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ABSTRACT

Starch is a promising biodegradable polymer material which has attracted attention recently. A
renewable and biodegradable resource can potentially address the shortage of conventional
petroleum-based polymers and help solve the problem of environmental pollution from the use
of these polymers. To use starch in polymer processing, gelatinisation, which is the process to
disrupt the native starch structure, must happen to turn the starch in to an amorphous
thermoplastic starch (TPS). However, water, the conventional gelatinisation agent and
plasticiser, is extremely volatile and will evaporate during thermal processing. This leads to
high melt viscosities, processing difficulties and hence poor product quality. In addition the
mechanical properties of the resulting TPS products are not as high as that of the currently used

petroleum-based polymers that they seek to replace.

Therefore, potential solutions for TPS processing and application development is to use other
plasticisers to aid processing and/or to reinforce TPS with nano-particles. One of the key tasks
of this project was to understand the plasticizing effects of ionic liquids (ILs) in TPS processing
and interpreting these in terms of the molecular interactions between the components. In
addition the role of adding nano-particles, in the form of carbon nanotubes, in an attempt to
strengthen TPS was investigated. The ultimate aim was to provide design guidelines to produce

high value added biodegradable nanocomposites.

Three types of ionic liquids (ILs) were considered: 1-ethyl-3-methylimidazolium acetate
([Emim][OAc]), 1-allyl-3-methylimidazolium chloride ([Amim]CI) and 1-butyl-3-
methylimidazolium chloride ([Bmim]Cl). They were processed in batches of 150g by thermal
mixing. Their behaviours were compared to glycerol as plasticisers of TPS, and their effects
on TPS processing, water uptake during conditioning, mechanical properties, thermal
stabilities, crystallisation behaviour and molecular interaction were studied. Both spectroscopic
and X-ray analysis techniques were used to investigate the interactions that occurred, and these
were related to the material characteristics. Then, multi-walled carbon nanotubes (MWCNTS)
were introduced to the TPS matrix to investigate their behaviour as a strengthening agent and

also to potentially create a functional material with useful electrical properties.

The results demonstrated that the ILs were effective plasticisers for TPS. However, whilst their
use improved the flexibility of TPS, mechanical strength and thermal stability were decreased.
The molecular interactions between TPS and ILs were found to differ between TPS and

glycerol. This led to differences in the crystalline structures formed, 2% to 4% more water
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uptake during conditioning and hence up to a 90% decrease in Young’s modulus. In particular
the effect of water uptake during conditioning was identified as the key contributor to the
ultimate mechanical properties. The IL plasticised TPS were also found to be less thermally

stable.

In order to improve these poorer mechanical properties, the introduction of MWCNTSs was
investigated. Whilst it was possible to introduce MWCNTSs to the TPS matrix, the loading
achieved was not sufficient to make a significant effect on the material and electrical properties.
Experiment results have shown that the CNTs did however have an effect on the crystallisation

behaviour, resulting in a reduction of the differences observed between different ILs.

Overall, this fundamental study on starch/ILs/carbon nanotubes composites has provided a
better understanding of the interaction mechanisms and their impacts on material properties.
This knowledge can be a guide and applied to further optimizing studies of starch/ILs/carbon

nanotubes composites and eventually industrial applications in the future.
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1 INTRODUCTION
1.1 Project Background

Starch is widely known as a biodegradable polymer material which has the potential to be used
in place of conventional plastics. Though petrochemical-based polymers have brought us great
convenience in last over 100 years, the resulting non-biodegradable plastic waste has a
profoundly adverse effect on the environment. For example, marine ecosystems are severely
threatened by the pollution of non-biodegradable plastic waste (Jambeck et al., 2015, Chris et
al., 2015). Furthermore, with an increasing shortage of petroleum, conventional plastics will
become scarce as well. It is, thus, an urgent undertaking to develop plastics from renewable
sources. Starch polymers are an advantageous alternative as they are low cost with
biodegradable properties. Contained in an array of staple foods, starch is a renewable resource,
and can hence be regarded as “green”: renewable, recyclable, and biodegradable. However, the
characteristics of starch-based polymers, particularly the mechanical properties and thermal
stability, are not as suitable as their petrochemical-based counterparts in many applications. In
order to enhance the starch properties, composites have been explored. In particular, the use of
nano-materials such as nanoclays have been demonstrated to be effective (Sadegh-Hassani and
Mohammadi Nafchi, 2014). Therefore, developing nano-composites has the potential to
expand the application of these green materials and make them promising alternatives to

conventional plastics.

Starch processing raises issues that are not present in conventional plastics due to the biological
multi-scale structure of starch granules. Starch granules are complicated structures consisting
of both amorphous regions and crystalline regions. Both of these regions contain amylose and
amylopectin, which have linear and branched microstructures respectively, and so the
processing characteristics will vary as the ratios between amylose and amylopectin changes,
since molecular interactions and steric effects have an influence on their properties. The
consequence of these interactions are difficulties in processing, as the processing temperature

for raw starch is higher than the material degradation temperature.

Gelatinisation is one of the most fundamental factors in starch processing. It is a process that
involves disordering the natural crystalline structure of starch granules, and turning them into
an amorphous-state polymer known as thermoplastic starch (TPS). To enable such a process,

plasticisers which can lower the processing temperature and affect the final material properties
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need to be added in as gelatinisation agents, which disrupt the starch granules. However, the
most common plasticiser used, water, gives rise to problems due to its volatility, which results
in unstable processing and inhomogeneous outcomes. So a better gelatinisation agent, which
can also act as a plasticiser, is needed. Glycerol has been used as it does not readily evaporate
during starch processing. Its use, however, gives rise to some other problems such as an
increase in the gelatinisation temperature compared to water, and hence the potential for low
processing efficiency. Therefore, there is a need to find alternative gelatinisation agents which
are also non-volatile and effective plasticisers. Recently there has been an interest in the use of
lonic Liquids (ILs) for this purpose. For example, 1-ethyl-3-methylimidazolium acetate
([Emim][OACc]) has been suggested because of its strong interaction potential and non-toxic

nature (Mateyawa et al., 2013).

A review has shown that TPS generally has a tensile strength of less than 22 MPa which has
limited its applications (Zhang et al., 2014). Generally, the Young’s modulus of starch is lower
than 50% of the value of PP (polypropylene) or PS (polystyrene). Hence, exploring means of
improving mechanical properties is considered significant to the increased application of TPS.

Nano-materials such as phyllosilicates, polysaccharide nanofillers and carbonaceous
nanofillers have been investigated as TPS strengthening materials previously (Xie et al., 2013).
These generally show improvement in some of their properties such as mechanical properties,
thermal stability and moisture resistance. For example, it has been found that by using
MWCNTSs, the T4 of TPS formed from pea starch increased from 16.5 to 25.3°C, ultimate
tensile strength increased from 2.85 MPa to 4.73 MPa, Young’s modulus increased from 20.7
MPa to 39.2 MPa and moisture uptake decreased from 65% to 56% at 98% relative humidity
(Cao et al., 2007). Carbon nanotubes (CNTs) have the potential to be very effective as a
strengthening material due to their high physical properties and unique microstructures
(Hussain et al., 2006, Xie et al., 2013).

In addition, the highly conductive nature of CNTs and metallic to semiconductor electrical
conductivity of ILs might together enhance the electrical conductivity of TPS/IL/CNT
composite materials. Such a characteristic might enable the TPS/ILS/CNTs nano-composites
to be a cheap, biodegradable and conductive or semi-conductive material that can be used in
sensors, for example. Thus, the creation of a nano-composite material can broaden the use of

TPS from an engineering material to functional material.
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1.2 Thesis Outline

The overall objective of this project is to give a clear understanding of starch-based
nanocomposite processing and enable development of novel high performance green polymers
which could be applied in high value added fields like aerospace, engineering structure

material, sports equipment, etc.

The key aim of this study is to understand the material processing and characterisation of TPS
systems plasticised with ILs, both with and without using CNTSs as strengthening agents. In
particular the thesis focuses on the molecular interactions between different components and
thus their effects on material characteristics such as crystallinity, thermal stability and

mechanical properties.

In this project, the basic interaction between TPS and ILs was initially investigated. Regular
maize starch (RMS) was used because this generally has approximately 26-28% amylose
content which makes it easier to process compared to higher amylose content starches (Li et
al., 2011). Then in the following study, CNTs were introduced into the matrix. Subsequently,
these results will provide a framework that can be applied to other maize starches with different

amylose content.

The properties of the starch during and after processing have been investigated by a wide
variety of techniques. Tensile testing has been applied to obtain Young’s modulus, tensile
strength and elongation at break. X-Ray Diffraction (XRD) as well as transmission electron
microscopy (TEM) have been utilised to study the crystal structure and morphology of starch
and the dispersion of CNTs in the matrix. Fourier-transformed Infrared (FTIR) and Raman
spectroscopy have been used to characterize the molecular interactions between

starch/plasticisers/CNTSs.
1.2.1 Thesis Objectives

The key objectives in this project are as follows:

1. To study and understand the molecular interaction mechanism of an IL (1-ethyl-3-
methylimidazolium acetate, [Emim][OAc]) plasticized RMS and to reveal its
influences on RMS processing and material properties by comparing to glycerol
(Chapter 4).
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2. To investigate the molecular interaction and crystallisation behaviour of plasticized
RMS, thus understand and compare the plasticizing effects of two further ILs 1-Allyl-
3-methylimidazolium chloride ([Amim]Cl) and 1-Butyl-3-methylimidazolium chloride
([Bmim]CI) on RMS processing and material properties. This will lead to guidelines

for choosing an appropriate IL (Chapter 5).

3. To investigate the molecular interaction and crystallisation behaviour of glycerol/IL
plasticized TPS material with added CNTs and hence understand the mechanisms that
underlie the changes in TPS mechanical properties caused by this addition (Chapter 6).
Also, to investigate the electrical conductivity of TPS/CNT nanocomposites and
understand the relevant factors which affect the electrical conductivity of these

materials. (Chapter 7)

By achieving these objectives, a clear understanding of the molecular interaction mechanism
between different ingredients can be obtained. Hence, factors which are relevant to material
properties variation can be identified, and hence provide fundamental knowledge which could

be applied to guide material properties optimisation in the future.
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2 LITERATURE REVIEW

This literature review explores the natural structure of starch and the mechanism of TPS
processing. Fundamental knowledge of ILs and CNTSs, their applications to TPS processing

and research trend seen in others studies are also reviewed.

2.1 Starch Structure

Starch commonly exists in various types of botanical products such as cereal, legumes and
tubers (table 2-1) (Avérous, 2004). Native starch granules can be isolated from these resources
with dimensions from 0.5um to 175um (Eliasson, 2004). These have a complex concentric
three dimensional structure (figure 2-1) with both amorphous and crystalline regions (Xie et
al., 2013). Chemically, starch is a polysaccharide consisting of D-glucose units, referred to as
homoglucan or glucopyranose. Starch is composed of two macromolecules, amylose and

amylopectin.

Table 2-1 Amylose content of different types of starches

Starches Amylose content (%) Reference
Long-grain rice 27.24+0.3 (Chung et al., 2011)
Arborio rice 18.8+0.1

Calrose rice 15.4+0.9

Glutinous rice 4.2+0.1

Waxy maize <0.5 (Buckow et al., 2009)
Regular maize 26

Gelose 50 50

Gelose 80 80

Intercrystalline
amorphous
lamella

= |
=

lamella Amylopectin polymer arrangement

Starch granule Bulk amorphous region

Figure 2-1 Schematic diagram of starch granule structure (Ratnayake and Jackson, 2008)

Amylose is a helical and linear or sparsely branched carbohydrate based mainly on a-1,4 bonds,

with a molecular weight of 10°-10% g mol™. In contrast, amylopectin is a highly branched
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polymer with a higher molecular weight of 107-10° g mol™. Amylopectin is based on o-1,4
(approximately 95%), with a-1,6 (about 5%) links constituting branching points appearing
every 22-70 glucose units (Pérez et al., 2009, Moates et al., 2001). Depending on the source,
amylose content of starch can vary from <1% to 83% (Tan et al., 2007).Increasing the
proportion of amylose, being a more linear polymer, has will increase the crystallinity of starch.
This will further impact on characteristics of starch such as mechanical and rheological
properties (Liu et al., 2010, Lourdin et al., 1995) and will be discussed below in section 2.2.4.
Starch is a hydrophilic material. Raw starch has an equilibrium moisture percentage of 10%-
18% under ambient conditions depending on the species of origin (Zhang et al., 2014). This
moisture percentage changes according to the fluctuation of the relative humidity (RH) of the
atmosphere where it is stored (Tester et al., 2004). Raw starch granules are insoluble in cold
water. However, when starch is heated in water, starch granules will swell and transform into
an amorphous polymer (Fang et al., 2004). This phenomenon is known as “gelatinisation”,

which will be further discussed in 2.2.1.

Native starch granules are biosynthetically assembled as semicrystalline structures which
consist of amorphous and crystalline regions. Both amylose chains and the most external
branches of amylopectin can form double helices and crystallites within the native starch
granules (Hizukuri, 1986, Tester et al., 2004). X-ray diffraction (XRD) indicates that three
crystal patterns exist in native starch granules, namely A, B and C-types. In an A-type crystal
lattice, the double helices are closely packed in a left-handed, parallel stranded pattern forming
a monoclinic unit-cell (figure 2-2). Whereas in B-type crystal pattern, the double helices pack
in the same pattern as A-type, but form a hexagonal unit cell with two helices per cell, allowing
an open space that is filled with water molecules (Imberty et al., 1991, Imberty et al., 1987,
Imberty et al., 1988, Imberty and Perez, 1988). The C-type crystal pattern is an intermediate
structure between A and B-types. A further type of crystal polymorph, induced by processing,
namely the V-type, has been described to arise from single amylose helices, in contrast to the
double helical nature of the A and B-type crystal structures (Lopez-Rubio et al., 2008).
Compared to the double helical A and B-type lattices, the V-type lattice has a relatively large
cavity, which is able to contain small molecules like iodine or fatty acids (Averous and Halley,
2009). This type of structure is formed by the crystallisation of amylose. The organisation of
the crystal lattice and the abundance of the various single helical crystal structures is dependent

on processing conditions such as shear, temperature and composition. Due to the high
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temperatures and high shear conditions, single helical structures can crystallize rapidly on

cooling (van Soest et al., 1996a, van Soest et al., 1996b).

Figure 2-2 Molecular model of double helix packing and unit cells in A (left) and B (right)-type crystalline
structures in starches. Unit cells are outlined and hydrogen bonds are shown as dashed lines. Water
molecules have been omitted for clarity (Imberty et al., 1991).

Understanding the crystallisation behaviour of starch is crucial to study the degree of
crystallinity which influences the physical, mechanical properties (Mizuno et al., 1998,
Ramkumar and Bhattacharya, 1997).

2.2 Formation of TPS

2.2.1 Gelatinisation

When starch granules are heated in excess water, one of the most widely used and effective
plasticisers, the semicrystalline structures will break down to give a fully amorphous structure
with polymer chains of amylose and amylopectin entangling with each other in a similar
fashion to conventional polymers. The process that turns the granular structure of native starch
into this disordered state is called gelatinisation (Ratnayake and Jackson, 2009, Lelievre, 1974,
Atwell et al., 1988). According to an early theory developed in the 1970s (French, 1973),
gelatinisation could be described as follows. First, when the starch granules are gradually
heated before the gelatinisation temperature, they will absorb water and then swell to a limited
extent. At this stage, if the starch granules subsequently dehydrate, they will return to their
origin appearance and their semicrystalline structure will not be disrupted. During the second
phase when the gelatinisation temperature is reached, the granules will continue to absorb 50%
or more of their mass in water (French, 1973) and the semi-crystalline regions will break down
(Liu et al., 2009). This can be observed as a loss of birefringence and a sudden rise in the
viscosity of the starch-water suspension, as parts of starch are solubilized in the suspension.
After that, starch granules will not be able to return to their original state even when cooled or
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dehydrated. Ultimately when the suspension cools down, it will form a viscous mixture, where

viscosity will depend on the starch concentration.

This theory is based on the situation where starch is gelatinised with a water content of more
than 40% (Liu et al., 2006). Studies (Liu et al., 2006, Liu et al., 2005, Donovan, 1979, Lai and
Kokini, 1991) point out that in this mechanism, starch crystallites are disrupted by swelling in
water, while melting at higher temperature is a minor factor. In the instance where there is a
limited water content, the swelling forces produced by water are much lower, and so a higher
temperature is required to enable the mobility of starch molecules and disruption of crystalline
regions (Donovan, 1979). Researchers have reported that the transition temperature and the
enthalpy of this process increased with decreasing water content for potato starch. In their DSC
characterisation of potato starch performed at a heating rate of 10°C/min, a single peak was
found when the water level was 81% (Donovan, 1979). A second endothermic peak appeared
at higher temperatures when the moisture content decreased to 64%. This endotherm then
became predominant when the water percentage dropped below 51%, as shown in figure 2-3.
For such a temperature change manifested in a water limited condition, it is apparent that the
starch crystalline region disruption is more dependent on high temperature, rather than swelling
forces. In this case the phenomenon would be more accurately referred to as the “melting” of

starch.

T T T T T T T T T
0.81
0.64
0.55
a.51
0.45
\/-0.38

<«———ENDOTHERMIC HEAT FLOW

300 ucal/°C.

0.28

I 1 1 1 1 1 1 1 1 1
50 &0 70 80 2?0 100 no 120 130 140

TEMPERATURE (°C.)

Figure 2-3 DSC thermograms of potato starch obtained at a heating rate of 10°C/min, for various volume
fractions of water (as labelled). (Donovan, 1979).
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When gelatinising/melting starch is subject to shear, it is observed that shearing can enhance
the destruction of starch granules in abundant water (Yu et al., 2006, Chen et al., 2007) and the
melting of crystallites with limited water (Xue et al., 2008, Wang et al., 2010, Xie et al., 2008).
By destroying the natural crystalline structure, native granular starch is then converted into an
amorphous molten state which can be further processed in conventional ways such as screw
extruding, compression moulding and so on. The product of this process is widely known as
thermoplastic starch (TPS). Since gelatinisation and melting are processes that involve
breaking down the biological structure of the starch granule, the process is not reversible after
native starch is converted into TPS.

2.2.2 TPS Processing

TPS can be processed by casting, compression moulding, injection moulding and extrusion
(Averous, 2004, Averous and Halley, 2009, Liu et al., 2009). Film casting has been widely
used for starch-based polymer film processing for food, conventional plastic replacing material
and agricultural use (Bourtoom and Chinnan, 2008, Grazuleviciene et al., 2012, Koch et al.,
2010, Luetal., 2012, Wu and Zhang, 2001, Jimenez et al., 2012a). The general process includes
the preparation of a suspension mixture followed by gelatinisation, casting and drying. While
an easy way to produce TPS products, this method does not satisfy the need of high accuracy

products and it is not efficient because it is not a continuous process.

The extrusion of TPS offers a more efficient processing methodology. Extrusion gives more
stable processing, both in terms of processing conditions and product quality (Liu et al., 2009).
It has been shown that different types of extruded starch differ in their water solubility index
which give them a more adhesive property and thermal stability (Sharma et al., 2015). Another
study (Gilfillan et al., 2016) has reported that hot pressed film created by extruded TPS
containing glycerol and alcohols displayed increased stiffness and crystallinity but decreased
moisture uptake. Young’s modulus, tensile strength and elongation at break increased by 60%,
15% and 32% respectively, for 5wt% methanol derived film compared to the control. Film

moisture was reduced by up to 15wt% for 5wt% ethanol derived film.

Meanwhile, two-stage extrusion processing techniques have been developed by some other
researchers. During their processing procedure, preparation of premixed powders is the first
step. After the premixing, sheet or films are produced by extrusion (Fishman et al., 2006,
Matzinos et al., 2002a, Matzinos et al., 2002b). Although extrusion improves TPS processing

by making the product properties more consistent and broadening the application areas, it is
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still difficult to process high amylose content starches by extrusion. Die pressure will be much
higher due to the higher melt viscosity of TPS (Shogren and Jasberg, 1994). In addition, the
instability of melt flow is one of the main factors contributing to processing difficulties
(Thuwall et al., 2006, Li et al., 2011). Based on different requirements for the final material,
sometimes a high content of low-viscosity polymer such as PE is blended or plasticisers are
utilized to lower the melt viscosity of TPS. For example, a corn starch (30% amylose)/LDPE
blend with a PE proportion from 60% to 90%, can lower the melt viscosity to 100-300 Pa-s at
a shear rate of 100 s (Sabetzadeh et al., 2012), compared to 500-3000 Pa-s for waxy maize
starch (less than 2% amylose) (Willett et al., 1997), and 2000-20000 Pa-s for high amylose

potato starch (86% amylose) at the same shear rate (Thuwall et al., 2006).

Poor flow properties and high melt viscosity of starch-based polymers make injection moulding
difficult to conduct. Injection moulding offers an efficient methodology to produce many
specialised parts, but requires extensive modelling and processing consistency. The processing
parameters of TPS, however, are highly inconsistent, which results in difficulties in not only
product design, but flow modelling. For example, due to the water evaporation during thermal
processing, the melt flow index (which as a measure of viscosity is key to understanding the
flow behaviour in a mould) is nearly impossible to obtain by conventional methods. As such,
pure raw starch or TPS has not been applied to this processing technique yet. Instead, TPS is
usually blended with synthetic polymers which are easy to process (Averous et al., 2001, Funke
et al., 1998, Mani and Bhattacharya, 1998a, Mani and Bhattacharya, 1998b, Mondragon et al.,
2009, Ramkumar et al., 1996, Ramkumar et al., 1997).

Compression moulding is generally applied to starch foaming products for containers and
packaging, etc. But the properties of the resulting product vary depending on the moisture
content. The efficiency and accuracy of the production process are poor (Shogren et al., 1998,
Tiefenbacher, 1993). Studies conducted on compression moulding of TPS have been mostly
focused on the resulting material properties (Glenn and Orts, 2001, Thunwall et al., 2006,
Bootklad and Kaewtatip, 2013). New methods such as microwave heating from extruded

pellets (Zhou et al., 2006) are being explored to achieve a better quality of packaging material.
2.2.3 Plasticisation

Plasticisation is a phenomenon which occurs when one or several specific types of ingredients
are blended with the polymer mixture to alter the material properties such as processing

viscosity and flexibility, and the glass transition temperature. It typically affects the polymer
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matrix, making it softer and more flexible. A number of different theories have been proposed
to explain the mechanism of plasticisation depending on different situations, however it is
widely accepted that molecular interactions between different ingredients is the major factor
involved (Voskresenskii et al., 1971).

The glass transition temperature (Tg) is the characteristic temperature at which “frozen polymer
chains” have enough energy and free volume to make bigger movements. At this temperature,
a polymer converts from a glassy state to a rubbery state, with a sudden decrease of Young’s
modulus and an increase of flexibility (Young and Lovell, 2011). This renders the material
more ductile rather than rigid and brittle. The Tg of native starch is around 52°C to 60°C while
TPS has a greater range of Ty depending on plasticiser type and content (Liu et al., 2010, Mitrus,
2005). In addition, less heat is required to soften TPS and less power is needed to force the
material to flow in manufacturing. Therefore, a lower Tgof TPS means a wider material use
range and lower energy requirement in TPS processing. Tq is mainly affected by the flexibility
as well as the microstructure of polymer chains and interactions between polymer molecules.
Generally speaking, if the polymer chain is more flexible, the glass transition temperature will
be comparatively low (Lu and Jiang, 1991). On the other hand, if strong molecular interactions
like hydrogen bonds exist between polymer molecules in the matrix, this will result in
inflexibility in the polymer and consequently an increase in the glass transition temperature at

a macro scale.

The introduction of a flexible molecular structure which has strong interactions that compete
with the existing interactions between ingredients, is an approach to obtain a better
plasticisation effect. One good example is the structural plasticisation theory which claims that
by weakening the molecular interaction on the boundary of ingredients, a structural
plasticisation can increase the mobility of molecular “blocks” and thus achieve a better

plasticisation effect (Andriano.Gp et al., 1971).

In terms of starch, the role of plasticisers is to destruct granular starch by breaking the inter/intra
molecular hydrogen bonds and lowering the melting temperature of starch (Souza and Andrade,
2002, Stepto, 2003). Regarding the function of starch granule destruction, plasticisers are also
considered gelatinisation agents in some studies. Currently, widely used plasticisers for TPS
processing include water, glycerol, sucrose, fructose, glucose, glycols, urea, amides, and amino
acids (Zhang and Han, 2006a, Zhang and Han, 2006b, Pushpadass et al., 2008).
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As previously mentioned, there are several problems involved in starch processing, many of
which are related to the choice of plasticisers used during processing. A typical example is
using water as a gelatinisation agent/plasticiser. Water is a good starch plasticiser and is
conventionally used in starch gelatinisation. It is, however, volatile. The viscosity of starch is
very sensitive to water level, which means that the processing conditions will not be stable.
Besides, starch requires relatively high temperatures to be melt-processed, and at such a high
temperature the volatile plasticiser will evaporate too fast. As a consequence, inconsistent
gelatinisation status and high melt viscosities will lead to the material degrading during

processing. These disadvantages have limited the application of starch polymers.

In order to lower the melt viscosity and melt temperature, researchers have been trying to find
another kind of plasticiser which is better than water. One of the options is glycerol. It is
reported that (Liu et al., 2009) glycerol is beneficial to lower the apparent viscosity during
melting, leading to improved strength and flexibility of the final product. In earlier research
findings (Rodriguez-Gonzalez et al., 2004), it has been shown that TPS plasticized by glycerol
can be considered as a homogeneous system composed of a hard elastic network and soft
amorphous regions. Amylose complex crystallites, highly entangled starch molecules and
poorly plasticized starch-rich sites compose the hard elastic network whereas the soft
amorphous regions are composed of well-plasticized glycerol-rich starch. When glycerol
content is lower than 30% in TPS, the melt viscoelastic response will be dominated by the hard
elastic network. In contrast, the soft amorphous regions will dominate the viscoelastic response
when glycerol content is higher than 30%. Regardless of which region dominates the properties
of TPS, the plasticisation effect is better than TPS plasticized by pure water. When pure water
is used as the plasticiser, water is absorbed by the amorphous regions first leaving the
crystallites not well plasticized, which therefore melt at high temperature. This results in the
crystalline structure reorganising after cooling down, rather than having interactions with the

plasticiser (Donovan, 1979).

Moreover, the low vapour pressure of glycerol also improves the stability of starch processing.
However, it is found that glycerol works as a co-agent to gelatinisation (Liu et al., 2011a) which
means glycerol does not affect starch in the absence of water. Water needs to be added into the
starch/glycerol system to give a greater extent of gelatinisation. Though a higher temperature
can enable glycerol to facilitate starch phase transitions, if abundant plasticiser other than

glycerol is not present, it will result in the gelatinisation temperature increasing. Furthermore,
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the amount of plasticiser required will be even higher if the amylose content of starch is higher.

It is, thus, considered an inefficient gelatinisation agent compared to water.

Some small molecules consisting of -CO-NH- groups, such as urea, formamide, ethanolamine
and ethylene bisformamide have demonstrated to be effective plasticisers for TPS (Ma and Yu,
2004, Huang et al., 2006, Yang et al., 2006b, Yang et al., 2006a, Wang et al., 2008). These
chemicals are believed to suppress retrogradation and enhance TPS mechanical properties (Ma
et al., 2005a, Ma et al., 2005b). However, plasticisers such as formamide for example, would
potentially leach out (Ma et al., 2005b). Hence, the material properties might not be stable in
the long term and, moreover, toxic material could potentially leached out to detrimental effect.

Therefore, it is important to seek alternative plasticisers which can solve these problems.
2.2.4 TPS Mechanical Properties

Mechanical properties are fundamental to TPS with tensile strength, Young’s modulus and
elongation at break the main parameters used to characterise this. The mechanical properties
of TPS can be influenced by moisture uptake during conditioning, amylose/amylopectin ratio,
types and amount of plasticisers used, and starch type, etc. Previous studies (summarized in
table 2-2) have shown that TPS has comparatively low Young’s modulus and tensile strength,
which limits its potential applications. For instance, it is reported that the Young’s modulus of
TPS can range from low values of a few 10’s of MPa to up to a maximum of about 1500MPa.

This is generally lower than the values for common conventional plastics.
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Table 2-2 Typical Young’s modulus and tensile strength of different starches and conventional plastics

Materials Amylose  Plasticiser Young’s Tensile Reference
Content  Used modulus [MPa] Strength
[%] [MPa]
Waxy Starch <0.5 25-40%Water 730.7+ 120.0 12.7+£2.4 (Li et al,,
2011)
Maize Starch 26 25-40%Water 866.6 +124.9 157+2.1
Gelose 50 Starch 50 25-40%Water 1139.9+382.6 20.2+1.7
Gelose 80 Starch 80 25-40%Water 1217.2+334.7 238+1.9
Corn Starch 26 20%Glycerol 550 £ 50 17+6 (Jiménez
Corn Starch 26 30%Glycerol 840 + 61 11.8+0.6 et al.,
2011)
Rice Starch 20%Glycerol 532.8+1156 109+1.2 (Dias et
Rice Starch 30%Glycerol 21.3+5.0 16x2 al., 2010)
Polypropylene(PP) - 950~1770 26~41.4  (Kuetal.,
Polystyrene(PS) - 4000~5000 25~69 2011)
HDPE - 400~1500 14.5-38
Nylon 6 - 2900 43~79
Nylon 6,6 - 2500~3900 12.4~94

2.3 lonic Liquid

2.3.1 lonic Liquids

lonic liquids have been increasingly attracting the attention of academia and industry as a
material which has many functional and “green” applications to chemical industries. For
example, it can be used for chemical syntheses as solvents (Keskin et al., 2007). Also, the wide
potential window (large difference in the oxidation and reduction potentials) of ILs promises
applications as new electrochemical materials. New types of catalysts based on ILs have been

explored (Hamaguchi and Ozawa, 2005).

lonic liquid molecules are usually composed of large asymmetric organic cations and anions,
either organic or inorganic. The major properties of ionic liquid are strongly dependent on the
structure (Marsh et al., 2004, Werner et al., 2010, Coleman and Gathergood, 2010). Similar to
the conventional molten salts which exhibit high melting temperatures, ILs consist entirely of
ions. But unlike those conventional salts, ILs are non-aqueous room temperature molten salts
due to their special structures. The low melting points of ionic liquids are a result of their

chemical composition. The combination of larger asymmetric organic cation and smaller
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inorganic counterparts lower the lattice energy and hence the melting point of the resulting
ionic medium (Keskin et al., 2007). In some cases, the anions are also relatively large and play
a role in lowering the melting point (Yang and Dionysiou, 2004). lonic liquids have
extraordinary low vapour pressures below their thermal decomposition temperatures (Werner
et al., 2010). These characteristics mean IL can have strong interactions on matrix boundaries,

but do not readily evaporate.
The following figure shows parts of the cations and anions frequently used to form ionic liquid.

CI,Br, T
T [AICLT, [ALCL]Y, [ALCL)

Q Q [PFs]", [PF3(CoFs)s], [BF4I
| |
R

[CF3CO,], [CF3SOs]
. [(CF3S0p)NT

[HSO,]", [RSOy]", [RSO,]

+ +
R F‘Q
[HPOy], [RoPO,T
R”””P\‘I R”m;P
7 7 _
=) R R R [CH3CO, ],

[NCCN). T, [CCN) T, [B(CN)4 T

Figure 2-4 Typical cations and anions used to form ionic liquids (Werner et al., 2010)

As figure 2-4 shows, the substituents R and R’ can be various including linear or branched alkyl
chains, functionalized or aromatic groups. Thus, the number of combinations between different
cations and anions is enormous, giving the possibility to tailor the IL chemical structure
according to needs. By tailoring the molecular structure of IL, physical properties such as
viscosity, density, solubility and melting point can be adapted to the desired requirements
(Coleman and Gathergood, 2010).

Because of the interesting polarity and nucleophilicity which ionic liquids exhibit, inter-
molecular interactions like coulombic, hydrogen bonding, and van der Waals interaction

between ionic liquids and the other substances in the matrix are expected.
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2.3.2 lonic Liquids as Plasticisers

ILs have been widely utilized as plasticisers for conventional polymers such as PVC and
PMMA, and these studies may be useful in understanding the use of ILs with TPS plasticisation.
Various types of ILs such as ammonium, imidazolium and phosphonium based ILs have been
investigated in terms of their plasticiser effects on PVC (Rahman and Brazel, 2006). It is found
that ILs are potentially better plasticisers than the conventional plasticisers for PVC as some
of them demonstrate good thermodynamic compatibility as well as good plasticizing effects.
Wang and Hou have studied specifically the plasticiser effects of [Bmim]PFs and [Hmim]PFe
to PVC paste resin. It is found that these two types of ILs can effectively lower the tensile
strength and elastic modulus while increasing the elongation at break, thermal stability as well
as UV stability (Wang and Hou, 2011). However, exposing samples in high temperature, strong
acidic, alkaline or alcoholic environments can lead to plasticiser leaching. A previous study
(Scott et al., 2003) has compared [Bmim]PFs and [Hmim]PFe with dioctyl phthalate as a
plasticiser for PMMA, finding ILs of [Bmim]PFs and [Hmim]PFs are more efficient to lower
glass transition temperature Tq and Young’s modulus, which are indicators of an effective
plasticiser. Another similar study (Zhao et al., 2012) has reported the multifunctional role of
[Bmim]PFs in plasticizing PMMA/MWCNTs composite matrix. It is found that [Bmim]PFe is
not only a good plasticiser which can lower glass transition temperature T significantly, but
also a compatibilizer which is able to improve the dispersion of MWCNTSs in PMMA matrix.
It acts as a processing aid by decreasing melt viscosity. It is also worth noting that [Bmim]PFe
was able to give a dopant effect, which increased the electrical conductivity of the polymer

matrix.

ILs have also been widely studied for their use on plasticizing bio-polymers such as chitosan,
cellulose and starch. The IL [Bmim][OAc] has been studied as a plasticiser for chitosan based
biopolymer, where the IL’s charge carrying behaviour was found to be a major contributing
factor to material electrical conductivity (Shamsudin et al., 2015). Experiments on DSC and
XRD have supported that such a kind of IL can effectively lower the T4 and decrease the
crystallinity of chitosan based biopolymer. The highest electrical conductivity of (2.44 £ 0.41)
x 10 S/cm has been attained at 90 wt.% IL at ambient temperature, again demonstrating IL
can potentially turn the base material conductive. Similarly, [Bmim]CIl has been compared to
glycerol on the plasticiser effects to biomimetic composites of chitosan and clay in another

study (Boesel, 2015). In this study, it is also reported that IL can efficiently lower the T4 and
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increase the elongation of this biomimetic composites, without deleterious effect on their

excellent barrier properties.

In another study, [Bmim]Cl as an IL plasticiser has been investigated in cellulose processing
(Wu et al., 2015). It was found that the tensile strength and Young’s modulus of ionic liquid
plasticized cellulose decreased with increasing IL content. Correspondingly the cellulose
crystallinity decreased. These ILs such as [Bmim]Cl and [Amim]CIl are more frequently
utilized as solvents to extract cellulose and produce regenerated cellulose films (Jin et al., 2012,
Suzuki et al., 2014, Wang et al., 2011, Jinhui et al., 2013).

Many authors have studied the interactions of ILs with starch (Wilpiszewska and Spychaj,
2011). For example, casting TPS which is plasticized by [Amim]ClI, have been studied (Ning
et al., 2009). [Amim]Cl as the IL plasticiser has been proved to have a strong hydrogen bond-
forming ability with starch which means it is effective. It is also reported in this article that the
maximum conductance that TPS plasticized by [Amim]Cl can achieve is 10° S cm™ at 14.5
wt% water content, which means IL can also broaden the application of TPS film. TPS
processed by extruders utilising IL as plasticiser has been reported in another study (Sankri et
al., 2010). In this study it was shown that IL (in this case [Bmim]Cl) has a better effect on
reducing T4 to a lower level compared to glycerol. In addition, TPS plasticized by [Bmim]CI
is more hydrophobic than those plasticized by glycerol, which means the properties of TPS
will be less sensitive to water uptake level. Tensile testing results, including an increase on
elongation at break and a decline of Young’s modulus, indicate that [Bmim]CI has an explicit

plasticisation on TPS.

Plasticisation effects of [Bmim]CI, glycerol and their mixtures on cassava starch has been
studied (Xie et al., 2014). This showed that the combined plasticisers contribute to a significant
reduction in granule remnants compared with glycerol, resulting in highly amorphous structure.
Infrared results suggested the starch films plasticized by combined plasticisers exhibit a weaker
interaction with water molecules than glycerol plasticized ones, resulting in a decrease in water
uptake. These factors make the starch films more flexible in mechanical tests as the tensile
strengths decreased while elongation increased. The combined plasticisers also can lower glass
transition temperature and increase the thermal stability of starch film. Different types of
starches with different amylose content plasticized by [Emim][OAc] has been investigated by
the same research group (Xie et al., 2015). It is found that in this case, amylose content has
minor effects on the crystalline structure and the mobility of the amorphous chain segments.
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Nevertheless, this structural difference does not significantly impact on mechanical properties,
glass transition temperature, thermal stability or electrical conductivity of plasticized starch
films. In comparison, the relative humidity during conditioning of the samples, and thus the
sample water content, had a predominant influence on the material properties. A high amylose
content starch plasticized by [Emim][OAc] was also investigated (Zhang et al., 2016). It was
shown that, compared to glycerol, [Emim][OAc] can achieve greater homogeneity and
flexibility in starch-based materials because it provides stronger starch-IL interactions which
weaken the starch-starch interactions. Also, IL in this case can more effectively maintain the

plasticised state during ageing than glycerol, which means the material would be more stable.

Some studies investigated starch composites using ILs as plasticisers. 1-methyl-3-propy-
limidazolium iodide (MPII) has been utilised to process rice starch with lithium iodide salt (Lil)
and titanium dioxide (TiO2) nanoparticles for solar cell application (Khanmirzaei and Ramesh,
2014). The use of ILs here proved to be beneficial to the ionic conductivity of the starch
composites. In another study of starch/zein blends plasticized by [Bmim]CI (Leroy et al., 2012),
IL has also been proved effective as a plasticiser as indicated by the reduced final melt viscosity

of material processing and mechanical property tests.
2.3.3 lonic Liquid/Starch Interaction

There is no doubt that ILs have strong interactions in plasticizing starch. However, the

molecular interaction mechanism between ILs and starch is still not fully understood.

A study has been carried out to observe the mechanism of IL (in this case [Emim][OAc]) effects
on different starches (Mateyawa et al., 2013). It is reported that IL actually behaves as a solvent
rather than a gelatinisation agent as shown by DSC. Usually gelatinisation is characterized as
an endothermic peak in DSC results while dissolution is exothermic. The dominating process
depends on the ratio between IL and water. Because water can interact with IL strongly, when
the water content is comparatively high, the starch granule disruption will be dominated by
gelatinisation. Otherwise, the starch granule disruption will be mainly affected by dissolution.
Though water and IL competitively interact in starches, it is similarly reported in this work that
water is fundamental in starch granule disruption since pure IL diffuses slowly in starch.
Similar conclusions have been reported in another two studies which used [Emim][OAc] on
unmodified waxy starch (Liu and Budtova, 2013, Zhang et al., 2015). Meanwhile, the
dissolving effect of [Emim][OAc] reported above has also been demonstrated to exist in

[Amim]CI (Zhao et al., 2015). The morphology of waxy and normal corn starches plasticized
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by [Amim]CI has been studied by scanning electron microscopy (SEM) and confocal laser
scanning microscopy (CLSM). It was proposed that starch gelatinisation remained the

dominant mechanism up to an IL concentration of 50%.

The molecular interactions between starch and [Emim][OAc] proposed above are considered

mild compared to [Bmim]CI. This is because it does not contain [CI] anion which can lead to

starch depolymerisation due to protonation (Kérkkainen et al., 2011). The formation of HCI (as

a result of the protonation of [CI] anions in the presence of moisture) can catalyse the

depolymerisation of starch. If so, a similar assumption could be made in the case of [Amim]ClI,

however thus has not been reported yet.

Researchers have started to investigate the effect of ionic liquids on starch gelatinisation since
it was shown that ionic liquids are effective to the dissolution of polysaccharides (Swatloski et
al., 2002, Zhang et al., 2005). Such effects on disrupting the polysaccharides molecule are
beneficial for processing. However, in another work, it is shown that pure ionic liquid is not
always effective on starch disruption. Research (Stevenson et al., 2007) has shown that starch
containing phosphomonoesters such as potato starch will have less effects with [Bmim]Cl,
because phosphomonoesters can covalently link to the imidazolium rings which are the cations
of that type of ionic liquid. In addition, the larger potato starch granules will prevent the ionic

liquid from penetration.

Interactions between starch and ILs are various because this is affected by many factors such
as processing techniques, temperature and types of ILs and starches. The molecular interaction
mechanism of IL plasticized starch still needs to be investigated more deeply as it is still not
clear which part of IL molecules interacts with starch molecules and vice versa. Furthermore,
the relationship between these interactions and material properties such as crystallinity, crystal

structure, thermal stability and mechanical properties is still unclear.

2.4 Carbon Nanotubes

2.4.1 Carbon Nanotubes
Carbon nanotubes (CNTSs) have attracted a great deal of attention since they were initially
discovered by lijimain 1991 (Sumio, 1991) because of their special microstructure with strong

C-C bonds combining to a cylindrical geometry, which can give a very stiff structure

strengthening to the material matrix. Also, the sp?-bonded hexagonal network of CNT gives
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rise to an extended m-electron system of highly mobile delocalized electrons contributing to
electronic conductivities. There are basically two types of CNTs. Single-wall carbon nanotube
(SWCNT) (see figure 2-5), consisting of only one single tube of graphite and multi-wall carbon
nanotube (MWCNT) (shown in figure 2-6), where several concentric graphitic tubes lie inside
each other like a shallot. The length of these two types of CNTs can reach hundreds of microns,
and sometimes even centimetres (Dai, 2002).

Figure 2-6 Multi-walled Carbon Nanotube (Dervishi et al., 2009)

These two types of CNTs have similar properties. For example, both of them have a high aspect
ratio, high tensile strength, low mass density, high heat conductivity and large surface area
(Sinnott and Andrews, 2001, Terrones, 2003). Small differences in mechanical properties (e.g.
Young’s modulus) are apparent because of differences in their structure. Additionally, CNTs
are strong mechanically with excellent electronic conductivity (Dervishi et al., 2009). The
electrical resistivity of CNTs is found to be as low as 10 Q-m. SWCNTSs with the diameter
between 1 and 2 nm are found to have an extremely high Young’s modulus around 1TPa while
MWCNTs can be approximately 1.2TPa (Dresselhaus, 2001). The Young’s modulus of
MWCNTSs is generally higher than the SWCNTs because of the concentric structure in
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MWCNTSs and the van der Walls forces between the concentric tubes. It is because the CNTs

have few defects that they could hardly break to fragments, even when bent severely.
2.4.2 Polymer Carbon-Nanotube Composites

Both types of CNTs show excellent performance in reinforcing polymer materials. For example,
a study has been carried out to investigate polypropylene (PP) fibres reinforced with CNTs
(Kearns and Shambaugh, 2002). Decahydronapthalene (decalin) has been used to mix with
SWCNTSs before sonicating treatment for a good dispersion. The results show that PP fibres
extruded with 1wt% SWCNTSs has achieved an increased value of tensile strength and Young’s

modulus.

Polyethylene (PE) has also been investigated with CNTs. Researchers (Yang et al., 2007) have
applied polyethylene-grafted MWCNTSs to thermal processing of PE and have successfully
achieved a good dispersion of MWCNTSs. Hence, the storage modulus, Young’s modulus,
tensile strength, yield stress, ultimate strain and toughness have all been proved to be increased
by adding PE grafted MWCNTSs.

In another case, Nylon-6/SWCNTs composites have been studied (Zhang et al., 2003). PA-6
has been twin-screw mixed with nitric acid treated MWCNTSs then compression moulded. It is
reported that the tensile strength and Young’s modulus are increased 120% and 115%
respectively by adding 1wt% of MWCNTSs. SEM results have showed that the MWCNTSs are

well dispersed.

A study of polyurethane/SWCNTs composites has also been carried out by using
functionalized SWCNTs (Buffa et al., 2007). The results of this study show that the modulus,
tensile strength and Elongation at break were all increased by introducing CNTSs into
polyurethane. In this case, though functionalisation of the CNTs leads to a minor improvement

of CNTSs dispersion, it also destroys the inherent electrical conductivity of the CNTs as well.

The studies mentioned above are just a fraction of the whole research field. There are many
other studies which have applied CNTs to reinforce polymer matrices and demonstrated the
effectiveness, as reviewed by Coleman et al. as well as Rahmat and Hubert (Coleman et al.,
2006, Rahmat and Hubert, 2011). The efficiency of adding CNTSs to polymers is significantly
dependent on their dispersion and distribution in the matrix. It has been reported (Mitchell et
al., 2002) that the better dispersion achieved by using modified CNTSs in polystyrene can obtain
similar viscoelastic properties to that attained by using double the quantity of unmodified CNTSs.

Page | 21



Further, another study (Ferreira et al., 2013) shows a better dispersion of CNTs in PA-6 can
yield better mechanical properties. Hence achieving a good dispersion and distribution of CNTs

in polymer processing is a key factor to achieving good material properties.
2.4.3 Starch/Carbon-Nanotubes Composites

Many authors have investigated the possibility of using CNTs to enhance the mechanical
properties of TPS (Ma et al., 2008, Cao et al., 2007, Liu et al., 2011b, Famé et al., 2011, Cheng
et al., 2013). Most of these studies employ MWCNTS, probably due to the lower price and
more abundance of MWCNTSs than SWCNTSs. Besides, MWCNTSs exhibit high aspect ratio and

excellent mechanical, thermal, electrical properties (Xie et al., 2013).

A study conducted by Cao et al. (Cao et al., 2007) has investigated the material properties of
plasticised MWCNTSs/pea starch composites. MWCNTS treated with a mixture of sulphuric
acid and nitric acid have been found to increase the tensile strength and Young’s modulus of
glycerol plasticized pea starch. A good dispersion was observed in the SEM, and the elongation
at break of nano-composites was higher than that of pea TPS samples without CNTSs. It is also
shown that the presence of MWCNTS decreased the water uptake at moisture equilibrium of
the nano-composites. The strong hydrogen bonding between MWCNTS fillers and pea starch

matrix is assumed to be the reason of these material property changes.

As an attempt to develop an electroactive polymer, a study has been conducted on
MWCNTSs/glycerol plasticized corn starch (Ma et al., 2008). In this case, nitric acid treated
MWCNTs have been shown to improve the tensile strength, Young’s modulus and the
electrical conductivity of the material. By introducing a greater level of MWCNTS into the
matriX, the dependence of electrical conductivity on water content can be eliminated above the
electrical percolation threshold of 3.8 wt% MWCNTSs loading. A typical electrical conductivity
of 10° S/cm has been achieved by adding 4.75 wt% MWCNTSs into the composites. Another
similar research has been reported later in 2011 (Liu et al., 2011b). Similarly, MWCNTSs treated
with oxidative acid have been cast with corn starch. In this study, the presence of MWCNTSs
has been established to increase the pasting viscosity of corn starch and thermal stability of the
resulting TPS matrix. However electrical percolation thresholds of 1.5 wt% MWCNTSs are
exhibited in this case. Exceeding this threshold resulted in a deterioration in the plasticisation

of TPS and the mechanical properties of the composites.
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Meanwhile, Fama et al. has reported their work using MWCNTS to strengthen tapioca starch
in 2011 (Fama et al., 2011). MWCNTSs were treated with an aqueous solution of starch-iodine
complex and then mixed with glycerol and starch. The results showed that MWCNTSs were
well dispersed and significantly increased the stiffness by almost 70% and ultimate tensile
strength by about 35% with only 0.055 wt% of MWCNTS.

Recently Cheng et al. reported a comparative study of potato starch strengthened by different
types of oxidized MWCNTSs (Cheng et al., 2013). MWCNTSs have been differently treated to
obtain two different oxygen containing groups. Based on the fact that oxidized MWCNTSs are
effective in improving tensile strength, moisture resistance and electrical properties, it was
shown that the reduced oxidized MWCNTSs are even more effective in reinforcing mechanical
properties while the extent of CNTs oxidation did not affect electrical conductivity. Both types

of oxidized MWCNTSs are showed to be effective in dispersion.

Ultrasonic treatment has been utilized in all the mentioned works above to achieve
homogeneous dispersion of MWCNTSs. Also, pre-treatments of the MWCNTSs seem to be
essential to increase the interfacial adhesion between different ingredients. Overall, the
reviewed results suggest that blending CNTs into the starch matrix is an effective method to
improve mechanical properties. However, as reviewed by Xie et al. (Xie et al., 2013), most of
the research reported employed solution casting techniques which would further limit the

production efficiency in industry.

2.5 Review Summary

To conclude, starch is a promising raw material because it is biodegradable and renewable,
though its mechanical properties limit its application. Processing starch using conventional
polymer processing techniques such as extrusion and compression moulding is potentially
feasible, however, due to the high viscosity and water sensitivity of TPS melt, continuous
thermal processing is hard to perform in many cases. The product quality is heavily influenced

by these factors and this further limits the application of TPS.

The most common plasticiser used is water, but this gives rise to problems because of volatility.
The effects of other plasticisers such as glycerol have been studied, but the processing benefits
and final product properties are not as good as expected. Therefore, ILs appear to be a
promising substitute due to their strong interaction potential and stability. Attempts to use ILs

to plasticize starch have been reported by several authors and they have shown that ILs are
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effective in TPS processing. However, the interaction mechanisms between ILs and starch, as
well as its effects on material properties such as crystallinity, crystal structure, thermal and

mechanical properties are still unclear.

In terms of the mechanical properties, pure TPS is not as good as conventional polymers. On
the other hand, CNTs have been proven to be effective in reinforcing polymers and in further
enabling the material’s electrical conductivity. Hence, CNTs have been studied and have been
found to effectively strengthen TPS as well as give additional function to TPS composites
recently. As reviewed, the key factors of effective TPS/CNTs composites processing are to
establish strong interfacial adhesion between CNTs and TPS while achieving good CNTs
dispersion and distribution in composites. Current processing techniques are mostly limited to
solution casting with sonicating treatment, which is complicated and of low efficiency
compared to continuous processing methods. Hence it would be useful to explore continuous
processing methodologies for TPS/CNTSs composites with a view to achieving industrial scales
of production in the future. Finding highly effective plasticiser for TPS processing is therefore
important. Another challenge in achieving a material with useful final properties is finding a
new method to disperse CNTs without sonicating treatment. Recently four types of ILs,
including [Bmim]CI, have been reported to be effective in terms of dispersing SWCNTs
(Hameed et al., 2013). Presumably, other types of ILs might have the same effect on MWCNTSs
while also being a plasticiser of TPS.

Therefore, this thesis sets out to investigate the interaction between TPS, IL and CNTs and
understand the interaction mechanism. It then aims to explore the material properties and
potential functions of Starch/ILs/CNTs composites for any further optimisation of material

properties in the future.
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3 METHODOLOGY AND MATERIALS
3.1 Introduction

This chapter establishes an understanding of the raw materials which were used in different
stages of the study including starch (two different types), MWCNT, 1-ethyl-3-
methylimidazolium acetate ([Emim][OAc]), glycerol, 1-Allyl-3-methylimidazolium chloride
([Amim]Cl), 1-Butyl- 3-methylimidazolium chloride ([Bmim]Cl). Preliminary experiments on
regular maize starch (RMS) and Gelose 50, which guided the selection of RMS as the starch to
be used in the remainder of this thesis are described in appendix A. Methodologies applied to

sample preparation and characterisation are described in detail.

3.2 Materials

Two types of commercially available maize starches were used in this work: regular maize
starch (RMS) and Gelose 50 (G50). RMS was supplied by New Zealand Starch Ltd. (Onehunga,
Auckland, New Zealand) and G50 was supplied by National Starch Pty Ltd. (Lane Cove NSW
2066, Australia). Both starches were chemically unmodified and the amylose contents for these
starches were 24.4% and 56.3% respectively, as measured by Tan et al. (Tan et al., 2007) using
the iodine colorimetric method. All of the starch samples used were from the same batch.
Deionised water was used in all instances. Glycerol (AR) was supplied by Chem-Supply Pty
Ltd (Gillman, SA, Australia) and used as received. [Emim][OAc] of purity > 95%, [Amim]CI
of purity > 98% and [Bmim]Cl of purity > 99%, produced by loLiTec lonic Liquids
Technologies GmbH (Salzstrape 184, D-74076 Heilbronn, German), were also supplied by
Chem-Supply Pty Ltd. These ILs were used as received without further purification. MWCNTSs
used in this project were the NANOCYL™ NC7000 series thin multi-wall carbon nanotubes
produced via the Catalytic Chemical Vapour Deposition (CCVD) process as supplied by
Nanocyl S.A. Belgium. They were produced via the catalytic carbon vapour deposition (CCVD)
process and used as received. Average diameter and length of the MWCNTSs were 9.5 nm and

1.5 um respectively.

3.3 Methodology

3.3.1 TPS Production

3.3.1.1 Starch Premix Preparation

Starch was firstly manually mixed in a mortar by a pestle. The amount of plasticiser required

(see the detailed compositions in the individual experimental chapters, tables 4-1, 5-1, 6-1 and
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7-1) was added drop by drop and the compound was ground until homogeneous. In the case
when CNTs were added, CNTs were firstly mixed with the plasticiser. Then the mixture was
added to the starch powder drop by drop using a pipette. The procedure after this step was the

same as those samples without CNTs.

3.3.1.2 Premixed Sample Processing

The purpose of this methodology is to plasticise the premixed starch into TPS samples. A
Brabender Plasti-corder PL-2000 at the Plastic and Rubber Technical Education Centre
(PARTEC), Brisbhane, Australia was used to process TPS for 15 mins, at a temperature of 90°C
and a rotor speed of 30 rpm.

In order to log detailed data on the process, the experiment was repeated using the same

parameters on a Haake PolyLab OS RheoDrive 7 series at the University of Warwick, UK.

3.3.1.3 Tensile Testing Sample Preparation by Compression Moulding

TPS samples were cut into fragments by scissors and distributed evenly between Teflon sheets
in a 1 mm thickness mould. This was then placed in a compression moulding machine
constructed in our labs and the sample compressed under a pressure of 6.5-7 bar and a
temperature of 130°C for 15 mins. The resulting TPS sheets were sealed in plastic bags
immediately after they were removed from the compression mould and frozen until they were

used.

Dumbbell samples (gauge length 10 mm, width 2 mm) for tensile testing were cut from the
thin hot-pressed sheets using a cutting die which was available in the laboratory. All samples
were cut with the same cutting die so they would be comparable. Before cutting, the frozen
sheets were defrosted whilst remained sealed in plastic bags. After cutting all the dumbbell
samples were dried in a SalvisLab Vacucenter vacuum drying oven VC50 at a temperature of
50°C for 3 days.

3.3.2 Sample Conditioning

Dried samples were conditioned in sealed plastic containers at relative humidities of 33%, 52%
or 75%, controlled by saturated salts (Xie et al., 2015). Saturated magnesium chloride
(MgCl2+6H20) solution was used to obtain the relative humidity of 33%, magnesium nitrate
hexahydrate [Mg(NOs)226H,0] for 52% and sodium chloride (NaCl) for 75%. These sealed
plastic containers were stored in a temperature and humidity controlled laboratory.

Page | 26



It was found that the actual RH in the containers did not remain at the desired level as the RH
would decrease when retrieving samples for testing and take up to 2 weeks to rebalance to the
target RH. Since the experimental timetable required frequent removal of samples for testing
the container with magnesium chloride (MgCl.-6H20) saturated solution, which was targeted
to be 33%, had an averaged RH of 30%~33%; the container with magnesium nitrate
hexahydrate [Mg(NO3)2:-6H20], which was targeted to 52%, had an averaged RH of
41%~42%; and the container with sodium chloride (NaCl), which was targeted to 75%, had an
averaged RH of 59%-~61%. Though the actual RH variation was different from what was
expected, it was found to be consistent. Hence, this is still considered a valid methodology

since the three conditioning conditions had a good difference in RH.

3.3.2.1 Water Uptake Measurement

For each humidity level, five dumbbell samples were individually labelled and weighed as soon
as they were removed from the vacuum oven on a Mettler Toledo AB204-S Analytical Balance
which has an accuracy of 0.1 mg. Their mass was remeasured according to the experimental

schedule at room temperature. The variation of mass over time was calculated and plotted.
3.3.3 Sample Characterisation

3.3.3.1 Tensile Testing

Additional dumbbell samples, conditioned at the same time, were used for tensile testing on an
Instron Video Extensometer AVE 5584 according to the experimental schedule. At each time
point, at least 10 dumbbells were tested for each TPS formula and humidity combination. The
laboratory, where the tests were conducted, was air-conditioned at 25°C. TPS samples were

not exposed to the open air until testing.

During the test, samples which were broken as soon as they were mounted on the machine were
considered too brittle and their data were not included in discussion. Similarly, tests which
stopped as soon as they started due to sample brittleness would not be included either. Only
reasonably repeatable results will be discussed in later chapters. Results for samples where
three of fewer reliable results were obtained from ten attempts were ignored, and for other
samples which were reasonably repeatable, an averaged result of at least 7 replicates were

calculated with relative error.
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3.3.3.2 TGA (Thermal Gravimetric Analysis)

TGA samples were freshly prepared for the test in ME-26763 40 pl Al-Crucibles provided by
Mettler Toledo. Using a balance (Mettler Toledo MX5) to measure the mass to an accuracy of
1 ug, samples of 3-5 mg were cut from the conditioned sample sheets. The prepared samples
were then tested on a Mettler Toledo TGA/DSC1 STAR from 25°C to 550°C with a heating

rate of 3°C/min.

3.3.3.3 FTIR (Fourier Transform Infrared) Spectroscopy

The infrared absorption spectra of the starch sample were obtained at 4 cm™ resolution by using
a Nicolet 5700 FT-IR Spectrometer equipped with a DTGS-TEC detector. The spectra were
acquired at wavelength between 525 and 4000 cm™ with 4 cm™ resolution using OMNIC
software. Each spectrum was collected by performing 64 scans without baseline correction nor

normalisation.

3.3.3.4 Raman Spectroscopy

Conditioned sample square sheets with 1mm thickness and 2mm edge length were setup in a
sample holder. The spectra of these starch sheets were collected with a low resolution (18.7-
34.5 cmt, estimated automatically by the equipment) in the range of 83-3472 cm™ using a
Nicolet Almega™ Visible Raman Spectrometer. The number of scans was 32 for each of the

tests. The raw data were not normalised.

Note that Raman and FTIR spectroscopy respond to different aspects of the system so they give
complementary information. In particular it is of note that Raman Spectroscopy is not sensitive
to dipoles, hence the signal would be relatively weak compared to FTIR Spectroscopy for polar

systems such as ILs.

3.3.3.5 XRD (X-Ray Diffraction)

The conditioned RMS samples were cut into a 2 mm x 2 mm square sheet and placed in the
sample holder of an X-ray diffractometer (D8 Advance, Bruker AXS Inc., Madison, W1, USA)
equipped with a copper tube and a LynxEye detector. The diffractograms were recorded over
an angular range of 3-40°, with a step size of 0.02° and a rate of 0.5 s per step. The radiation
generator was set to be at 40 kV and 30 mA, with a slit of 2 mm. Traces were processed using
the DiffracP's Evaluation Package Release V4.2 to determine the X-ray diffractograms of the

samples. The degree of crystallinity was calculated using the method of Lopez-Rubio et al.
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(Lopez-Rubio et al., 2008), with the PeakFit software (Version 4.12, Systat Software, Inc., San
Jose, CA, USA), using equation (1):

n
i=1 Aci

Xe = 4. (1)

Where A is the area under individual crystalline peak with index 7 and A: is the total area

including amorphous background and crystalline peaks.

The V-type crystallinity was calculated based on the total crystalline peak areas at 7, 13, 20
and 22° (van Soest et al., 1996b).

3.3.3.6  TEM (Transmission Electron Microscopy)

The unconditioned RMS samples were sectioned at -140°C in a Leica UC6 cryo-
ultramicrotome with a thickness of 100nm. Sections were placed on formvar-coated copper
grids and viewed in a Jeol 1011 TEM at 100kV. Images were collected with an Olympus
Morada digital camera under a magnification of 4k to 200k.

3.3.3.7 Electrical Conductivity Measurement

A two-point probe method was used to measure the resistance of samples using a Keighley
electrometer (Model 6517B, Keithley Instruments, Inc., Cleveland, OH, USA). A length of
15mm was set between the two probes for measurement. The resistance measurement was

repeated 10 times on each sample. The resistivity was obtained by equation (2):

p=7 @

Where p is resistivity (Q/cm), R is measured resistance (Q), L is length (cm) and A is cross
sectional area (cm?). Conductivity (S/cm) is the reciprocal of the resistivity (Q/cm) (Petty,
2007).
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4 EFFECTS OF GLYCEROL/[EMIM][OAC] ON RMS
PROCESSING

4.1 Introduction

In this chapter, the plasticizing effects of [Emim][OAc] and glycerol on RMS processing and
material properties will be studied. Spectroscopic studies of the resulting TPS will be used to
investigate the molecular interactions between [Emim][OAc] or glycerol and RMS. This will
help to understand how the other material characteristics and properties are affected and hence

help to develop guidelines for material properties optimisation.

1-ethyl-3-methylimidazolium acetate (JEmim][OAc]) was chosen for this study as it does not
contain any aggressive anions which have been shown to lead to starch depolymerisation due
to protonation (Ké&rkk&inen et al., 2011). This IL also has the advantages of low vapour
pressure, high thermal stability, and relatively low viscosity at room temperature, which
enables it to be stable over wide processing conditions (Liu and Budtova, 2013) which should

result in a consistent processing.

RMS processed with three different levels of [Emim][OAc] will be investigated and compared
to those plasticized by corresponding amounts of glycerol. Mechanical properties and water
absorption will be studied during conditioning. Other sample characters such as crystallinity,

thermal stability and will be studied after conditioning.

4.2 Experimental
4.2.1 Materials

The starch used in this experiment was RMS. Glycerol and [Emim][OAc] were used as

plasticisers. Details are outlined in Chapter 3.2.
4.2.2 Experimental Methods

Six types of samples of TPS were produced and compression moulded according to the
compositions shown in table 4-1, following the methodology outlined in chapter 3.3.1. For
example, for every 100 g of starch in RMS-G9, 21 g of water and 9 g of glycerol would be
added to plasticize the mixture. The sample size made in each batch was approximately 100 g
in the Brabender Plasti-corder PL-2000 and 50 g in the Haake PolyLab OS RheoDrive 7 series.

Page | 30



Table 4-1 Experimental RMS sample compositions used in chapter 4. Amounts are proportions by mass.
Each batch made was about 50g in total.

Code Starch Type :;aorj:t Water Glycerol [Emim][OACc]
RMS-G9 RMS 100 21 9 -
RMS-G18 RMS 100 12 18 -
RMS-G27 RMS 100 3 27 -
RMS-E9 RMS 100 21 - 9
RMS-E18 RMS 100 12 - 18
RMS-E27 RMS 100 3 - 27

The sample sheets were then conditioned at three different humidity levels and characterised

over time using the following techniques:

Mechanical properties — Tensile testing (section 3.3.3.1)
Water absorption — Water uptake measurement (section 3.3.2.1)

After conditioning was completed, (as indicated by no further mass change in the water uptake

measurement) the samples were characterised by the following methods:
Molecular Structure — FTIR spectroscopy (section3.3.3.3)
Raman spectroscopy (section 3.3.3.4)

Crystal structure — XRD (section3.3.3.5)
Thermal stability — TGA (section3.3.3.2)

These tests were performed according to the schedule given in table 4-2. Note that the samples
are very sensitive to RH environment at the beginning of conditioning, therefore, the tensile
tests were not performed until 7 days conditioning as it would take several hours to finish
testing all samples. In addition, some of the samples were too brittle at time zero. Also by
definition, water uptake at time zero is zero. Therefore, there is no time zero measurement for

either of the tests.

Table 4-2 Conditioning schedule

Time (days) 0.25 1 3 7 14 28 42
Water uptake % % > v v
measurement
Tensile testing X X X X




4.3 Results and Discussion

4.3.1 Mixing Torque

Material compounding and processing by a mixer is the first step of the sample preparation for
this study. It is also of great importance to the starch gelatinisation while thermal processing.
The resulting homogeneity of the material, as well as the dispersion and distribution of different

ingredients are heavily impacted by this step.

Figure 4-1 (a) and 4-1 (b) summarizes typical torque values recorded by a Haake PolyLab OS
RheoDrive 7 series over the mixing time of each sample. All samples have a typical loading
peak at the beginning and a rise in the torque to a maximum value except for RMS-E27. Peak
torque is generally at about 3 to 4 minutes, except for RMS-G27 (5.3 min) and E27 (0.4 min).
All of the torque values then drop off to an asymptote. This is very similar to what has been
reported for starch “gelatinisation” when the temperature at peak torque value is approximately
the gelatinisation temperature (Liu et al., 2009). For RMS-E27, it appears that the sample was
melting rather than gelatinizing, as it does not show a gelatinisation peak. This behaviour could
be explained by an observation in a study by Mateyawa et al. (Mateyawa et al., 2013) who
showed that as the proportion of [Emim][OAc] increased, the blend dissolved prior to
gelatinisation at low temperatures. Therefore, in the RMS-E27 sample here it is suggested that
the starch had dissolved prior to processing, hence a high viscosity and high torque were
observed initially
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Figure 4-1(a) Mixing torque over processing time of RMS-G series; (b) Mixing torque over processing
time of RMS-E series

As the results are reasonably reproducible and only 3 trials have been performed on each
formula, data summary of mixing process is shown as mean values without standard deviations

in table 4-3. Any significant differences between the samples, calculated by the Fisher post hoc
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method, are indicated by superscript letters where, in any column, samples that do not share a

letter are significantly different at p<0.05.

Table 4-3 Mean value of thermal mixing data of RMS-G and RMS-E series samples (in each column entries
that do not share a letter are significantly different, Fisher comparisons p<0.05)

Code Tlrrlzro;ur;eak Peak Torque Tzlrr(]qaule Tem poat Peak FinaL Temp
(min] [Nm] (Nm] [°C] [°C]
RMS-G9 3.3c 9.1k 5.9¢d 93.2¢ 97.9¢
RMS-G18 4.0° 9.0° 6.1¢ 95.5P 98.5¢
RMS-G27 5.3¢° 12.2° 9.3° 99.1° 100.4°
RMS-E9 3.7b¢ 7.4b 5.54 94.7° 97.9¢
RMS-E18 3.19 9.3b 6.2¢ 93.4¢ 98.4°¢
RMS-E27 0.4¢ 21.42 7.5b 81.2¢ 99.0P

The samples had subtle differences in their nature after mixing. The RMS-G9 and E9 were
generally a little crumbly when cleaning the mixer. There was noticeable water on the metal
tray where the material was being scraped into the tray at the end of the run. Hence this may
be related to water loss after the run. The mixing chamber was sealed so there should not be
much water loss during the test. RMS-G18 and E18 were pliable, while G27 and especially
E27 were quite elastic in nature.

As seen in table 4-3, nearly all of the mean values of final torque and final temperature
increased with an increase in plasticiser amount. The peak torque also increased, but only in
the case of RMS-E27 in the E-series was this significant. Such results suggested that higher
plasticiser levels potentially enhanced molecular interactions between ingredients of the
materials. Stronger molecular interaction between ingredients could have given the material a
more ductile structure, which required more energy to be pulled and kneaded when mixing.
Therefore, a higher peak torque and final torque value were observed, likely due to higher

friction in the mixing chamber, which coincides with a high final temperature.
4.3.2 Water Uptake

As mentioned in introduction (Chapter 2), starch is a hydrophilic material. Thus, water uptake
may happen after processing and lead to further effects on many material properties. Therefore,
water uptake measurement has been performed and mean percentages have been calculated out

of 5 results from each type of samples and displayed in table 4-4.
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Table 4-4 Water uptake mean percentages (increased from original mass) at equilibrium

Code RMS-G9 RMS-G18  RMS-G27 RMS-E9 RMS-E18 RMS-E27
RH33 0.32% -2.06% -1.44% -0.18% -0.52% -1.71%
RH52 2.41% 1.01% 3.00% 1.79% 3.38% 4.54%
RH75 8.63% 11.06% 13.16% 8.66% 13.33% 17.54%

All of the samples in 33% humidity (excepting RMS-G9) show a negative absorbance at
equilibrium suggesting that samples were not completely dried in the vacuum oven. In fact,
water condensation was found at a small corner inside the screen glass of the oven door.

Presumably, the samples were not completely dried for this reason.

From table 4-4, only samples conditioned in RH75% show that a higher plasticiser level leads
to a high water absorption percentage. For samples conditioned in RH 33%, the results are not
conclusive because the water uptake progress of some samples was not started from absolute
“zero” humidity. However, if comparing the equilibrium results of RH33% and RH52%, it
can be found that samples with a higher level of plasticiser have a greater water uptake interval
between different conditioning RH. For samples conditioned in RH75%, samples plasticized
by a same level of [Emim][OAc] compared to glycerol can absorb a greater amount of water.

Most obviously, a higher humidity circumstance is the key factor to high water absorption.

Water uptake results over time of RMS-G9 are shown in figure 4-2 as an example. Similar
patterns can be found in other samples (see appendix B 10.2). It was found that once water
uptake experiments had finished according to the schedule (table 4-2), the samples in RH75%
had potentially not equilibrated yet. Hence, the samples were left in RH75% containers and
tested again at up to 98 days. In fact, compared to the data collected at the check point of 42
days, the final equilibrium results are not much different. It suggests that at 42 days after the
commencement of conditioning, the samples conditioned at RH75% had already reached
equilibrium. The trend in water uptake reaches a peak before reaching to equilibrium. These
most obvious peaks can be observed from samples conditioned at RH75%. The same trend can
be observed at any other samples which is less obvious compared to those conditioned in
RH75%. Superficially, the water uptake curves show that moisture was trapped by TPS and
released afterwards. It is believed that these water uptake trends are related to complex
microstructure change caused by different molecular interactions. This will be further

discussed in FTIR/Raman spectroscopy analysis (4.3.4.1) and XRD analysis (4.3.4.2).
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Figure 4-2 Water uptake ratio of RMS-G9 in different relative humidity levels over time

4.3.3 Tensile Tests during Conditioning

The resulting water uptake heavily influences the material’s mechanical properties such as
tensile strength and Young’s modulus. In order to investigate this, tensile testing was conducted
according to the plan in table 4-2. Note however that there were insufficient specimens to be
able to test beyond the planned 42 days for those conditioned for an extended time. Figure 4-3
showed tensile stress over strain curves of RMS-G18 and E18 as representative examples. Most

of the other samples have similar shapes of these curves.
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Figure 4-3 Representative tensile testing curves for RMS-G18 and E18 conditioned at RH 52%.
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As displayed in figure 4-4, figure 4-5 and table 4-5, the amount of plasticiser plays a key role
in Young’s modulus and tensile strength of the samples conditioned at RH75%. With a constant
plasticiser amount, the Young’s modulus decreases with the increase of conditioning humidity
level. Similarly, at a given humidity condition, the Young’s modulus decreases when the
plasticiser content increases. For each of the humidity conditions of the same plasticiser levels,
samples plasticized by glycerol always have a higher Young’s modulus than [Emim][OAc].
That shows [Emim][OACc] has a stronger effect on making the samples more flexible than
glycerol. In contrast, it indicates that glycerol can give RMS a stronger mechanical strength
than [Emim][OAc]. Higher conditioning humidity level and plasticiser level are relevant to the
decrease of material Young’s modulus in this case. This result is supported by two similar
studies (Xie et al., 2015, Xie et al., 2014). In these studies, it was suggested that the reduced
sample strength and stiffness was due to the hydrogen bonding disruption with the -OH sites

of starch by plasticiser.

The elongation at break data show a more complex pattern than tensile strength and Young’s
modulus as they are not changing progressively. The error bars for these results are large, so
the results may not be significant, however observing the mean values suggests that an increase
in plasticiser level initially increases the elongation at break and then decreases this value. It
was proposed (Xie et al., 2015) that the IL could disrupt starch H-bonding and prevent
macromolecular entanglement, making the polymer less connected. This leads to the initial
increase of elongation at break. However, much less entanglement of macromolecules (mainly
amylose), due to further plasticisation by plasticiser, could result in a reduction of elongation
at break. As the [Emim][OAc] gives higher elongation at break compared to glycerol

respectively, it suggests that [Emim][OAc] has a stronger plasticisation effect than glycerol.

Table 4-5 Tensile testing data of samples after conditioned at RH75%

Tensile strength [MPa]  Young’s modulus [MPa] Elongation at Break [%]

Code

Mean RE* Mean RE Mean RE
RMS-G9 11 0.14 960 0.17 9 1.07
RMS-G18 5 0.06 95 0.23 35 0.39
RMS-G27 2 0.10 28 0.04 13 0.18
RMS-E9 9 0.11 663 0.17 25 0.60
RMS-E18 5 0.06 62 0.19 43 0.23
RMS-E27 3 0.03 24 0.11 27 0.09

*Relative error
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As summarized in table 4-5, the relative error can provide some more information variability
of the TPS produced. In general samples with a low level of plasticiser (both G and E) have a
higher relative error. This suggests that these samples have a higher variability which could be

an issue in practical applications.
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Figure 4-4 (a) Young’s modulus of samples conditioned at RH75% [MPa]; (b) Tensile strength of samples
after conditioned in RH75% [MPa]
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Table 4-6 Tensile results of RMS-G27 and RMS-E27. RHO are data for the dried samples from the vacuum
oven, RH33, RH52 and RH75 are data from samples conditioned for 42 days at these design humidities

Tensile strength Young’s modulus Elongation at break
Code Humidity [MPa] [MPa] [%]
Mean RE Mean RE Mean RE
RHO 9.0 0.04 56 2.32 31 0.28
RMS- RH33 13 0.03 890 0.09 23 0.23
G27 RH52 5.9 0.03 160 0.09 34 0.22
RH75 2.2 0.10 28 0.04 13 0.18
RHO 7.0 0.04 120 0.06 87 0.15
RH33 9.7 0.04 310 0.02 67 0.15
RMS-E27 RH52 4.6 0.05 60 0.09 49 0.20
RH75 2.7 0.04 24 0.11 27 0.09

To observe how the water uptake resulting from the conditioning RH affects the tensile
properties, examples are given by table 4-6 and 4-7. At modest increases in water uptake the
Young’s modulus increases, but then at higher levels the Young’s modulus falls sharply.
Similar results were obtained in another study (Xie et al., 2015). A possible explanation of this
is that water is considered an effective plasticiser of RMS (Mateyawa et al., 2013, Lourdin et
al., 1997). Thus, to dry and rigid samples, increasing plasticiser amount can help in reducing
the brittleness of the samples. However, over-absorption of water, as a plasticiser, will over-
plasticize the RMS resulting in decreased tensile properties. The variation of tensile properties
during the conditioning is uncertain due to this reason and in many cases the sample brittleness

again made analysis of this problematic. Hence, it makes studying the molecular interaction
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and crystallisation behaviour very significant to understanding the mechanical property

changing mechanism and optimising the mechanical properties.

Table 4-7 Tensile testing results of RMS-G27 and E27 conditioned at RH75% over time

Time Water Tensile strength  Young’s modulus Elongation at
Code (days) Uptake (MPa] (MPal break
y Percentage [%]
Mean Mean RE Mean RE Mean RE
0 0.00% 9.0 0.04 560 0.23 31 0.28
5 7 7.92% 3.1 0.06 24 0.17 28 0.21
A 14 10.43% 3.1 0.08 46 0.16 27 0.23
= 28 14.45% 2.5 017 27 0.10 19 0.41
42 12.94% 2.2 0.10 28 0.04 13 0.18
0 0.00% 7.0 0.04 120 0.06 87 0.16
5 7 11.18% 3.6 0.04 25 0.07 48 0.11
n 14 14.29% 2.7 0.08 24 0.08 29 0.18
E 28 19.37% 2.6 0.06 22 0.08 25 0.12
42 17.05% 2.7 0.04 24 0.11 27 0.09

4.3.4 Characterisation after Sample Conditioning

4.3.4.1 FTIR and Raman Spectroscopy

FTIR spectra were analysed using the band assignment information in table 4-8 which were

derived from literature.
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Table 4-8 FTIR and Raman spectra assignment

Material Band assignment Infrared Raman References
CN bond oscillation 634 608,642 (Dhumal et
CCH wag from imidazole ring 710 al., 2009)
OCO bend from acetic anion 908
CNC stretch from imidazole ring 966
CCH scissor 1028
ey CH; wag (C6 H16 H17) 1099
S NCH twist 1174
? CH; bending
€ - from anion 1325 1342,1392,1
= - from linking part of ethyl at 1377 460
the cation side
CH> scissor 1427
NCH bend 1560 1576
. 2800-
CH stretching 3000
Skeletal modes of pyranose ring 488 (Cael et al.,
CH, deformation 872,1470 1974, Cael
COC a-1,4 glycosidic linkage 930 947 etal., 1973,
COH bending mode 1092 Dhital et.a.I.,
CO and CC stretching with COH bend 1134 2011, Kizil
-§ combination etal., 2002)
g CH20H side chain related mode 1263
g COH deformation 993
g CH bending 1078
T COC stretching from pyranose ring 1151
go CH,OH (side chain) related mode 1248
e Water adsorbed in the amorphous
. 1641
regions of starch
. 2800-
CH stretching 3000 2800-3000
. 3000-
OH stretching 3600
Primary CO stretching 1032 (Mendelovic
Secondary CO stretching 1109 ietal,
g; Aliphatic CH stretching 23%%%_ Pozuoc?\(;’rt,
[G) 1981,
. 3000- .
OH stretching 3600 Simons,
1978)

Figure 4-6 shows the fingerprint region for the RMS-E samples compared to those of the raw
ingredients. The behaviour of the bands assigned at 1335 cm™, 1404 cm™ and 1566 cm™ are

related to the interactions between the starch and IL as none of these could be seen in the raw
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starch spectra. It can be observed that bands at 1335 cm™, 1404 cm™* and 1566 cm™ of processed
TPS samples seem to be the up-shifted bands from 1325 cm™, 1377 cm™ and 1560 cm™ of 1L
spectra respectively. Since all of these bands are assigned to a bending mode, an up-shift of
wavenumber suggests that a stronger molecular interaction is occurring (usually hydrogen
bonding). In this case, it is assumed that CH groups from the acetic anion, the CH> group of
ethyl adjacent to the imidazole ring from the cation and the NH group on the imidazole ring
which correspond to the 1325 cm™, 1377 cm™ and 1560 cm™ peaks respectively are interacting

with starch molecules (figure 4-7).
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Figure 4-6 FTIR fingerprint region spectra of raw RMS, pure [Emim][OAc] and RMS-E series
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Figure 4-7 Corresponding molecular interactions on [Emim][OAc] structure indicated by FTIR
spectroscopy at 1325 cm-1, 1377 cm-1 and 1560 cm-1.
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Figure 4-8 Amylopectin structure (adapted from Xie et al., 2013)

The band positions from raw starch and TPS spectra at 930 cm™, 993cm™, 1151cm™ suggests
that a-1,4 glycosidic linkage of starch molecules, COH and COC structure from pyranose are
less likely to interact with IL (figure 4-8). However, a small band at 1248cm™ from TPS sample

spectra indicates that CH2OH group from the side chain is more likely to interact with the IL.
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Figure 4-9 Full FTIR spectra of raw RMS, pure [Emim][OAc] and RMS-E series

Figure 4-9 shows the full spectra for the RMS/IL samples. The strong and broad band with a
peak location at 3294 cm™ in raw RMS sample indicates the existence of a strong OH polymeric
interaction (in contrast the peak in an isolated hydroxyl group is at 3450-3570 cm™) (Pouchert,
1981, Simons, 1978). This band is absent in [Emim][OAc]. The TPS samples plasticized by
[Emim][OACc] have the same bands at about the same position, which suggests that the IL does

not have a stronger effect on OH groups of starch.
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Figure 4-10 Full FTIR spectra of raw RMS, pure glycerol and RMS-G series

Figure 4-10 displays the FTIR spectra of TPS plasticized by glycerol. Since glycerol and RMS
have peaks in similar positions, it is difficult to identify changes which occur during
plasticisation. However, at higher wavenumber it is observed that the OH stretching vibration
of these samples shifts down to 3282 cm™, the same as pure glycerol. This suggests that the
dominant interaction between glycerol and starch occurs at the hydroxyl. Compared to
[Emim][OAc], OH groups mostly contributed by starch molecules would have a stronger
hydrogen bonding in glycerol plasticized TPS. The results of FTIR spectra reveal that the effect
on starch of IL and glycerol is different. It can be concluded that glycerol interacts with TPS
by mainly affecting the hydrogen bonds between hydroxyl group of starch and glycerol. In

contrast, [Emim][OAc] interacts with starch on its conjugated system.
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Figure 4-11 Full FT-Raman spectra of raw RMS, pure [Emim][OAc] and RMS-E series

The suggested molecular interaction of starch and [Emim][OAc] is also supported by Raman
spectra of these (see figure 4-11). Details of band characterisation are given in table 4-8. The
majority of assigned bands are very similar between raw RMS samples and IL plasticized TPS
samples. However, significant changes can be seen at 1032 and 1429 cm™ which are related to
the CCH and CH> scissoring vibration of [Emim][OAc] as analysed from FTIR spectra. CN
oscillation has a slight change at 606 cm™ suggesting potential interaction position but this

signal is not very obvious.

In contrast, Raman spectra of glycerol plasticized TPS (figure 4-12) does not have any apparent
differences in the results. This is due to the dipole OH stretching signal being very weak in

Raman spectra. Hence interaction between hydroxyl groups cannot be characterized either.
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Figure 4-12 Full FT-Raman spectra of raw RMS, pure glycerol and RMS-G series
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4342 XRD

The X-ray diffractograms of TPS samples plasticized by [Emim][OAc] and glycerol are
presented in figure 4-13 and figure 4-14 respectively. Samples which were dried before
conditioning and samples which were conditioned at RH75% are coded with RHO and RH75,
respectively.

————— RMS-E27-RH75
—— RMS-E27-RHO
oo eeees RMS-E18-RH75
NN —— RMS-E18-RHO
AR RMS-E9-RH75
—— RMS-E9-RHO

Diffraction Angle 26°

Figure 4-13 XRD diffractogram of RMS-E series samples. The baseline of individual pattern is shifted.
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Figure 4-14 RMS-G Series XRD diffractogram

The XRD results show that crystalline structures exist in all of the samples. Possibly part of
the crystalline structure corresponds to undestroyed crystals from the natural starch granules
and part from recrystallisation. As summarised in table 4-9, thermal processing significantly

decreased the degree of crystallinity of native starch from 39.5% (Xie et al., 2015).

RMS-E9-RHO shows obvious peaks at 20 of 15°, 23° and a doublet at 17° and 18°, which are
evidence of the A-type crystalline structure (Cheetham and Tao, 1998, Lopez-Rubio et al.,
2008, Xie et al., 2014, Xie et al., 2015). Other strong peaks at 26 of 7°, 13°, 20° and 22°, which
overlaps with 23°, are indicative of a V-type crystalline structure (Xie et al., 2014). The
diffractogram of RMS-E9-RH75 shows a similar pattern, however with lower intensity. The
main characteristics of A-type crystalline and V-type crystalline remains suggesting that the
crystal structures have not changed. However, broader peaks suggest either a reduction in the
size or increasing defects of the crystallites, leading the total crystallinity of RMS-E9-RH75
being lower compared to RMS-E9-RHO (see table 4-9).
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It has been found that V-type crystal structure exists in all of the samples. RMS-E18-RHO
displays strong reflections at 26 of 17°, 23°, a characteristic peak at 5° 26 and a small peak at
14° 26. These peaks significantly suggest a characteristic B-type crystallinity. With a small
peak at 18° 20 suggesting that A-type crystals still exist, subtle shoulders are also observed at
15° and 23° 20. Together, these facts indicate that the crystalline structure of this sample
includes both A- and B-type features. Thus RMS-E18-RHO is classified as C-type. However,
when it comes to RMS-E18-RH75, the fact that specific reflections at 26 of 5° and 14° have
disappeared and the doublet becomes obvious means B-type crystal structure disappeared and

A-type crystal come to be predominant after conditioning.

RMS-E27-RHO0 shows a typical B-type crystal pattern which includes a diagnostic peak at 20
of 5°, isolated strong peak at 17° 26 without doublet and a shoulder affected by V-type crystal
at 23° 20 and a small shoulder at about 14° 26. However, the reduced peaks at 5° 20 and 14°

260 implies the reduction of B-type crystal after conditioning.

Glycerol samples have the same V-type crystal characteristics in all different samples.
Similarly, peaks at 20 of 15° and 23°, and a doublet at 17° and 18° identify the typical A-type
structure in all of the glycerol samples. However, a very small but broad peak appears at 5° 26
suggesting the existence of B-type structure in RMS-G18-RHO, RMS-G27-RHO and
RMS-G27-RH75. Therefore, the crystalline structure of these samples is classified as C-type
while the others are A-type.

Potentially due to the strong interaction between plasticisers and starch, the increase of
plasticiser level is converting A-type crystalline to B-type crystalline in samples (as C-type is
a combination of A and B-type, hence , it could be an intermediate state in this case) (Imberty
et al., 1991, Lopez-Rubio et al., 2008), allowing more cavities in crystals to trap water from
the environment. This also leads to a reduction in degree of crystallinity prior to conditioning
from 34.81% to 23.52% for [Emim][OAc] and 35.87% to 25.74% for glycerol.

To the contrary, water absorption tends to decrease the B-type crystalline structure by
potentially mobilizing the molecules of starch and relaxing the material. Similarly, the degree
of crystallinity decreases after conditioning. As a result of B-type crystalline being destroyed,
the cavities which can hold water were also destroyed and released water out from the TPS.

Thus, this potentially explains the peak in water uptake trend mentioned in 4.3.2.
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Compared to the same level, generally [Emim][OAc] plasticized RMS has a lower crystallinity
than glycerol. The reason is believed to be that [Emim][OAc] has a different type of interactions
with starch, and starch molecular connections of RMS-E series sample are weaker than RMS-
G series, as indicted by FTIR/Raman spectroscopy results. The [Emim][OAc] plasticized RMS
therefore forms either more amorphous regions in TPS or looser packed crystals, which will
fall apart when water is absorbed, when compared to glycerol. Thermal mixing and
compression moulding would induce the newly formed single helix V-type crystalline
structures (van Soest et al., 1996b, Xie et al., 2014). V-type crystallinity decreases when a
higher level [Emim][OAc] was used. The water uptake can be another cause of V-type
crystallinity reduction. However, the presence of glycerol in TPS results in either larger or
more perfect V-type crystallites as the diagnostic peaks of V-type crystal are sharper in figure
4-14. Referring to the tensile testing results, it can be found that usually highly crystallized

samples have a higher tensile strength and Young’s modulus.

Overall, the choice of plasticiser type and quantity is the predominant factor in controlling
mechanical properties, as the molecular interaction has a direct effect on the resulting
intermolecular forces. Mechanical properties are also related to the degree of crystallinity,
though this effect is less prominent. The types of crystallites are influenced by plasticiser,

processing and conditioning RH and this in turn is correlated with the moisture uptake.
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Table 4-9 Crystalline pattern and crystallinity of RMS samples

RHO RH 75%
Code
Degree of crystallinity [%] Pattern Degree of crystallinity [%] Pattern
Double Helices V-type Total Double Helices V-type Total
Native RMS* 39.5 - - 39.5 - -
RMS-E9 29.45 5.36 34.81 A 21.27 4.00 25.27 A
RMS-E18 22.09 4.62 26.71 C 19.33 3.29 22.62 A
RMS-E27 20.28 3.24 23.52 B 18.25 2.35 20.60 B
RMS-G9 30.03 5.84 35.87 A 22.29 4.30 26.59 A
RMS-G18 23.25 6.47 29.72 C 20.96 4.53 25.49 A
RMS-G27 17.82 7.92 25.74 C 18.54 5.75 24.29 C

*Note that the native RMS was not conditioned. Also the V-type crystallinity pattern was not achievable due to weak and overlapping signals
(Xie et al., 2015).
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435 TGA

Figure 4-15 and 4-16 show first derivative curves showing the temperatures at which mass loss
occurs were calculated from the heat flow raw data. Different RH conditions do not affect TGA

results. Hence only the effects of different formulations are displayed.
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Figure 4-15 First derivative TGA results of RMS-G series compared with raw RMS
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Figure 4-16 First derivative TGA results of RMS-E series compared with raw RMS
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Raw RMS has a broad peak at about 80°C which starts approximately from 40°C and ends at
around 120°C. Water evaporation is most likely responsible for this peak. A study suggests
that water evaporation beyond 100°C is related to molecular interaction between water and
starch which restrains the water loss (Esmaeili et al., 2017). Centred at about 292°C, a sharp
peak appears corresponding to the highest degradation rate of the raw starch starting at

approximately 240°C.

RMS-G9, RMS-G18, RMS-G27 do not show any water evaporation which suggests that
glycerol has a good ability to bind starch and water. In terms of the temperature at the peak
thermal degradation rate, RMS-G9 is at about 291°C, RMS-G18 is at about 298°C, RMS-G27
is at about 296°C which are close to the glycerol boiling point 290°C (Esmaeili et al., 2017).
All of them start at between 240°C-250°C. Therefore, it is seen that adding glycerol does not
have much effect on the temperature of the peak degradation rate, with a range observed of less

than 10°C. Similarly, the onset temperature of heat degradation is not largely affected.

At lower temperatures [Emim][OAc] plasticised samples behave similarly. The lack of water
evaporation peak at low temperature in processed samples indicates that [Emim][OAc] has a
parallel ability of water capturing compared to glycerol. However, the peak degradation rate
temperature of RMS-E9, RMS-E18 and RMS-E27 lower to 275°C, 268°C and 262°C
respectively. The range of degradation temperature change is up to about 30°C. Degradation

onset temperature drops from near 240°C to 200°C.

Such results are supported by similar studies which suggest that the decrease of thermal
degradation temperature of the starch is caused by molecular weight decrease during solution
processing with heat (Xie et al., 2014, Zhang et al., 2016).

In this case, combining the results from FTIR and Raman spectroscopy, it is believed that the
nature of interactions with [Emim][OAc] creates this difference. Strong hydrogen bonding
between starch OH groups and glycerol in RMS-G series makes the degradation onset and peak
temperature higher, as supported by a similar study which showed that a higher starch thermal
stability can be obtained by using sorbitol compared to glycerol (Esmaeili et al., 2017). In
contrast, the molecular interactions between the conjugated system of [Emim][OAc] and starch

leads to a lower degradation onset and peak temperature in these samples.
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4.4 Conclusions

The results from FTIR spectroscopy and Raman spectroscopy, revealed that higher levels of
plasticisers give stronger molecular interactions in the TPS system. Consequently, mixing
results during processing are obviously influenced by this factor. Stronger interactions result
in lower mixing torques and hence lower energy for processing. Meanwhile, the molecular
interactions with [Emim][OAc] are different from glycerol. XRD analysis shows that the
crystallisation behaviour, crystal morphology and crystallinity are all influenced by the
plasticisers. An interaction between starch hydroxyls and conjugated systems of [Emim][OAc]
tends to form more amorphous regions or looser packed crystals than glycerol plasticized
samples. As a result, the RMS-E series samples generally showed a greater water uptake,

resulting in lower mechanical strength and higher flexibility than the RMS-G series.

In this study, [Emim][OAc] as an IL has demonstrated its ability to lower processing torques
and actual melt temperatures which is good for processing. At the same time, it makes RMS a
more ductile material. Also, it was found that the mechanical properties are related to the
crystallite structure and crystallinity changes during conditioning. However, the mechanical
strength and thermal stability are reduced which are potentially undesirable. Hence, it would
be significant to balance these different material characteristics to achieve material properties

optimisation.

Even though the properties of RMS plasticised with [Emim][OAc]were poorer than for
glycerol, there was a clear processing advantage. Therefore, studying alternative ILs would be
beneficial, which is the focus of the following chapter. Further investigation on how starch
interacts with different chemical parts and how these interactions affect the microstructure and
material properties of TPS would also be of great significance in further studies in order to

optimize material properties.
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5 EFFECTS OF [AMIM]CL/[BMIM]CL ON RMS
PROCESSING

5.1 Introduction

In Chapter 4, the effects of [Emim][OAc] were investigated and compared to glycerol. It was
found that using [Emim][OAc] yielded a more ductile material with a reduction of thermal
degradation temperature and lower tensile strength and Young’s modulus. It was found that the
interactions with ionic liquid were very different to glycerol, and hence this greatly influenced
the final properties. However, whether these kinds of interactions are unique to [Emim][OAc]
and how they can be controlled and optimized are still unclear. Therefore, in order to expand
knowledge of starch plasticisation by ionic liquids, this chapter will investigate the effects of
RMS processed by two other ILs, 1-Allyl-3-methylimidazolium chloride [Amim]CI and 1-
Butyl- 3-methylimidazolium chloride [Bmim]CI. These ILs have been widely investigated and
reported to be effective in plasticizing starch and other bio-polymers (Ren et al., 2017, Zhao et
al., 2015).

[Amim]Cl and [Bmim]Cl also have an imidazole ring which can potentially interact with starch
in a similar way to [Emim][OAc]. The great electronegativity of the Cl anion means it is very

likely to form hydrogen bonding with any OH group it encounters.

In this chapter, mechanical properties and water uptake will again be studied during
conditioning. Crystallinity, thermal stability and molecular interaction will be studied after
conditioning. Results of RMS plasticized by [Amim]Cl and [Bmim]CI will be compared to

each other and also along with the outcomes in Chapter 4.

5.2 Experimental
5.2.1 Materials

The starch used in this experiment was still RMS. [Amim]CI and [Bmim]CI were used as

plasticisers. Details are as outlined in chapter 3.2. Experimental Methods.

Since the results obtained with a low plasticiser level and low (RH 33%) proved unreliable this
chapter only focusses on the higher plasticiser and humidity levels. Samples were prepared
similarly by compression moulding and mixing as described in chapter 3.3.1, with the

compositions as detailed in table 5-1.
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Table 5-1 Sample formulation design

Starch

Code Starch Type Amount Water [Amim]CI [Bmim]ClI
RMS-A9 RMS 100 21 9
RMS-A18 RMS 100 12 18 -
RMS-A27 RMS 100 3 27 -
RMS-B9S RMS 100 21 - 9
RMS-B18 RMS 100 12 - 18
RMS-B27 RMS 100 3 - 27

The sample sheets produced by compression moulding were then conditioned at two different

humidity levels and characterised over time using the following techniques:
Mechanical properties — Tensile testing (section 3.3.3.1)
Water absorption — Water uptake measurement (section 3.3.2.1)

After conditioning was completed, (as indicated by no further weight change in the water

uptake measurement) the samples were characterised by the following methods:
Molecular Structure — FTIR spectroscopy (section3.3.3.3)
Raman spectroscopy (section 3.3.3.4)

Crystal structure — XRD (section3.3.3.5)

Thermal stability — TGA (section3.3.3.2)

These tests were performed according to the schedule given in table 5-2. Note that the samples
are very sensitive to RH environment at the beginning of conditioning. The tensile tests,
therefore, were not performed until 7 days conditioning as it would take several hours to finish
testing all samples. In addition, some of the samples were too brittle at time zero. Also by
definition, water uptake at time zero is zero. Therefore, there is no time zero measurement for

either of the tests.

Table 5-2 Conditioning schedule

Time (days) 0.25 1 3 7 14 28 42
Water uptake % % > v v
measurement
Tensile testing X X X X




5.3 Results and Discussion

5.3.1 Mixing Torque

Similarly to the work described in chapter 4, material compounding and processing are

fundamental to this study since achieving homogeneous material is still the basic goal.

Figure 5-1 (a) and 5-1 (b) summarizes typical torque values recorded over the mixing time of
each sample. Every sample displayed a typical loading peak at the start and a rise in the torque
to a maximum value. In both the RMS-A and RMS-B series the latest peak time was found in
the samples with the middle level of plasticiser. All the mixing curves approached an asymptote,
indicating a homogeneous outcome. The results obtained were reasonably reproducible over
the 3 replicates of each formulation, therefore the data summary of mixing process is shown in
table 5-3 as mean values together with Fisher post hoc comparisons of significant differences
(p<0.05), where, in a column, values that do not share a letter are significantly different.

Table 5-3 Mean value of thermal mixing data of RMS-A and RMS-B series samples (in each column entries
that do not share a letter are significantly different, Fisher comparisons p<0.05)

Code Peak Time Peak Torque  Final Torque Temp at Peak Final Temp

[min] [Nm] [Nm] [°C] [°C]
RMS-A9 4.0° 6.6¢ 4.9b 94.9b 97.8¢
RMS-A18 5.22 7.9° 6.0° 96.8? 98.5P
RMS-A27 3.7b¢ 10.42 6.820 95.72b 98.8°
RMS-B9S 3.2¢ 6.5°¢ 4.8¢ 92.6° 97.4¢
RMS-B18 4.4° 7.9° 5.32b 95,32 97.8¢
RMS-B27 3.0¢ 10.42 6.1°¢ 94.0b¢ 98.2¢

There was no noticeable smell of chlorine after the processing of RMS-A and B series samples.

Samples remained soft even after cooling.

As summarized in table 5-3, increasing levels of plasticiser gave higher values of peak torque,
final torque and final temperature. Potentially, larger amounts of plasticisers mean stronger
plasticiser-water interaction and less water to interact with starch. Hence, the friction between
mixing chamber and material might increase resulting in a higher final torque and final
temperature. Comparing samples plasticized by the same level of [Amim]Cl with [Bmim]ClI,
it appears that the RMS-B series displays slightly lower processing torques and temperatures,
although this is not statistically significant in these data. However, when compared to RMS-G
and E series (Table 4-3), it is seen that RMS-A and B can lower the processing torque by about

1-3 Nm and the temperature by 1-2 °C. Bigger differences occur at higher plasticiser levels.
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Figure 5-1 (a) Mixing torque over processing time of RMS-A series; (b) Mixing torque over processing time
of RMS-B series

5.3.2 Water Uptake

It has been demonstrated that water sensitivity is a vital character of TPS after processing and
thus significantly influences most of the material properties in chapter 4. Hence, water uptake

measurement has been performed again and mean percentages have been calculated out of 5
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results from each type of samples. The water uptake results are displayed in table 5-4, with

standard deviation values not presented. Details can be found in figure 5-2 and figure 5-3.

Table 5-4 Water uptake mean percentages (increased from original weight) at equilibrium

Code RMS-A9 RMS-A18  RMS-A27 RMS-B9 RMS-B18 RMS-B27
RH52 5.44% 7.08% 8.28% 5.50% 6.17% 7.89%
RH75 10.86% 13.70% 17.65% 10.15% 12.24% 15.65%

According to table 5-4, there is almost no doubt that higher plasticiser level and higher
conditioning RH can lead to a higher water uptake percentage. Comparing the same levels of
plasticiser for [Amim]Cl and [Bmim]Cl, it can be observed that samples plasticized by
[Bmim]Cl are more hydrophilic. However, these results show that the water uptake percentages
of RMS-A and RMS-B series are generally higher than RMS-G series. The RMS-E series only
give similar results at a conditioning RH of 75% and a plasticiser level of 18 or 27. However
the major influence on water uptake percentage remains the RH level during conditioning with

the roles of plasticisers influencing the upper uptake limits.
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Figure 5-2 Water uptake percentage of RMS-A and RMS-B series in RH52% over time

Similar to what has been observed in RMS-G and RMS-E series (table 4-4 and figure 4-2), the
water uptake trends (figure 5-2 and 5-3) in different RH levels all reach a peak value before
approaching an equilibrium. This phenomenon is more obvious among the samples conditioned
at RH75%. Since in chapter 4 it was proposed that the crystal structure is influenced by

interactions with the plasticisers, and consequently this micro-morphology change affects the
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water uptake behaviour, it is also assumed that potential interactions between RMS and the two
types of ILs ([Amim]Cl and [Bmim]CI) might lead to some variations of the crystal structures
which would affect the water uptake. This will be discussed further with more details in FTIR
spectroscopy and Raman spectroscopy analysis (5.3.4.1) and XRD analysis (5.3.4.2) later this
chapter.
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Figure 5-3 Water uptake percentage of RMS-A and RMS-B series in RH75% over time

5.3.3 Tensile Tests during Conditioning

Tensile testing has been performed to investigate the mechanical properties of RMS-A and

RMS-B series samples since they can be heavily influenced by water uptake results.

Note however that there were insufficient specimens to be able to test beyond the planned 42
days for those conditioned for an extended time. As the study of RMS-G and E series has found
that it was difficult to test samples in dry conditions, none of the dried samples of the RMS-A
and B series have been tested. In addition, reliable results for RMS-A9 and RMS-B9 could not
be obtained in all conditions. Therefore, the analysis of the tensile testing results will focus on

the other samples.

The tensile properties of RMS-A and B series conditioned at RH75% are summarized in table
5-5 and visualized in figure 5-4 (a), (b) and (c). Overall, it can be seen that increasing the

amount of ILs can significantly lower the tensile strength and the Young’s modulus of the
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samples. For example, the average tensile strength of RMS-A27 is 5.6MPa which is less than
half of the RMS-A18 average result. The average result of RMS-B27 is only about 20% of the
value of RMS-B18. However, the elongation at break, on the other hand has increased
substantially. These results indicate that [Amim]CIl and [Bmim]CI have a significant effect on
RMS plasticisation which can effectively turn rigid polymers to a very rubbery state. The
tensile properties of RMS-A18 and B18 are quite similar. However, RMS-B27 exhibits a much
lower tensile strength and Young’s modulus than RMS-A27, along with an elongation at break
value almost 10 times that of RMS-A27.

Compared to the results of RMS-G and E series (table 4-5, 4-6 and 4-7), it can be observed that
RMS-E series samples exhibit the lowest tensile strength and Young’s modulus, and the highest
elongation at break, at the plasticiser level of 18. RMS-G18 demonstrates the most rigid

character while RMS-A18 and B18 display similar values in between the G and E series.
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Table 5-5 Tensile testing data of samples after conditioning at RH52%

Code Tensile stress [MPa] Young’s modulus [MPa] Elongation at break [%]
Mean RE Mean RE Mean RE
RMS-A18 13 0.06 760 0.14 24 0.58
RMS-A27 5.6 0.01 58 0.24 65 0.08
RMS-B18 12 0.10 700 0.13 20 0.75
RMS-B27 2.4 0.06 10 0.16 201 0.08
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Figure 5-4 (a) Tensile strength of samples conditioned at RH52%; (b) Young’s modulus of samples conditioned at RH52%; (c) Elongation at break of samples
conditioned at RH52%
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Table 5-6 Tensile testing data of samples after conditioning at RH75% for 42 days

Code . Tensile stress [MPaLE |V\Iloung’s modulus [MPRaE] |\Ellom*%a\tion at break [%I;]E

6 (a) 120 ~ (b) 160 - (C)
s % £ g | glzo §
% Z % Eloo §
gs - % % é: 60 - g 80 \

Figure 5-5 (a) Tensile strength of samples conditioned at RH75%; (b) Young’s modulus of samples conditioned at RH75%; (c) Elongation at break of samples
conditioned at RH75%
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With the RH75% samples, the overall trend is similar to the RH52% samples (table 5-6 and
figure 5-5). High levels of ILs can lead to lower tensile strength and Young’s modulus, but
higher elongation at break. For example, the tensile strength, Young’s modulus and elongation
at break of RMS-A27 are about 60%, 17% and 120% of RMS-A18 respectively. For RMS-
B27, they are 56%, 11% and 250% of RMS-B18. When compared to the data of RH52%, the
tensile strength and Young’s modulus values of each formula decrease to an even lower level.
The tensile strength of RMS-A18, A27, B18 and B27 conditioned in
RH75% are 38%, 54%, 13% and 37% of those conditioned in RH52% respectively. For the
Young’s modulus, RMS-A18, A27, B18 and B27 conditioned in RH75% are 12%, 28%,
2.1% and 17% of those conditioned in RH52% respectively. In terms of the elongation at break,
RMS-A27 and RMS-B27 seem to be over-plasticized because the measurements for these
samples have decreased compared to those in RH52%. These results are similar to that
observed in two other studies using [Emim][OAc] as plasticiser (Xie et al., 2015, Zhang et al.,
2016). Such a low mechanical strength may limit the material application and, hence, it is

necessary to investigate methods to strengthen this material.

A comparison of the RMS-G and E (table 4-5) series samples in RH75%, RMS-A18 shows
equivalent tensile strength and Young’s modulus to the RMS-G18 samples. The data for RMS-
E18 are similar, except for the lower Young’s modulus of 62 MPa. RMS-B18 shows the lowest
tensile strength and Young’s modulus, and the highest elongation at break, at the plasticiser
level of 18.

When the plasticiser level increases to 27, the Young’s modulus of RMS-A and B series
become lower than G and E series. Meanwhile, the values of elongation at break become higher

than G and E series.
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Table 5-7 Tensile data of RMS-A27 and RMS-B27 conditioned at RH75% over time

Time L\J/\:)?c:i; Tensile strength ~ Young’s modulus Elongation at
Code (Days) Percentage [MPa] [MPa] Break [%]

Mean Mean RE Mean RE Mean RE
~ 7 13.20% 3.61 0.02 26.65 0.05 66 0.05
g. 14 17.25% 3.18 0.03 20.93 0.05 53.8 0.09
g 28 18.56% 2.71 0.04 19.2 0.03 40.00 0.12
e« 42 17.68% 2.96 0.04 16.17 0.05 37.94 0.15
~ 7 12.07% 1.13 0.04 1.66 0.17 208 0.07
$ 14 15.73% 0.82 0.07 1.51 0.11 161.93  0.08
§ 28 16.91% 0.68 0.04 1.42 0.09 138.27  0.08
e« 42 15.96% 0.89 0.05 1.68 0.08 133.34  0.10

Table 5-7 illustrate how the tensile properties of the samples change when conditioned in

RH75%. No clear correlation can be seen between water uptake percentage and tensile

properties. It is assumed therefore that water uptake is not the direct reason for the tensile

property changes, and as discussed in chapter 4 it is the crystalline structure, which is affected

by water uptake, that is assumed to be the direct factor. Hence, it is important to study the

crystallisation behaviour of RMS-A and RMS-B samples to understand the underlying

mechanism.

5.3.4 Characterisation after Sample Conditioning

5.3.4.1 FTIR and Raman Spectroscopy

FTIR spectra were analysed using the band assignment information in table 5-8 which were

derived from literature as indicated.
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Table 5-8 FTIR and Raman spectra assignment

Material Band assignment Infrared Raman References
CH wag and Ring symmetric 997 (Xuan et al.,
deformation 2011,
CH wag 1020 Pouchert,
CCH bending 1030 1981,
Ring asymmetric deformation and 1165 Simons,
CH bending 1978)

[Amim]Cl C-C stretching and CH bending 1284 1302
CH bgndmg, CN stretching and CCN 1333, 1423
bending
CN stretching and CNC bending 1562 1572
C=C stretching 1645 1655

. 2800-
CH stretching 3150 2800-3150
Skeletal modes of pyranose ring 488 (Cael et al.,
CH2 deformation 872,1470 1974, Cael
COC a-1,4 glycosidic linkage 930 947 etal, 1973,
COH bending mode 1092 Dhital et al.,
CO and CC stretching with COH 2011, Kizil
. 1132
bend combination et al., 2002)
CH20H side chain related mode 1263
. 993,
COH deformation 1014
RMS CH bending 1078
COC stretching from pyranose ring 1151
CH20H (side chain) related mode 1248
CH deformation of all ring 1306
hydrogens
Water adsorbed in the amorphous
. 1641
regions of starch
. 2800-
CH stretching 3000 2800-3000
. 3000-
OH stretching 3600
CCH bending 1028 (Hamaguchi
CH bend 1165 and Ozawa,
CH bending and CN stretching 1421 2005,
CN stretching and CNC bending 1560 1568 Kathirgama
[Bmim]CI nathan et
al., 2015,
CH stretching 2382%%- 2800-3000 Kotov etal.,
2016, Sankri
et al., 2010)
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Figure 5-6 FTIR fingerprint region spectra of raw RMS, pure [Amim]CIl and RMS-A series

Figure 5-6 shows the fingerprint region for the RMS-A series samples compared to those of
the raw ingredients. Band assignment is as displayed in table 5-8. The differences between the
spectra of raw RMS and [Amim]Cl plasticized starch samples are not very obvious. New peaks
at 1014 cm™ and 1574 cm™ are observed in RMS-A series samples. The band at 1014 cm™ is
assumed to be related to molecular interactions of the OH groups linked to pyranose rings of
starch (Cael et al., 1975, Kizil et al., 2002). It is also indicative of the amorphous phase
dominating over the crystalline phase in the material (Cozar et al., 2013). The minor peak at
1574 cmtis likely that shifted from 1566 cm™ of [Amim]CI which relates to CN stretching and
CNC bending from the imidazole ring. Similar patterns can be observed in the RMS-B series
samples displayed in figure 5-9. A peak assigned to the same vibration mode of CN stretching
and CNC bending is at 1572 cm™. Compared to the same peak of RMS-E samples (chapter
4.3.4.1) at 1566 cm, a down shift of ~12 cm™ is displayed from RMS-B series which is slightly
bigger than ~10 cm™* from RMS-A series while RMS-E series display a down shift of ~6 cm™.
This suggests that the interaction between starch and imidazole rings may be stronger in the
case of [Amim]CI and [Bmim]CI which is significant for their material properties. Also the
COH deformation peak up-shifts from 1014 cm™ to 1018 cm™, suggesting starch interacts
slightly stronger with [Bmim]CI than [Amim]CI.
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Figure 5-7 FTIR fingerprint region spectra of raw RMS, pure [Bmim]Cl and RMS-B series

Looking at the full spectra of RMS-A and B series (Figure 5-7 and 5-8), it can be seen that the
bands corresponding to starch OH stretching do not change much. It is difficult to make
definitive conclusions on the variation of the hydrogen bonding between hydroxyl groups as a
2 cm shift is not very significant in such a broad OH peak, which is very similar to the

behaviour of RMS-E series samples.
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Figure 5-8 Full FTIR spectra of raw RMS, pure [Amim]Cl and RMS-A series
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Figure 5-9 Full FTIR spectra of raw RMS, pure [Bmim]Cl and RMS-B series

Raman spectroscopy provides additional information which supports the trends observed in
FTIR spectroscopy. Several bands become increasingly obvious in [Amim]Cl plasticized RMS
samples at 1032 cm™, 1306 cm™?, 1425 cm™?, 1574 cm?, 1624 cm™ and 1655 cm™ (as shown in
figure 5-10). These bands are believed to be introduced by [Amim]ClI originally assigned at
1030 cm?, 1302 cm?, 1423 cm?, 1572 cm?, 1624 cm™ and 1655 cm™. As suggested by
previous studies (Xuan et al., 2011), the peak at 1030 cm™ is assigned for CCH bending and
1302 cm™ is for C-C stretching and CH bending. These factors are potentially strong evidence
of interactions existing at C7 as indicated in figure 5-11. A strong peak at 1423 cm™ is assigned
for CH bending, CN stretching and CCN bending. A weak peak at 1572 cm™ is related to CN
stretching and CNC bending. These two bands suggest the imidazole ring of [Amim]ClI takes
a significant role in interacting with starch. A strong absorption at 1655 cm™ is diagnostic for
C=C stretching while the small shoulder at 1624 cm™ is not reported yet. Hence, it is indicated
that the allyl group is involved in interacting with starch. In terms of the starch structure, it is
found that the shape of the band at 486 cm™ changes when [Amim]Cl is added, indicating that
the pyranose ring of starch takes part in the interaction which is also suggested by FTIR
assignment. In addition, the peaks at 1132 cm™and 1263 cm™ are diminishing with the increase
of plasticiser content, indicating that the hydrogen bonds between starch molecules are being

destroyed.
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Figure 5-10 FT-Raman fingerprint region spectra of raw RMS, pure [Amim]Cl and RMS-A series
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Figure 5-11 Chemical structure of [Amim]CI

In the case of RMS-B series samples (figure 5-12), bands at 1028 cm™, 1421 cm™ and 1568
cm* from pure [Bmim]Cl are introduced to processed starch samples and all display an up-
shift to 1032 cm™, 1427 cm™ and 1574 cm™. Similarly, this indicates the potential chemical
regions which are involved in interaction with RMS. The band at 1028 cm™ is assigned to CCH
bending, while the other two at 1421 cm™ and 1568 cm™ suggest chemical parts from the
imidazole ring. Compared to the same interactions of [Amim]CI which all display up-shifts of
approximately 2 cm™, the up-shifts displayed by CCH bending mode, CH bending and CN
stretching combination mode, CN stretching and CNC bending combination mode from
[Bmim]Cl are 4 cm™, 6 cm™ and 6 cm™ respectively. This greater shift suggests that the
molecular interaction of RMS-B series samples may be stronger than that of the RMS-A series
samples (Kuptsov and Zhizhin). However, the potential locations of hydrogen bonds are not

very clear since the shape variation of bands at 488 cm™ and 1132 cm™ is minor. Similarly to
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the RMS-A series samples, a new minor unknown peak at 1624 cm™ is observed in the RMS-
B series samples. This small peak is observed at 1624 cm™ in both [Amim]CI and [Bmim]CI
in both figure 5-10 (where it appears as a shoulder to the 1655 peak) and 5-12. No assignment
of this peak was found in the literature, but given its wavenumber it is likely to be related to
C=C and C=N vibration modes in the imidazole ring. This peak is relatively much larger in the
plasticised RMS samples’ Raman spectra, which suggests a strong interaction with the starch.
This peak was not observed in the [Emim][OAc] plasticised RMS samples, so this is further

evidence which indicates [Amim]CI and [Bmim]CI have stronger interactions.
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Figure 5-12 FT-Raman fingerprint region spectra of raw RMS, pure [Bmim]Cl and RMS-B series

The full FT-Raman spectra of RMS-A and B series (figure 5-13 and 5-14) show another
potential interaction at 2960 cm™. All of the details mentioned above demonstrate that the
interactions introduced by [Amim]CI and [Bmim]CI to starch are very similar. The imidazole
ring is the major factor of interaction while the substitute groups can affect the strength of
interaction. By simply comparing the band shifts of same chemical parts between [Amim]Cl,
[Bmim]Cl and [Emim][OAc], it can be found that the strongest interaction is from the RMS-B
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series samples, the RMS-A series is slighter weaker than B and the RMS-E series is the weakest

among all of the ILs.
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Figure 5-13 Full FT-Raman spectra of raw RMS, pure [Amim]Cl and RMS-A series
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Figure 5-14 Full FT-Raman spectra of raw RMS, pure [Bmim]Cl and RMS-B series
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5.3.4.2 XRD

The XRD results of TPS samples plasticized by [Amim]CI and [Bmim]ClI are displayed in
figure 5-15 and figure 5-16 respectively. Dried samples before conditioning are labelled with
RHO. Similarly, samples after conditioning at RH52% and RH75% are indicated with RH52
and RH75 respectively. From figure 5-15, it can be easily observed that all RMS-A18 samples
display strong peaks at 260 of 15°, 23° and a doublet at 17° and 18°, which are diagnostic
evidences of the A-type crystalline structure (Imberty et al., 1988, Xie et al., 2014). Other
strong absorptions at 20 of 7°, 13°, 20° and 22° which overlaps with 23° indicate a V-type
crystalline structure. A small but obvious peak at 26 of 5° suggests the existence of B-type
crystalline structure in RMS-A18-RH75. Hence, it is very likely that the other diagnostic peaks
at 20 of 17 and 23° from B-type crystalline structure are overlapped with the A-type
characteristics. Therefore, the crystalline structure of RMS-A18-RH75 is identified as C-type
while the other two are A-type. As presented in table 5-9, the total degree of crystallinity of
RMS-A18 decreases from 21.59% to 18.02% against the increasing RH trend from 0% to 75%.
V-type crystalline structure grows as the conditioning RH increases from 0% to 52%, but then

vanishes as the RH further increases from 52% to 75%.

Similarly, weak signals of A-type crystal at 26 of 15°, 23° and a doublet at 17° and 18° can be
observed in RMS-A27-RHO. In a high RH of 52%, these bands become more obvious with the
appearance of B-type character which is at 20 of 5°, suggesting the crystalline structure of the
sample turning from A-type to C-type. In RH75%, A-type structure is gone completely, leaving
a single strong peak at 20 of 17°, indicating the crystalline structure has completely turned into
B-type. However, the main characters of B-type crystallinity become vague at the same time.
For example, the broad band at 26 of 5° has shrunk into a small peak indicating either the
reduced size or increased defects of the crystallites. V-type crystals exists in all RMS-A27
samples. However, it shows the weakest signals in RH0% which have no peak at 26 of 7° while
the peak at 20 of 13° is broad compared to other RMS-A27 samples. The characteristic peaks
of V-type crystalline become sharp and obvious in RH52%. However, they become weak again
in RH75%. The total crystallinity and the V-type crystallinity of RMS-A18 samples increase
when RH increase from 0% to 52% and then decrease when RH further increases from 52% to
75%.

The crystalline type variation trend of RMS-A series samples develops from A towards B

through C as conditioning RH increases, unlike the RMS-G and RMS-E series which follow
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the reverse trend. During conditioning, it is suggested by the XRD results that A-type structure
will vanish gradually with the growing of B-type crystals. However, B-type crystals are

destroyed with further water absorption.

-------- RMS-A27-RH75
————— RMS-A27-RH52
—— RMS-A27-RHO
RS RMS-A18-RH75
et e RMS-A18-RH52
——— RMS-A18-RHO

Diffraction Angle 20°

Figure 5-15 RMS-A Series XRD diffractogram

Similar patterns can be found in RMS-B series samples (Figure 5-16). It can be observed that
peaks in each diffractogram may be shifted, where RMS-B18-RHO is the most obvious. A
possible explanation of this phenomenon is that the sample is under strain, hence changing the
spacing do in Bragg’s law and leading to a shifted peak (Cullity and Stock, 2001). However,
the cause in this instance is believed to be a slight misalignment of the goniometer or lag in
ratemeter-recorder response in the equipment, as this displacement varies progressively from
start to end of the spectrum (Bertin, 2012).

V-type crystalline structures exist in all RMS-B series samples which are basically indicated
by absorption peaks at 20 of 7°, 13° and 20°. Typical doublets at 26 of 17° and 18° and
absorption at 20 of 15° suggest the A-type crystalline structure.
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In RMS-B18-RHO, the shoulder at 26 of 15°, which is believed to be a superimposed peak, and
the small doublet at 26 of 17° and 18° suggest the A-type crystallites are either small or
imperfect. However, these details become quite obvious at RH52% and then much weaker at
RH75%. In terms of V-type crystallites in RMS-B18 samples, the situation is simular. The
small peak at 26 of 7° actually disappears in RH0%, it shows the most obvious characteristics
in RH52% and becomes weaker in RH75%. Again, the degree of crystallinity for all crystal
types increases when RH increases from 0% to 52% and then decreases when RH further
increases up to 75% as summarized in table 5-9. However, throughout all these variations, the

crystalline structure of RMS-B18 remains to be A-type.

Considering the RMS-B27 results, the sample of RH0% is the closest to amorphous state.
Except for the obvious characters of V-type crystalline structures, the diagnostic peaks of A-
type crystallites at 26 of 15°, 17°and 18° are too small to identify. A total crystallinity of
9.42% is displayed in this sample of which only 4.13% belongs to A-type crystallites. Vague
B-type characteristics appear in the RMS-B27-RH52 sample such as a small hump at 26 of 5°
and a small shoulder at 26 of 14°, indicating the growth of B-type crystals. Also, peaks of V-
type crystallites become sharper and taller representing the growth or refinement of such kind
of crystallites. For instance, the small peak at 20 of 7° rises from nothing between RH0% and
RH52%. In RH75%, the B-type crystal signals become even clearer while minor A-type
structure still exists in the material since the doublet at 26 of 17° and 18° remains. In the case
of RMS-B27, it is seen that the crystalline structure has changed from A to C when RH is raised
from 0% to 75%.
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Figure 5-16 RMS-B Series XRD diffactogram

Note that [Bmim]ClI plasticised samples demonstrate lower mechanical properties at similar
plasticiser levels to [Amim]Cl plasticised samples, even though their water uptake is generally
lower. Thus, it can be concluded that the plasticiser choice is the predominant factor controlling
mechanical properties, as the molecular interaction has a direct effect on the resulting
intermolecular forces. This was also seen in the RMS-G and E series samples. Mechanical
properties are also related to the degree of crystallinity, which is in turn is related to water

uptake, although this is a less prominent factor.

The crystallisation behaviour is influenced by the plasticisers. Similar to RMS-G and E series
samples, higher plasticiser level tends to destroy more double helix structures in the samples
(table 5-9). However, the double helix structures will grow during conditioning and turn from
A-type towards B-type with an increase in RH, which is different from the result seen in the
RMS-G and E series samples. The crystallinity of RMS-A and B samples increase initially and
then decrease as conditioning RH is increased. This may be the key factor to the water uptake
trend, where samples with more B-type crystal structures exhibit a more obvious peak before

equilibrium.
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Table 5-9 Crystalline pattern and crystallinity of RMS samples

cod RHO RH52 RH75
cae Degree of crystallinity [%] Pattern Degree of crystallinity [%] Pattern Degree of crystallinity [%)] Pattern
a(e)lli”coeles! V-type Total EZE:EIE V-type Total aZILijfel:Es! V-type Total
RMS-A18 18.46 3.13 21.59 A 14.6 6.10 20.70 A 15.34 2.68 18.02 C
RMS-A27 5.73 3.10 8.83 A 15.08 3.54 18.62 C 12.96 2.65 15.61 B
RMS-B18 5.22 2.91 8.13 A 13.99 5.21 19.20 A 11.00 4.93 15.93 A
RMS-B27 4.13 5.29 9.42 A 8.52 549 14.01 C 9.04 4.74 13.78 C
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5343 TGA

Figure 5-17 and 5-18 display the first derivative of mass loss data over heating temperature.
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Figure 5-17 First derivative TGA results of RMS-A series compared with raw RMS
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Figure 5-18 First derivative TGA results of RMS-B series compared with raw RMS
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As mentioned in chapter 4, raw RMS shows a broad peak at around 80°C which is considered
related to water evaporation. Compared to this, neither the RMS-A series samples nor the B
series samples show any peak at a similar location. This suggests that in these ILs, water is

firmly bound, which is similar to the RMS-G and E series.

The temperatures at peak thermal degradation rate of RMS-A9, A18 and A27 are about 244°C,
239°C and 233°C respectively. In comparison, the same key temperatures of RMS-B9, B18
and B27 are approximately 245°C, 239°C and 234°C respectively, which are almost the same
as RMS-A series. The situation is the same regarding degradation onset temperature. Both
series have the lowest degradation onset temperature at 212°C for high plasticiser level samples
and the highest degradation onset temperature 224°C for low plasticiser level samples.
Compared to the raw RMS sample, the peak thermal degradation rate temperature drops by
about 60°C, from 292°C to 233°C. However, the onset temperature decreases only from 240°C
to 212°C. Although the lowest peak thermal degradation rate temperature of RMS-A and B
series samples are lower than RMS E series, the lowest onset temperature is about 10°C higher
than RMS E series, suggesting the actual temperature limit of RMS-A and B series is slightly
higher.

Similar results have been reported in a study where [Bmim]Cl plasticised cassava starch
samples showed a degradation temperature at 255 °C (Ren et al., 2017). It was proposed in the
same study that the decrease of thermal degradation temperature is due to starch molecular
weight reduction during solution processing. This may be because the imidazole structure of

ILs interacts with starch in a different manner to glycerol.

As FTIR and Raman spectroscopy results potentially suggest that the conjugated structure of
[Amim]Cl and [Bmim]CIl have stronger abilities to interact with starch compared to
[Emim][OACc], the TGA results demonstrate an agreement with the spectra. Considering all
three types of ILs studied in this thesis, it is proposed that the peak thermal degradation rate
temperature is dominated by the interaction between starch molecules and ILs’ conjugated

structures.

5.4 Conclusions

In this chapter, the plasticisation effects of [Amim]Cl and [Bmim]Cl on RMS mechanical
properties, as well as the interactions between chemical species, have been investigated. The

results of FTIR and Raman spectroscopy have demonstrated that strong molecular interaction,
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which heavily depends on ILs’ conjugated structure, is the key to lower processing torques.
Both [Amim]CI and [Bmim]CI have shown stronger molecular interaction abilities and effects
on RMS processing compared to glycerol and [Emim][OAc]. In detail, [Amim]CI and
[Bmim]CI are much stronger plasticisers than glycerol. [Emim][OACc] is slightly weaker than
the other two ILs. Hence, starch samples plasticised by [Amim]Cl and [Bmim]CI have achieved

lower torques compared to those with [Emim][OAc] and glycerol.

However, the TGA results suggest that such strong molecular interactions with ILs’ conjugated
structure may also lower the thermal degradation temperature. As compared to the extreme
examples of RMS-E27, the peak degradation rate temperatures of RMS-A27 and RMS-B27
are approximately 29 °C lower. It is worth noticing that since the chemical structure of
[Amim]CI and [Bmim]CI are very similar to each other, their difference in TGA results are

generally less than 0.4 °C.

The XRD experiments have also shown that the crystallisation behaviour of RMS plasticized
by [Amim]Cl and [Bmim]Cl are very similar to each other. Crystallites tend to transform from
A-type toward B-type as the conditioning RH increases, which is different from glycerol and
[Emim][OAc]. The variation of crystallinity and crystalline structures has also been shown to
be the key factors affecting tensile properties and water uptake results. Similar to the RMS-G
and E series, the recrystallisation during conditioning might be the reason for water uptake
fluctuation at equilibrium level. However, the chosen plasticiser is still the predominant factor

of tensile properties. The effects of crystallinity and water uptake are less prominent.

By using [Amim]CI and [Bmim]ClI as plasticisers of starch, the Young’s modulus is further
decreased to 16 MPa and 1.7 MPa, respectively, with a plasticiser level of 27 and conditioning
RH of 75%. Under the same conditions, the Young’s modulus of samples plasticised with
glycerol and [Emim][OAc] were 28 MPa and 24MPa, respectively. Hence, by summarising the
facts above, it can be concluded that [Amim]Cl and [Bmim]CI are more efficient plasticisers

than [Emim][OAc] and glycerol.

Since all the ILs have been found to lower Young’s modulus and tensile strength of TPS, in
order to maintain reasonable mechanical properties of TPS, it is important to investigate the

promising strengthening effects of CNTs on TPS processing.
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6 EFFECTS OF CNTS ON RMS PROCESSING AND
MECHANICAL PROPERTIES

6.1 Introduction

Experiments have been performed to compare the plasticisation effects of glycerol and three
different types of ILs in chapter 4 and 5. It has been suggested that ILs have stronger
plasticisation effects on TPS processing which can lower processing and torques, lower thermal
degradation temperatures, tensile strength and even Young’s modulus. The decrease in
processing and torque might be beneficial to industrial production. However, the extreme low
tensile properties caused by strong plasticisation might potentially limit the material

application.

In order to enhance the mechanical properties of TPS, MWCNTSs have been investigated in this
chapter as a strengthening material. Water uptake and tensile tests have been performed to
attain fundamental knowledge of CNTs reinforced TPS. XRD and FTIR/Raman spectroscopy
have been analysed to understand the crystallisation and mechanism of the molecular
interactions. Results will be compared to previous results in order to understand the CNTs

strengthening effects on TPS mechanical properties.

6.2 Experimental

6.2.1 Materials

The starch used in this experiment was RMS. Glycerol, [Emim][OAc], [Amim]CI and

[Bmim]Cl were used as plasticisers. Multi-walled CNTs were added as a strengthening material.

Details are outlined in Chapter 3.2.
6.2.2 Experimental Methods

As previous study found that the high level of plasticisers and high level of conditioning
humidity can lead to very low mechanical properties, this study focused only on the effect of
adding CNTs to starch samples plasticized by one level of plasticisers. Four types (table 6-1)
of samples were produced and compression moulded following the methods mentioned in
chapter 3.3.1.
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Table 6-1 Sample formulation design

RMS

Code Amount Water Glycerol [Emim][OAc] [Amim]Cl [Bmim]Cl CNT
RMS-G18 100 12 18 - - - -
RMS-E18 100 12 - 18 - - -
RMS-A18 100 12 - - 18 - -
RMS-B18 100 12 - ; ) 18 _

RMS-G18C 100 12 18 - - - 1
RMS-E18C 100 12 - 18 - - 1
RMS-A18C 100 12 - - 18 - 1
RMS-B18C 100 12 - - - 18 1

The sample sheets produced by compression moulding were then conditioned at RH52% and

characterised over time using the following techniques:
Water absorption — Water uptake measurement (section 3.3.2.1)

After conditioning was completed, (as indicated by no further weight change in the water

uptake measurement) the samples were characterised by the following methods:
Mechanical properties — Tensile testing (section 3.3.3.1)
Molecular Structure — FTIR spectroscopy (section3.3.3.3)
Raman spectroscopy (section 3.3.3.4)
Crystal structure — XRD (section3.3.3.5)
Thermal stability — TGA (section3.3.3.2)

These tests were performed according to the schedule given in table 6-2. Note that the samples
are very brittle at the beginning of conditioning, and also this chapter is focusing on comparing
the final tensile properties of different samples. Therefore, the tensile tests were only tested at
42 days after conditioning. Also by definition, water uptake at time zero is zero. Therefore,
there is no time zero measurement for either of the tests. Only material properties at equilibrium

were of interest, hence, tensile testing was only performed at the last stage.
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Table 6-2 Conditioning schedule

Time (days) 0.25 1 3 7 14 28 42
Water uptake % % X X % X %
measurement
Tensile testing X

6.3 Results and Discussion

6.3.1 Water Uptake

As discussed in chapter 4 and chapter 5, water uptake is an important influence on TPS

mechanical properties.

Table 6-3 Water uptake percentage at equilibrium level in RH 52%

RMS-G18C RMS-E18C RMS-A18C RMS-B18C
Average 5.23% 5.93% 5.63% 4.96%
SD 0.19% 0.24% 0.06% 0.09%
RMS-G18 RMS-E18 RMS-A18 RMS-B18
Average 1.01% 3.38% 7.08% 6.17%
SD 0.16% 0.08% 0.07% 0.21%

Table 6-3 shows the water uptake percentage at the end of the conditioning period (42 days),
with data from the samples without CNTs (chapter 4 and 5) added for comparison. As shown
in figure 6-1, the water uptake percentage varies in a certain range once equilibrium has been
reached, in a similar fashion to all previous water uptake measurements. According to previous
discussion in chapter 4 and chapter 5, this phenomenon may be due to the crystal variation in
TPS which will be discussed in 6.3.2.3 XRD analysis.

However, it can still be seen that the order from highest water uptake to lowest is RMS-E18C,
RMS-A18C, RMS-G18C and RMS-B18C. For RMS-A and B series, water uptake percentage
at this condition decreases with the addition of CNTSs. In contrast, water uptake percentage
increase with the addition of CNTs at the same condition for RMS-G and E series. It is
interesting to note that all four samples with CNTs differ in their final water uptake by no more
1%. In terms of water uptake percentage, it seems like the addition of CNTs eliminates the

differences between different samples to some extent.
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Figure 6-1 Water uptake trend over time of RMS-CNT series samples in RH52%

6.3.2 Characterisation after Sample Conditioning

6.3.2.1 Tensile Test

The tensile strength, Young’s modulus and elongation at break are displayed in figure 6-2 (a),
6-2 (b) and 6-2 (c) respectively. The data are summarized in table 6-4.

It was found that CNTs have potential stiffening effects on RMS-G and E series samples, as
the mean Young’s modulus of both series is increased, and the elongation at break is decreased
(although note that the standard deviation error bars for the Young’s modulus data overlap so
the strengthening effect is not certain). The mean elongation at break of RMS-G18C is 33%
of RMS-G18, RMS-E18C is 26% of RMS-E18 whilst the mean Young’s modulus of RMS-
G18C is approximately 146% of RMS-G18, and RMS-E18C is 148% of RMS-E18.
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Figure 6-2 Tensile data of all RMS-CNT series samples conditioned in RH52% with standard devidation
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Considering the RMS-A and B series, adding CNTs lowers the mean values of both Young’s
modulus and tensile strength. The mean Young’s modulus of RMS-A18 is decreased by 44%
when added CNTSs, and tensile strength is decreased by 38%. Those of RMS-B18 are decreased
by 49% and 33% respectively. The error bars for the elongation at break of both samples shows
overlap, which means it is not significantly different. However, it is interesting to note that in
the case of all the ILs, adding CNTs decreased the relative error for elongation at break which

might suggest a more reproducible structure is being formed

In figure 6-3, which shows typical raw tensile test data for all the samples, the CNTs samples
show a lower yield pattern, which indicates the micromorphology of the samples might have

changed by the addition of the CNTSs.
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Figure 6-3 Typical tensile testing curve examples of RMS-CNT series samples conditioned at RH 52%.
Potential yielding points in the CNT samples are indicated by circles. (The starting point of each subsequent
curve is shifted by 5% to aid clarity.)

As discussed in previous chapters, the tensile properties are significantly affected by water
uptake, plasticiser interaction and crystallisation behaviour. When CNTSs are introduced into
these material systems, the complexity of the factors affecting tensile properties increase. In
particular, the distribution and dispersion of CNTs can significantly influence the tensile
properties as mentioned 2.4.3 (Liu et al., 2011b, Cao et al., 2007, Fama et al., 2011). Also, as
a nanofiller, CNTs are very likely to have an effect on crystallisation behaviour, either
facilitating the crystallisation due to their nucleating role or slowing the crystal growth,
introducing lamellar defects (Taghizadeh and Favis, 2013), and hence in turn affecting water
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uptake percentages. The complexity of the CNT nano-composites introduces a myriad of

unfamiliar factors which affect the morphology and physical properties of the starch polymer

product. It is thus difficult at this point to draw conclusions on the effects of adding CNTSs to

the TPS system. Further experiments are therefore necessary to investigate the underlying

mechanism.

Table 6-4 Tensile properties comparison between CNTs-added samples and original samples conditioned

in RH52%
Code Tensile Strength [MPa]  Young’s modulus [MPa]  Elongation at Break [%)]
Mean RE Mean RE Mean RE
RMS-G18C 9.9 0.33 1600 0.40 2.0 0.75
RMS-G18 14 0.07 1100 0.13 6.0 0.40
RMS-E18C 10.8 0.03 770 0.27 19 0.16
RMS-E18 8.9 0.05 520 0.14 72.0 0.22
RMS-A18C 8.5 0.06 430 0.28 14 0.14
RMS-A18 13 0.06 760 0.14 24.0 0.58
RMS-B18C 7.8 0.04 350 0.22 22 0.17
RMS-B18 12 0.10 700 0.13 20 0.75

6.3.2.2 FTIR and Raman Spectroscopy

The CNTSs included in the TPS matrix potentially interact with the other ingredients of TPS

composites. Hence, FTIR and Raman spectroscopy of the CNTs-added samples have been

obtained (table 6-5) and compared to their individual original samples.

Table 6-5 Band assignment for FTIR and Raman spectroscopy for RMS and CNTs

Material Band assignment Infrared Raman
Skeletal modes of pyranose ring 480-490 (Cael et al.,
CH2 deformation 872,1470 1975, Cael
- COC a-1,4 glycosidic linkage 930 941-949 etal, 1973,
2 CH,O0H side chain related mode 1263 Dhital e_t.al.,
993 2011, Kizil et
COH deformation 1014,1 al., 2002)
CH deformation of all ring hydrogens 1306
D band 1317-1316 (Brown et
é’ G band 1606 al., 2001,
O , Jorioetal,,
D’ band 2665 2002)

Figure 6-4 and 6-5 summarize the results of these experiments. In the FTIR spectra, bands of

CNTs are not obvious due to the symmetry of the carbon network. However, all samples with

CNTs have a growing peak at 995 cm™ compared to 1014 cm?, indicating interaction
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potentially affects COH deformation of starch. This also suggests a possible starch molecular
order change, as the absorbance ratio of these two peaks has been associated with ordered and
amorphous structures in starch, and can be used as an index to characterise the short-range
alignment of helices (Dhital et al., 2011, Vansoest et al., 1995). Specifically, the decrease in
the 1014/995 cm™ ratio indicates a decrease in the molecular order, which is likely to be
associated with the disruption of double helices (Dhital et al., 2011). Therefore, the introduction
of CNTs may influence the crystallisation behaviour as discussed in 6.3.2.1, this will be
discussed with XRD results in 6.3.2.3.

995
RMS-G18
RMS-G18C
995
RMS-E18
' RMS-E18C
WJ%\M ................................................................... RMS-A18
— RMS-A18C
\_\—\—\/jg’s\k-/\ ................................................................... RMS-B18
RMS-B18C
600 800 1000 1200 1400 1600 1800
Wavenumber (cm?)

Figure 6-4 FTIR fingerprint region spectra of RMS samples

The FTIR result is supported by Raman spectra. All samples with CNTs have an up-shift of
pyranose ring skeletal modes at about 488 cm, indicating the interaction between CNTs and
starch. Bands at approximately 941 cm-1 show a-1,4 glycosidic linkage of starch molecules
which is affected by the appearance of CNTs as well. As for CNTs, most of the diagnostic
bands are revealed in Raman spectroscopy. The band of radial breathing mode (RBM) which
is usually around 200 cm-1 provides an easy and quick determination of the tube diameter
distribution (Jorio et al., 2002). Since this character is not significantly relevant to this study

and not obvious in the spectra, the discussion will not be focused on this topic. A very important
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feature called the tangential mode vibrations which is the high-frequency Exq first-order mode
(Antunes et al., 2006), also widely known as G band, appears at about 1610 cm™ in this study.
Another significant feature, known as the D band, usually can be observed between 1250 cm™
and 1450 cm™. The D band is activated in the first-order scattering process of sp? carbons by
the presence of in-plane substitutional hetero-atoms, vacancies, grain boundaries or other
defects, as well as finite size effects, all of which lower the crystalline symmetry of the quasi-
infinite lattice (Brown et al., 2001). Namely, this D band is related to the defects of CNTSs. Also,
a small second-order harmonic D’ band related to the defects is observed at 2665 cm™. A
relatively strong absorption (compared to the G band) of D and D’ band indicates less perfect
structure of the CNTs embedded in TPS samples (Antunes et al., 2006, Nemanich and Solin,
1979). In figure 6-4, it can be found that the D and D’ band become the largest bands (compared
to the pyranose ring skeletal mode of starch) in RMS-B18C while the RMS-G18C has the
smallest D band. Potentially the CNTSs interaction with RMS-B18C is the strongest, RMS-
E18C and RMS-A18C are in between while RMS-G18C is the weakest.

430 943
RMS-G18
482 1331
939 1606
RMS-
486 245 G18C
1336 RMS-E18
482
941 1610
RMS-E18C

488

947

RMS-A18

RMS-A18C

RMS-B18

RMS-B18C

200 700 1200 1700 2200 2700 3200
Wavenumber (cm)

Figure 6-5 Raman spectra of RMS samples

The interactions between CNTs and TPS should have some influences on CNTs dispersion and
distribution. Since it has been reported (Zhao et al., 2012, Hameed et al., 2013) that ILs are
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effective in dispersing CNTs, the results of FTIR and Raman spectroscopy might have
suggested the CNTSs dispersion effectiveness of these different plasticisers. According to the
analysis, the strongest adhesion between CNTs and TPS samples should be RMS-B18C.
Conversely, the weakest might be RMS-G18C.

6.3.2.3 XRD

The diffractogram of RMS samples strengthened by CNTs are displayed in figure 6-6 and
figure 6-7. Specifically, figure 6-6 compares the samples plasticized by glycerol with those by
[Emim][OACc]. Figure 6-7 compares the [Amim]CI plasticized samples with those plasticised
using [Bmim]ClI. Similar to the previous studies, samples tested before conditioning are
labelled with RHO and samples tested after conditioning are labelled RH52. In figure 6-6, all
the curves display an obvious sharp peak at 20 of 20° with a smaller peak at 20 of 13°. Some
of them have a small tip at 20 of 7°. These signals are typical V-type crystallite characters
which are induced after processing. RMS-G18C-RHO0 does not have the small tip at 20 of 7°
which presents in RMS-G18C-RH52, indicating the growth or refinement of V-type crystallites
from dry conditions to comparatively humid conditions. This assumption is supported by the
peak sharpening at 20 of 13° from RHO to RH52. The sharpening of this peak implies either
the growth or the refinement of the crystallites. In fact, peaks at 20 of 15°, 17° and 18° also
become slightly sharper and clearer in RMS-G18C-RH52 which represents the refinement of

A-type crystalline structure in these samples.

Considering the RMS-E18C samples, the A-type characters also exist in their diffraction
patterns. However, a small peak at 26 of 5° shows the existence of B-type crystallites. Thus,
the crystalline structures of RMS-E18C samples are classified as C-type. Similar to the RMS-
G18C samples, the diffraction pattern of RMS-E18C-RH52 displays more distinct peaks than
RMS-E18C-RHO, suggesting either less defects or larger size of crystallites. The refinement of
all types of crystallites may affect the water uptake and the tensile properties, as A and B-type
crystallites have open space which can be filled with water molecules (Imberty et al., 1991,
Imberty et al., 1987, Imberty et al., 1988, Imberty and Perez, 1988) and V-type crystallites are
associated with elastic modulus and yield stress (Liu et al., 2009, Yurdakul et al., 2013).
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Figure 6-6 RMS-CNT-G and E Series XRD diffractogram

Table 6-6 and 6-7 summarizes the details of XRD analysis. It can be found that the type of
crystalline structure does not change in RMS-G18C and RMS-E18C samples after conditioning.
Though the humidity change can lower the total crystallinity, the variation is quite small. When,
however, comparing samples with and without CNTs, the introduction of CNTs leads to a

dramatic drop of crystallinity.

In terms of the RMS-A18C and B18C samples, the crystallisation behaviour is quite similar.
First of all, the V-type crystalline structure is indicated by the peaks at 20 of 7°, 13° and 20° in
all samples (figure 6-7). Secondly, all samples have a single peak at 26 of 15° and a doublet at
20 of 17°, 18° suggesting the existence of A-type crystalline structure. After conditioning, the

crystal type has not been changed in all these samples.

For RMS-A18C samples, the V-type diagnostic peaks seem to be sharper when conditioning
RH has been increased to 52%. To the contrary, the A-type crystalline characters in RH52%
do not seem to be very different from RH0%. In the case of RMS-B18C, it can be observed
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that V-type crystalline characters are weaker in higher RH conditions as the small peak at 26

of 7° has gone. Similarly, the A-type crystalline characters are little changed.

Comparing the detailed data of RMS-A18C and RMS-B18C in table 6-6, it can be seen that
the total crystallinity has decreased after conditioning while the V-type crystallinity has
increased. Contrasting these results to the RMS-A18 and RMS-B18 samples in table 6-7, it is
apparent that, except for RMS-B18-RHO0, the introduction of CNTSs in the composite matrix

can lead to a decrease in total crystallinity.

----- RMS-B18C-RH52
) —— RMS-B18C-RHO
----- RMS-A18C-RH52
A —— RMS-A18C-RHO

f T T ' T
0 20 40

Diffraction Angle 20°

Figure 6-7 RMS-CNT-A and B Series XRD diffractogram

To summarize, the existence of CNTs in plasticized RMS does not alter the crystallite
structures as the crystal type has not been changed. It instead has the effect of decreasing total
crystallinity. Compared to each formulation without CNTSs, the crystallinity of RMS-CNT
series samples seems to be less sensitive to RH variations. Moreover, it seems that CNTs are
able to reduce the differences of total crystallinity and crystallite structure between different
IL-plasticized samples overall. It appears that the introduction of CNTSs slow the crystal growth,

which introduces lamellar defects (Taghizadeh and Favis, 2013).
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Previous chapters have discussed the relationship between crystallinity, water uptake and
mechanical properties. In the case of CNT series samples, it is very similar. As crystallites are
found growing during conditioning, this suggests that crystallisation behaviour is relevant to
water uptake results such as equilibrium level uptake percentage and their oscillating uptake
pattern. Crystallisation behaviour is also found to have influences on tensile properties. Similar
to another study (Yurdakul et al., 2013), it is observed that the V-type crystallite structure
relates heavily to the tensile properties. In detail, the V-type crystallinity of all CNT series
samples is decreased compared to those without adding CNTs. This results in lower yield stress,
as well as lower or equivalent Young’s modulus, of all CNT series samples, which are also
subject to other factors such as CNTs dispersion and distribution. It is evident, however, that

the variable of which plasticiser is used is still the predominant factor of tensile properties.
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Table 6-6 Crystalline pattern and crystallinity of RMS CNT series samples

RHO RH52
Code Degree of crystallinity [%] Pattern Degree of crystallinity [%] Pattern
Double Helices V-type Total Double Helices V-type Total
RMS-G18C 12.82 4.32 17.14 A 12.35 4.44 16.79 A
RMS-E18C 14.36 2.91 17.27 C 12.76 3.66 16.42 C
RMS-A18C 15.24 3.28 18.52 A 14.63 3.52 18.15 A
RMS-B18C 16.71 3.79 20.50 A 13.95 4.60 18.55 A
Table 6-7 Crystalline pattern and crystallinity of RMS samples
RHO RH52
Code Degree of crystallinity [%] Pattern Degree of crystallinity [%] Pattern
Double Helices V-type Total Double Helices V-type Total
RMS-G18 23.25 6.47 29.72 C 21.57 5.26 26.83 A
RMS-E18 22.09 4.62 26.71 C 21.32 4.31 25.63 C
RMS-A18 18.46 3.13 21.59 A 14.60 6.10 20.70 A
RMS-B18 5.22 291 8.13 A 13.99 5.21 19.20 A
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6.3.24 TGA

Figure 6-8 show and compare the TGA results of TPS samples in terms of both percentage of
mass loss and its derivative value. It is clearly seen that adding CNTs to TPS matrix does not
greatly affect the thermal stability of the samples. It does not significantly change the thermal
degradation onset temperature. Neither does it significantly change the peak temperature of the
derivative mass percentage. This is similar to other nano-composites studies involving CNTs
which demonstrate that CNTs do not significantly alter the material decomposition temperature
(Ferreira et al., 2016, Liu et al., 2017), except in the case of modified CNTs, where the
decomposition temperature can be significantly improved (Baishya and Maji, 2016). For RMS-
G18C and RMS-E18C, however, CNTs allow samples to degrade more steadily, behaving
more like RMS-A18C and RMS-B18C. This may be affected by the similar crystallisation

behaviour analysed above.

RMS-G18
RMS-G18C
RMS-E18
RMS-E18C
V4 -~
“““““““ ’/t--———-—----__' - - —RMs-AL8
7T~ < ——— RMS-A18C
----------- s — e e e e e e e - _
' /\ ; . - — —RMS-B18
50 150 250 350 450
-B1
Temperature [°C] RMS-B18C

Figure 6-8 First derivative TGA results of RMS samples
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6.3.25 TEM

To investigate whether our sample preparation methodology had been successful in both
distributing and dispersing the CNTs in the TPS matrix as well as to observe the micro
morphology of TPS material, a TEM analysis was performed on a representative sample of
RMS-B18C.

T0un.
i

Figure 6-9 The morphology of RMS-B18C sample under 5000 magnification (scale bar - 10pm)

Both amorphous and natural crystalized regions can be observed from figure 6-9. Potentially,
the concentric rings are the cross sectional area of starch granules, as describe in chapter 2. The
other uniformed regions around the concentric rings are considered amorphous regions. Black
aggregated objects which are believed to be CNTs bundles can be found distributed in the

amorphous region. However, the distribution is not homogeneous.

Figure 6-10 shows greater magnification levels of the amorphous regions and aggregates. In
the amorphous region, a lot of dispersed CNTs can be found (figure 6-10a) indicating the
material compounding was quite successful. However, the large aggregates (figure 6-10b) also
show that poorly dispersed CNTs still exist in the amorphous region. By observing figure 6-
10c and figure 6-10d, the concentric multi-layer morphology (similar to figure 2-6) of
MWCNTSs becomes much more clear.
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In all, the distribution of CNTs in RMS-B18C is achieved in all regions except the natural
starch granule region. However, parts of the CNTs are still in aggregated state. This
demonstrates that a more effective compounding methodology is needed to achieve

homogeneous dispersion and distribution.
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(b)

(d)

Figure 6-10 amorphous region captured under 60kx magnification (scale bar 500 nm); (b) black aggregate captured under 100kx magnification (scale
500 nm); (c) captured amorphous region photo under 200kx magnification (scale 200 nm); (d) black aggregate captured under 200kx magnification (scale

200 nm).
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6.4 Conclusions

CNTs/TPS nano-composites have been investigated in terms of mechanical properties, water
uptake ability, thermal degradation temperature, crystallisation behaviour and molecular
interactions. Overall, the CNTSs strengthening effects on TPS material properties are more

complicated than expected.

Firstly, CNTs behave differently in different types of samples. Usually, the same type of
strengthening material is expected to affect the same material-based samples in a similar way.
However, as discussed previously in session 6.3.2.1 (tensile properties), CNTs show
strengthening material characteristics in RMS-G and RMS-E series by increasing the stiffness
and rigidness of the materials, but not in the other series. CNTs appear to act more like
plasticizing material in RMS-A and RMS-B series samples as the addition of CNTs results in
a decline of Young’s modulus and tensile strength while elongation at break remains at the
same level. Another example would be water uptake experiments. Compared to the earlier
results, it can be found that the addition of CNTs has increased the water uptake percentage of
RMS-G and RMS-E samples but decreased the RMS-A and RMS-B series slightly.

Secondly, in another aspect, the existence of CNTs reduces the differences between the
material properties of the samples. In other words, the differences between the plasticisers used
become less obvious, and only some individual characteristics remain to be distinguished. For
example, the water uptake percentages of CNT series samples all tend towards about 5% at
equilibrium level while previously they were scattered approximately between 1% and 7%. In
terms of the crystallisation behaviour, CNTs tends to turn crystallite structures of all kinds into
the A-type and hence minimize the crystallinity differences. In addition, the thermal

degradation pattern of each CNT series sample also become more similar.

The reasons for these behaviours are complicated. One of the possible explanations is that the
number of affecting factors has increased. For example, when comparing the tensile properties,
water uptake percentage and crystallinity are not the only relevant factors anymore. CNTs
dispersion and distribution as well as the adhesion abilities of CNTs can also affect the tensile
properties. When considering the property unifying effects of CNTs mentioned above, the
reason might be that the effect of adding the CNTSs is the predominant factor for crystallisation
behaviour. Hence, it only affects the results such as water uptake, thermal degradation rate but

not tensile properties. Further experiments are needed to examine this assumption.

Page | 99



TEM analysis provides some hints for the poor strengthening effects in RMS-B18C. Potentially,
the loading amount of CNTSs is not large enough to reach a critical value, namely the percolation
threshold above which the mechanical properties will be dominated by CNTs. Also, it is
assumed that better dispersion of CNTs is required to refine the results as acceptable
distribution had been achieved. A more effective methodology to disperse CNTs needs to be
developed in the future for this reason. In the meanwhile, it is also significant to obtain the

TEM photos of other samples for results comparison.
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7 CONDUCTIVITY OF RMS STRENGTHENED BY CNTS
7.1 Introduction

As well as the mechanical strengthening potential of CNTs, they also have an electrical
conductivity up to 10*-10° S/cm (Marinho et al., 2012). In addition, ILs are reported to be
conductive as mentioned in chapter 2. Hence, the RMS/ILS/CNTs composites might be
electrically conductive as well. Consequently, relatively high electrical conductivity will add
value to the RMS/ILS/CNTs composites since they can be applied as conductive or semi-
conductive material. Therefore, it is useful to investigate how the electrical conductivity can

be increased.

In the last chapter, the strengthening effect of CNTs on TPS material has been studied. It has
been found that tensile strength and Young’s modulus are not necessarily enhanced by adding
CNTs. As discussed in chapter 6, the existence of CNTs might be only one of the multiple
factors which contribute to the ultimate material properties and even not the predominant one.
In fact, the reinforcing material needs to reach a certain level to make it the predominant factor
of mechanical properties contribution (Mikitaev and Kozlov, 2015). This critical value which
makes the ultimate mechanical properties dependant on reinforcing filler content is referred as

percolation threshold.

Percolation theory is not only applied to mechanical property research, but also very significant
in terms of investigating the electrical conductivity of nano-composites. The mechanism of
electrical conductivity percolation is quite similar to mechanical properties. There is a certain
point when the conductive nano-fillers network is build up and significantly increases the
electrical conductivity of ultimate nano-composites. This critical point is identified as the
percolation threshold (Alig et al., 2012, Vilgis et al., 2009). The percolation threshold can be
identified by rheology tests as when a percolation network is formed this would slightly change
the material rheological properties (McClory et al., 2010, McClory et al., 2011, McNally et al.,
2005, Hassanabadi et al., 2014). For example, any deviation from a linear relationship between

G'and G" is indicative of the formation of a percolated network (McClory et al., 2010).

Although it has been found in the last chapter that in some of the cases, introducing CNTs to
TPS matrix is not necessarily beneficial to increase the tensile strength and Young’s modulus,
it should still be useful to inspect the electrical conductivity of these samples. Hence, in this

chapter, a simple comparison is made between carbon nanotube added samples and their
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original formulation without carbon nanotubes. The effects on material electrical conductivity

given by CNTs will be investigated and discussed.

7.2 Experimental

7.2.1 Materials

The starch used in this experiment was RMS. Glycerol, [Emim][OAc], [Amim]CI and
[Bmim]CI were used as plasticisers. Multi-walled CNTs were added as strengthening and

functional material. Details are outlined in Chapter 3.2.
7.2.2 Experimental Methods

Sixteen types of samples of TPS were produced and compression moulded according to the

formulation shown in table 7-1, following the methodology outlined in chapter 3.3.1.

Table 7-1 RMS sample formulation design

Code Arljmlzljnt Water Glycerol [Emim][OAc] [Amim]ClI [Bmim]Cl CNT
RMS-G18 100 12 18 - - - i
RMS-G27 100 3 27 - - - -
RMS-E18 100 12 - 18 - - i
RMS-E27 100 3 - 27 - - -
RMS-A18 100 12 - - 18 - i
RMS-A27 100 3 - - 27 - -
RMS-B18 100 12 - - - 18 i
RMS-B27 100 3 - - - 27 -

RMS-G18-C 100 12 18 - - - 1
RMS-G27-C 100 3 27 - - - 1
RMS-E18-C 100 12 - 18 - - 1
RMS-E27-C 100 3 - 27 - - 1
RMS-A18-C 100 12 - - 18 - 1
RMS-A27-C 100 3 - - 27 - 1
RMS-B18-C 100 12 - - - 18 1
RMS-B27-C 100 3 - - - 27 1

The sample sheets were then conditioned at RH52% and their conductivity measured using the

technique described in section 3.3.3.7:
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7.3 Results and Discussion

Figure 7-1 shows the calculated electrical conductivity data of all samples with plasticiser level
18. Table 7-2 shows original electrical conductivity data of all samples. The full details of the

sample compositions are displayed in table 7-1.
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Figure 7-1 Electrical conductivity of plasticiser level 18 RMS samples (uS/cm)

By comparing the plasticisers, the data show that TPS plasticized by [Amim]ClI has the highest
electrical conductivity both with or without CNTSs. In the case of samples without CNTs, those
plasticised by [Bmim]Cl show an average of 1.09x10° pS/cm conductivity, which is
approximately 38% of those plasticised by [Amim]CI. [Emim][OAc] plasticized samples show
an average conductivity of 4.99x10* uS/cm, which is about 46% of [Bmim]Cl plasticized
samples. The mean electrical conductivity of glycerol plasticized samples is 7.15%10° uS/cm,
which is 1.4% of those plasticised by [Emim][OAc], several orders of magnitude lower than
the others. It is interesting to note that for the ILs plasticized samples, the addition of CNTs
lowered the electrical conductivity by around 25%. Only in the case of glycerol plasticized

samples, did it increase from 7.15x10® puS/cm to 1.46x10° uS/cm.

Just as was seen in the mechanical properties analysis (chapter 6), it seems that the addition of
CNTs does not necessarily improve the electrical conductivity as expected. In all the IL cases,
adding CNTs actually decreased the electrical conductivity. However, it cannot be simply

concluded that adding CNTSs are irrelevant to enhance the electrical conductivity of TPS yet.
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The results obtained for the electrical conductivities in these samples are not of the same order
of magnitude as that reported for CNTs, which can have low electrical resistivity down to
5.1x10® Q-cm (Dervishi et al., 2009, Ebbesen et al., 1996), (i.e. up to approximately 2x10%!
uS/cm when converted to electrical conductivity). Neither can the results be compared to the
values of 2.5x10* uS/cm for [Amim]Cl and 25 uS/cm for [Bmim]Cl as reported in other studies
(Ning et al., 2009, Sankri et al., 2010) where solution casting was employed and the TPS were
plasticised with twice the level of ILs than used in this thesis, and an overabundance of water.
Thus, potentially it indicates that such an amount of CNTs loading is below the percolation
threshold. Therefore, the added amount of CNTs might not be the predominant factor which

affects material electrical conductivity.

In fact, the existence of CNTSs in the matrix is only one of the factors which could influence
the ultimate electrical conductivity of product. Obviously, the plasticiser used is another factor.
This may be related to the ion mobility of different plasticisers. Compared to the non-
conjugated structure of glycerol, and ILs with only a single conjugated imidazole ring such as
[Emim][OAc] and [Bmim]ClI, the highly conjugated allyl and imidazole structure of [Amim]CI
is promotes ion delocalisation. Also, as the conductivity is mainly controlled by ion diffusivity
and mobility, a smaller anion with delocalised charge is considered a significant factor (Xie et
al., 2015). Hence, [Emim][OACc] is only a little less effective as [Bmim]CI in enhancing the
electrical conductivity because [Bmim]CI has a smaller anion. Compared to the ILs, glycerol
does not have conjugated structures or any anions, therefore it does not show any effects in

enhancing the electrical conductivity.

However, water uptake percentage might be another relevant factor since water can be
advantageous to the transference of the anions and cations in TPS (Ning et al., 2009). Water
uptake experiment in chapter 6 has shown that adding CNTs can lead to lower water uptake in
RMS plasticized by [Amim]CI and [Bmim]CI while higher in the others. Similarly, it is found
electrical conductivity decreases in samples plasticized by [Amim]Cl and [Bmim]Cl with

CNTs added, while it increases in samples plasticized by glycerol.
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Figure 7-2 Electrical conductivity of plasticiser level 27 RMS samples (uS/cm)

A similar situation can be seen in figure 7-2 for the samples with plasticisers at level 27. For
samples without CNTs, those plasticized by [Amim]ClI have the highest electrical conductivity
of 3.54x102 uS/cm. Electrical conductivity of samples plasticised by [Emim][OAc] and
[Bmim]Cl are 1.60x102 uS/cm and 1.44x102 uS/cm, which are 45% and 41% of [Amim]ClI,
respectively. Electrical conductivity of glycerol plasticised samples is still the lowest as
1.03x10*uS/cm. In this case the addition of CNTs have even less effect that in the case of the
level 18 plasticised samples. This corroborates the previous conclusion that in these samples

the amount of CNTs added is too small to have an appreciable effect.

When compared to the set of plasticiser level 18 samples, it is obvious that each formulation
of plasticiser level 27 has 10-100 times higher electrical conductivity. The reasons of this might
be either the extra amount of plasticisers present or the higher water uptake caused by extra
amount of plasticisers used, or a combination of both. These results are in agreement with other
studies, which have shown that the TPS electrical conductivity is highly dependent on ILs and
water contents (Ning et al., 2009, Pongviratchai and Park, 2007). Also, the assumption is
supported by another study which suggests the presence of CNTs can weaken the dependence
of the electrical conductivity on water content, and even eliminate it when the percolation
threshold is reached (Ma et al., 2008).
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Table 7-2 Electrical conductivity of RMS samples plasticized by different plasticisers [uS/cm]

G18 E18 A18 B18
Mean 7.15x10® 4.99x10* 2.89x103 1.09x1073
SD 9.69x107 1.23x10* 3.34x10* 1.41x10*
G18-C E18-C A18-C B18-C
Mean 1.46x10° 3.77x10* 2.53x103 7.80x10*
SD 4.74x10° 8.81x10° 3.79x10* 9.54x10°
G27 E27 A27 B27
Mean 1.03x10* 1.60%102 3.54x1072 1.44x102
SD 1.67x10° 1.20x10°3 2.70x1073 2.61x1073
G27-C E27-C A27-C B27-C
Mean 1.25x10% 1.37x102 3.38x107? 1.31x102
SD 1.87x10° 1.58x103 2.61x1073 2.06x1073

To conclude, there is almost no doubt that the electrical conductivity is highly dependent on
the types and amounts of the plasticisers used rather than the amount of added CNTSs since the
electrical percolation of CNTs has not been achieved yet. Plasticisers with conjugated
molecular structure have been proved to be more effective in terms of enhancing electrical
conductivity than those without. Basically, plasticisers with more conjugated structure have
stronger electrical conductivity enhancing effects. Also, it is suggested that smaller size of the
ILs’ anion enhances electrical conductivity. In addition, using a larger quantity of plasticiser is
also helpful to increase the electrical conductivity as it increases the water uptake which is
another significant factor contributing to electrical conductivity.

7.4 Conclusions

In this chapter, the potential electrical conductivity enhancing effects of CNTs have been
investigated. The results show similar patterns to the mechanical properties analysis. CNTs, at
the levels added in this study, do not necessary improve the electrical conductivity of TPS
composites samples. It is suggested by the percolation theory that the added quantity of CNTs
is not large enough to be the predominant factor. In this experiment, the final electrical
conductivity is determined by the nature of plasticisers with water uptake percentage. CNTs
could potentially give enhancing effects on electrical conductivity. However, adding CNTs
also decreases the water uptake percentage as reported in chapter 6. Hence, the electrical

conductivity result is actually a complicated compromise of multiple factors.

Generally, most of the electrical conductivity results reported in this chapter would be
classified as insulating. For some of the best results, they can be hardly defined as semi-

conductive. As demonstrated in the introduction of this chapter, to form a proper percolation
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is the key to effectively improve the material electrical conductivity. Hence, to successfully
enable TPS nano-composites high electrical conductivity, a larger amount of CNTs should be
added to the material matrix which would also potentially improve mechanical properties. By
reaching the percolation threshold, the other contributed factor might be minimized to a certain

level and the electrical conductivity would be much easier to control.
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8 CONCLUSIONS AND FUTURE WORK
8.1 Introduction

In order to build on the understandings of starch/IL/CNT nanocomposites to develop practical
‘green materials’, this thesis has investigated the processing and properties of thermoplastic
starch using a variety of ionic liquids as plasticisers, comparing these to the more
conventionally used glycerol. The goal was to achieve both ease of processing and mechanical
properties that were comparable to conventional polymers. Achieving conductive or semi-
conductive characteristics was also desired because it would broaden the material application.
The key challenge of achieving these goals lay in designing an optimized formulation of
starch/ILs/CNTs composites. In order to achieve this goal, many factors were considered such
as material compounding/processing technique, types of ILs to use, amounts of CNTSs to add,

conditioning method after processing and so on.

This project has focussed on studying the mechanical properties of one particular starch with a
relatively low amylose content (RMS). Three different types of ILs have been compared to
glycerol as plasticisers and MWCNTSs have been investigated as a potential mechanical

properties and electrical conductivity strengthening nano-filler.

In order to provide guidelines to aid the development of renewable and biodegradable
starch/ILs/CNTs nano-composites, which could potentially substitute conventional petroleum-
based polymers this thesis has developed an understanding of the ILs plasticizing effects on
starch processing and material properties, and the CNTs strengthening effects on TPS material
properties. Any additional functions added to such a nano-composites system would be extra
benefit.

Thus, the main objectives of this project were set as follows:

1. To investigate the effects of 1-ethyl-3-methylimidazolium acetate (JEmim][OAc])
on RMS processing and material properties compared to glycerol, and relate these

to changes in structure at a nano and micro scale.

2. To compared two other ILs, 1-Allyl-3-methylimidazolium chloride ([Amim]Cl)
and 1-Butyl-3-methylimidazolium chloride ([Bmim]Cl), as plasticisers of RMS and

their effects on RMS processing and material properties.
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3. To investigate the CNTSs influences on plasticized RMS mechanical properties and

electrical conductivity.

The ultimate thermal mixing torque were used as measures of material processing behaviour.
Compared to using glycerol, it was found that using ILs successfully lowered the ultimate
mixing torque by a maximum of 34%. Tensile testing was conducted to investigate the
mechanical properties of all different samples. It was found that the selection of plasticiser was
fundamental to mechanical properties. Also, the quantity of plasticiser used and water uptake
were found to significantly affect mechanical properties. FTIR/Raman spectroscopy and TGA
were utilised to study the molecular interaction between starch, ILs and CNTs. Crystal
structures of TPS were studied by XRD analysis. It was found that the crystalline behaviour
was highly dependent on plasticiser options and CNT addition, hence influencing water uptake

and tensile properties.

8.2 The Effects of 1-Ethyl-3-Methylimidazolium Acetate ([Emim][OAc]) on
RMS Processing and Material Properties Compared to Glycerol

From the results of FTIR/Raman spectroscopy, it was found that the molecular interactions
were affected by [Emim][OAc] and glycerol in different ways. [Emim][OAc] tends to weaken
the hydrogen bonding between starch molecules by a stronger IL-starch interaction whilst
glycerol enhances the hydrogen bonding between starch molecules. Hence, this directly
influences the [Emim][OAc] plasticised RMS resulting in a maximum of a 41 °C decrease in
temperature of the peak in degradation rate compared to glycerol which may potentially be
disadvantageous for the material use. The weakening of the starch-starch OH interaction also
leads to a decrease of 19% in processing torque for [Emim][OAc] plasticized starch compared

to glycerol plasticized starch.

Different plasticisers can also influence the crystallisation behaviour of plasticized RMS. This
crystallisation behaviour has a close relationship with the water uptake of processed RMS.
XRD results have shown that [Emim][OAc] tends to form more B-type crystallites which
promotes water uptake because of its cavity in crystal structure. However, a higher water
uptake leads to a destruction of B-type crystallites and a decline of total crystallinity. Hence, it
can be seen that [Emim][OAc] plasticised samples can be up to 3.69% lower in total
crystallinity and 4.38% higher in water uptake compared to glycerol plasticised samples. The
Young’s modulus, tensile strength and the elongation at break of processed RMS samples are

predominantly influenced by the choice of plasticiser type and quantity, and also affected by
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the total crystallinity and water uptake. Therefore, it was found that the tensile stress and
modulus of [Emim][OAc] plasticised samples were generally lower than glycerol plasticised
samples although there were some exceptions. With [Emim][OAc], increasing the plasticiser
quantity from level 9 to level 18 decreased the tensile stress by 45% and Young’s modulus by
91%. Similarly, increasing plasticiser quantity from level 18 to level 27 further decreased the
tensile stress by 40% and 61% Young’s modulus by 61%. In the case of glycerol, tensile stress
and Young’s modulus decreased by 55%, and 90% respectively when the plasticiser level
increaseed from 9 to 18. They further decreased by 60% and 71% respectively when the

plasticiser level further increaseed to 27.

Also, it is worthy of noticing that the crystallite structure change is a dynamic process which
occurs during sample conditioning. Water sensitivity is of great significance to TPS material
properties because moisture content is relevant to so many material characteristics. It is hard to
conclude that whether water uptake is beneficial to material properties since the required
material properties depend on the application. However, it is clear that the water uptake of TPS

material should be understood and controlled.

As [Emim][OAc] has showed more powerful effects on lowering processing torque, tensile
strength, and Young’s modulus, is considered a more effective plasticiser than glycerol. Overall,
while it achieves lower processing torque to make processing easier, the resulting lower
degradation temperature, lower tensile strength and Young’s modulus might limit the further
application of starch as its mechanical properties are generally lower than the conventional
polymers. Therefore, looking at other ILs to increase knowledge of ILs/RMS interaction and
reinforcement for RMS is needed.

8.3 The Effects of 1-Allyl-3-Methylimidazolium Chloride ([Amim]Cl)/ 1-Butyl-
3-methylimidazolium Chloride ([Bmim]CI) on RMS Processing and Material
Properties

[Amim]Cl and [Bmim]Cl were found to have similar molecular interactions with starch
compared to [Emim][OAc]. The reason of this is their similar chemical structures. However,
the FTIR/Raman spectroscopy analysis indicated that [Amim]Cl and [Bmim]CI have stronger
interactions with RMS compared to [Emim][OAc], with both spectra indicating that [Bmim]CI
is slightly stronger. This is supported by the TGA analysis s where both [Amim]CI and
[Bmim]CI showed peak decomposition temperatures of approximately 233°C, which are 29°C
lower than [Emim][OAc]. Also, the processing torque further decreases by 9% and 19%

respectively compared to [Emim][OAc], and 27% and 34% respectively compared to glycerol.
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The crystallisation behaviour of [Amim]CI and [Bmim]CI plasticized RMS is very different
from the [Emim][OAc] and glycerol plasticized RMS. As indicated by the XRD results, the B-
type crystallites firstly grow at the start of sample conditioning and then disappear. The choice
of plasticiser is still the predominant factor of water uptake and mechanical properties. Similar
to the previous results of using [Emim][OAc], water uptake also results in lower total
crystallinity which potentially leads to more ductile and flexible mechanical properties. For
instance, samples with a plasticiser level of 27 conditioned in RH75% show an increase of
water uptake of approximately 3%, and a decrease of about 2% in total crystallinity, in both
ILs cases compared to level 18. Hence, they both show a decrease of over 40% in tensile stress

and over 80% in Young’s modulus.

Overall, [Amim]CI and [Bmim]CI were considered more powerful plasticisers compared to
[Emim][OACc] in terms of their effects on lowering degradation temperature, processing torque,

tensile strength and Young’s modulus.

8.4 The Mechanical Strengthening Effects of CNTs

As the material properties of starch plasticised with ILs were still lower than desired,
strengthening by forming nano-composites was investigated. CNTs have shown promise in
strengthening other systems such as PP, PE (section 2.4.2) and so it was expected they would
also give strong strengthening effects to plasticized RMS. However, the tensile testing results
showed that this only occurred in the RMS-G and RMS-E series which showed about 45% to
50% higher Young’s modulus whilst in the RMS-A and RMS-B series the Young’s modulus
actually decreased by about 45% to 50%. Therefore, the CNTs did not significantly show a
strengthening effect on the mechanical properties. In the RMS-G and RMS-E series they
seemed to act as a kind of strengthening material in the samples whilst they seemed to behave
like a plasticizing material in RMS-A and RMS-B.

This evidence indicates that the amount of CNTs added has not reached the percolation
threshold so the mechanical properties were not dominated by the CNTs as would be predicted

at higher loadings.

FTIR/Raman spectroscopy has showed that CNTs have molecular interactions with other
components which therefore affects their dispersion and distribution. The addition of CNTs
seems to have a significant effect on the crystallisation behaviour and hence the water uptake
and thermal degradation rate. TEM analysis displayed an example of the CNTs dispersion and
distribution in sample RMS-B18C. It was found that a reasonable distribution had been
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achieved but not a good dispersion. All of these factors have contributions to the ultimate

mechanical properties of the RMS/CNTSs nano-composites.

Therefore, the mechanical properties are a result of a compromise between all these factors.
This study shows that the high strengthening effect of CNTs on TPS have not been achieved
by adding 1 wt% of MWCNTSs. Potentially, a larger amount of CNTs would be needed to make

it the predominant contributing factor for mechanical properties.

8.5 The Electrical Conductivity of CNTs Strengthened RMS

Even though the mechanical properties were not much enhanced by adding CNTs, it was still
hoped that electrical conductivity would increase. However, this was not observed in the
systems studied. Similarly to the mechanical properties, electrical conductivity enhancing
effects only appeared in RMS-G series, not in any of the ILs plasticized cases. The reason is

again assumed to be the absence of an effective percolation network.

In this study, it is suggested that the molecular structure and the amount of the plasticisers used
are the main factors contributed to the material electrical conductivity. ILs have conjugated
molecular structures which are beneficial to ion delocalisation. Hence, the electrical
conductivity of ILs plasticized RMS/CNTs nano-composites is always 25 (for E18-C) to 404
(for A18) times higher than the glycerol plasticised samples. Water uptake is also another
important factor which contributed to the ultimate electrical conductivity. Therefore, samples
with plasticiser level 27 usually showed 10 to 100 times higher electrical conductivity than
those with level 18. Finally, in these samples the influence of CNTSs is the least powerful
contributor to material electrical conductivity. To summarize, the choice of IL is the

predominant factor of electrical conductivity in this study because of the low level of CNTs.

Hence, it can be explained that the lower electrical conductivity of CNTs added samples
compared to their original formulation is the consequence of the lower water uptake caused by
CNTs. To overcome this problem, enough amounts of CNTs to reach the electrical percolation

threshold must be ensured.

8.6 Summary and Applications

To conclude, this project has compared the plasticizing effects of three types of ILs and found
that [Bmim]Cl is the strongest one. [Emim][OAc] gave the highest values of material tensile
strength and Young’s modulus. [Amim]Cl gave the strongest influence on electrical

conductivity. The differences were mainly caused by the different molecular structures of ILs
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which interacted differently with starch and resulted in a variety of micro-structures. Generally,
ILs which lower processing torque would also lower tensile strength, Young’s modulus and
thermal degradation temperature. Stronger molecular interactions were shown to further
decrease these characteristics. Therefore, the choice of IL is highly dependent on the
requirements of the application. Of the three ILs studied in this project, [Emim][OAc] appears
to be the most practical IL to use as it showed much better plasticizing effects than glycerol but

could still maintain practical mechanical properties.

CNTs have displayed the potential to effectively strengthen the mechanical properties and
enhance electrical properties of starch-based material. However, a larger amount than the 1wt%
employed in this work would be needed to achieve an effective mechanical and electrical
percolation network. It has been reported that (Hassanabadi et al., 2014) the percolation
threshold of MWCNTSs in PP and PS is between 1-4 wt% according to individual situations,

and it would be expected that a similar amount would be needed to effectively strengthen TPS.

The best Young’s modulus of a CNT reinforced RMS was 770 MPa, found in the RMS-E series,
and in many cases the addition of CNTSs actually decreased the Young’s modulus, clearly these
results are less than was desired for performance issues. It would be hoped that the materials
could be strengthened to higher levels with more CNT added (above the percolation level), to
reach levels comparable to conventional polymers. Similarly, once the electrical percolation
network has been achieved, the electrical conductivity should also be higher than the current
results which were already at the low end of a semi-conductive level. In this case, such a nano-
composite could potentially substitute for conventional polymers as an engineering polymer.
The electrical conductivity might enable this nano-composite to be a cheap, light weight and

biodegradable semi-conductive or conductive material.

This thesis has made a number of advances in the understanding of the processing and

properties of IL plasticised starch:

e Most previous work in this area has been performed using solution casting with very
limited batch size. In this thesis a thermal processing methodology was successfully
used to produce batches of the order of 150g for both starch/IL and starch/IL/ICMT

systems.

e Detailed spectroscopic analysis of these systems has been performed which has led to

an insight into the interactions between the various components.
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X-ray diffraction to monitor the development of different crystal structures has been

performed and these results related to the spectroscopic studies.

The effect of water uptake during conditioning was identified as a key contributor to
the ultimate mechanical properties. The differences in the water uptake were related to

the changes in crystalline structures and molecular interactions in the systems.

It was observed that the IL structures have an effect on both the processing behaviour
and the properties, usually with ease of processing correlating with lower mechanical
properties. Therefore a balance needs to be achieved given a particular application and

this work begins to offer some design goals in this area.

The possibility of using CNTSs to reinforce the TPS and also to add useful electrical
properties was investigated. Whilst it was possible to successfully incorporate CNTs an

adequate level has not been realised.

Even at the lower level of CNT addition employed, the CNTSs did have an effect on the
crystallisation behaviour of the systems and reduced the differences observed between
the different ILs.

8.7 Future Work

Although this thesis has improved fundamental understandings of starch/IL/CNT nano-

composites in several ways, a number of areas still need to be explored. Key to this is to expand

the understanding of interactions between the components as this controls both the processing

characteristics and the ultimate properties. For instance:

The little peak at approximately 1624 cm™ of the RMS-A and RMS-B series FT-Raman
results has not been identified. Understanding this feature might give additional

information on the molecular interaction of the material system.
NMR can be employed as a further probe of molecular interactions at an atomistic scale.

Atomistic molecular modelling can be used to gain a fundamental understanding of the
relationships between the chemical structure of the ILs and their interactions, and hence

guide the choice of suitable ILs for a particular use.

In order to develop a methodology for optimising final properties a number of areas need

considering:
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e As water uptake has a profound effect on the material properties, further studies of this

process, and how it can be controlled is necessary.

e Relationships between the interactions between components, including water taken up

during conditioning, and the final properties need to be more fully developed.

e Further material properties characterisation is desirable to determine whether the IL
plasticised materials can fulfil engineering design requirements. For instance, Dynamic
Mechanical Thermal Analysis should be employed to measure the glass transition
temperatures and rheological analysis would assist in understanding the effects of

processing.

Reinforcement with CNTs has been shown to have the potential to improve the properties of

these systems. Further studies needed in this area include:

e Samples need to be prepared at higher CNT loadings to identify the percolation
threshold.

e Further spectroscopic analyses at these higher loadings would show how the
interactions change at these levels.

e A systematic study of CNT loading, IL amount and conditioning humidities needs to
be performed to investigate the relations between these variables and factors such as

water uptake and crystallisation behaviour.

e Further TEM analyses are required to check the dispersion and distribution of the CNTs
and relate these to the processing conditions.

e The electrical properties of these systems need fuller analysis to determine if this is a

useful additional feature of the nano-composites.

Finally, it would also be important to address issues of toxicity and bio-degradability of the

composites for practical applications.
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10 APPENDICES
10.1 Appendix A (Preliminary Experiments)

10.1.1 Introduction

There are various types of starches existing in the market, and with a wide diversity of
properties. Varying the amylose and amylopectin content affects the properties of starches a
great deal and, in general, better mechanical performance often comes with higher amylose
content in starch. However, advanced mechanical properties mean to increase the processing
difficulties at the same time. It is thus desirable to study a higher performance starch as possible
and so initial experiments were conducted to find out a set of parameters to process a type of

high performance starch.

Before RMS was chosen as the focus for this thesis, G50 was initially investigated because it
has an amylose content of 50% which is a middle value and can be a good reference for further
experiments. An attempt to process samples of G50 was made with 15mins at temperatures
from 100°C to 180°C, and rotor speeds of 30rpm or 50rpm. However, none of the results was
able to show that G50 could be stably processed under such conditions. Due to technical issues
with the equipment, neither digital nor printed data was able to be obtained from these

experiments.

Therefore, G50 was considered too difficult to obtain good results and a lower amylose content
starch, RMS, was instead selected. This appendix describes from preliminary experiments

performed, which guided the development of the methodology described in chapter 3.
10.1.2 Experimental

10.1.3 Material

The starches studied in this chapter were RMS and G50. The plasticiser was glycerol.
10.1.4 Experimental Methods

To investigate suitable processing parameter for RMS, preliminary experiments were carried

out according to the table 10-1.
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Table 10-1 Experimental formulation

Starch  Starch Set Rotor

Code type amount Water  Glycerol Temperature speed

[°C] [rpm]
RMS30-T90-R30 RMS 100 15 15 90 30
RMS30-T90-R50 RMS 100 15 15 90 50
RMS30-T100-R30 RMS 100 15 15 100 30
RMS30-T100-R50 RMS 100 15 15 100 50
RMS30-T110-R30 RMS 100 15 15 110 30

10.1.5 Results and Discussion

Torque-time curves are shown as following figures. Note that the places showed on the figures
as ‘A’, “X1’, “X2’ etc are machine automatic check points hence not relevant to the discussion.

The upper line represents the temperature while the lower line represents the torque value.

Torque [Nm| RMS30 T90 R30 Temp [°C]
100 — ———— — T 120
90 B W 1 - - ; ‘ :: - - c T 110
80 - : 100
70 90
60 80
50 4 70
40 T 60
30 50
20 ——1 40
10 x5 30

0 20

60 90 120 150
Time [min]

Figure 10-1 Processing torque over time of RMS30-T90-R30
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Figure 10-2 Processing torque over time of RMS30-T90-R50
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Figure 10-3 Processing torque over time of RMS30-T100-R30
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Figure 10-4 Processing torque over time of RMS30-T100-R50
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Figure 10-5 Processing torque over time of RMS30-T110-R30
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The thermal processing of TPS in the mixer was stable with the set temperature of 90°C. The
situation with set temperature 100°C and rotor speed 30rpm was also stable (table 10-2). The

torque-time diagram showed no difference in those samples.

For RMS30-T90-R50, the chamber temperature had a sudden drop when the material was fed
in. Then, as the mixing proceeded, the temperature gradually rose up to equilibrium at
approximately 100°C. The torque value was low initially, then a sudden increase appeared at a
temperature of around 70°C at 1.5 minutes after mixing had started which showed that
gelatinisation happened at that time. After the peak appeared in the gelatinisation process, the
torque went downward steadily and equilibrated to approximatly 16 N-m by the end. A similar
trend was seen in RMS30-T100-R30, with the temperature and torque ending around, 110°C
and 20 N-m compared to 100°C and 16 N-m respectively.

Table 10-2 Processing outcomes of preliminary experiments

Set Temperature

. 90 100 110
(°C)
Rotor speed 30rpm Stable Stable Unstable
Rotor speed 50rpm Stable Unstable

However, it was observed that the samples recovered from the mixer became increasingly stiff
and more transparent when the temperature was higher. Samples processed at lower
temperatures tended to be softer and stickier. Higher rotor speed made no difference except to
increase the measured temperature in the chamber. Because of the effect of shear stress while
kneading in the mixer, when the actual temperature in the chamber was higher than 110°C, the
processing ultimately became unstable. The mixing machine had to be stopped before
overloading. Therefore, it could be concluded that around actual processing temperature in the

chamber of 110°C and rotor speed of 30rpm, the outcome was the most ideal one.
10.1.6 Conclusion

The preliminary work shows that compared to G50 which has 56.3% amylose content, RMS,
a starch with 24.4% amylose content, is more accessible to thermal processing by a mixer. It

was therefore decided to focus on RMS alone in the remainder of this thesis.
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Results displayed in this appendix have showed the critical condition of RMS processing is at
a temperature of 110°C and with a rotor speed of 30rpm. Any processing temperature above
this point will finally result in unstable outcomes. Compared to a rotor speed of 30rpm, the
effect of having a rotor speed of 50rpm only increased the actual processing temperature.
Therefore, in order to achieve good mixing outcomes, starch processing temperature should be
kept between the gelatinisation temperature and 110°C with a rotor speed of 30rpm. The results
obtained in this preliminary experiment were a very significant reference for sample

preparation for the further studies.

10.2 Appendix B (Effects of Glycerol/[Emim][OAc] on RMS processing)

This appendix contain the full results for water uptake measurements for the RMS-G and RMS-
E series (section 4.3.2). The experimental methodology was described in section 3.3.2.1.
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Figure 10-6 Water uptake ratio of RMS-G9 in different relative humidity levels over time
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Water uptake of RMS-G18
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Figure 10-7 Water uptake ratio of RMS-G18 in different relative humidity levels over time
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Figure 10-8 Water uptake ratio of RMS-G27 in different relative humidity levels over time
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Water uptake of RMS-E9
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Figure 10-9 Water uptake ratio of RMS-E9 in different relative humidity levels over time
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Figure 10-10 Water uptake ratio of RMS-E18 in different relative humidity levels over time
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Water up take of RMS-E27
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Figure 10-11 Water uptake ratio of RMS-E27 in different relative humidity levels over time
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