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Abstract

Bio-based thermoset composites were prepared from epoxidised linseed oil (ELO) using
bio-derived crosslinkers. The use of Pripol 1009 (a dimerised fatty acid derived from
natural oils and fats) as a crosslinker yielded homogenous transparent films. The
inclusion of catalysts, in particular, 4-dimethylaminopyridine (DMAP), demonstrated a
significant improvement in the mechanical properties of the resins. An infrared
spectroscopic study coupled with modulated differential scanning calorimetry revealed
the epoxide ring opening, followed by etherification occurred during the curing process.

The optimum DMAP catalyst loading was 0.5-1 % with respect to the total resin weight.

The optimised formulation consisting of ELO, Pripol and DMAP were subsequently
combined with starch or modified starch in order to improve the resin properties.
Normal corn starch, high amylose corn starch and their acid hydrolysed derivatives
were included in the formulation. The addition of starch improved the mechanical
properties of the films with high amylose starch yielding a film with the most desirable

properties.

Expansion of high amylose corn starch (gelatinisation and retrogradation) yielded a high
surface area material. The formulation with 20% wt. of gelatinised starch yielded a film
with 227% improvement in tensile strength and 166% enhancement in Young’s
modulus, compared to those with no added starch. Moreover, expanded starch granules
uniformly dispersed in the polymer matrix, resulting in a complete disappearance of
phase separation. This was attributed to better interfacial adhesion of porous expanded
starch and the polymer matrix. Thermal analysis revealed retardation in the cure process
in the presence of starch, however the hydroxyl groups of starch were likely to enhance
the extent of curing, as indicated by the higher total enthalpy of reaction. Furthermore,
these bio-based composites demonstrated excellent thermal stability. Esterification of
expanded starch dramatically decreased the water uptake of the resins however, the
mechanical properties were compromised, owing to low thermal stability of the

esterified starch.
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Chapter 1 Introduction

1.1 Sustainable development and green chemistry

Mankind has recklessly exploited the Earth’s resources for decades by indiscriminately
cutting trees in the forests, polluting water supplies and the atmosphere resulting in the
extinction of a number of species, ozone depletion and climate change.! World
governments and organisations have realised these concerns and have put in place
policies in the hope of redeeming the situation. One of the key milestones was the
formation of the World Commission on Environment and Development (WCED) in
1983 and subsequent publication of their report called “Our Common Future” in 1987
(also called “Brundtland report” as the Commission was chaired by then prime minister
of Norway, Gro Harlem Brundtland).” The definition of sustainable development
mentioned in this report is widely accepted and the term was defined as “the
development that meets the needs of the present without compromising the ability of
future generations to meet their own needs”.’ Figure 1.1 demonstrates sustainability as
a balance between societal, economic and the environmental needs.* Sustainable
development may be achieved as the economy continuously develops, social equity

improves and the environment is protected in unison.’

Environmental
Environmental Management
Social-Environmental Pollution Prevention Environmental-Economic
i ot Eco-efficiency

Sustainability

Social Economic

Standard of Living Profit

Education Research & Development
Community

Economic-Social
Business ethics

Fair trade

Human rights

Figure 1.1 — The three spheres of sustainability (Originally in

colour)
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For the main part of the last century, chemistry was associated with new ideas,
discovery and innovation, prompting a very positive image. However, in the last few
decades, the public image of chemistry has become negative due to increasing hazards,
life-threatening accidents and environmental pollution.® In the 1990’s, Anastas and
Warner developed the concept of green chemistry, “the invention, design and
application of chemical products and processes to reduce or to eliminate the use and
generation of hazardous substances”,” with 12 principles of green chemistry (stated
below). Today, green chemistry is recognised and widely accepted as a way to pursue

sustainable development.

The 12 principles of green chemistry:’

1. Prevention

It is better to prevent waste than to treat or clean up waste after it has been created.

2. Atom Economy

Synthetic methods should be designed to maximise the incorporation of all materials
used in the process into the final product.

3. Less Hazardous Chemical Syntheses

Wherever practicable, synthetic methods should be designed to use and generate
substances that possess little or no toxicity to human health and the environment.

4. Designing Safer Chemicals

Chemical products should be designed to effect their desired function while
minimising their toxicity.

5. Safer Solvents and Auxiliaries

The use of auxiliary substances (e.g., solvents, separation agents, etc.) should be made
unnecessary wherever possible and innocuous when used.

6. Design for Energy Efficiency

Energy requirements of chemical processes should be recognised for their
environmental and economic impacts and should be minimised. If possible, synthetic
methods should be conducted at ambient temperature and pressure.

7. Use of Renewable Feedstocks

A raw material or feedstock should be renewable rather than depleting whenever

technically and economically practicable.
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8. Reduce Derivatives

Unnecessary derivatisation (use of blocking groups, protection/ deprotection,
temporary modification of physical/chemical processes) should be minimised or
avoided if possible, because such steps require additional reagents and can generate
waste.

9. Catalysis

Catalytic reagents (as selective as possible) are superior to stoichiometric reagents.

10. Design for Degradation

Chemical products should be designed so that at the end of their function they break
down into innocuous degradation products and do not persist in the environment.

11. Real-time Analysis for Pollution Prevention

Analytical methodologies need to be further developed to allow for real-time, in-
process monitoring and control prior to the formation of hazardous substances.

12. Inherently Safer Chemistry for Accident Prevention

Substances and the form of a substance used in a chemical process should be chosen to
minimise the potential for chemical accidents, including releases, explosions, and

fires.

1.2 Polymers and biopolymers

The word “polymer” is derived from the Greek words “poly” meaning many and
“meros” meaning parts or units.® According to IUPAC Gold Book, a polymer (also
called macromolecule) is “a molecule of high relative molecular mass, the structure of
which essentially comprises the multiple repetitions of units derived, actually or
conceptually, from molecules of low relative molecular mass”.” Polymers can generally
be divided into two categories in accordance with their thermal response.'’
Thermoplastics are repeatedly softened upon heating, whilst thermosets are polymers
that once cured, cannot be melted again even at high temperature.' The most
commonly utilised thermoplastics are polyethylene terephthalate (PET), high-density
polyethylene (HDPE), low-density polyethylene (LDPE), polyvinyl chloride (PVC),
polypropylene and polystyrene with applications in packaging, plastic bottles, trays and
bags. The most common groups of thermosets are unsaturated polyesters, which are
mainly applied to glass fibre reinforced materials, and epoxy resins which are

extensively used in composites, coating and adhesives.'” These polymers are typically
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derived from petroleum, which makes them non-renewable. Moreover, they tend to
have low rate of degradability, especially in landfills where oxygen and water

penetration are limited."

There are a number of naturally occurring polymers (or biopolymers), for example
cellulose, starch, rubber and proteins. Biopolymers can be roughly classified into three
different categories: 1) polysaccharides, ii) proteins and iii) polynucleotides. Due to their
unique natural properties, biopolymers are found in a number of various applications,
including the food industry, coatings, adhesives, fuel and packaging materials.
Moreover, these naturally occurring polymers are widely available, renewable, mostly
low in cost and importantly more environmentally friendly than petroleum based

polymers.'*

By examining the 12 principles of green chemistry, the use of biopolymers agrees with
the 7™ principle, which encourages the use of renewable feedstocks. The utilisation of

renewable resources has an added benefit as they are considered carbon neutral.

1.3 Plant oils

1.3.1 General

Plant oils are triglyceride esters of fatty acids with various chain lengths and
functionalities depending on the plant, the crop, the season and the growing conditions
(Figure 1.2 and Table 1.1)." Plant oils are globally available and offer the potential for
high performance biomass derived materials.'® In 2010/2011, the world production of
major oils (coconut, cottonseed, olive, palm, palm kernel, peanut, rapeseed, soybean
and sunflower seed) rose to 147.33 million metric tonnes (MMT) from 84.6 MMT in
1999/2000, representing a growth of approximately 74%."” The majority of plant oils
produced are utilised within the food industry except for castor and linseed oils, which
are mainly used in non-food applications such as lubricants, surface coatings and

plastics.'*°

32



Chapter 1 Introduction

N

o) R1
R2 o 8] R3 R = fatty acid chains
~_ \)\/ ~_— Satty

]
o

Figure 1.2 — Generic triglyceride structure

Table 1.1 — Compositions of industrially important plant oils
in % (R (x:y) = composition of the fatty acids; x= chain length

in carbon atoms; y= number of double bonds)"

Fatty acid content (%)

Capric | Lauric | Myris- | Palmi- | Stearic | Oleic |Linoleic | Linole- | Ara-
tic tic nic chidic
R (x,y) =| 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3 20:0
Sunflo- - - - 6 4 28 61 - -
wer
Palm 5 50 15 7 2 15 1 - -
kernel
Linseed - - - 5 4 22 15 52 -
Soybean - - - 10 5 21 53 8 0.5
Rapeseed - - 0.5 4 1 60 20 9 2
Cotton - - 0.7 21.6 2.6 18.6 54.4 0.7 0.3
seed
Corn - - 0.1 4.1 2 254 59.6 1.2 0.7
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The chemical and physical properties of the oils typically depend on their degree of
unsaturation, the length of the fatty acid chain, and the double bond stereochemistry."
Higher melting temperature of vegetable oils are typically obtained with long chain
fatty acids, a low number of carbon-carbon double bonds and an E (trans)
configuration.”' The most common fatty acids in plant oils are presented in Figure 1.3.
Most of the fatty acids in plant oils possess long straight chains with an even number of
carbons and their unsaturation is in Z (cis) configuration. Some fatty acids contain
interesting functionalities such as an epoxide in vernolic acid (Figure 1.3 I) and a

hydroxyl in ricinoleic acid (Figure 1.3 J).
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Figure 1.3 — Structure of common fatty acids: A) lauric acid,

B) myristic acid, C) palmitic acid, D) stearic acid, E) oleic

acid, F) linoleic acid, G) linolenic acid, H) a-eleostearic acid,

I) vernolic acid, J) ricinoleic acid
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The degree of unsaturation of plant oils is typically determined by measuring the iodine
value, which represents the amount of iodine (in g) needed to react with carbon-carbon
double bonds in 100 g of vegetable oil. lodine values of some important vegetable oils
in industry are demonstrated in Table 1.2. Oils with iodine values greater than 170 are
classified as drying oils, owing to the hardening of these oils when exposed to air.”
Semi-drying oils are those with an iodine value between 100 and 170. Those with an

iodine value less than 100 are considered as non-drying oils.'>?'

Table 1.2 — Iodine value of important plant oils

Plant oils Iodine value (g (I,)/ 100 g oil)
Palm 35-61

Castor 82-88

Rapeseed 94-120

Cottonseed 90-140

Sunflower 110-143

Soybean 117-143

Linseed 168-204

The presence of alkenic functionalities in these oils allows various kinds of
polymerisation to occur and also enables a variety of transformations.”* The most
reported modifications to plant oils are for example, radical addition, epoxidation® and

metathesis.”® %’

1.3.2 Epoxidation of plant oils
In the epoxidation process, alkene moieties are oxidised to their epoxides, usually in the

presence of peroxyacids. Transfer of the oxygen atom from peroxyacid to the alkene

occurs via syn stereochemistry. Both C-O bonds form on the same face of the double
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bond in a one-step concerted mechanism (Figure 1.4).”® Hence, a cis alkene leads to a

cis epoxide and a trans alkene to a trans epoxide.”

Ll i
- O\/’\ | > + H\ )|\
o) R 0 R
cis-Alkene Peroxyacid cis-Epoxide Acid

Figure 1.4 — Epoxidation using peroxyacid

Epoxidation of unsaturated vegetable oils is industrially carried out by the Prileshajev-
epoxidation. A short chain peroxyacid is either pre-formed or in situ-generated in the
process. In large-scale production the in situ-generated acid is preferred considering the
danger of handling peroxyacids (Figure 1.5). The formation of the peroxyacid in the
reaction mixture is a reversible reaction, catalysed by a strong acid catalyst, such as
sulfuric acid or an acid ion exchanger.””**° The use of a strong mineral acid leads to
many side reactions via epoxide ring-opening and to the formation of diols,
hydroxyesters, estolides (fatty acid esters) and other dimers.”’ As a result, the oxirane
conversion scarcely exceeds 80%. The use of a strong mineral acid and the formation of
the hazardous peroxyacid during the epoxidation make this reaction less attractive.
Thus, numerous research has looked at other methods i.e. catalysis in order to improve

the selectivity and the “greenness” of this reaction.
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Figure 1.5 — Prileshajev epoxidation

Acidic ion exchange resin (AIER) is safer to handle and as such is utilised to minimise
the use of strong mineral acid. The porous structure of the solid catalyst and the size of
the triglyceride molecules of the vegetables oils induce less side reactions and therefore
better selectivity can be obtained.’ Furthermore, the fact that the AIER is in solid state
facilitates the separation between the catalyst and the reaction product. The recovered
catalyst was found to be reusable with minimal loss of activity.” The selectivity of the
reaction was found to depend on several parameters including temperature,
formic/acetic acid to ethylenic unsaturation molar ratio, the presence of an inert solvent
(stabilises the reaction and minimises side reactions), hydrogen peroxide to ethylenic
unsaturation molar ratio and AIER loading. At optimum conditions the conversion of

alkene to oxirane can reach 90%.%% 34
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Chemo-enzymatic epoxidation has attracted a great deal of interest due to its
environmentally friendly attributes. Not only can it function in the absence of a strong
acid as a catalyst it also showed good epoxide selectivity and conversion under mild
conditions.” Schneider et al. reported that lipase from Candida antarctica was very
efficient for epoxidation of methyl esters of sunflower oil, showing an oxirane
conversion greater than 99%.>° Moreover, Warwel et al. reported that lipase catalysts

were still active after fifteen uses.’’

Other systems include the use of metal catalysts such as titanium,”® molybdenum,”
tungsten®® or rhenium.*' Epoxidation with molecular oxygen using silver catalyst, which
is claimed to be a environmentally friendly method, is also known, however it is mostly

restricted to small molecules, such as ethylene and butadiene.*
1.3.3 Plant oils based epoxy resins

Epoxidised plant oils (EPO) are a great potential feedstock for the production of bio-
based polymers especially thermosetting polymers. Thermosetting resins are highly-
crosslinked polymers that are cured by heat, pressure, light radiation or a combination
of these energy sources.” Chakrapani et al. investigated the polymerization of
epoxidised castor oil (ECO) in the presence of diaryliodonium salt as photoinitiator.
ECO was found to have superior reactivity in photoinitiated cationic polymerisation
compared to other epoxidised oils. This is believed to be caused by the presence of the
hydroxyl groups in the ECO molecules.** A similar observation was noted by Ortiz et
al., the addition of different methoxy-substituted benzyl alcohols accelerated the curing
rate of cationic photopolymerisation of various epoxidised vegetable oils.* This is
explained on the basis of “activated monomer mechanism” (Figure 1.6).*** Crivello et
al. also studied the polymerisation of epoxidised plant oils using different onium salts as
initiators. The rate of photopolymerisation rate was found to be dependent on the
structure of the anionic and cationic photoinitiators and the structure and the epoxy
content of the triglyceride monomers.*® Park ef al. investigated the polymerisation of
ECO and epoxidised soybean oil (ESO) using N-benzylpyraziniumhexafluoro-
antimonate or N-benzylquinoxaliniumhexafluoroantimonate as catalysts. The
crosslinking density was found to be catalyst dependent, hence glass transition

temperature (T,), coefficient of thermal expansion and the mechanical properties of the
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product can be differentiated.*’” Furthermore, ECO showed a higher T, value and lower
coefficient of thermal expansion than those of ESO, which can be attributed to greater

number of intermolecular interactions, such as hydrogen bonding in the ECO system.*®
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Figure 1.6 — Activated monomer mechanism

EPO are on numerous occasions combined with acid anhydrides crosslinkers, in
particular, maleic anhydride and unsubstituted- and substituted-phthalic anhydrides.*"'
Boquillon et al. suggested that the structure and the concentration of the crosslinkers
played an important role in indicating the properties of the polymerised products. They
found that methyl-endomethylenetetrahydrophthalic anhydride and phthalic anhydride
showed lower crosslinking density than that of cis-1,2,3,6-tetrahydrophthalic anhydride
due to steric hindrance and rigid diester segment formed during the cure respectively
(Figure 1.7).* According to Gerbase et al. ESO cured with cyclic anhydrides showed
thermoset properties.”” This study showed that anhydrides with rigid structure such as
maleic anhydride, phthalic anhydride and hexahydrophthalic anhydride exhibited higher

T,. Moreover, the augmentation of the epoxide groups in ESO also increased the 7, of

the products.™
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Figure 1.7 - Structures of A) methyl-endomethylenetetra-
hydrophthalic anhydride and B) cis-1,2,3,6-tetrahydrophthalic
anhydride

Another method to improve the properties of epoxy plant oils based resin is to blend the
epoxidised oils with other compounds. Blends of EPO with diglycidyl ether of
bisphenol-A (DGEBA) have intensively investigated by Jin and Park.”*>* The impact
strength of the DGEBA based resin significantly improved with the addition of ESO,
which was due to the intermolecular interaction in DGEBA/ESO blends. Moreover, the
adhesive lap shear strength increased with the amount of ESO in the resin with the
maximum value when 40% of ESO present in the resin.”* The addition of ECO in the
DGEBA based resin could also considerably improve the mechanical properties of the
system. This could be due to the inclusion of the soft large segments of ECO in the

resin, which enhances the flexibility of the product.>

EPO have also been blended with inorganic compounds in order to obtain composite
materials. Copolymerisation of epoxidised linseed oil (ELO) and 3-
glycidylpropylheptaisobutyl-T8-polyhedral oligomericsilsesquioxane (G-POSS, Figure
1.8) resulted in a bio-based nanocomposite. The storage modulus and the T, of the
composite were higher than those of ELO resin without G-POSS. This was attributed to
the reinforcement effect of the G-POSS cage.” Moreover, EPO/clay composites were
also developed using ESO or ELO and octadecyl-modified montmorillonite.”® The
homogenous materials of organic and inorganic components with good flexibility were
obtained with the silicate layers of the clay intercalated and distributed randomly in the

polymer matrix.
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R = Isobuty|

Figure 1.8 — Structure of 3-glycidylpropylheptaisobutyl-T8-
polyhedral oligomericsilsesquioxane (G-POSS)

1.3.4 Linseed oil and epoxidised linseed oil

Linseed oil (LO) is obtained from flax seeds which are traditionally ground into to a
fine powder and pressed to extract the oil.”” It has been used intensively as a medium
for paints for hundreds of years due to its capacity of forming a thin film with good
optical and mechanical properties after being spread.” LO is considered as a drying oil

(cf- section 1.3.1) as it dries quickly in exposure to air via auto-oxidation as shown in

Figure 1.9.561
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Figure 1.9 — Auto-oxidation mechanism of drying oils™®

Although the curing of drying oils automatically occurs on exposure to air, the curing
time is considered as being practically too long for commercial applications (several
days or weeks). Thus, these drying oils often undergo thermal treatment (>270 °C) in
the absence of oxygen resulting in polymerisation of the double bonds in the
triglyceride molecules. The oils hence become more viscous and they are commonly

known as “stand oils”.*> Another common method to accelerate the drying process is
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the addition of metallic compound driers.”® This can promote the formation of peroxide
radicals, initiators of auto-oxidative reaction.”® Peroxide radical formation via metal

hydroperoxide decomposition is demonstrated in equations 1.1-1.4.%%%

ROOH + M™"* = [(ROOH)M]|™** Equation 1.1
[(ROOH)M]™ — RO* + [(M™D+(0H)~|"" Equation 1.2
ROOH + M@+ = [(ROOH)M]|™+D+ Equation 1.3
[(ROOH)M]™+V+  ROO* + M"* + H* Equation 1.4

As stated previously plant oils are mixtures of different triglycerides. LO is mainly
comprised of highly unsaturated triglycerides, rich in linoleic acid (C18:2) and linolenic
acid (C18:3). Moreover, LO also contains phytosterols, phospholipids and vitamins.*®
The relative amount of fatty acids composition in LO depends largely on the climate

and the variety of Linum usitatissimum of the seeds as shown in Table 1.3.”’

Table 1.3 — Variation of fatty acid composition in linseed oil

Fatty acid Percentage of total fatty acid (%)
Europe Canada Argentina India
Palmitic acid (16:0) 4-6 5-6 4-5 9-10
Linolenic acid (18:3) 56-71 54-61 45-53 50-61
Linoleic acid (18:2) 12-18 14-16 15-24 13-15
Oleic acid (18:1) 10-22 19-20 19-21 10-21
Stearic acid (18:0) 2-3 3-4 5-6 7-8

Epoxidised linseed oil (ELO) (Figure 1.10) is commercially available and commonly

used as plasticiser and stabiliser in polyvinyl chloride (PVC) and its copolymers. The
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high molecular weight of ELO makes it comparable with other plasticisers in the
polymer mixture.®” Moreover, epoxidised seed oils, in particular, ELO and ESO, are
known as HCI scavengers in PVC materials.®® It is well known that HCI is produced
during the degradation of PVC. Epoxidised compounds decrease the degradation rate of

the polymer especially when being used with metal co-stabilisers.*’

Other applications of ELO include coatings and adhesives.”” In flooring applications,
linseed oil (or oxidised linseed oil) is utilised in linoleum sheets invented by Frederik

Walton in 1860 and is still in current use.”'

Figure 1.10 — Epoxidised linseed oil (ELO)

1.4 Starch

1.4.1 General

Starch is one of the most abundant biopolymers on the planet alongside cellulose and
chitin.”® Starch is used as an energy storage in plants and is typically found in the form
of granules in the plastids of plants.”” Owing to its versatility, low cost and abundance,
starch has numerous applications in both food and non-food industries (Z7able 1.4)."*
The International Starch Institute estimated the world utilisation of starch in 2008 at
approximately 66 MMT and expected it to reach 75 MMT in 2012.”° Different botanical
sources of starch greatly influence the properties of the granules including granule size
and shape (7able 1.5) and the starch composition, which will be discussed in the

following section.
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Table 1.4 — Use of starch in industry’®

Industry Use of starch/modified starch

Adhesive Adhesive production

Agrochemical Mulches, pesticide delivery, seed coating

Cosmetics Face and talcum powder

Detergent Surfactants, builders, co-builders, bleaching
agents and bleaching activators

Food Viscosity modifiers, glazing agents

Medical Plasma extenders/replacers, transplant organ
preservation, absorbent sanitary products

Oil drilling Viscosity modifier

Paper and board Binding, sizing, coating

Pharmaceutical Diluent, binder, drug delivery

Plastics Biodegradable filler

Purification Flocculants

Textile Sizing, finishing and printing, fire resistance
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Table 1.5 — Morphology of starch granules from different

botanical sources

Starch source Shape Average Size (um)
Elephant yam Polygonal 17.6 £6.8
New cocoyam Spherical, polygonal 20.7£8.1
Sweet potato Round, polygonal 22.7£11.4
Kudzu Round, polygonal 19.9+£7.8
Arrowroot Oval, spherical 35.1£16.0
Sago Oval, spherical 34.3+22.5
Taro Polygonal 5.3£1.5
Yam bean Spherical, polygonal 7.7+4.1
Cassava Round 23.2421.4
Corn Round, polygonal 21.42+6.2
Rice Polygonal 4.7+1.4
Edible canna Oval, elliptical 38.7+£30.2
Water yam Rod-like, round 33.8+14.8
Potato Oval, Spherical 42.3+£38.1
Lesser Yam Polygonal 4.9+1.3
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1.4.2 Starch composition and organisation of starch granules

Starch is composed of two basic molecular components: amylose and amylopectin,
which are both polymers of D-glucose with a-linkages (Figure 1.11).”® The structure of
amylose and amylopectin are identical in terms of their constituent basic units but,
differ in their structural organisation. Amylose is a relatively linear molecule, consisting
of glucose units linked by a-1, 4 glycosidic linkages with the molecular weight in the
region of 1x10° - 1x10° Da. Whilst amylopectin is a highly branched molecule,
comprising of an a-1, 4 backbone structure with approximately 5% a-1, 6 glycosidic
links (molecular weight in the region of 1x10” - 1x10° Da).”* The ratio of amylose to
amylopectin in starch varies depending on its botanical origin and also environmental
conditions (Table 1.6).*" ** Naturally occurring starches typically have the amylose
content in the range of 17 - 28%. However, genetic mutation allows the production of
starch with an amylose content as high as 70% (amylomaize) through to practically 0%
(waxymaize).*> The ratio of amylose to amylopectin in starch determines some of its
key physical and mechanical properties and can be one of the key factors in determining
its non-food applications.*® Amylose shows better film formation than amylopectin

which gives weak and brittle films.*
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(Originally in colour)
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Table 1.6 — Amylose content of starches from different

. 86, 87
botanical sources

Starch sources Amylose content (%)
Corn 22.4-32.5

High amylose corn 41.6-69.8

Waxy corn 1.4-2.7

Rice 5-28.4

Wheat 18-31.6

Potato 20.1-31

It is well known that starch possesses a semi-crystalline structure.®® * The starch
granule crystallinity is associated with its amylopectin content. Studies using X-ray
diffraction (XRD) and molecular modelling suggested that amylopectin chains form
double helices with 6 glucoses units per turn.”” These helices associate in clusters to
form organised regions also called “crystalline lamellac”.® Stacks of crystalline
lamellae which are approximately 5-7 nm thick, form the backbone of the starch
granules.””*! The concentric crystalline lamellae are interrupted by amorphous lamellae
(thickness in the region of 1-4 nm) which contain the branch points of the clusters
(Figure 1.12).* Under polarised light starch granules show a characteristic
birefringence pattern (often referred to as a Maltese cross) which reflects the radial
arrangement of macromolecules in the granules.”> Moreover, several reports revealed
the existence of “blocklets” inside the crystalline and amorphous growth rings, a
concept initially developed by Hanson and Katz in 1934 (Figure 1.13).”° This concept
was supported by recent research using atomic force microscopy (AFM) and scanning
electron microscopy (SEM).”* The double helices can assemble into two different types
of hexagonal network creating two main polymorphic structures. The A-type polymorph
has a more compact structure with a lower water content, whilst the B-type possesses a

less dense structure with water channels creating a more open structure (Figure 1.14).%
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The presence of moisture in the B-type polymorph was suggested to contribute to the
lower melting point of this polymorphic form.”” The A-type polymorph is often
observed in cereal starches and the B-type polymorph is found in tuber and root
starches. However, a third type polymorph (C-type) can occasionally be observed in
some legumes such as smooth pea and has been proposed to be an intermediate type
between A-type and B-type polymorphs.”® Another distinct polymorphic structure is the
V-type, which is believed to be composed of single helixes of amylose forming

complexes with various ligands.”’

Amorphous
lamella

9 nm

Crystalline
lamella

B C

A

Figure 1.12 — Lamellar structure of a starch granule: A) stacks

of crystalline lamellae separated by amorphous growth rings,
B) expanded view of the crystalline and amorphous region and
C) double helices of amylopectin constitute the crystalline
lamellae whilst the branch points of the clusters constitute the

amorphous lamellae (adapted from reference 89)
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Figure 1.13 — Starch granule structure: A) granule (2 - 100
pm), B) growth rings (120 - 500 nm), C) blocklets (20 - 50

nm) and D) amorphous and crystalline lamellae (9 nm)

(adapted from references 90 and 98)

Top view
Type A Type B
Orthorhombic Hexagonal
Top view of helices H,O Unit cell

Figure 1.14 - Top view of starch A- and B-polymorphs

(Originally in colour)
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Apart from amylose and amylopectin, which represent approximately 98-99% of the dry
weight, starch granules also contain small quantities of other components such as
protein, lipids, and minerals (e.g. phosphorus). A fair amount of protein associated to
starch granules can be found in cereal starches (0.25-0.5%) but less is present in tuber
starches such as potato and tapioca (0.06 and 0.1% respectively).”” Lipids are found
mainly in the form of lysophospholipids (LPL) in wheat, rye and barley and free fatty
acids (FFA) in maize.'” These lipids form a complex with amylose and can represent
up to approximately 2% by weight in high amylose starches.* * The properties of
starch granules are affected by the presence of these proteins and lipids in or on the
surface of the granules. For example, a high amount of lipids in cereals starches
decreases the capacity of starch granules to bind with water, thus reducing the swelling
and solubilisation of starch granules.” Three forms of phosphorus are found in starch
granules: phosphate monoesters, phospholipids and inorganic phosphorus.*” '*!
Phosphate monoesters are largely present in root and tuber starches and covalently
bound to amylopectin (up to 0.09% in potato starch). These phosphate groups in the
granules prevent the formation of intra- or intermolecular bonds, which assists the
molecular dispersion in solution resulting in starch paste clarity and viscosity

increase.!*% 1%

1.4.3 Modification of starch

Modifications are often required to overcome the limitations of native starches. In
particular in terms of their susceptibility to water, high viscosity (after cooking) and
incompatibility with some hydrophobic polymers.'™ Modification can be processed
physically or chemically, depending on the required properties.'® Table 1.7 summarises

common methods of starch modification.
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Table 1.7 - Modified starches, their properties and
applications’®'"
Modification Treatment Advantages over Applications
(example) native starch

Pre-gelatinisation

Heat/ moisture

Cold water soluble

Instant convenience

foods, oil drilling

Esterification

Acetic anhydride

Reduced set-back,
increased clarity,
forms film/fibres

Frozen foods,

Instant foods

Partial acid or

enzyme hydrolysis

Glycosidic bond

cleavage

Increased
retrogradation and set
back, low hot paste
viscosity, high gel

Confectionery,

Textiles

increased stability

viscosity
Cationic substitution | Tertiary or quaternary | Lowered Pigment retention
ammonium gelatinisation aid in paper, sizing-
compounds temperature, coating, textile
Increased solubility wrapping
and dispersability in
cold water, and
increased binding to
negatively charged
materials
Oxidation Hypochlorite Increased clarity, Thickeners, jellies,
reduced set back pater, textiles
Hydroxyalkylation Propylene oxide Increased clarity, Salad dressing,

paper and textile

sizes

Cross-linking

Phosphate ester/
Epichlorohydrin

Granule stability,
resistance to
retrogradation,

gelling

Soups, puddings,
bakery products
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1.4.3.1 Physical modification
1.4.3.1.1 Gelatinisation

Starch granules are insoluble in cold water. However, their exposure to high humidity or
suspension in water at specific temperatures can lead to absorption of water into the

17 When heated in water

starch granules, which undergo limited irreversible swelling.
above a critical temperature, the intermolecular hydrogen bonds of starch are weakened,
allowing starch to imbibe more water. Penetration of water causes disruption of
molecular order within the granules leading to decreased crystallinity in the starch
structure. The process is known as gelatinisation of starch. This order-disorder transition
involves dissociation of double helices, expansion of granules, loss of crystallinity and
amylose leaching.'® A wide range of techniques have been applied to investigate this
phenomenon and different events can be observed during the gelatinisation, including
the loss of crystallinity noted by XRD pattern, uptake of heat monitored by differential
scanning calorimetry (DSC) and the increase of viscosity detected by rheological
measurement.'” ''° Gelatinisation process can be observed under a polarised light
microscope equipped with a hot stage. The loss of the Maltese cross indicates the
gelatinisation has occurred and the temperature at which this happens is the
gelatinisation temperature.''! Jenkins and Donald used combined techniques of small-
and wide-angle X-ray scattering, DSC and small-angle neutron scattering to follow
stages of the gelatinisation of starch in the excess of water. Their results suggested that
the swelling initiates in the amorphous regions and once completely swollen the semi-
crystalline stacks start to absorb water. The loss of crystallinity and the ultimate
breakdown happen relatively late in the process.''? The most intensively used technique
to determine the gelatinisation temperature and the enthalpy change of this process is
DSC.'"* " The thermogram of starch with excess of water shows an endothermic
transition. The enthalpy of the process is the sum of the energy involved in the
disruption of starch-starch bonds (endothermic), formation of starch-water bonds
(exothermic) and the unwinding of double helices (endothermic).'"” The gelatinisation
temperature and enthalpy change depend significantly on the composition and structure
of the starch granule. Thus these gelatinisation properties vary with different botanical

origins of starch (Table 1.8)."°
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Table 1.8 - Gelatinisation temperature and enthalpy of

starches from different botanical sources®

Botanical source T, (°C) T, (°C) T (°C) AHgq (J/g)
Corn® 62.3 67.7 84.3 14.0

High amylose corn® | 66.8 73.7 - 13.7
Waxy corn” 66.6 73.6 - 14.2

Rice” 62.0 67.4 97.5 11.0
Wheat" 51.2 56.0 76.0 9.0
Potato® 57.2 61.4 80.3 17.4

Dry starch/water = 1/1.5 (w/w)" or 1/9 (w/w)"
T, = Onset temperature, T, = Peak temperature, Ty = Final temperature and AH gy =

Enthalpy of gelatinisation
1.4.3.1.2 Retrogradation

Dispersed starch paste, gel or solution is a thermodynamically unstable system and with
time, the gelatinised starch system gradually changes in its texture and crystallinity.'"’
The term “retrogradation” is used to describe this event at which the recrystallisation of
amylose and amylopectin occurs during the cooling or storage of gelatinised starch.
During retrogradation the double helix crystalline structure reforms, and consequently
decreases the water-binding capacity of the molecules.''® The changes during the
retrogradation process can be detected using different methods including rheological
techniques, XRD and thermal analysis.'"® The short-term development of modulus in
starch gel has been linked to the gelation of amylose, whilst the long-term increase in
modulus involves the crystallisation of amylopectin.'' This result is in correlation with
the XRD studies, which show that the development of crystallinity of amylose and
starch gel progress at a relatively similar rate but the amylose gel crystallinity reaches
its maximum in 2 days, whilst the crystallinity of starch gel continues to rise.'*

Amylopectin crystallinity increases with time and reaches its limit in 30-40 days.'”'
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DSC studies on retrogradation focus on the melting endotherm of amylopectin which
gradually increases with time. The endothermic transition during the retrogradation
occurs at slightly lower temperature than one during the gelatinisation and the
enthalpies of retrogradation are substantially lower compared to those of gelatinisation
(Tablel.9).*® The water content and storage temperature greatly affect the retrogradation
behaviour. The greatest crystallinity occurs in gels with 50-60% starch at low

temperature but higher than glass transition temperature (T, = -5 °C).1#% 123

Table 1.9 - Retrogradation temperature and enthalpy of

starches from different botanical sources'*

Botanical source T, (°C) T, (°C) T (°C) AH,¢ (J/g)
Corn 39.0 50.1 59.4 5.8
High amylose corn | 44.1 - 115.4 9.9
Waxy corn 40.2 51.3 60.2 7.3
Rice 40.3 51.0 60.4 53
Wheat 38.6 47.6 55.7 0.8
Potato 42.5 55.7 66.9 7.5

Storage at 4 °C for 7 days
T, = Onset temperature, T, = Peak temperature, Ty = Final temperature and AH,. =

Enthalpy of retrogradation

1.4.3.2 Chemical modification

Chemical modification of starches aims to overcome the disadvantages of native
starches and introduce desirable properties to the starch structure. Thus the chemically
modified starches represent a significant value added and versatile product.'®
Modification typically occurs at the reactive C2, C3 and mainly C6 hydroxyl group
positions in starch molecule. Amylose possesses three reactive hydroxyl groups per

anhydroglucose unit whilst amylopectin has one fewer due to the a-1, 6 glucosidic
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bonds at the branched points (Figure 1.11).'*

Hence the degree of substitution (DS) of
modified starches can range from 0-3, though it is theoretically possible that the degree
of substitution is slightly higher than 3 if the end group modification is included.'*

Common chemical modifications of starch are summarised in Figure 1.15.
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Figure 1.15 — Chemical modification of starch'®
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1.4.3.2.1 Esterification

Esterified starches have been intensively used in various applications in both food and
non-food industries for decades.'?’ Starch is highly hydrophilic owing to the presence of
hydroxyl groups in its molecules. Substituting these hydroxyl groups with less
hydrophilic groups can increase the hydrophobicity of the polymer. Moreover, other
properties, including processing temperature and solubility in organic solvents in starch
esters differ from native starch, depend on the degree of substitution of the modified
starches.'” Starch esters are prepared from aqueous or solvent-based reaction leading to
low DS or high DS modified starches respectively.'” Acetylation of potato starch with
different degrees of substitution (DS = 0.3-3) reported by Fang et al. showed that the
thermal stability and solubility in organic solvents improved with the degree of
substitution of starch."*® Moreover, acetylation changes other properties of starch
including decrease of gelatinisation temperature, increase in translucency, viscosity and

freeze-thaw stability.'*" 12

1.4.3.2.2 Acid hydrolysis

Acid modified starch is normally prepared from the treatment of starch with
hydrochloric acid or sulfuric acid in order to obtain thin boiling starch (lower molecular
weight starch resulting from acid hydrolysis), which is intensively used in food, paper
and textiles industries.”®> Acid modified starch was first prepared in 1874 by Nigeli
using sulfuric acid and then in 1886, Lintner introduced the method using hydrochloric
acid. The treated starch was known as Lintner starch."** Acid modification decreases the
amylose content and swelling power but increases the solubility of treated starch.'* The
intrinsic viscosity of acid modified starch paste is reduced compared to native starch
paste.'*® The acid treatment leads to morphological changes of starch granules including
the appearance of pores and cracks on the granular surface."** The mechanism of acid
hydrolysis involves the cleavage of a-1, 4 glycosidic bonds via electrophilic attack of

hydroxonium ion (Figure 1.16)."’
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Figure 1.16 — Acid hydrolysis mechanism of starch

1.4.3.2.3 Other methods

Other common modified starches include cationic starch, oxidised starch and
crosslinked starch. Cationic starches are produced by reacting starch with tertiary or

quaternary ammonium compounds.””® The modification improves the solubility and
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dispersability in cold water. The affinity with fibres which is important for paper

making is also enhanced.”

Oxidation of starch involves the conversion of hydroxyl groups in starch molecules to
carbonyl and then carboxyl groups.'”> Commercial oxidised starches are prepared by
reaction of starch with an oxidant at specific temperature and pH. The most commonly
used oxidising agent is hypochlorite.** However, other typical oxidising agents such as
hydrogen peroxide and persulfate have also been used.'™ ! Oxidised starches are

intensively used in paper and textiles industries.'*

Crosslinked starches are widely used as thickening agents in food applications as the
crosslinking minimises the loss of viscosity and the rupture of starch granules.'* The
most widely used crosslinkers are epichlorohydrin, phosphoryl chloride and sodium

trimetaphosphate.'**

Another commonly used modified starch is hydroxypropylated starch, which is
particularly used the in food industry. This modified starch is commonly prepared by
reacting starch with propylene oxide. The paste of hydroxypropylated starch has better
clarity and freeze-thaw stability compared to those of native starch.'*® The
hydroxypropyl groups attached to starch backbone are believed to introduce mobility to
starch chains, resulting in lowering glass transition and crystalline melting

temperatures.'*® 'Y’

1.4.4 Starch in composites

The use of starch in the production of novel composites has been intensively
investigated in the last few decades, due to its unique properties and its

biodegradability.
1.4.4.1 Starch blends with synthetic non-degradable polymers

Blending starch with synthetic polymers has various advantages including the increase
of biodegradability and cost reduction. Starch has been used as filler in polyethylene
(PE) to yield a partially biodegradable material.'*® '** Fillers can enhance different

properties of the polymer including strength, stiffness, permeability and cost. However,
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poor adhesion between fillers and polymer matrix can lead to undesirable consequences,

such as decrease of tensile strength and elongation.'’

As starch and polyethylene are
incompatible, starch or polyethylene has to be modified to improve the adhesion
between the two components.”’ Compatibilisers such as maleic anhydride or acrylic
acid are grafted to PE to enhance its compatibility with starch.'>* Moreover, Evangelista
et al. showed that modifying starch with n-octenyl succinic anhydride could also

improve the tensile strength of the PE/starch film.">
1.4.4.2 Starch blends with synthetic degradable polymers

Blending starch with non-degradable polymers only yields partially biodegradable
products. In order to prepare completely biodegradable starch-based composites starch
is typically blended with aliphatic polyesters, polyvinyl alcohol (PVA) or other
biopolymers. Common degradable polyesters used in the blends with starch are poly
(hydroxyl alkanoates) (PHAs), poly (lactic acid) (PLA) and polycaprolactone (PCL).
PHAs are naturally occurring polyesters produced by bacteria.'”* One of the most
studied PHAs is poly (3-hydroxybutyrate) (PHB).'”> The combination of starch into
PHB resins aims to improve the properties of the polymer and lower the production
cost. Godbole et al. studied the PHB and starch composites and found that the tensile
strength of the films was optimum at PHB/starch ratio 70/30 (wt./wt.)."*® Poly (lactic
acid) is a biodegradable thermoplastic polymer of lactic acid which can be obtained
through carbohydrate fermentation.'”’ Starch and PLA are immiscible due to the poor
interfacial attraction between starch granules and PLA matrix. Hence compatibilisers
such as maleic anhydride or methylenediphenyldiisocyanate (MDI) are needed in the
composite to maintain the mechanical properties of the product.”® '** Starch has also
been blended with petroleum-derived biodegradable polymers such as PCL and PVA.
Averous et al. studied the association of PCL with thermoplastic starch and found that,
despite the phase separation of the blend, the dimensional stability and hydrophobicity
of the blends improved significantly compared to those of native thermoplastic starch
(TPS).' Interestingly, PCL/high amylose starch gives better mechanical properties
than other starches owing to its small granular size allowing good dispersion in PCL

matrix.'®!

Hydrophilic PVA is compatible with starch and the addition of PVA to starch
matrix demonstrated improved tensile strength and elongation.'®® Nonetheless, similar

to starch, the fact that PVA is also sensitive to moisture has limited the starch/PVA
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blends for many applications. Different methods have been attempted to enhance the
water resistance of films including modification of starch and addition of

crosslinkers. 6% 164

1.4.4.3 Starch blends with other biopolymers

Blends of starch with other biopolymers including chitosan, cellulose and pectin have
been investigated, as these biopolymers are abundant, cheap, non-toxic and
biodegradable. Chitosan has a good film forming property and is also compatible with
starch.'® The addition of starch to chitosan films improves tensile strength and
elongation with regular starch showing better performance than waxy starch.'®
Microcrystalline cellulose and methylcellulose were extruded with corn starch to
produce edible films. The high ratio of cellulose increases tensile strength and
elongation of the films and decreases water vapour transmission rate and gas
permeability.'®” Blends of starch and pectin result in edible biodegradable and water
sensitive films. As such these films find use in applications such as water-soluble
pouches for detergents and insecticides, edible bags for soup or noodles ingredients and

drug delivery systems.'®*'%

The number of reports on composites based on starch and epoxidised plant oils is
limited. An emulsion of ESO with water and corn starch was blended with glycols and
isocyanate to produce polyurethane (PU) foams. NMR analysis showed possible
crosslinking between the oil droplets in the emulsion with isocyanate.'”® Lu et al. used
epoxidised rapeseed oil to synthesise chlorinated rapeseed oil then in combination with
isophoronediisocyanate, dimethylol propionic acid produced a waterborne PU or poly
(urethane-urea). The waterborne PU was then added to plasticised starch to yield a
biodegradable film. The addition of PU was claimed to improve the mechanical

properties of plasticised starch films.'”'
1.5 Scope of the thesis

The aim of the project is to develop novel greener thermosetting resins to be utilised as
alternatives to petroleum-derived materials. The resins are envisaged to be based on

natural, renewable resources and in particular epoxidised linseed oil with the abundant
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polysaccharide, starch. Owing to the high degree of unsaturation in linseed oil, a high
epoxy content can be obtained in epoxidised linseed oil. This can result in a significant
degree of crosslinking in the resins. Starch is highly available, low in cost and versatile
and therefore represents an attractive biopolymer resource. Modifications of the starch
are investigated in order to improve the resin performance compatibility to those of
petroleum-based materials. The project focuses on bio-based film production which is
very important in one of the most widespread industrial applications such as coatings.
The required properties of the films, including thermal stability, mechanical strength
and water resistance are examined within this work. The project also concentrates on
the production process of the bio-based resin to enable it to be compatible to those
currently used in industry. In order to compare the properties of the bio-based products
and production process against currently available petroleum-based films, a polyvinyl
chloride wear layer of widely utilised vinyl floorings was chosen as the benchmark for
the project. This transparent or translucent wear layer is situated over the decorative
printed layer (Figure 1.17) and gives the floor its resistance to abrasion, scratches,
cigarette burns, chemicals and stains.'”? As such, the casting of the bio-films should be
a solvent-free process and the viscosity of the reaction mixture should be in suitable

range of the manufacture process.

UV-cured polyurethane
Clear PVC wearlayer

Printed layer

PVC/glass fibre backing

Figure 1.17 — Cushion vinyl sheet construction (Originally in

colour)
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2.1 Chapter 2 - Summary

Thermosetting resins were synthesised from epoxidised linseed oil (ELO) in
combination with bio-derived crosslinkers including succinic acid, itaconic acid,
succinic anhydride, itaconic anhydride and Pripol 1009. The inclusion of catalysts such
as triethylamine (TEA), 1-methylimidazole (1-Melm), 2-methylimidazole (2-Melm),
1,8-diazabicyclo [5.4.0] undec-7-ene (DBU) and 4-dimethylaminopyridine (DMAP),
were subsequently studied in the formulation with Pripol 1009. The reactive mixture
yielded a 99.5% (by weight) bio-derived highly flexible transparent film with
significant water resistance. It was demonstrated that the mechanical and thermal
properties of the resulting films were significantly influenced by the amine catalysts
selected. The use of catalysts significantly enhanced the mechanical properties of the
films; tensile strength improved by up to 545% (DMAP), Young’s modulus improved
by up to 422% (2-Melm) and elongation at break improved by 14-84%. An infrared
spectroscopic study coupled with modulated differential scanning calorimetry (MDSC)
was undertaken in an attempt to study the curing mechanism. Epoxide ring opening
was clearly evidenced by infrared spectroscopy and the studies suggested that DMAP
probably aided crosslinking between ELO and Pripol 1009 via epoxide ring opening,
followed by etherification. The optimum DMAP catalyst loading giving the highest
value of Young’s Modulus was determined at 1%, whilst the tensile strength reached its
maximum at 0.5% with respect to the total resin weight. Higher concentrations of
DMAP (5% wt.) decreased the Young’s Modulus, tensile strength and elongation at
break.

2.2 Introduction

The curing process of plant oil based thermosets has been investigated in numerous
studies. The mechanical and thermal properties of the cured products depend on the
curing agents chemical nature and concentration, cure condition, and type and
concentration of the cure catalysts.'”” Conventional curing agents include acids,
anhydrides and amines, which are typically small molecules containing 4-10 carbons.
These crosslinked products have a high glass transition temperature (T,), typically
between 30-120 °C.*> °* ' Moreover, the primary source of these crosslinkers is

largely from petroleum-based feedstocks. In this work, bio-derived crosslinkers
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including succinic acid, itaconic acid and Pripol1009 are used in combination with ELO

to obtain a polymeric product with high bio-based content.

Catalysts used for epoxy/acid systems can be broadly categorised in four classes: 1)
bases; i1) onium compounds (phosphonium or aluminium halides); iii) metals and iv)
cationic catalysts (Lewis acids). Merfeld et al. reported that metal catalysts were worse
than bases and onium catalysts in accelerating epoxy/acid reaction. Lewis acids, such as
boron trifluoride, show good homopolymerisation of epoxides but, frequently cause side

reactions to occur, and additional precautions are needed when handled.'™

Amine bases have been intensively used in the curing reaction of epoxide and anhydride
or acid hardeners and exhibit good catalytic properties in these reactions.' "’ Selected
amines catalysts used in the reaction include triethylamine (TEA), 1-methylimidazole
(1-Melm) and 2-methylimidazole (2-Melm). These catalysts are widely utilised in the
curing of epoxy systems. Furthermore, 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU) and
4-dimethylaminopyridine (DMAP) were also investigated as these bases are known to

be more active initiators for crosslinking reactions (Table 2.1)."

Table 2.1 —Tertiary amine and imidazole catalysts

Catalyst pKa of protonated Melting point (°C) Boiling point (°C)
species
TEA K 10.75 -115 89
\/NW
DBU /j 12 -70 261
DMAP 9.2 108-110 194
z/ \ z/
— AN
1-Melm | 7.06 -60 198
W
2-Melm ) 7.88 142-143 267-268
-
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2.3 Epoxidised linseed oil based thermosetting resins using

bio-derived crosslinkers

Petrochemical molecules such as ethene and benzene are obtained from fractionation of
hydrocarbons mixtures, which are collected after the cracking process of crude oil.'”
These platform molecules are subsequently used as building blocks in industry via
application of well-established organic chemistry methodologies. Bio-derived platform
molecules from biomass superficially adopt a similar idea but differ in the complexities
of the products.'®® Table 2.2 shows the top 12 most useful bio-derived building blocks

in chemical synthesis according to the US Department of energy.'™!

Table 2.2 — Top 12 biomass-derived platform molecules (US
Department of Energy)

Four carbons 1,4-Diacids (succinic, fumaric and malic acids) o
H Y
H

W
|o

R = -CH,CH,-, -CH=CH-, -CH,CH(OH)-

2,5-Furan dicarboxylic acid

3-Hydroxypropionic acid

R/\OH
o
o
NG/
\ /A
|O
HO/\/J\OH
NH, 0
HO |
OH
Aspartic acid |
o
OH OH
OH OH o

OH
Glucaric acid HO
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Glutamic acid

Itaconic acid

Levulinic acid

3-Hydroxybutyrolactone

Glycerol

Sorbitol (alcohol sugar of glucose)

Xylitol/arabinitol (sugar alcohols)

O (6]

— O

O
HO/W
(0]

OH

OH OH

OH
HO

{

OH OH

OH OH

OH

{%

OH

In this work, two of these platform molecules, succinic and itaconic acids and their

respective anhydrides were used as crosslinkers in ELO based thermosetting resins as

well as Pripol 1009 (which is also referred to as Pripol), a commercially available

dimerised fatty acid (C36) derived from natural oils and fats (Figure 2.1).

72



Chapter 2 Epoxidised linseed oil based thermosetting resins

B) o o

)

OH

OH

Figure 2.1 — A) Succinic anhydride, B) Itaconic anhydride,
and C) Pripol 1009

There are approximately 5 epoxide functionalities in an ELO molecule and the
crosslinkers have two active functionalities, therefore the molar ratio used was bio-
derived crosslinker:ELO = 2.5:1. As all the crosslinkers except for Pripol are solid at
room temperature, the mixture appears heterogeneous. However, after curing at 140 °C
for 1 hour, the mixtures with succinic anhydride and itaconic anhydride become
homogeneous and transparent, whilst ones containing succinic acid and itaconic acid
remain heterogeneous (Figure 2.2). This is likely due to the lower melting temperatures
of the anhydrides (66-68 °C for itaconic anhydride and 119-120 °C for succinic
anhydride) compared to those of the corresponding acids (165-167 °C for itaconic acid
and 185-187 °C for succinic acid), which are higher than the curing temperature.
Mixtures with Pripol start to set after 3 hours of curing and the resultant film is
homogeneous and transparent. Whilst Pripol gives good quality transparent films, a film
from shorter chain crosslinkers such as itaconic anhydride yields brittle films, which
partly cracks before being fully cured. Curing of the reaction mixtures was further

evaluated by FT-IR (ATR) and simultaneous thermal analysis.
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A B C D E

Figure 2.2 — Films made from epoxidised linseed oil and bio-
derived crosslinkers; A) succinic acid, B) itaconic acid, C)
succinic anhydride, D) itaconic anhydride and E) Pripol 1009

(Originally in colour)

2.3.1Infrared spectroscopy of epoxidised linseed oil and

crosslinkers

The IR spectrum of ELO is shown in Figure 2.3. The characteristic band of the oxirane
ring is detected at 822 cm™ and the carbonyl group stretching from the ester
functionality in the triglycerides is observed at 1740 cm™."® ' The characteristic

bands of ELO are summarised in Table 2.3.

1.5

Absorbance
1.0

0.5

822

0.0
I

T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber cm!

Figure 2.3 — Infrared spectrum of epoxidised linseed oil
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Table 2.3 - IR assignment of characteristic bands of

epoxidised linseed oil

Frequencies Assignment

(Wavenumber cm'l)

2926 Asymmetric C—H stretching of CH,, CH;
2855 Symmetric C—H stretching of CH,, CH3
1740 C=0 stretching

1459 Scissoring of CH,, asymmetric bending of CH;
1389 Symmetric bending of CHj;

1158 C-O0 stretching of O = C-O

1099 C-O0 stretching of O—CH,

822 C-0 of epoxides

725 In-phase rocking of (CH,),, n >3

After mixing at room temperature, all the ELO-crosslinker mixtures were heated at 140
°C and samples were taken every hour to investigate the curing reaction of the resins.
Reactive mixtures of ELO with bio-derived crosslinkers show common changes in their
spectra during the curing process. The band at 822 cm™ decreases in intensity with
curing time, and, in some cases, completely disappears by the end of the reaction
(Figures 2.4-2.8). This is characteristic of the epoxide ring-opening.'** The appearance
of the characteristic O-H stretching band is also noted at around 3500 cm™, indicating

the protonation of the alkoxide ions formed during the curing process.'®

In the mixture of ELO with succinic or itaconic acid, the carbonyl stretch of the ester
shifts from 1740 cm™ to 1735 cm™, suggesting that the acid groups in bio-derived
diacid reacts and new ester functionalities are formed at the end of the reaction (Figures

2.4-2.5).1%
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Figure 2.5 — Infrared spectra of ELO and itaconic acid cured

at 140 °C (Originally in colour)

In the case of mixtures with anhydride crosslinkers, the characteristic bands of the
anhydrides are noted at 1787 and 1865 cm™ or 1774 and 1848 cm™ at the onset of the
observation in succinic anhydride and itaconic anhydride mixtures, respectively (Figure
2.6-2.7). Additionally, the stretching vibration of the C-O-C and C-C-O functional
groups in the anhydrides can be observed in the region of 900-1300 cm™.>" ' The
intensity of these bands decreases after 1 hour and the bands disappear after 2 hours of
curing. The epoxy band at 822 cm™ slightly reduces its intensity over time, nonetheless
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the band can still be seen after 24 hours of curing. This suggests that the ring-opening in

anhydride formulations occurs more slowly than that in formulations with acid

crosslinkers.
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Figure 2.6 — Infrared spectra of ELO and succinic anhydride

cured at 140 °C (Originally in colour)
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Figure 2.7 — Infrared spectra of ELO and itaconic anhydride
cured at 140 °C (Originally in colour)

In the case of the long-chain crosslinker Pripol, the characteristic band of the oxirane
rings at 822 cm” completely disappears after 1 hour of heating (Figure 2.8). This
indicates a rapid ring-opening reaction in the presence of these crosslinkers owing to the
better miscibility of the two components. The stretching vibration of carbonyl in the
acid functionality of Pripol shows an intense band at 1709 cm™ and the band at 1740
cm” is associated with the ester carbonyl in ELO. Whilst the acid C=0 band reduces its

intensity with curing time, the ester C=0 band increases its intensity and shifts to 1736
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cm™ after 24 hours. All these observations are evidence of the polyesterification of this

system which is in accordance with previous reports.5 1,188
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Figure 2.8 — Infrared spectra of ELO and Pripol 1009 cured at
140 °C (Originally in colour)
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2.3.2 Simultaneous thermal analysis of epoxidised linseed oil

and crosslinkers

Simultaneous thermal analysis of the reactive mixtures of ELO and bio-derived
crosslinkers are performed using STA 625 (DSC/TG). The DSC thermogram of
formulation with succinic acid shows two distinct exothermic transitions in the region
of 150-280 °C with the peak temperatures of 176 and 194 °C (Figure 2.9 A). Similar
transitions can also be observed in the itaconic acid formulation but at lower
temperature range with the peak temperatures at 156 and 175 °C (Figure 2.9 B). This
suggests that there are either two different reactions that are occurring during the curing
process or alternatively, that there is a two-stage curing process. The mixtures with
succinic and itaconic anhydrides demonstrate a sharp endothermic peak at 120 °C and
66 °C respectively (Figures 2.9 C-D). These transitions correspond to the melting of the
anhydrides (cf- page 73). This result is in accordance with the visual observation during
film production as the heterogeneous mixture become homogeneous and transparent
after 1 hour of curing. An exothermic curing transition is noted with the onset
temperature of 183 °C in succinic anhydride system and 150 °C in itaconic anhydride
system. Pripol formulation shows one exothermic transition, corresponding to the
curing reaction of the system in the region of 125-300 °C (Figure 2.9 E). The thermal

analysis results are summarised in Table 2.4.

Table 2.4 — Thermal analysis data of ELO with bio-derived

crosslinkers
Crosslinkers Heat of reaction Onset Peak
(mcal/mg) temperature (°C) | temperature (°C)

Succinic acid 35.6 157 176, 194

Itaconic acid 39.6 134 156, 175

Succinic anhydride | 12.9 183 234

Itaconic anhydride | 9.7 150 180, 220

Pripol 1009 335 158 213
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Figure 2.9 — TG and DSC thermograms of the mixtures of ELO
with A) succinic acid, B) itaconic acid, C) succinic anhydride,
D) itaconic anhydride and E) Pripol 1009 (Originally in

colour)

The use of Pripol yielded homogeneous transparent films with enhanced flexibility due
to the longer chain length of the crosslinker as compared to succinic and itaconic acids.
The fact Pripol is a liquid at room temperature was also viewed as a significant
advantage for homogenisation over the other crosslinkers investigated, which were solid
at room temperature and had a tendency to phase separate on storage of the uncured
formulation. This is an important factor to consider if scaling up or if the process was to
be commercialised as additional mixing or process steps would be required. The

formulation with Pripol exhibited the best overall combination of flexibility,
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appearance, homogeneity and strength. As such, Pripol was selected for further studies

in this chapter.

2.4 Thermosetting resins from epoxidised linseed oil and

Pripol

2.4.1 Thermal analysis of epoxidised linseed oil and Pripol

mixtures with no added catalyst

Thermal analysis of the ELO and Pripol mixtures were performed to ascertain the
optimum ratio of the two components. Tan et al. suggested that larger enthalpies of
polymerisation indicated a higher degree of copolymerisation from the epoxidised oil
monomers to a cross-linked thermoset resin.’’ The largest enthalpy and thus greatest
degree of polymerisation was obtained at a 50:50% wt. ratio of Pripol:ELO (molar ratio

of 1.7:1) (Figure 2.10).
The stoichiometric ratio R, which is defined as
R= acid equivalents/epoxide equivalents

is 0.7, which is lower than that reported by Boquillon ef al. for ELO and cis-1,2,3,6-
tetrahydrophthalic anhydride (THPA) was (R=0.8).*" The lower stoichiometric ratio
exhibited with bio-derived diacid is likely due to the long chains in the diacid structure,
which can hinder the movement of the crosslinker in the network. Therefore fewer acid
groups are able to react with the epoxides within the ELO, resulting in fewer acid
equivalents needed for complete curing. A 50:50% wt. ratio of bio-derived diacid:ELO
was utilised to produce thermosetting films using tertiary amines or imidazoles as

catalysts (1% of resin weight) in further experiments.
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Figure 2.10 - ELO/Pripol 1009 ratio against heat of reactions

2.4.2 Physical properties of resulting films

2.4.2.1 Effect of different catalysts on the mechanical properties of the films

Inclusion of amines significantly improves the mechanical properties of the films; the
tensile strength, Young’s modulus and elongation at break all significantly improve by
545% (DMAP), 422% (2-Melm) and 84% (1-Melm), respectively (Figure 2.11). Films
cured at 140 °C using 2-Melm and DMAP as catalysts demonstrate the greatest tensile
strength and Young’s modulus. Despite the relatively low Young’s modulus for the film
with 1-Melm, it gives the best elongation at break of all the samples. The higher
elongation at break of this system suggests better mobility of the network, hence less

crosslinking.

Curing the samples at 160 °C results in improved film mechanical properties. The
tensile strength of the DMAP formulation increases from 1.17 MPa to 1.65 MPa, an
improvement of 41%, and compared to the standard without catalyst a 242% increase in
Young’s modulus is observed. This film demonstrates the best tensile strength, Young’s
modulus and elongation at break. Interestingly, DMAP, which is not a common catalyst
for epoxy systems, appears to be the best catalyst for the formulation (Figure 2.12). The
1-Melm formulation increases its Young’s modulus by 85% compared with respect to
the same formulation cured at 140 °C, indicating enhanced curing at the higher
temperature (160 °C).
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Figure 2.11 - Mechanical properties of films cured at 140 °C

(Originally in colour)
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Figure 2.12 - Mechanical properties of films cured at 160 °C
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2.4.2.2 Effect of different catalysts on the water uptake of the films

Suitably cured mixtures yielded highly flexible transparent films (Figure 2.13) with
good mechanical properties and excellent water resistance. The average water uptake

was taken from at least three experiments, and calculated using the formulation:

W .
Water uptake = %XlOO%

, Where W; = Initial weight of the film and W, = Final weight of the film after drying

Water uptake of the films were in the range of 0.4-2% by weight after immersion in

distilled water for 24 hours.

Figure 2.13 - Transparent and flexible ELO based film

(Originally in colour)

2.4.2.3 Effect of different catalysts on thermal properties of the films

All films demonstrated good thermal stability with no weight loss observed between 25-
300 °C (Figure 2.14). The films start to decompose in the range of 310 to 330 °C. The
use of catalysts slightly lowers the decomposition temperature of the products by 5-10

°C.
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Figure 2.14 — TGA thermograms of ELO-Pripol films with

different catalysts (Originally in colour)

2.5 Study of curing reaction

2.5.1 Mechanistic study of curing reaction by infrared

spectroscopy

The curing mechanism of epoxy resins using amine catalysts have been intensively
studied."™"? Nevertheless, the mechanism of this system with a long chain diacid and
ELO is less known, especially with DBU and DMAP. Infrared spectroscopic
measurements were taken every 15 minutes to investigate the curing mechanism of
resin mixtures containing 5% catalyst in order to better understand the effect of catalyst
addition. Figure 2.15 shows the spectrum of Pripol and 7able 2.5 summarises the

assignment of IR characteristic bands of the diacid.
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Figure 2.15 — Infrared spectrum of Pripol

Table 2.5 — IR assignment of characteristic bands of Pripol

Frequencies Assignment

(Wavenumber cm'l)

2921 Asymmetric C—H stretching of CH,, CH;

2853 Symmetric C—H stretching of CH,, CH3

1707 C=0 stretching of carboxylic acid

1460 Scissoring of CH,, asymmetric bending of CH;
1376 Symmetric bending of CHj;

1284 C-O0 stretching of carboxylic acid

935 Out-of-plane O-H of carboxylic acid

725 In-phase rocking of (CH,),, n> 3

88



Chapter 2 Epoxidised linseed oil based thermosetting resins

Infrared spectra of the samples demonstrate some common changes (Figures 2.17-2.21)
including the disappearance (end of the observation) of the peak at 1709 cm™. The
carbonyl stretch of the ester shifts from 1740 cm™ to 1735 cm™, suggesting that the acid
groups in bio-derived diacid react and new ester functionalities are formed at the end of

the reaction.'®

Moreover, the band at 821 c¢m™, which corresponds to that of epoxide
group,'”® decreases in intensity with duration of curing and disappears by the end of the
reaction. This is attributed to the epoxide ring-opening.'®* At 0 min, a band at 1560 cm™
attributed to the carboxylate ion resulting from the deprotonation of carboxyl group in
bio-derived diacid, is observed.'”* This band is noted at slightly lower wavenumbers in
the formulations with imidazoles. This may be explained by the formation of an

imidazolium carboxylate intermediate with a strong "NH-O" bond proposed by Pire et

al. (Figure 2.16)."”

R2

Figure 2.16 — Imidazolium carboxylate intermediate (R;, R, =

H or CH,)
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Figure 2.21 - Infrared spectra of ELO, Pripol and 2-Melm

mixture cured at 140 °C (Originally in colour)

This study highlighted some significant differences between the spectra of resins cured
with different catalysts. At the beginning of the curing, a band at 1648 cm™ is observed
in the DBU system, corresponding to the protonated amine (Figure 2.18)."”°'*® This
band completely disappears after 60 minutes of curing, whilst a band at 1613 cm™ from
C=N bond of DBU molecule reappears. Regarding the formulation with DMAP, two
intense bands at 1647 and 1570 cm™ are observed at the beginning of the curing process
and remain until the end of the observation, suggesting the presence of DMAP in the

cured resin (Figure 2.19). This may be explained by the fact that DMAP is not only
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basic but also nucleophilic. It can facilitate the epoxide ring opening via nucleophilic
attack of the ring and promote the etherification reaction between oxirane rings.'”” After
this reaction, DMAP may remain attached to the resin. A mixture of ELO and DMAP
was similarly studied by IR in order to confirm this postulation (Appendix A — Figures
A.2.1-2). The bands at 1647 and 1570 cm™ are also noted at the end of the observation.
Furthermore, the band around 3500 cm’' observed at the end of all mixtures, which
corresponds to that of hydroxyl group, is also observed in this case but it shifts toward
3300 cm™'. This might be due to the presence of the attached DMAP in the product,
which could influence the O-H bonds formed during the crosslinking and causes the

shift of the peak.

Regarding the imidazole catalysts, a band at 1568 cm™ is noted at the end of the
reaction (Figures 2.20-2.21). The band is assigned to the stretching of the imidazolium
ring.”*’ This observation is in agreement with previous report by Matdjka et al., which

states that the amine catalyst is chemically bound to the resin after the curing process

(Figure 2.22).*"!
R2
+J\

N N—— Ry

\__/

o

Figure 2.22— Imidazole catalyst attached to the epoxy resin
(Rl, R2 = H or CH3)

2.5.2 Study of curing reaction using thermal analysis

The thermal events that occur on heating the formulations were studied using modulated
DSC (Figure 2.23 and Table 2.6). In all samples an exothermic curing transition was

observed during the first heating cycle.
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Figure 2.23 - Thermograms of reaction mixtures of

ELO/Pripol 1009 and different catalysts (Originally in colour)

The addition of amine catalysts was observed to lower the onset temperature of curing
and peak temperature as compared to the uncatalysed formulation. Thermograms of the
uncatalysed and TEA catalysed formulations reveal a slight shoulder that occurs before
the main thermal event, occurring at approximately 145 C in the formulation containing
no catalyst and at approximately 120 'C in the presence of TEA. From these results it
can be deduced that a possible two stage curing process occurs. Based on our infrared
spectroscopy study of the curing mechanism, the first exothermic peak is due to the ring
opening of the epoxide and second thermal event probably corresponds to subsequent
etherification-epoxide ring opening and cross-linking reactions. In contrast, DMAP and
2-Melm containing films show one thermal event only. However, the two thermal
events may still be present but could not be resolved by the instrument. As shown in
Figure 2.24, MDSC was performed on ELO with DMAP, in order to probe the DMAP-
ELO interaction. The resultant thermogram also revealed two thermal events occurring
over the temperature range 136 — 200 'C. The first thermal event peaked at 150 "C with
the second peaking at approximately 170 ‘C correlating well with our proposal of initial
nucleophilic ring opening by DMAP followed by etherification reactions. The infrared
spectrum also reveals loss of bands associated with the epoxide ring (821 cm™) and

appearance of the O-H stretch at 3500 cm™ in the cured ELO-DMAP film.
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Figure 2.24 — Thermogram of reaction mixture of ELO and

DMAP

The peak temperature of curing decreases in the order: uncatalysed (179.3 'C) > TEA
(140.0 'C) > 2-Melm (137.6 'C) > DMAP (133.4 ‘C). Interestingly, the heat of reaction
for the curing process decreases in the order: uncatalysed (161.9 J/g) > 2-Melm (160.7
J/g) > DMAP (131.9 J/g) > TEA (79.1 J/g). The variations in the heat of reaction could
potentially be due to the extent of polymerisation between ELO and Pripol 1009."
Assuming that full cure is represented by the uncatalysed film (161.9 J/g), then 2-Melm
derived film is comparable (160.7 J/g) and as such is assumed to be the best cured. The
heat of reaction of DMAP catalysed films is 30 J/g lower that uncatalysed formulation
however, an additional thermal event peaking at approximately 200 'C accounted for
this deficit. The heat of reaction for the curing process of the formulation containing
TEA is significantly lower (79.1 J/g) than the uncatalysed formulation and as such
remains relatively uncured. This value represents the enthalpy associated with the main
thermal event and the slow second thermal event that appears between 200-250 'C may
account for any enthalpic shortfall. In addition, the lone pair on the central nitrogen
atom of TEA maybe less available due to induce steric hindrance resulting from the
three flexible ethyl chains, thus reducing its potential to either act as a base or

nucleophile.

97



Chapter 2 Epoxidised linseed oil based thermosetting resins

In an attempt to relate the mechanical properties, in particular the Young’s Modulus,
outlined in the previous section (Figure 2.12) with respect to the thermal data shown in
Figure 2.23 then we must consider the thermal situation at 160 C (assume drawing a
notional vertical line at 160 "C in Figure 2.23). Qualitatively, the extent of cure for the
uncatalysed and TEA-containing films appears to be significantly smaller than for
DMAP and 2-Melm. The main thermal event for the uncatalysed film has not reached
peak (179.3 °C) and thus gives a film with the lowest Young’s Modulus. The TEA film
reaches peak at 140.0 'C but, thermal events are occurring slowly albeit faster than the
uncatalysed film, so a slight improvement in Young’s Modulus is observed. This
situation changes drastically with DMAP (peak temperature, 133.4 'C) and 2-Melm
(peak temperature, 133.4 'C) as considerable enhancement of the Young’s Modulus
occurs. The thermograms for DMAP and 2-Melm are near identical up to 160 'C with
both showing a greater extent of curing based on a larger heat of reaction and a more

complete thermal event than compared to TEA and the uncatalysed film.

Table 2.6— MDSC analysis of formulations with different

catalysts
Catalyst None TEA DMAP 2-Melm
Heat of reaction (J/g) 161.9 79.1 131.9 160.7
Onset temperature (°C) 103.94 82.29 92.61 82.74
Peak temperature (°C) 179.31 140.0 133.36 137.61
Tg (°C) -17.59 -18.03 -13.33 -10.36

2.5.3 Study of curing reaction using viscometry

Viscosity measurement provides important information regarding chain mobility and
progress of curing.’” Initially, sample viscosities of the mixtures decreased due to
temperature increase aiding molecular mobility. The viscosities of the samples were in

the region of 400-500 centipoise (cP), with the exception of the uncatalysed mixture,
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which had a starting viscosity in the region of 1000-2000 cP. This suggests that the
addition of catalysts initially decreases the viscosity of the mixture, which allows better

movement of the polymer chains in the system.
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Figure 2.25— Viscosities of the reaction mixtures (Originally

in colour)

During the curing reaction processes, the viscosity increases as the molecular weight of
the polymer increases.””” The gel point is defined as the point at which the formation of
the first macromolecule of infinite dimension occurs and it indicates the transition of a
liquid to a solid.****** At the gel point, the mixture becomes very viscous, and hence
difficult to process. The study of the gel point is therefore crucial for the production
process of thermosetting polymers. The gel point was defined as the point at which the
diverging steady state viscosity becomes infinite.*****> The gel point of the uncatalysed
system is significantly greater than other mixtures. This shows the slow polymerisation
of this system without catalysts. Other reaction mixtures gel points vary from 9 to 48
minutes (Figure 2.25), with TEA mixture taking considerably longer than other
catalysed mixtures to gel. This might be due to the steric hindrance in the catalyst

molecule, inhibiting the base from catalysing the polymerisation in this “congested”
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system. The other mixtures’ gel points occur within 9-15 minutes, with the reaction
with DMAP and 1-Melm showing the quickest gelation process indicating rapid

polymerisation and formation of the cross-linked network.

2.5.4 Proposed mechanism of the reaction system

According to spectroscopic and thermal studies, the mechanism of the system is
proposed in Figure 2.26. The early stage of cure involves deprotonation of the
carboxylic acid by tertiary amine or imidazole catalysts, which results in a carboxylate
anion (reaction A). The free carboxyl group in the carboxylate anion then reacts with
epoxide to yield an alkoxide (reaction B). The alkoxide reacts further with the epoxide
leading to a formation of another alkoxide (reaction C). The propagation of the
polymerisation occurs through the etherification, which cross-links the system. The
protonation of alkoxide occurs during the curing to form the alcohol is shown in
reaction D. In the system using catalysts with good nucleophilicity such as DMAP, the
catalysts can perform a nucleophilic substitution onto the epoxide to promote the ring-

opening reaction (reaction E).
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Figure 2.26 — Proposed mechanism of the reaction system
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2.6 Optimisation of formulation with DMAP

2.6.1 Effect of amount of catalyst on the mechanical

properties of the films

The concentration (% of total resin weight) of DMAP was varied from 0.1% to 5% in
order to ascertain the influence of catalyst concentration on mechanical properties
(Young’s Modulus, tensile strength and elongation at break) (Figure 2.27). The films

were cured at 140 “C for 1 hour except for the uncatalysed film, which was cured for 6

hours.
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Figure 2.27 — Mechanical properties of films with different
amounts of DMAP (Originally in colour)

The tensile strength increases with increasing catalyst concentration peaking at 0.5% wt.
and then tends to plateau for the remaining concentrations. Interestingly, the Young’s
Modulus is highest for the formulation comprising 1% DMAP by weight. Thereafter, at

a higher concentration (5% wt.) it decreases significantly. Thus, only a small amount of
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DMAP is needed in the formulation in order to obtain resins with optimum mechanical
properties. Elongation at break is best at low concentrations of catalyst as the curing is
still incomplete, hence allowing more mobility of polymer chains. In summary, this bio-
based resin is a step forward in the use of greener feedstocks to produce thermosetting
resins. The reduction of the amount of catalyst to as low as 0.5-1% of the total resin

weight is of great benefit to this system.

2.6.2 Effect of curing temperature on the mechanical

properties of the films

Different curing temperatures from 140-180 °C were applied to the formulation
composed of ELO, Pripol and DMAP (1% of total weight) (Figure 2.28). Although, the
thermal analysis showed the peak temperature of the system close to 140 °C, the film
produced at 160 °C demonstrates higher tensile strength and Young’s modulus than
those of the film produced at 140 °C. The elongation of both films is comparable. When
higher curing temperature (180 °C) was applied, the tensile strength and the elongation
at break of the resulting film dramatically decrease by 145% and 81%, respectively. The

Young’s modulus also slightly decreases to approximately 9%.
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Figure 2.28 — Mechanical properties of films with different

curing temperatures (Originally in colour)
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2.6.3 Effect of curing time on the mechanical properties of the

films

The effect of the curing time on the mechanical properties of the films is demonstrated
in Figure 2.29. The standard formulation of ELO, Pripol and DMAP (1% of total
weight) was used to produce films using different curing times (15, 30 45, 60, 90 and
120 minutes) at 160 °C. The tensile strength and elongation at break of the films reaches
the maximum after 60 minutes of cure and slightly decreases when the films are heated

for longer. The Young’s modulus increases with the curing time and plateaus after 60

minutes.
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Figure 2.29 — Mechanical properties of films cured for

different times at 160 °C (Originally in colour)

2.7 Conclusions

Novel thermosetting resins based on epoxidised linseed oil (ELO) and bio-derived
crosslinkers were investigated. Curing the long-chain diacid Pripol 1009 yielded a

transparent film with good flexibility, and thus was chosen for further studies. Different
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amine catalysts were discovered to have influence on the product properties. The
thermal analysis demonstrated that the optimum ratio of ELO and Pripol 1009 was
50:50% wt. This formulation showed the highest enthalpy of the curing reaction and
therefore indicated the greatest degree of conversion of the system. Furthermore,
infrared spectroscopy was utilised to study the reaction mechanism of the system. The
IR data suggested the formation of carboxylate anion, resulting from the deprotonation
of the acid group(s) in Pripol 1009 occurred at the beginning of the reaction. The
carboxylate ion then acted as a nucleophile in the ring-opening of the epoxide resulting
in an alkoxide, which could be protonated to form an alcohol. The base catalysts assist
the proton transfer in the system. The alcohol formed could continue to react with more
epoxide and consequently create the polymerised network. This was in agreement with
the thermal analysis using modulated differential scanning calorimetry. The
thermograms showed that the curing process occurred in two steps, assigned to the
formation of alkoxide from the epoxide ring opening and the etherification of alcohol
formed in the first reaction and oxirane ring. Interestingly, the use of a relatively small
amount of DMAP as catalyst in the formulation gave the best mechanical properties.
The production of the film was optimised and the mixture cured at 160 °C for 1 hour
yielded a film with the best mechanical properties. The resulting films showed excellent

water resistance and good thermal stability.
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3.1 Chapter 3 - Summary

Bio-based thermoset composites with exceptionally high content of bio-based
feedstocks were prepared from epoxidised linseed oil and native or acid hydrolysed
starch. Normal corn starch and high amylose corn starch were modified via acid
hydrolysis. Two methods were applied to the normal corn starch and in order to
substantiate the modification, different tests and analysis were conducted on the acid
hydrolysed starch, and the altered properties were determined accordingly. The
solubility of acid hydrolysed starch granules increased with the hydrolysis time, whilst
the swelling power decreased due to the rise of crystallinity after acid hydrolysis.
Pasting results showed a reduction in peak viscosity after acid treatment, which was
associated to shorter starch chains. Hydrolysis moderately affected the thermal stability
of the starch by lowering the decomposition temperature of the acid hydrolysed starches
compared to that of native starch. Morphological studies of starch granules were
performed using scanning electron microscopy, which revealed changes on the granules
surface and in some cases significant breakdown of the granules (24-hour hydrolysis).
High amylose corn starch was found to be more resistant to acid hydrolysis than normal
corn starch, probably due to the greater presence of complex amylose-lipids within the
granules, and that variety of starch having a thicker granule membrane. The native and
acid hydrolysed starches were included in the optimised formulation obtained from
study reported in chapter 2, which consists of ELO, Pripol and 0.5 % of DMAP with
respect to the total resin weight. The tensile testing of the resulting films demonstrated
that the addition of starch improved the mechanical properties of the resins. The film
containing 24-hour acid treated normal corn starch yielded the highest Young’s
modulus, with an 84.4% improvement compared to that of the film without starch. The
film with native high amylose starch had the greatest tensile strength, which was 42.3%
higher than that of the film with no added starch. The elongations at break of all films
were in the same region at approximately 20%. The SEM micrograms showed that high
amylose starch granules had better miscibility with the polymer matrix than the 24-hour

acid hydrolysed normal corn starch.

109



Chapter 3 Starch and hydrolysed starch in bio-based thermoset composites

3.2 Introduction

Starch is regarded as an attractive raw material in the polymer and composite industry,
owing to its abundance, low cost and biodegradability."*® Corn starch is extracted from
corn, which is the largest produced crop in the world. According to the United States
Department of Agriculture (USDA), the world production of corn in 2011 was 873.73
MMT, followed by wheat at 649.69 MMT and rice at 463.94 MMT.>

Starch has been used as filler in synthetic plastics, such as polyvinyl chloride and
polyethylene, in order to improve the degradability of the materials.”* ?°” It has also
been blended with degradable polymers such as poly (hydroxybutyrate-co-valerate)
(PHBV) and polylactic acid to reduce the production cost.””***” However, the addition
of starch filler sometimes compromises the mechanical properties of the products, due

to poor interfacial adhesion of starch and the polymer matrix.'** 2%

Acid hydrolysis has been used to modify the structure of starch granules for more than a
century.””’” The cleavage of glycosidic linkages during hydrolysis, results in the decrease
of degree of polymerisation of starch.”'® Numerous properties of acid treated starches
differ from ones of native starch, including increased solubility, decreased paste
viscosity and changes in gelatinisation properties.”>> **?'' Two typical methods to
prepare acid treated starch include treatment of starch in water with 15% of sulfuric acid
for 30 days at room temperature, producing Négeli amylodextrins, and treatment using
2.2 N hydrochloric acid at 30-40 °C to yield linternised starch."*”*'* However, several
novel techniques have been developed including the use of alcohol instead of water in
the hydrolysis process. The different effects on the modification of starch using
different alcohols or mixtures of alcohols is suggested to be due to different
concentrations of acid inside the granules.”’> Robyt et al. reported that alcohols or
combination of alcohols influenced the glycosidic linkages to become more susceptible
to acid hydrolysis.'* Moreover, Polaczek et al. heated potato starch in alcohols
(methanol, 1-propanol and 1-pentanol) at reflux and suggested that alcohols penetrated
inside starch granules and expelled the amorphous content of the granules through the
hilum. In the consequence, the structure of the starch granules are irreversibly

changed.?"”
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To the best of the author’s knowledge, no research has been conducted on the use of
acid hydrolysed starch (or soluble starch) with epoxidised oils to form composites;
however, this type of starch has been used in combination with other polymers.”'®2'®
Poly (styrene-co-butyl-acrylate) has been filled with linternised waxy maize starch in
order to reinforce the thermoplastic matrix. The mechanical properties of the composite
materials are considerably improved with the amount of starch filler.?'® Starch
nanocrystals are prepared via acid hydrolysis of waxy maize starch then subsequently
added to sorbitol-plasticised pullulan (polysaccharide produced by strains of fungus
Aureobasidium pullulas) to produce biopolymer films.?'” The addition of the
nanocrystals lowers the water-uptake of the films. The Young’s modulus and tensile

strength are also dramatically enhanced but the strain at break decreases substantially.”'®

In this chapter, native starch (normal corn and high amylose corn) and their acid
hydrolysed counterparts were included in the standard formulation of ELO and Pripol in
the presence of DMAP. The acid treatment of starch was carried out in either water or
ethanol and the acid hydrolysed products were characterised and subsequently used in
the formulation. The resulting films were tested for their mechanical properties and
scanning electron microscopy was used for the morphological study of the cross-section

of the films.

Herein, two methods of hydrolysis were performed in order to investigate the effect of
these different conditions on the properties of the starch product. The first method
comprised of treating starch with 1 mol/L of hydrochloric acid (in water) at 50 °C for 1,
4 or 24 hours (method 1)," whilst the second method used acidic ethanol at room
temperature for 1, 3, 5 or 7 days (method 2).**° The complete experimental procedures
are described in sections 7.3.1 and 7.3.2. Different hydrolysis methods were employed
to determine the effect they had on the properties of the starch in composite film
formation. The treated starches were analysed to determine their solubility, swelling,
pasting and thermal analysis properties, to confirm hydrolysis and assess the suitability

of the method for use in these types of film applications.
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3.3 Comparison of acid hydrolysis methods for normal corn

starch

3.3.1 Solubility and swelling power

Acid hydrolysis has a significant effect on the solubility of starch granules. The increase
in solubility of starch can be observed after acid treatment and tends to increase with the

135 All acid hydrolysed starches show higher solubility than that of

hydrolysis time.
native starch, confirming its modification. Figure 3.1 shows the effect of the
temperature and hydrolysis time on solubility of acid hydrolysed starch in water

(method 1).
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Figure 3.1 — Effect of temperature and reaction time on

solubility of acid hydrolysed normal corn starch in water

(Originally in colour)
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Native corn starch has low solubility at approximately 10% and this scarcely varies with
the temperature. Acid treated starches demonstrate significant solubility improvement.
The percentage of soluble starch granules increases from 10% to almost 70% at 85 °C
after only 1 hour of treatment. The solubility of starch granules increases with
temperature and the hydrolysis time. After 24 hours of the treatment, resulting starch
exhibits 100% solubility at 75 and 85 °C. The solubility of hydrolysed starch in ethanol
(method 2) is shown in Figure 3.2. At 75 °C, all acid hydrolysed starches show more
than 60% solubility, and between 90-100% at 85 °C. In general, the long duration of
acid treatment seems to increase the solubility of the granules, however, there is only a
slight difference between the percentages of solubility of the granules from different
treatments at each temperature performed (=10%), indicating the hydrolysis time
scarcely affect the solubility in this case. It is noted that method 1 yields products with
better solubility after 24 hours than method 2, suggesting higher degree of hydrolysis of

the modified starch in water.
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Figure 3.2 — Effect of temperature and reaction time on
solubility of acid hydrolysed normal corn starch in ethanol

(Originally in colour)
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Figure 3.3 presents the effect of temperature and hydrolysis time on swelling power of
acid treated starch. The swelling capacity of native corn starch increases as the
temperature increases. Starch mobility improves as the temperature rises, which
facilitate percolation of water, resulting in increase of swelling power.””' However, the
swelling power of acid modified starches is independent to the temperature as the values
of swelling power at 65, 75 and 85 °C are relatively similar. It is noteworthy that the
swelling capacity decreases as the hydrolysis time increases. The reduction of swelling
power after the acid hydrolysis is associated with the increase of crystallinity in starch
granules.””! Acid treatment increases the ratio of relative crystallinity of starch as

hydrolysis preferentially occurs in the amorphous regions.”*
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Figure 3.3 — Effect of temperature and reaction time on

swelling power of acid hydrolysed normal corn starch in water

(Originally in colour)

The same observation was made with acid hydrolysed starch in ethanol as the swelling
power of starch granules decreases when they are treated with acid for longer time
(Figure 3.4). The swelling power of native starch shows positive correlation with the

temperature, which is in agreement with previous work reported by Luo et al.*>
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3.3.2 Pasting properties

It has been described in several reports that pasting viscosity of acid hydrolysed starch
decreases compared to that of native starch.'*> ! The viscosity decrease of acid
treated starch paste is associated with shorter chains in starch granules.”'' Figure 3.5
demonstrates the viscosity profiles of native corn starch and the water acid hydrolysed
starches. The unmodified starch paste has the highest peak and final viscosity, whilst
the three acid treated starches clearly show a significant reduction in their viscosities.
The peak viscosity of the native normal corn starch paste is approximately 15,000 cP.

This drops to less than 1,400 cP after only 1 hour of treatment.
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Figure 3.5 — Viscosity profiles of native normal corn starch
and acid hydrolysed starches in water (1, 4 and 24 hours)

(Originally in colour)

Further hydrolysis reduces the peak viscosity to less than 100 cP after 4 and 24 hours of
the treatment (Figure 3.6). Figure 3.7 shows the pasting viscosity of modified starches
in ethanol and a similar result is observed with peak viscosity decreasing with
hydrolysis time. After 1 day of treatment the peak viscosity decreases from 15,000 cP to
approximately 1,700 cP.
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Figure 3.8 demonstrates that the peak viscosity decreases further to 1000, 800 and 500
cP after 3, 5 and 7 days respectively. Lin et al. also observed a drop in pasting viscosity
of the acid-alcohol treated maize and potato starches with some of the samples showing

the peak viscosity lower than 100 cP.**°

As the 24-hour treated starch paste from
method 1 (reaction in water) gives a lower peak viscosity than one from method 2 with
the same treatment time, suggesting the higher degree of hydrolysis is obtained from

method 1, confirming the data acquired from the solubility test in the previous section.
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days) — enlarged from Figure 3.7 (Originally in colour)

3.3.3 Thermal properties

Thermogravimetric analysis (TGA) is a conventional and widely used technique in
studies of thermal stability and thermal decomposition of starch materials.”** Herein, the
thermal properties of native and modified starch were examined in a Stanton Redcroft
STA 625 (TG/DSC). Starch samples were heated from 25 °C to 500 °C at a heating rate
of 10 °C/minute. Thermal degradation of starch has been described as an endothermic
process, which appears as an exotherm in the presence of air due to the ignition of the
material.”>> Therefore, the characterisations were performed under inert atmosphere

(nitrogen) in order to simplify interpretation of the results.

Two major weight loss phases were observed in all TGA traces (Figure 3.9-3.10).
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Figure 3.9 — TGA thermograms of native normal corn starch

and acid hydrolysed starches in water (Originally in colour)

The first weight loss occurs almost instantly at the beginning of the heating and
terminates just after 100 °C. This corresponds mainly to the evaporation of water and
other volatile solvents, e.g. ethanol present in starch samples, which account for
approximately 10% of the total weight. No significant mass loss is observed between
150-200 °C. The principal weight loss, correlating to the thermal decomposition of
starch material, starts at around 260°C in normal corn starch. Acid hydrolysed starches
in water (method 1) have the principal mass loss start at slightly lower temperature at
220 °C for the 1-hour and 4-hour hydrolysis and around 200 °C in the 24-hour
modification. Regarding the modified starch from the method 2 (with ethanol), the
second weight loss starts around 250 °C, regardless of the hydrolysis time, suggesting
that the method 2 modification does not significantly alter the decomposition
temperature of starch, and hence, less hydrolysis has occurred. This early
decomposition temperature is attributed to a greater number of free chain ends, resulting
from the hydrolysis process.”” In conclusion, this study reveals that the acid treatment

using method 1 (hydrolysis in water) affects the thermal stability of modified starch
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more than one using method 2 (hydrolysis in ethanol) and this is likely to be induced by
higher degree of hydrolysis.
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Figure 3.10 — TGA thermograms of native normal corn starch

and acid hydrolysed starches in ethanol (Originally in colour)

The decomposition temperature was determined using DTG trace (Figure 3.11), which
represents the rate of mass loss versus temperature.’””’ DTG curves clearly show
peak(s), which illustrates the temperature(s) at which the weight loss is at its

maximum.??®
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Figure 3.11 — TG and DTG traces of native normal corn starch
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The decomposition of starch samples are summarised in 7able 3.1. The acid treatment
has a minor effect on the decomposition temperature of starch, which varies less than 5
°C before and after the modification. Approximately 20% wt. of starch residue is

obtained after the rapid weight loss, which accounts around 72-82% wt.
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Table 3.1 - Degradation temperature of acid hydrolysed

starches
Hydrolysis time (Method) Weight loss (%) Decomposition temperature (°C)
(150-500 °C) (DTG peak)
0 hours (1) 72.5 316.4
1 hour (1) 75.6 317.7
4 hours (1) 75.1 318.6
24 hours (1) 72.4 313.1
1 day (2) 81.4 315.1
3 days (2) 73.0 3154
5 days (2) 73.9 319.4
7 days (2) 74.9 320.8

3.3.4 Morphological properties

Native corn starch granules have a polygonal and irregular shape. The surface of the
granules is relatively smooth and very small pores only present in some of the granules
(Figure 3.12 A-B). After 1 or 4 hours of the treatment with method 1, although, no
significant changes such as fragmentation or obvious fissures or cavities are observed,
some starch granules have a rough surface with visible signs of corrosion on the granule
exterior (Figure 3.12 C-F). After 24 hours of hydrolysis, obvious cracking and

indentations are noted on the surface of the granules (Figure 3.12 G-H).
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Figure 3.12 — Scanning electron micrographs (magnification
X500 and X5000) of native normal corn starch (A, B) and acid
hydrolysed starches in water with various reaction times: 1

hour (C, D), 4 hours (E, F) and 24 hours (G, H)
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The cracks facilitate the penetration of acid into the internal part of the granules and
causes endo-corrosion.””’ The granule shape changes dramatically with noticeable
fragmentation, suggesting the structural disruption of starch granules during the
hydrolysis process. It is well known that the amorphous regions in starch granules are
more susceptible to the acid hydrolysis than the crystalline regions, which usually
degrade in later stage of the treatment."”’ These SEM images show fractures after 24
hours of hydrolysis, suggesting that hydrogen ions start to attack the crystalline regions
after 4 hours of the acid hydrolysis.**’

Acid treatment in ethanol using method 2 causes a drastic change on the granule
surface. The smooth surface of native starch granules (Figure 3.13 A-B) becomes rough
with clearly visible holes and some surface fissures can be observed in some of the
granules. (Figure 3.13 B, D, F, H, and J). However, the granules show no significant
configuration changes, such as swelling or fragmentation after the treatment (Figures
3.13 C, E, G and I), suggesting that the crystalline regions are not greatly interrupted as
seen in the product obtained after 24 hours of method 1 hydrolysis. These different

granule surfaces and shapes of modified starches from the two methods confirm the

postulation, which states that the acid-ethanol hydrolysis affects different linkages to the
214

acid-water treatment.
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Figure 3.13 — Scanning electron micrographs (magnification
X500 and X5000) of native normal corn starch (A, B) and acid
hydrolysed starches in ethanol with various reaction times: 1

day(C, D), 3 days (E, F), 5 days (G, H) and 7 days (I, J)

3.4 Films containing normal corn starch and its acid

hydrolysed derivatives

The films are prepared according to the method described in section 7.3.5. The

mechanical tests were performed at least in triplicate and the average values reported.
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Normal corn starch and acid hydrolysed starches using both method 1 and method 2
were included in the standard formulation comprising of ELO, Pripol and DMAP,
which is obtained from the optimisation of the formulation in chapter 2. In each film,
20% w/w of starch is present in the formulation. The production procedure is described
in section 7.3.5. After curing, the reaction mixtures yield semi-transparent yellow films
with good flexibility as shown in Figure 3.14. It is noted that the film produced from
native corn starch (Figure 3.14 A) has pale yellow colour, whilst acid hydrolysed starch
films give slightly darker films (Figure 3.14 B-E). This is possibly due to the slightly
less thermally stable hydrolysed starch present in the films. Another possible
explanation of the darker colour in the films could be the acid residues present in

modified starches.

Figure 3.14 — Native normal corn starch film (A) and acid-
alcohol treated starch films with various reaction times (B-1

day, C-3 days, D-5days and E-7days) (Originally in colour)

3.4.1 Mechanical properties

Tensile tests were performed in order to investigate the effect of starch and acid treated
starch on the mechanical properties of resulting films. The values presented are the

average values of at least three tests.

Figure 3.15 shows the results obtained which reveal that the inclusion of starch or acid
hydrolysed starch moderately improve the tensile strength of the films by 3.3-21.1%.
The elongation at break and Young’s modulus increase by 9.2% and 44.8% respectively
on the addition of normal corn starch to the formulation. The films with acid treated
starches from method 1 (indicated by M1-reaction time) have relatively similar tensile
strength to that of the normal corn starch film however, a slight decrease in elongation

at break is observed. It is noted that the Young’s modulus of the films with method 1
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starch increases with the hydrolysis time. The 24-hour hydrolysed starch yields a film
with 71.1% enhancement in Young’s modulus. The disrupted structure of the starch
generated by acid hydrolysis with method 1, resulted in cracks and misshaped granules,
leading to higher surface area, which can potentially enhance the interfacial contact
between the granules and the polymer matrix. This consequently results in improved
Young’s modulus of the film. Although the films with acid hydrolysed starches from
method 2 (indicated by M2-reaction time) give the Young’s modulus in the same region
as that of the 24-hour hydrolysed starch, a drop in elongation at break is clearly
noticeable. As the preferred product should have satisfactory results in all three
parameters, the film with overall good mechanical properties is the one produced from

acid treated starch from method 1.

In conclusion, method 1 yields a hydrolysed starch that is better suited to produce films
with enhanced mechanical properties. Hence, further experiments were undertaken to
investigation the acid treatment (using method 1) of high amylose corn starch and the

effect of this type of starch on the resulting properties of the films.
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3.5 Acid hydrolysis of high amylose corn starch

Normal corn starch typically contains approximately 25% of amylose. In 1946, R.L.
Whistler and H.H. Kramer genetically modified corn starch and increased the amount of
amylose content to 65%.”' Today, commercially available high amylose starches
usually have amylose content between 50-70%.7*> These starches process unique
properties such as rapid gelling, which makes them useful for enhancing food texture,
and good film forming ability, which leads to the investigation of the uses of these
starches in degradable plastics.”' High amylose starch was found to be less susceptible
to acid hydrolysis than normal starch, owing to the presence of lipid-complexed
amylose (V-type polymorph), which is resistant to hydrolysis.*** For lipid free-amylose,
it was suggested that the partial hydrolysis occurs at the early stages but the resulting
fragments retrograde into double helices that are resistant to hydrolysis.>** Herein, high
amylose corn starches were acid treated using method 1 (section 7.3.1), characterised

and used in bio-based film preparation.
3.5.1 Solubility and swelling power

The solubility of high amylose starch granules increases with the hydrolysis time
(Figure 3.16). However, it only varies between 10-40% with the maximum solubility
observed from 24-hour acid treated starch at 85 °C. This is significantly inferior to the
value obtained from normal corn starch (100% solubility at the same hydrolysis time
and temperature). The poor solubility in modified high amylose starch may be due to
the lower extent of acid hydrolysis. Li et al. observed that the extent of acid hydrolysis
in high amylose starch is lower than that of normal or waxy starch.”** It is also noted
that the solubility is almost independent of the temperature as the percentage of soluble
starch barely changes when the temperature increases, with the exception of the 24-hour

acid modified starch, which shows higher solubility when the temperature rises.
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solubility of acid hydrolysed high amylose corn starch
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The swelling power of high amylose starch and its derivatives is demonstrated in Figure
3.17. Temperature and hydrolysis time are found to have no obvious effect on swelling
power of acid treated starches. This is in contrast to normal starch, which demonstrates
a significant decrease in swelling power as a function of hydrolysis time. All native and
acid treated high amylose starches exhibit relatively close values of the swelling power
in the region of 2.5-4 g/g. Native high amylose starch granules exhibit lower swelling
power (4-4.4 g/g at 65-85 °C) than those of native corn starch (6.9-11.7 g/g at 65-85
°C). This is in agreement with the data reported by other researchers."** *** The
difference in the swelling power can be attributed to several factors. Firstly, the
amylose-lipid complex chains, that are present in high amylose starch, have been
demonstrated to inhibit granular swelling.”>* Secondly, Morrison et al. reported that the
swelling power is a property of amylopectin content; hence low molar proportion of
amylopectin chains affects the swelling of high amylose starch granules.”*® Thirdly,

hydrogen bonding between starch chains in both amorphous and crystalline regions
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reduces the number of available hydroxyl groups to interact with water, resulting in

poor granular swelling in starches with very low or very high crystallinity.'**
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Figure 3.17 — Effect of temperature and reaction time on

swelling power of acid hydrolysed high amylose corn starch

(Originally in colour)

3.5.2 Pasting properties

Unmodified high amylose corn starch (HAS) shows peak viscosity in the region of 2200
centipoises (cP), which is considerably lower than that of unmodified corn starch at
15000 cP (Figure 3.18). The pasting temperature of native high amylose starch is 90.1
°C, which is higher than that of normal corn starch at 66.7 °C. It has been observed that
the changes of peak viscosity and pasting temperature depend on the amount of amylose
in starch granules.”* 7 This is attributed to the complex of lipid-amylose, which
restricted the granular swelling, resulting a lower peak viscosity and a higher pasting
temperature in high amylose starch.”’ The decrease of pasting viscosity of acid treated

high amylose starches compared to that of unmodified one is also observed in this case
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(Figure 3.19). After 1 hour of acid hydrolysis, the peak viscosity decreases from 2200
cP to approximately 1000 cP and further treatment decreases the viscosity further to
around 700 cP. The reduction of peak viscosity observed confirms shorter chains of

starch are obtained after the acid hydrolysis.*"'
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Figure 3.18 — Viscosity profiles of high amylose corn starch
and acid hydrolysed high amylose corn starches (1, 4 and 24

hours) (Originally in colour)
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Figure 3.19 — Viscosity profiles of high amylose corn starch
and acid hydrolysed high amylose corn starches (1, 4 and 24

hours) — enlarged from Figure 3.18 (Originally in colour)

3.5.3 Thermal properties

Thermogravimetric analysis of native high amylose starch and its acid hydrolysed
derivatives also display two significant mass losses (Figure 3.20). The evaporation of
water is observed almost immediately after the heating starts until the temperature
reaches 100 °C and this corresponds to the first weight loss, accounting for
approximately 10% of the total weight. It is noted that the 4-hour hydrolysed starch has
slightly higher percentage of the first weight loss than other samples at 12%. There is no
or very little weight change between 150-200 °C. The second weight loss phase in
native high amylose starch begins at around 260 °C, similar to that of native normal
corn starch. All the acid hydrolysed derivatives show the start of the mass loss at around
220 °C, which is in the same region as that of acid treated normal corn starch as seen in

section 3.3.3.
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Figure 3.20 — TGA thermograms of native high amylose corn

starch and acid hydrolysed high amylose starches (Originally

in colour)

The residue of starch after heating accounts for approximately 20% of the total mass
and this is not significantly affected by acid hydrolysis. Acid hydrolysis scarcely affects
the decomposition of high amylose starch materials; a similar observation is also made

for normal corn starch (Table 3.2).
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Table 3.2 — Degradation temperature of acid hydrolysed high

amylose starch in water (method 1)

Hydrolysis time Weight loss (%) Decomposition temperature (°C)
(150-500 °C) (DTG peak)

0 70.9 316.0

1 hour 71.9 318.6

4 hours 69.2 316.4

24 hours 71.1 320.4

3.5.4 Morphological properties

High amylose corn starch has various granule shapes ranging from spherical, oval and

rod-shape (Figure 3.21 A, B). The surface of the granules is smooth without pores or

obvious fissures. After 1 and 4 hours of hydrolysis, no obvious changes in granular

shape are observed however, the surface of the granules become rougher compared to

that of the native granules (Figure 3.21 C-F). After 24 hours of hydrolysis, the granular

configuration is significantly altered, similar to the previous observation in modified

normal corn starch (Figure 3.21 H). This indicates that the granule structure is also

disrupted in this case. It is noted that different size aggregates can be observed for 24-

hour acid treated high amylose starch (Figure 3.21 G).
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Figure 3.21 — Scanning electron micrographs (magnification
X500 and X5000) of native high amylose corn starch (A, B)
and acid hydrolysed high amylose corn starches with various
reaction times: 1 hour (C, D), 4 hours (E, F) and 24 hours (G,
H)
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3.5.5%C cross polarisation (CP) magic angle spinning (MAS)

solid state nuclear magnetic resonance

Study of granular structure and molecular order of native and acid hydrolysed starches
were performed using "°C solid state NMR. Figure 3.22 shows the NMR spectra of
native normal corn starch and its acid treated derivatives. Spectra were acquired by Dr

David Apperley of solid-state NMR service at the University of Durham.

>
A
=)

72.547
72.547

62.169

62.169
62.169

62;;‘;\

102.995

—101.625
\—100.548

99.471
102.995

99.471

81.750

—99.667
81.750
101.527
1Q0.450
\—99.471
81.848

—101.625
\—100.548

I

Figure 3.22 — C CP MAS NMR of native normal corn starch
(A) and acid hydrolysed normal corn starches with various

reaction times: (B) 1 hour, (C) 4 hours and (D) 24 hours

The signals in the region of 106-92 ppm are attributed to the resonance of C-1 of the
anhydroglucose. The signals at 99.5, 100.5 and 101.6 ppm correspond to the double
helical crystallites of C-1, confirming the three-peak pattern of A-type starch.*® The
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broad peaks at 103 and 95 ppm are correlated to the amorphous material in C-1, whilst
the signal at 82 ppm arises from amorphous material in C-4.>*° The large peak between
69-77 ppm is attributed to C-2, C-3 and C-5 and the signal at 62 ppm correspond to C-6
of the anhydroglucose units.”®® An obvious change is observed on the amorphous
resonances at 103, 95 and 82 ppm gradually decreases with the hydrolysis time and the
signal at 95 ppm almost disappears after 24 hours of acid treatment. This indicates that
the amorphous regions in starch granules are susceptible to the acid hydrolysis and this
is in agreement with previously reported research.**” Furthermore, the three
characteristic peaks of A-type polymorph (99.5, 100.5 and 101.6 ppm) become better
resolved, indicating an increase in crystallinity of the modified starch granules.
Amorphous materials give much broader peaks than crystalline materials, owing to the
distribution of local molecular environments, which causes a broad distribution of

chemical shifts.?*’

The signals of C-1 in high amylose starch are different to that of normal corn starch as a
well-resolved peak is observed at 103 ppm and two less resolved peaks are noted
between 99-101 ppm, revealing the characteristic features of B-type starch (Figure
3.23). The signal at 103 ppm corresponds to the V-type polymorph, which is comprised
of single helices of amylose-lipid complex.”*' Similar observation is made for the acid
hydrolysed high amylose starches where the signals from the amorphous domains at
103, 95 and 82 ppm progressively reduce the intensity as the hydrolysis time increases.
This becomes very obvious on the 24-hour treated starch spectrum, which shows the
disappearance of the peak at 103 ppm. However, the 1-hour acid hydrolysed starch
spectrum shows a relatively well-resolved peak at 103 ppm with a broadened doublet
between 99-101 ppm. This is possibly due to the resistance to acid hydrolysis of the
amylose-lipid complex as mentioned earlier in this chapter, causing a delay in the

hydrolysis process.**
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Figure 3.23 — “C CP MAS NMR of native high amylose starch
(A) and acid hydrolysed high amylose starches with various
reaction times: (B) 1 hour, (C) 4 hours and (D) 24 hours

Table 3.3 summarises the chemical shifts of native starches and their acid hydrolysed

derivatives.
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Table 3.3 — "C CP MAS NMR peak assignment of native
starches (NC — Normal corn starch and HAS - High amylose
corn starch) and their acid hydrolysed derivatives (type of

starch-hydrolysis time)

Sample Chemical shift (ppm)
C-1 C-4 C-2,3,5 C-6

NC 106-92 81.750 72.547 62.169
NC-1h 106-92 81.750 72.547 62.169
NC-4 h 106-92 81.750 72.547 62.169
NC-24 h 106-92 81.848 72.528 62.169
HAS 106-92 81.946 72.747 61.973
HAS-1h 106-92 81.848 72.547 61.973
HAS-4h 106-92 81.848 72.547,75.190 61.973
HAS-24h 106-92 81.456 72.547 61.973

3.6 Films containing high amylose corn starch and its acid

hydrolysed derivatives

3.6.1 Mechanical properties

Films containing high amylose starch and acid hydrolysed high amylose starches were
prepared using the same method as one prepared from normal corn starch. The
mechanical properties of resulting films are demonstrated in Figure 3.24. The native
starch yields a film with the greatest tensile strength. The use of acid hydrolysed
starches decreases the tensile strength of the films by up to 50.9% (4-hour hydrolysis
starch). The elongations at break of all the films are in the region between 18.6-22.4%,
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except for the one containing 4-hour acid treated starch, which yields a low elongation
at break at 16.4 %. This is possibly due to the slightly higher moisture present in the
granules, evidenced in the TGA thermograms in section 3.5.3. Water is not miscible
with the other components in the formulation, leading to poor compatibility of starch
granules with the polymer matrix, which as a result worsens the mechanical properties

of the resin.

16 30

1 i[ 25

—~ T =
< et
e 12 1 I =
E L l 20 0’%
— = 10 T T g =
= = S
- = =
50 =
£33 8 15 B
£ E =)
IZ N [
L e O 2
Z = 0 =
£ 2 5
== 4 S
5
2 o
3 o
0 0

HAS HAS-1h HAS- 4h HAS-24h

Starch type — Reaction time

© Tensile strength (MPa) 4 Young’s modulus (MPa) @ Elongation at break (%)

Figure 3.24 — Mechanical properties of films based on ELO,
Pripol and native high amylose starch or acid hydrolysed high

amylose starch (Originally in colour)

The mechanical properties of the films with normal corn starches and high amylose
starches are compared in Figure 3.25. The native normal corn starch added film
displays inferior tensile strength and Young’s modulus than those of native high
amylose starch film. This may be due to the smaller granules size of high amylose
starch, which has the average granule diameter of 8.5 um, whilst the normal corn starch
granules are approximately 13.9 um in diameter. The small granules have high surface

area, which improve the contact surface between the starch filler and the polymer
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matrix, resulting in better mechanical properties.”*>*** The film containing native high
amylose starch exhibits the greatest tensile strength, 42.3 % higher than that of the film
with no starch added. The highest Young’s modulus is obtained from the film with 24-
hour hydrolysed normal corn starch at 13.96 MPa however, the tensile strength of this
film 1s 25% lower than that of native high amylose starch film, which actually yields a
reasonable Young’s modulus at 13.78 MPa. These two films are therefore subjected to

further investigation using scanning electron microscopy.
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Figure 3.25 — Mechanical properties of films based on ELO,
Pripol and native normal corn (NC) or high amylose corn
(HAS) starches or acid hydrolysed starches (Originally in

colour)

3.6.2 Morphological study

The two films, which have shown the best mechanical properties, were further
investigated through scanning electron microscope. The cross-section of both films
shows a phase separation (Figure 3.26 A and Figure 3.27 A). One side of the film shows
rough surface with a high concentration of starch granules, whilst the other side is
smooth with less starch granules present (Figure 3.26 B-C and Figure 3.27 B-C). Figure

3.26 B reveals a number of small voids between starch granules in the film with 24-hour
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hydrolysed normal corn starch, however, these voids cannot be seen on the film with
high amylose starch. This suggests that high amylose starch granules integrate better in
the polymer matrix than those of the modified normal corn starch, owing to its smaller

granule size.

Figure 3.26 — Scanning electron micrographs (magnification
X50 and X1000) of the cross-section of film with acid
hydrolysed starch — A) whole film, B) bottom of the film and
C) front of the film
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Figure 3.27 — Scanning electron micrographs (magnification
X50 and X1000) of the cross-section of film with native high
amylose starch— A) whole film, B) bottom of the film and C)
front of the film

3.7 Conclusions

Normal corn starch was modified by acid treatment via two different methods in order
to study their incorporation as fillers in films and subsequently determine the better
hydrolysis method. The properties of modified starches studied including the solubility
and swelling power tests, which revealed that the granule solubility increased with the
hydrolysis time, whilst the swelling power inversely correlated with the hydrolysis time.
Regarding the pasting property, the acid modified starch pastes showed a decline in the
peak viscosity after acid hydrolysis. These features confirmed the altered properties of
starch due to the changes in structure of starch granules after the acid treatment.
Thermal stability of acid hydrolysed starch was slightly affected by the treatment as the

TGA thermograms showed that the modified starch started to decompose at slightly
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lower temperature than that of native starch, in particular the 24-hour acid hydrolysed
starch obtained from method 1. The scanning electron microscopy also supported this
finding as the SEM images revealed the disrupted structure of the granules after 24-hour
hydrolysis with method 1. All the analysis data suggested that method 1 treatment
yielded products with higher degree of hydrolysis for the same reaction duration.
Furthermore, the tensile test demonstrated a moderate decrease in elongation at break in
the films containing the method 2-hydrolysis material. Therefore, method 1 hydrolysis
was applied to high amylose corn starch in further experiments. The acid hydrolysed
high amylose starches were characterised by performing the solubility and swelling
power tests, the pasting property test, thermal analysis, morphological study and NMR
analysis. The results indicated the altered properties after hydrolysis however; the high
amylose starch was more resistant to the acid hydrolysis than the normal corn starch.
The mechanical test revealed that the films obtained from native high amylose starch
had greater tensile strength, compared to that of native normal corn starch, owing to the
bigger granule size of the latter. The 24-hour acid hydrolysed starch showed the highest
Young’s modulus, potentially due to the change in configuration and the appearance of
cracks and fissures caused by the acid treatment. This increased the surface area of the
granules, leading to better interfacial adhesion of the starch granules and the polymer
matrix and resulted in improved mechanical properties. Further modification of starch
by expansion could lead to improved film properties. SEM micrograms of the cross-
section of these films showed a phase-separation and some voids were observed
between the starch granules in the 24-hour hydrolysed starch film. However, no cavity
was observed in the native high amylose starch film, indicating better miscibility of the
high amylose starch granules in the polymer matrix. Therefore, the further work will be
looking at the physical modification of the high amylose starch in order to increase the
surface area of the granules and consequently enhance the mechanical properties of the

products.
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4.1 Chapter 4 - Summary

Native high amylose corn starch and its gelatinised and retrograded derivatives are used
in combination with ELO and bio-derived diacid Pripol 1009 in the presence of DMAP
catalyst to yield bio-based thermoset composites. Firstly, gelatinised and retrograded
starches were characterised using scanning electron microscopic and porosimetric
methods in order to investigate their textural properties. Their thermal stability and
chemical structure were also determined using thermogravimetric analysis and solid-
state nuclear magnetic resonance, respectively. Other methods including X-ray
diffraction and infrared spectroscopy were also used in order to collect additional
information on the starch structure. The inclusion of starch in the thermosetting resin
significantly improves the mechanical properties of the product. The tensile strength of
the film improves by the maximum of 227% with 20% gelatinised starch added to the
resin. The enhancement of the Young’s modulus by 166% was also obtained from the
same formulation. Phase separation was observed in the film with native starch as the
filler. However, the films with modified starches show equally distributed starch
granules dispersed without visible phase separation. Thermal and spectroscopic analysis
were performed to study the curing reactions. Thermal analysis reveals a retardation in
the cure process in the presence of starch, but the presence of hydroxyl groups within
the starch are likely to promote a more extensive curing process, as indicted by the

higher total enthalpy of reaction obtained.
4.2 Introduction

Starch possesses inherently numerous hydroxyl functionalities; however, the
accessibility of these functionalities is limited due to the dense packing of the
polysaccharide chains within the starch granules. The gelatinisation process opens up
the compact structure and enables chemical modifications, resulting in a higher degree
of substitution when modified.*** Gelatinisation of starch occurs when starch granules
are heated in excess of water. During this phenomenon, starch granules swell whilst the
transition of ordered to disordered state occurs.”*® Atkin ef al. observed the process of
gelatinisation using a variety of microscopic techniques and reported that dry starch
granules in excess of water at room temperature expand radially. The diameter of the

granules increases up to 80% due to the hydration, resulting in a six-fold volume
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increase. When the temperature rises to 65 °C, the granules swell further to reach the
maximum diameter of 200% of its original value or 25 times of its original volume.>*
During and after the gelatinisation, linear amylose diffuses out of the swollen granules
and creates the continuous gel matrix outside the granule.*’’ The semi-crystalline
structure of starch exhibits birefringence when visualised under crossed polarisation
lenses. Gelatinised starch granule loses its birefringence, indicating the loss of

crystallinity of starch structure.”*®

Upon cooling, polysaccharide chains in gelatinised
starch start to reassociate to an ordered structure.”*® This recrystallisation process is
known as retrogradation, which causes effects such as precipitation, gelation, and
changes in consistency and opacity.”*’ Figure 4.1 illustrates the gelatinisation and

retrogradation of starch granules.

Amylopectin Amylopectin

Amylopectin
Amylose Amylose
Amylose network

Granule swelling

NATIVE STARCH STARCH
STARCH PASTE GEL
20°C: 50°C 80 °C 120 °C 5°C
GELATINISATION GELATION
RETROGRADATION
Figure 4.1 - Gelatinisation and retrogradation of starch

granules (Originally in colour)

The method of expansion of starch was developed by Glenn et al. by gelatinising starch
in water, followed by retrogradation at 5 °C. This gel is then solvent exchanged with
ethanol, and dried, resulting in a microcellular foam (also known as expanded
starch).?* #*° Solvent exchange is crucial for preserving the high surface area of

expanded starch. As the drying proceeds, the starch network becomes stiffer and the
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surface tension of the liquid in the pores increases correspondingly. If water is removed
directly, the capillary forces affect the starch porous structure, eventually causing it to
collapse (Figure 4.2).>' The replacement of water with a lower surface tension solvent
(or sometimes a succession of solvents), such as ethanol, helps protect the structure of
the modified starch.”* Doi investigated the preparation of high amylose corn starch,
normal corn starch and waxy corn starch. Despite the higher gelatinisation temperature
of high amylose starch, it is found to be the most advantageous for the production of
high surface area starch materials due to its rapid retrogradation time compared to the

other two starches.?>

Pore in starch gel network
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Figure 4.2 — Collapse of pore structure in starch gel network
due to surface tension forces in water during drying process

(Originally in colour)

Expanded starch finds its uses in various applications. Recent research include the use
of expanded starch as support media in heterogeneous catalysis.”** ** Budarin et al.
reported the use of expanded starch as stationary phase for column chromatography.>
Expanded starch was also utilised as base material to produce a bio-derived switchable
adhesive for carpet tiles.'”® Gelatinised starch has been blended with poly lactic acid
(PLA) to produce biodegradable materials. SEM micrographs showed that gelatinised
starch particles were held in the polymer matrix. The interfacial adhesion was enhanced
and mechanical properties of gelatinised starch/PLA blend were also superior compared

to those of native starch/PLA.**° Gelatinised starch has been blended with modified
polycaprolactone (PCL). PCL was grafted to glycidyl methacrylate (GMA) and then
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blended with gelatinised starch and glycerine. The mechanical properties of the product
improved with the amount of GMA. The author suggested that the reaction between
starch and grafted GMA was more probable in the presence of higher concentrations of
GMA. This improves the interfacial stability between starch and the matrix and also

induces the formation of crosslinking.>’

Doi reported that gelatinised and retrograded high amylose starches gave high surface
area materials,”>> which could be advantageous for the resin product. As such, in this
current work high amylose starch (HAS) was selected for use in the ELO/Pripol/DMAP
formulation. The gelatinised and retrograded starches were characterised and
subsequently incorporated in the formulation with epoxidised linseed oil and Pripol to

yield the thermosetting films.
4.3 Characterisation of expanded starch

4.3.1 Morphological study

Gelatinisation and retrogradation of starch open up the structure of starch granules.
SEM analysis shows changes on the granules after the modification process. High
amylose starch granules possess different granules shapes, ranging from spherical, oval
or rod-like (Figure 4.3 A-B). The surface of the granules is smooth without obvious
pores or fissures. After gelatinisation and retrogradation, the morphology of starch
granules dramatically changes. Gelatinised starch (Figure 4.3 C-D) and retrograded
starch (Figure 4.3 E-F) granules show porous surfaces. Porous modified starch particles
show irregularity in their size and shape. In fact, these particles are the remaining
residues of the starch granule structures that have collapsed after the amylose migration
during gelatinisation. The porous structure enables better contact between the granules
and the polymer matrix. Moreover, the opened-up structure of starch after modification
allows the natural high functionality of starch to undergo a variety of chemical
modification.”** In this work, this may enable chemical interaction between starch filler
and ELO and/or Pripol in the film formulation and consequently improve the

mechanical properties of the product.
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Figure 4.3 — Scanning electron micrographs (magnification
X500 and X5000) of native high amylose corn starch (A, B),
gelatinised high amylose corn starch (C, D) and retrograded

high amylose corn starch (E, F)

4.3.2 Porosity of expanded starch

As previously indicated from the SEM micrographs, gelatinisation and retogradation of
starch leads to significant changes in the morphology of the materials. The modification
process also imparts dramatic changes to the physical properties of starch granules,

including the formation of a porous network, leading to an expanded starch material
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with a high surface area. This porosity was characterised using porosimetry (adsorption

isotherm).

Nitrogen adsorption studies have shown native starch granules to typically possess a
low surface area (<1 m?g) (Table 4.1). Gelatinisation and retrogradation processes
significantly increase the surface area of starch. Ethanol and toluene were used to
dehydrate the modified starch according to the procedure described in section 7.4.1.1.
The use of toluene in the solvent exchange process seems to increase surface area
compared to the use of ethanol alone. This may be explained by the fact that toluene is
less polar than ethanol, which results in weaker interfacial adhesion between hydroxyl-
rich starch molecules and the non polar solvent. As a result, the pore structure remains
intact after the drying process. Doi also investigated the effect of dehydration solvents
on the surface area of the gelanised starch.””® Ethanol was found to the most effective
solvent to preserve the porous structure of gelatinised starch, followed by #-butanol and
2-propanol. After the retrogradation process, the surface area increased to 154 m%/g. In
further experiments, gelatinised starch (GS) and gelatinised then retrograded starch (RS)

suspended in toluene were utilised in film production.

Table 4.1 — Surface area of native, gelatinised starch (GS) and

retrograded starch (RS)

Starch Surface area (mz/g)
Native <1
GSethanol 74
GStotuene 110
RS 154
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4.3.3 PC cross polarisation (CP) magic angle spinning (MAS)

solid state nuclear magnetic resonance

BC Solid state NMR has been widely used to study structural changes and molecular

order of starch due to the convenience of analysing starch in solid state and it is

essentially a non-destructive technique. *°*%°° Figure 4.4 demonstrates the °C CP MAS

NMR spectra of native high amylose starch and its gelatinised and retrograded forms.

Spectra were acquired by Dr David Apperley of solid-state NMR service at the

University of Durham.
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Figure 4.4 — "C CP MAS NMR of native high amylose starch

(A), gelatinised starch (B) and retrograded starch (C)
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The signals in the range of 106-92 ppm correspond to the resonance of C-1 in the
anhydroglucose unit. It is well known that the multiplicity and chemical shifts of C-1
atoms may provide information regarding the glycosidic conformation and
polymorphism of starch.?®”**" A-type starch spectra give the C-1 resonance region as a

triplet whilst a doublet can be observed in the B-type form spectra.”®

Native high
amylose starch spectra show a well-resolved peak at 103 ppm and less clearly resolved
peaks in the region of 101-99 ppm, indicating the characteristics of a B-type polymorph

(Figure 4.4 A).

The peak at 103 ppm is correlated to the V-type crystalline phase due to single helices
of amylose-lipid complex present in the material.**! Similar features were noted in B-
type amylose, which is known to comprise of double helices packed in a hexagonal unit
cell.’®® The broad shoulders in the region of & = 103 and 95 ppm are believed to
originate from the non-crystalline material for C-1.%* The signal at 82 ppm is assigned
to the non-crystalline components of C-4 carbons.” After gelatinisation, the peaks in
the region of 101-99 ppm notably reduce in relative intensity, whilst the peaks at 103,
94 and 82 ppm, which are characteristics of amorphous material, become more
noticeable in both intensity and resolution. This confirms that the crystallinity in starch
granules is disrupted during gelatinisation. After retrogradation, the peak at 103, 94 and
82 ppm decreases the intensity, suggesting recrystallisation has occurred during
gelation, and the previous single helices amylose complex may recrystallise into the

double helical form.

The large signal between 73-70 ppm corresponds the C-2, C-3 and C-5 and the signal at
62 ppm is associated to the hydroxymethyl C-6 of the anhydroglucose units.”®
Resolution of the resonance near 73 ppm (indicated by * in Figure 4.4 A) is not
observed in gelatinised and retrograded starches. This is evidence of peak broadness in
the resonance of C-2, C-3 and C-5, which occurs when the system becomes less ordered
after the modifications. Extreme regularity in crystalline domain give rise to narrow and
sharp resonance, whilst the distribution of the local molecular environment in non-

crystalline materials allow allocation of chemical shifts, as a result, broad resonances

are obtained.”’ Tuble 4.2 summarises the peak assignment of the NMR spectra.
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Table 4.2 — “C CP MAS NMR peak assignment of native high
amylose starch, gelatinised starch (GS) and retrograded starch

(RS)

Sample Chemical shift (ppm)

C-1 C-4 C-2,35 C-6
Native HAS 106-92 81.946 72.547 61.973
GS 106-92 82.435 72.734 61.875
RS 106-92 82.074 72.528 61.808

4.3.4 X-ray diffraction

The X-ray diffraction (XRD) pattern of high amylose starch shows the peaks at 5, 15,
17, 20, 22-23 ° (20), which is typical pattern obtained from the combination of B- and
V- type polymorph (Figure 4.5).>'"%? The strong peak at 20 of 20 ° indicates that a
highly crystalline structure of amylose-lipid complex can be found in the starch
granules.”> This peak significantly reduces its intensity after gelatinisation and
retrogradation, suggesting the loss of the V-type crystalline form of the amylose
complex. This is in agreement with the previous result obtained from the *C CP MAS
NMR. After gelatinisation, starch gives a smooth curve, indicating the loss of
crystallinity of the starch granules.”®* It is well known that during retrogradation, the
crystallinity of starch partly recovers.”®> TEM and DSC studies reported by Keetels et
al. indicates that long range order present in native starch granules is not regained after
gelatinisation and retrogradation, suggesting that during the recrystallisation (in
retrogradation process), only short branches of amylopectin reform the ordered double
helices within the crystalline domain.*®® This is also evidenced by broader peaks on the
X-ray diffractogram of retrograded starch compared to those of native starch. The XRD

measurements were carried out with assistance from Emma Cooper.
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Figure 4.5-Diffractograms of high amylose starch (HAS),
gelatinised starch (GS) and retrograded starch (RS)

(Originally in colour)

4.3.5 Thermal characterisation

TGA traces of all samples show two significant weight loss phases (Figure 4.6). The
first phase occurs almost immediately after the samples are heated and finishes at
around 100 °C. This corresponds to the evaporation of water or other volatile
components such as traces of exchanging solvents, representing approximately 10% of
sample total weight. There is little or no mass loss in the region of 150-230 °C. The
second weight loss appears from approximately 260 to 330 °C and represents the
thermal decomposition of the materials. After the rapid decrease in mass, there is

approximately 20% of starch residue left at 500 °C.
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Figure 4.6 — TGA thermograms of unmodified, gelatinised and
retrograded starches (Originally in colour)

The decomposition temperatures of all samples are assigned by determining the peak
temperature of DTG traces and summarised in Table 4.3. The decomposition

temperatures of all starch samples are comparable, however the retrograded starch

shows a slightly higher temperature of degradation relative to the other starches.
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Table 4.3 — Thermal characteristics of native, gelatinised and

retrograded starches

Starch Weight loss (%) (150-500 °C) Decomposition temperature (°C)
type (DTG peak)

HAS 70.9 316.4

GS 69.3 314.9

RS 70.6 323.0

The chemical reactions occurring during the thermal decomposition of starch were
studied by Zhang et al. using “C high solution solid-state NMR spectroscopy.?®’
Thermal condensation and dehydration occur around 300 °C to generate ether and
ethylene segments. At higher temperatures, aromatic rings such as phenol/benzene and
furan structures are formed with methylene and ether linkages. A similar observation
was reported by White ef al. with expanded starch samples, however in this case, the

decomposition occurs at lower temperatures.”®®
4.4 Films with expanded starch

As described in chapter 2, the combination of ELO and bio-derived diacid (Pripol 1009)
yields flexible and transparent film after curing at high temperature. A catalytic amount
of DMAP in the formulation not only considerably reduces the curing time, but also
increases the mechanical performance of the product. In this section, native and
modified starches (gelatinised and retrograded) were added in this standard formulation

in order to investigate the effect of starch on the properties of the films.
4.4.1 Mechanical properties

The films are prepared according to the method described in section 7.4.4. The

mechanical tests were performed at least in triplicate and the average values reported.
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4.4.1.1 Effect of different types of starch

Native high amylose starch, gelatinised starch and retrograded starch were added to the
standard formulation of ELO and Pripol using DMAP as catalyst. The amount of starch
used in the formulation was set at 10% the weight of the thermosetting resin. The tensile
results show that gelatinised starch moderately improves the mechanical properties of
the film produced with a respective increase of 47%, 11% and 3%, for tensile strength,
Young’s modulus and elongation at break (Figure 4.7). After retrogradation, the
modified starch yields a slight increase in tensile strength, compared to the one of the
native starch (approximately 6%). However, Young’s modulus and elongation at break
decrease by 4% and 9%, respectively. This suggests that the opened structure of the
modified starch slightly affects the tensile strength of the films. Research concerning
the use of porous starch as filler in polymer is fairly limited, however, starch
nanoparticles have been utilised as reinforcement in thermoplastic.”® Nanoparticles
fillers are known to enhance the mechanical properties of composites, partly due to the
high surface area of the materials in relative with other typical fillers.”’”’ The same idea
may also be applied on the high surface area in expanded starch and this is evidenced by

the improvement of tensile strength of the modified starch films.
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Figure 4.7 — Mechanical properties of films based on ELO,
Pripol and unmodified or gelatinised or retrograded starch

(Originally in colour)
4.4.1.2 Effect of different amounts of starch

Various amounts of gelatinised starch were added into the standard mixture in order to
study the influence of starch concentration on the mechanical properties of the resulting
films (Figure 4.8). The addition of starch clearly improves the tensile strength of the
films with a maximum of 227% enhancement seen when 20% wt. of starch is added.
The Young’s modulus also increases with the quantity of starch added. Formulation
with 20% wt. starch yields films with 166% Young’s modulus improvement. At low
starch concentrations (10% wt.), the elongation at break is scarcely affected. However,
at the higher starch loadings, the elongations at break decrease by 13% with 20% of
starch, and a considerable decrease is seen (90%) with loadings of 23% starch. The
addition of filler typically decreases the elongation at break of composites, sometimes at
very low loading.””" " Increasing of amount of starch filler gives rise to the decline of
elongation at break of the materials. This deterioration is attributed to the different polar

characteristics of starch and the polymer matrix, which induces poor interfacial
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adhesion between the two components.”” It is also noted that the maximum amount of
starch that can be included in the formulation is 23% wt. as more starch leads to very

viscous mixtures, which were found to be impossible to cast as films.
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Figure 4.8 — Effect of amount of gelatinised starch on the

mechanical properties of films (Originally in colour)
4.4.1.3 Effect of curing temperature

It has been reported that the curing temperature can affect the mechanical properties of
thermosetting polymers.”’* Hill et al. studied the reactivity of etherified melamine-
formaldehyde resins with polyol binders at various curing temperatures, which was
found to influence the properties of the product.”’°As such three different curing
temperatures were investigated using the formulation, which is comprised of ELO,
Pripol and 10% wt. of gelatinised starch in the presence of DMAP, in order to optimise
the film production process. The resulting data is shown in Figure 4.9. The highest
tensile strength is obtained when the film was cured at 140 °C, at which the resulting
film shows 23% and 50% enhancement compared to the ones cured at 160 °C and 180

°C, respectively. The highest Young modulus is achieved at curing temperature of 160
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°C, however, a 44% drop in elongation at break is observed compared to the film
prepared at 140 °C. The film cured at 180 °C yields the weakest product out of the three
curing temperatures. Despite giving a slightly better Young’s modulus, the film
obtained at 160 °C has low elongation at break. Therefore, the best curing temperature

of the films prepared with starch is at 140 °C.
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Figure 4.9 — Effect of curing temperature on mechanical

properties of resulting films (Originally in colour)

Moreover, higher curing temperatures resulted in significant colouration films as shown
in Figure 4.10. The yellowing of the ELO based films is a result of autoxidation of non-
epoxidised unsaturation in linoleic acid present in the oil, and the rate of oxidation was

shown to increase with the temperature.*’®

Dell’Erba et al. also observed darkening of
epoxy resins using DMAP as catalyst and explained that the colouration was due to the
segments of the polymerised chains that have the initiator with conjugated double bonds

attached to one of the chain ends.'”’
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180 °C

Figure 4.10 — Films made of ELO, Pripol, gelatinised starch
and DMAP cured at various temperatures (Originally in

colour)

4.4.2 Morphological study

The cross-section of starch-included films were viewed using SEM, with phase
separation clearly seen with the native HAS films (Figure 4.11 A). The enlarged images
of the film show that one side of the film (Figure 4.11 B) is filled with a much greater
amount of starch granules than the other (Figure 4.11 C).
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Figure 4.11 — Scanning electron micrographs (magnification
X50 and X1000) of the cross-section of film with native high
amylose starch— A) whole film, B) bottom of the film and C)
front of the film

The films from gelatinised and retrograded starches revealed a homogenous cross-
section and exhibited no noticeable phase separation (Figure 4.12 A). Furthermore, the
starch granules are equally distributed throughout the film (Figure 4.12 B-C). This
suggests that gelatinised and retrograded starch granules disperse better in the polymer
matrix than native granules, possibly due to the porous structure in the modified
starches, which allows the monomers to penetrate into the granules and consequently
enables a uniform dispersion. It is also noted that the size of starch remains in the region

of 5-10 um, which indicates that no swelling had occurred during the cure.
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Figure 4.12 — Scanning electron micrographs (magnification
X50 and X1000) of the cross-section of film with gelatinised
starch— A) whole film, B) bottom of the film and C) front of
the film

4.4.3 Water uptake

The water uptake test performed was the same method previously mentioned in section

24.2.2.

The average water uptake of the resins with starch shows the water uptake between 2-
3% (Figure 4.13). The film with native starch gives slightly higher value than the
modified ones. As shown in the morphological study, the films with gelatinised and
retrograded starches reveal uniform granules dispersion, indicating good interfacial
adhesion between the filler and polymer matrix, which leads to better coverage of the

granules and consequently reduces the water uptake of the resin.?’”’
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Figure 4.13 — Effect of different types of starch on water
uptake of films — high amylose starch (HAS), gelatinised
starch (GS) and retrograded starch (RS) (Originally in colour)

Figure 4.14 shows the water uptake increases with the amount the starch added to the
resin. The film without starch absorbs water less than 0.5% of the resin weight after 24
hours of submersion, whilst the water uptake of the film with 20% wt. gelatinised starch
rises to nearly 4%. By increasing starch loading from 20% wt. to 23% wt., the
difference of water uptake of the films becomes notably significant. The high content of
starch may lead to filler agglomeration that might have occurred during the mixing
process, which could generate additional voids in the polymer texture, leading to some
surface roughness in the film with 23% wt. starch and resulting in greater than expected
increase in the water uptake of the film.?”” The water uptake of the films can be
potentially reduced by using chemically modified starches with higher degree of

hydrophobicity, such as acetylated starch.”’®
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Figure 4.14 — Effect of different amounts of starch on water

uptake of the films (Originally in colour)

4.4.4 Thermal properties

The thermal properties of resulting films were studied using thermogravimetric analysis

(TGA). The samples were heated from 25 °C to 500 °C at a heating rate of 10 °C/min.
4.4.4.1 Effect of different amounts of starch

TGA thermograms of all samples reveal practically no weight loss up to 150 °C.
Between 150-250 °C, a slight reduction in mass can be observed for the samples that
contain starch (Figure 4.15). The resin without starch displays a single significant
weight loss starting around 350 °C. However the DTG curve of this material clearly
shows that the resin experiences two-stage thermal decomposition (Figure 4.16). The
first stage, which is the main thermal event, occurs in the temperature range of 380-420
°C and the second stage takes place between 440-460 °C. The first stage of the
decomposition could be partially attributed to the unreacted ELO as neat ELO shows a
decomposition peak at 380 °C (4Appendix A — Figure A.4.1). This is also observed by
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previous thermal decomposition study of epoxidised soybean oil based thermoset,
which stated that unreacted components in the resin are responsible for the
decomposition at lower temperature than that of the polymerised resin.”® The first stage
decomposition, which peaks at 405 °C is mainly assigned to the crosslinked polymer. A
part of the material that decomposes at the second stage, suggests that more crosslinking
might be present in some regions of the resin, hence the decomposition at higher
temperature is observed. Li et al. reported that high degree of crosslinking improved the
thermal stability in polystyrene beads.”” The resins with starches display two major

weight losses on the TGA thermograms (Figure 4.15).
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Figure 4.15 — TGA thermograms of films with different

amounts of added starch (Originally in colour)

The first weight loss phase commences at approximately 280 °C and is more significant
with greater starch presence within the formulation. This is in good agreement with the
DTG curves, which shows a transition in temperature range of 280-320 °C and this
becomes more significant when more starch is added (Figure 4.16). The second weight
loss begins at around 350 °C and finishes at 500 °C, which is in the same region as
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decomposition observed for the resin without starch. The DTG curves also display two-
stage decomposition for this second mass loss, similar to that of the film without starch.
Interestingly, the DTG curves demonstrate that the ratio of second stage to the first
stage of the decomposition becomes more significant as the amount of starch added
rises. This suggests that the presence of starch in the formulation potentially promotes
additional crosslinking in the resin; hence an increase in the proportion of highly
crosslinked material is observed. In conclusion, the first weight loss phase corresponds
to the decomposition of starch. The crosslinked polymer decomposes at higher
temperatures and can be witnessed as the second weight loss on the TGA thermograms.
It is noted that the inclusion of starch slightly affects the thermal stability of the
polymerised resin and a modest decrease in the second decomposition peak is observed

in the films containing starch (7able 4.4).
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Figure 4.16 — DTG curves of films with different amounts of

added starch (Originally in colour)
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Table 4.4 — Summary of TGA results of films with various

amounts of starch

Amount of starch (%) Weight loss (%) Decomposition temperatures (°C)
(150-600 °C) (DTG peaks)
0 94.7 405.0
10 95.6 303.5,393.5
20 92.6 303.9,396.9
23 92.7 302.0, 393.0

4.4.4.2 Effect of starch expansion by gelatinisation or retrogradation

The thermal stability of films with native, gelatinised and retrograded starches are

summarised in 7Table 4.5.

Table 4.5 — Summary of TGA results of films with native or

gelatinised or retrograded starch

Starch Weight loss (%) (150-600 °C) Decomposition temperature (°C)
type (DTG peak)
HAS 95.3 323.9,400.8
GS 95.6 303.5,393.5
RS 91.2 302.1, 398.4

Different types of starch scarcely affect the decomposition temperature of resulting
films. The decomposition temperatures, determined from the peak temperature of DTG
traces, are approximately 300 °C and 400 °C, with the film with native starch showing

slightly higher first decomposition temperature than those of modified starch films. The
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thermograms of these films all show two weight loss phases at relatively close
temperature; the first one being at around 280 °C and the second one at around 350 °C

(Appendix A — Figures A.4.2-4).
4.5 Expanded starch in the formulation

4.5.1 Thermal study

Modulated DSC was used to characterise thermal events during the curing process of
the reaction mixtures. The formulations are comprised of ELO, Pripol and DMAP
(0.5% of total weight) with native, gelatinised or retrograded starch. Non-reversible heat
flow traces of the formulations with starches show two overlapping exothermic
transitions between 75 °C to 200 °C, whilst the formulation without starch gives only
one transition in that region (Figure 4.17). It is also noted that the transition peaks are
broadened when starch is included in the formulation, suggesting a retardation of the
curing process. The first transition of HAS formulation occurs at 125.6 °C, whilst the
ones of GS and RS formulations happen at 127.4 °C and 132.0 °C, respectively (Table
4.6). The second transitions occur at higher temperatures at around 150 °C. These are
slightly higher than that of formulation without starch (133.4 °C). The same observation
is made for the onset temperatures. This indicates that the addition of starch decelerates
the rate of polymerisation or curing. The inclusion of starch in the formulation
decreases the glass transition temperatures of the cured products, in particular, in the
case of HAS. Numerous studies reported an increase in T, with the amount of starch
filler incorporated in the composites. They associated the rise of the T, to the hydrogen
bonding between starch particles and in some occasions, between the filler and the
polymer matrix.?'® *** 2! However, the falloff of the T, has also been observed and was
believed to be due to the poor interaction of the polymer with the filler particles, which
is likely to be the case of these ELO based resins with the starch filler.”®” The total heat
of cure increases moderately in the presence of the starch. A similar observation was
made by Wu et al. in their calorimetric study of the effect of carbon fillers on the curing
of epoxy resin.”®® The total heat of reaction is typically related to degree of cure of the
polymer.”"?** The fact that the heat of reaction of formulations with starch is greater

than that of the standard formulation may be attributed to the presence of starch filler in
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the polymer matrix, though further investigation is needed to understand the role of

starch in the formulation.
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Figure 4.17 — Thermograms of formulations comprised of

ELO, Pripol, DMAP and different types of starch (Originally

in colour)

Table 4.6 — MDSC results of starch formulations

Starch type in Total heat of Onset Peak T, (°C)
the formulation reaction (J/g) temperature temperature

O (WO
None 131.9 92.61 133.36 -13.33
HAS 156.7 100.98 125.61 -29.61
GS 156.6 104.07 127.35 -19.28
RS 162.6 107.81 132.0 -17.19
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In order to investigate further into this matter, the same experiments were conducted for

these following mixtures:

1) ELO

2) ELO and DMAP

3) ELO, Gelatinised starch and DMAP
4) Pripol, Gelatinised starch and DMAP

The resulting MDSC traces of these formulations and ones of previous cases
(ELO+PP+GS+DMAP and ELO+PP+DMAP) were overlaid as shown in Figure 4.18.
The thermogram from neat ELO has exothermic transition with two visible peaks at
142.2 °C and 159.8 °C. The first peak is likely to correspond to the ring opening of the
oxirane rings and the smaller peak at higher temperature is attributed to the possible
subsequent etherification reaction. By adding DMAP to ELO, both transitions can still
be seen but occur at slightly higher temperatures, however, the heat of reaction
increases significantly. This suggests that DMAP promotes the curing reaction,
resulting in a higher degree of polymerisation of the resin. Homopolymerisation of
epoxy resin using DMAP as catalyst was previously studied by Dell’Erba et al. and they
found that the product using DMAP as initiator had a considerably higher T, than those
using conventional tertiary amine catalysts.'” They ascribed this to a higher crosslink
density in resin with DMAP. The addition of starch (gelatinised) in the mixture of ELO
and DMAP slows down the curing reaction by increasing the maximum exothermic heat
flow temperature to 172.14 °C. However, the total enthalpy of reaction moderately
increases, suggesting additional curing has occurred in the presence of starch filler. This
is in good accordance with the thermal decomposition study of the cured films in
section 4.4.4, which suggested that additional crosslinking occurred in the presence of
starch in the formulation. With hemp fibre and epoxidised oil Boquillon et al. reported
that the change in the cure mechanism was due to hydroxyl group presence of the
vegetable fibre.”®* In our case, the increase of total enthalpy of reaction in the presence
of starch could be explained by the hydroxyl groups in starch, which can facilitate the
ring-opening of epoxide rings, hence, promotes the polymerisation. This is also
confirmed by the significantly greater T, (Table 4.7). The formulation comprised of
Pripol, starch and DMAP also shows an exothermic peak at 136.11 °C. However, the
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total heat of reaction of this formulation is relatively low, suggesting minimal reaction

had occurred between the two components in the presence of DMAP.
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Figure 4.18 — Thermograms of various formulations 1) ELO,
2) ELO and DMAP, 3) ELO, GS and DMAP, 4) Pripol, GS and
DMAP, 5) ELO, Pripol, GS and DMAP and 6) ELO, Pripol and
DMAP (Originally in colour)

According to these experiments, the two exothermic peaks observed in the formulation
of ELO, Pripol, starch and DMAP are presumably due to heterogeneity of the mixture.
The first transition corresponds to the reaction of ELO and Pripol in the vicinity where
starch is less present. Whereas the region where more starch is present, the steric
hindrance caused by the starch granules slows down the reaction between ELO and
Pripol, resulting in higher maximum exothermic heat flow temperature. The greater
enthalpy of reaction obtained from formulation with starch is ascribed to the presence of
hydroxyl functionalities in starch granules, which assists the ring-opening of ELO and
thus induces more crosslinking to take place. However, there is no obvious evidence
that starch is chemically bonded to any components in the polymer matrix. The glass
transition temperature of the formulation with gelatinised and retrograded starch is quite
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similar to one without starch (7able 4.6). However, the formulation with HAS gives
much lower T, than other formulation. This indicates poor miscibility of native starch
granules in the polymer matrix, compared to that of modified ones.”®® This matter is

supported by the SEM observation in previous section.

Table 4.7 — MDSC results of various formulations 1) ELO, 2)
ELO and DMAP, 3) ELO, GS and DMAP, 4) Pripol, GS and
DMAP

Formulation Heat of Onset Peak T, (°C)
reaction (J/g) temperature temperature(s)
O O
ELO 37.0 119.30 142.22, 159.80 -37.90
ELO+DMAP 110.1 136.34 150.84, 168.99 -42.28
ELO+GS+DMAP | 148.9 155.95 172.14 -18.31
PP+GS+DMAP 7.1 120.51 136.11 -49.91

4.5.2 Rheological properties

4.5.2.1 Effect of different types of starch (native vs expanded)

The viscosity study of the formulations consisted of ELO, Pripol and DMAP with
different types of starch (unmodified, gelatinised and retrograded) was conducted to
examine the progress of polymerisation and the gel point of these reaction mixtures.
The steady shear rate was applied to all samples, which were cured at 140 °C. The rise
of viscosity can be noted at the beginning of the observation when starch is present in
the formulation, in particular gelatinised and retrograded starches (Figure 4.19). The
initial viscosity slightly increases from 2000-3000 cP in neat mixture to 4000-5000 cP
in unmodified starch mixture. The mixtures with modified starch show even higher

initial viscosity at 12000-18000 cP. The augmentation of the viscosity of formulations
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with filler is expected as the suspended particles perturb the flow of the material,

resulting in an increase of dissipated energy and viscosity increase.”®’

The gel point of formulation without starch is determined at around 700 seconds of
curing. The addition of starch clearly decelerates the resin to gel as the starch mixtures
gel at approximately 1200 seconds after being heated. This is in accordance with the
thermal analysis, which reveals that the presence of starch slows down the

polymerisation of the resin.
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Figure 4.19 — Viscosity of reaction mixtures of ELO, Pripol
and DMAP with 1) no starch, 2) unmodified starch (HAS), 3)
gelatinised (GS) and 4) retrograded starch (RS) (Originally in

colour)

4.5.2.2 Effect of different amounts of starch

As stated in the previous section, the added starch retards the curing process of the ELO
based resin. Herein, different amounts of gelatinised starch were included into the

standard formulation and the development of the viscosity at 140 °C with steady shear
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rate was pursued. As anticipated, the gel time of the reaction mixture increases in
correlation with the amount of starch included in the formulation (Figure 4.20). The
neat mixture starts to gel at around 700 seconds. By incorporating 10% wt. of starch in
the mixture, the gel time rises near 1200 seconds. Whilst starch-loading increase to
20% wt. and 23% wt., the gel points increase further to around 1500-1600 seconds,

which double the gelling time of formulation without starch (= 700 seconds).
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Figure 4.20 — Viscosity of reaction mixture of ELO, Pripol
and DMAP with different amounts of gelatinised starch

(Originally in colour)
4.5.3 Infrared spectroscopic study

In order to investigate the chemical reactions of the components present in the
thermoset composite formulation, an infrared spectroscopic study was carried out
during the curing process. The mixtures of two components were conducted in order to
facilitate the interpretation of spectra. The IR study of the mixture of ELO and Pripol in
the presence of DMAP catalyst was described in chapter 2 (section 2.5.1). In this

section, the IR study of a mixture of expanded starch (in toluene suspension, as toluene
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is good at dispersing expanded starch and is compatible with all the components) and
ELO, and a second formulation of expanded starch (in toluene suspension) and Pripol,
both of which contained DMAP, were heated at 140 °C, and samples were taken every
30 minutes. Figure 4.21 shows the spectra of ELO and expanded starch in the presence
of DMAP at 0, 30, 60 and 90 minutes. At the onset of the observation (0 min), traces of
toluene are observed. These bands disappear after 30 minutes, indicating the
evaporation of the solvent. The characteristic band of the hydroxyl group in starch is
observed at 3323 cm™ in dried expanded starch. When starch is suspended in toluene,
this band slightly shifts to 3333 cm™' (dppendix A — Figure A.4.5). ELO and Pripol show
no bands in this area. At the onset of the observation, a broad band at 3433 cm’! can be
clearly seen on the spectrum of this reaction mixture. This may arise from possible
hydrogen bonding between epoxide in ELO and the hydroxyl presented in starch, which
assists the ring-opening reaction and leads to the formation of a new hydroxyl group.
The alcohol assisted ring-opening reaction of epoxides have been mentioned in many
occasions in the literature.”® ** This postulation is in agreement with the result from
the thermal analysis, which reveals the higher heat of curing reaction is obtained from
the mixture with starch. At 30 minutes, a low-intensity band is observed at 3456 cm’.
This band shifts overtime to 3464 and 3476 cm™ after 60 and 90 minutes, respectively.
The band is likely due to the end-chain hydroxyl group from homopolymerisation of
ELO (Appendix A — Figure A.4.6). Furthermore, a band at 1742 cm™, corresponding to
the C=0O bond of ester functionality in the triglyceride is noted at the beginning of the
observation. A minimal shift (1740 cm™) is perceived after 90 minutes of curing. This is
also observed in the homopolymerisation of ELO in the presence of DMAP. Zhang et
al. studied a preparation of composite comprised of polyester and solid epoxy and also
observed a slight change in their IR spectra regarding the original PLA ester band,

compared to the new ester band of the composite.””
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Figure 4.21 — Infrared spectra of ELO and expanded starch
mixture (0.5% of total weight DMAP catalyst) cured at 140 °C

(Originally in colour)

The spectra of the mixture consisted of Pripol, expanded starch and DMAP are
demonstrated in Figure 4.22. Similar observation can be made at the beginning of the
experiment. Bands from toluene are noted at 0 minute, and disappear after 30 minutes
of heating, due to solvent evaporation. The stretching of hydroxyl in starch is also
detected at around 3400 cmat the onset of the reaction. After 30 minutes, there are no

evident changes in the spectra until the end of the observation.

In conclusion, IR data indicates that starch potentially plays an important role within the
formulation through hydrogen bonding and subsequently facilitates the ring opening of
the epoxides. This leads to a greater heat of reaction and resulting in a stronger more

crosslinked film.
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Figure 4.22 — Infrared spectra of Pripol and expanded starch
mixture (0.5% of total weight DMAP catalyst) cured at 140 °C

(Originally in colour)

4.6 Role of starch in the formulation

According to the analysis of the formulation mixtures and resulting films with added
starch, it can be clearly seen that the inclusion of starch improves the mechanical
properties of the resins, in particular the modified porous starches. However, limited
amount of starch can be included in the formulation as high loading of starch leads to a
very viscous mixture, which makes the casting of the film impractical. Gelatinised and
retrograded starch granules disperse uniformly in the polymer matrix, whilst the native
starch causes phase separation in the film. Thermal analysis by MDSC demonstrates
that despite starch retarding the curing process, the higher enthalpy of the formulation
with starch indicates a higher degree of crosslinking. This is likely to be caused by the
hydroxyl functionality in starch, which can promote the curing of the polymer.
According to the IR study, this might happen through the assistance of starch in the
epoxide ring opening reaction, leading to a higher degree of crosslinking and results in
films with better mechanical properties. However, no obvious evidence of a chemical

reaction between starch and Pripol is observed. Furthermore, the thermal analysis of the
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cured resin reveals that starch decomposes at lower temperature than the crosslinked
polymer, suggesting that starch may not be chemically attached to the resin. However,
as starch is a high molecular weight polymer, a fraction of chemical bonding would not
significantly affect the decomposition of the bulk polymer, resulting in starch breaking

down at its actual decomposition temperature.

4.7 Conclusions

High amylose corn starch was gelatinised and retrograded to yield a high surface area
material. Gelatinisation and retrogradation alter the properties of starch including the
morphological property and crystallinity of the granules. The surface area of starch
significantly increased after the modification. It was noted that the solvent used in
dehydration process of the product played an important role in determination of surface
area. The crystallinity of starch granules reduced after gelatinisation and partly restored
after retrogradation. This was witnessed by X-ray diffraction and >*C CP MAS NMR
analysis. The thermal properties of native and modified starches were studied using
TGA, which revealed that all starch samples had relatively similar decomposition
temperatures at around 320 °C. The tensile testing of the resulting films showed that
starch considerably improved the mechanical properties of the films. The optimum
formulation was achieved when 20% wt. of gelatinised starch was present in the
mixture. This formulation yielded a film with 227% improvement in tensile strength
and 166% enhancement in Young’s modulus, compared to those with no added starch.
Curing temperature also affected the mechanical properties of the films. The optimum
curing temperature of these films was 140 °C, at which the highest tensile strength and
lowest colouration were obtained. SEM micrographs showed uniform dispersion of
gelatinised and retrograded starch granules in the polymer matrix, whilst the cross-
section of film with native starch showed a phase separation. This was attributed to the
porous structure of modified starch, which allowed possible monomer penetration in the
polymer matrix, leading to better dispersion. This porous structure gave rise to better
coverage of the granules by the polymer resulting in lower water uptake of modified
starch films compared to that of native starch film. A positive correlation was observed
between the water uptake of the films and the filler content. Thermogravimetric study of
the resulting films revealed two major mass losses. The first weight loss starting at

around 280 °C was attributed to the decomposition of starch filler and the second
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weight loss was at around 390 °C corresponds to the decomposition of the crosslinked
polymer. DTG curves demonstrated that the polymerised resin undergo two-stage
decomposition. The first stage was associated with unreacted ELO and some parts of
crosslinked polymer. The second stage was related to the parts of the resin that highly
crosslinked and therefore decomposed at relatively high temperature. The infrared
spectroscopy and thermal analysis studies showed no obvious evidence of the
attachment of starch to the resin. Thermal study and the gel time investigation of
reaction mixture with starch unveiled the role of starch in the formulation. The presence
of starch in the mixture delayed the curing reaction, possibly caused by the steric
hindrance. DSC thermograms showed two superimposed peaks. This was believed to
cause by the heterogeneity of the mixture. The first transition occurring at lower
temperature was assigned to the region in the polymer matrix where starch was less
present and the second broader peak at higher temperature was ascribed to the region,
which contained more starch. However, higher heat of reaction was obtained when
starch was present in the formulation, indicating greater degree of crosslinking and as a
result superior mechanical properties were obtained with starch films. This was in good
agreement with the decomposition study of starch films, which suggested that higher
proportion of highly crosslinked material was observed when starch was present in the
formulation. Infrared spectra showed that starch might promote the curing process via

aiding with the ring-opening reaction.
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5.1 Chapter 5 - Summary

Attempts to enhance the properties of ELO/starch based films were undertaken through
esterification of expanded starches using various anhydrides including acetic anhydride,
maleic anhydride, succinic anhydride and itaconic anhydride. Replacing the hydrophilic
hydroxyl groups by more hydrophobic groups can potentially increase the interfacial
adhesion between starch and polymer matrix, resulting in enhancement of the resin
properties, including water resistance and mechanical features. The modified starches
were characterised by infrared spectroscopy and nuclear magnetic resonance technique
to ascertain that the esterification has taken place, and titration used quantitatively to
determine the degree of substitution. The thermal stability of the esterified starch was
determined through thermogravimetric analysis, which demonstrated that the acetylated
starch decomposed at higher temperatures compared to the unmodified starch.
However, other esterified starches were observed to decompose at temperatures lower
than that of the native starch and typically a two-phase decomposition was observed.
The thermogravimetric analysis coupled with Fourier transform infrared spectroscopy
was conducted in order to investigate further the decomposition process of these
starches. The results obtained showed that the first phase of the decomposition
corresponded to the introduced ester group on the starch backbone, resulting in release
of carbonyl containing compounds. The second phase of the decomposition was
associated with that of the starch material. The esterified starches were subsequently
utilised in the standard formulation of ELO, Pripol and DMAP to produce thermoset
composites. The film containing acetylated starch exhibited better transparency and a
comparable Young’s modulus compared to those of native starch. However, the tensile
strength of the film slightly decreased compared to that of unmodified starch. Other
esterified starches demonstrated no improvement in mechanical properties. The water
uptake of the films significantly reduced when replacing native starch with esterified
starch. This was due to the better hydrophobicity of the modified starches compared to
that of unmodified starch. In particular, the films with acetylated starch and succinic
anhydride modified starch showed the water uptake as low as 0.7% and 0.8%
respectively. These values are very close to that of the film with no starch added, which
showed 0.4% water uptake. Interestingly, all resulting films showed good thermal
stability, despite the lowered decomposition temperature of some of the esterified

starches. The TG traces of all films showed that the weight loss starts at approximately
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250 °C, except for the film with acetylated starch, where the decomposition point

begins after 300 °C.

5.2 Introduction

Native starch has several disadvantages, which limits its uses in many applications. As a
hydrophilic filler, the abundant hydroxyl groups in the native starch granules cause poor
compatibility with the polymer matrix, which typically has a hydrophobic nature. This
leads to low interfacial adhesion between the starch and the polymer matrix, resulting in
poor mechanical properties.”’"* > Therefore chemical modifications of starch, including
esterification, have been intensively studied to overcome this drawback. Esterified
starch has been demonstrated to improve the compatibility of starch and other
component(s) in the composites and consequently enhances the mechanical properties

of the materials.?*> %>

Esterification of starch can be conveniently achieved due to a great number of hydroxyl
groups present in starch. Modification can occur at the C2, C3 or C6 hydroxyl position
of the anhydroglucose unit, thus a maximum degree of substitution of three can be
attained. These three available hydroxyls however have different reactivities. The
primary hydroxyl at C6 is more reactive than the two secondary ones and can be readily
esterified, due to the low steric hindrance.””> The properties of esterified starch
significantly differ to that of the native starch starting material. These changes from the
native material typically depend on the degree of substitution and the new substituent
group. One of the most intensively applied esterification methods for starch is
acetylation. Acetylation changes some properties of starch including paste clarity,
resistance to retrogradation, freeze-thaw stability and hydrophobicity, depending
considerably on the degree of substitution (DS)."*" *° The degree of acetylation in
starch depends on different factors, including the starch source, reaction time, reactant
concentration and reaction media. A low DS acetylated starch (DS = 0.01-0.2), is
commonly prepared by esterification of starch with acetic acid in aqueous medium,'
whilst higher DS can be obtained with strong polar solvents such as pyridine or
DMSO.%* #7 Unlike water, these solvents will not interfere with the esterification
reaction, hence the side reactions are minimised and a high DS can be obtained. The

acetylated starch can usually be prepared by the reaction with acetic anhydride,'* vinyl
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%% or acetic acid.””” However, a standard laboratory method involves the use of

acetate
acetic anhydride and pyridine due to its convenience, versatility and ability to alter the

degree of substitution.'”” The mechanism of this system is shown in Figure 5.1.
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Figure 5.1 — Mechanism of acetylation of starch using acetic
anhydride and pyridine A) formation of acetyl-pyridine
complex, B) formation of acetylated starch (adapted from

reference 126) (Originally in colour)

Doi investigated the use of this method on expanded starch in order to study the effect
of the modification on the surface area of the material and found that the surface area of
the acetylated starch decreased from 107 m%/g to 3 m*/g.”>> However, the use of toluene
as solvent in the reaction caused less hindrance to the original surface area of the
acetylated product (64 m?/g). Shuttleworth further developed the method by replacing
pyridine with 4-dimethylaminopyridine (DMAP), which maintained the high surface
area of the acetylated starch.'”® Moreover, DMAP is a more effective catalyst than
pyridine, owing to its greater nucleophilicity, consequently the first step of the

acetylation is more rapid using DMAP catalyst.’*

Also, the intermediate acetyl-DMAP
benefits from the resonance stabilisation, which results in greater conversion of the
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acetylated product (Figure 5.2).°° In this chapter, expanded starch (gelatinised then
retrograded starch) is modified via this procedure using acetic anhydride and maleic
anhydride and also with other anhydrides including succinic anhydride and itaconic
anhydride, which can be derived from biomass.*”’ Expanded starch was chosen, as the
preferred high degree of modification is more easily achieved using this starting
material.”>> After the esterified starches are characterised, they are added into the
standard formulation of ELO, Pripol and DMAP and the resulting films properties are

investigated.
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Figure 5.2 — Mechanism of acetylation of starch using acetic
anhydride and DMAP (adapted from reference 126)

(Originally in colour)
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5.3 Characterisation of modified starches

5.3.1 Physical appearance

Acetic and succinic anhydride modified starches are white powdery materials, whilst
maleic and itaconic anhydride modified starches are cream/yellowish in colour (Figure

5.3). The appearance of dark brown colour was observed during the esterification while

DMAP was added into the reaction slurry. The fact that only maleic and itaconic
anhydrides reaction mixtures yield the brown colour suggests that the unsaturation in
the anhydride could be the cause of the colouration. Simms et al. demonstrates that the
unsaturation in the anhydride only promotes colour when it is conjugated with the
anhydride ring, therefore, the development of colour could be attributed to the base-
catalysed rearrangement of the anhydrides.*® The base-catalysed rearrangement of

itaconic anhydride to citraconic anhydride is demonstrated in Figure 5.4.

Figure 5.3 — Acetylated starch (Ace), maleated starch (Mal),
succinic anhydride modified starch (Suc) and itaconic

anhydride modified starch (Ita) (Originally in colour)
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Figure 5.4 Base-catalysed
anhydride to citraconic anhydride (adapted from reference

303)

5.3.2 Infrared spectroscopy

Infrared spectra of the modified starches were recorded using attenuated total

reflectance (ATR) technique in order to confirm the modification. The testing procedure

is described in experimental section 7.7.5.
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Figure 5.5 — Infrared spectrum of unmodified expanded starch

Figure 5.5 shows IR spectrum of unmodified expanded starch. Bands below 800 cm™

are assigned to skeletal modes of the pyranose rings. The skeletal mode vibrations of a-
-1 304

1, 4 — glycosidic linkages (C-O-C) corresponds to the band observed at 930 cm
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Strong bands are noted at 996 and 1077 cm™ are associated with the C-OH bending,
with the band at 996 cm™ relating to the intramolecular hydrogen bonding of the
hydroxyl of C-6 of the anhydroglucose.’® The bands at 1021 and 1047 cm™ are reported
to be characteristic of amorphous and crystalline structures in starch granules
respectively, however they are seen as a shoulder of the strong band at 996 cm™ in this
case.”” % The band at 1149 cm™ corresponds to the stretching of C-O and C-C
bonds.****"” The fingerprint region between 1200-1500 cm™ shows several overlapped
bands, but by enlarging the spectrum, some characteristic bands of native starch can be
identified. The band at 1340 cm™ is associated with CH, twisting and C-O-H bending,
whilst the one at 1360 cm™ is assigned to the CH, scissoring and C-H and C-O-H
deformation.>® 3% The bands at 1415 and 1456 c¢cm’' are attributed to CH and CH;
bending respectively.” The band at 1647 cm™ is related to the tightly bound water
present in starch.*®® The asymmetric and symmetric stretching of C-H is observed at
2929 cm™.**” The characteristic band of O-H stretching of starch and water is noted in

the region of 3000 - 3500 cm™ with the band centred at 3323 cm™.
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Figure 5.6 — Infrared spectrum of acetylated starch

After acetylation, new strong absorption bands are noted at 1217 and 1740 cm™,
corresponding to the vibration of C-O and C=0 of the acetyl group (Figure 5.6).>"°

Other changes includes the significant decrease in intensity of the O-H band, which also
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shifts to 3387 cm™, indicating the modification of the O-H in starch molecules which
results in less hydroxyl available for hydrogen bonding. The intensity reduction of the
band at 1647 cm™, which is associated to tightly bound water, is noted, suggesting that
less water can be bound to starch chains when acetylation has been achieved to the
starch. Also, the bands at 1077 and 1151 cm™ decrease the intensity. As previously
stated, these bands are related to the stretching and bending of C-OH in the unmodified
expanded starch. The well resolved bands at 1369 and 1435 cm™, which correspond to
asymmetric and symmetric deformation of CH; respectively, are observed.*'! Moreover,
the spectrum of acetylated starch shows no bands relating to the residue of acetic
anhydride, whose characteristic bands are noted at 1850 and 1750 cm™ (Appendix A —
Figure A.5.1) or acetic acid by product, which has a characteristic band at 1700 cm™
(Appendix A — Figure A.5.2).

Maleic anhydride treatment of starch is conducted using the same procedure as
acetylation but the acetic anhydride is replaced with maleic anhydride (Figure 5.7). The
spectrum of maleated starch is demonstrated in Figure 5.8 and the characteristic bands
are observed at 1720 cm™, corresponding to the carbonyl ester.'*® Novel bands at 1572
and 1650 cm™ are assigned to the C=C from the maleate moiety with the latter arising
from the stretching of the double bond overlapping with vibration of tightly bound
water.”'? The absence of the anhydride characteristic bands at 1774 and 1855 cm™
suggests that the maleic anhydride ring was opened and reacted during the modification
(Appendix A — Figure 4.5.3).>'*°" A noticeable decrease of the O-H band intensity is
also observed in this case, suggesting the replacement of hydroxyl groups of starch with

maleate group.
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Figure 5.7 — Reaction of maleic anhydride and starch

194



Chapter 5 Esterified starches and their use in bio-based thermoset composites

1.6

1.4

1720

1.0 1.2

0.8
I

Absorbance

1650

0.6
I

0.4

1572

0.2
I

0.0

T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber (cm)

Figure 5.8 — Infrared spectrum of maleated starch

Compared to unmodified starch, succinic anhydride modified starch shows a new band
at 1729 cm™, which is attributed to the ester carbonyl, suggesting the formation of
succinylated starch (Figure 5.9).>'* In general, the ester carbonyl band is observed at
1750 cm™ and the acid carbonyl band locates at 1712 cm™, but in this case the two
bands strongly overlap, resulting in the centred band at 1729 cm™.*"> The band 1565
cm’ is probably related to intermediate carboxylate anions and the one at 1649 cm™
corresponds to tightly bound water in starch granules.’'®*'” The disappearance of the
anhydride characteristic bands at 1778 and 1860 cm™ also confirms the modification of

starch with succinic anhydride (Adppendix A — Figure A.5.4).

Regarding the itaconic anhydride modified starch; the carbonyl ester band is noted at
1721 cm™, indicating the modification has taken place (Figure 5.10). The carbonyl
absorption bands of the anhydride at 1764 and 1843 cm™ are absent in the modified
starch spectrum (Appendix A — Figure A.5.5) Similar features of the previous spectra
including the bands at 1575 and 1652 cm™ and the decrease in intensity of the O-H

absorption band are also observed in this case.
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Figure 5.9 — Infrared spectrum of succinic anhydride modified
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5.3.3"C cross polarisation (CP) magic angle spinning (MAS)

solid state nuclear magnetic resonance

The CP MAS ">C NMR spectra of unmodified expanded starch and acetylated starch are
demonstrated in Figure 5.11. The spectra were acquired by Dr David Apperley of solid-
state NMR service at the University of Durham. The signals between 106-92 ppm
correspond to the resonance arising from C-1 of the anhydroglucose units. The peak at
82 ppm is attributed to the non-crystalline components of C-4. The large peak between
73-70 is assigned to C-2, C-3 and C-5 and the signal at 62 ppm is associated to the
hydroxymethyl C-6 starch. The spectrum of the acetylated starch shows the
characteristic peaks of the acetyl group at 171 and 21 ppm, corresponding to the
carbonyl group and methyl group of the esterified starch respectively.’'® In addition, a
decrease in intensity of C-6 peak at 62 ppm is notable, suggesting the acetylation might
have occurred at this position of the anhydroglucose.’" The signal of C-2, C-3 between
73-70 ppm also modestly decreases the intensity, although less obvious than the C-6
signal, implying the modification preferably takes place at the C-6 position. These
results are in good agreement with ATR-FTIR data and as such confirm the acetylation

of starch by acetic anhydride.

Unmodified expanded starch
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Acetylated starch
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Figure 5.11 — “C CP MAS NMR of unmodified expanded

starch and acetylated expanded starch

Regarding the maleated starch spectrum, characteristic peaks of the carbonyl group are
observed at 168.3 ppm (Figure 5.12). The signal at 133.8 ppm is assigned to the alkene
group. The succinic anhydride modified starch spectrum shows the carbonyl signal at
173.9 ppm and the signal at 29.4 ppm is attributed to CH, carbon. A decrease in
intensity of the C-6 signal at 62 ppm is noted in both spectra of maleic and succinic
anhydride modified starches, whilst the change in intensity of the large signal of C-2
and C-3 is unnoticeable. This confirms that C-6 is the most reactive position for
esterification due to the low steric hindrance.””> This result is also in good agreement
with ATR-FTIR data indicating that the modification was successful. In regard to the
spectrum of itaconic anhydride modified starch, a broad signal at 135.2 ppm, which is
ascribed to the alkene carbon, is observed. The carbonyl signal at 172.9 ppm is clearly
lower in intensity compared to the other two starches, suggesting lower degree of
substitution in this starch ester, although it is recognised that these NMR peaks cannot

be used to precisely quantify the degree of esterification.
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Maleated starch
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Itaconic anhydride modified starch
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Figure 5.12 — ®C CP MAS NMR of maleated starch, succinic
anhydride modified starch and itaconic anhydride modified

starch

5.3.4 Determination of degree of substitution

The hydrophobic characteristic of modified starch are more pronounced at higher
degrees of substitution, which should improve the miscibility of the starch with the
polymer matrix."*® Also, in the case of maleic, succinic and itaconic anhydride modified
starches, a number of carboxylic acid end groups is advantageous as this might lead to
reaction of the modified starch with ELO and enhance the mechanical properties of the
resin. As such the molar ratio of starch to anhydride used was 1:3 in attempt to achieve
the highest theoretical degree of substitution of 3. The degree of substitution (DS) of
acetylated starch was determined by titration according to the standard procedure of
Wurzburg described in section 7.5.2.*° The DS was calculated according to the

following equation 5.1.
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_ (162 x Acetyl%)
(4300 - [42 X Acetyl%])

Equation 5.1

Where 162 is the molecular weight of glucose unit, 4300 is the molecular weight of
acetyl group multiplied by 100 and 42 is the actual molecular weight increase per acetyl

group added starch. The acetyl% is calculated according to the equation 5.2.

[Blank(cm3) - Sample(cm3)] x Molarity of HCIx0.043x100
Acetyl% =

Sample weight(g)

Equation 5.2

Where Blank and Sample are the volume of HCI used to titrate unmodified starch and
acetylated starch respectively. The value 0.043 is the molecular weight of the acetyl

group in 1 cm’.

The DS of other esterified starches was determined using the same method with
modification of the molecular weight of the ester group added.’*" *** The following

equations were used for each esterified starches.
Maleated starch:

(162X M%)
2(9800-[98x M%)

Equation 5.3

[Blank(cm3) - Sample(cm3)] x Molarity of HCIx0.098x100

0 =

Sample weight(g)

Equation 5.4
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Succinic anhydride modified starch:

_ (162 x S%)
2(10000 - [100 x $%])

Equation 5.5

[Blank(cm3) - Sample(cm3)] x Molarity of HCIx0.1x100

0 =

Sample weight(g)
Equation 5.6
Itaconic anhydride modified starch:

B 162 x 1%
2(11200-[112x1%))

Equation 5.7

[Blank(cnf) - Sample(cmS)] x Molarity of HCIx0.112x100

0 =

Sample weight(g)

Equation 5.8

The degree of substitution of esterified starches obtained from titration is shown in

Table 5.1.
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Table 5.1 — Degree of substitution of esterified starches

Modified starch Degree of substitution
Acetylated starch 2.62
Maleated starch 0.86

Succinic anhydride modified starch 1.12

Itaconic anhydride modified starch 0.64

The highest DS is obtained from the reaction with acetic anhydride, owing to not only
its liquid state, which allows good miscibility in the reaction slurry, but also the good
accessibility of the carbonyl, which facilitate the addition of the nucleophile in the first
step of the substitution reaction (Figure 5.2). Although both steps of the nucleophilic
acyl substitution (addition of nucleophile and elimination of a leaving group) can
influence the overall rate of reaction, the addition of nucleophile is the rate-liming step.
Therefore, the reactivity of the carbonyl substantially affects the reaction.”® Comparing
the cyclic anhydrides, the carbonyl of succinic anhydride is electronically the most
reactive due to the absence of the double bond in its structure. Thus, the reaction of
succinic anhydride yields the products with higher DS than the other cyclic anhydrides