Value for BC compared to NFC.

Table 23: The isoelectric point (iep), Cpiateau and AC of NFC and BC sheets.

Nanocellulose iep (pH) Cplateau (MV) AL = (Lo - Go) / Co
NFC 3.8+0.1 -4.3+0.1 0.125
BC 3.2+0.1 -22.94+0.9 0.064

7.3.5 Thermal degradation behaviour of NFC and BC
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Figure 37: Thermal degradation behaviour of NFC and BC in nitrogen (top) and air (bottom),
respectively.
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The thermal degradation behaviour of NFC and BC is shown in Figure 37. The onset
degradation temperatures in nitrogen and air are tabulated in Table 22. In nitrogen
atmosphere, both the nanocellulose underwent a single step thermal degradation (see
Figure 37, top). The initial weight loss in temperatures of 50 — 150°C is mainly due
to removal of moisture from the cellulose. The thermal degradation occurring
between temperatures of 250-400°C is attributed to the depolymerisation of
hemicellulose (for NFC) and cleavage of glycosidic linkages of cellulose (for both
NFC and BC).®" In air, a two-step thermal degradation behaviour for NFC and BC
was observed (Figure 37, bottom). The initial weight loss between 300-350°C is
attributed to the decomposition of smaller molecular fragments of the sample and the
second decomposition step (350-500°C) is attributed to the degradation of the six-
member cyclic structure of cellulose (pyran).”>" *?! Even though the thermal
degradation behaviour of NFC and BC are very similar in nitrogen and air
atmosphere, the onset degradation temperature of NFC is lower than that of BC (see
Table 22). The earlier onset degradation of NFC can be attributed to its lower

crystallinity compared to BC.1*>*!

7.3.6 Tensile properties of sheets and nanocomposites
Both types of nanocellulose sheets possess a stiffness and strength of approximately
12 GPa and 110 MPa (see Table 24), respectively. These values are consistent with

the mechanical properties of nanocellulose sheets studied by Henriksson et al.??*]

1.5 At first glance, it seems surprising that BC sheets, which have

and Iwamoto et a
a much higher degree of crystallinity possess almost the same tensile properties as
NFC. However, BC paper is more porous compared to NFC paper (see Table 25).
The porosity of BC paper was found to be 52% compared to NFC paper of only
38%. It is postulated that the more crystalline nature of BC led to a decrease in the
packing efficiency of the nanofibres. Nevertheless, it is quite remarkable that BC
papers with such a high porosity possess good mechanical properties. In addition to
the difference in porosity of the papers, the presence of hemicellulose also affects the
mechanical properties of NFC papers. Hemicellulose aids the nanofibres to bonding
together forming a composite.'”* *°! As a result, NFC with lower crystallinity and

porosity possesses a similar strength and stiffness to BC (higher crystallinity and

porosity). BC, on the other hand, has a higher strain-to-failure at 7.5% compared to
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NFC of only 4.2%. The lower strain-to-failure of NFC papers could be due to fewer
physical crosslink points between the nanofibres, which allows for the realignment
of the fibres during tensile loading. This is accompanied by reduction in the strain-
to-failure of the nanocellulose sheets. The tensile work of fracture (W4, calculated
from the area under the stress-strain curve) was also smaller for NFC papers
compared to BC papers. This could be due to the higher strain-to-failure of BC

papers, which allows for more energy to be absorbed during tensile loading.

Table 24: Mechanical properties and the properties of NFC and BC sheets. Egpecty Osneets Esheet aNd
W, indicate Young’s modulus, tensile strength, elongation at break, true density of the sheet
and work of fracture, respectively.

Types of Esheet Gisheet Esheet grammage Wa

nanocellulose  (GPa) (MPa) (%) (gm?) (MJ m™)
NFC 128+14 103+13 42+08 595+04 3.8+£0.7
BC 120+1.1 123+7 754+0.6 572+3.2 5.8+0.6

Table 25: The bulk density (ppuk), true density (psneer) and porosity (%) of the nanocellulose
sheets

Nanocellulose Poulk (g cm™) Psheet (g €M) P (%)
NFC 0.93 £0.01 1.51 £0.02 38.4+0.7
BC 0.72 £0.02 1.54 £0.05 523+22

A stack of 11 sheets of NFC and BC paper were resin infused with an ultra low
viscosity epoxy resin. This resin was chosen to ensure that the liquid will impregnate
the nanocellulose papers. The surface tension of the liquid epoxy resin (with
hardener) was measured® to be 32.3 + 0.1 mN m™". This liquid resin should fully wet
both BC and NFC papers as the critical surface tension of the papers was higher than
the surface tension of the resin. The manufactured nanocomposites possess different
fibre volume fractions (v). In order to be able to compare between the
nanocomposites, the Young’s moduli of the nanocomposites were normalised to an
equivalent fibre volume fraction of 60 vol.-% (see Table 26). Both NFC and BC
exhibited excellent reinforcing ability when used in nanocomposites as paper form

due to the presence of cellulose network in the reinforcing paper. The Young’s

¥ Surface tension was measured using pendant drop method performed on Easydrop
(DSA 15B, Kriiss, Hamburg, GmbH ) at 20°C.
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modulus of the nanocomposites increased to 8 GPa compared to that of the neat resin
of only 3 GPa. This increase is inline with the values calculated using the “rules-of-
mixtures” for composites,’ indicating that the maximum possible Young’s modulus
of the material was achieved. There is a slight difference in the reinforcing ability
between NFC and BC when the tensile strength (6) was compared. It seems that BC
reinforced nanocomposites possesses higher ¢ compared to NFC reinforced
nanocomposites, even when the former possesses slightly lower v This is attributed
to the higher surface energy of BC, which promotes better adhesion between the

matrix and the reinforcing fibre

Table 26: Fibre volume fraction (v;) and the mechanical properties of the nanocomposites. E,
E,orms» © and ¢ indicate the Young’s modulus, normalised Young’s modulus to 60 vol.-% and
tensile strength of the nanocomposites, respectively.

Types of Vg E Enorm = (E/vp)*x0.6 o
nanocellulose (vol.-%) (GPa) (GPa) (MPa)
Neat resin® 0 3.0 - 71
NFC . s8:1  85:02 8802 96+ 1
nanocomposites

BC nanocomposites 49 +2 7.1+0.1 8.7+0.2 102+ 1

& Obtained from manufacturer’s data.

7.4 Conclusions

Nanocellulose obtained top-down (NFC) or bottom-up (BC) was studied and
compared in this work. SEM showed that both types of nanocellulose posses a
fibrous structure of approximately 50 nm in diameter and several micrometre in
length. BC had significantly higher degree of crystallinity (as measured by XRD) of
72% compared to NFC of 41%. The lower crystallinity of NFC is attributed to the
presence of non-cellulosic compounds such as hemicellulose. NFC was derived from
plant-based cellulose and possesses cellulose-Ip structure whereas BC possesses a
cellulose o structure. This difference in cellulose structures also resulted in
difference in the cellulose crystallite size and d-spacings. The critical surface tension
of NFC and BC was determined from the normalised wetting rates as determined by
wicking rate measurements. It was found that BC possesses a y. of 57 mN m™. NFC,
on the other hand, possesses lower y. of 41 mN m™. {-potentials indicate that both

surfaces possess acidic characteristics. However, the more amorphous nature of NFC

" The moduli used in this calculation are 3 GPa for the matrix, 12.8 GPa for NFC and
12.0 GPa for BC, respectively.
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also showed higher degree of swelling and therefore, less negative Cplarcan cOmpared
to BC. In addition to this, the more crystalline nature of BC also resulted in higher

thermal degradation temperature as studied by TGA compared to NFC.

Both the NFC and BC papers were found to possess similar tensile properties; a
Young’s modulus of ~12 GPa and tensile strength of ~110 MPa. When used as
reinforcement in an epoxy matrix, the nanocomposites were found to possess a high
stiffness and strength of approximately ~8 GPa and ~100 MPa, respectively at an
equivalent fibre volume fraction of 60 vol.-%. However, no significant difference
was observed between the reinforcing ability of NFC and BC in terms of the
stiffness of the nanocomposites. The nanocomposites reinforced with BC papers,
however, showed slightly higher tensile strength compared to NFC papers by
approximately 6%. Nonetheless, the difference between the tensile strength of the
nanocomposites reinforced by NFC and BC is not very significant. This implies that
both NFC and BC will serve as excellent reinforcing material for the production of

nanocomposites.
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Chapter 8 — Creating hierarchical structures in
short sisal fibre reinforced polylactide; short
hairy fibre reinforced bacterial cellulose

nanocomposites

Summary

Hierarchical sisal fibre reinforced bacterial cellulose (BC) polylactide (PLLA)
nanocomposites were produced using a simple slurry dipping method to create
“hairy” sisal fibres, which were then incorporated into PLLA. Neat sisal fibres were
coated with BC to create (i) a dense BC coating around the fibres or (ii) “hairy”
fibres, on which BC is oriented perpendicular to the fibre surface. The specific
surface area of the BC coated fibres increased when compared to neat sisal fibres.
This increased the surface roughness of the fibre resulted in enhanced mechanical
interlocking between the fibres and the matrix. Single fibre tensile tests revealed no
significant difference in the tensile modulus and tensile strength of “hairy fibres”.
However, when sisal fibres were coated with a dense layer of BC, the mechanical
properties of the fibres decreased. This is due to the manufacturing process where
the nano-sized BC nanofibrils were not activated (i.e. not restrained from shrinkage
during the drying process) on the surface of sisal fibres. The tensile, flexural and
visco-elastic properties of the hierarchical PLLA nanocomposites reinforced by both

types of BC coated sisal fibres showed significant improvements over neat PLLA.

8.1 Introduction

There is growing demand nowadays for more environmental friendlier products,
greener sustainable technology and materials. Combining these demands with the
ever growing problem of global waste, rising oil prices, exhaustion of landfill

[108 [148] has led to significant research

sites!'®® and environmental legislative pressures
effort being spent in utilising renewable sources in the polymer industry. Polymer

manufacturers are forced to evaluate the life cycle and environmental impact of their
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products throughout their products’ lifetime. Research interest in utilising natural
fibres as reinforcement for polymers is re-emerging in the field of engineering.”!
Natural fibres have the advantages such as high specific strength and modulus, low
density, biodegradability and renewability compared to glass fibres.!” As a result,
numerous automotive companies, such as Mercedes-Benz, BMW, Audi and Daimler
are replacing some glass fibre based composites with natural fibre reinforced

polymers.!'”

However, natural fibres do come with some major drawbacks when used as fibre
reinforcement in composite materials. One of the major issues associated with
natural fibres is their inherent variability in dimensions and mechanical properties,
even when extracted from the same cultivation. Another important factor that limits
the use of natural fibres in composites is their low thermal stability. Wielage et al.*”!
have shown that the tensile properties of natural fibres can decrease by as much as
60% when the fibres are processed for 60 min at 220°C. Natural fibres are also
inherently hydrophilic in nature due to the presence of large amounts of hydroxyl
groups.[36] This is a major drawback for their utilisation in composite materials, often
resulting in poor compatibility between hydrophobic polymer matrices, such as
polypropylene or polylactide.!*! Numerous attempts have been made to improve the
compatibility between hydrophilic natural fibres and hydrophobic polymer
matrices.[*” These include silylation, acetylation, benzoylation, the use of maleated
coupling agents, isocyanate treatment and polymer grafting of natural fibres. Even
though the surfaces of natural fibres have been rendered more hydrophobic through
these chemical treatments, large amounts of hazardous chemicals are involved and
the chemical waste must be handled and disposed of appropriately. Moreover,
chemical treatments of natural fibres do not always translate into composites with

[47. 236291 A possible reason is the anisotropicity

improved mechanical performance.
of natural fibres. To date, the anisotropicity of natural fibres have been commented
on but received little attention.**”! One reason is the great challenge of characterising
the transverse properties of natural fibres. Studies on the transverse properties of
natural fibres have shown that the transverse moduli of natural fibres are an order of
magnitude lower than their axial moduli; jute (axial: 38.4 GPa, transverse: 5.5
GPa),’" flax (axial: 59 GPa, transverse: 8 GPa)"'l and sisal (axial: 11.5 GPa,

[52

transverse: 1.4 GPa).*®") Thomason™ attributed the disappointment of natural fibres
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to deliver good mechanical composite performance compared to glass fibre-
reinforced composites to the linear thermal coefficient of expansion (LTCE) of
natural fibres. Thermoplastic composites are generally moulded at high temperature
and cooled to room temperature. The cooling process results in residual compressive
stresses in the reinforcing fibres, as the LTCE of the polymer is often greater than of
the fibre. Different types of reinforcing fibres however, do have different LTCE. The
LTCE of glass fibres is approximately 15 times smaller than jute fibres.”” As a
result, the residual compressive stress on the reinforcing fibres is smaller for jute
fibres compared to glass fibres, as jute fibres shrink more than glass fibres. This
contributes to a poor interface between fibres and matrix and, therefore, reduced

overall mechanical performance of the composites.

In this study, the aim is to address the challenge of poor interfacial adhesion of sisal
fibres to thermoplastics by attaching nano-sized cellulose onto the fibre surfaces to
produce natural fibre reinforced composites with improved properties. Bacterial
cellulose (BC) is pure highly crystalline cellulose, with a degree of crystallinity of up
to 90%."*"! This highly crystalline structure of BC results in a high Young’s
modulus, reported to be 114 GPa,'® with a theoretical Young’s modulus of up to 145
GPa depending on the crystal structure.'!) BC also possesses a LTCE of only 0.1 x
10° K" Nature maximises efficiency by defining multiple scales of length in a
material; i.e. hierarchical structures. By creating a hierarchical structure in
composites, it is possible to influence one of the most important elements in a
composite structure, through improved mechanical interlocking and stiffening of the

2 2 . .
(2621 A recent review on various efforts to

[148

matrix around the fibre-matrix interface.
hierarchical structures can be found in literature.l'*® Coating BC onto sisal fibres
could be a potential solution to the aforementioned shrinkage of natural fibres during
thermal processing of the composites. BC, with its low LTCE could potentially
bridge the gap between the fibres and the matrix. It has been shown previously that it
is possible to attach BC onto sisal fibres by culturing cellulose-producing bacteria
with natural fibres in a bioreactor.!"” Incorporation of these BC coated fibres into a
matrix resulted in improvements in the fibre-matrix interface and the mechanical

properties of unidirectional composites.!"" '*! However, studies on BC coated short

sisal fibre reinforced composites did not show improvements in the tensile and
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(2631 In this work, a simple and cost effective

flexural properties of the composites.
method to coat sisal fibres with nano-sized BC without the need of bioreactors is
discussed. The mechanical performance of randomly oriented BC coated short fibre
hierarchical composites, with and without BC dispersed throughout the matrix is also
investigated. The thermal and the visco-elastic behaviour of the hierarchical
composites is presented. This novel method of modifying the fibre-matrix interface
provides a more cost effective method to produce greener composites with improved

properties.

8.2 Experimental

8.2.1 Materials

Poly(L-lactic acid) (PLLA) was purchased from Biomer GmbH (L9000, MW >
150 kDa, D-content =~ 1.5%) and was used as the matrix for the production of
hierarchical composites. 1,4-Dioxane (Sigma-Aldrich, ACS Reagent, > 99% purity)
was used as the solvent for PLLA. Sodium hydroxide (purum grade, pellets) was
purchased from Acros Organics. Loose sisal fibres were kindly supplied by
Wigglesworth & Co. Ltd. (London, UK). These fibres were grown in East Africa.
The harvested crop was left in the field for approximately 3 to 4 weeks for dew
retting in order to allow the combined action of temperature, humidity and bacteria
to loosen the fibres. After this retting process, the fibres were processed with a
rudimentary tool where the fibres were pulled out by hand, washed with water and
sun-dried for one day. BC was extracted from commercially available nata-de-coco
(CHAOKOH coconut gel in syrup, Ampol Food Processing Ltd, Nakorn Pathom,
Thailand). The extraction and purification was conducted as previously
described.!"*’! Briefly, the sugar was removed by washing the coconut gel with water
and blended/homogenised in order to create a dispersion of BC nanofibres in water.
This dispersion was then purified using 0.1 M NaOH and washed back to neutral pH

prior to the utilisation of BC.

8.2.2 Coating sisal fibres with nano-sized BC nanofibres

A dispersion of 0.1 wt% BC was prepared by homogenising 0.3 g of freeze-dried BC
(weight is given as the dry basis) in 300 mL of de-ionised water, to which, 0.5 g of
sisal fibres were added and left for three days at room temperature. The fibres were

then removed from the aqueous dispersion of BC and dried in two different ways to
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create either (i) a dense (collapsed) BC coating or (ii) “hairy fibres”, with a layer of
BC coating oriented perpendicular away from the fibre surface. To create a dense
layer BC coating on the fibres, the wet fibres were dried under vacuum at 80°C
overnight. “Hairy fibres” were created by pressing the wet fibres between two filter
papers (qualitative filter paper 413, 125 mm in diameter, particle retention of 5—
13 um, VWR, UK) under a weight of 3 kg for 10s to partially dry them. The
partially dried “hairy sisal fibres” were then dried in an air oven held at 40°C. The
sisal fibres coated with a dense layer of BC are referred to as densely coated neat

sisal (DCNS) fibres and the “hairy fibres” as “hairy neat sisal fibres” (HNSF).

8.2.3 Preparation of hierarchical short fibre composites

Two different types of hierarchical composites were prepared; (i) BC coated sisal
fibre reinforced PLLA and (ii)) BC coated sisal fibre reinforced PLLA-BC
nanocomposites (see Figure 38 for a schematic diagram). The former composites
contained BC on the surface of sisal fibres only and the latter composites contained
BC both on the fibre surfaces and dispersed within the PLLA matrix. For
hierarchical composites (i), 2.4 g of (BC coated) fibres, cut to approximately 10 mm
in length, were added into 200 mL of 1,4-dioxane. 9.6 g of PLLA pellets were added
into this mixture and left to dissolve overnight at 60°C under magnetic stirring to
eventually create 20 wt% fibre content PLLA “pre-preg”. The resulting mixture was
then poured into a Petri dish and dried under vacuum (Edwards Modulyo freeze
dryer, UK) at room temperature to remove any remaining solvent. This process leads
to sisal fibres-PLLA “pre-pregs”. The solvent was captured by a cold trap and was
re-used in the polymer dissolution process. Hierarchical composites with BC
dispersed in the PLLA matrix were prepared by immersing 1.8 g of (BC coated)
fibres in 200 mL of 1,4-dioxane, to which, 9.6 g of PLLA pellets were added. This
mixture was left to dissolve overnight at 60°C under magnetic stirring. 0.6 g of
freeze-dried BC was added into 150 mL of 1,4 dioxane in a separate beaker and
homogenised at 20,000 rpm for 2 min. This BC dispersion was then added into the
PLLA solution containing sisal fibres and stirred gently to ensure homogeneous
dispersion of BC in the fibre-polymer solution. This mixture was then vacuum dried
at room temperature to remove any remaining solvent in order to create sisal fibres-

BC-PLLA “pre-pregs”.
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Figure 38: Schematic showing the different types of hierarchical composites. Left: conventional
fibre reinforced polymer composites, middle: BC coated fibre reinforced hierarchical
composites and right: BC coated fibre reinforced hierarchical nanocomposites.

8.2.4 Processing of hierarchical composites

The previously produced sisal fibres-BC-PLLA “pre-pregs” were injection moulded
into flexural test bars with sample dimensions of 80 mm x 12 mm x 3.5 mm using a
piston injection moulder (Haake Minijet, Thermo Scientific, Hampshire, UK).
Tensile test specimens were injection moulded into dog bone shaped specimens,
according to BS ISO 527:1996 type V. These dog bone test specimens had an overall
length of 60 mm, a gauge length of 10 mm, thickness of 3 mm and the narrowest part
of the specimens were 3 mm. The barrel temperature and the mould temperature
were held at 190°C and 70°C, respectively. Neat PLLA was injection moulded with
an injection pressure and time of 400 bar and 30 s and a post-pressure and time of
200 bar and 30 s, respectively. (BC coated) sisal fibre reinforced PLLA was injected
at a pressure of 500 bar for 30 s and held at a post-pressure of 200 bar for a further
30 s. Due to the increase in viscosity of the polymer melt when BC was attached
onto the surface of sisal fibres and dispersed in the PLLA matrix, the hierarchical
composites with (BC coated) sisal fibre and BC dispersed in the matrix were injected

at a pressure of 600 bar for 30 s and held at a post-pressure of 200 bar for 30 s.

8.2.5 Characterisation of BC coated sisal fibres and PLLA hierarchical
composites

8.2.5.1 Scanning electron microscopy (SEM)

SEM was conducted to characterise both the surface morphology of neat and BC
coated sisal fibres and the fracture surfaces of the hierarchical composites. SEM was
performed using a high-resolution field emission gun scanning electron microscope
(LEO Gemini 1525 FEG-SEM, Oberkochen, Germany). The accelerating voltage
used was 5 kV. Prior to SEM, all the samples were fixed onto SEM stubs using
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carbon tabs and coated with Cr for 1 min (K550 sputter coater, Emitech Ltd,
Ashford, Kent, UK) using a coating current of 75 mA.

8.2.5.2 Specific surface area (BET) measurements

Nitrogen adsorption/desorption isotherms were conducted to determine the specific
surface area of neat and BC coated sisal fibres. This measurement was performed
using a surface area and porosity analyser (TriStar 3000, Micromeritics Ltd,
Dunstable, UK). The specific surface area was calculated using the Brunauer-
Emmett-Teller (BET) equation. Prior to the measurement, the fibres were degassed

at 80°C overnight to remove any adsorbed water molecules.

8.2.5.3 Single fibre tensile properties of neat and BC coated sisal fibres

Single fibre tensile tests were performed to investigate the effect of BC coating on
the tensile properties of sisal fibres. The test was conducted at room temperature in
accordance with ASTM D-3822-07, using a TST 350 tensile testing rig (Linkam
Scientific Instrument Ltd, Surrey, UK) equipped with 200 N load cell. The gauge
length and crosshead speed used were 20 mm and 1 mm min™', respectively. A single
sisal fibre was fixed at either end of a testing card using cyanoacrylate glue. At least
20 fibres were tested for each fibre type to obtain a statistical average. The fibre
diameter of each sample was evaluated using an optical microscope (Olympus BX
41 M reflective microscope, Essex, UK) and the tensile properties of the fibres were

calculated based on the assumption of cylindrical fibre geometry.

8.2.5.4 Mechanical properties of neat PLLA and hierarchical composites

Tensile and flexural (3-point bending) properties of neat PLLA and (BC coated)
fibre reinforced PLLA hierarchical (nano)composites were conducted in accordance
with BS EN ISO 527: 1997 and BS EN ISO 178: 2003, respectively. The tests were
performed using an Instron universal testing machine (Instron 4466, Instron
Corporation, Massachusetts, USA) with a load cell of 10 kN at room temperature
and 50% relative humidity. The testing speeds used for tensile and flexural tests
were 1 mmmin” and 20 mm min”, respectively. A span of 55 mm (span to
thickness ratio of 16) was used for the flexural tests. A total of 5 samples were tested

for each type of composite.
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8.2.5.5 Differential scanning calorimetry (DSC) study of hierarchical
composites

The crystallisation and melt behaviour of (BC coated) fibre reinforced PLLA
hierarchical (nano)composites were investigated using DSC (DSC Q2000, TA
Instruments, West Sussex, UK) in a He atmosphere. Approximately 20 mg of
moulded sample was used for the measurement. A heat-cool-heat regime was
employed. The sample was first heated from room temperature to 210°C at a heating
rate of 10°C min™, then cooled to room temperature at a cooling rate of 50°C min™",
The sample was then re-heated to 210°C at a heating rate of 10°C min". The
crystallinity (based on 1% heating curve to evaluate the crystallinity of the

composites after thermal processing) of the composites produced was calculated

using the equation:

_AH, —AH,

- x 100% (8.1)
(- fHAH,

Xc

where Y is the crystallinity of the composite, AH,,, AH,, fand AH are the melting
enthalpy and cold crystallisation enthalpy determined from DSC curves, weight
fraction of the reinforcing phase (20 wt%) and the melting enthalpy of pure
crystalline PLLA (75.57 J g),*'" respectively.

8.2.5.6 Dynamic mechanical analysis (DMA) of hierarchical composites

The viscoelastic behaviour of the composites was investigated using DMA (Tritec
2000, Triton Technology Ltd, Keyworth, UK). DMA was performed in single beam
cantilever bending mode with a gauge length of 10 mm. The sample had a thickness
and width of approximately 3 mm. The storage, loss modulus and energy dissipation
factor (tan 8) were measured from 30°C to 100°C at a heating rate of 2°C min™' at a

frequency of 1 Hz.

8.3 Results and discussion

8.3.1 Morphology of the BC coated sisal fibres

Figure 39 shows the SEM images of neat sisal fibres, densely BC coated and “hairy”
BC coated sisal fibres. The morphology of densely coated sisal fibres with BC
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(Figure 39b and Figure 39c) resembles that of the BC coated fibres obtained by
culturing Acetobacter in the presence of sisal fibres in a bioreactor."* It was also
possible to obtain true “hairy” BC coated sisal fibres by employing a different drying
regime (Figure 39d). The loading fraction of BC on sisal fibres was found to be
10 + 1 wt%*. Natural fibres when immersed into dispersions of BC in water will
absorb water into the fibres, drawing in the water and BC nanofibril from the
medium. Since BC nanofibrils are larger than water molecules, they are not able to
penetrate into the sisal fibres. Instead, they are filtered against the surface sisal
fibres, resulting in a BC coating of sisal fibres. The fast drying rate of the coated
fibres under vacuum resulted in the collapse of BC nanofibrils onto the surface of
sisal fibres (Figure 39b and Figure 39c). By pressing the wet BC coated sisal fibres
between filter papers, the fibres were partially dried. It is hypothesised that during
this process, the water containing the BC nanofibrils was drawn into the filter paper
by capillary action. The combination of capillary action with the slow drying of the
coated fibres (which prevents the collapse of the nanofibrils) results in a BC coating

in which BC nanofibrils were oriented perpendicular to the sisal surface. The

W
B

A Vg

A
= BHOKX Tene #2718

Figure 39: Scanning electron micrographs showing (a) neat sisal fibres, (b), densely BC coated
sisal fibres at low magnification, (c) densely BC coated sisal fibres high magnification and (d)
“hairy” BC coated sisal fibres. The arrow in (d) shows agglomeration of BC nanofibrils on sisal
fibres.

¥ BC loading fraction was determined by measuring the mass of dry sisal fibres
before and after immersion in BC dispersion in both DCNS and HNSF.
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8.3.2 BET surface area of BC coated sisal fibres

The measured BET surface area of the neat and BC coated sisal fibres is given in
Table 27. The specific BET surface area of neat sisal fibres is relatively small
(~0.1 m* g), which is in line with previously reported BET surface areas for natural
fibres.”! In comparison, the surface area of BC coated fibres increased by as much as
8 times when compared to neat sisal fibres. It is also interesting that “hairy fibres”
have a lower surface area than DCNS even though both types of fibres have a similar
BC loading. This might be due to the agglomeration of BC nanofibrils on the “hairy
sisal fibres” when they are pressed between the filter papers. This agglomeration (see
Figure 39d) reduced the accessible area for nitrogen adsorption and, therefore, the
observed reduced surface area. During the wet pressing of the fibres, the BC
nanofibrils are pressed onto the fibres surface using filter papers and this forces the
BC nanofibrils to agglomerate. On the other hand, the preparation of DCNS involves
drying the wet fibres without restraining the BC nanofibrils on the surface. This
allows the nanofibrils to collapse freely onto the surface of sisal fibres, which results
in larger surface area. Even so, the surface area of HNSF is five times larger than

that of neat sisal fibres.

Table 27: BET surface area, single fibre tensile modulus and tensile strength of neat and BC
coated sisal fibres; dense layer and “hairy fibres”, respectively.

BET surface Single fibre tensile properties
Sample area Tensile modulus Tensile Strength
(m’ g) (GPa) (MPa)
Neat sisal fibres 0.097 + 0.008 24.1+3.1 535+ 69
DCNS fibres 0.770 £ 0.030 125+1.3 253 +£27
HNSF fibres 0.485 + 0.029 229+£22 456 + 50

8.3.3 Tensile properties of neat and BC coated sisal fibres

The single fibre tensile properties of neat and BC coated sisal fibres are shown in
Table 27. The tensile properties of neat sisal fibres reported here is in agreement
with values obtained by other researchers in the literature.”’ When sisal fibres are
coated with a dense layer of BC (DCNS), the tensile modulus and tensile strength of
the fibres decreased by 40% and 45%, respectively. The tensile modulus of “hairy
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fibres” (HNSF) remained unchanged and the tensile strength reduced only by 10%
(but is still within the error of neat sisal fibres). This suggests that the drying process
has an effect on the tensile properties of BC coated fibres. When BC nanofibril
networks are wet pressed and dried under restraint without shrinkage, the flexibility
of the fibre network will be removed and this will increase the load bearing
capability of the BC network./***! Indeed, when BC nanofibrils were wet pressed and
dried effectively under restraint, a modulus of 9.7 GPa was achieved.!” However, a
modulus of only 1.4 GPa was measured when BC nanofibrils were dried freely,
allowing the nanofibril network to shrink®. The procedure results in a dense coating
layer of BC on sisal fibres (DCNS) does not restrain the BC nanofibril network
during the drying process. This resulted in the poor tensile properties of the fibres as
the force at break stayed constant but the fibre diameter increased due to the BC
coating. “Hairy” neat sisal fibres (HNSF), on the other hand, were partially dried
whilst being restrained during wet pressing. Therefore, their tensile properties did
not change significantly when compared to neat sisal fibres even though the same

increase in fibre diameter was observed.

8.3.4 Mechanical properties of neat PLLA and its hierarchical composites

In order to investigate the effect of BC coating on the mechanical properties of (BC
coated) sisal fibre reinforced PLLA hierarchical (nano)composites, tensile and
flexural tests were conducted. From the results summarised in Table 28, it can be
seen that with (BC coated) sisal fibres as reinforcement, the tensile moduli for all
samples increased. The increase in the tensile modulus of the hierarchical
composites was enhanced when BC was additionally dispersed in the matrix (sisal-
BC-PLLA, DCNS-BC-PLLA and HNSF-BC-PLLA). This is thought to be due to the
stiffening of the matrix by BC. It has been shown that a PLLA matrix can be
stiffened by as much as 40% if BC is dispersed in the matrix at a loading fraction of
5 wt%.['">] With BC dispersed in the matrix and attached to the fibres, both the
matrix and the fibre-matrix interface could be reinforced (or stiffened). This led to

the observed improvements in tensile modulus of DCNS-BC-PLLA by as much as

¥ Such BC sheets were made by allowing the BC nanofibrils to dry freely without
restrain before dry pressing. This was done by placing a wet filter cake of BC in a
hot press to evaporate all the water at 110°C first before dry-pressing of the BC
sheet.
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72% when compared to neat PLLA and 30% in comparison to PLLA-sisal

hierarchical composites.

Table 28: Summary of mechanical properties of neat PLLA and its composites. Er, o1, Efr, o
indicate tensile modulus, tensile strength, flexural modulus and flexural strength, respectively.

Sample Er (GPa) or (MPa) Er (GPa) or (MPa)
Neat PLLA 0.97 £0.02 626+1.0 3.70+0.04 86.1 6.9
PLLA-sisal 1.28 £0.03 58710 4.85+0.10 105.6 1.5
PLLA-DCNS 1.35+0.03 573+13 5.19+0.07 99.2+2.8
PLLA-HNSF 1.29 +£0.03 57.8+1.6  496+0.16 102.0+2.5
PLLA-sisal-BC 1.46 £ 0.02 609+19  5.74+0.05 100.0 +2.2
PLLA-DCNS-BC  1.63+0.04 67.8+12  6.19+0.08 955+2.3
PLLA-HNSF-BC 1.59 £ 0.05 692+12  577+0.13 96.8+2.0

The tensile strength of the hierarchical composites showed a slightly different trend
compared to tensile modulus. A decrease in tensile strength was observed when
PLLA is reinforced with (BC coated) sisal fibres, with no BC dispersed in the
matrix. Such a result could possibly be due to (i) the poor transverse properties of
fibres or (ii) poor fibre-matrix interface. The poor tensile strength of PLLA-sisal
could be attributed to the latter whilst that of PLLA-DCNS and PLLA-HNSF could
be attributed to the former (see section 7.3.5 for more details). When the hierarchical
composites were reinforced with BC in the PLLA matrix (HNSF-BC-PLLA) the
tensile strength improved by as much as 11% when compared to neat PLLA and
21% when compared to DCNS-PLLA. This could be due to enhanced interfacial
adhesion between BC coated fibres and BC reinforced PLLA matrix. With BC

dispersed in the matrix, the matrix is stiffened.

Flexural modulus increased with fibre/BC reinforcement, as shown in Table 28. The
flexural modulus of the hierarchical composites with BC dispersed in the matrix
(DCNS-BC-PLLA) improved by as much as 67% when compared to neat PLLA and
40% when compared to hierarchical composites without BC dispersed in the matrix.
As aforementioned, this is due to a matrix stiffening effect induced by nano-sized
reinforcement in PLLA matrix. The flexural strength of all the composites increased

when compared to neat PLLA. An increase in flexural strength by as much as 23%
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was observed. It seems, however, that the BC coating on sisal fibres and/or in the
matrix has no effect on the overall flexural strength of the composites. Due to the
low fibre volume fraction of these composites, individual fibre failure is isolated
and, therefore, microbuckle bands and kinkbands do not form.***! It is proposed that
the observed relatively constant flexural strength of the fibre-reinforced composites

is a result of poor shear and transverse properties of sisal fibres.”* 2°]

8.3.5 Fractography of hierarchical composites

Typical example of a fracture surface of the composites failed in tension is given in
Figure 40 and Figure 41. When PLLA is reinforced by sisal fibres, fibre debonding
(Figure 40a) and fibre pull out can be clearly seen (Figure 40b). This is a direct result
of poor interfacial adhesion between fibre and matrix, which results in poor stress
transfer. This is attributed to the poor tensile strength of PLLA-sisal to this when
compared to neat PLLA. When sisal fibres are coated with BC, the fibre-matrix
adhesion improved as no fibre debonding was observed (Figure 40c-f). Single fibre
pull out tests performed on BC-coated sisal made by the aforementioned in situ
culturing method!"*! showed the interfacial adhesion between BC coated fibres and
PLLA was indeed enhanced. This can be attributed to the enhanced mechanical
interlock as a result of BC coating and the increased surface energy of BC coated
fibres,!"*) which enhances wetting by polymers. In the case of PLLA-DCNS and
PLLA-HNSF, no fibre debonding was observed but the tensile strengths decreased
when compared to neat PLLA. Failure of short-fibre composites can be classified
into two types; T-fibre fracture (crack plane oriented transverse to fibre orientation —
high fracture energy) and L-fibre fracture (crack plane oriented parallel to fibre
orientation — low fracture energy).”*"! In general, short-fibre composites exhibit a
combination of failures and fracture occurs along the weakest part of a composite.
The overall fracture surface of PLLA-DCNS and PLLA-HNSF exhibited L-fibre
fractured surface as the dominant mechanism. This explained the poor tensile
strengths of these composites even though the fibre-matrix interface is enhanced
through mechanical interlock. Through this mechanical interlock enhancement, the
weakest region in the composite is no longer the fibre-matrix interface but the bulk
of the polymer. This resulted in L-fibre fractured surface as the dominant failure
mechanism. However, when BC is dispersed in the fibre reinforced PLLA

composites, the overall fracture surface and hence, fracture mechanism, was
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modified. No significant fibre debonding or fibre pull-out can be observed in sisal-

BC-PLLA, DCNS-BC-PLLA and HNSF-BC-PLLA composites in Figure 41a-f. This

i1s accompanied by the improved mechanical properties (both tensile strength and

modulus) of hierarchical composites when compared to neat PLLA.
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Figure 40: Fractured surface of fibre reinforced composites at fibre-matrix interface and
overall fractured surface. (a) (b) are PLLA-sisal, (¢) (d) are PLLA-DCNS and (e) (f) are PLLA-
HNSF, respectively. (a), (¢) and (e) are at higher magnification. (b), (d) and (f) are at lower

magnification.
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Figure 41: Fractured surface of fibre reinforced hierarchical composites at fibre-matrix
interface and overall fractured surface. (a) (b) are PLLA-sisal-BC, (c) (d) are PLLA-DCNS-BC
and (e) (f) are PLLA-HNSF-BC, respectively. (a), (¢) and (e) are at higher magnification. (b), (d)
and (f) are at lower magnification.

8.3.6 Crystallisation and behaviour of the hierarchical composites

The thermal behaviour of the composites was characterised by DSC and their
characteristic temperatures such as glass transition temperatures (T,), crystallisation
temperatures (T.) and melt temperature (T,,) of the first and second heating are
tabulated in Table 29. The T, of PLLA in the composites was slightly lower when
compared to neat PLLA. This might be due to the plasticising effect of natural waxes
leaching from the sisal fibres in PLLA.?°) The presence of wax will act to aid the
polymer chain’s mobility, in turn lowering the T,. There are also no significant

changes in Ty, of the composites but the crystallisation behaviour of the composites
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changed significantly compared to neat PLLA. A lowering of T, can be observed in
composites reinforced with sisal fibres. Cellulosic fibres are known to act as
nucleation sites for PLLA crystallisation.!"'? With BC coating on sisal fibres, T, was
lowered even further from 100°C to 90°C. BET measurements showed an increase in
the surface area of coated fibres. This led to more nucleation sites for PLLA
crystallisation and, therefore, the further decrease of T.. It should also be noted that
there are no T, or T, observed in the second heating of the hierarchical composites
with a BC reinforced matrix. This might be due to the fact that during the first
cooling step, cold crystallisation occurred even at a high cooling rate of 50°C min™.
This implies that the high interface area of BC and PLLA enhanced the
crystallisation of PLLA even more when compared to the case where BC was not

123]

dispersed in the matrix. A similar observation was also found by Lee et al.l'">*! when

PLLA is reinforced by BC. However, crystallinity of the composites did not seem to
be affected with the addition of sisal fibres and/or BC. This could be due to the fast
cooling rate during the production of the composites. An exotherm was observed

around 150°C (results not shown). This is consistent with the solid-solid crystal

191

transformation of the o’ form to the o, form of PLLA.["*Y Such an exotherm was not

observed in neat PLLA as the o’ form is only crystallised below 100°C, this was the

case for all the composites tested, with neat PLLA being the exception.!**!

Table 29: Crystallisation and melt behaviour of neat PLLA and its fibre/BC reinforced
hierarchical composites. Ty, T, Ty, and y. are glass transition temperature, crystallisation
temperature, melt temperature and crystallinity of the composites based on the 1st heating
curve, respectively.

Sample Hsf:ating T, (°C) T, (°C) Tn (°C) % (%)
PLLA RN ST R
PLLA-sisal ;:td gg 18(3) }22 21+3
PLLA-DCNS ;:td ZZ g§ }gg 20£3
PLLA-HNSF ;ntd g; gj }22 18+£2
PLLA-sisal-BC ;d _55 ?3 }22 23+4
PLLA-DCNS-BC ;:d _56 ?5 122 18+3
PLLA-HNSF-BC ;:d _54 ?1 ig; 24 +4
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8.3.7 Viscoelastic behaviour of hierarchical composites

The viscoelastic properties of neat PLLA and (BC coated) PLLA hierarchical
(nano)composites as a function of temperature are shown in Figure 42. The storage
moduli of the hierarchical composites are markedly higher than that of neat PLLA.
These results corroborate with the tensile and flexural moduli, which indicate that
the (BC coated) sisal fibres have a strong influence on the viscoelastic properties of
the resulting (nano)composites. The storage moduli stayed relatively constant until
T,, when a sharp decrease can be seen. This corresponds to the softening of the
polymer. It can also be seen from Table 30 that by coating the surface of sisal fibres
with BC or with BC dispersed in the polymer matrix that the storage modulus
improved in comparison to neat PLLA (by at least 52%) or neat sisal reinforced
PLLA composites (by at least 15%). The former is due to the enhanced fibre-matrix
interface as a result of BC coating and the latter is thought to be due to the inclusion
of rigid BC into the matrix.!'”) DCNS-BC-PLLA showed the lowest E’ increment
among all the samples with BC dispersed in the matrix. This might be a result of
poor DCNS fibre properties compared to neat sisal or HNSF fibres (see Table 27).
Different viscoelastic behaviour between composites with and without BC dispersed
in the matrix (Figure 42a-b) can also be observed beyond the mechanical T, of the
hierarchical composites. Crystallisation of the matrix occurred at lower temperatures
when BC was dispersed in the matrix. This led to the observed higher storage moduli
above its T, compared to hierarchical composites with no BC dispersed in the

matrix.

The tan o for the composites as a function of temperature is shown in Figure 42¢-d.
Tan 8, a measure of the damping properties of the material, is also determined by the

[

quality of fibre-matrix adhesion.®! Large tan & amplitude indicates a weak

composite interface whereas small tan & amplitude indicates a stronger interface.!**”!
The amplitude of tan 6 is lower for BC coated sisal fibre reinforced PLLA and
composites with BC dispersed in the matrix. This implies that the fibre-matrix
interface of these composites is improved with BC coating/dispersion. Table 30
shows the mechanical T, (taken as the peak of tan §) and improvements in storage

moduli as a result of BC and fibre reinforcement. The mechanical T, of PLLA was

determined to be 73°C and decreased with fibre reinforcement. This result also
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corroborates the DSC results, showing a reduction in T,. As aforementioned, this is a
result of the plasticising effect from the waxes present on neat sisal fibres dissolving
into PLLA. Nonetheless, DMA results show an improved fibre-matrix interface as a

result of BC coating/dispersion.
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Figure 42: Graphs showing the temperature dependency of storage moduli and tan 6 of neat
PLLA and its hierarchical composites.

Table 30: Mechanical Tg (taken as the peak of tan 6), storage moduli (E') and improvements in
storage moduli of the hierarchical composites.

Sample Mechanical T, E’ @ 30°C Improvements in E’
(°O) (GPa) over neat PLLA (%)

PLLA 73 1.57 -

PLLA-sisal 69 2.07 32

PLLA-DCNS 68 2.52 61

PLLA-HNSF 66 2.52 61

PLLA-sisal-BC 63 2.49 59

PLLA-DCNS-BC 69 2.39 52

PLLA-HNSF-BC 61 2.64 69
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8.4 Conclusions

Randomly oriented bacterial cellulose coated short sisal fibre reinforced PLLA
hierarchical composites with improved properties over neat PLLA were produced. A
novel method based on slurry dipping to coat sisal fibres with nano-sized BC was
developed as an alternative method to modify the surface of natural fibres. This
method was also extended to produce either a dense BC coating layer on the surface
of sisal fibres or BC coated hairy fibres, in which the BC is oriented perpendicular to
the surface of the fibres. BET surface area measurements showed an increase in
surface area of the fibres by as much as 800% when compared to neat sisal fibres.
The use of BC coated sisal fibres in PLLA matrix showed an improvement in tensile
modulus of nearly 40% but their tensile strengths decreased by as much as 10%. Not
only was the fibre-matrix interface enhanced through the presence of the BC coating
on sisal fibres, but also the fracture mechanism of the composites was modified; the
fracture mechanism switched from a high fracture energy (T-fibre fracture) to a low
fracture energy (L-fibre fracture) mechanism and hence resulted in decrease of the
tensile strength of PLLA reinforced with BC coated fibres. When the BC coated
fibre reinforced composites were further reinforced with BC by dispersing BC in the
matrix, the tensile modulus and strength improved even more when compared to neat
PLLA by as much as 72% and 11%, respectively. This is attributed to the enhanced
fibre-matrix interface and stiffening of PLLA due to the incorporation of BC into the
matrix. The flexural modulus of the hierarchical composites improved by as much as
67% and their flexural strength increased by 23% when compared to neat PLLA.
DMA confirmed the increased storage moduli when compared to neat PLLA and
also suggests an enhanced fibre-matrix interface (a reduction in the height of tan 5).
These new types of short fibre composites offer a promising alternative to the
industry as no chemical modifications or plasma treatments are required to produce

biodegradable composites with improved properties.
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Chapter 9 — Short sisal fibre performs for
hierarchical bio-based poly(acrylated
epoxidised soybean oil): Using bacterial

cellulose as binder

Summary

A novel non-woven sisal fibre preform was manufactured using a papermaking
process utilising bacterial cellulose (BC) as binder. It was found that BC provides
significant mechanical strength to the sisal fibre preforms. This can be attributed to
the high stiffness and strength of BC network. Truly green non-woven fibre preform
reinforced hierarchical composites were prepared by infusing the fibre preforms with
acrylated epoxidised soybean oil (AESO) using vacuum assisted resin infusion and
cured using Luperox P as thermal initiator. Both the tensile and flexural properties of
the hierarchical composites showed significant improvements over polyAESO and
neat sisal fibre preform reinforced polyAESO. These results were corroborated by
the thermo-mechanical behaviour of the (hierarchical) composites, which showed
increased storage modulus and enhanced fibre-matrix stress transfer. By using BC as
binder for short sisal fibres, added benefits such as the high Young’s modulus of BC,
enhanced fibre-fibre and fibre-matrix stress transfer can be utilised in the resulting

hierarchical composites.

9.1 Introduction

Significant research effort has been poured into the manufacturing of sustainable
materials due to public’s growing demand for more environmentally friendly
products, depletion of petroleum resources, the ever-growing problem of landfill of

waste and heavy environmental legalisation.*®®!

Natural fibres have gained
significant attention as potential replacement for glass fibres to produce greener
composites. The advantages of natural fibres as reinforcement in composites include

low density, wide availability and biodegradability.*"! In addition to this, natural
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fibres possess specific mechanical properties that are comparable to some glass
fibres.! However, natural fibres suffer from drawbacks such as poor compatibility
with hydrophobic polymer matrices and its inherent variability in both fibre
properties and dimensions, even within the same cultivation.”) There is very little
that can be done in terms of the variability in their properties and dimensions of the
fibres. However, significant research effort has been poured into modifying the

fibres to enhance the fibre-matrix interface.[*”’

One method of modifying the fibre-matrix interface is to attach bacterial cellulose
(BC) onto the surface of natural fibres.''"* BC is highly crystalline nano-sized
cellulose (24-86 nm in diameter and several micrometres in length!''™) without
impurities such as hemicellulose or lignin and possesses a degree of crystallinity of
up to 90%.1"*") The Young’s modulus of a single BC nanofibre was reported to be
114 GPa,'” with theoretical cellulose crystal modulus being as high as 160 GPa.!''®]
In addition to this, BC also possesses a linear thermal coefficient of expansion
(LTCE) of only 0.1 x 10 K™'.[' By culturing cellulose-producing bacteria, such as

51 n the presence of natural fibres, BC is

from the Acetobacter species,
preferentially deposited in-situ onto the surface of natural fibres. The introduction of
BC onto natural fibres provides a new mean of controlling the interaction between
natural fibres and polymer matrices. Coating of natural fibres with BC does not only
facilitate good distribution of BC within the matrix, it also results in an improved
interfacial adhesion between the fibres and the matrix. This enhances the interaction
between natural fibres and a polymer matrix. In addition to culturing cellulose-
producing bacteria in the presence of natural fibres to coat the fibres, a method based
on slurry dipping was developed recently to coat the surface of sisal fibres with
BC.** This method utilises the water absorbing capability of natural fibres to

absorb the water in BC dispersion, drawing along the nanocellulose in the dispersion

onto the surface of the fibres.

In this work, the slurry dipping method was extended to create non-woven sisal fibre
preforms for thermosetting matrices. Natural fibre can be stitched or stapled together

[270-273

using polymer fibres to produce non-woven fibre preforms. I'In addition to this,

fibre preforms can also be produced by spraying a polymer solution onto the fibre
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mat followed by heat pressing to consolidate the polymer to bind the fibres
together.*’* Natural fibres can be blended with a thermoplastic polymer and melt

(2731 T create composites, these polymeric binder

pressed to create the fibre preform.
based natural fibre preforms can then be impregnated with a thermosetting resin to
produce natural fibre reinforced composites.”’* 2 2"} Natural fibre preform
reinforced thermoplastic composites can also be produced using film stacking,
whereby the fibre preforms are stacked between sheets of polymers in alternative

sequence and consolidated.!"- 27!

Our current study focuses on using BC as binder to produce novel non-woven short
sisal fibre preforms, moving away from the conventional polymer binders such as

(271 These natural fibre preforms are infused

polypropylene, polyesters and epoxies.
with epoxidised and acrylated soybean oil (AESO) using vacuum assisted resin
infusion (VARI) and cured to produce truly green hierarchical composites. Nature
maximises the efficiency of structural materials by organising them hierarchically;
the arrangement of the constituents at every level, from the molecular to the
macroscopic level. By applying this concept, composites that possess a hierarchical
structure should show enhancement in mechanical performance. Not only does the
BC act as a binder for the loose fibres, it also simultaneously acts as nanofiller to
further enhance the mechanical properties of the hierarchical composites due to its
high stiffness and strength. The mechanical properties, thermal degradation and

thermo-mechanical behaviour of the hierarchical composites were studied in this

work.

9.2 Materials and methods

AESO (Aldrich, density = 1.04 g cm™, inhibited with 8500 ppm monomethyl ether
hydroquinone) and fert-butyl peroxybenzoate, otherwise known as Luperox P
(Aldrich, purity > 98%), were purchased from Sigma-Aldrich and used as the
thermosetting monomer and thermal initiator, respectively in this study. Loose sisal
fibres were kindly supplied by Wigglesworth & Co. Ltd. (London, UK). These fibres
were grown in East Africa. The harvested crop was left in the field for approximately
3 to 4 weeks for dew retting in order to allow the combined action of temperature,

humidity and bacteria to loosen the fibres. After this retting process, the fibres were
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processed with a rudimentary tool where the fibres were pulled out by hand, washed
with water and sun-dried for one day. BC was kindly supplied by fzmb GmbH as

wet pellicle containing 94 wt.-% water.

9.2.1 Manufacturing natural fibre preforms

The fibre preforms were manufactured using a papermaking process. Neat sisal fibre
preforms were manufactured using 16 g of sisal fibres, cut to approximately 10 mm
in length and soaked in 2 L of de-ionised water overnight. This dispersion of short
sisal fibres was then filtered under vacuum onto a 125 mm diameter filter paper
(VWR, Lutterworth, UK) using a Biichner funnel. The filter cake was wet pressed
twice under a weight of 1t for 2 min. This wet pressed filter cake was then further
dried in an oven held at 60°C overnight under a weight of 10 kg. Short sisal fibres
were used instead of long fibres because a more uniform dispersion of fibres in water
can be obtained. The fibre preforms produced from short fibres were also more

uniform.

In order to use BC as binder for the fibre preforms, 29.6 g of wet BC pellicles
(equivalent dry mass of 1.78 g) were cut into small pieces and blended for 1 min
using a blender (Breville BL18 glass jug blender, Pulse Home Products Ltd,
Oldham, UK) and further homogenised (Polytron PT 10-35 GT, Kinematica,
Lucerne, Switzerland) for 2 min in 2 L of de-ionised water to produce a uniform
dispersion of nanocellulose. 16 g of sisal fibres, cut to approximately 10 mm in
length, were soaked in this nanocellulose dispersion overnight. The fibre preforms
were then manufactured following the previously described wet pressing followed
by drying method. The weight fraction of BC in these sisal fibre preforms was
10 wt.-%. Herein, fibre preforms with neat sisal fibres only and sisal fibres with BC

binder are termed sisal fibre preforms and BC-sisal fibre preforms, respectively.

9.2.2 Manufacturing of natural fibre preform reinforced (hierarchical)
composites

The (hierarchical) composites were manufactured using VARI. A schematic diagram
of the VARI setup is shown in Figure 43. A polyester porous flow medium (15087B,
Newbury Engineer Textile, Berkshire, UK) was placed on top of the tooling side (a
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460 mm x 920 mm heating plate with a temperature control unit), which was covered
by a layer of polyester film (Melinex PW 122-50-RL, PSG group, London UK). The
natural fibre preforms were sandwiched between two PTFE coated glass release
fabrics (FFO3PM, Aerovac, West Yorkshire, UK) and placed on top of the polyester
porous flow medium. Another polyester porous flow medium was then placed on top
of the PTFE glass release fabric. The whole setup was covered with a vacuum
bagging film (Capran 519 heat stabilised Nylon 6 blown tubular film, Aerovac, West
Yorkshire, UK) and sealed using vacuum sealant tape (SM5127, Aerovac, West
Yorkshire, UK).

Vacuum bag (non-tooling)
Porous flow media

/

o Fibre nqat Peel ply

/

/
4.
[3

Sealant /

Resin in
Tooling Peelply  porous flow media

Figure 43: Schematic diagram of the VARI process.

Prior to the infusion of the resin, the previously prepared fibre preforms were further
dried by hot-pressing the preforms at 120°C and 0.25 t for 15 min. This also reduced
the porosity of the fibre preforms, resulting in an increased fibre volume fraction of
the final (hierarchical) composites. AESO was heated to 80°C to reduce its viscosity
and 5 wt.-% of Luperox P relative to the weight of AESO was mixed with the resin.
This mixture was then de-gassed at a reduced pressure of 100 kPa at 80°C for 30 min
prior to the infusion step in order to remove all air bubbles entrapped during the
mixing of the resin and the initiator. The infusion process starts with an air removal
step, whereby vacuum was applied to the system via the tubing on the non-tooling
side with the resin inlet tubing sealed off. When the maximum vacuum was achieved
(~20 kPa), the VARI setup was left under vacuum for 2 h to ensure that there was no
leakage in the setup by constantly monitoring the pressure in the vacuum bag. Once
the system was determined to be leakage-free, the liquid resin was fed at the same
temperature from the bottom of the polyester porous flow medium on the tooling
side through the fibre preforms and exited via the tubing on the non-tooling side.

Both the VARI setup and the resin were heated to 80°C in order to reduce the
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viscosity of AESO such that the resin flows readily during the infusion process. The
inlet and outlet of the setup were sealed off again once the resin fully impregnated
the fibre preforms. The resin was cured at 110°C for 2 h followed by a post-curing
step at 130°C for 2 h. The VARI setup was cooled to room temperature prior to the
removal of the manufactured (hierarchical) composites. The composites reinforced
with sisal fibre preforms and BC-sisal fibre preforms are termed sisal-polyAESO and
BC-sisal-polyAESO, respectively hereafter. Neat polymerised AESO was produced
by pouring the resin into a mold with dimensions of 3 x 15 x 20 mm and

polymerised using the same reduced pressure and curing cycle as previously

described.

9.2.3 Characterisation of the natural fibre preforms and (hierarchical)
composites

9.2.3.1 Tensile properties of the natural fibre preforms

In order to investigate the effect of the BC binder on the mechanical properties of the
fibre preforms, tensile tests were conducted on these preforms in accordance to BS
EN ISO 9073-18:2008. Prior to the test, the fibre preforms were cut into dimensions
of 3 x 15 x 100 mm. Woven glass fibre reinforced polyester end tabs with a
thickness of 1.6 mm were glued (Araldite 2011, Hunstman Advanced Materials,
Cambridge, UK) onto the ends of the test specimens to prevent the clamping jaws of
the test machine from damaging the test specimens. The distance between the end
tabs and the distance between the clamps (the gauge length) were set to be 60 mm.
Tensile tests were conducted using an Instron universal material testing equipment
(Instron 4505, Instron Corporation, MA, USA) equipped with 1 kN load cell. The

specimens were tested using a crosshead speed of 1 mm min™.

9.2.3.2 Density measurements of the fibre preforms and (hierarchical)
composites

The density of the fibres, neat polyAESO and its (hierarchical) composites was
measured using He pycnometry (AccuPyc 1330, Micromeritics Ltd, Dunstable, UK).
The samples were weighed prior to placing them in the measuring chamber of the He
pycnometer. As the pressure of He rises above the atmospheric value, it was

expanded through a value and this expanded volume was measured. Due to the
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expansion of He, the pressure inside the chamber will decrease to a steady-state
value. With the mass of the sample known, the density p,, of the sample can then be

calculated using the equation:

P = 9.1)
V.- Ve
[ ﬁ_l
P,

where m; is the sample mass, V. is the volume of the chamber, V¢ is the expanded
volume of helium, P; and P, are the chamber’s elevated pressure and steady-state
pressure, respectively. The envelope density (p.) of the fibre preforms was
calculated from the mass and envelope volume of the preforms. The fibre volume
fraction (vy) of the (hierarchical) composites was calculated based on the densities of

the fibre preforms and (hierarchical) composites, respectively.

9.2.3.3 Mechanical properties of the (hierarchical) composites

The (hierarchical) composites were tested in tension and flexural (3-point bending)
mode using an Instron universal material testing equipment (Instron 4505, Instron
Corporation, MA, USA) in accordance to ASTM D 3039-00 and D638-03,
respectively. The tensile test specimens possessed dimensions of 3 x 15 x 100 mm,
with a gauge length of 30 mm. Prior to the test, woven glass fibre reinforced
polyester end tabs with a thickness of 1.6 mm were glued onto the samples using a
two-part cold curing epoxy resin (Araldite 2011, Huntsman Advanced Materials,
Cambridge, UK). The distance between the end tabs was set to be 60 mm. Strain
gauges (FLA-2-11, Techni Measure, Studley, UK) were glued onto the middle
portion of the test specimen using cyanoacrylate glue (EVERBUILD Building
Products Ltd, Leeds, UK). Tensile tests were conducted using a crosshead speed and
load cell of 1 mm min' and 10 kN, respectively. The flexural test specimens
possessed dimensions of 3 x 15 x 80 mm. The span to thickness ratio and crosshead
speed used in flexural test were 20 and 1 mm min™, respectively. A total of 5

specimens were tested in each test for each type of samples.
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9.2.3.4 Thermo-mechanical behaviour of (hierarchical) composites

The viscoelastic behaviour of polyAESO and the (hierarchical) composites was
characterised using dynamic mechanical thermal analysis (DMTA) (Tritec 2000,
Triton Technology Ltd., Keyworth, UK). DMTA was conducted in single beam
cantilever bending mode with a gauge length of 10 mm. The sample had a width and
an average thickness of 4 mm and 3 mm, respectively. The storage modulus, loss
modulus and energy dissipation factor (tan ) were measured from -95°C to 180°C at

a heating rate of 5°C min™', with a frequency of 1 Hz.

9.2.3.5 Thermal stability of (hierarchical) composites: Thermal gravimetric
analysis (TGA)

The thermal degradation behaviour of sisal fibres, BC, neat polyAESO and its
(hierarchical) composites was characterised using TGA (TGA Q500, TA
Instruments, UK). Samples of 35 mg were heated from room temperature to 600°C

in N at a heating rate and N, flowrate of 5°C min™ and 60 mL min™, respectively.

9.3 Results and discussion

9.3.1 Tensile properties of the natural fibre preforms

The mechanical performance of the fibre preforms under tension is shown in Table
31, along with the porosity of the fibre preforms. The tensile strength tabulated in
this table is defined as the maximum load required to fail the sample per unit width
of the specimen (15 mm) as the cross-sectional area of the fibre mat is not well
defined. With BC as the binder, a tensile strength of 13.1 kN m" was achieved.
However, the tensile strength of the neat sisal fibre preforms was not measureable.
This is due to the fact that these sisal fibres are loose and held together only by
friction between the fibres even after the wet pressing step to consolidate them into
fibre preforms. The improved mechanical performance of BC-sisal fibre preforms
can be attributed to the use of BC as the binder, which is also expected to promote
fibre-fibre stress transfer. The nano-sized BC holds the otherwise loose sisal fibres
together due to hornification (irreversible hydrogen bonding between the
nanocellulose).”” It was found that BC sheets have very high tensile strength of
approximately 300 MPa (estimated to be approximately 17 kN m™).**"! The high

tensile strength of the BC network, which formed in between the sisal fibres
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provided the mechanical performance of the manufactured BC-sisal fibre preforms
in this study (Table 31). The use of BC as binder also reduced the porosity of the
fibre preforms as the hornified BC network held the fibres more tightly together. It
can also be seen from Table 31 that the true density of BC-sisal preform is higher
than that of neat sisal preform. This is due to the incorporation of 10 wt.-% BC
nanofibres, which is denser, into the BC-sisal preforms. The true density of BC was

measured to be 1.525 g cm™ in this study.

Table 31: Properties of natural fibre performs: G,,, pm, p. and P denote the tensile strength, true
density, envelope density and porosity of the fibre preform, respectively.

Fibre preforms oy, (kN m™) Pm (g cm™) pe (g cm™) P (%)
Sisal Not measureable 1.298 +0.004 0.350+0.018 73 £5
BC-sisal 13.1+£2.1 1.318+0.004 0.514+£0.015 61+3

9.3.2 Mechanical properties of the (hierarchical) composites

Both the tensile and flexural properties of neat polyAESO and its (hierarchical)
composites are summarised in Table 32. The fibre volume fractions of sisal-
polyAESO and BC-sisal-polyAESO were found to be 40 vol.-%, implying that direct
comparisons between sisal-polyAESO and BC-sisal-polyAESO can be made. When
sisal fibres were used as reinforcement for polyAESO, the tensile modulus improved
from 0.4 GPa for neat polyAESO to 3.2 GPa for 40 vol.-% sisal fibre reinforced
polyAESO composites. A further improvement from 3.2 GPa to 5.6 GPa in the
tensile modulus of the composites was achieved when BC was used as the binder for
the natural fibre preform. This is thought to be the stiffening of polymer matrix when
the fibre preform contained a hornified network of BC was used. It has been shown
that the stiffness of a polymer matrix can be improved by as much as 40% when BC,
which has an estimated Young’s modulus of 114 GPa,'"! at a loading fraction of only

5 wt.-% was used.[?*?

A similar trend was observed for the tensile strength of the (hierarchical) composites.
Neat polyAESO had a tensile strength of only 4.1 MPa. When neat polyAESO was
reinforced with 40 vol.-% sisal fibres, the tensile strength increased to 18.4 MPa. A
further improvement was achieved when 40 vol.-% of BC and sisal fibres in form of

a preform, were used as reinforcement. The tensile strength of BC-sisal-polyAESO
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increased by 71% and nearly 700% when compared to sisal-polyAESO and neat
polyAESO, respectively. This significant improvement when BC-sisal fibre
preforms were used to create hierarchical composites can be attributed to (i) the
enhanced fibre-matrix interaction (see DMTA section) and (ii) enhanced fibre-fibre
stress transfer. The use of BC as binder for the fibres resulted in the formation of
continuous but hornified BC network, encasing sisal fibres bonding them together. It
is postulated that this enhances the fibre-fibre stress transfer compared to sisal fibres
only preforms, where the fibres are mostly isolated. In addition to this, it has been
shown that using BC as binder enhances the tensile properties of the BC-sisal fibre
preforms compared to sisal fibre preforms. This translates to the improved tensile

strength of the manufactured BC-sisal-polyAESO.

Table 32: Mechanical properties of neat polyAESO and its (hierarchical) composites. vi, Et, o7,
Er, oF, denote the fibre volume fractions, tensile modulus, tensile strength, flexural modulus and
flexural strength, respectively.

Sample ve(vol.-%) Er(GPa) or(MPa) Er(GPa) of (MPa)
Neat polyAESO 0 04+£0.1 4.1+0.1 02+0.1 9.0+0.1

Sisal-polyAESO 40 +2 32+£02 184+£09 19+02 289+1.6
BC-Sisal-polyAESO 41 +3 5604 314+£05 46+03 624+3.0

The flexural modulus and strength of the (hierarchical) composites also increased
when compared to neat polyAESO (see Table 32). When BC-sisal fibre preforms
were used as reinforcement to create hierarchical composites, improvements over
sisal-polyAESO of 142% and 116% were observed in the flexural modulus and
strength, respectively. As aforementioned, the improvement in the flexural moduli of
BC-sisal-AESO can be attributed to the inclusion of nano-sized BC, which is an
effective stiffening agent, into the polymer matrix. This can be attributed to (i)
enhanced mechanical performance of the BC-sisal preforms (see Table 31), (ii) rigid
structure of BC and (iii) formation of a 3-dimensional network of rigid nanocellulose

within the matrix.[2%?!

9.3.3 Thermo-mechanical behaviour of (hierarchical) composites
The viscoelastic properties of neat polyAESO and its (hierarchical) composites as a
function of temperature are shown in Figure 44. The storage moduli of the

(hierarchical) composites are markedly higher than that of neat polyAESO. These
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results corroborate the tensile and flexural properties. The storage moduli stayed
relatively constant in the glassy region until Ty, when they sharply decreased. As the
temperature is increased further, the storage moduli decreased to a constant value
independent of temperature as expected for a thermoset. The increment in the storage
moduli at -95°C of the (hierarchical) composites is summarised in Table 33. When
sisal preforms were used as reinforcement, only a 96% increase in the storage
modulus was observed. When BC-sisal preforms were used instead, a remarkable
244% increase in the storage modulus was observed when compared to neat
polyAESO. Improvements in the storage moduli of the (hierarchical) composites at

100°C were also observed (see Table 33).
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Figure 44: Visco-elastic behaviour of the (hierarchical) composites as a function of temperature.

(a) Neat polyAESO, (b) Sisal-polyAESO and (c) BC-Sisal-polyAESO.

Tan 6 = f(T) of neat polyAESO and the (hierarchical) composites as a function of
temperature is shown in Figure 45. Tan d is a measure of the damping properties of a
material. It is also determined by the quality of the fibre-matrix interface in

composites via the relationship:1**

[1_ tanéCJ
tano
b=———"- 9.2)
Vy
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where tan &, tan o, vrand b represent the tan 6 of the composite and neat polymer,

fibre volume fraction and the fibre-matrix interfacial strength indicator, respectively.
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Figure 45: Tan § as a function of temperature. (a) Neat polyAESO, (b) Sisal-polyAESO and (c)
BC-Sisal-polyAESO.

Table 33: Visco-elastic properties of polyAESO and its (hierarchical) composites. G’ and AG’
denote the storage modulus and improvements in storage modulus over neat polyAESO,
respectively.

G’ at AG’ at G’ at AG’ at
Sample

-95°C (GPa)  -95°C (%)  100°C (MPa) 100°C (%)
Neat polyAESO 0.52+0.01 - 43.4+0.3 -
Sisal-polyAESO 1.02 +£0.01 96 + 1 263.3+0.1 501 +3
BC-Sisal-polyAESO 1.79 + 0.01 244 + 6 580.4+0.6 1237+9

This equation implies that a large tan 6 amplitude indicates a weak fibre-matrix
interface whereas a small tan 6 amplitude indicates a stronger interface. It can be
seen from Figure 45 that BC-sisal-polyAESO had the lowest amplitude of tan 9,
which indicates that the sisal fibre-polyAESO interface was enhanced when BC was
used as binder for the sisal fibres. The fibre-matrix interfacial strength indicator, b, is
tabulated in Table 34. Larger b value was also observed for BC-sisal-polyAESO
compared to sisal-polyAESO. These can be explained by coating the sisal surface
with BC in the preforms. It has been shown that coating the surface of fibres with a
layer of BC does enhance the fibre-matrix interface in polylactide and cellulose

acetate butyrate composites.'"” **'! The surface energy of sisal fibres did increase
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when BC was used, as BC possesses high surface energy! **!

[240

I due to its highly
crystalline nature.**” Higher surface energy should result in better wetting by the
polymer. These two effects enhanced the fibre-matrix interaction in the hierarchical
composites compared to sisal-polyAESO. These results also corroborate with the
mechanical properties of the composites; BC-sisal-polyAESO had better tensile and

flexural properties compared to sisal-polyAESO.

Table 34: The mechanical glass transition temperature (mechanical T,), taken as the peak of
tan 6 and the quality of fibre-matrix interface (b) of the hierarchical composites.

Sample Mechanical T, (°C) b
Neat polyAESO 49 +2 -
Sisal-polyAESO 50+3 1.26 +£0.06
BC-Sisal-polyAESO 50 +2 1.54+£0.11

9.3.4 Thermal degradation behaviour of (hierarchical) composites
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Figure 46: TGA of sisal fibres, BC, neat polyAESO and its (hierarchical) composites.

The thermal degradation behaviour of neat polyAESO and its (hierarchical)
composites in N, atmosphere is shown in Figure 46, along with neat sisal and neat
BC. It can be seen that neat polyAESO showed single step thermal degradation
behaviour. Two-step degradation behaviour was observed for the (hierarchical)
composites. The single step degradation of neat polyAESO is due to the random
polymer chain scission occurring around 350-400°C.”*! On the other hand, the
observed lower onset degradation temperature of the (hierarchical) composites is due

to the presence of sisal fibres in the composites. The first step of degradation in the
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(hierarchical) composites is a result of degradation of the fibres occurring around
250°C,1**" followed by a second step of degradation, which is the random chain
scission of polyAESO around 350°C***! and thermal degradation of crystalline BC.
The residual weight of the (hierarchical) composites is approximately 10 wt.-%. This

can be explained by the carbonisation of the natural fibres and BC.

9.4 Conclusions

A novel sisal fibre preform was manufactured using BC as binder, moving away
from commonly used polymer binders. The BC-sisal fibre preforms possessed a
tensile strength of 13.1 kNm™, whereas the sisal fibre preforms possess no
measureable tensile strength. This implies that BC enhanced the mechanical
properties and the fibre-fibre stress transfer of the natural fibre preforms. polyAESO
reinforced with sisal fibre and BC-sisal fibre preforms was manufactured using
VARI. The use of BC-sisal preforms improved both the tensile and flexural
properties of BC-sisal-polyAESO when compared to sisal-polyAESO and neat
polyAESO. The tensile modulus and strength of BC-sisal-polyAESO improved by
75% and 71%, respectively over sisal-polyAESO and 1300% and 600%, respectively
over neat polyAESO. A similar trend was also observed for the flexural properties of
the (hierarchical) composites. The flexural modulus and strength of BC-sisal-
polyAESO improved by 142% and 116%, respectively over sisal-polyAESO and
2200% and 590%, respectively over neat polyAESO. DMTA confirmed the increase
in storage moduli of BC-sisal-polyAESO compared to neat polyAESO and sisal-
polyAESO. A decrease in the amplitude of tan 6 of BC-sisal-polyAESO compared to
sisal-polyAESO was also observed, indicating an enhanced fibre-matrix interface
when BC was used as binder. These new types of natural fibre preform reinforced
hierarchical composites offer promising alternative bio-based materials for the

industry.
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Chapter 10 — Bio-based macroporous polymer
nanocomposites made by mechanical frothing

of acrylated and epoxidised soybean oil

Summary

Mechanical frothing is one of the most commonly used methods to create gas-liquid
foams. Until recently, the polymerisation of mechanically frothed gas-liquid foams
was limited to quasi two-dimensional polymer structures, such as films. In this study
three-dimensional bio-based polymer foams was created by microwave curing of
gas-soybean oil foams created by mechanical frothing using peroxide as the radical
initiator. It was found that the introduction of air during the mechanical frothing was
necessary to create the three-dimensional polymer foams. The potential of using
bacterial cellulose nanofibrils (BC) simultaneously as stabilisers by obstructing the
flow of liquid from the lamella region for these gas-soybean oil foams and nano-
filler in the polymer foam is also demonstrated. It was found that the stability of the
gas-soybean oil foam templates and the mechanical properties of the polymer

nanocomposite foams are enhanced upon the addition of BC foams.

10.1 Introduction

Polymer foams, which represent a group of lightweight materials, were a £7.5 billion

industry in the year 2010 and are expected to reach £8.6 billion by the year 2015.12%%]

These very porous and low density foams makes them attractive materials for both
science and engineering applications.””® Generally, polymer foams can be classified

into rigid or flexible foams, open- or closed-cell foams. Open-cell foams can be used

286-288] [289

I whereas closed-cell
291]

as scaffolds for tissue engineering or catalyst supports

(2991 and thermal insulation.!

foams have found application in sandwich structures
Generally, the interconnected nature of open-cell foams provides better permeability
while closed-cell foams offer low or zero permeability, which results in better

insulating properties.'**?
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Polymer foams can be produced in various ways; by using chemical or physical

[293-295 296, 297]

] thermally induced phase separation (TIPS),!
298, 299]

blowing agents, sintering

of particles/microspheres!
285, 300

or polymerising the continuous phase of suitable

I A novel technique to produce foams has been reported by
EY

emulsion templates.
Murakami and Bismarc ] The authors utilised oligomeric tetrafluoroethylene
(OTFE) particles to stabilise air bubbles in monomers and UV-polymerised this
foam to produce macroporous closed cell polymers. A similar technique was also

(3021 A wet foam was produced by

used to produce macroporous ceramics.
mechanically frothing a suspension of hydrophobic alumina powder. The alumina
powder serves as foam stabilisers. After a drying step to remove the water followed

by sintering of the alumina, Gonzenbach et al %

were able to produce macroporous
ceramics with porosities up to 88%. However, the polymerisation of mechanical
frothed organic gas-monomer foams remain under studied. Marlin et al.B%! first
studied macroporous polymers produced from mechanically frothed air-urethane
foams. The authors mechanically frothed a mixture of isocyanate, polyols,
surfactants and catalyst with air, followed by thermal polymerisation of the
monomer to produce polymeric foams. However, the authors only managed to
produce two-dimensional (2D) polymer foams of 6 mm in thickness. Greer and
Wilkes™*"! mechanically frothed a highly viscous oligomer solution, polymerisation
was initiated using a 175 keV electron beam to produce 2D thin (0.5 mm thick)
polymer foams. They also used the same technique to produce polymeric foams from

surfactant stabilised low viscosity monomers. However, the use of a high-energy

electron beam reduces the commercial value of this technology.

In this study, a soybean oil-derived renewable monomer was mechanically frothed to
create foams. The foam was polymerised using microwave irradiation to produce
macroporous  three-dimensional (3D) polymers. Macroporous polymer
nanocomposites was also produced by dispersing bacterial cellulose nanofibrils (BC)
in the monomer phase. BC is produced by the Acetobacter species!™ and has the
advantage of being free of wax, lignin, pectin and hemicellulose. It is highly
crystalline in nature, with a degree of crystallinity of approximately 90%./"*" BC
inherently has nanometre dimensions (24 — 86 nm in diameter), and unlike plant-

based sources of cellulose, does not require nanofibrillation."'” Hsieh et al.l’
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predicted that BC possesses a Young’s modulus of 114 GPa. These properties make

1391 and

BC an attractive nanofiller to reinforce fine structures, such as fibres, foams
the matrix of composite materials..'"" ¥} Wu et al.®* used chemical blowing agent to
produce soybean oil-derived macroporous polymers but styrene and methyl
methacrylate were used as the solvents to dilute the soybean oil derived monomer
and surfactants were also used to stabilise the foam during polymerisation.

1.5%) pressurised CO, to 60 bar and used it as the physical blowing

Bonnaillie et a
agent to produce soybean oil-derived macroporous polymers. Our current study
focuses on a solvent- and surfactant-free process that operates at atmospheric
condition to produce polymer foams. By reinforcing soybean oil derived polymer
foams with BC, a new type of green macroporous polymer nanocomposites can be

manufactured via simple mechanical frothing of monomer.

10.2 Experimental

10.2.1 Materials

Epoxidised and acrylated soybean oil, AESO (Aldrich, density = 1.04 g cm>,
inhibited with 8500 ppm monomethyl ether hydroquinone), was purchased from
Sigma-Aldrich and used as the monomer in this study. Lauroyl peroxide, also known
as dodecanoyl peroxide (Alfa Aesar, purity > 97%), and ethanol (GPR, purity >
99.7%) were purchased from VWR International UK. Lauroyl peroxide was selected
as the thermal initiator for this study because of its low initiation temperature (10 h
half-life at 65°C). De-ionised water was used throughout this study and was obtained
by passing water through a reverse osmosis water filtration unit (Triple Red
Laboratory Technology, Bucks, UK). BC nanofibrils were extracted from
commercially available nata-de-coco (CHAOKOH coconut gel in syrup, Ampol
Food Processing Ltd, Nakorn Pathom, Thailand) following previously described

123,139, 1571 and used in its freeze-dried form in this work.

work!
10.2.2 Macroporous polymer nanocomposites preparation

Polymer foams of neat AESO (polyAESO 1) were prepared by polymerising the gas-
AESO liquid foams (AESO 1) using lauroyl peroxide as the radical initiator. Firstly,
1 wt.-% (2.5 mol.-%) of lauroyl peroxide (relative to the monomer phase) was mixed

with AESO and air was introduced into the monomer by using a hand mixer

165



operating at its maximum power output (100 W) for 5 min. The resulting gas-AESO
liquid foam (AESO 1) was shaped into cylindrical glass vials (25 mm in diameter
and 60 mm in height) using spatula and polymerised for 2 min using microwave
irradiation, operating at a frequency and power output of 2.45 GHz and 700 W,
respectively. After polymerisation of the gas-AESO foams, the samples were left to
cool to room temperature before washing them with ethanol to remove the unreacted
monomer, followed by de-ionised water. The polymeric foams were then dried at
40°C 1n an air oven overnight. Gas-AESO liquid foams with 0.5 wt.-% BC (AESO
2) and 1 wt.-% BC (AESO 3) were prepared by mixing BC and 1 wt.-% of lauroyl
peroxide (relative to AESO) followed by the introduction of air into the BC-
monomer dispersion using the hand mixer as previously described. The gas-AESO-
BC liquid foams (AESO 2 and 3) were then polymerised and washed following the
previously described methods. The macroporous polymer nanocomposites of AESO

2 and 3 are termed polyAESO 2 and polyAESO 3, respectively.

10.2.3 Characterisation of the gas-AESO liquid foams and macroporous
polymer nanocomposites

10.2.3.1 Stability indices of gas-AESO liquid foams

The stability indices of gas-AESO liquid foams were assessed by monitoring the
upward movement of the air-in-AESO boundary as a result of creaming at 20°C. The
movement of the air bubbles in AESO boundary was visually monitored every 24 h.
The stability index was calculated by taking the ratio between the creaming heights

at the time of assessment and the initial height of the gas-AESO liquid foams.

10.2.3.2 Structure and morphology of the macroporous polymer
nanocomposites

The internal structure and morphology of the macroporous polymers and
nanocomposites were characterised using variable pressure scanning electron
microscopy (SEM) (JSM 5610 LV, Jeol Ltd, Herts, UK) using an accelerating
voltage of 10 kV. The macroporous polymer nanocomposites were cut using a
scalpel into approximately 0.5 cm’ pieces and stuck onto aluminium SEM stubs
using carbon tabs. Prior to SEM, the samples were Au coated (K550 sputter coater,

Emitech Ltd, Ashford, Kent, UK) for 2 min at 20 mA.
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10.2.3.3 Density and porosity of the macroporous polymer nanocomposites

He pycnometry (AccuPyc 1330, Micromeritics Ltd, Dunstable, UK) was used to
measure the matrix (true) density of the polymer. Prior to this measurement, the
polymer foams were crushed into powder using pesto and mortar. The envelope
(foam) density of the cylindrical macroporous polymer was calculated by taking the
ratio between the mass and the volume of the macroporous polymer, which was
determined from the diameter and the height of the material. The porosities of the

macroporous polymer nanocomposites were calculated as follows:

P =[1—&Jx100% (10.1)
pﬂl

where P, p. and py, are the porosity of the macroporous polymer, envelope (foam)
density and matrix (true) density, respectively. A total of 5 specimens were

measured for each type of sample.

10.2.3.4 Thermal gravimetric analysis (TGA) of the macroporous polymer
nanocomposites

The degradation behaviour of the macroporous polymers and nanocomposites was
characterised using TGA (TGA Q500, TA Instruments, UK). A piece of a sample
with an approximate mass of 20 mg was heated from room temperature to 800°C at a

heating rate of 10°C min™ in nitrogen atmosphere.

10.2.3.5 Compression properties of the macroporous polymer nanocomposites

The macroporous polymer nanocomposites were tested in compression using an
Instron universal material testing machine (Instron 4505, Instron Corporation, MA,
USA) equipped with a 1 kN load cell. The test was conducted in accordance to BS
ISO 844: 2009. The cylindrical test specimens had the same diameter and height of
25 mm. Strain gauges (FLA-1-11, Techni Measure, Studley, UK) were glued onto
the middle portion of the test specimens using cyanoacrylate glue (EVERBUILD
Building Products Ltd, Leeds, UK). In order to avoid the flue filling the pores, only a

very thin layer of glue was applied on the strain gauges. The samples were
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compressed between two flat and parallel thick polished plates coated with Teflon.
Specimens were tested at a crosshead speed of 1 mm min™. A total of 5 specimens

were tested for each type of sample. The errors tabulated are standard deviations.

10.3 Results and discussion

10.3.1 Stability indices of the liquid foam

Figure 47: A photograph showing the gas-monomer liquid foam S min after mechanical
frothing. Left: AESO 1 (0 wt.-% BC), middle: AESO 2 (0.5 wt.-% BC) and right: AESO 3 (1
wt.-% BC).

The stability of gas-AESO liquid foam templates is very important for the resulting
polymer foams. The stability index of gas-AESO liquid foams was determined by
tracking the movement of the air-monomer interface due to creaming visually.
Photographs of the mechanically frothed gas-AESO and gas-AESO-BC liquid foams
are shown in Figure 47. The ability of the gas-AESO and gas-AESO-BC liquid
foams to flow under gravity is shown in Figure 48. It can be seen from Figure 48 that
AESO 1 flows easier than AESO 2 and 3. This is due to the viscosifying effect of
BC in AESO. BC is known as a thickening agent, stabiliser and texture modifier.”"”
The stability of the liquid foams as a function of time is shown in Figure 49. The
neat liquid AESO foams without BC (AESO 1) destabilised rapidly compared to the
liquid AESO foams containing 0.5 wt.-% and 1 wt.-% of BC (AESO 2 and 3). In
fact, AESO 2 and AESO 3 showed insignificant changes in terms of the liquid foam

height even 70 days after the foams were prepared. In contrast to AESO 2 and 3, the
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liquid foam height of AESO 1 reduced to half of its original height just 5 days after

preparation and was fully phase separated after 70 days.

AESO 1(a) AESO 1(b)

AESO 2(a) AESO 2(b)

AESO 3(a) AESO 3(b)

Figure 48: Images showing the capability of the gas-monomer liquid foam to flow. (a)
Photographs taken after immediately (0 min) and (b) photographs taken 1 min after the liquid
foam was tilted to this angle.

The stability of liquid foams is largely governed by the dynamics of the thin
interfacial films, which formed between air bubbles approaching each other. Two
main mechanisms are involved in liquid foam destabilisation; gravitational and
capillary drainage.’® The liquid foam will first undergo gravitational drainage,
whereby two adjacent bubbles approach each other, resulting in the reduction of
foam lamella thickness. The drained liquid will move to the edge of the planar foam
lamella, known as the Plateau border. A second mechanism known as capillary
drainage will become dominant when the pressure in the foam lamella is larger than

the pressure in the Plateau border. As the monomer drains from the foam lamella to
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the Plateau border, due to pressure differences, the air bubbles will approach each
other resulting in bubble coalescence.**”! The foam AESO 1, which does not contain
BC, exhibited rapid destabilisation due to the expected fast kinetics of gravitational
drainage, followed by capillary drainage, which ultimately resulted in the full phase
separation of the foam by 70 days. When the monomer phase contains BC (AESO 2
and AESO 3), the kinetics of destabilisation were significantly reduced. It has been
proposed that nano-particles in the liquid phase of foams will aggregate in the
Plateau border, obstructing the flow of the liquid from the lamella.*'” Ultimately,

this liquid flow obstruction hinders the coalescence of bubbles in foams.
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Figure 49: The stability index of the mechanically frothed gas-monomer liquid foams. AESO 1:
0 wt.-% BC, AESO 2: 0.5 wt.-% BC and AESO 3: 1 wt.-% BC.

10.3.2 Structure and morphology of the macroporous polymer nanocomposites

SEM images showing the internal structure and morphology of the polymerised
AESO macroporous polymers (polyAESO) are shown in Figure 50. It can be seen
from the SEM images that the pores are randomly oriented with pore shapes that are
spherical, semi-ellipsoidal or highly irregular, both from the top and side views of
the materials. Pore throats can be seen in the pores, indicating that the pores are
interconnected. However, the pore size is highly non-uniform throughout the
samples as seen in Figure 50. The pores in the macroporous polymer are formed by
the polymerisation of the liquid monomer foam templates produced by mechanical

frothing, with some contribution from the additional CO, released by the thermal
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decomposition of the initiators (one mole of initiator produces two moles of CO,).
With increasing BC loading, the monomer phase became more viscous (Figure 48)
and the expansion of the bubbles in the gas-monomer liquid foams could not reach
its equilibrium state within the time frame of the polymerisation of AESO. This
quasi-equilibrium state of the bubbles results in the randomly orientated ellipsoidal
pores (polyAESO 1 and 2). Increasing the BC concentration to 1 wt.-% (polyAESO
3) increases the viscosity of the continuous phase even further and results in polymer

foam structures with very irregular and ill-defined pores.

Top View Side View

18kU

18kU HES L rmm 42 38 SEI 18kl IKESZ L
\ \ - S :
Figure 50: SEM images of the polyAESO. (a) and (b) are polyAESO 1 (0 wt.-% BC), (c¢) and (d)

are polyAESO 2 (0.5 wt.-% BC), (e) and (f) are polyAESO 3 (1 wt.-% BC).
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Figure 51: A comparison between non-mechanically frothed and air templated polyAESO. The
photograph on the left shows polyAESO that was not mechanically frothed prior to its
polymerisation and the image on the right shows the air templated polyAESO 1 (0 wt.-% BC).

10.3.3 Porosity of the macroporous polymer nanocomposites

Porosity is one of the important factors that govern the physical properties of
macroporous polymers. Both the measured envelope and matrix densities along with
the calculated porosity of the macroporous polymer and its nanocomposites are
tabulated in Table 35. It can be seen that the envelope density increased from 0.44 g
cm™ to 0.58 g cm™ and the porosity of the polyAESO decreases from 59% to 45%
with increasing BC content. The introduction of BC into the monomer phase resulted
in difficulties to mechanically froth the liquid at constant input of frothing energy.
Even though the thermal degradation of the initiator could potentially contribute to
the porosity (approximately 130 cm® of CO, produced per 100 mL of AESO used),
the images shown in Figure 51 show otherwise. Polymerising AESO containing 1
wt.-% of initiator could potentially result in a theoretical porosity of 56%. However,
the microwave irradiation also increased the temperature of the monomer to
approximately 150°CT. At this temperature, the viscosity of the monomer phase is
low enough for the CO, produced to rise to the air-monomer interface and escape
from the monomer phase before it gels and cured. Therefore, non-frothed AESO did
not polymerise into porous polymers (see Figure 51). By frothing the monomer

phase, air bubbles are introduced. It is hypothesised that the CO, produced can

" This temperature was obtained by measuring the temperature of the microwave-
irradiated monomer without thermal initiator immediately after irradiation.
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escape from the monomer phase to the air-monomer interface at the top of the
cylindrical vessel or into the air bubbles formed during mechanical frothing. The
latter resulted in the expansion of the air bubbles during the polymerisation of the
monomer. This might also explain why ellipsoidal pores are observed in polyAESO.

The ellipsoidal pores could also be a result of buoyancy induced creaming.

Table 35: The envelope density, matrix density and porosity of the macroporous polymers. p.,

Pm and P correspond to the envelope density, matrix density and porosity of the macroporous
polymers, respectively. The errors tabulated are the standard errors.

Sample Pe (g cm'3) Pm (g cm'3) P (%)
polyAESO 1 (0 wt.-% BC) 0.44 £0.01 1.07 £0.01 59+1
polyAESO 2 (0.5 wt.-% BC) 0.49 £0.01 1.08 £ 0.01 54+ 1
polyAESO 3 (1 wt.-% BC) 0.58 £0.01 1.08 £0.01 45+ 1
10.3.4 TGA of the macroporous polymer nanocomposites
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Figure 52: The thermal degradation behaviour of the macroporous polymer nanocomposites.
The thermal degradation behaviour of the macroporous polymer and its
nanocomposites is shown in Figure 52. It can be seen that all the samples undergo
single step degradation in nitrogen atmosphere. Random polymer chain scission

2831 The introduction of BC into the

occurred during the degradation of polyAESO.!
sample did not alter the degradation behaviour of polyAESO. This might be due to
the low BC content in the sample. The onset degradation temperature determined

from TGA analysis of the foams was found to be 380°C for all samples. In addition
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to this, the residual carbon content for polyAESO 1 was found to be 0.98 wt.-% and
approximately 2 wt.-% for both polyAESO 2 and 3. The increase in the residual
carbon content of polyAESO 2 and 3 compared to polyAESO 1 can be explained by

the carbonisation of BC in the nanocomposites.

10.3.5 Compression properties of the macroporous polymer nanocomposites

The mechanical properties of the macroporous polymer nanocomposites determine
their potential applications. The compressive modulus and strength, along with the
specific compressive modulus and strength (absolute compressive properties divided
by the envelope density of the material) of the macroporous polymer and its
nanocomposites are summarised in Table 36 and characteristic load-displacement
curves of the linear elastic region are shown in Figure 53. It should be noted that the
polyAESO with different BC loadings possess different porosities and, therefore,
this study compares only the specific compressive properties of the polyAESO. By
adding 0.5 wt.-% of BC (polyAESO 2), the specific modulus increased from 253
MPa kg m® to 339 MPa kg™ m’. Even at such low nano-filler loading fraction, a
35% increase in the specific compression modulus was observed. This increase in
stiffness of the foam can be attributed to the stiffness of BC, which has been
estimated to possess a Young’s modulus of 114 GPa.l However, when the nano-
filler content was increased to 1 wt.-% BC (polyAESO 3), the specific modulus
decreased by 60% to 90.2 MPa kg m® when compared to polyAESO 1. This
decrease in the compressive modulus of polyAESO 3 is thought to be due the ill-
defined pore structure due to the inclusion of BC into the macroporous polymer (see
Figure 50). The specific compressive strength of the polyAESO showed a different
trend compared to the compressive modulus. It was observed that the compressive
strength of the polyAESO decreased with increasing BC content (Table 36). The
compressive strength of the polymer nanocomposite foams decreased by as much as
60% from 777 kPa kg™ m’ to 315 kPa kg™ m’ when the BC content was increased to
1 wt.-%. It is proposed that the poor specific strength of the nanocomposites is due to
the poor compatibility and hence, poor stress transfer between BC and the

polymerised AESO.
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Figure 53: Characteristic load-displacement curves of the macroporous polymers. (a)
polyAESO 1 (0 wt.-% BC), (b) polyAESO 2 (0.5 wt.-% BC) and (c) polyAESO 3 (1 wt.-% BC).

Table 36: Mechanical properties of the macroporous polymer. Ec, oc, E¢’ and oc¢’ denote
compression modulus, compression strength, specific compression modulus and specific
compression strength, respectively. The errors tabulated are the standard errors.

E’ o.’

Sample E. (MPa) o. (kPa)
(MPakg'm’)  (kPakg!'m?)

polyAESO 1

111 +11 343 + 34 253 £25 779 + 79
(0 wt.-% BC)
polyAESO 2

166 + 33 254+ 19 338 £ 68 519+ 39
(0.5 wt.-% BC)
polyAESO 3

52+9 183 £ 26 90+ 15 315+46

(1 wt.-% BC)

The presence of unreacted AESO in the macroporous polymers could also affect the

B 1t can be

mechanical properties by the plasticising action of the monomer.
postulated that any unreacted monomer present only at the pore walls, where the
monomer is exposed to oxygen during the polymerisation process. The oxygen-
exposed surface will remain “tacky” as oxygen inhibits the surface
polymerisation.’'?) However, the macroporous polymers were washed with ethanol
to remove any unreacted monomer prior to mechanical testing. In addition to this,

the mechanical properties of porous materials are governed predominantly by

cellular morphology and the properties of the base polymer.[m] Therefore, any
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remaining unreacted AESO will not affect the mechanical properties measured in

this study.

10.4 Conclusions

Studies on the mechanical frothing of liquid monomers to produce non-aqueous
foam templates followed by their polymerisation to produce polymeric foams had
been conducted in the 1970s. However, this technique was limited to the production
of 2D foams, which might be due to the instability of the air-monomer foam. In this
study however, macroporous polymers was produced through microwave heating of
mechanically frothed gas-AESO liquid foams containing lauroyl peroxide as thermal
initiator due to the high viscosity of the monomer phase and the obstruction of the
flow into the Plateau border by BC. Through this route, 3D macroporous polymers
can be produced. The resulting bio-based macroporous polymers possessed a
porosity of approximately 60% but it was found that the stability of the gas-AESO
liquid foam template was poor. This liquid foam destabilises within 7 days of
preparation at room temperature. In order to enhance the stability of the gas-AESO
liquid foams and the mechanical properties of the macroporous polymers, BC was
added as a nano-filler to produce macroporous polymer nanocomposites. With the
introduction of BC, the stability of the liquid AESO foams was significantly
enhanced. No phase separation (e.g. creaming) was observed 70 days after the
preparation of the liquid foams. This was thought to be due to the obstruction of the
Plateau border in the presence of BC during capillary drainage of the monomer
liquid foams. The incorporation of 0.5 wt.-% BC into the polymeric foams resulted
in a significant increase of the specific compression modulus when compared to the
neat polymer foams. This was attributed to the reinforcing effect of the highly
crystalline and stiff BC. However, a further increase of BC to 1 wt.-% resulted in a
decrease of the specific compression modulus when compared to the neat polymeric
foams. This is thought to be due to the ill-defined cell structure of the macroporous
polymer nanocomposites at 1 wt.-% BC loading. It was hypothesised that the poor
compatibility between BC and polymerised AESO has resulted in the decrease of the
compressive strength of the polyAESO with increasing BC content.

176



Chapter 11 — Conclusions and suggestions for

future work

11.1 Summary of findings

Truly green (nano)composites are anticipated to be the next major step forward in
the area of renewable composite materials for non-critical structural applications.
The main aim of this work was to produce truly green, natural fibre-reinforced,
nanocellulose renewable polymer composites and to demonstrate the scale of the
resulting performance improvements. Numerous challenges have been addressed
throughout the course of this work and novel composites manufacturing method
have also been explored to produce renewable hierarchical composites. The

achievements and findings of this work are summarised as follows:

11.1.1 Surface-only modification of bacterial cellulose (BC)

BC nanofibres were successfully modified only on their surface using an
esterification reaction with organic acids of different chain length, i.e.: acetic acid,
hexanoic acid or dodecanoic acid. This modification did successfully render the
hydrophilic surfaces of BC nanofibres hydrophobic. It was found that the degree of
hydrophobicity of BC can be tailored by the carbon chain length of the organic acids
used to modify BC. The crystallinity of acetic acid modified BC reduced compared
to neat BC but no reduction in the crystallinity of C¢- andC,,-BC was observed. A
method based on hydrogen/deuterium exchange was developed in this work to
evaluate the availability of surface hydroxyl groups of neat and modified BC. It was
found that neat BC possesses hydroxyl group availability of 1.24 (out of a maximum
of 3). With surface modifications of BC, the degree of surface hydroxyl group
substitution decreased with increasing carbon chain length of the organic acids used.
The thermal behaviour of neat and organic acid modified BC sheets decreased with
increasing carbon chain length of the organic acids used. This is evidence of low
packing efficiency, arising from the grafted hydrocarbon chains and, therefore, the

reduced overall interaction between the nanofibres.
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11.1.2 BC reinforced polylactide (PLLA) nanocomposites with improved
mechanical properties

The previously described surface-modified BC was used as nano-reinforcement for
PLLA. A direct wetting method, allowing the determination of the contact angle of
polymer droplets on a single BC nanofibre, was developed to quantify the interfacial
adhesion between PLLA and functionalised BC. It was found that the contact angle
between PLLA droplets and functionalised BC decreased with increasing chain
lengths of the organic acids used to hydrophobise BC. A novel method to compound
BC with PLLA based on thermally induced phase separation (TIPS) to yield a dry
form of pre-extrusion composite was also developed. The incorporation of organic
acid functionalised BC into PLLA led to an improvement in both tensile modulus
and tensile strength of the Cs-BC and C;,-BC reinforced nanocomposites by as much
as 50% and 15%, respectively. However, the PLLA nanocomposites reinforced by
C,-BC seemed to undergo acid catalysed hydrolysis during extrusion and this led to
a decrease in the molecular weight of the PLLA, which in turn affected the
mechanical properties of the resulting material. The nanocomposites also exhibit
higher storage moduli compared to neat PLLA. This is evidence of improved
interfacial adhesion between the polymer matrix and the functionalised BC. This
result was also confirmed by direct wetting measurement of cellulose nanofibrils by

PLLA droplets.

A novel, entirely renewable copolymer of PLLA (RP1) was explored as a
compatibiliser, to produce nanocomposites of PLLA reinforced with BC, showing
improved mechanical properties. The renewable copolymer is prepared by the
random ring opening copolymerisation of a carbohydrate lactone (acetic acid 5-
acetoxy-6-oxo-tetrahydro-pyran-2-yl methyl ester) with L-lactide (LLA). Direct
wetting measurements showed that RP1 had a higher affinity for BC than PLLA. A
polymer blend, containing 5 wt.-% RP1 in PLLA, also showed an improved affinity
for BC compared to PLLA. The preparation of nanocomposites using either PLLA or
RP1 as the matrix and 5 wt.-% BC as the reinforcement, resulted in the Young’s
modulus being improved by 12% and 16%, respectively, when compared to the
either of the polymers alone. This is attributed to the presence of stiff BC nanofibrils
in the matrix. Unfortunately, the tensile strength of the PLLA-BC nanocomposite
decreased by 8% vs. PLLA, due to poor compatibility between the matrix and
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reinforcement. However, the tensile strength of RP1-BC, improved by 46%
compared to neat RP1, due to the improved compatibility. The preparation of BC
reinforced PLLA nanocomposites using RP1 as the compatibiliser, at just 5 wt-%
loading, resulted in a improvement of 15% in the Young’s modulus and 7% in the
tensile strength compared to the PLLA composite. The renewable copolymer enables
enhanced fibre-matrix stress transfer leading to better composite performance. The
application of the novel renewable copolymer as a compatibiliser enables
preparation of 100% renewable nanocellulose composites, showing improved

properties without the need for any chemical modification of cellulose nanofibres.

11.1.3 The reinforcing ability of nanofibrillated cellulose (NFC) and BC for
polymers

Chapter 6 compared NFC and BC. Scanning electron microscopy revealed that both
types of nanocellulose possessed a fibrous structure of approximately 50 nm in
diameter and several micrometre in length. BC had significantly higher degree of
crystallinity (as measured by XRD) of 72% compared to NFC of 41%. The critical
surface tension (y.)of NFC and BC was determined from the normalised wetting
rates as determined by wicking rate measurements. It was found that BC possesses a
ve of 57 mN m™'. NFC, on the other hand, possesses lower y. of 41 mN m™'. Both the
NFC and BC papers were found to possess similar tensile properties; a Young’s
modulus of ~12 GPa and tensile strength of ~110 MPa. Nanocomposites were
manufactured by infusing the nanocellulose paper with an epoxy resin using vacuum
assisted resin infusion. When used as reinforcement in paper form for an epoxy
matrix, the nanocomposites were found to possess a high stiffness and strength of
approximately ~8 GPa and ~100 MPa, respectively, at an equivalent fibre volume
fraction of 60 vol.-%. However, no significant difference was observed between the
reinforcing ability of NFC and BC in terms of the stiffness of the nanocomposites.
The nanocomposites reinforced with BC papers, however, showed slightly higher
tensile strength and strain-to-failure compared to NFC papers by approximately 6%.
Nonetheless, the difference between the tensile strength of the nanocomposites
reinforced by NFC and BC is not very significant. This work shows that both NFC
and BC will serve as excellent reinforcing material for the production of

nanocomposites.
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11.1.4 Heterogeneous chemical modification of freeze-dried or never-dried BC

The susceptibility of (i) never-dried and (ii) freeze-dried BC with towards organic
acid esterification was reported in chapter 7. It was observed that BC freeze-dried
from water is more susceptible towards organic acid esterification than never-dried
BC. It was found that freeze-dried BC underwent significant bulk modification with
degree of substitution of 1.87 compared to never-dried BC of only 0.36. The
crystallinity of the freeze-dried BC decreased to only 53% (from the original of
90%) after the modification whilst the crystallinity of never-dried BC did not change
significantly after the modification. A few hypotheses were proposed to explain the
observed behaviour and further investigated to elucidate this observation; the effect
of residual water in cellulose, the accessibility of hydroxyl groups and the crystal
structure of never-dried and freeze-dried BC on the susceptibility of cellulose fibrils
to the esterification, respectively. However, the investigation of these hypotheses
raised more questions and the main question still remains; why do BC nanofibres

behave differently when modifying freeze-dried BC or never-dried BC?

11.1.5 Fabrication of hierarchical (nano)composites with improved mechanical
properties

Randomly oriented BC coated short sisal fibre reinforced PLLA hierarchical
composites were discussed in chapter 8. A novel method based on slurry dipping to
coat sisal fibres with nano-sized BC was developed as an alternative method to
modify the surface of natural fibres. This method was extended to produce either a
dense BC coating layer on the surface of sisal fibres or BC coated “hairy sisal
fibres”, in which the BC is oriented perpendicular to the surface of the fibres. The
use of BC coated sisal fibres in PLLA matrix showed an improvement in tensile
modulus of nearly 40% but their tensile strengths decreased by as much as 10%. Not
only was the fibre-matrix interface enhanced through the presence of the BC coating
on sisal fibres, but also the fracture mechanism of the composites was modified; the
fracture mechanism switched from a high fracture energy (T-fibre fracture) to a low
fracture energy (L-fibre fracture) mechanism and hence resulted in decrease of the
tensile strength of PLLA reinforced with BC coated fibres. When the BC coated
fibre reinforced composites were further reinforced with BC by dispersing BC in the
matrix, the tensile modulus and strength improved even more when compared to neat

PLLA by as much as 72% and 11%, respectively. This is attributed to the enhanced
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fibre-matrix interface and stiffening of PLLA due to the incorporation of BC into the
matrix. The flexural modulus of the hierarchical composites improved by as much as
67% and their flexural strength increased by 23% when compared to neat PLLA.
DMA confirmed the increased storage moduli when compared to neat PLLA and
also suggests an enhanced fibre-matrix interface (a reduction in the height of tan o).
These new types of short fibre composites offer a promising alternative to the
industry as no chemical modifications or plasma treatments are required to produce

biodegradable composites with improved properties.

11.1.6 Manufacturing of natural fibre performs using BC as binder

A novel non-woven sisal fibre preform was manufactured using a papermaking
process utilising BC as binder. The BC-sisal fibre preforms possessed a tensile
strength of 13.1 kN m™', whereas the sisal fibre preforms possess no measureable
tensile strength. This implies that BC enhanced the mechanical properties and the
fibre-fibre stress transfer of the natural fibre preforms. poly(acrylated epoxidised
soybean oil) (AESO) reinforced with sisal fibre and BC-sisal fibre preforms was
manufactured using vacuum assisted resin infusion. Both the tensile and flexural
properties of the hierarchical composites showed significant improvements over
polyAESO and neat sisal fibre preform reinforced polyAESO. These results were
corroborated by the thermo-mechanical behaviour of the (hierarchical) composites,
which showed increased storage moduli and enhanced fibre-matrix stress transfer.
By using BC as binder for short sisal fibres, added benefits such as the high Young’s
modulus of BC, enhanced fibre-fibre and fibre-matrix stress transfer can be utilised

in the resulting hierarchical composites.

11.1.7 BC as nano-filler and stabiliser for the manufacturing of macroporous
polymers

Macroporous polymers were successfully produced through microwave heating of
mechanically frothed gas-acrylated epoxidised soybean oil (AESO) liquid foams
containing lauroyl peroxide as thermal initiator due to the high viscosity of the
monomer phase and the obstruction of the flow into the Plateau border by BC. The
resulting renewable macroporous polymers possessed a porosity of approximately

60% but it was found that the stability of the gas-AESO liquid foam template was
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poor. This liquid foam destabilises within 7 days of preparation at room temperature.
In order to enhance the stability of the gas-AESO liquid foams and the mechanical
properties of the macroporous polymers, BC was added as a nano-filler to produce
macroporous polymer nanocomposites. With the introduction of BC, the stability of
the liquid AESO foams was significantly enhanced. No phase separation (e.g.
creaming) was observed even 70 days after the preparation of the liquid foams. The
incorporation of 0.5 wt.-% BC into the polymeric foams resulted in a significant
increase of the specific compression modulus when compared to the neat polymer
foams. This was attributed to the reinforcing effect of the highly crystalline and stiff
BC.

11.2 Future work
The work discussed in this thesis opens new approaches to the engineering of novel

green materials. Further developments of the discussed research work are as follows:

11.2.1 Optimising the carbohydrate content of the compatibiliser

The carbohydrate content used in the copolymer of PLLA was approximately 7 mol.-
%. It can be anticipated that there should exist an optimum concentration whereby
the carbohydrate content should result in good affinity towards BC (and hence
significantly improved BC fibre-matrix interface) and the compatibiliser still
possessed significant tensile properties of its own. By optimising this balance
between BC affinity and mechanical properties of the compatibiliser, the tensile
properties of the resulting nanocomposites should be able to be improved even

further than what was reported in this thesis.

Another interesting direction of research utilising this compatibiliser would be its
effect on the impact and heat deflection temperature of PLLA. The brittleness and
low heat deflection temperature (~60°C) of PLLA has limited its wide spread usage
in the industry. The use of this compatibiliser for the production of BC reinforced
PLLA nanocomposites could improve the impact resistance and increase the heat

deflection temperature of PLLA nanocomposites.
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11.2.2 Unidirectional hierarchical (nano)composites manufacturing

The coating of BC onto the surface of sisal fibres is believed to be due to the
absorption of water as a result of hydrophilic nature of the fibres. This drags along
the BC in the dispersion and collapsed on the surface of the fibres. This approach
can be extended to coat continuous regenerated cellulose fibres to produce
unidirectional BC coated regenerated cellulosic fibre reinforced polymer
nanocomposites. Regenerated cellulose fibres are hydrophilic in nature and the
postulated coating mechanism should work with these fibres. Regenerated cellulose
is of interested as it offers numerous advantages over natural fibres, such as minimal

batch-to-batch variability in terms of the fibres properties.

The continuous production of unidirectional regenerated cellulose fibre reinforced
composites can be achieved by dispersing a polymer powder and BC in a bath of
water to create a suspension. The fibres are passed through the bath in a continuous
fashion to pick up the BC and polymer powder in the bath. Prior to the consolidation
into a pre-preg, the impregnated fibres can be dried in an oven to remove the water
and further melt the polymer. Composite structures can be produced by laying up
these laminates in various directions (i.e. £90° or + 45°) and followed by

consolidation.

11.2.3 Further demonstration of value above the current state-of-the-art of the
fibre preforms manufacturing technique

It has been demonstrated in this work that BC is an efficient binder for the
manufacturing of sisal fibre preforms. The potential of BC as binder can be
expanded to various types of fibres. These fibres could include high
strength/stiffness natural fibres such as flax or hemp fibres, loose regenerated
cellulose fibres and even possibly recycled paper. Apart from this, composite parts
with curved surfaces are crucial for many structural designs and applications.
Research efforts should also be directed towards identifying methodology of
manufacturing fibre preforms with double curvature surfaces to increase the value of

this fibre preforms manufacturing technique.

It can also be anticipated that the discussed fibre preform manufacturing technique

can be adapted to produce fibre reinforced thermoplastic pre-pregs in-situ during the
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production of the fibre-preforms. This could be achieved by dispersing BC and a
thermoplastic polymer powder along with the fibre of interest in the same
suspension, which is then subsequently vacuum-filtered and dried. This method of
producing long fibre-reinforced thermoplastic is of interest because conventional
extrusion-injection moulding cannot process very long fibres, without breaking the

fibres.
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Appendix A

The derivation of equation (3.1)

Average atomic mass of carbon = 12.0107 g mol™
Average atomic mass of hydrogen = 1.0079 g mol™

Average atomic mass of oxygen = 15.9994 g mol™

Average molecular mass of the molecule C¢H0Os = 162.140 g mol! = 162140 mg

mol™!

m.
les of C,H, 0, = —
moles of CoHOs =765 140 (AD)

[OH] x m,
162140 (A2)

= moles of accessible OH =

The number of moles of accessible OH groups is equal to the number of moles of
OD groups. Therefore,
[OH] x m,

= moles of accessible OD =
162140 (A3)

The number of deuterium atoms exchanged with the hydrogen atoms on the cellulose
sample is

[OH] x m,
— X

162140

where A4 is the Avogadro’s number.

(A4)

= number of D atoms =

This number of D atoms exchanged with hydrogen can be measured and back
calculated from DVS measurements through the following equation:

m'_mi Am

= number of D atoms =

m, m, (AS)
Equating (S4) and (S5), equation (3.1) can be obtained:
Am _ [OH] x m, y
m, 162140 (3.1)
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Appendix B

NMR spectra of RP1

T T T T T T T T T
55 5.0 4.5 4.0 35 30 25 20 15 10
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Figure B1: '"H NMR spectrum of RP1 in CDCls.

198



